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Abstract. In optical distance measurements it is
essential to know the refractive index of air with
high accuracy. Commonly, the refractive index of
air is calculated from the properties of the ambient
air using either Ciddor or Edlén equations, where
the dominant uncertainty component is in most
cases air temperature. The method described in this
contribution utilizes direct absorption laser
spectroscopy of oxygen to measure the average
temperature of air over long distances. The method
allows measurement of temperature over the same
beam path that is used for the optical distance
measurement, which yields spatially well matching
data. Indoor and outdoor  measurements
demonstrate the effectiveness of the developed
method in  compensating local temperature
variations along the measurement path.

Our work in the EMRP JRP SIB60 Surveying
project aims to extend the measurement distance of
oxygen thermometry up to 1 km using a simplified
single-laser setup for extra robustness and
simplicity. The new setup designed for field
applications include larger diameter optics and a
separate transmitting and receiving end. The
developed instrument was tested at Nummela
geodetic baseline in a measurement campaign in
Sep/Oct 2015. The goal was to determine the
effective temperature of the air with a precision at
the 100 mK level using modest averaging (<5 min).
Keywords. EMRP JRP SIB60 Surveying,
refractive index of air, air temperature, laser
spectroscopy

1 Introduction

Tunable diode laser absorption spectroscopy
(TDLAS) is a well-known sensitive technique used
for measuring gas concentration down to trace
levels. The depth, width and position of an
absorption line depend on, e.g., temperature T,
pressure p and gas mixture and velocity, which, in
turn, implies that in addition to gas density N,
temperature, pressure and velocity can also be
determined spectroscopically. Temperature is an
important parameter in combustion, and thus, most

of the effort in developing spectroscopic methods
for temperature determination has been directed
towards techniques that work at elevated
temperatures: from hundreds to several thousands of
degrees (Chang et al. (1987), Philippe and Hanson
(1993), Arroyo and Hanson (1993), Benedetti et al.
(1998), Silver and Kane (1999), Ebert et al. (2000),
Sanders et al. (2001), Aizawa (2001), Zhou et al.
(2003), Liu et al. (2004), Zhou et al. (2005), Shao et
al. (2008)).

The refractive index of air is also sensitive to
temperature, and thus, accurate temperature readings
are needed in precision length metrology as well. A
1-K change in temperature results in a 10 change
in the refractive index, and the best equations for the
refractive index are believed to be accurate at the
10 level if sufficiently accurate environmental
parameters are available (Birch and Downs (1994),
Ciddor (1996), Bonsch and Potulski (1998));
therefore, for best accuracy, the effective
temperature seen by distance measuring laser beams
should be known at the 10 mK level. In laboratory
conditions this is not a big problem, but for long
distance measurements in the field, obtaining
accurate temperature readings over the entire
distance to be measured may become problematic,
especially if large gradients might be present due to,
e.g., sunlight (Pollinger et al. (2012)).

The sensitivity of electronic distance meters
(EDMs) to temperature can be reduced significantly
by measuring at two (see e.g. Meiners-Hagen et al.
(2015), Kang et al. (2015)) or three wavelengths
(Golubev and Chekhovsky (1993)) with the added
complexity being a drawback. Also, to reach 107 in
distance uncertainty, which is the target for the
present project, the allowed uncertainty in relative
humidity is reduced from 12 % for a one-color
measurement to only 4% for two-colors
(Minoshima et al. (2010)). An alternative is to try to
measure the effective temperature seen by the
distance measuring laser beam, and to use that to
estimate the effective refractive index.
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2 The Refractive Index and Temperature

Suppose distance is measured with a continuous-
wave laser interferometer. Then, the phase A®
acquired over a distance L is given by

_27rL
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where A is the vacuum wavelength, n is the
refractive index, T is the temperature, py is the total
pressure, L is the length and < > denotes an average
along the path. If all parameters except the
temperature are assumed constant along the
measurement path, and the temperature is expressed
as a deviation from its true mean along the path,

T() = (T) + AT(x), @)

then, based on Eq. (1) we get

0= ZE (D) + 2T (07)
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The small correction arises because the refractive
index is nonlinear in T. The correction is, however,
smaller than the accuracy of n (10 for reasonable
temperature gradients. If, say, there is a 2-K linear
temperature increase along the measurement path,
then

2 _1 2
(AT =K, 4)

and the first order correction is at the 107 level.
Unless there are considerable gradients along the
measurement path, the average temperature can be
used in the calculation of the refractive index.

2.1 Two-Line Thermometry

The Beer-Lambert law relates the transmitted
intensity 1(v,T(X),PwnPi,---L) to the incident intensity
lp via the absorbance a(v,T(X),Prots Pabss---):
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where v is the frequency, py is the total pressure
and paps the partial pressure of the absorbers. The
absorbance can be expressed as

Cl(V,T(X), Pot» pabs"") =
Si (T)g(V,T(X), ptotl pl,)N(T(X), pabs)l (6)

where S;(T) is the line intensity, g(v, T(X),ProtPabss---)
is the area-normalized line shape function and
N(T(X),pans) is the number density of absorbers,
which can be computed from the partial pressure via
the ideal gas law:

N(T (x)) = %(X) @

At optical frequencies, the line strength S;(T) can be
expressed as (Rothman et al. (1998)):
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where T, is a reference temperature, Q(T) is the
total internal partition function, E; is the lower state
energy and kg is the Boltzmann constant.
Approximate third order polynomials for Q(T) for
molecules in the terrestrial atmosphere have been
calculated by Gamache et al. (2000).

In a direct absorption experiment the transmitted
intensity | is normalized with the output, and after a
logarithm this gives access the absorbance:

—In(1/1,)= Lii“(v'“x)' Pucs Py )X

= L(Ol(V,T(X), Prot» pil"'))l (9)

If, for the moment, T is assumed to be constant, then
integration over the absorption line (or fitting
9(®,T,Prot:Pir,---) to the signal) gives

<Ol(V,T, ptotl p|l)>
:<wl_(-rlpi)‘l.g(v,'r, Prot» pil"')dv>
=S,(T)N(T, p;)/L (10)

since g(...) is area-normalized to unity. In two-line
thermometry, the ratio R of two different absorption
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Fig. 1. Refractive index compensation over a 30-m

measurement path with artificially induced temperature
gradients. Part (a) shows the results using spectroscopic
temperature data (red) and temperature data from eight Pt-100
sensors (black). Part (b) shows the average temperature along
the path. This figure is reproduced from Hieta et al. (2011)
with permission from the publisher.

lines is measured in order to get rid of the
concentration dependency:

o S,(ON(T,p) _S,(T)
S,(MN(T.p)  S,(T)

< S2(Ter) (Ter) e{ EZkEl{TlTi'H. (11)
Sl(Tref )

With known values for Si,, Ej, and Ty the
temperature can be determined; however, the
correctness of tabulated values should be carefully
assessed. Also, finding suitable, background-free
absorption lines can be very challenging especially
at elevated temperatures (Zhou et al. (2003), Zhou
et al. (2005)). To get around this obstacle, the use
of two groups of lines has been explored by Shao et
al. (2009) with encouraging results.

As mentioned in the introduction, a lot of work has
been put into the development of spectroscopic
thermometers for the elevated temperatures that are
of interest in the study of combustion. Hieta and
Merimaa (2010) developed a thermometer based on
oxygen spectroscopy at 760 nm for the
compensation of the refractive index in length
measurements, and in a follow-up paper by Hieta et
al. (2011), it was demonstrated that the
spectroscopic thermometer was able to compensate
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Fig. 2. Spectroscopic single-line temperature measurement
performed at the Innsbruck geodetic baseline over a path
length of 2x120m. The spectroscopic temperature using 20 s
sample time is shown in grey. The low-pass filtered
spectroscopic temperature and reference sensor data are
marked with red and black lines, respectively.

for the changing refractive index much better than
an ensemble of Pt-100 sensors when temperature
gradients were artificially introduced into the
measurement path. Figure 1 shows the results over a
30-m measurement path. Even eight Pt-100 sensors
(black) were not enough to accurately account for
the changing temperature. The spectroscopic
method in red, however, is able to accurately correct
for the temperature gradients.

The equations yielding the temperature from the
absorbance are nonlinear and it is not obvious that
the resulting temperature is the average temperature.
It is, however, an easy matter to show as in section 2
that the first correction to the absorbance is
~105<4T%x)>, which is negligible for reasonable
temperature gradients (e.g. 1 mK for a gradient of a
few Kelvins along the path).

2.2 Single-Line Thermometry

If accurate values for the line strengths that are
needed in the ratio measurement are not available,
then a calibration is needed over a relevant range of
temperatures in order to determine the scaling factor
So(Tre)/S1(Trer). Then, the remaining advantage of
using two-lines instead of a single line is that the
ratio measurement is insensitive to changes in
concentration. If, however, the concentration is
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Fig. 3. Oxygen absorption at 13000.0 cm™ (769.23 nm) over
a distance of 432 m. The small features at 0.15 and 0.2 cm™
are due to the beam being blocked by, e.g., an insect or a
falling leaf.

known, then a single-line measurement might be
sufficient.

Atmospheric 60,/N, ratio measurements show only
a small ~20 permeg average annual decrease
together with an annual oscillation of up to +50 per
meg (Keeling and Shertz (1992), Manning and
Keeling (2006)), which suggests that temperature
can be determined outdoors using single-line
oxygen spectroscopy. The relative sensitivity of the
spectroscopy signal is of the order of 1 %/K so that
a 100 mK target accuracy still leaves room for
larger local O, variations that might take place.
Figure 2 shows the results from a thermometer
based on single-line oxygen thermometry that was
tested at the Innsbruck geodetic baseline over a
2x120 m distance. The spectroscopic temperature
using 20 s sample time is shown in grey. The low-
pass filtered spectroscopic temperature and
reference sensor data are given in red and black,
respectively.  Unfortunately, laser temperature
controller instabilities prevented the use of the same
transition as used in the calibration of the device;
therefore, the line strength S(T ) and E were used
as free parameters (Eq. 8).

Since the spectrometer is based on measurement of
the transmitted light, any beam clipping by the
optics will seriously reduce the signal quality.
Indeed, at Innsbruck the path length was limited by
the 2” optics used to launch and detect the laser
beams.
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Fig. 4. Preliminary temperature data for September 28 over a
distance of 432 m. The different lines indicate calibration of
S(Trr) and E in Eq. 8 using data from different days.

3 Towards a 1 km Path Length

A small part of the ongoing European Metrology
Research Project SIB60 Surveying aims at
extending the measurement distance of oxygen
thermometry up to 1 km. The new setup designed
for field applications included larger diameter optics
and a separate transmitting and receiving end.

3.1 The Setup

Light from a distributed feedback diode laser is
amplitude modulated by an electro-optic modulator,
and split into three branches: in the first branch,
transmission modulation resulting from a 30-cm
fiber with FC/PC connectors (a fiber etalon that is)
is used to monitor the frequency sweep of the laser;
the second branch is used as the reference (lg in Eq.
(5)), and the third ‘spectroscopy’ branch is
collimated with an aspheric lens with diffraction
limited performance. A focal length of 200 mm
results in a maximum waist distance of 780 m and a
1/e” spot diameter of 25 mm at 1 km. Air turbulence
will surely increase this value; therefore, a
collecting lens with a large 200 mm aperture and a
40 cm focal length was used. Fortunately, a low
quality, inexpensive lens is sufficient in the receiver,
where a photodiode detects the light and sends it via
a differential amplifier and a shielded and twisted
pair cable (Ethernet Cat 6 cable) back to the
transmitting end where two SR830 lock-in
amplifiers detect the signal and the reference.
An example of an absorption signal after a distance
of 432m is shown in Fig. 3. At wavenumbers
4
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Fig. 5. Spectroscopically determined temperature over a

distance of 864 m. Here, S(Tr) and E have been treated as

free parameters in the fit to the average temperature

measured by four Pt-100 sensors (pink).

0.15 cm™ and 0.2 cm™ typical features are seen: the
beam has been blocked by, e.g., falling leaves or
insects during the frequency scan.

3.2 Temperature

Figure 4 shows preliminary temperature results.
Data obtained on Sep 28 (432 m) has been
calibrated using data from four different days.
When the calibration is performed using 432 m data
taken on Sep 29, an offset of approx. 100 mK is
obtained; however, when the calibration is done
using data from the 864 m measurements, this
offset is increased up to 0.5 K. A preliminary
analysis suggests that this discrepancy between the
distances is due to beam blocking events such as
those shown in Fig. 3. When the beam is blocked,
the blockage is always seen as a reduction in
transmission. When this happens on the wings of
the absorption line, the algorithm (fitting of g(...) in
Eq. 10) sees it as an increase in the baseline and
thus as a reduction of oxygen absorption. When the
beam is blocked close to the peak of the absorption
line, the effect is reversed (increased absorption)
but the effect is also amplified. Beam interruptions
are thus interpreted on average as an increase in
absorption, and the longer the path length, the more
beam interruptions there are, which, in turn, is seen
as a temperature offset.

The signal analysis algorithm needs to be improved
so that this effect is removed. Also, any offsets in
the reference or spectroscopy electronics will result
in offsets and need to be taken into account, or,
preferably, should be automatically nulled by the
apparatus during the measurements.

Figure 5 shows the performance of the spectroscopic
thermometer over a distance of 864 m (blue). At
around 14:30 the spectroscopic measurement was
interrupted by rainfall. Here S(T.f) and E were
treated as free parameters. The figure also shows the
average temperature and standard deviation of four
Pt-100 sensors (pink).

4 Conclusions

In conclusion, a brief introduction to thermometry
based on direct absorption spectroscopy has been
given with emphasis on refractive index
compensation for long distance length metrology. In
laboratory conditions, this approach has been shown
to effectively account for artificially induced
temperature gradients along the measurement path,
and based on a preliminary analysis of data obtained
outdoors at the Nummela geodetic baseline, the
spectroscopic method seems suitable for long
distance thermometry up to several kilometers.
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