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High-temperature, atmospheric pressure plasma systems operated in molecular gases present complex diag-
nostic challenges. Infrared spectroscopy has been used to make measurements of the absorbance spectrum of
complex molecular gas mixtures, and thereby calculate the concentrations and species temperatures in these
systems. For atmospheric-pressure systems, high spatial gradients arise and high spatial-resolution measure-
ments are thus desirable. Some systems have achieved increased spatial resolution by reducing the beam
diameter. However, this increase in spatial resolution comes at the expense of the optical throughput. Here
we propose modifying a commercial Fourier Transform, Infrared spectrometer system with a set of simple
optical elements to achieve high spatial resolution scannable absorbance spectrum measurements of a complex
molecular gas mix. We analyze the signal-to-noise ratio for this design and compare it with the diameter
reduction method. For sufficiently low plasma radiation levels, this design improves the signal-to-noise ra-
tio relative to reducing the beam diameter size while transmitting nearly all of the beam power. However,
whether this design can achieve the desired sub-mm spatial resolution depends on the radiating area of the
infrared light source in the spectrometer.
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I. INTRODUCTION

In atmospheric-pressure, partially ionized molecular
gas mixes the absorption spectrum of light is often used
to determine the density and temperature of the various
molecular species in the plasma. This is in contrast to
fully-ionized, high-temperature plasmas, where it is more
common for the emitted light to be used to determine
the plasma parameters. Light is emitted from a sam-
ple due to a number of complex atomic effects. These
effects are typically difficult to model theoretically1, par-
ticularly in atmospheric-pressure plasma systems where
mechanisms such as collisional quenching significantly af-
fect the emission spectrum2. Absorption spectroscopy,
in contrast to emission spectroscopy, does not rely on as-
sumptions about the atomic effects taking place in the
plasma, and instead relies on the Beer-Lambert law and
known values for the wavelength-dependent absorption
cross-section σ(λ) to determine the density of a given
molecular species in the sample.2 Thus, absorption spec-
troscopy can be used in a relatively simple and reliable
way to determine the molecular concentrations of a sam-
ple. Fourier-Transform Infrared spectroscopy (FTIR) is
a technique which allows the absorption spectrum of the
entire infrared region to be determined at once, and
has been used in atmospheric-pressure plasma systems
in recent years2–7 to measure the densities of molecular
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species as well as their rotational and vibrational tem-
peratures.

Using FTIR for such systems presents unique chal-
lenges compared to measuring solid, liquid, or gas sam-
ples which can be placed within the confines of the FTIR
instrument. Perhaps because of these challenges, FTIR
measurements are not often made in a plasma environ-
ment. One challenge is that in order to measure excited
molecules and species, these measurements must be made
in situ, i.e. an external beam is directed through the
plasma to an external detector.8 Another challenge is
that water vapor and carbon dioxide in air both inter-
fere with the infrared absorbance spectrum. Thus, either
the air in the path of the beam must be replaced with
a non-absorbing substance such as dry nitrogen, or the
water vapor and carbon dioxide in the air will interfere
with the measurement, making analysis more difficult.3,9

A third challenge is the background infrared radiation
from the partially-ionized molecular gas mixture. This
background infrared radiation increases the noise at the
detector, decreasing the signal-to-noise ratio (SNR) of
the FTIR spectrometer.3,7 A high SNR is desirable for
increasing the sensitivity of FTIR measurements. In pre-
vious experiments, this background radiation was the pri-
mary factor limiting the sensitivity and accuracy of the
measurements.3

In addition, large spatial gradients arise in ionized
molecular gas mixtures.10,11 In these situations, it is de-
sirable to make high spatial-resolution measurements of
the system. In this paper, we introduce and analyze
two methods of obtaining high spatial resolution mea-
surements using FTIR spectroscopy in ionized molecu-
lar gas mixtures. One method we call the diameter re-
duction method. This method works by decreasing the
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cross-sectional area of the infrared (IR) beam with op-
tical stops. This method was implemented by Laroche
(2012) et al. to achieve 2mm lateral resolution in a dielec-
tric barrier discharge at atmospheric pressure.4 A second
method we call the focusing optics method. This method
involves using optical elements to form an image of the
beam at the plasma, thereby improving spatial resolution
while transmitting nearly all of the input beam power.

This paper is organized as follows. Firstly, we will in-
troduce FTIR spectroscopy in high-pressure plasma sys-
tems. We will discuss two methods of obtaining high
spatial resolution with FTIR spectroscopy in these sys-
tems. Secondly, we will explain the experimental and op-
tical setup we have installed to investigate each method
of obtaining high spatial resolution. Thirdly, we will de-
rive an analytic expression for the expected SNR for each
method of obtaining high spatial resolution.

II. FTIR SPECTROSCOPY IN
ATMOSPHERIC-PRESSURE PLASMA SYSTEMS

Molecules absorb light of different wavelengths at dif-
ferent rates. This basic fact is summarized with the Beer-
Lambert law, I(λ) = I0e

−Nσ(λ)L. This equation tells us
how the intensity of light at a given wavelength changes
as it travels through a sample of molecules with densityN
and absorption length L. The wavelength-dependent ab-
sorption cross section σ(λ) is typically determined from
reference gas cell measurements and stored in databases,
such as HITRAN12 or HITEMP.13

Fundamentally, absorption spectroscopy works be-
cause of the wavelength-dependent properties of neutral
and excited molecules. In other words, each molecule
or atom has it’s own unique absorption fingerprint. By
measuring the absorption spectrum of a sample, one can
determine the molecular composition of that sample. In
the IR region (∼ 1-20 µm), the absorbance spectrums for
plasmas of interest are determined by molecular vibra-
tional and rotational energy levels. In general, a partic-
ular vibrational energy level transition provides informa-
tion about the density of a given molecule, while the ro-
tational energy level transitions give fine structure to this
transition and provide information about the rotational
temperature3 and background pressure14 of the molecu-
lar species.

An FTIR spectrometer works by sending a collimated
beam of polychromatic IR light to a Michelson interfer-
ometer with a moving mirror, as shown in figure 1. The
recombined beam is sent through the sample and to a
detector. As the mirror moves, the intensity at each
wavelength is modulated at a different rate depending
on the wavelength of light and the mirror velocity. This
produces an interferogram as in figure 2. This interfer-
ogram is then Fourier transformed to get the intensity
spectrum of transmitted light. The intensity spectrum of
transmitted light through the sample can be compared to
the intensity spectrum of transmitted light without the

FIG. 1. Schematic of an FTIR spectrometer.

FIG. 2. An interferogram taken with a JASCO FT/IR 6800
spectrometer. The fourier transform of this interferogram
gives the background spectrum in figure 3.

sample to determine the transmittance spectrum. An ex-
ample transmittance spectrum is shown in figure 3. From
the transmittance spectrum, the densities and rotational
temperatures of molecules can be determined.

The primary benefit of FTIR spectroscopy is that the
molecular concentrations and rotational and vibrational
temperatures of a sample can be measured while relying
on a minimum of unknown parameters, unlike emissive
techniques. However, achieving high spatial resolution
for partially-ionized molecular gas mixtures is difficult.2

One reason for this is that the background radiation
from the plasma can be a significant limitation.3 This
background radiation decreases the signal-to-noise ratio
(SNR) of the measurement, lowering the sensitivity of
the measurement and possibly preventing rotational or
even vibrational bands from being resolved.

FIG. 3. A background spectrum taken with a JASCO FT/IR
6800 spectrometer.
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FIG. 4. Schematic of the diameter reduction method.

A. Methods of Improved Spatial Resolution

In high-pressure plasma systems large spatial gradients
often arise.10,11 In these systems, sub-millimeter spatial
resolution is typically desired. However, the typical beam
diameter for an FTIR spectrometer is ≈ 4cm. Thus, in
order to generate high spatial resolution with FTIR spec-
troscopy, some sort of modification to the IR beam must
be made. Here we discuss two methods of increasing spa-
tial resolution for FTIR spectroscopy operating with an
external beam, as appropriate for in situ measurements
of an atmospheric-pressure plasma system.

1. Diameter Reduction

One method of increasing spatial resolution is shown
in figure 4. We call this method the diameter reduc-
tion method. Diameter reduction involves sending the
collimated IR beam of original radius rb through stops
to reduce the beam radius by a factor α > 1 to ra-
dius rb/α and thereby reducing by a factor α2 the cross-
sectional area of the beam which traverses the plasma
sample and reaches the detector. If the stops and IR
beam are scannable across the plasma sample, then this
method can be used to make a spatial profile of densities
and temperatures of the sample. Diameter reduction has
the advantage of being relatively simple and straightfor-
ward to implement.

Laroche et al. (2012) used a setup very similar to diam-
eter reduction to achieve 2mm lateral spatial resolution
in a dielectric barrier discharge at atmospheric pressure.
In this experiment, the IR beam was first sent through
two aligned 2mm by 2mm slits to reduce the beam area.
It was then directed through the plasma discharge and
reflected back before being sent to a detector.4

2. Focusing Optics

Another method of increasing spatial resolution is
shown in figure 5. We call this method the focusing optics
method. Focusing optics involves sending the collimated
IR beam through lenses or mirrors with focal length f a
distance f away from the plasma sample. These optics
image the IR beam of radius rb onto the sample, decreas-
ing the cross-sectional area of the beam as it traverses
the sample. If the characteristic size of the sample is rs

FIG. 5. Schematic of the focusing optics method.

and the IR beam is perfectly collimated, then the cross-
sectional area of the beam as it traverses the plasma de-
creases to πr2

b (rs/f)2, neglecting aberrations. If the posi-
tion of the beam and focusing optics are scannable across
the sample, then this method can be used to make a spa-
tial profile of densities and temperatures of the sample.
The focusing optics method is more complex and expen-
sive than the diameter reduction method. It also requires
precise alignment and exact placement of the focusing el-
ements, which is not possible for all systems. However,
focusing optics has the benefit that it transmits almost
all of the beam power to the detector, which can improve
the SNR relative to the diameter reduction method.

The consequence of etendue conservation for the fo-
cusing optics method is that if the light source for the
IR beam has some finite area over which it emits light,
then the IR beam will not be perfectly collimated, and
the focusing elements will not be able to image the IR
beam to a point.

If the IR source radiates over some area A = πr2
src to a

collimating optical component of focal length fsrc, then
from conservation of etendue the IR beam will be imaged

not to a point, but to some finite area A′ = A f2

f2
src

. This

implies that the cross-sectional area of the beam as it
traverses the plasma is

π(rsrc
f

fsrc
+ rb

rs
f

)2 (1)

Thus, for the focusing optics method to be capable of
achieving high spatial resolution, rsrc must be sufficiently
small and fsrc must be sufficiently large.

III. EXPERIMENTAL APPARATUS AND DIAGNOSTIC
SETUP

In order to test methods of increasing spatial resolu-
tion for FTIR spectroscopy with atmospheric-pressure
plasma systems, an FTIR spectrometer has been in-
stalled to diagnose a plasma sample in a nitrogen-filled 50
cm wide vacuum chamber. Background spectrums with-
out plasma have been obtained. One such spectrum is
shown in figure 3.

Here, a JASCO FT/IR 6800 spectrometer is used, op-
erating in external beam mode. The spectrometer has
maximum wavenumber resolution 0.07 cm−1 and an op-
timal SNR of 55,000:1 at 4 cm−1 wavenumber resolution
for a 1 minute measurement. The external beam from
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the spectrometer has a diameter of approximately 4 cm,
and is sent through sapphire ports of diameter 2.5 cm on
the vacuum chamber which transmit light into the mid-
IR region (up to 5.5 µm). These ports are each 25 cm
from the plasma sample. The IR beam is detected by an
external MCT detector.

Two different optical setups have been installed to test
methods of obtaining spatial resolution. To test the di-
ameter reduction method, the beam from the spectrom-
eter is sent through the sapphire ports and towards the
MCT detector. Two iris diaphragms of adjustable ra-
dius are placed at the far port and at the detector to
reduce the cross-sectional area of the IR beam. This is
illustrated schematically in figure 4. To test the focusing
optics method, the beam from the spectrometer is sent
to paired 51.7 cm focal length, 15◦, 2” diameter gold off-
axis parabolic mirrors. These mirrors image the beam at
the plasma sample as in figure 5 and send the resultant
beam to the MCT detector.

IV. RESULTS

Here, the signal-to-noise ratio (SNR) is defined as

SNR =
µ

σ
(2)

where µ is the average signal from the IR beam at
the detector and σ is the standard deviation of the total
signal at the detector.

Suppose our FTIR spectrometer has a listed maximum
SNR of R′ at wavenumber resolution ∆k′ for sampling
time ∆t′. For the JASCO FT/IR 6800 spectrometer,
R′ = 55, 000 for ∆k′ = 4 cm−1 and ∆t′ = 1 minute.
For sampling time ∆t and wavenumber resolution ∆k, if
the entire IR beam power is transmitted and the plasma
sample does not radiate, the SNR is defined to be R.
Because the signal increases as ∆t∆k and the noise in-

creases as
√

∆t∆k, it is easily seen that R = R′
√

∆k∆t
∆k′∆t′ .

This can also be written as R =
S′
b(∆t,∆k)

σintrinsic(∆t,∆k) , where

S′b is the signal at the detector when all the beam power
is transmitted and σintrinsic is the standard deviation of
that signal which arises due to intrinsic (i.e. thermal,
shot, etc) noise at the detector.

However, our plasma sample is expected to have some
background infrared radiation, and thus our SNR will be
less than R. Here we calculate the expected SNR for the
diameter reduction and focusing optics methods, taking
into account the background infrared radiation from the
sample.

Suppose the IR beam is perfectly collimated and has
power Pb. Suppose also that the plasma sample has char-
acteristic size rs and radiates uniformly throughout it’s
volume a total power Ps. Suppose also that the radia-
tion from the sample is not constant, but instead fluctu-
ates with some characteristic fluctuation size δPs

Ps
.15–17 If

TABLE I.

L w f ∆k′∆t′ δPs
Ps

fsrc
50cm 25cm 50cm 4 cm−1× 60 sec 0.01-0.1 12cm

rs r′b R ∆k∆t α rsrc
1 cm 2mm 55,000 0.07 cm−1× 60 min 10-50 0.25mm

these assumptions are valid, then the expected SNR for
our measurement is

SNR =
Sb(

Sb

Ss+Sb
)

(σ2
intrinsic + (δSs(

Sb

Ss+Sb
))2)1/2

(3)

Here, Sb is the signal strength from the beam to the
detector, while Ss is average signal strength from the
sample to the detector. The Sb

Sb+Ss
terms arise because

the DC portion of the sample signal decreases the dy-
namic range of the MCT detector. The standard devi-
ations from the intrinsic noise and the sample radiation
are uncorrelated and thus add in quadrature.

For high wavenumber-resolution (∆k = 0.07 cm−1)
scans, typical numerical values for the relevant variables
are shown in table I. For low-∆k scans, the FTIR spec-
trometer requires a larger scan time ∆t, such that the
product ∆k∆t remains approximately constant. They
also require a smaller source aperture radius rsrc, which
leads to a smaller IR beam radius r′b from the spectrom-
eter. However, α will be defined with respect to the orig-
inal beam radius rb of 2cm.

A. Results: Diameter Reduction

By reducing the radius of the IR beam by a factor α,
Sb decreases by a factor of α2. However, the stops, as
in figure 4, also block some of the background radiation
from the plasma, decreasing Ss. Using geometry to cal-
culate Sb

Ss
and rearranging equation 3, we find (assuming

rb
α
L+W
L � rs)

SNR =
R[

α4(1 +
3r4

b

8r2sL
2α2

Ps

Pb
)2 + R2

α4 ( δPs

Ps
)2 9r8

b

64L4r4s

P 2
s

P 2
b

]1/2
(4)

B. Results: Focusing Optics

Ignoring losses from the optical elements, the entire
beam signal from the spectrometer is transmitted to the
detector. However, for low-∆k scans the beam radius r′b
is less than the original radius rb, so this is not the full
beam power Pb. Assuming r′b/rs and L/f are both O(1),
then most of the radiation from the sample reaching the
focusing optics will be reflected to the detector. This was
confirmed with a numerical simulation, whose results are

http://dx.doi.org/10.1063/1.5039389


Improving spatial resolution for IR spectroscopy 5

FIG. 6. A comparison between the SNR for the focusing
optics and diameter reduction methods.

not shown here. In this case, we can rearrange equation
3 to get

SNR =
R[ r4

b

r
′4
b

(1 +
r2
b

4f2
Ps

Pb
)2 +R2( δPs

Ps
)2 r4

b

16f4

P 2
s

P 2
b

]1/2 (5)

Plugging in the typical values into equation 1, we find
that the cross-sectional area of the beam as it crosses the
plasma is π(1.04mm)2, which corresponds to an αeff ≈
20. To achieve sub-mm spatial resolution (αeff > 40),
rsrc must be less than 0.125 mm.

C. Comparison of Diameter Reduction and Focusing
Optics

Figure 6 plots the expected SNRs for two methods of
increasing spatial resolution, focusing optics and diame-
ter reduction, as a function of Ps/Pb. As we can see, for
low background infrared radiated power by the plasma,
the focusing optics method improves the SNR compared
to the diameter reduction method at a given αeff . The
opposite is true when the plasma background infrared ra-
diation power is very large. However, there is a limit to
αeff achievable with the focusing optics method, set by
the source radiating area.

V. CONCLUSIONS

Two methods of improving spatial resolution with
FTIR spectroscopy in atmospheric-pressure plasma sys-
tems have been introduced and analyzed. One method
involves reducing the diameter of the collimated IR beam,
while the other method involves using focusing optics to
image the IR beam at the sample. The focusing op-
tics method has the advantage that for sufficiently low
plasma background infrared radiation, the SNR as com-
pared to the diameter reduction method is higher (see
figure 6). However, the diameter reduction method has
multiple advantages in comparison to the focusing optics
method. Firstly, the SNR is less affected by high back-
ground plasma infrared radiation. Additionally, the spa-
tial resolution achievable with the focusing optics method
is limited by the IR source radiating area, while for the
diameter reduction method it is limited only by the min-
imum allowable SNR.

Ultimately, experimental validation of the analytical
expressions derived in this manuscript is needed. This
will eventually be performed on the apparatus described
in section III.

ACKNOWLEDGMENTS

This work supported by US Dept. of Energy grant DE-
AC02-09CH11466 and PPPL Laboratory Directed Re-
search and Development grant R071.

1I. Tanarro, T. de los Arcos, C. Domingo, V. Herrero, and
M. Sanz, Vacuum 64, 457 (2002).

2S. Reuter, J. S. Sousa, G. D. Stancu, and J.-P. H. van Helden,
Plasma Sources Science and Technology 24, 054001 (2015).

3B. C. Stratton, R. Knight, D. R. Mikkelsen, A. Blutke, and
J. Vavruska, Plasma Chemistry and Plasma Processing 19, 191
(1999).

4G. Laroche, J. Vallade, R. Bazinette, P. van Nijnatten, E. Her-
nandez, G. Hernandez, and F. Massines, Review of Scientific
Instruments 83, 103508 (2012).

5A. V. Pipa and J. Ropcke, IEEE Transactions on Plasma Science
37, 1000 (2009).

6A. Al-Abduly and P. Christensen, Plasma Sources Science and
Technology 24, 065006 (2015).

7B. L. M. Klarenaar, R. Engeln, D. C. M. van den Bekerom,
M. C. M. van de Sanden, A. S. Morillo-Candas, and O. Guaitella,
Plasma Sources Science and Technology 26, 115008 (2017).

8M. Rivallan, S. Aiello, and F. Thibault-Starzyk, Review of Sci-
entific Instruments 81, 103111 (2010).

9S. A. Nair, T. Nozaki, and K. Okazaki, Industrial & Engineering
Chemistry Research 46, 3486 (2007).

10Q. Xiong, L. Xu, X. Wang, L. Xiong, Q. Huang, Q. Chen,
J. Wang, W. Peng, and J. Li, Journal of Physics D: Applied
Physics 51, 095207 (2018).

11J. Schfer, F. Sigeneger, J. perka, C. Rodenburg, and R. Foest,
Plasma Physics and Controlled Fusion 60, 014038 (2018).

12I. G. et al., Journal of Quantitative Spectroscopy and Radiative
Transfer 203, 3 (2017).

13L. R. et al., Journal of Quantitative Spectroscopy and Radiative
Transfer 111, 2139 (2010).

14M. P. Arroyo and R. K. Hanson, Appl. Opt. 32, 6104 (1993).
15P. Wenxia, M. Xian, and W. Chengkang, Plasma Science and

Technology 8, 416 (2006).
16R. Ye, P. Proulx, and M. I. Boulos, International Journal of Heat

and Mass Transfer 42, 1585 (1999).
17J. Hlna, J. onsk, V. Nnika, and A. Zachar, Journal of Physics

D: Applied Physics 38, 1760 (2005).

http://dx.doi.org/10.1063/1.5039389


Stationary 

Beamsplitter 
Moving Mirror 

I Collimating Optics 

IRSource 
>-f1���--¥-���_J - - I 

Sample 

Light Detector 

I 

I 

http://dx.doi.org/10.1063/1.5039389


1.075 

. 
::, 

<!. 1.025 
-

0.925 

0.900-+-----�---�---�----------------------------<
200 400 600 800 1000 1200 

Mirror Position A.U.) 

1400 1600 1800 

http://dx.doi.org/10.1063/1.5039389


1.75 

1.50 

0 0 

0.25 

0.00-+--�-------�----�--��--------�-���___,

500 1000 1500 2000 2500 3000 3500 4000 

Wavenumber (cm- 1)

http://dx.doi.org/10.1063/1.5039389


http://dx.doi.org/10.1063/1.5039389


http://dx.doi.org/10.1063/1.5039389


http://dx.doi.org/10.1063/1.5039389

	Article File
	1
	2
	3
	4
	5
	6

