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Cavity-enhanced absorption spectroscopy was applied to an arc wind-tunnel flow to measure the number density
and the temperature distributions. With installed Brewster windows on a vacuum chamber, a cavity was constructed
between a pair of high-reflectance mirrors placed outside of the chamber. Consequently, sensitivity was improved by
more than 2 orders of magnitude compared with conventional single-pass laser absorption spectroscopy. The
temperature distribution of 0.2% diluted oxygen estimated by cavity-enhanced absorption spectroscopy shows a
good agreement with that of argon estimated by single-pass laser absorption spectroscopy.

Nomenclature R = effective reflectance of the mirrors

A(v) = absorbance, kd, Ty = translat.ional temperatqre, K
Acpas = absorbance in CEAS = kdcpas T, = transmittance of the mirrors
A;j = Einstein coefficient, s~ u = flow velocity, m/s
Cp = specific heat at constant pressure, J/kg - K < = sum.of states
c = velocity of light, m/s A = specific heat ratio
d = length of the optical cavity, m Avp = glﬁ width at half-maximum of the Doppler profile,

: : : . . z
deeas = zlflfl?;t: CV :doa{)bii)ilpzzsnozgzggozi?ptnﬁf hin cavity- Av; = full width at half-maximum of the Lorentz profile,
dy = optical absorption path length, m GHz
E; = excitation energy at the absorbed state, eV A = laser wavelength, nm
g = statistical weight v = laser frequency, Hz
heem = chemical potential, MJ/kg vy = .cen.ter gbsorptlon frequency, Hz
ho = specific total enthalpy, MJ/kg Xi = ionization energy, eV
1, = transmitted laser intensity, mW /mm?
I = incident laser intensity, mW/mm? L Introduction
i,j = absorbing and excited state :
K = integrated absorption coefficient, GHz - m~! ASER absorption spectroscopy (LAS) has become a useful
k = absorption coefficient, m™' sensor strategy for fast, nonintrusive, and reliable in situ
kg = Boltzmann constant, J/K measurements of multiple flowfield parameters such as temperature,
M = Mach number pressure, velocity, and species concentrations in widely varied fields
M, = atomic mass, kg [1-6].
m, = electron mass, kg In aerospace fields, LAS has been applied to rocket engine and
N = number density, m~> shock-tunnel diagnostics. In our previous study, LAS was applied to
R = gas constant, J/kg - K flows generated in arc wind tunnels and in an inductive plasma

generator for detecting absorption signals of the OI at 777.19 nm

- ‘ ) (35S — 3p°P) line [7,8]. The results of these experiments revealed
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II. Theory

A. Laser Absorption Spectroscopy

The decrease in laser beam intensity, d/, propagating in the x
direction through an absorbing sample is expressed by the Beer—
Lambert relation [15]:

dI = —k,I,dx )

where k, is a function of the laser frequency v given by the following
Voigt profile:

ln 2 exp( %)
- Vo
b= Avp ¥+ (x—1)? &

(n 2 (V— Vo) (n 2 AVL
= 7VA, =S @)
Vp Avp

The number density of the absorption state i is related to the
integrated absorption coefficient K:

= /kaVNL—A iN; 3)
8mr g

The translational temperature is related to the Doppler width Avp,:

_ cH(Avp)M,

(8 0w 2)kv} @

B. Cavity-Enhanced Absorption Spectroscopy

For CEAS, a Fabry—Perot cavity consisting of two high-
reflectance mirrors is used. Because the resonated laser beam can
only transmit through the cavity, the target profiles should be larger
than the free spectral range (FSR) of the cavity. In this study, the
length of the optical cavity, d, was fixed to be 1.3 m (its FSR is about
115 MHz) in view of the absorption width of the target low-pressure
plasma.

The transmitted laser intensity is calculated by the Fabry—Perot
equation:

L T, exp(—kd,) (5)
Iy {1 — R exp(—kdy)}?

where R.; is the effective reflectance introduced to take into account
energy losses in the laser beam through multiple reflection. From
Eq. (5), the absorbance in single-pass LAS, kd,, is related to that in
CEAS, kdcgas, as

" (1_) _
10 CEAS

III. Experimental Setup
A. Measurement System

A schematic diagram of the measurement system for CEAS is
illustrated in Fig. 1. A tunable diode laser with an external cavity
(velocity model 6300, New Focus, Inc.) was used as the laser
oscillator. It is not accompanied with mode hops in wide modulation
width, achieving the stable measurements. The laser frequency
was modulated over 20 GHz at approximately a 0.5 Hz repetition
frequency by a function generator. High-reflectance concave mirrors
with a I-m-curvature radius (model 104750, Layertec, GmbH) were
used for constructing a cavity. A lens with a 0.5 m focal length was
used for mode matching [16]. A Faraday optical isolator was inserted
between the tunable diode laser and the optics to reduce optical
feedback to the laser diode. An etalon with a 0.75 GHz FSR was used
to measure the frequency-modulation width. Emission from the
plasma was shielded by a bandpass filter, the center wavelength
and the full width at half-maximum of which are 780 and 10 nm,
respectively. The transmitted laser intensity was measured by a
photomultiplier tube (H8249-102, Hamamatsu Photonics KK). To

kdcgas = —

11— Reff)2 eXP(—kdo)]
(. 6
[{1 “Rasexp(kdy)y| ©
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Fig. 1 A schematic diagram of the measurement system for cavity-
enhanced absorption spectroscopy.
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apply A/D conversion and quick storage, a peripheral compo-
nent interconnect digitizer (DP306, Agilent Technologies) with
12-bit resolution was used. This apparatus allows us to store 100
megasample data, which are necessary to diagnose one cross section,
within 20 min.

In this research, the absorption lines of Arl at 772.38 nm
(4s°[3/2] — 4p*[3/2]) and 772.42 nm (4s*[1/2] — 4p*[1/2]) and
OI at 777.19 nm (3s°S — 3p°P) were used. The transition data
of these lines are shown in Table 1 [17].

In CEAS, energy losses in the cavity due to optical windows
degrade the signal-to-noise ratio. To minimize such effects, Brewster
windows and a polarization controller (FPC030, Thorlabs, Inc.) were
introduced. In Fig. 2, the ideal reflectance and transmittance of
the laser beam at the quartz surface are plotted against the incident
angle of the laser beam [18]. The incident laser at the Brewster angle
transmits the window without energy losses.

B. Arc Wind Tunnel

A schematic of the arc wind tunnel is illustrated in Fig. 3. The
cathode is made of 2% thoriated—tungsten alloy, and the nozzle as
the anode is made of copper. Both electrodes are water-cooled. The
constrictor is 2 mm in diameter and 3 mm in length. Argon mixed
with oxygen by 0.2% in molar concentration was used as a working
gas to simulate a low-number-density oxygen flow and was sup-
plied through mass flow controllers. A 0.5-m-diam and 2-m-long
cylindrical steel vacuum chamber made of steel is evacuated by a
1020 m?/s mechanical pump backed by a 150 m?*/s rotary pump.
The chamber pressure is maintained to be at 20 Pa with 0.149 g/s
of argon and 2.38 x 10~ g/s of oxygen flows. The arc wind tunnel
was located on the center of the chamber, the plume of which was
oriented parallel to the chamber axis. In addition, it was set on a
translation stage to alter the height.

The operational condition is summarized in Table 2. Measure-
ments were made at 50 mm downstream from the nozzle exit of the

Table 1 Transition data of atomic oxygen and argon

Ol Arl Arl
Lower state (1) 3sS 4s2[3/2] 4s2[1/2]
Upper state (2) 3p°P 4p’[3/2] 4p?[1/2]
A, nm 777.19 772.38 772.42
E,, eV 9.15 11.55 11.72
E,, eV 10.74 13.15 13.33
g1 5 5 1
82 7 3
Ay (107 571 3.69 0.52 1.17
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Fig. 2 Theoretical transmittance and reflectance of the S wave and P
wave at the quartz surface.
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Fig. 3 Configuration of the arc wind tunnel (top) and a photo of the
plume.

arc wind tunnel. Its input power, discharge current, and plenum
pressure were 1.1 kW, 50 A, and 80 kPa, respectively.

IV. Results and Discussion

A. Estimation of Effective Reflectance

Equation (6) shows that kdcg,g is related to kd, through the
effective reflectance of the mirror, R.;. To determine R, CEAS
signals of argon lines at 772.38 and 772.42 nm at 40, 45, 50, and
65 mm from the center axis were measured. Figure 4 shows kd,
deduced by CEAS (circle) and single-pass LAS (solid line) at 45 mm.
Fitted by Eq. (5), the reflectance of the mirror was estimated as

Table 2 Operational conditions of constricted arc wind tunnel

Operational condition Value

Ar (0.149 g/s), 0, (2.38 x 107* g/s)
1.1 kW

Working gas (Mass flow rate)
Input power

Input current 50 A
Mach number 2 (designed)
Plenum pressure 80 Pa
Chamber ambient pressure 20 Pa

0.1

0.08

0

0.06

0.04

Absorbance kd

0.02

-5 -2.5 0 2.5 5
Relative frequency to A (772.42nm), GHz

Fig. 4 Absorbance kd, deduced by CEAS (circle) and single-pass LAS
(solid line) at 45 mm from the center axis of the arc wind-tunnel flow.
Fitted by Eq. (5), the reflectance of the mirrors was estimated as 99.28 %.
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Fig. 5 Measured absorption profiles by cavity-enhanced absorption
spectroscopy at each height from the center axis of the arcjet flow.

Ryr = (99.3 +0.05)% @)

B. Number Density and Temperature Distributions

The number density and the temperature distribution in the arc
wind-tunnel flow were deduced from an absorption line of OI at
the center frequency of vqg = 777.19 nm. The value of kdcgag Was
measured at every 2 mm distance from the center across the flow, as
shown in Fig. 5. The value of kd,, at each frequency was calculated
by Eq. (6), as shown in Fig. 6. Because kd,, was determined as aresult
of integration along the lines of sight, Abel inversion was applied to
obtain the spatial distribution of the absorption coefficient [19].
Using the axisymmetric assumption for flow properties, the
absorption coefficient is obtained by the Abel inversion:

k(v) = _l/R d{ln[—(1,/1p) (, V)]}/dxdx

T x> —r?

®)

where r is the distance between the flow axis and the laser path. It was
found that direct use of the measured data for 7,/1, results in an
unsuccessful inversion, due to noises in the signal. To cope with this
problem, the absorbance profile measured at each distance was first
fitted by the following equation:

4
n[(1/T0) (x, v)] = (Zanxz") exp(—ax?) ©)
n=0
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Fig. 6 Calculated absorption profiles by Eq. (6).

The absorbance was determined at every 0.1 GHz through
interpolation. Finally, by applying the Abel inversion at each
frequency, the absorption profile was successfully obtained at each
radial position from the center.

Figure 7 shows the integrated absorption coefficients of argon and
oxygen lines. It is seen that, using the CEAS system, the detectable
limit can be decreased by more than 2 orders of magnitude, in
comparison with the single-pass LAS system. Figure 8 shows the
number density distributions of the argon atoms and oxygen atoms at
the excited state, obtained by Eq. (3). The translational temperature
is deduced by Eq. (4) from the full width at half-maximum of the
Gaussian profile fitted to the measured absorbance profile. The radial
distribution of the obtained temperature is shown in Fig. 9. It is seen
that the temperatures deduced from the atomic lines of argon and
oxygen show good agreement with each other, suggesting the
accuracy of the CEAS measurement.

To assess the accuracy of the density and the temperature obtained
by the CEAS measurement, the averaged temperature and the
chemical composition in the flow are roughly estimated from the
energy balance as follows. With an assumption of isentropic
expansion, the total specific enthalpy is written as

T T 1
hOZ/OdeT/—i-hchem:f Cp AT+ haen + 502 (10)
0 0

The latter hg,, is constant under the chemically-frozen-flow
assumption. The flow velocity u is expressed as

—©- Arl (772.38nm, single-pass LAS)
101 —A- Arl (772.42nm, single-pass LAS)
—>¢ OI (777.19nm, CEAS)

102
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104 1 1 1 1 1
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Radial position, mm

Integrated absorption coefficient, GHz x mm-!

Fig. 7 Integrated absorption coefficients of absorbers in the arc wind-
tunnel flow; the argon lines were measured by single-pass LAS and the
oxygen line was measured by CEAS.
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Fig. 8 Number density distribution for ArI (4s2[1/2]), ArI (4s%[3/2])
and OI (3s5S) measured in the arc flow.
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Fig. 9 Temperature distribution in the arc wind-tunnel flow.

u=M.,/yRT (11)

The velocity was deduced from the design Mach number, 2, and the
measured static temperature. The total pressure p, measured in the
plenum chamber using a pressure sensor was as high as 80 kPa.
Therefore, the chemical composition in the plenum chamber of the
flow was calculated assuming thermochemical equilibrium. In that
calculation, seven chemical species were considered (Ar, O,, O,
Ar+, O,4, O+, and e—) in addition to four chemical reactions
(Ar < Art +e7,0, < 20,0 < OF +¢e7,and20 < O +¢7).
Their equilibrium constants were obtained from [20,21]. The
averaged fraction of the O atom population in the 3s°S state was
calculated as 3.4 x 1076, The averaged fractions of the Ar atom
population in the 4s2[3/2] and 4s?[1/2] states were calculated as
3.6 x 1077 and 1.7 x 1078, respectively. The measured densities of
excited oxygen and argon atoms were only a tiny fraction of all the
oxygen and argon atoms, because the lower states of the absorption
are approximately 9 and 11 eV above the ground states. The averaged
h within the radius of the nozzle exit, 15 mm, was estimated to be
about 2.4 MJ/kg; the efficiency of the arc heater was about 30%,
which can also be validated by the estimation by the temperature rise
in the temperature of cooling water.

V. Conclusions

In this study, cavity-enhanced absorption spectroscopy was
applied to the arc wind tunnel with oxygen diluted in argon as the
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working gas. The results show that the sensitivity can be improved
by more than 2 orders of magnitude by the CEAS method, in
comparison with the conventional single-pass laser absorption
spectroscopy. The temperature deduced by the CEAS method agreed
well with that estimated by the single-pass LAS method. This
suggests that the CEAS method has the potential of considerably
improving the sensitivity without losing accuracy in temperature
measurement.
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