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Sensitivity Enhancement in Laser Absorption Spectroscopy
for the Diagnostics of High-Enthalpy Flows

Hiroki Takayanagi,  Makoto Matsui,” Kimiya Komurasaki,* and Yoshihiro Arakawa®
The University of Tokyo, Tokyo, 113-8656, Japan

In absorption spectroscopy of high enthalpy flows generated by plasma wind tunnels,
number density of meta-stable Ol tends to be too small to be detected. In this study, a new
multipass method is proposed for sensitivity enhancement in laser absorption spectroscopy, in
which test plasma is placed between a diode laser and a diffraction grating of an external
cavity diode laser. As a result, frequency could be tuned continuously by the ECDL with long
cavity length and absorption is observed with the multipass optics.
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= Planck’s constant

= absorbing state
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0 = optical power output of laser without plasma

= injection current

optical power output of laser with plasma

threshold current

threshold current without plasma between diode laser and diffraction grating
threshold current with plasma between diode laser and diffraction grating
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Al = decreasing of the optical power output by plasma absorption
Al/ly = absorbance

(Al/lg);y = absorbance with plasma in external cavity diode laser
(Al/lg)our = absorbance with plasma out of external cavity diode laser
k = Boltzmann constant

K = integrated absorption coefficient

k, = absorption coefficient

Lext = external cavity length

ALy = deflection of external cavity length

Line = active region length of diode laser

m = integer

Ma = atomic mass

N = number density of absorbing state

N, = photon density

[\ = transparency carrier density

q = eclementary charge
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It = effective reflection coefficient of the external cavity

e = reflection coefficient of the high-reflection-coated facet
o = reflection coefficient of the anti-reflection-coated facet
I = reflection coefficient of the diffraction grating

T = Temperature

\% = active region volume occupied by electrons

V, = cavity volume

V, = group velocity

X = coordinate in laser pass

<0p> = sum of averaged internal loss and mirror loss

<o> = averaged internal loss

Ol = mirror loss

<op,> = average plasma loss

ﬁ ext = wave number of laser

A = internal quantum efficiency

A = wavelength of laser

Ao = center absorption wavelength

v = laser frequency

Vo = center absorption frequency

Av = width of laser frequency modulation

Avp = full width at half maximum

I. Introduction

In past five decades, high enthalpy flow generators have been developed to simulate re-entry conditions.' However,
their exact plume conditions are mostly unknown because they are usually in strong thermo-chemical non-
equilibrium.

In our previous study, Laser Absorption Spectroscopy (LAS) was applied to plumes of arc-heaters and an
Inductive Plasma Generator™ (IPG) to measure the number density of meta-stable OI and translational temperature.
As a result, strong absorption lines of OI 777.19nm line were observed in oxygen and argon/oxygen flows for these
high enthalpy flow generators. However, OI absorption could not be detected in a nitrogen/oxygen flow even in a
shock layer formed in front of test materials as well as free stream. The absorbance would be less than our
measurement limit of 1%.

In this research, number density of meta-stable OI and temperature for given specific enthalpy are estimated for
pure oxygen, argon/oxygen, and nitrogen/oxygen flows. Next, the threshold density of meta-stable OI for LAS is
estimated. Finally a new multipass method for sensitivity enhancement is proposed and tested.

—_—

Il.  Applicable Limit of LAS in High
Enthalpy Flows

A. Previous results in IPG

Figure 1 shows absorbance, (ly-l))/ly, in pure
oxygen and nitrogen/oxygen flows generated by
IPG at the University of Stuttgart’. The absorbance
in a nitrogen/oxygen flow was much lower than that
in an oxygen flow. In arc-heaters plumes,
absorption couldn’t be detected in nitrogen/oxygen
flows though 50% absorbance was observed in
argon/oxygen flows.
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B. Calculation under Thermo-chemical
Equilibrium Relative Frequency ,GHz
The lower absorption in nitrogen/oxygen flows  Figure 1 Absorbance in pure oxygen (3g/110kwW) and
is explained by the calculation under thermo-  nitrogen/ oxygen flows (3g/130kW).
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chemical equilibrium. Temperature was calculated for oxygen, argon/oxygen, and nitrogen/oxygen flows as a
function of specific total enthalpy at the ambient pressure of 30Pa, as shown in Fig. 3. Oxygen is dissociated around
2,500K while nitrogen is around 5000K. Then temperature in nitrogen/oxygen flows hardly increases at all. As a
result, assuming the Boltzmann equilibrium, the number density of meta-stable OI in nitrogen/oxygen flows is about
two orders of magnitude smaller than that in argon/oxygen and pure oxygen flows as shown in Fig. 4 in the enthalpy
range of the IPG. Actual number density of meta-stable OI is usually higher than estimated because of the decaying
non-equilibrium in expanding high enthalpy flows. The maximum number density of meta-stable OI in pure oxygen
was measured about 3.5x10'"m™. So that in nitrogen/oxygen flows would be 1x10"*m™
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Figure 3. Calculated Temperature vs Figure 4. Number Density of meta-stable
Specific Total Enthalpy. p = 30[Pa]. Ol vs Specific Total Enthalpy. p = 30[Pa].

C. Lower Limit Number Density of Meta-stable Ol
The relationship between laser intensity and absorption coefficient is expressed by the Beer-Lambert law’ as,

1n—=—IK( ) ax (D

Assuming Boltzmann equilibrium between the absorblng and excited states, the integrated absorption coefficient K
is proportional to the number density at the absorbing state N; as,

A9 AE;
K= j k,dv = S AN{I exp( = H )

ex

Transition data of target absorption lines in this study are listed in Table 1. AE;/kT, is so large that Eq. (2) is
approximated as

2
% AJ 3) Table 1 Translation data
87 g
Since the Doppler broadening is predominant in our test Species
", . . Parameters
conditions, absorption profile is expressed by the Ol Arl
Gaussian one as, I 35°S 45201/2]
2
Vy—V j 3p’P 452[3/2]
k =k, -exp| -| —2 2| |. 4
Av, /242 A .,nm 777.19 840.82
. Ei eV 9.14 11.8
Then, K is expressed as, E zV 10.7 133
Av, b ) |
K =k (v, )N7r—=2 . ) g 5 3
(oW 0 s :
Here, Ay is related to T as Aii,l 10%s™! 0.369 0.223
Av, = 2v,NIn2 [2KT . ©)
C
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Assuming T, the relationship between absorbance and number density of meta-stable OI is calculated using Egs.
(1,3-5). Figure 2 shows the relationship between absorbance and number density at T=3000+2000K. Here, error bar
corresponds to the temperature variation. When detectable absorbance is about 0.01, the limit number density of
meta-stable OI is about 1x10"°[m™].
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Figure 2 Relationship between absorbance and number density of meta-stable Ol. Left is plotted for
overall range of absorbance and right is plotted in log-scale.

I11. A New Multipass Method of Sensitivity Enhancement using ECDL

A. Concept of a new multipass method

Equation (1) indicates that the sensitivity of absorbance is exponentially increases with the absorption path
length. Therefore, multipass absorption cells®” are conventionally used to enhancement the sensitivity in laser
absorption spectroscopy. However, the spatial resolution is sacrificed in this method, and then it is not effective for
the measurement of high enthalpy flows because the plumes vary spatial variation of physical properties is
inevitable and very important.

Therefore, a new multipass method is proposed. Test plasma is placed between a diode laser and a diffraction
grating of External Cavity Diode Laser (ECDL) as shown schematically in Fig. 5. The cavity is formed between
high-reflection coated facet of a diode laser and a diffraction grating. The laser wavelength is specified in this cavity.
The wavelength can be tuned by modulating the cavity geometry. If there is somewhat laser absorption in the
plasma, the output intensity would decrease due to the absorption of plasma. Because multi-laser-pass is realized in
this cavity, absorbance would be magnified depending on the effective number of passes.

B. Analytical Simulation®
By the equations for diode laser, analytical @
simulation for the proposed method is calculated. )
To obtain the optical power output, E, is HR Coating ]
constructed by multiplying N, by hv, and V.. Then, ]EiOde Cﬁg;r:ate Plasma
this is multiplied by the energy loss rate through the aser m r,=0.70
IMIITOrs, Vyai, to get optical power output from the = 0.99 ¥ . >
mirrors, ) )
ly =v,a,,Eps = v, NnW, - (7) Diffraction
) . : ) AR Coating Grating
Here v, is the group velocity, and ¢, is the mirror Line= 250um
loss given by . . .
: Figure. 5 Schematic of Sensitivity Enhancement
a, = —ln{ ] ®)
int rﬂ reff (V)
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where f is given by

2 -
(1 - rf2 ) rext exp (_2 Jﬁext Lext )
1 + er rext eXp (_2 jﬁext Lext ) .
From carrier rate equation, the photon density is obtained as following equation.
T (Iinj_ |m)
N =——"-—-+"
qv, 9.,V
From photon generation and loss in laser cavity, the following equation is obtained.
I'g,, = (ai>+ a, .
Substituting Egs. (8) and (10) to Eq. (7), the following equation is obtained.

fe (V)=ry +

_ a  |\ve o
P/ <ai>+aqu(linj lth)

qvBN,’  [2({e)+an)
~ eXp .
77 I'g,
Using a constant y, threshold injection current is rewritten as follows.
2((a) +a,
| xpexp) 2B )
I'g,

When plasma is placed in between a diode laser and a diffraction grating, loss due to the plasma absorption

<ap> _ fkv (x)dx

L,

int

is added to <¢;>. Then, Egs. (12) and (14) is rewritten as follows.
a hv
| =np| —2——|—(1I..—1
t nl[ao+<aP>J q ( inj thp)
2(0:0 +(a ) 2({a
Ilhp z7’e)q){p> =l €Xp M :

I'g, I'g,
From Eq.(12) and (16), the absorbance with plasma in ECDL is obtained as
[AI] =1_L=1_ 1 Loy = Vo exp(2<ap>/1"g0)
IN I 0

1+<ap>/a0 Ly = Lo

Iy, 1s expressed as

th

L

©)

(10

)

(12)

13)

(14)

(15)

(16)

an

(18)

where |4 is the threshold current with plasma out of ECDL calculated by Eq. (14). Here the absorbance with

plasma out of ECDL is defined as (Al/lg)our-

Then, Eq. (15) is rewritten as Optical
—Infl—(Al/1,)} Power With plasma With plasma
<06p> = L—OIN (19) Output out of ECDL in ECDL

int

When plasma is placed in ECDL, the threshold

current increases and the gradient of optical

power output is lower as shown in Fig. 6. TH( el Q0)1V/G
In Fig. 7, the output power characteristics

Gradient =

. . radient =
are plotted for various absorbance using the (ol (i)Y
parameters common to in-plane lasers listed in /(G ap)JNVG
Table 2. In diode laser with an Anti-Reflection 7
coating on one facet and High-Reflection T T p Injection Current

coating for the other facet, r, is assumed 0 and
I'er 1S equal to r,. I'yy and r, are approximated at
0.99 and 0.70, respectively. Then, o, is

estimated at 15cm’™. current.
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Figure 6 Schematic of output power vs. injection



(Al/lp)v is plotted in Fig. 8. When the injection current approaches to the threshold, (Al/lg)y would be larger.
Figure 9 shows the simulated absorption profiles. (Al/lg)our is the experimental result in the nitrogen/oxygen plume
as shown in Fig. 1. The rate of (Al/lg)iy to (Al/lg)our is larger when (Al/lg)ouris large. Then, The rates of (Al/lg) to
(Al/ly)our are different for the frequency in the absorption profile. The broadening width changes with the injection
current. Therefore, to have true broadening width and absorption coefficient, profiles have to be fitted to Egs. (18)
and (19).

. 14 (Al/l)our = 0.01
Table 2 List of Common Parameters g 12 Al o
for In-Plane Laser 5 00 (Al/lg)our =
parameters Values 5 08 |
Vv 4><10°m’ ?g o | (Al/lp)our = 0.1
I g 57.6 cm’! e
(] 5cm’ 3 04 -
n 0.8 g 02 | (AI/IO)CﬁTfO.S
Ner 1.8><10%m> . .
B 7.38><10"'em’/s 0
I iho 0.38mA 0 1 2 3 4

The Rate of Injection Current to Threshold
Current with Plasma out of ECDL

Figure 7. Power Output characteristics
for various absorbance.

= 1 : t
Q E(AI/IO)OUT =0.5
Ué . TR T T T o | (Al
; . " Iinj/lthO =1.06
£ ; o
% : : % 06 r
e Gr R £
= ¥ : Z 04 |
3 (Alf) 2 (Al
g L ojour lini/lmo S\L.5
= - }—’
2
o ' | <TG,
0)OUT
0 2 4 5 25 0 25 5
Linj/I tho Relative Frequenc
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(Al/1o)in.
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IV. Experiment by ECDL with long cavity length

A. Experimental Apparatus

ECDL is commercially available. However, in these ECDLs, the cavity length is so short, that plasma cannot be
placed in ECDL. Therefore, ECDL with long cavity length was developed. For the validation of the proposed
method, the argon glow discharge tube was used, where length is 10cm. So the cavity length is 30cm. From
resonance condition, a following equation is obtainedg,

AL, =AY

ext

(20)
1%
In Fig.10, the relationship between AL, and L is shown when width of laser frequency modulation Avis 3.0GHz.
Measurement system is shown in Fig. 11. The AR coated diode laser made by Sacher Lasertechnik and the
diffraction grating made by Edmund Optics Co. are used. Here Littrow configuration is adopted for easy alignment.
The beam is collimated. The cavity length is tuned continuously by the piezo actuator. The temperature of the diode
laser is adjusted by the temperature controller with the peltier device. Isolator eliminate feedback. The time is
translated into the frequency using etalon. The optical power output is measured by the photo detector. Replacing
the glow discharge tube, (I/1p)our and (I¢/1¢)n are measured. S oter

Etalon

E 10
=
f]» Glow Discharge Tube
2 L dse of plasma out of ECDL)
§
= irD
5
g 01 p
= Diffraction
-§ Diode Laser Grating
3 'I Piezo Actuator
E’ 0.01

0.01 0.1 1 Glow Discharge Tube AMP F.G.

External Cavity Length ,m (Case of plasma in ECDL)

Figure 10. Relationship between External
Cavity Length and Deflection External Cavity Figure 11. Schematic of measurement system for

Length. laser absorption usind the ECDL with a long cavity
B. Experimental Result 400
First, The relationship between injection current
and optical power output with the Littrow-type 2 300
external cavity is measured as shown in Fig. 12. From 3
Fig.12 and Egs. (12) (13), the parameters for this 2
external cavity laser were estimated as shown in Table é 200 F
3. ;.
o
3
]
&~ 100
Table 3 Fitting parameters in diode laser §
o
Measured Parameters Fitting Parameters © 0
Lino Gradient g <o>lop, 0 20 40 60
34.6mA 14.5mV 466cm’™ 83.8 Injection Current, mA

Figure 12. Measured Relationship between
injection current and Optical Power Output
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Next, Plasma is placed out of the ECDL. The absorption signal was measured as shown in Fig. 13. (I/l¢)our

plotted

by Gaussian fitting was obtained as shown in Fig. 14. The maximum absorbance for argon glow discharge

was 0.42. From fitting parameters shown in Table 3, (I/lp)iy was expected as shown in Fig 14 together.

Absorption Signal ,a.u.

0.7 0.1 65
0.08 4/ \(Al/lg)our
0.06 = o
5 g
= e
0.04 E 5
<
1 0.02
0
0.00 0.50 1.00 -1.5 -0.5 0.5 1.5
Time ,s Reflective Frequency ,GHz
Figure 13. Absorption Signals by ECDL Figure 14. Measured (Al/lg)oyt by ECDL
with Long Cavity Length with Long Cavity Length and Calculated

Prediction of (Al/lg)n.

Finally, the glow discharge tube is placed in ECDL as shown in Fig. 11. Absorption signal is shown in Fig. 15 and
(Al/ly)y was obtained as shown in Fig. 16.Maximum absorbance was smaller than that with plasma out of ECDL as
calculated. The internal loss of this diode laser is large as shown in Table 3, (Al/lg)y is lower than (Al/lg)our-
Therefore, using the diode laser where internal loss is low as discussed in Sec. 111, sensitivity enhancement would be

achieved.
0.16 A 0.12
Q
N e S 2
5 =
< 012 s
E Z 008 |
&3 =
= 0.08 |- =
kS =
= 3 004 |
2 =
2 0.04 | S
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0 05 1 0.15 035 0.55
Time ,s Time ,s

Figure 15. Experimental Result when

plasma is place in ECDL Figure 16. Absorbance with plasma in ECDL
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V. Conclusion

1) A new multipass method of sensitivity enhancement for the laser absorption spectroscopy was developed and
tested.

2) In the proposed method, the decrease of the injected current would cause the sensitivity enhancement and diode
laser with low internal loss would be more effective.
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