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ABSTRACT

DERIVATIVE ABSORPTION SPECTROSCOPY WITH
TUNABLE LASER DIODES

Andrew David Jackson

Old Dominion University, 1994
Director: Dr. Amin N, Dharamsi

Derivative Absorption Spectroscopy using tunable diode lasers provides a non-
intrusive, sensitive, and convenient method for monitoring gaseous characteristics such
as concentration, temperature, and flow velocity. In addition, the specie type can be
identified, and if the equation of state is known, pressure may be deduced.

This technique was used on molecular oxygen, in which the rovibronic

transitions of the A-band (b 1}:; - X Bﬂg‘ ; v'=0, v/=0) were probed. Phase

sensitive detection with a lock-in amplifier provides the flexibility to examine
lineshape derivatives; several such derivative orders were examined.
The experimental results obtained show excellent agreement with theoretical

considerations. The results yield concentration, temperature and collision cross-section.
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Chapter 1.
INTRODUCTION

The measurement of gas characteristics is often done in an intrusive fashion.
This may be adequate for many applications, but for environments such as wind
tunnels, it is desirous to have a non-intrusive, real-time method for measuring
quantities such as gas concentration, temperature, and velocity.

The motivation for this research was to provide the NASA-Langley Research
Center with a real-time, non-intrusive means for measuring Oxygen concentration and
possibly temperature in the eight foot, High-Temperature, Hypersonic Wind Tunnel.
Currently, NASA Langley uses a combination of gas chromatography and Zirconium
based diffusion sensors to acquire concentration information in the wind tunnel.
Although these methods work well, in the gas chromatography method, gas samples
are gathered over the entire tunnel test run and an average concentration is measured.
In the Zirconium based sensor method, a gas sample is drawn out of the tunnel, and
concentrations of oxygen are obtained from concentration gradient data; this sensor
provides a signal response on the order of (.5 s. Neither of these methods provide
temperature measurement capabilities, nor are they non-intrusive in nature.

This wind tunnel is used in the design and testing of scramjet engines that will
be used in the NASA space plane currently under development. When engine tests are

being run, it is of crucial importance that oxygen and other gas concentrations be



monitored and regulated for efficient fuel mixture adjustments. Ideally, the monitoring
of the gas concentrations should be non-intrusive in nature so as not to disturb the
wind tunnel environment, and should be done in real-time to allow for adjustments
during test runs for optimum scramjet performance. Non-intrusive temperature
measurements throughout the test run would also be of great value in evaluation of
scramjet engine performance. Also, since the wind tunnel is combustion driven,
temperature measurements would help in gauging and optimizing the combustion
process for maximum wind tunnel efficiency. A method which employs derivative
spectroscopy is described in this thesis and provides a good solution for measuring
concentration and temperature in a real-time, non-intrusive manner for such an
environment.

The general theory behind derivative spectroscopy with tunable diode lasers
and the general descriptions of lineshape profiles, broadening mechanisms, and
linewidths are discussed. Results obtained by first, second and higher order derivative
spectroscopy are given. It is shown that the method provides a very sensitive means
for measuring the parameters of interest.

In Chapter II of this thesis, a discussion of the general principles of derivative
spectroscopy will be introduced. This discussion will include a general synopsis of
lineshape functions, their derivatives and the information that can be extracted from
them. This chapter will also include the theory used to extract concentration and

temperature for the experiments.



In Chapter III, a discussion of experimental procedures and results will be
presented. A detailed description of the experimental arrangement will be given along
with a detailed account of the experimental techniques used in this research.
Concentration measurements obtained from absorption data for the Oxygen A-band
RQ(11,12) transition will be examined. Absorption results obtained from other Oxygen
A-band transitions will be given. Higher order lineshape function derivatives will also
be offered and the calculation of temperature from derivative absorption profile results
obtained from the RQ(11,12) transition will be presented. Chapter I will also
compare theoretical results to the experimental data. This will include a discussion of
Oxygen concentration and how it affects the experimental results.

Chapter IV will include possible applications for this research. Applications for
gas concentration measurements and pollution control will be explored. General
temperature measurement applications will be discussed for industrial as well as for
research uses. Finally, an application for measuring point velocities will be explored;
this is an ideal application for use in aerospace wind tunnels.

Additionally, Chapter V will conclude this thesis, but not the Old Dominion
University research into this exciting field of Derivative Absorption Spectroscopy With

Tunable Diode Lasers.



Chapter II.
BACKGROUND

Derivative spectroscopy using phase sensitive detection is not a new concept.
Nuclear Magnetic Resonance experiments using modulated magnetic fields and phase
sensitive detection have been around for many years and have been used in
experimental studies of weak NMR and ESR studies [7]. Modulation spectroscopy,
including derivative spectroscopy, has been reviewed in detail by Cardona [15].

The study of absorption lineshape profiles and linewidths can be made by use
of a modulated tunable diode laser and phase sensitive detection, Tunable diode lasers
are ideal in the use of derivative spectroscopy because of the low expense and ease of
diode modulation. Also, once a system is developed, it almost becomes a turn key
operation.

With the advances in laser diode technology, larger portions of the visible and
infrared frequency spectra are available for probing transitions with laser diodes. This
will enable the investigation of more gas species in the future. Since laser diodes are
small and inexpensive, they are ideal for use in space applications and other space
limited environments.

The signal to noise ratio for derivative spectroscopy is much greater than for

simple direct measurements. Since the transitions probed in this research have sharp



absorption profiles (FWHM on the order of 10 GHz), large derivative absorption

signals were easily produced for these very weak absorption lines.

Frequency Modulation
When a small sinusoidal current of frequency @, is imposed on the dc bias
current of a laser diode, a time variation of the diode frequency is produced and is

described by:

% =@ + Beosw,t (1)
B is a frequency amplitude factor derived from the transformation of the sinusoidal
current amplitude to frequency, and w is the mean frequency of the diode laser
determined by the case temperature, dc bias current, and the individual characteristics

of the laser diode. B is set by adjusting the sinusoidal current input amplitude and is

typically on the order of 200 Hz.



The laser radiation can be described by:

Elw) = E,cos¢, where % = w + fcosw,t

=0t + —P—sinmmt, and
o

m

E(w) = E,cos({wt + —gsinwmc) (2)

m

E{w) = E,cos®t EJ{—(E—)Q i Jzu(—g)cos 2nw,t]
m m

n=1

- Esinwt (2 ) J,, +1(—(;L)sin(2n +1)w,tl]l  (3)
-4

n=0

Elw) = E'OEJO(—E-)cosESt ) Jzn('(g‘) [cos (w + 2nw,) t

W, n=1

+cos(@ - 2nw,) £l + ) Jz,,,,,_(—‘g-)[cos("ts + (2n + 1wyt

n=a

- cos{w - (2n + L}l w,) t]] (4)

where J (x) is the Bessel function of order n..

A graphical representation of the Fourier components of E(w) is shown in figure 1.
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Figure 1 Fourier Components of a Modulated Diode Laser
Bean.



Frequency Modulation and Derivative Spectroscopy

The frequency modulated diode laser can be used to produce the derivatives of
weak absorption profiles on a lock-in amplifier. Upon entering an absorbing medium
and traveling a distance d, each Fourier component of the modulated laser beam will

experience a decrease described by the Beer-Lambert law:

{w) d (5)

Elw) =E() e 2ei8edap(y) Y (w) g iblwid

where o(w) is the absorption coefficient, which corresponds to the imaginary part of
the index of refraction, and ®(w) contains phase information related to the real part.

The modulated laser beam can now be described by:

Elw) =E, [Jo(—g)y (@) e ®@dcogwt +

m

> Jz’(;&) (Y (B +2nw,) e *®* ¥ deos (G +2n0,) £+
m

n=1

~18{@-2nw,l d

y(w-2nw,) e cos (@ -2nw,) t]

+ J2;1+1(—(;L){‘Y (G +(2n+1) 0,) e 0@ @ tieddeng(Gr (2n+1)w,) t

m

-i8{w-(2n+l)wid

-y(@-(2n+1)w,)e cos (@ - (2n+1) w,) £1]

(6)



This can be expressed in the simpler form:

E(w) =E (Y. ®(n) Jtn,{_&il)y (@ +nw,) e 18 ™ bans (G rnw,) £]  (7)

where ®(n} = -1 for n=-1,-3,-5,...
=1 otherwise

After passing through the absorbing gas, the laser beam is measured on a

photodiode. Since the detected signal is proportional to E{w) ‘E*(w), the power

incident on the detector is proportional to:

E(w) E" (0) = |E]FL Y @®(n) Jlnl[‘ﬁ;L]Y (B+nw,) e @™ 0g (G+nw,) t]

n=-—-w

Ly om Jw&(%)* (@ +pw,) e®® PP os (G+pw ) t]  (8)

p=-=

nr-sp=-mw w.

10{w+pu,) -0 (S +ow))d

v(w+pw, )e cos (@ +nw,) tcos(w+pw,) t1 (9)



For weak absorption and a small modulation index,

- a0y}« a(wy)]1 g
v yle) =e 7 g e 9 - atw, d
_& F]]
and for smail (B ¢ I R . (4]
W, w,) 2n|

(10)

aelt) - i

Oy [n|t]p|12lnl + el

Also, for w,<<Aw, 0(Q+nw,) «8{G +pw,), e!l®@Puws -0{G nalld,_,

over several orders of |n-p|

Therefore, the detector signal is proportional to:

(_E){lnlﬂpl]

Wn

E(E (o) «|ELY. T @)@ (p [1-a (@ +nw,)

nA=-wp=-a |n|l|p|]2[|n|*l.pi+1]

-a (@ +pw,) -g-f] [cos (26 + (n+p) w,) t+cos ( (n-p) w,) t]] (11)
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With an input reference frequency at w,, the lock-in amplifier will process the

detector signal by:

T
H = %ff(m)f‘(m) -cos (hw,) t dt
0 (12)

hz1.

where H is the lock-in amplifier output, and h is an integer corresponding to the lock-
in amplifier harmonic setting. The bandwidth of the lock-in amplifier used in this
experiment was limited to 0 < hw, < 100 KHz.
It can be seen that for all components of the detector signal with frequencies
not equal to hw,, H = 0. The other components will contribute 1/2 their magnitudes.
From equations (11) and (12), the only contributing factors will satisfy the

following equations:

k= |n-p|. (13a) andh=%“l+n+p (13b)

€l

2

For h = +n+p, 20>>w, and ~ |n| or |p| becomes large.

3]
B

This causes Jlﬂi(miﬂ)"flvl[_m&;) =0,

Therefore, the only components that will appear in the lock-in amplifier output will be

terms that satisfy (13a).
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The lock-in amplifier output, H, will therefore be:

[L)Inl*lpl

o o] —a{w+ _g~ o+ _g

“ ;;mn)@(p) alt |12y (-7 @ {800 5 a0 pe,) 5
(14)

for h = |n - p|

It can be shown that H is proportional to the derivatives of the absorption profile. For

h =1 and 2, H becomes:

d _ _ B
W, (a(w-w,) —a(w+w,)) 200 da(w)
- = |E| I

o 2
Hh=1 lEO' 4 2 4

w=e

(15)
for w, << w, Aw

2
(com) .d_ (a(@ + w,) -2a(®) +a(@ - o))
23 22

Hy .o | By |?

{16)

2
(w)'ddz (@)
- | pilel _ dalo))

for wy << @, Aw

12



By choosing different harmonics, several different derivatives can be selected.
A general form for lock-in amplifier processed signals is:

h
Hy(B) = B2t g{ B ) dMalw) | - o
@ dwt (17)

o

for h=21.

With the application of a low frequency ramp to the dc bias current, the mean

frequency, @ . is tuned over the absorption profile, and an entire derivative for the

profile is produced. This treatment is in good agreement with J. Reid and D. Labrie,
1981 [1].

From equation (17), it can be seen that the lock-in amplifier signal is dependent
on the normalized modulation index, B/w,. In the formulation of the general
expression of equation (17), it was assumed that the normalized modulation index is
small, Although the strength of the signal depends on the modulation index, the latter
cannot be made comparable to one, since then the Signal obtained will deviate from
the derivative of the lineshape profile. In this work, the normalized modulation index
was kept small enough to ensure that the condition given be equation (10) was

satisfied.

Lineshape Functions
The lineshape function of a transition is extremely important when determining
the frequency characteristics of an absorption profile. In general, the absorption

13



profile, c(w), is proportional to no(®), where n is the concentration of the absorbing
molecules, and o(w} is the absorption cross- section. In general, the lineshape function

determines the frequency response of o(w) [2]:

o(lw)=0gl(w) (18)

o is defined as the integrated cross-section and g{w) is the lineshape profile

for the transition. This integrated absorption cross-section can be derived from [2]:

o(w) =dg{w), fa(w)dw='6fg(w)dw
1] ] (19)

E'=—23'Efo(w)dco in units of cm*s™
)

Lineshape functions are usually characterized into the categories of
inhomogeneous broadened, homogeneous broadened or some combination of

inhomogeneous and homogeneous broadened.

Gaussian Profiles

The term inhomogeneous means that individual atoms/molecules within a
collection of otherwise identical atorns/molecules do not have the same resonant

response frequencies [2). Therefore, in an inhomogeneously broadened profile, each

14



atom/molecule contributes unevenly to the strength of the line in a given frequency
interval,
A common example of inhomogeneous broadening is due to the Doppler effect.

This profile can be described by a Gaussian lineshape given by {2]:

-4 (v -w,) *In2

- 2n 41n2 1/2 sl = __m__g_ _{C_‘-I_" 1/2
gslo) me(---——-—) e , Bw,=2 = (2M 1n2)

X

(20)

S0 is the FWHM for the line.

The dominant inhomogeneous broadening mechanism for the Oxygen A-band
transitions in this research is Doppler broadening. For low pressures, the Doppler
broadened Gaussian lineshape function is the dominant profile and g(w) can be

approximated by g;(w).

Lorentzian Profiles
Homogeneously broadened lineshape functions are described by broadening
mechanisms that affect all of the individual atoms in a collection in exactly the same

way.

15



In general, homogenous broadened lineshape functions are described

by a Lorentzian lineshape given by [2]:

Ao,

21
(wg-w)? + (Aw /2)? (21)

g (w)=

The dominant homogeneous broadening mechanism for the Oxygen A-band
transitions in this research is collision broadening which causes a dephasing of the
wave functions of the Oxygen molecules upon collision. For such molecules, the
collision-broadened Lorentzian lineshape becomes dominant at roughly 1/2 atmosphere
of air. Because there are more collisions at higher concentrations of gas molecules, the
full width at half maximum (FWHM) is generally a function of pressure.

An expression for the collisional Lorentzian FWHM is given by [2]:

n M
0;
[BkT( 1 + 1)]1/2

coll
Ny T Mo, MM2

Aw «Aw,+Aw,+270,0.,;, |
(22)
+2nny, 0

where Aw, is the natural linewidth, and Aw, is an empirical residual linewidth that
expresses the fact that the collision linewidth increases with pressure from an initial
value approximately equal to the Doppler linewidth. The expected value of Aw is on
the order of 2x-10° rad/s, which is a typical Doppler FWHM. This mathematical
treatment is in good agreement with our experimental data from which we found that

Awy = 4.6°10° rad/s (see Chapter ITI).

le6



For the A-band transitions utilized, natural broadening was on the order of 1
Hz [5]. Compared to a minimal Doppler broadening of GHz, a natural line width on

the order of 1 Hz is insignificant, and was therefore not included in any calculations.

Voight Profile

Neither the Gaussian Doppler, nor the Lorentzian collisional lineshape
functions give a precise match over all values of gas concentration. A more accurate
representation over all values of gas concentration is the Voight lineshape function,
which is a convolution of the Doppler broadened lineshape function and the collisional
broadened Lorentzian lineshape function. It can be thought of as a representation of
the Lorentzian lineshape function with a Doppler shift caused by a velocity, integrated
over a velocity distribution.

The general expression for the Voight lineshape function is [2]:

i Vz)d
T v, (23)

- Oz / Aw
gylw) = (— )”f[ Jexp( ok

S —w W —ZY2 4
(- D——c) (——2 )2

Although the Voight function provides a complete solution, the integral in the Voight
lineshape function cannot be solved in a closed form; tabulated values, however, are
available. This makes working with the Voight function more difficult than the easily
graphed Lorentzian and Gaussian lineshape functions. Since a closed form for the
Voight profile does not exist, the analysis of derivatives of the Voight lineshape

function is somewhat difficult.

17



Our Approximation to the Voight Profile

It is clear that as the concentration of the absorbing gas molecules, n,
approaches 0, the Voight function approaches a Gaussian lineshape profile. Similarly,
as n is increased, the Voight profile approaches a Lorentzian lineshape profile. In
order to approximate the Voight function, we formed a linear combination which
satisfies these conditions; we call this combination the Voight lineshape
approximation, gy,(®). The Voight lineshape approximation is easy to work with and
provides excellent agreement with experimental results as is shown in Chapter IIL. The
Voight approximation is a gas concentration weighted combination of a Gaussian
lineshape function and a Lorentzian lineshape function. From this strategy and from
trial and error, we found, for this experiment, that a good approximation for the
Voight lineshape function is:

gylw) *g,(w) =Cyrg.(w) +C, g, (w)
nz

2
24
> anch=1—cL=—-_’3';:22— (24)
n®+nj,, n*+ns,

where C, =
The value of n;, is interpreted as the gas concentration turning point that gives the
density at which the Doppler and collision mechanisms have equal weight. n;, can be
said to define when the Voight lineshape function turns from the approximate
Gaussian lineshape function to the approximate Lorentzian lineshape function. From
this approach, C, (ns,) = Cg(n;,). The value of ng, is gas specie and transition

dependent. Excellent agreement with experimental results can be seen in Chapter III

18



Lineshape Derivatives
Since the output signal from the lock-in amplifier is proportional to the
derivative of o(w) with respect to ®, the lineshape function derivatives for the

transition under probe will appear in this signal. This can be seen by:

d¥e (w) d¥[no(w)] _ nod¥g(w)
dw¥ dw¥ dw¥

= nog¥(w) (25)

With the development of derivative spectroscopy it is necessary to develop the
general expressions for the derivatives of the lineshape functions. A good
understanding of at least the first few derivatives is needed to appreciate the

information that can be extracted.

19



The expressions for g, () and gV5(w) for N = 1, 2, and 3 are:

-Aw(w- mo)

% [{w- w°)2+( D22

gtlw) = (2n)? (26a)

A6 [3(:»—%)3-(52)21
g2 (w) = (2x)3 . A (26b)
[(w-wg) 2+ ( “’)213

Ao ~[12(0-0g)?-12(w- w,) (A9)2]
g2=(2m)¢ 22, A (260)
i [(@-wg) 2+ (22)2)¢
2( ) "(ﬂ"ﬂn):
ggl(w)=(2u)2—\/_Tm—;?9~—~e LT (27a)

K G
“!0“@9):
g2 (w) = (2x)? 2 (w-w,)?-1le 3%  (27b)
7. AW,
- - P .
g (w) ={(2n)¢ 4‘/(3 :") {3- Z(Qmm“) le ¥ (27¢)
nhwg Aw,
where Aw,= bwg
Jyalnz

The graphs for the Gaussian and Lorentzian functions and their respective first and
second derivatives are shown in figures 2 and 3 with the pertinent details labeled. For

convenience, the lineshapes are shown in units of frequency.

20
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Figure 2 Lorentzian Lineshape and Derivatives
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Figure 3 Gaussian Lineshape and Derivatives
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Information from the derivatives can easily be extracted from the turning points
of the corresponding plots.

In the limit that a lineshape approaches a Gaussian or a Lorentzian function,
gas concentration or gas temperature can be obtained in a straight forward manner.
The collisional-Lorentzian FWHM is a function of gas concentration and therefore the
latter can be extracted from it. Similarly, the Doppler FWHM is a function of
temperature, and therefore gas temperature can be obtained also.

Also, a detailed examination of the absorption profile further and further into
the wings (away from linecenter) is possible with the use of higher order derivative
spectroscopy, and the examination of lineshape distortions not normally associated
with Gaussian or Lorentzian lineshape functions can be closely examined. Another
possible use of higher order derivative spectroscopy is in the separation of two or
more frequency close absorption lines. With higher derivatives, the features of each
absorption line may possibly be extracted.

Although more detailed information can be extracted with higher derivatives, it
can from equation (17) that there is a tradeoff between higher derivatives and signal
strength. This must be taken into consideration, especially with weaker lines.

For derivative absorption spectroscopy, the Nth order derivative for a lineshape
is needed to make any theoretical calculations and to extract information from an Nth
order derivative absorption signal. These derivatives may be computed, but this may
be quite time consuming for higher order derivatives. For convenience, general

expressions have been developed for the Nth order derivative of the Gaussian and the

23



Nth order derivative of the Lorentzian lineshape functions. These general expressions

have been mathematically proven by induction[3] and have been shown to be:

- (-1)N vy Aw\** -
g;}j(ﬂ)) == (2R)N{Aﬂ}) —y-Fr— :‘g CZk,N (—2—) (03_'030)}{ 2k.r (28)

where [N] =N - 1if Nis odd [N] = Nif N is even

o o1 DL s NI
Can = CDF S| 2k f and |2k FOT N < 26)!

+1 [Nl
o) = \/g; (?gc::;”" I C,\ (B (@ - 0 29)

-0 - o)
where g = cxp[._.f____")_jl,

@iy

N-1 for N odd

N! (-2)N® [N]
and N for N even

(N-2k)! k! {N]

b n

Cun = -
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Since the Voight function is difficult to work with, a general second derivative

approximation for the Voight lineshape function was formed by:

8 u(0) =Cg 8 (w) +C, g% (w)
2
2 n (30
where C,=—"— and Cg=1-C,=—2
n*+ny, n?+ny,

Measurement of Concentration and Temperature

Gas concentration measurements may be taken from the direct absorption
signal and/or any of its derivatives. For this thesis, the information was taken from the
second derivative of the absorption lineshape. The second derivative signal was chosen
because one need not go up to any higher order derivatives, since the effects of the
ramp sweep are eliminated for the second and higher derivatives. Furthermore, it was
convenient and exhibited a strong peak that corresponded to linecenter. The gas
examined was Oxygen, and the transitions examined were in the Oxygen A-band (See

Figure 4 below).

Concentration
In general, the second harmonic signal obtained on the lock-in amplifier will be

proportional to:

Elngd- L8 @1)

dw?
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where n is the oxygen concentration, gis the integrated cross-section for the

absorption line probed, d is the length of the chamber, and g(w) is the lineshape
function.

The second derivative of the lineshape function at line center is given by:

For the Gaussian: M'u-w = —4(2R)3VE(2) (32)
dw? o \/EAQ;

For the Lorentzian: mlw = ~32-@n) (33)
dw? o Aw:

In the low-pressure Doppler regime, the lineshape function can be considered purely
Gaussian. For this case, the lock-in amplifier signal at line center is a linear function

of oxygen concentration given by:

2f B e 3
|Ey| (w ]Ud(zﬂ) Vin(2) (34)

. L)
Sg=n

2A0)

This is in excellent agreement with our experimental results (see Chapter III),
In the higher-pressure collision broadened regime, the lineshape function can be
considered purely Lorentzian. The lock-in amplifier signal at line center for this case

is given by:
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2112 B Vs
4QrY B [ET] od (35)

§, =n

A co:

For this case, the lock-in amplifier signal at line center will show a 1/n® dependence,
since the collisional FWHM is itself a function if n (see equation 22). Hence, one
expects a linear dependence on n (the Doppler regime) gradually tumning to a 1/n?
dependence (the collisional regime). Experimental results discussed in Chapter II are

in excellent agreement with this prediction.

Temperature

The measurement of temperature may be accomplished by simultaneously
examining the strengths of two different rovibronic spectral lines. In the case of the
measurements made here, all transitions examined are in the Oxygen A-band. This
means that all transitions originate from the zeroth vibrational quantum in the ground

electronic state, and they end in zeroth vibrational quantum in the excited state

o ‘2'* - X 3}]‘" ; v7/=0, v/=0). Figure 4 shows the general potential energy curves

for oxygen with an inset for the Oxygen A-band.
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In this research, the lock-in amplifier second derivative signal at line center
was examined for temperature information. From equation 31, the general expressions

for the second derivative signal at line center for two different rovibronic lines are:

- dg,(0)
S(wgy) = lEoiz"x“xd“g_l'"“

w? l""'“m

_ gy (w)
S(w,y) = |E°|2n.102d—~‘—fi;~—|w%

The ratio of the two lines is given by;

S(mm) M 618 ”x("’m) (36)

R =
S(wg) n,0,8"(wg)

i

The thermal population density for the rotational levels is not simply given by the
Boltzman factor e™T; we have to allow for the fact that, according to quantum theory,
each state of an molecular system with total angular momentum J consists of 2J+1
levels; that is, the state has (2J+1)-fold degeneracy [6]. The frequency of occurrence
(ifs statistical weight) is therefore (2J+1) times that of a state with J=0.

For most practical cases, a rigid rotator model can be used to determine the population

distribution function; hence, the population distribution for a rotational level J is given

by: ne(2J + 1)e 37)
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Taking the ratio of n,/n, yields:

n, @J,+1)
— = . AElk
n @, D) TRAHED (38)

where AE=%wy, - y,)

Hence, R becomes:

S{wg,) - 2J,+1)a,8" (0,
S(0g ©@J,+1)0,8"(vy)

R

in

-exp(AE[kT) (39

The integrated cross-section for each measured transition can be obtained from the
HITRAN data tables available through NOAA on magnetic tape [14]. Also, from
equations (32) and (33), it can easily be seen that:

8" (wgr) - Aw,Y (40)
g ﬂz(mm) Ao 1

This is true for both the Gaussian and the Lorentzian lineshapes.

Solving the ratio expression for T yields:

AE[k
R 2J,+1\0,(Aw, Y’ (41)
2J,+1}o,| Aw,

from which it is seen that there is a strong reliance on the FWHM ratio of the lines.

T=

The cubed dependence makes the temperature measurements very sensitive to changes

(or measurement error) in the FWHM ratio. In the Doppler-broadened Gaussian
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regime, this ratio is a constant independent of Oxygen concentration, but in the
collision-broadened Lorentzian regime, the FWHM is concentration dependent. Careful
measurement of the FWHM for each line is therefore needed to ensure accuracy in the

measurement of temperature,
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Chapter 111,
EXPERIMENTAL PROCEDURE AND RESULTS

The basic experimental procedure used in the research for this thesis involved
the current modulation of a diode laser by imposing a small sinusoidal current on the
DC bias current of the diode and then probing various Oxygen A-band transitions in a
sample of air at various pressures. To select an individual A-band transition, a rough
frequency tuning is achieved by adjusting the case temperature of the diode laser with
the temperature controller, and a fine tuning is achieved by adjusting the DC bias of
the diode laser with the current controller. After passing through the sample cell, the
modulated laser beam was measured on a photodiode, and the signal was processed
with a lock-in amplifier. The second derivative signal of the absorption profile was
used to extract concentration information, and by changing the reference harmonic of

the lock-in amplifier, higher order derivatives were obtained.

Experimental Arrangement

The experimental arrangement used in this research is shown in figure 5. A
Mitsubishi ML4405 diode laser installed in an [1.X Lightwave LDM-4412 diode laser
mount with an attached collimating lens was used. An ILX Lightwave LDT-5910B
temperature controller provided course wavelength tuning, while an ILX Lightwave

LDX-3620 ultra low noise current source was used to provide the DC bias current and
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the current ramp. The slow current ramp provided the means to sweep the laser center
frequency over the entire absorption frequency profile. The LDX-3620 was modified
so that an external signal could be added with the ramp and DC bias; it was modified
by ILX Lightwave at our request. An Exact 7030 signal generator with variable
amplitude control was used to provide the small ac component of the laser diode
current, which in turn provided the needed frequency modulation described in Chapter
I1. A Burleigh wavemeter was used to provide a frequency reference for the
experiment. This wavemeter uses a Michelson interferometer and an internal reference
HeNe laser to measure laser wavelength. An EG&G VT100 photodiode detector was
used in the photovoltaic mode, and it was connected to the lock-in amplifier in a
differential voltage connection configuration for lower noise pick-up; the basic
configuration is given in reference [13]. A Stanford Research SR850 DSP lock-in
amplifier was used for the phase sensitive detection. This lock-in amplifier multiplies
the digitized signal with a digitally computed reference sine wave thus eliminating
harmonic rejection problems that are associated with many lock-in amplifiers that use
a square wave. A | meter long windowed chamber fitted with O-rings and Swagelok
vacuum fittings was used to in conjunction with a mechanical Edwards roughing pump
to maintain a number of air pressures and, therefore, Oxygen concentrations. A MKS
Instruments PDR-D-1 digital pressure meter provided continuous monitoring of the
chamber pressure with an accuracy within 0.4 Torr. This meter was calibrated to

atmospheric pressure at the beginning of every test day. A Melles Griot 50-50 beam
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spitter, two-inch diameter lenses for the near I, and flat mirrors were used for beam

splitting, steering, collimating and focussing.
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RQ(11,12) Line Measurements

Linewidth Measurements

The FWHM was obtained from the second derivative signal over several values
of pressure. A total of 30 FWHM pressure measurements were taken. Each
measurement was taken eight times, averaged, and plotted in figure 6. The measured
FWHM was compared to the theoretical values for the Doppler-broadened FWHM and
the collision-broadened FWHM (expressions in Chapter II). The results are shown in
figure 6. Excellent agreement with the theoretical models was obtained.

In the low pressure Doppler broadened regime, it can be seen that the FWHM
actually decreases by a small amount. It is believed that this is due to Dickie
narrowing [5]. The line narrows by = 2% of the total Doppler-broadened FWHM. In
this type of line narrowing the Doppler component of the line profile is reduced in
width due to collisions which restrict the translational freedom of the absorbing
molecules [5]. This has also been seen in direct absorption measurements of the
Oxygen A-band performed by Ritter and Wilkerson [S]. At about 80 torr, they found
that Dickie narrowing was on the order of 4 % of the total Doppler-broadened FWHM
for the RR(11,11) line. Hence, our measured value of 2% is very reasonable for the

RQ(11,12) line.
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From the data obtained in figure 6(a) a value of the collisional cross-section
can be obtained. By assuming the collisional cross-section for Oxygen with Oxygen
and Oxygen with Nitrogen are approximately the same, and by knowing the fact that
the density of Nitrogen is approximately 3.71n, where n is the concentration of
Oxygen in air, a collisional cross-section for Oxygen with air can be obtained by
differentiating the expression in equation (22). (The assumption that collissional cross
sections for Oxygen with Oxygen and Oxygen with Nitrogen are approximately the
same is reasonable in light of the fact that the hard sphere molecular sizes are very

nearly the same [6].

dA
deW‘(Zﬂ) (3K 2 yyna3q BT L, L ypa (42)
n 3 Mo, ] Ma, M,,:

From the slope of the FWHM in the collisional regime, a collisional cross- section of
Oxygen with air was found to be = 1.59x10"*cm?, This cross-section was used in the

theoretical plot of the collision-broadened FWHM shown in figure 6(b).

Signal Magnitude

RQ(11,12) second derivative measurements were obtained for various air
pressures. Figure 7 shows the second derivative signal measured at line center
(760.445 nm) for 30 different concentrations. Each experimental point represents the
average of 8 measurements. The maximum deviation from the average value was
found to be = 4%, The majority of the measurements were within 2% of the averaged

value. Similar results were obtained for the FWHM measurements.
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In the low pressure regime, a linear relationship with oxygen concentration is
seen as expected. Here, collisional broadening is small compared to the Doppler
broadening, and this gives the line a Doppler-broadened Gaussian behavior. As the
pressure is increased, the collision-broadened FWHM becomes large in comparison to
the Doppler FWHM, and the lineshape will take on the characteristics of a collision-
broadened Lorentzian lineshape. This can be seen at higher pressures in the expected
1/n? signal relationship.

A calculated Doppler-broadened second derivative signal at line center and a
calculated collision-broadened signal at line center are shown in figure 7(a). Excellent
agreement between the experimental data and the calculated signals can be seen in
their corresponding pressure regimes.

Figure 7(b) shows a theoretical model based on the approximation to the
Voight lineshape given by equation (30). An almost perfect match can be seen
between the data and this mathematical model.

Dickie narrowing is small enough in comparison to the Doppler-broadened
FWHM that it does not seem to appreciably affect the second derivative signal at line

center.
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Other A-Band Transition Lines

The RQ(11,12) line was investigated primarily because it was a strong line and
because it was convenient in the sense that it was easily accessed with the diode laser
used in the experiment, and mode hopping of the diode laser was not a problem at the
RQ(11,12) wavelength. Many lines in the Oxygen A-band were available for probing,
and figures 8-11 show some of lines investigated.

Figure 8 shows the first derivative magnitude signal for the RQ(13,14)
(760.258 nm) and the RR(11,11) (760.565 nm) Oxygen A-band transitions. Figure 9
shows the same transitions, but the signals show the magnitude of the second
derivative.

In first derivative measurements, a signal offset is measured. This offset is due
to the current ramp imposed on the laser diode. Recall that this ramp is used to sweep
the laser wavelength across the absorption profile. As the current is increased, the
desired effect is accomplished, but a resulting intensity ramp is also formed. When the
first derivative is taken, the intcxisity slope appears as an offset. For higher order
derivatives, there is no offset due to the fact that the second (or higher) derivative of a
constant slope results in a zero.

Figures 10 shows the second derivative signals for the RR(13,13) (760.379 nm)
and the RQ(11,12) (760.445nm). A laser mode hop was responsible for the break in
the RQ (11,12) line at the end of the run. Figure 11 shows the second derivative

signals for the RR(21,21) (759.859 nm) and the RQ(19,20} (759.831 nm) lines.
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Temperature Measurements

As discussed above in Chapter II, a measurement of temperature can be
performed by comparing the strengths of adjacent absorption lines. Figures 10 and 11
show a sample of some scans that were made of two adjacent transitions, performed at
300 K. From equation (41), and measured values of the relative line strengths (figure
11), we calculated (Aw,/A®,) = 0.8, On the other hand, the experimentally measured
values for the ratio of these linewidths is approximately 0.7. It is seen from equation
(41} that an accurate measure of temperature requires a very careful measurement of
the linewidths. In the experiments done in this work, the wavelength scale was
obtained by monitoring the wavemeter readings. The latter, however, are updated
every 500ms, causing an uncertainty in the linewidth measurements that account for
the discrepancy between the two values above. To accurately measure temperature, a
better method of measuring linewidths is required. More accurate temperature
measurements would necessitate a much more accurate measurement of the linewidths

than is currently possible.

Higher Order Derivative Measurements

Several derivative order measurements were taken of the RQ(11,12) line. Since
the bandwidth of the lock-in amplifier used in this experiment was limited to 0 < he,,
< 100 KHz, the modulation frequency was adjusted to comply with the limit. The first
derivative measurement started with a modulation frequency of 25 kHz, and at the

tenth derivative, a required decreased modulation frequency of 10 kHz was used.
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Figures 12 and 13 show the actual derivative signals from the first derivative to the
tenth derivative. The turning points of each derivative is indicated on each figure.
From equations (28) and (29), it can be seen that for the Nth derivative of either the
Gaussian or the Lorentzian, there are N+1 turning points. This is in agreement with
the experimental data.

As seen in Chapter II, more detail about an absorption line is available as the
derivative order is increased, but there is a trade off with signal strength. From
equation (17), it is seen that the signal strength is diminished by B/2w, for each

increased derivative order. This is easily seen in figures 12 and 13.
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Chapter 1V.

APPLICATIONS

Gas Concentration Measurements

Gas concentration monitoring is useful in many areas of science and industry.
The recent upgrading of EPA monitoring regulations, coupled with increasingly
stringent emission requirements, has triggered a host of new applications for gas
sensing [8]. One example is the stringent requirement to monitor NQO, emissions
imposed on power plants. These power plants typically inject NH, into the stack
exhaust to curtail the NO, emissions. In addition to monitoring the NO, emissions, the
power plants are required to monitor the NH, levels. This monitoring can possibly be
done with a derivative spectroscopy systemn non-intrusively and in real time.

Gas concentration measurements are also important in the monitoring of
oxygen and other gasses used and produced in a combustion process. (It is clear that,
in general, combustion diagnostics can be quite complicated and can involve the
interaction of several different species, and it is possible that there may be species
with partially overlapping spectra. Such an overlap would make the measurement of
any one particular specie difficult; however we note that the Oxygen A band has a
plethora of states that can be examined by the technique discussed. This allows the

freedom to tune in to a region where interference from other species is minimal. Note
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also that the method discussed in this work can be applied equally well, given the
availability of the appropriate laser, to many other molecules involved in combustion
(such as CO, CO,, H0, etc.).

One example is in the NASA-Langley 8-ft wind tunnel. This tunnel is used in the
scramijet engine experiments. The monitoring of oxygen in the tunnel may indicate the
efficiency of the combustion process in the engine. If done in real time, fuel
adjustments can be made during test runs, and if done in a non-intrusive fashion, wind
tunnel flow dynamics will not be disturbed. It is hoped that the research done here will

provide a foundation for such a system.

Temperature Measurements

With the probing of two (or more) rovibronic transitions temperature
information can be extracted. In extremely hot gasses, it may not be possible or wise
to measure the temperature with an intrusive device. Using the method described here,
temperature measurements can be made non-intrusively and at a safe distance.
Terﬁperature measurements for a host of applications are possible, including in the
NASA-Langley wind tunnel mentioned previously. Temperature measurements can be

made to measure burn efficiency in engines, furnaces, etc.

Velocity Measurements
Many velocity measurements made in wind tunnels involve some sort of flow

seeding with a fine dust. Techniques such as laser induced fluorescence measurements
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are useful, but any time particulate matter is introduced in a wind tunnel environment,
the possibility of damage to models or to the tunnel is present. Sand blasting is based
on high speed particulate matter,

By measuring the Doppler shift distortions of an absorption profile, velocity
information can be extracted [10]. This method provides a line integrated or averaged
velocity measurement over the entire laser beam path length, but for many aerospace
applications, a point velocity measurement is desired. One possible scheme to provide
point velocity measurements incorporates the original modulated single mode diode
laser with another saturating laser. The saturating laser is such that it will efficiently
excite another transition in the probed molecules. By saturating a small part of the
diode laser path length in pulses, the contribution from this segment will effectively be
pulsed. By comparing a signal under saturation and an unperturbed signal, point
velocity measurements may be extracted [11]. In this technique, one would perform a
line-of-sight measurement in the usual fashion. In order to find the value of the
parameter of interest at a particular position, a pulsed laser beam is focussed at this
location. The pulsed laser is tuned to a strong absorption line, resulting in the
saturation of this second transition. Such a saturation depletes the molecular density
and therefore causes the line integrated signal to change. The value of the parameter
at the location of interest can then be found from the difference in the two values of
the line integrated absorption signals. Since the saturated segment is small, there may
be some problems with signal strength, but by using stronger transitions, this scheme

may prove to be feasible.
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Chapter V,
CONCLUSION

Derivative absorption spectroscopy with tunable diode lasers provides a
sensitive, non-intrusive technique for the gaseous measurement of specie type, density,
temperature, velocity (by using Doppler shifts), and collisional cross-sections.

The Oxygen A-band transitions used in this research are spin forbidden and electric
dipole forbidden, yet the transitions were probed, and information was easily extracted.
This research has established that this technique is quite useful in the measurements of
density, temperature and broadening mechanisms.

The ability to measure complete lineshape profiles allows the observation of
lineshape distortions, especially in the wings, to be made, Hence, effects such as
Dickie narrowing can be observed accurately. With higher order derivative
spectroscopy, one can monitor lineshape features further and further into the lineshape
wings, and lineshape anomalies can be seen. For example, it may be possible to
distinguish between two nearly overlapping absorption profiles in an easy and
convenient manner.

Possible applications include measurements in aerodynamics testing,
combustion diagnostics and control, poliution monitoring and detection, and gaseous

chemical kinetics, and because of the compact size and low power consumption of this
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diode laser technology, diode laser spectroscopic techniques are ideal for space
applications and other space and power limited environments.

Currently, most of the commercially available inexpensive (around $25/laser
diode) single mode diode lasers are produced for applications such as in CD players
and bar code scanners. Although these diode lasers work well for these applications,
they are not typically designed for spectroscopic wark and due tend to mode hop and
die prematurely. These trends are changing, With more and more scientific work being
done with laser diodes, manufacturers are starting to provide reasonably priced single
mode diode lasers built with the scientist in mind. Recently, at the Laser Applications
to Chemical Analysis Conference sponsored by the Optical Society of America held in
Jackson Hole, Wyoming, an entire segment of the conference was devoted to diode-
laser based measurements and technology {8]. The advancement in laser diode
technology will enable larger portions of the visible and near infrared spectrum to be
accessed and will provide the spectroscopist access to more and more molecules and

transitions.
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