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SUMMARY

The measurement of partial pressures of gases using a
conventional microwave spectrometer was investigated. An
electronic device was employed to maintain a constant crys-
tal detector gain. A technique for calibrating the micro-
wave spectrometer by relating the amplitude of a microwave
rotational resonance (MRR) line to the partial pressure of
the gas in the absorption cell is presented. A calibration
curve was constructed for partial pressures of sulfur diox-
iae in the range of one to thirty millitorr in a sample
having a total pressure of 100 millitorr, The curve was
found to be linear within an erfgr'of 7.6 per cent as defer*
mined by a least squares fit computer: program. The minimum
detectable change in the amount of sulfur dioxide was calcu-
lated to be 0.1 millitorr. The data indicated some alter-

ation of the sample with time, and possible mechanisms for

explaining this are discussed.



CHAPTER I
INTRODUCTION

The deterioration of the environment as a result of
unchecked industrial, commercial, and transportation related
emissions and subsequent air pollution episodes in the last
two decades precipitated a world-wide concern for the quality
of the air in which we live. Within"thé national scope this
concern was climaxed by the passage of the Clean Air Act in
1970 establishing ambient standards for the major pollutants
as well as emission standards for the sources of the pollu-
tants (1). Concurrent with the passage of the Clean Air Act
arose the need for systems and techniques capable of monitor-
ing a wide variety of gaseous pollutants in the highly com-
plex ambient and industrial atmospheres. Systems utilizing
wet chemical techniques were initially prominent, but there
exists an ever-increasing trend toward systems using physical
methods. One such physical method presently in developmental
stages utilizes microwave rotational resonance (MRR) spec-
troscopy (2,3,4,5,6,7,8). MRR spectroscopy is generally used
in the determination of molecular structure and related

constants.

Advantages of MRR Spectroscopy

Certain characteristics of MRR gpectroscopy make it



highly desirable for use in trace gas monitoring instrumenta-
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(1) The microwave region quﬁﬂe electromagnetic
spectrum exhibits a tremendous infermation carrying capabil-
ity. For the 10,000 to 50,000 MHz region and a typical line-
width of one MHz there is room for 40,000 resolved lines.

(2) Microwave frequencies are conducive to the‘use
of extremely high resolution electronic techniques.‘

(3) The MRR spectrum is a Highly characteristié
property of the molecule that is determined uniquely by the
three associated moments of inertia (2). A molecule can thus
be unambiguously distinguished from all others via its MRR
spectrum. Furthermore, it has been indicated that a single
MRR line identifies the absorbing gas with ninety-five per-
cent certainty (10).

(4) For many common pollutants the fractional amount
of microwave power absorbed per unit path length, the absorp-
tion coefficient, is as large as 1072 cm_l for at least one
MRR line. It is presently possible to construct a microwave
spectrometer capable of detecting an absorption coefficient

1 so it is reasonable that fractional

as small as 10712 cm™
abundances of 100 parts per billion of many common pollutants
are detectable (11).

{5) Due to the small energies involved power require-

ments are minimal.

(6) Sampling problems are minimized since in most




cases only 10712 to 107% moles of sample are required.

(7) The response time of the micrdowave spectrometer
is usually less than one minute so MRR spectroscopy is well
suited for continuous monitoring.

(8) Since the line frequencies in the MRR spectrum
of a gas are not affected by the presence of other gases,
the cap?bility exists for monitoring several components of a

multicomponent mixture with a minimum of interference.

Limitations of MRR Spectroscopy

3
A

Fundamental Limitations

Certain fundamental properties of;MRR spectroscopy
limit its applicability to trace gas monitoring. Consider
the Van Vleck-Weisscoff equation (12) for the fractional loss
of microwave power per unit path length due to molecular ab-

sorption in equation {(1).

v{Aav) -1

8ﬁ2
5 5 cm (1)
(v—vo) + (Av)

_ 2

Here y(v) 1s the absorption coefficient, v is the radiation

frequency, Vg is the transition frequency, Av is the line-

width or fi? where 1 is the time between collisions that
™

broaden the line, denotes the transition dipole matrix

lugq!
element connecting the two states involved, and ng, and ny

are the populations per unit volume of the ground and excited

states respectively. The dipole matrix term arises because




of the nature of the microwave transition. The absorption
of microwave energy by a molecule is a result of the inter-
action of the microwave electromagnetic field and the
electric dipole moment of the molecule. Hence in order to
exhibit an MRR spectrum the molecule must have an electric
dipole moment. Ninety percent of the common pollutants do
possess a dipole moment, and MRR spectra of most of these
have been cbserved and cataloged. This is very important as
it is necessary to absclutely identify the transition of the
gas to be analyzed.

Note that in equation (1) the absorption coefficient
is directly proportional to the difference in the populations
of the two states involved in the transition. As a result
of the very close spacing of rotational energy levels these
differences are very small. Conversion of this population
difference to the concentration or partial pressure of the
absorbing gas requires knowledge of the partition function,
the isotopic distribution, and the isomeric distribution of
the absorber. These are indeed difficult to obtain.

The linewidth of an MRR line is directly proportional
to the pressure of the sample gas. To assure the highest
degree of specificity high vacuum techniques must be employed.
Due to intermolecular interactions the MRR spectra of mole-
cules having more than twelve atoms are extremely dense and
complex so that in most cases the transitions have not been

identified or cataloged. Fortunately most common pollutants




are of the smaller variety.

In summary, MRR spectroscopy 1is applicable to mole-
cules in the gaseous state at low pressures. They must
possess an electric dipole moment and consist of less than
about twelve atoms. Some gases may have MRR spectra, but if
the absorption coefficients are not large enough fractional
abundances common to pollutants may not be measurable without
selectively enhancing the concentration of the pollutant as
is done most notably in gas chromatography. Some pollutants
measurable by MRR spectroscopy are listed in Table 1 along
with typical concentrations found in the atmosphere and con-
centrations measurable utilyzing a spectrometer with average
sensitivity.

Inseparability of N and 1t

Though the above considerations somewhat limit the

applicability of MRR spectroscopy they do not represent the

impediment responsible for the slow development of this power-

ful analytical tecol. Early attempts to deduce gaseous con-
centrations involved either the comparison of the spectrom-
eter response for samples of unknown composition to that for
samples of known composition or the absolute measurement of
the integrated line intensity. The integrated line intensity
is defined as the integral of the absorpticon coefficient over
all frequencies (9}, that is

oo

8172 2
-[}(v)dv = 3oh (no-nl)IuOl[ Voo (2)
o




Table 1. Pollutants Measurable Using a Typical MRR
Spectrometer (Can Detect an Absorption
Coefficient Equal to 1079 cm—1)

Typical Measurable
Pollutant Concentration Concentration

Co 5-100 ppm 10 ppm

NH, 5-10 ppb 1 ppm

04 0.1-0.2 ppm --

HCHO 0.4-1 ppm 1 ppm

502 0.2-2 ppm 50 ppm

NOX 0.01-0.5 ppm -

acrolien




Assuming that the states are in thermodynamic equilibrium,

then one has

(3)

where k is Boltzmanns constant, T is the temperature in de-
grees Kelvin, f is the fraction of the absorbing gas in the
ground state of the transition, and N is the concentration

of the absorbing gas. Combining {2) and {3) we have

o

. 2
Jrovav = S8 12
o)
which one can write as
m( ydv = Av = 31r2fN| |2 2 (4)
v =~ Ymax 3cxT 'Mo1! Vo

O

where Y oax is the absorption coefficient at the freguency for
peak absorpticon. If both the maximum MRR line intensity‘and
the MRR linewidth are measured, the absorber concentration
can be deduced therefrom. The problem arises in the inter-
pretation of the linewidth Av. 1In a mixture of m gases at

constant total pressure we have

m m
_ 1 1
S T 19 Z = 2 Z (Dxyv 1915 (3)
k=1




where 1 1s the time between collisions that broaden the line,

T is the broadening time as a result of collisions with the

1k
kth constituent, D is the total molecular density, X, is the
fractional abundance of the kth constituent gas, Vlk is the

relative velocity between the absorber and the kth constitu-
ent gas, and 91k is the broadening cross-section for the

h

absorber-kt constituent collision (13). If all the =t 's

1k
in equation (5) are egqual, the maximum absorption coefficient
is directly proportional to the absorber concentration. The
fact is that in general the Ty 's are not all equal and hence

the maximum absorption coefficient can be related to the ab-

sorber concentration only if all of the parameters in egqua-

tion (5) are known. Rearranging equation (4) and noting that
Av = 2%1 for samples of constant total pressure, we have
2
16ﬂ3f|u |2v
y = 0L _© (nr).
max 3¢k T :

The maximum absorption coefficient is directly proportional
to the product of N and 1 and without the information con-
tained in equation {(5) one cannot relate the concentration N
of the absorbing gas to the MRR spectrometer response.

The Power Saturation Effect

In the past another severe limitation to the applica-
tion of MRR spectroscopy to the quantitative chemical analy-

sis of gases was the power saturation effect. One observes




that as the microwave power through a gas is increased the
MRR line peak intensity increases, goes through a broad maxi-
muﬁ, decreases, and finally vanishes altogether. Upon in-
spection of equation {l) it is seen that the absorption co-
efficient is directly proportional to the difference in pop-
ulations of the two states involved in the transition. For
very low power levels this population difference is deter-
mined primarily by thermal considerations. In this so called
Beer's law region of thermodynamic equilibrium the concentra-
tion of the absorbing gas is directly proportional to the
population difference (refer to equation'(3)) and thus to the
absorption coefficient. For higher power levels the popula-
tions of the states are determined by thermal processes ;nd
also by absorption and stimulated emission induced by the.
microwave field. The probabilities for absorption and stim-
ulatéd emission are egual, but the population of the ground
state is greater. The net result is a decrease in the dif-
ference in the populations for the two states and the ob-
served decrease in the absorption coefficient with increasing

power. For high power levels the absorption coefficient is

n_(hv )
0o K
vg V) = —pE [1 ¥ KPO] (6)

where K is the saturation coefficient defined by the follow-

ing equation:
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lGnBIuOllth
K = 5 . (7)
3ch

The incident microwave power level PO is assumed to
be uniform throughout the absorption cell, and t is the time
between collisions that relax the excited state (14). The
depéndence of the peak absorption‘oh the microwave power
level under high power conditions influenced early investi-
gators to work in the Beer's law region using minimum poﬁer
levels and consequently conditions of minimum sensitivity.
Only molecular species with large absorption coefficients

were investigated.

Harrington's New Absorption Coefficient

In a series of papers published in the Journal of

Chemical Physics {15, 16), Howard W. Harrington has presented

a new theory which allows the separation of N and 1t and estab-
lishes the linearity of the MRR line peak intensity as a
function of absorber concentration under conditions of power
saturation. The theory is based on a new absorption coef-
ficient T defined as the old Y(vo) times the sguare root of
the incident microwave power, P . From the definition we

have

where APg is the change in the microwave power as a result of
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absorption by a gas in the path length L, and T is given by
!y ' o f
r=qyp ?=-—9 - (8)

Combining equations (6) and (8) we have

[

' L
no(h\)o)2 KPO2
F(uo) =

kKTt 1+ KPO

{9)

2 5
no(hvo) K% (KPO) .
kTt 1 + KPO

The term in the brackets is a dimensionless function of the

microwave power and the saturation coefficient. Considering

. the definition of K in equation (7), if each collision that

broadens the line also relaxes the excited state then t = 71,
and the problem of ingeparability of N and 1t is eliminated.
The validity of this assumption is discussed elsewhere (15).

Rewriting equation (9) in the fashion of Harrington we have

r = n¢(KPO)
. .
1643\ 7 lugrl
B 3c T o (10)
(KP_)
PP = rwe,
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Then T is a product of a term n céntaining only molecular
variables times ¢, a function of KPO, which contains molec~
ular variables and the microwave power density distribution
in the sample. According to equation (1), for a particular
value of KPO, i.e., a particular value of ¢(KPO), r is di-
rectly proportional to absorber concentration. The factor-
ability of T is not peculiar to the uniform field case. For
derivations of the power density distribution functions for

lossless and lossy waveguides see references (17) and (18).

I' in the Laboratory

Let us now examine the experimental conseguences of

reqguiring the constancy of KPo' Let

KP_ = R = constant.

Recalling the definition of K in equation (7) and assuming

t = 1t we have

\2
p ¥ =R gCh 5 (l) (11)
o 16m™ g, 17 \T

*
where P0 is the microwave power required to maintain the

constancy of KP . Combining equations (5) and (11) yields

2 m 2

* 3
ch :E: kavlkolk} ) (12)

3 >
16w [y | [k=l
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*
It is evident that PO is a complicated function of the rela-
tive concentrations of the constituent gases. To evaluate

*
P for a given R and sample one must know all of the param-

o)
eters expressed in equation {(12) for the given sample. Since
in general these are not known, PO* cannot be evaluated from
equation (12). However, it is possible to keep ¢(KPO) con-
stant experimentally. Note that in equation.(lO) ¢(KPO) is
the only term having any power dependence, so that the maxi-
mum spectrometer response for a particular sample corresponds
to the maximum of ¢(KPO). By adjusting the incident micro-
wave power to maximize the absorption for all samples one
maintains a constant microwave pawer density distribution
function equal to ¢max(KPO).

If the detection system of the spectrometer is linear
the maximum observed MRR line peak intensity is directly
proportional to the absorption coefficient T and thus to
absorber concentration {19). It is the purpose of this re-
search to confirm this linearity and to develop a technique
by which the conventional Stark-modulation microwave spec-
trometer can be calibrated to yield partial pressures of
gases in mixtures. A calibration curve for sulfur dioxide
will be constructed, and the minimum change in the amount of

sulfur dioxide this instrument can detect will be determined.
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CHAPTER II
EXPERIMENTAL APPARATUS

The experimental apparatus utilized in this research
is a conventional Stark-modulation microwave spectrometer
system with one alteration. In order to maintain a constant
direct crystal current in the detector under various power
conditions on the crystal an electronic device is employed
that approximates, the microwave bridge arrangement used by
other investigators. The operation of this device and the
degree of this approximation are discussed in the last sec-
tion of this chapter. The microwave spectrometer and the

accompanying gas handling system are described first.

The Microwave Spectrometer

As depicted in Figure 1 the spectrometer system is the
conventional Stark-modulation microwave spectrometer. The
source of microwave radiation is a Varian X-13 reflex klys-
tron employing a Hewlett Packard (HP) Model 716B power supply.
The HP power supply is operated in the external sweep mode,
the sweep being furnished by a sawtooth generator. To keep
reflected radiation from reaching thé klystron a De Morray
Bonardi DBG-480 isolator is positioned immediately after the
klystron. The source power is regulated via an HP Model

X375A, 0-20 dB, variable attenua%ér. In order to monitor
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GENERATOR I
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Figure 1.

Microwave Spectrometer Components
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the frequency of absorption and its position with respect

to the mode of the klystron, an HP Model X752C, 10dB, direc-
tional coupler is used to couple some of the radiation
through an HP X421A crystal detector whose output is display-
ed on channel A of an HP 132A dual beam oscilloscope. The
horizontal sweep of the oscilloscope is furnished by the
sawtooth generator mentioned above.

The absorption cell depicted in Figure 1 is construct-
ed of copper rectangular X-band waveguide enclosed at both
ends by mylar Windows pressed between two waveguide flanges
and sealed with beeswéx and:£09in. The cell is fitted with
a Stark electrode of 0.021 inch copper sheet running the full
length of the cell parallel to the broad face, supported and
centered on both sides by tefldngstrips. The Stark voltagé
is applied to this electrode by an Industrial Components
Incorporated 85 kHz square wave generator. At each end of
the absorption cell are slits for the introduction and re-
moval of samples.

Microwave radiation traversing the total length of the
cell is guided through a Bomac Laboratories type BLF-304 iso-
lator to an HP X421A crystal detector. The isolator is in-
corporated to prevent radiation reflected from the crystal
detector from reentering the cell. The crystal detector cur-
rent is then separated into its AC and DC components by the
crystal current control device discussed later in this

chapter. The AC compconent then becomes the input to an §5
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kHz preamp described by Good (20) and shown schematically in
Figure 2. This amplifier rejects signals outside of a narrow
band of frequencies around 85 kHz. The resulting signal is
then detected and amplified via a Princeton Applied Research
(PAR) Model HR-8 lock-in amplifier using a type A preamp.

The signal to noise ratio of the PAR output is not adequate
for very small amounts of test gas, so a PAR Model TDH-9
waveform Educator is also used. This unit effectively picks
the signal out of the noise by averaging a large number of
sweeps. It also adds an additional gain factor to the over-
all detection system. The Educator:sweép is initiated by a
negative pulsé from the sawtooth sweep generator. The
Educator output is displayed on channel B of the HP dual beam

oscilloscope.

Gas Handling System

The basic components of the gas handling system are
depicted in Figure 3. A glasswork system is connected to the
Stark cell via a kovar seal and copper tubing at the source
end of the cell, and an all metal system is connected to the
detection end of the Stark cell. The all metal system allows
the introduction of the sample gases into the cell from com-
mercial lecture bottles. Cell pumping is achieved by a Welch
Duo-Seal Model 1405 mechanical fore pump and a Consolidated
Vacuum type VMF-21 ©il diffusion pump. All pumping in this

work is done through a ligquid nitrogen trap incorporated in
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the glasswork. System presSure'measurements are made roughly
by an Distillation Preducts “type PG-1lA Pirani guage and pre-
qisely by an MKS Instruments type 77H-1 Baratron pressure
meter using a one millimeter presSuie head. Reference port
vacuum is maintained by an Edwards High Vacuum Speedivac oil
diffusion pump and liguid nitrogen trap all backed by a Welch
Duo-Seal Model 1405 mechanical pump.

A sample gas inletting system allows the introduction
of two gases in very small quantities into the cell from lec-
ture bottles of gas at very high pressures. This is achieved
via two Granville Phillips Co. series 203 leak valves which
are connected on the high pressure side to the gas lecture
bottles with quarter inch stainless steel tubing and Swagelok
connectors. The low pressure side of each leak valve is then
coupled to a small Varian flange manifold having three parts,
one of which is c¢onnected to the Stark cell with kovar seals
and glass tubing. The manifold and valves are mounted on an
aluminum plate which, along with the lecture bottles of gas,
is supported by a tubular superstructure. Linde gases used
in this research are anhydrocus, 99.9% minimum purity CGA-660
sulfur dioxide and prepurified 99.998% minimum purity CGA-580

nitrogen (21).

Crystal Current Control Device

Before discussing the crystal current control device

it is necessary to discuss the operation of the crystal de-




21

tector. A schematic diagram of the HP X421A crystal detec-
tor is shown in Figure 4 (22). The e in Figure 4 represents
the sinuscidal voltage induced in the crystal detector probe
in the waveguide by the microwave radiation. This e is am-
plitude modulated at the Stark modulation freguency due to
absorption by the gas when the Stark field is off. The
change in e resulting from absorption is directly propor-
tional to ' {23). As discussed in Chapter I, T is directly
proportional to absorber concentration provided that the
microwave power density distribution function is kept con-
stant.

Consider two samples of gas, A and B, at the same
total pressure but differing in concentration of the absorb-
ing gas such that the concentration in A is less than that
in B, and suppose that the power regquired to maximize the
MRR line for sample A is greater than that for B. It is in-
formative to consid®r the waveforms associated with the crys-
tal for each of these cases as shown in Figure 5. In the
figure the solid waveforms are those at the microwave fre-
guency present during the time the Stark voltage is on and
the dashed waveforms are those present when the Stark voltage
is off. The magnitudes of Ae and Al are exaggerated to show
clearly their relative sizes. The crystal output current
waveforms i are shown to the right of the crystal response

curves. Because of the capacitor €, the voltage across the

L

load resistor Ry is smoothed out and is equal to IRL during
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the Stark-field-on pericd and (I—AE)RL during the Stark-field-
off portion of the period. This voltage becomes the input
toc the Good preamp. Note that the voltage across R, is a

square wave at the modulation frequency whose amplitude is

%%RL plus a dc voltage egual to (I—%;JRL. Here Ai is di-
rectly proportional to Ai if i results from the rectification
of a sine wave. Note that A1 is not directly proportional to
Ae but also depends on the slope of the function ib = f(eb)
where €y = €pax- The slope of the crystal response curve
determines the gain of the crystal detector. The peak-to-
peak voltage, QERL, of the sguare wave at the modulation fre-
quency is directly proportional to the change in the micro-
wave field, Ae, at the modulation frequency for the two
samples if i results from the rectification of a sine wave
and if the crystal gain is the same in each case. Since
Ae <<e . the slope of the crystal response curve is essen-
tially constant over the range covered by Ae so that the
gain is a function of €.y~ However, e, . for the two cases
must be different to satisfy the constant poﬁer density dis-
tribution function requirement. Hence AERL for the two cases
would not be linear with absorber concentration.

If the maximum voltage across the crystal, (eb)max' is
constant for all cases the crystal gain is also constant. As
discussed in Chapter I, previous investigators have simply

added microwave radiation to the radiation that has traversed

the absorbing medium to achieve this condition. For the two
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cases in Figure 5, one would simply add to the radiation
that has traversed the cell with sample B microwave radia-
tion of the same frequency and phase whose amplitudeﬂis

so that the resulting (eb) is the same

(eA)max B (eB)max max

for both cases. This is usually accomplished via a micro-
wave bridge arrangement.
In this research an electronic method for maintaining

a constant (eb) is employed. From Pigure 5 it is evident

max
that 1f a reverse bias voltage equal to (eA)max - (eB)max is
applied to the crystal in case A, (eb)max will be the same

for both cases. This voltage is applied and monitored by the
crystal current control device depicted schematically in
Figure 6. The ac and dc signals are separated by the choke
and capacitor shown in the figure. The ac signal then be-
comes the input to the Good preamp. The dc current can be
measured by the meter in the battefy—out position or it can
be adjusted witﬁ the potentiometer in the battery-in position.
The capacitor is included in the battery branch so that the
impedance for the modulation signal remains essentially con-
stant for both switch positions.

The major problem in evaluating the use of the crystal
current control device lies in determining the degree to
which(eb)maxis kept constant by keeping the meter current
constant. The meter current is essentially equal to the av-
erage crystal current if the current through the load resis-

tor is very small in comparison to the meter current. The
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average crystal current is equal to the maximum crystal cur-
rent divided by a constant if 1 results from the rectifica-
tion of a sine wave. If one is to monitor the maximum crys-
tal current by the average crystal current the proportionality
between them must be maintained. The average crystal current

is given by

i = %ff(eb)dt (13)

where ib = f(eb) is the "crystal response function, T is the
microwave period, t 1is the time and t, and t, are the e = 0
intercepts for the-midrowavg field, ;ﬁQFeﬁ?l = (0 and ty, = T/2.
If the external voltage is applied such that A(eb)max = 0 the
voltage across the crystai will be the sum of e and a nega-
tive dc voltage as shown in Figure 7. The limits on the
integral in equation (13) will change to t; and t5. From the
figure one can see that if the external veltage applied such

that A (e 0 is much smaller than the maximum value of

b)max =

the voltage induced in the probe, e the limits on the

max’
integral in equation {13) will remain essentially the same.
If this condition is satisfied and if the meter current is
equal to the average crystal cufrent the maximum crystal bias
voltage can be kept constant to a good approximation by keep-

ing the meter current constant.

An experimental test was conducted to show that the
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(
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Figure 7. Crystal Input Waveform as a Result
of External Applied Voltage
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above conditions are satisfied over the entire range of sul-
fur dioxide partial pressures involved in the construction

of the calibration curve. Two samples having partial pres-
sures of SO2 near the tﬁo extremes were prepared and the MRR
lines were displayed and maximized by the procedure set forth
in Chapter II1I. The averagérmeter”current was adjusted to
one milliamp in each case. The voltage across the 6.2K load
resistor was measured and recorded allowing the calculation
of the average current through it. By inspection of the cur-
cuit diagram it is evident that the voltage across the load
resistor is the amount the e waveforms are shifted to the
left with respect to the crystal response curve. The average
crystal current is just the meter current minus the current
through the load resistor. From the average crystal current
and a crystal response curve € ax <2l be calculated by assum-
ing the crystal current results from the positive portion of
the sine wave so that Chax = neavg' The measured values for
the voltage across the load resistor, the meter current, the
signal S{v), the partial pressures of 802, the total sample

pressures, the calculated values for e the current

max’

through RL' and the average crystal current are recorded in
Table 2. The resulting waveforms are depicted in Figure 8.

is much greater than V_ so that the

It is evident that en L

ax

average crystal current can be used to maintain a constant

(eb)max throughout the entire range of partial pressures of

802 used in this research. Furthermore, the average meter
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Table 2. Experimental Data Supporting the Effectiveness
of the Crystal Current Control Device

Sample A Sample B
P(SOZ) 30 millitorr 3 millitorr
VL 0.16 V 0.04 Vv
I 1l ma 1 mA
PT 100.9% millitorr 100.2 millitorr
e 1.20 v 1.36 V
max
IL(mA) 0.025 0.006
S(v) 69.3 uv 8.3 uv
i 0.975 mA 1.0 mA




31

<~— 0.04V

—{ & 0.16 V

Figure 8. Crystal Detector Waveforms for 802 Using
the Crystal Current Control Device i
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current can be used to maintain the constancy of the average

crystal current since they are essentially equal.
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CHAPTER 1III
CALIBRATION PROCEDURE

In order to deduce absorber concentrations from abso-
lute MRR line intensity measurements it is necessary to mea-
sure the incident microwave power and the change in the
microwave power resulting from absorption by the gas. The
incident power is easily measured but in order to relate the
signal out of the crystal detector to the change in power at
the probke the overall crystal detector gain must be deter-
mined. To circumvent this problem other investigators have
used a calibration arm that provides 100% Stark frequency
modulated microwave radiation of known amplitude that is com-
bined in phase with the radiation that has traversed the cell
(24, 25) and 180O out of phase with sample absorption. When
this radiations amplitude is exactly the same size as the
change in amplitude of the radiation traversing the cell, no
signal will be observed at the Stark modulation frequency.
This null allows one to deduce the change in power resulting
from absorption in the cell by making precision altenuation
measurements in the calibration arm. Instead of trying to
duplicate this procedure it was decided in this research to
construct a calibration curve from wﬁich one could deduce the
partial pressure of a species of gas in the Stark cell from a

measurement of the MRR line intensity by the procedure set
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forth in this chapter. 1In order to construct a calibration
curve cone simply introduces samples of known composition
into the Stark cell and measures the MRR line intensity under

the same set of conditions for each sample.

Sample Preparation

The most obvious method of obtaining samples of known
composition is to purchase commercial samples. This may be
acceptable where few samples are needed but as one needs
many samples to construct a‘calibration curve it is desirable
to have the capability to prepafe samples of any composition
built into the apparatus. IThe éapability to prepare samples
in the absorption cell reqﬂires only that the pure constit-
uent gasses be available and that some means he employed by
which these samples may be introduced into the cell and mixed
in varying gquantities while maintaining a constant total pres-
sure. The gas handling system described in Chapter II has
this capability.

The method chosen to prepare the samples is the pres-
sure ratioc method. In the pressure ratio method the sample
gas 1s leaked into the system to the desired partial pressure
PS as measured by the Baratron. The mixer gas is then leaked
in to bring the total pressure up to the desired value P
and the two gases are allowed to mix. In order to prepare

another sample, part of the mixer sample in the cell is

pumped out leaving a total pressure of Pé in the system.
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Mixer gas is then leaked in to bring the total pressure back

to Pg. The mixture is considered to be homogeneous so the

new partial pressure of the sample gas is proportional to

the ratio of P% to PT. We have the following eguation
Pl
. T
PS = PSPE 7 (15)

where Pé is the new sample partial pressure.
It is necessary to determine thé amount. of time needed
for the two gases to mix thoroughly. To this end one may
make a sample and observe the spectrometer response as a
function of time. This was done with a sample containing
30.88 millitorr of 802 in a total pressure of 100.26 mil-

litorr (S0. and N2) and the results are shown in Figure 9.

2
Based on these results a mixing time of fifteen minutes was

selected. Once the sample is prepared and given time to mix

thoroughly the spectrometer response can be measured.

MRR Line Intensity Measurement

According to the theory the height of the maximum line
peak is directly proportional to the absorber concentration.
Other investigators have locked the klystron to the frequency
for peak absorption and used the voltage deflection of the
lock~in detector as the measurement of the line intensity.
Small changes in klystron power supply voltages may shift

the klystron frequency and thus cause significant errors in
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intensity data. It was decided to electronically sweep the
klystron through a band of frequencies thus displaying the
MRR line and its Stark component on the face of the oscillo-
scope. In measuring the line intensity from such a display
some ambiguity in the baseline exists. The line may alsc be
subject to interference from the Stark lobe if the Stark
voltage is not great enough. To alleviate these problems it
was decided to use the MRR line peak to Stark lobe peak volt-
age at constant Stark voltage as the measure of spectrometer
response S(v). This is possible because the Stark peak ap-
pears as a negative or downward deflection of the beam on the
trace. If the absorption freguency is not on the flat part
of the klystron mode the oscilloscope trace will not be hori-
zontal. If this is the case one should display the mode on
the scope and adjust the klystron reflector veoltage and the
micrometer screw on the klystron so that the frequency meter
pip at the absorption freguency is on the flat part of the
mode .

Before measuring the MRR line intensity experimental
conditions discussed in Chapter I must be satisfied. This 1is
achieved by adopting the following procedure. Using the
variable microwave attenuator adjust the power so as to maxi-
mize the signal, S(v). Switch the c¢rystal current control
device to the battery-in position and adjust the current to
the desired value. Remaximize the line with the microwave

attenuator and select an Eductor time constant to enhance the
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signal to noise ratio without reducing the signal. This
step may be necessary before maximizing the line. Read and
record the peak-to-peak voltage, S(v), directly from the
oscilloscope. Record the PAR lock-in sensitivity and the

Eductor gain. Proceed to prepare another sample if desired.
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CHAPTER IV

THE CALIBRATION CURVE

According to Harrington's theory the maximum microwave
spectrometer response is linear with the concentration of the
absorbing gas in the $tark cell and hence its partial pres-
sure. In this research a calibration curve was constructed
to allow one to deduce the partial pressure of sulfur dioxide
in a sample whose total pressure was one hundred millitorr
via a measurement of the maximum Stark peak to MRR line peak
voltage of the 9403.22 MH_ line (26) for partial pressures
of SO2 in the range of one to thirty millitorr. The calibra-
tion curve was constructed, using a Stark voltage of 500
volts, a klystron power supply beam current of 65 milliamps,
and a direct current through the crystal current control
device meter equal to one milliamp, and these conditions must
be used when making measurements on unknowns. As previously
noted the samples were prepared via the pressure ratio method,
and the line intensity was then measured following the proce-
dure outlined in Chapter III. Samples covering the entire
range of sulfur dioxide partial pressures were prepared by
letting in approximately thirty millitorr of SO2 for the
initial sample, bringing the total pressure up to one hundred

millitorr with nitrogen, and preparing the remaining samples

in the sequence via the pressure ratio method. The factor
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that distinguishes one sequence of samples is the Pé asso-
ciated with the sample preparation. The larger the Pé the
larger the number of samples prepared in cbvering the entire

range of partial pressures inveolved and hence the more time
required.

The experimental data and the best straight line as
determined by the least squares fit computer program (see

Appendix A) are presented in Figure 10. The points associ-

-

T

and can be distinguished by referring to the legend in the

ated with each test run and the corresponding P, are coded

lower right hand corner of the figure. The error bar in the
figure represents the error in reading the signal from the
oscilloscope trace as a result of noise not eliminated by the
detection apparatus. The raw experimental data used to con-
struct the calibration curve, sample calculations, and a copy
of the computer printout are included in Appendix B. The

functional form of the calibration curve is
S(uv) = (1.41 * 0.54) + {2.37 = 0.18)P

where S(uv} is the signal in microvolts in terms of the peak-
to-peak voltage out of the crystal detector, and P is the
partial pressure of sulfur dioxide in millitorr of mercury.
To facilitate the inspection of the data, slope-intercept

and corresponding error values are presented in Table 3 for
ecach of the four test runs.

Theé major indication of the calibration curve and the
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Table 3. 'Slope Intercept Data for the Calibration
Curve and the Four Test Seguences

Pé {(millitorr Hg) Slope (“V/millitorr) Intercept (pv)
50 2.41 *+ 0.13 1.14 + 0.26
60 2.36 £ 0.16 1.34 + 0.39
70 2.28 * 0.12 2.14 + 0.42
80 2.23 + 0.05 2.83 + 0.45
TOTAL 2.37 + 0.18 1.41 + 0.54
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associated computer output is that the microwave line inten-
sity is a linear function of the partial pressure of sulfur
dioxide within an error of 7.6 per cent if the requirements
on the experimental conditions mentioned above are strictly
observed. One may also determine the maximum sensitivity of
the instrument from these findings{i The noise level for the
spectrometer oscilloscope trace was 0.13 pv. Assuming that
the minimum detectable chanée in signal is two times the
noise one can calculate the minimum changg in partial pres-

sure of S0, as follows. Assuming S = 0.26 we have
0.26 yv = 2.37 AP .
S0

AP_ . = 0.1 millitorr.
min

The minimum detectable change in sulfur dioxide content is
0.1 millitorr.
Note that in Table 3 the factor that distinguishes

one set of data from the others is the Pé associated with the

-

T

sequence the greater the number of data points required to

measurement sequence. The greater the P involved in the
cover the entire range of partial pressures investigated.

As a result more time elapses in the sequence with the larger
Pé. A close study of Table 3 reveals that the slope of the
calibration curve for each individual sequence decreases and

the corresponding intercept value increases as more time is
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needed to complete the sequence. This suggests that some
time-dependent mechanism is responsible for- the alteration
of the sample. Three likely possibilities are discussed
below. ¢

If the\pumping efficiency is different from the nitro-
gen and sulfur dioxide such that nitrogen is pumped out at a
slightly greater rate the result would be a greater concen-
tration of sulfur dioxide present in the absorption cell than
calculated via the pressure ratio method. Each time the cell
must be pumped to prepare a sample the effect would be com-
pounded. Thus differential pumping would decrease the slope
and increase the intercept to a degree determined by the
number of experimental events necessary to complete the
seguence.

Suppose that during the initial introduction of sulfur
dioxide into the system a quantity thereof is adsorbed on the
walls of the cell and gas handling system or foreign material
contained therein and eventually equilibrium is established
between the adsorbed gas and the gas present in the cell.

Once the cell is pumped to prepare a new sample the equilib-
rium would no longer exist. A new equilibrium would be estab-
lished by outgassing of the adsorbed sulfur dioxide. The
result, again, would be a greater concentration of sulfur
dioxide than that calculated, compounded to a degree deter-

mined by the number of experimental events necessary to cover

the sequence.
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Lastly, the method used to mixiéhe gases, that is,
merely by their thermal velocitlies, compounded by the geom-
etry of the gas handling system and absorption cell may re-
sult in concentration gradients in the systems. These gradi-
ents could result in a greater concentration of sulfur diox-
ide in the absorption cell, and the effect would be compound-
ed by the preparation of subsegquent samples.

The above mechanisms are discussed as possible means
by which the curious nature of the data contained in Table 2
can be explained. However, on the basis of this research it
is not possible to determine which, if any, is responsible

for the trend in the data.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

The dependence of the Stark component peak to the
microwave line peak voltage, S(pyv), of the 9403.22 MHz line
on the partial pressure of sulfur dioxide within the absorp-

tion cell is given by the following equation
S{uv) =" (1.41 + 0.54) + (2.37 + 0.18)P

The linearity of the peak to peak voltage to the partial
pressure is thus determined to be within 7.6 per cent. The
maximum sensitivity, that is the minimum detectable change in
the partial pressure of sulfur dioxide in the cell as calcu-
lated is 0.1 millitorr. The slope-intercept data for indi-
vidual test runs indicates that as the number of experimental
events necessary to cover the total range of partial pres-
sures increases the slope decreases, and the intercept in-
creases. This strongly suggests that the sample undergoes

some alteration during the process of taking the data. It

was not possible to deduce the exact nature of this alteration-

Provided that further experimental enquiry is forth-
coming utilyzing the crystal current control device as a
means to establish a constant crystal gain, several things

are recommended. During the process of adjusting the direct
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crystal current, it was noted that the Kings Electronics Co.,
Inc. meter display did not provide for sufficient accuracy
in maintaining a direct c¢rystal current of cone milliamp. As
a result it is recommended that a meter with a large, mir-
rored readout face be used.

As discussed in Chapter II some error 1is introduced
into the process of maintaining a constant crystal gain by
adjusting the direct crystal current tc one milliamp as a
result of the base-~line shift of the input sine waves (see
Figure 9). Actually it is the maximum crystal current one
desires to keep constant. The average crystal current neces-
sary to maintain a constant maximum crystal current is not
always one milliamp but is a function of the shift in the
baseline voltage. Hence it is recommended that in further
research the functional dependence of the average crystal
current on the baseline shift in voltage be calculated or
plotted and used to more effectively maintain a constant
maximum crystal current and consequently a constant crystal
gain with hopes of reducing the error in the slope of the
calibration curve and eliminating the intercept.

As noted in the conclusions the samples apparently
undergo some alteration during the procedure of constructing
the calibration curve. The error associated with this alter-
ation is compounded each time a new sample is prepared. As
an alternative to this method of sample preparation a dynamic

method is recommended. In such awmethod the gases would be
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mixed at relatively high pressures in a chamber ocutside the
absorption cell which is continuously pumped. The mixture
would then be leaked through the cell and the cell total
pressure could be maintained at a lower level than 100
millitorr. For any new sample a steady state condition
would soon be effected for adsorption and outgassing so that
the composition of each sample would not be affected. Since
the gases would be mixed outside of the cell mechanical
means could be employed to assure a homogeneous mixture.
With the total pressure at a lower level the MRR line would
undergo less collision broadening and hence would result in

greater sensitivity of the spectrometer.

il
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APPENDIX A

A least squares fit computer program was used to find
the slope and intercept of the best straight line for the

data. The computer program assumes that the functional form

of the relationship for each experimental event i 1is

where Si is the spectrometer response, €5 is the error, Pi
is the partial pressure of sulfur dioxide in the Stark cell,
a; is the Pi = 0 intercept, and a, is the slope of the
straight line. a and a, are determined by varying them

until the variance defined by the equation

[Si‘u éi —’(a +'a P;)]Z

1 271
7 :_Z S.
l‘ : ’ ;.l

igs minimized. This achieved by simultaneously requiring that

39 = 9 and CL A 0. The program also gives an estimation in
aal aa2
the error, ai and aé, associated with aj and a,. The error
can be shown to be for ay
p. 2 5
i
o 2; Si2
ar; =
1 Piz Pi 2
Z 2_ Z—)
i8y i3y
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2
%
a, = z
2 P, 2 P, 2
)3 7 " )
i 5y i 7i
final functional forms of the eguation is as follows.

S = (al + ai) + (a2 + aé)Pk
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APPENDIX B

The data was taken in four different sequences as pre-
viously discussed. The data was recorded in the following

manner. After.the cell had been pumped overnight 80, was

2
introduced to bring the pressure up to roughly thirty mil-
litorr. The pressure was allowed to stablize and the pre-
cise pressure was read and recorded along with the time.
Nitrogen was leaked in to b;ing the total pressure to rough-
ly 100 millitorr. After stabilization the pressure was
measured and recorded with the time. The gases were then
given roughly 15 minutes to mix, after which the line was
maximized, the crystal current adjusted to 1 mA, and the
signal S{v), the PAR sensitivity, the Eductor gain, the total
pressure, and the time were recorded. The cell was then
pumped to bring the total pressure down to Pi. The pressure
was allowed to stablize and was recorded with the time.
Nitrogen was leaked in to bring the total pressure back to
roughly 100 millitorr. Once the pressure stabilized it was
recorded with the time. The new sample was allowed to mix
thus repeating the process above. The new pressure of 502
was calculated by using the total pressure after the gases
were allowed to mix. Taking the data from Table 4 for the
first mixture we have

i = 30.42 (%) millitorr = 15.05 millitorr.




52

The calculated new partial pressure is also recorded. 1In
Table 7 the signals with and without the Good preamp in the
circuit are recorded for each sample and the gain is calcu-

lated in the following manner:

G = Swith _ 19.0v
1.39v

g = 13.67

without
The gain for each sample is recorded and the average of these
is used to calculate the signal, S({uv), out of the crystal

detector in the following manner:

S(uv) = S{v) x gL X AR 1 X 5 1
B Sensitivity Good

For the first sample we have

1 1

1
19.5v x = x X
1 lv/Soouv 13.52

fi

S{uv)

I

72.12 uv

The calculated signal, S(uv), out of the crystal detector
is also recorded in the tables below. Following the tables

is a copy of the computer printout.
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Table 4. Test Sequence One
Pso P P’ S(v)  PAR G S (uv) t
2 T T E
30.42 99.26 4:27
99.98 19.5 500 1 72.12
49.46
15.05 99.97
100.00 19.6 500 2 36.24 4:52
49,54 ‘
7.46 100.57
100.49 25.8 500 5 19.08 5:17
50.15
3.72 100.22
100.08 14.2 500 5 10.5 5:45
50.19
1.87 133.62
133.43 8.0 500 5 5.92 6:11
98.88
1.38 98.88
98.381 15.6 200 5 4,62
49.75
0.70 100.20
99.98 9.1 200 5 2.69 6:47
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Table 5. Test Sequence Two

P502 P, 254 S (v) PAR S{uv) t
30.55 4:36
100.25 4:41
99.79 18.5 500 68.42 5:00
60.12 5:05
18.32 99.78 5:08
99.74 12.0 500 44,38 5:23
60.19 5:28
11.05 99.94 5:32
100.00 1l4.6 500 27.00 5:48
59.20 5:54
6.55 100.02 5:58
100.15 9.4 500 17.38 6:14
59.53 6:21
3.90 100.16 6:24
100.34 15.1 500 11.17 6:45
59.58 6:50
2.32 100.12 6:55
100.32 24.7 200 7.31 7:12
60.05 7:16
1.39 105.05 7:19
105.22 15.8 200 4.67 7:35
60.25 7:39
0.80 99.92 7:43
100.17 10.4 200 3.08 8:02
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Table 6. Test Sequence Three
Pso P P/ S(v) PAR G S (uv) t
2 T T v E HY

30.93 10:12
99.94 10:16
99.28 19.0 500 1 70.27 10:31
70.00 10:36
21.81 100.08 10:39
99.88 13.5 500 1 49.93 10:52
69.82 10:57
15.24 100.00 11:00
99.92 9.80 500 1 36.24 11:15
69.82 11:20
10.65 99.94 11:23
99,97 7.22 500 1 26.70 11:40
69.26 11:44
7.38 101.30 11:46
101.37 10.5 500 2 19.42 12:01
70.09 12:06
5.10 100.04 12:09
100.15 7.64 500 2 14.13 12:25
69.55 12:32
3.55 101.08 12:35
101.19 5.96 500 2 11.02 12:51
69.84 12:56
2.45 100.0% 12:59
100.26 4.20 500 2 7.77 1:16
70.04 1:21
1.71 101.86 1:24
102.04 8.10 500 5 5.99 1:43
69.00 1:47
1.16 100.16 1:50
©100.37 6.22 500 5 4.60 2:06




Table 7. Test Sequence Four

p - S(v) S(v)
S0, o Po without with Ccoca FAR Gy S(uv)
29.86
99,98 3:1
99,61 1.39 19.0 13.67 500 1 70.27 3:1
79.58 3:2
23.86 100.00 3:3
99.86 1.12 15.0 13.3¢9 500 1 55.47 3:3
79.11 3:5
18.90 99.79 3:5
99.78 0.93 12.3 13.23 500 1 45,49 3:5
80,02 4:1
15.16 99,96 4:1
99.97 0.73 10.0 13.70 500 1 36.98 4:2
79.83 4:3
12.10 100.01 4:4
100.05 0.59 8.00 13.56 500 1 29.59 4:5
79.81 5:0
9.64 99.98 ' 5:0
100.04 0.49 12.92 13.18 500 2 23.89 5:2
79.73 5:2
7.68 100.04 5:3
100.11 0.80 - 10.8 13.50 500 2 19.97 5:4
_ 80.18 | : 5:5
6.16 100.02 ' 5:5
100.09 0.64 8.80 13.75 500 2 16.27 6:1
79.80 . 6:1
4.91 99.98 6:1
100.08 0.56 7.62 13.43 500 2 13.90 6:3
79.85 6:4
3.92 100.12 6:4
100.23 0.46 6.32 13.74 500 2 11.69 6:5
Avg.

13.52
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RHEKER
M RN ACTIVE
RRIIN PHRAP, 0] 1 RO635, STEPHENS-M~-A, 515

DATE:. 09/18/73 TiME: 21:27:23 LINE: 4364

axnNT PAT.

SED CLONELIWN,,YaY,7 L%
SRV ME=A5,X=3N.42, 15.00,7.465 34725 187,138, 47, 30,55, 1%.32,
11e05,6e55%55, 3952032510395 8,30e93,21.81,5 15724, 10.6557«3%,5.1,
B3eB85, 2045, 1671510 16,00.80,2305860,158:0, 1518, 1:+241,9.64, Te68,
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2 e 2370+01 L IR0+ 00
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1 « 3042+ 082 e T212+00 1000+ 0]
2 « 1505+02 e 36PA+ NP S1ONNO+ 0}
3 e T4AN+N] « 1O0OR+0P « 1 00+01
4 «3720+01 « 1050+ 07 «1N00O+N1]
5 « 1&ETN+0) «50920+01 « 1000+01]
6 P 12%0+01 4620401 L 1000+0]
7 s 7000+ 00 « 2600+ 01 SO0+ 01
=4 «3N55+0° « BRUP+ 0T « 10NN+ N1
9 « 1832+0N02 443K+ 02 +1000+01}
1n « 1105+ 07 «R2TO0+02 7 L1000+01
11 «B550+01 1 T3H+02 1000+ 01
19 «3000+01 «1117+02 « 1000+0]
13_ « 2320+ N «7310+0]1 « 1000+01
14 « 1390+0] «ABTO+0D] « 100n+01
15 EN00N+ 00 2308 N+N1] « 1000+ 01]
16 « AN 3+ NP « FO2T+ N2 1O00+ 01
17 e RIH1+0P2 « 4G9 3402 «1000+01
18 « 1HP244+NE e ABSHF 0D s 10N0+N]
1@ « 1065+ 02 fPHTO+ND «10NN+01
20 «TAR0O+0] « 1942+02 e 1ODDO+DTL
21 «5100+01 14 13+02 « [ OD0+ 0
22 « 3550+ N1 « 110N24+02 « 1000+ 01
o3 « PASO+D] LFTTOH+0) « 100+ 01
g « 1T10+0) « 590N+ ] «1000+01
25 e 1160+01 «A600+0] < 1000+01
o6 + POK 6+ 012 cTORT+ 0P « LONN+ 01
27 « P3RE+END2 e 8547+ NS 1000+ 1




BFEY

AP

SRD
SRD

RED
HRD

SRD
BEAr
ENT)
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