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PREFACE

This report, Ohio State University Research Foundation Report Number

': 4232-1 (First Interim Report), was prepared by The Ohio State University
: ElectroScience Laboratory, Department of Electrical Engineering at Columbus,
E Ohio. Research was conducted under Contract F30602-76-C-0058. Mr. James

W. Cusack, RADC(OCSE), of Rome Air Development Center, Griffiss Air Force
Base, New York, is the Project Engineer.
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PART A
INTRODUCTION

This is the first semi-annual report on Contract F30602-76-C-0058.

Three of the major activities are reported in detail in Parts B, C,
and D.

Several other efforts are underway which are briefly mentioned below
and will be reported fully in the second semi-annual report.

They are:

1. Further studies of water vapor absorption at 10.6 um using
the differential spectrophone.

2. Design and construction of a second model of the differential
spectrophone employing stainless steel high vacuum techniques,
ZnSe windows, and temperature control capability.

3. Design of a resonant-type spectrophone.

4. Construction of a cw DF laser of the United Technology
Corporation type.

5. Construction of a cw CO laser with output on lo-vibrational
bands.

6. White cell water vapor absorption studies with the above CO
laser.

7. Modification of a commercial CO, laser for single Tine operation
and design of an improved "home-made" frequency stabilized
€02 laser.

8. White cell water vapor abosrption studies with the above CO;
lasers.

9. Ozone spectroscopy of 2 v3 band including the design of a
sgecia] 2 meter per pass stainless steel White cell with
77°K cooling capability.

10. Refurbishment of a DoD surplus computer system, SEL Model
810B, for use in laser transmittance data acquisition and
Fourier Transform Spectroscopy.

11. Continued development of computer programs using the AFCRL
data tape.

Preliminary results on a number of these efforts have been given in
the monthly management reports.
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PART B

[ INITIAL DESIGN STUDIES FOR A COOLED-LONG PATH
- ABSORPTION CELL
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INTRODUCTION

™

The multi-pass absorption cell has been, for some years, a
basic tool for the study of optical transmission in gases. It has
been used by molecular spectroscopists, where the absorption of the

e gases of interest is frequently relatively high, as well as for
atmospheric transmittance studies. Studies of atmospheric trans-
mittance for high energy lasers is a particularly difficult regime
since very low absorption coefficients are of concern, with a conse-
quent requirement for very long path lengths.

This report will document the initial design philosophy of a
multi-pass absorption cell of the White cell type which is now under
: construction at this laboratory. It is meant to supplement a long
N path White cell that has been in continuous use for laser measurements
: for the past fifteen years, but which is inadequate for many of the
measurements essential to current needs. The necessary design changes
are both mechanical and optical. Some are required for new requirements
; such as wide temperature capability; some are the result of inadequacies
i in previous design techniques.

The basic requirements of the absorption cell are: that it be
of stainless steel, for low contamination and for work with gases such
as ozone; that it be capable of temperatures from 20°C to -580C

i itemperatures to 600C desirable); have a temperature uniformity of
! 2 0.29C along its length, to minimize turbulence effects; that it be
i capable of at least a one km path length.

From experience with our present cell, the design concept must
i allow ready adaptability and upgrading for future programs, offer high
mechanical stability and minimize vibration problems, and be capable of
rapid, accurate adjustment of the main optical system.

The major components will be treated in three sections: the
vacuum chamber and its supports, the main optical system and its con-
trols, and the accessories including windows, gas handling, vacuum, and
refrigeration systems.

-

A plan view of the overall system is shown in Fig. 1. Mirror
spacing is to be 10.785 meters (35.4 feet), and the main optical system
; is composed of three identical spherical mirrors of 10 inch diameter.

1 A pair of these are side by side, setting the vacuum chamber diameter
i at 24 inches,

THE VACUUM CHAMBER

The vacuum chamber for the absorpticn cell is 40 feet long and
24 inches in diameter (0D). To reduce contamination problems and to

ik oo B i L
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allow the use of such gases as ozone, it is fabricated from welded rolled

sheets of 304 stainless steel with a good (2B) interior finish. Contamina-
tion of an atmospheric sample by a residual previous sample has been a prob-
lem in previous experiments, and considerable care has therefore been taken

to minimize the virtual leaks, or internal gas pockets, in this design.
Minimal wall thickness for crush strength under vacuum conditions is
3/16 inch; 1/4 inch was selected to provide a safety factor. Other
similar facilities have been successful. Cell mass is approximately
2600 pounds for this vacuum chamber; the completed system chamber and
optics can be expected to be about twice this.

The constraints in mounting the vacuum chamber include thermal
effects. Cooling the cell to -60°C will result in a length change of
-0.52 inches between the mirrors, and a diameter change of 0.03 inches.
At 100°C, one would have a similar expansion. The length change would
seriously defocus the optics if they were attached to the cell. This
5 problem can be countered by utilizing a bellows in the vacuum chamber
or by translating the optics. In the design to be adopted, the bellows
would be difficult to cool uniformly, and furthermore would produce a
7200 pound longitudinal force upon chamber evacuation which would
necessitate a very stiff mechanical mount. The diameter change,
although not large, would result in difficulties in mechanically
mounting the optics, and some lateral displacements would appear in-
evitable,

The decision was therefore made to mount the optics from a stable
external platform and allow the vacuum chamber to be mechanically de-
i coupled. Implementation of this is shown in Fig. 2. The plate upon
i which the optics are to be mounted is supported by three legs, each
' 1.75 inch diameter. A 3 inch ID bellows (Pathway 0301A) connects the :
legs to the vacuum chamber. The bellows is quite flexible, and hori-
!
:
3
:

i

| zontal forces on the legs due to chamber expansion should be less than
10 pounds. Chamber evacuation will create a 130 pound longitudinal
force which will not cause any problems if suitable mechanical constraint
is used, and if the chamber and legs have a common mounting platform.
This will be considered later.

{ The chamber ends are flanged, and will be 0O-ring sealed to end

2 caps which will contain the main optical ports. These, and all other
& 0-rings, will be of Teflon with internal spring loading to maintain
« sealing pressures over the operating temperature range.

Six ports of eight inch diameter are available, as indicated in
Fig. T. Four of these allow access near the main optics for assembly
and adjustment procedures, but will also be used for sample handling and
instrumentation feedthroughs as required. The other two are near the
center of the chamber and are to be used as vacuum ports and access.

Those near the optics offer a 24 inch cross-chamber path, those near the
center a diagonal 48 inch path for optical monitoring purposes. For

i
i
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mounting monitoring apparatus or light baffles, there are also ten
internal brackets available. The primary feedthroughs for electrical
connections or coolant are six "ultra-torr" couplings for 1/2 inch
tubing near each end of the chamber. The tubing will serve as conduit
for the wiring, eliminating contamination problems from connections to
the internal motors.

Thermal control of the chamber is accomplished by circulating
liquid through a manifold welded to the outside chamber wall. There
are eight sections to the manifold, each consisting of four 1/2 inch
copper tubes 20 feet long. The division is in half lengthwise, so that
coolant enters near the center of the chamber and leaves near each end.
Each half is then manifolded in quadrants to get even distribution. The
circulating coolant will heat exchange against a two-stage cascaded refrig-
eration system with fine temperature control achieved by electrical heaters
in the lines. A separate coolant circuit will cool the chamber ends,
supports, and other loads.

The major heat load will be the ambient surroundings, although care
will be needed in thermally baffling the diffusion pump. The surface area
of the chamber is approximately 260 square feet. A 5 inch polyurethane
foam covering will have a thermal Toss of approximately 5.4 BTU/square
foot at the lowest operating temperature, or 1400 BTU/hour total, while
6 inch glass wool would be close to 2000 BTU/hour. There will be addi-
tional losses through the supports and optical ports, although these
should be small. For purposes of these calculations, 1600 BTU/hour will
be assumed, or 50 BTU/hour for each 20 foot copper tube. This is the
steady-state, not cool-down value. Initial cool-down may require some
60,000 BTU including the coolant supply.

The coolant tubes, then, will be separated by 4.7 inches and have a
thermal load of 2.5 BTU per linear foot. If the heat flow is purely radial,
the thermal conductivity of the 1/4 inch stainless chamber is low enough
that there would be approximately 0.79C temperature differential between
the coolant tube and the point midway between coolant tubes. This differ-
ential is reduced by any circumferential heat flow, and should be brought
within limits by the mechanical jacket to be used to prevent damage to
the insulation. A metallic wrap around the cell below the insulation would
also be very effective.

The circulation system must be considered next. If the coolant rise
is limited to 0.29C through the tube, this will set the required flow rate.
Assuming a specific heat for the coolant of 0.5 and a specific gravity of
0.8, we need 1.5 gallons of coolant per BTU of heat load, or 37.5 gallons

per hour to each tube. A 20 GPM pump will therefore be required for the
systen,

8-5




The 1/2 inch tubing (0.4 inch ID) carrying 37.5 GPH will have a flow
velocity of 1.67 ft/sec. With a viscosity that of water, the Reynolds num-
ber is 5100, or the flow is turbulent, The resulting pressure drop in the
20 foot section is 0.4 psi and work done is only 0.4 BTU/hr on each tube.
Note however that if 1/4 inch tubing is used, the pressure drop is 13 psi
and the work done is 12 BTU/hr, comparable to our cooling load. In par-

ticular, we would expect definite temperature problems at the manifold
bends. The 1/2 inch tubing should allow a reasonable choice of cool-
ants, perhaps with viscosities up to 10 centipoise. F-11 is one

coolant under consideration. The necessary pumping pressure will be

set more by the heat exchanger pressure drop and control valves than the
chamber tubes, but will be in the range of a simple centrifugal pump.

. Refrigeration system requirements are complicated by several fac-
E tors. Some absorption cells are designed to be always operated at max-

: imum terperature depression, for such studies as chemical kinetics. The
system under consideration should be continuously variable. Cycling the
refrigeration system would normally produce pronounced stability prob-

; lems unless an intermediate thermal inertia stage, such as a large coolant
i tank, was provided. Alternatively, the refrigeration could work against

' its capacity, with a supplementary electrical heat load, or against its
efficiency at lower temperatures. In each case, an intermediate liquid
interchange appears desirable. That is, the cell coolant is not cooled
directly by the refrigerator evaporator, but by an intermediate liquid
cooled by the evaporator. Such a system will also simplify the above
ambient cell heating system. The final engineering choice has not yet

) been made, but will be of the form shown in Fig. 3.

For efficiency and control, the refrigeration system should be

f sized to run against the operating load. This means that it would ap-

: proach its final operating temperature exponentially in time. Additional

| cooling from an auxiliary system should be used for the thermal mass. The
economics of liquid nitrogen, dry ice, or a second refrigeration system
are being examined, The intermediate heat exchange system proposed will

: allow such flexibility. The rate of cool down must be limited to avoid

‘ large temperature differentials and consequent stresses.

s

OPTICAL SYSTEM

F Optical design of a multi-pass absorption cell has shown consider-
¥ able innovation, and several unique concepts [1-11] have appeared.

P The basic configuration of J. U. White [1] has been used at this labora-
' tory [13] for 15 years, and elsewhere at this university longer. Two

| & recent improvements make the system more attractive [8,12]. In addition,
' the environmental requirements and desired stability have prompted many

‘}
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mechanical design changes which should result in substantial operational
improvements. Future adaptability to Fourier transform spectroscopy is
also a consideration.

The basic arrangement of White is shown in Fig. 4a. For those un-
familiar with the system, it will be reviewed briefly, The optical train
consists of three mirrors of identical focal length, two of them, M1 and M2,
adjacent and the third, M3, placed twice the common focal length (the radius
of curvature) away. An image in the plane of M3 will be reimaged by M1 or
M2 to the same plane; M3 serves to reimage the aperture of Ml onto M2, or
vice versa, and serves the purpose of a field lens in a more conventional
optical system.

Consider the centers of M1 and M2 on a horizontal 1ine. The center of
curvature of M3 should be on this line, and midway between M1 and M2. The

centers of curvature of M1 and M2 should fall in this same plane, and
somewhere on M3. The separation of these two centers, so long as all

reflections fall on M3, and the separation of the input and output
coupling determines the number of passes in the cell. Thus the center
of M1 can be left fixed, preferably close to the center of M3 for a
large number of passes, and only M2 moved to change the number of
passes. This is of particular usefulness when path differencing tech-

. niques [14] are employed. It could also be a useful method if active
stabilization of the optics are employed, as M1 and M3 can be stabilized
to fixed positions, and M2 stabilized on total system performance.

{ Two cases are illustrated in Figs. 4b and 4c for 4 and 8 passes,
! respectively. C1 and C2 are the centers of curvature of M1 and M2.
The central ray is shown as the solid line, while the ray bundle is
shown in Fig. 4b by the dashed lines. Successive spots are numbered
in 4c.

In the vertical plane, if the entrance port is above the plane
containing the mirror centers, the images from M1 will be below that
: plane and consequently those from M2 be above that plane, and in line
| & with the entrance. Two distinct lines of images are thus formed, which
1 simplifies alignment. :

§ Now consider the effects of system tolerance. If the mirrors are
E; placed 8 cm too far apart, each pass displaces the image plane & cm
| & towards the dual mirrors. Although the effect on the total path length
| may not be significant, the 0.52 inch temperature shrinkage previously
discussed, if not controlled, would shift a focused image by 52 inches
after 100 passes (1.08 km path). This shift would create problems with
the exit optics, particularly if the exit beam were to be focused on a
detector. The mirror separation should therefore be adjustable.

o= RPN E LT A e

B-8

v’f-’mm'\:ﬁ"v‘f‘,ﬂf“.—‘“"'\: T o B i A S 1 AT T RN U"j




-

L i sl et 4

e R

AP B RET

0 ci xC3
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The second significant problem will exist if some mirror, say M2,
is misaligned. Let us displace its center a distance & towards the out-
put port. Its image will be displaced 25 in the same direction, that
from M1 25 in the opposite direction (35 from M2 center) and the next M2
image 45 towards the output port (35 from M2 center). The resulting out-
put spot displacement is sN/2, where N is the number of passes. The effect
is to again complicate the receiver problem., Misalignment of M1 is sim-
ilar, that of M3 results in energy missing mirrors M1 and M2, or a
vignetting of the field of view.

Now consider one improvement in the original system. Instead of
using this output port, reflect the beam back on itself, say with a
spherical mirror centered on M2. So long as the output beam strikes
this mirror anywhere, the energy returns to the input port, exactly. In
practice, to avoid the problem of separating the input and output beams
with a beamsplitter, the spherical mirror is included as one component of
a decentered roof mirror so that the return beam is displaced vertically

and two additional rows of spots are formed on M3. This also doubles
the number of passes available in the cell from a given set of optics
without having image overlap on M3. It furthermore reduces the effects
of spherical aberration on the size of the focused spot for a given
number of passes.

The problem of spherical aberration is significant. Operation
of the cell at 200 passes (2 km) is desired. Spot size growth from
spherical aberration with conventional White optics would be about
3.2 mm, and perfectly focused images would nearly overlap. With the
roc® mirror added and the same number of passes, the spot size should
grow only 1.6 mm. With only half as many spots in a given row, there is
very good separation. It should also be observed that the aberration is
proportional to the square of the width of M3, It may be advantageous
(if stability allows) to optimize this width by moving the turning mir-
rors towards the center,

This concept has recently been carried one additional step by
White where a lateral displacement is produced by an identical (rotated)
combination of mirrors. Path length adjustments are now made in steps of
16 passes, rather than 4 or 8 as in the original and first modified forms.

It should be observed that the position of the exit beam is now
fixed. As M2 is moved to change the number of passes the exit beam is
stationary, dimming as one of the spots misses one of the components of
M3, but reappearing at the same position for the new number of passes.
Note that no changes are required in the main, expensive, optics of the
system and that the modifications can be readily removed and the output
port repositioned.

LN




3 White has also stated [12] that the symmetry of the system is such
: that the effects of turbulence on spot size is considerably reduced.
Although no analysis was presented, one would expect that the folding

of the rays about the central ray would produce such an improvement, as

it does for the cats-eye interferometer as compared to the plane mirror
interferometer.

The second roof does not add to the number of rows of images, but
adds new images between the first set. It may, therefore, 1imit the
number originally used and in practice not necessarily increase the
_ available path length because of difficulties resulting from the small
; required size of the second roof mirror.

A multi-pass system of the White type was therefore selected, with
provisions for adding both roofs if desired, although it is believed one
: will be sufficient. To retain flexibility, and also avoid the mechanical
\ stresses of cutting a finished mirror, the usual notches in M3 will be

replaced by two small turning mirrors, which form a periscope to displace
the beam laterally.

; Other specific details of the optics and their mounting will now be
: discussed.

White cell optics are frequently fabricated as a single large
mirror, to assure a common radius of curvature, and then cut into three
smaller mirrors for use. This produces two problems we wished to avoid.
One is the release of internal local strain on cutting, allowing some
} distortion of the surface. On a well annealed blank this may not be
p serious. The second problem is mirror thickness, which for proper
! stability in grinding and handling is usually 1/6 the mirror diameter.
The mirrors resulting from cutting are thus at least twice as heavy, and
the greater thickness increases their adaptation time to a new temperature.

O

The radius of curvature of the mirrors themselves will change with
temperature, and for a 10 meter radius, a pyrex mirror would be expected
to change 2 mm. As explained previously, this effect is magnified by the
number of passes, resulting in a significant change in the output beam.
Although correctable, it is preferable to avoid the difficulty and use
Cervit, with a temperature coefficient nearly negligible over most of the
range, but about 0.03 that of Pyrex at the minimum temperature planned.
Three 10 inch diameter mirrors of fine annealed Cervit were therefore
specified, with radius of curvature of 424.62 inches to match an existing
. test plate. The radii will be matched to within 1 mm. As a point of
: information, fabrication from a single large blank would have been
§ approximately three times as expensive.

TS ol . 0

£ The thermal expansion of stainless steel is 200 times that of

. Cervit; even Invar is 16 times greater. The mounts must therefore allow
$ for differential expansion, and must also be capable of smooth adjustment
& over a wide range of temperature and pressure. Either a flexure mount

: or a three-ball kinematic system would appear satisfactory, and the

| kinematic technique was chosen in this case.
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Each mirror with its mount will weigh approximately 20 pounds.
As shown in Fig. 5, this mass is supported by a ball and cone arrange-
ment under the mirror, and on its vertical center line. This constrains
the mirror against translation, The constraint against rmotion of the
vertical axis is a ball in a vertical V-groove, which still allows thermal
expansion along this line, as well as any reasonable machining tolerance.
Motion of the ball normal to the mirror plane allows adjusting vertical
tiit. The third constraint is a ball and flat, for adjusting horizontal
tilt. The adjustments are orthogonal to avoid coupling of the adjustments.

To allow rapid alignment and adjustment of the number of passes,
possibly under automatic control in the future, all fine adjustment of
the mirrors is performed by stepper motors. These assemblies, shown in
Fig. 6, mounted on the mirror support structures, drive the two movable
balls of the kinematic mirror mount. They are enclosed in a sealed stain-
less housing and consist of a 200 step per revolution stepper motor driving
a non-backlash gear mounted on a heavy duty micrometer spindle. The
resulting change in image position at the other mirror plane is approxi-
mately 15 microns. This motion is cumulative with repeated passes, and for
very long paths may be considered to be of the order of a diffraction-
limited spot diameter or of the aberration limited spot.

To adjust the mirror spacing, the mount for M3 is on a sliding
table driven by an identical stepper drive. The table rolls upon
three balls, two in collinear V-grooves and one on a flat.

The mirror support structures are mounted on the three legs
brought through the bellows joints of the vacuum chamber as previously
described. Connections to the stepper drives are enclosed in stainless
conduit, which can also serve to evacuate the drives if desired.

ACCESSORY CONSIDERATIONS

The space for the new absorption cell is quite good. The floor
(6 inch concrete) will support the required loads, and computer room
raised flooring is already in place so that piping and electrical service
can be placed out of the way. Although there are no manufacturing opera-
tions in the building or nearby heavy traffic, the usual vibrations from
air conditioning and ventilation systems exist. The general physical
site is shown in Fig. 7. In addition to the absorption cell and its
associated equipment, a computer system consisting of two SEL 810B main
frames with associated discs, tape drives, and communication interfaces
will occupy most of the 33 x 66 room. The computer system can be time-
shared with the existing White cell, spectrophone laboratory, and laser
diode laboratory which are nearby.

A support structure, now being designed, is indicated in the figure.
The absorption cell and the optical tables will be on a single air-
supported mount. A pair of I-beams will support the absorption cell and
connect regidly with the optical table support, a pair of I-beams making
an asymmetrical T. For a static three-point mount, the air supports are

B-12
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interconnected in groups, each with its own air reservoir to lower the
natural frequency. Valving can produce viscous forces and damping,
optimized to the particular site by accelerometer measurements of the
system. The groupings will be: the large side table; the end table and
cell input; the dual-mirror end of the cell and the center cell support.

The static deflection of the mount by the system is not a
problem, since the optics will be adjusted in this condition. Forces
created at the bellows by evacuation appear to create negligible deflection
if proper support points are used. Vibration-creating apparatus on the
mount should be avoided, including entrained bubbles in the coolant and
other pressure surges. The mount allows for additional inertial mass
loading, if required.

Thermal loss through the vacuum chamber support structure is approx-
imately 10 BTU for a 1/2 square inch support six inches long. Although
not a problem insofar as refrigeration capacity is concerned, the supports
must be thermally insulated or separately cooled if pronounced temperature
nonuniformities are to be avoided. The thinner sections possible
for vacuum and sample Tines will make these connections less of a
problem. Optical ports will have dewared windows.

The optical tables for mounting the lasers, spectrometers, and
detectors will be a 6 x 8 and a 6 x 10 foot slab of limestone. This
material is inexpensive and has proved to be an excellent support for
permanent installations. Provision will be made for preserving a dry
nitrogen atmosphere in this area. The supports will allow a large
vacuum tank if this is needed later.

CURRENT STATUS

As of this writing, detailed design of the main vacuum chamber
and the main optical mounts, supports, and adjusting mechanisms has
been completed. The long leadtime items, the main optics and vacuum
chamber, are on order. Quotations are being sought for machining the
mounts, although some of this will be done in our own shops. A design
has been established for the support structure, and it is now being
detailed. The new space is being prepared for the installation of the
equipment.

With general specifications now established, design work will
proceed on the refrigeration and vacuum systems, sample manifolding, and
the auxiliary coupling optics. No untoward difficulties are currently
foreseen in having the cell operational by mid-year, although some subse-
quent shakedown period and learning curve will undoubtedly occur, in
particular with the data processing interface.

The resulting system is expected to be a significant addition to
existing facilities and offer unique capabilities over the next decade.
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CHAPTER 1

INTRODUCTION

Even though the laser is a relatively recent development its
applications have extended to many fields. The reason for this
growth is that the laser is a fundamental source of monochromatic,
directional, and coherent infrared and optical radiation. In the
field of spectroscopy the laser is revolutionizing the experimental
techniques employed, so that measurements can now be made that were
never before possible.

Infrared laser spectroscopy has evolved into two major areas,
linear and nonlinear. HNonlinear laser spectroscopy covers absorp-
tion saturation, two-photon resonance, and trapped particle spec-
troscopy techniques [1]. Linear laser spectroscopy uses a tunable
laser with narrow line width (about 1 MHz), a similar technique to
the scanning spectrometer except with much greater resolution
capabilities [2]. A variety of lasers are tunable but of particular
interest to this report is the tunable semiconductor laser and its
application to linear laser spectroscopy.

The use of laser diodes in spectroscopic experiments was first
demonstrated by MIT Lincoln Laboratory [2]. The tunability of the
laser allows the recording of the spectroscopic signature of particu-
i lar gases. Although the tuning range is somewhat narrow (unless

elaborate techniques are employed) enough lines can be observed to

identify a known gas. This fact has applications in pollution
i monitoring of atmospheric gases as discussed by Hinkley and McNamara
i [3,4]. Also, measurements of the gain line shape of a CO laser

with respect to frequency have been performed by Blum et al. [5].
Experiments examining spectral line shape parameters using laser
diodes can accurately resolve Doppler lines and fine energy level
splitting [2,6]. The major drawback that semiconductor Taser diodes
have is the requirement for Tjquid helium cooling. However, the
new generation heterostructure Taser diodes offer a wide tuning
range, greater output power, and can be operated up to liquid
nitrogen temperatures E7].

Most of the spectroscopic work with laser diodes has been

above 6 um using PbSnTe; however, this study examines the 5 um

; region using a PbSSe laser. Previous work in the 5 um region
P includes studies of CO, NO, and H»0 [2,6,8,9]. The analysis of
¢ Hp0 is the most extensive including measurements of line shape
parameters and relative line positions. Much work can be done,

M,tAm_.,ﬁ,Vy..xﬂ,
2 PSR e
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because the use of laser diodes is still in the beginning stages

in this frequency region. It is the intention of this study to
examine atmospheric spectroscopy and its related experimental
techniques using a semiconductor laser. The need for measurements
involving CO Taser transmission in a Hp0-N2 mixture, at frequencies
no available small laboratory CO laser could deliver, suggested

the use of the laser diode to simulate the CO laser. CO» and N30,
both atmospheric absorbing gases, were examined in the tuning range

of the laser 1945-1980 cm~1, and the results were compared with the
AFCRL tabulation for these molecules,
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CHAPTER 2

EQUIPMENT DESCRIPTION

This chapter discusses the experimental apparatus used.
Five major areas will be covered: the laser diode, the liquid
helium dewar, the vacuum system, the optics, and the necessary
electronic equipment.

A. Laser Diode

We are grateful to Dr. Ken Nill of MIT Lincoln Laboratory!
who supplied the laser diode used in these experiments and without
whose cooperation the work would not have been possible.

Tunable semiconductor lasers are available in a variety of
material compositions. Figure 1 illustrates not only the different
compositions but also the frequency ranges of the devices. The
laser diode used in this experiment is of PbSj_yxSey composition.
The variable "x" in the chemical formula represents the doping
concentration which controls the frequency output of the Taser
within bounds indicated in Fig. 1. A particular diode can cover

WAVENUMBER (cm)™’
10°
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Fig. 1. Composition-tuned semiconductor lasers [4]

‘Now with Laser Analytics, Inc., Lexington, Massachusetts.
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a range of around 40 wavenumbers using current tuning. Current,
i.e., temperature, tuning of the diode junction, varies the output
frequency by linearly changing the bandgap energy. Temperature
tuning provides a nearly linear frequency variation, which allows
easy analysis of the data.

The properties of the output radiation from the laser are
of special interest.! The most important property is that the
radiation is monochromatic to a high degree. An estiinated line
width of 1 MHz at 8 uw was reported by Dr. Nill's group [6].
The importance of this is illustrated in Fig. 2 which shows the
improvement laser diode spectroscopy can achieve over conventional
techniques. This property plus the diode's capability to be tuned
make it a very powerful device. The Tlaser will oscillate at
several different frequencies simultaneously. A single tunable
laser line is termed a mode. Figure 3 shows a spectrometer scan
of the laser at two fixed currents. This gives an indication of
the number of modes available simultaneously, and the increased
number of modes and intensity of modes as the current is raised
above threshold (~200 ma). Because of the tunability property
of the laser diode, if the mode spacing is small an overlapping
of modes can result. This is illustrated in the wavenumber versus
current plot of Fig. 4. Different resonant cavity configurations
can result in multiple output beams. This is illustrated for one
of our diodes by the output radiation pattern of Fig. 5, where
three beams are evident. The output power for a mode is not
uniform, tending to drop to lower values near the current limits
for the mod$. Finally, a single mode can be tuned normally between
0.7-1.0 cm=' corresponding to a current increment of 50 ma. In
this manner our diode covers the frequency region from 1945-1980 e
in a quasi-continuous fashion.

Operation of the laser during an experiment requires attaining
a single mode at a certain frequency. To realize this, a grating
spectrometer is used as a bandpass filter to locate a particular
frequency and to eliminate the other modes which may be generated
at the chosen current. Next, a combination of scanning the power
supply current and angular adjustments of the diode mount are
performed until a mode is found with an acceptable power level,
stable output, and tunable across the full region of interest.
It is generally desirable to use a test for mode mixing (i.e.,
dual frequency operation). In these experiments, the tunable radia-
tion was passed through a 1.876 cm long germanium Fabry-Perot etalon.
An examination of the quality of the recorded fringe pattern
reveals the presence or absence of a second frequency. Figure 6
gives an example of a pure mode pattern and a mixed mode pattern.
The curve for the mixed mode shows different fringe spacings on
each half of the scan. The observed dip in the middle of the
signal intensity marks the end and beginning of the different

‘For details on Pb-salt diode properties, reference is made to
Butler [10].
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modes. Once a pure mode is found, the current limits are set for
a scan and the experiment proceeds.

The PbS) xSex diodes must be operated at 1iquid helium
temperatures (10 K or below). The laser action begins at a
certain threshold current, typically 0.2 amperes, and continues
to an upper limit of approximately 1.2 amperes (corresponding
to the highest frequency). The upper limit of current is
determined by thermal considerations which are related to diode
construction, mounting, etc. In this case, diodes were operated
within specifications supplied by Dr. Nill.

B. Liquid Helium Dewar

A Janis Research Model 6 DT research dewar and optical tail
was used to house the diode. The dewar has three main sections:
a liquid nitrogen container, a liquid heljum container, and a
high vacuum jacket. At the base of the liquid helium container
is a cold finger containing a mount for the laser diode and an
optical window. The dewar, which holds five liters of liquid
helium, maintains cooled temperatures at the tail for about eight
hours under normal operating conditions.

Because of the importance of maintaining a low temperature
environment about the laser, two auxiliary devices have been
constructed. The first is a liquid helium Tevel sensor which
contains a buzzer to provide a warning when a low helium level
is attained. A six-light display gives a continuous reading of
the level in the dewar. The second device consists of a 180 @
carbon resistor attached to the diode mount and is used to measure
the temperature. Because of the large variation of resistance at
low temperatures a carbon resistor is an excellent sensor [11].
The value of resistance is determined by measuring the voitage
across and current thrgugh the resistor, which must be done at
very low power (*“1x107° watts). With the laser diode off, the
measured temperature at the ta11 is between 10 to 11 k. The
temperature is above liquid helium due to radiation received from
the external environment through the optical window.

A cool-down procedure for the Janis dewar was developed to
eliminate moisture collection inside the cryogenic sections, in
particular on the container in thermal contact with the diode.
This is important because moisture in the tail could result in
thermal insulation of the laser diode from the cryogenic tempera-
tures.,

To increase the lifetime of the laser, it was stored at
liquid nitrogen temperatures continuously. The cold temperatures
retarded the diffusion of the indium and gold coatings which form
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the electrodes. The indium-gold mixture forms a resistive deposit,
which heats the junction during operation, a very undesirable
situation. Continuous storage of up to a month was achieved.

€ Vacuum System

The holding time of the liquid helium degends greatly on the
vacuum obtained in the dewar. Vacuums of 107 torr were attained
in the jacket of the dewar while it contained the cryogenic liquids.

To achieve these vacuums, an 8 liter/second Varian Vac Ion
pump, model number 911-5000, was installed directly on the dewar.
Thus the dewar could be continuously pumped while the cryogenic
liquids were introduced, without contamination from the pumping
system. This allowed the liquid nitrogen storage of the dewar over
long periods of time as previously mentioned. Because the Vac Ion
does not pump helium efficiently, liquid helium storage of the
dewar was limited to about one week. At this time, the dewar
vacuum was unacceptable for laser diode operation.

&1
3
?:

A two-inch oil diffugion pump, CVC VMF-10, is used to start
the Vac Ion pump at 5x107° torr., The diffusion pump itself is
capable of 1.2x10-6 torr. A Granville-Phillips two-inch cryosorb
liquid nitrogen cold trap is Tocated above the diffusion pump to
keep backstreaming of oil molecules to a minimum. The mechanical
roughing pump that backs the oil diffusion pump is a Cenco Hyvac 14
capable of 5 microns. The mechanical pump is also used to evacuate
the test cells employed in the experiment. Figure 7 is a diagram
of the vacuum system.

To monitor the pressures obtained, several gauges were used.
For general pressure measurements, a thermocouple gauge located
above the mechanical roughing pump and a NRC type 530 alphatron
radium ionization gauge were used. For the high vacuum measurements,
the Vac Ion power supply meter acts as a vacuum gauge. A CVC type
VG-1A ionization gauge was also used. The pressure indicators for
the sample cells were a U-shaped mercury manometer and a Wallace
and Tiernan mechanical gauge. The mercury manometer had an accuracy
of plus or minus one torr and the mechanical gauge was accurate to
a few tenths of a torr. For lower pressures, the mechanical gauge
was used. Since the mechanical gauge was only capable of reading
up to 50 torr, the mercury manometer was used at higher pressures.
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D. Optics

The basic optical components are illustrated in Fig. 8. The
discussion will trace the laser energy from its source to the final
detectors.

The laser diode is mounted in the liquid helium dewar which
is supported by a mount capable of rotation and two-dimensional
movement on the plane of the optical table. The radiation is
focused on the entrance slit of the spectrometer, which acts as
a bandpass filter. The spectrometer employed is an Interactive
Technology CT-103 one-meter Czerny-Turner and is capable of being
computer controlled. To allow for the lasers tunability, the slits
were set wide which creates an angular scan of the output beam
as the frequency changes. The f-numbers of the remaining optical
system must account for this. The beam is collimated by a 12-inch
focal length BaFp lens after leaving the spectrometer and then is
split into two paths, one a reference path and the other a signal
path, by a Cafy beam splitter.

The reference beam enters the one-meter cell which usually
contains a known absorbing gas in order to provide a precise
frequency marker, The spectrometer s}its are set wide (e.g.,
1000 microns corresponding to 1.5 cm™') to allow for tuning of
the laser. Different rotational lines within a vibrational band
can be differentiated, but the exact frequency location is not ,
known. Thus, by placing a gas with an absorption line in the ;
region of interest, a frequency point on the final plot can be
obtained. This information along with fringe counting of the
gernianium etalon gives the frequency at any point on a plot. The

free spectral range (FSR) is determined by the equation: ]
| ('.'- (% = ]
\ Li) FSR = VTR
!

where n = index of refraction of etalou

| L = length of «talon.

‘ The index of refraction as a function of frequency is given by [12] %
(2) n = 3.9832 + 1.6403 x 107° y

! where vy = wavenumbers (cm']).

I The etalon length has been measured to be 1.876 cm. Thus, the FSR

can be accura?e]y obtained. A nominal value for the 5-micron region
is 0.0664 cm™', Although the FSR shows very little temperature
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sensitivity, the position of the fringes on a frequency axis is
dependent on temperature. Thus, the etalon alone is not capable

of frequency calibration and the known absorption line is necessary.
The germanium etalon is on a sliding mount, thus it may be easily
removed from the beam so that tne reference curve can be directly
recorded. The reference beam terminates on a liquid nitrogen
cooled indium antimonide (InSb) photovoltaic infrared detector.

The signal beam may be directed to two different White-type
cells. One cell has a length of one meter and a multiple traversal
capability which allows path lengths to about 60 meters. The cell
is connected to the pumping system previously described. This test
cell shall be designated as the small White cell. The other test
cell is 16.15 meters long and can attain a path length of around
1.5 kilometers [13]. A seven-inch oil diffusion pump agd a 100-cfm
mechanical pump are connected to give a vacuum of 1x107° torr. The
large White cell was used for transmittance measurements and low
pressure spectroscopy. The small White cell complements the system
by allowing higher pressure spectroscopy experiments, From these
cells, the beam is focused on a second InSb detector.

To insure proper alignment of the optics, it was found convenient
to place three irises in the optical path as shown in Fig. 8. The
HeNe laser was used to initially align the system with the irises
centered on the beam. The first iris, the one between the laser
and the spectrometer, was utilized to guarantee normal incidence
at the spectrometer.

B Electronics

The electronic apparatus of this experiment consists of two
major parts:

(1) the laser diode power supply
(2) signal detection and recording apparatus.

Figure 9 gives a detailed schematic of the laser power supply.
It can produce a scanning current for an oscilloscope curve-trace
and also contains a modulation suitable for derivative spectroscopy.
Of particular interest for this study is the scan mode which simply
provides a linear current ramp to tune the diode. The current ramp
is generated by a motor driven pot which programs the d.c. power
supply in a constant voltage mode. The Tow adjust poteniometer,
in the voltage divider network outside the programmer, sets the
starting current for a particular scan. The upper Timit is deter-
mined by the programming power supply. Both the programming and
driving power supplies are Hewlett-Packard Model 6114A precision sup-
plies. The current to the laser is monitored by a Hewlett-Packard
5-1/2 digit digital voltmeter Model 3490A, which facilitates the
determination of the proper settings for the laser power supply
scan.
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From the detectors in the optical system, the electrical signal
is sent to Princeton Applied Research lock-in-amplifiers (LIA),
Model 128, one for tiie reference signal and one for the sample
signal. Figure 8 illustrates the design of the signal detection
and recording system. From the LIA's, the electrical information
goes to the y-axis of a Hewlett-Packard Moseley 135M x-y recorder.
The x-axis of the plotter represents the current of the laser
diode, which directly corresponds to the output frequency. Thus,
the x-y recorder displays the intensity versus the frequency of
the Taser beam at the detectors,
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CHAPTER 3
EXPERIMENTAL PROCEDURE AND RESULTS
This chapter discusses the measurcments made of simulated CO

laser transmittance in H,0-Nz, and COp and Np0 line shape parameters.

A. Simulated CO Laser Transmission

Two simulated CO laser line transmittance measurements in an
H20-N2 mixture, with a total pressure of 760 torr, were made using
the laser diode and large White cell. The purpose was to verify
an experimental technique, described in the next paragraph, by
comparing results with previous CO gas laser measurements. The
CO lines are 6-5 P(10) line at 1973.299 and the 6-5 P(14) line at
1957.050.

During the experiment, the slit widths of the spectrometer
were sef at 1000 u corresponding to a wavenumber difference of
1.5 ecm™', Thus, to locate the laser line frequency position
within the passband of the spectrometer, a frequency marker is
needed. As explained before, this is accomplished by introducing
a suitable absorbing gas into_the one-meter cell. For the 6-5 P(10)
line, deuterium chloride (DC]3 ) was used which has an absothion
line located at 1973.660 cm~! For the 6-5 P(14) Tine, Hp0'® with
an absorption line at 1957. 010 cm~! was used, because of the
strength of this Tine it could be observed at low pressures in the
large White cell, i.e., the original sample was pumped down so
that the line was observable but the wing effects were small.

Figures 10 and 11 are transmittance plots calculated from the
AFCRL Line Compilation [18], which provides a good overview of the
expected absorption characteristics. The 6-5 P(10) line is located
in the wing region of many Hy0 lines, thus, the absorption
coefficient is not a rapid function of frequency. However, for
the 6-5 P(14) line this is n?§ the case, because it is located
near the 752-643 010-000 Hp0'® 1ine. The position of this line
must be accurately known, since it is also used as the frequency
marker.

Eight separate measurements were made to secure one data point.

Two separate plots were produced, each with four distinguishable
curves: a signal curve, a reference curve, an etalon curve, and a

C-17/
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zero level curve. The signal curve can be one of two types which
differentiates the two plots; one is a sample signal, which means
the test cell contains the sample of interest, and the second is a
vacuum signal, which means the test cell is operated at the minimum
obtainable pressure. We have I = I, e~ X, where I is the sample
signal and I, is the vacuum signal. However, actual experimental
conditions do not allow such a simple analysis. To account for
changes in the laser beam intensity at the entrance of the test
cell and changes in the gains of the recording equipment between
the sample and vacuum plots, a reference curve is used. Now, the
transmittance becomes,

I I
__ (3) T=IL/TV—
: RS RV

where

intensity of sample signal

I

S
: Ipg = intensity of reference sample signal
: I, = intensity of vacuum signal

IRV = intensity of reference vacuum signal.

] The reference curve also contains the frequency marker. The etalon
curve provides a frequency scale for the plots and the zero level

i curve is taken with the laser beam blocked so that the true back-

; ground intensity can be measured. Figures 12 and 13 are examples

} of a typical measurement performed in the above manner. The

absorption coefficient can then be calculated knowing the path

length of the large White cell.

Figures 14 and 15 display the results obtained. Good agreement

{ with Long et al. [14] is shown. As Long discusses, improved

1 theoretical agreement is achieved when a modified shape is used

t instead of the standard Lorentz line shape. The modified shape
enhances the wings of the absorption lines and thus accounts for

J the increased absorption observed in this region over that predicted
when a Lorentz Tline shape is used.

{ The data obtained for the 6-5 P(14) CO laser line show dis-

) agreement with Long at some points and at other points good agree-
ment. A1l of the points which disagree with the gas laser measure-

. ments were obtained after 9/20, which corresponds to the changing

F; of the water bottle supplying the water vapor. Because the absorption

P i line belonged to H,018 it is possible that the new water supply

P con}gined a differ?gt concentration of the molecule as opposed to

P H20 If the Hy0'® concentration was smailer than the concentration
e before the water supply change, it would account for the observed
t decreased absorption. A dew point hygrometer (Cambridge Systems
i Model 880) was used to verify the water vapor content of the cell

with the measurement made during the initial evaporation of the
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Fig. 12  Typicai recorded data, sample plot.
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Fig. 13. Typical recorded data, vacuum plot.
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Fig. 14. Absorption coefficient versus water
vapor-partial pressure, 6-5 P(10)
line.
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water vapor. The dew point measurements were consistent with the
initial measurements which we take to indicate that there were no
leaks in the filling system. Also, the Jaser diode could have been
producing two separate tuning modes closely spaced in frequency.

The vacuum signal curve shows two absorption lines about the
distance of two peaks of the etalon curve apart. This could be

due to contamination of the sample or a double mode from the laser.
The exact problem is not known but the accuracy of the data obtained
on 9/26 and 10/04 is in doubt.

B. CO2 and N20 Absorption
Line Measurements

The true power in the tunable laser diode lies in its ability
to enable the recording of spectra with high resolution. It is this
facet of the laser diode that has been utilized in examining the
absorption lire parameters for CO» and No0. The R-Branch of the
110-00°0 band of CO and the P-Branch of the 20°G-01'0 band of
N20 were examined. Values of halfwidths, absorption coefficients,
line strengths, and broadening parameters were determined.

As with the CO laser line transmission measurements, eight
curves were needed to obtain accurate line shape data. However,
because the small White cell is fixed to the main optical table
as shown in Fig. 9, it had good stability characteristics. This
was not the case when the large White cell was used, because
three separate structures supported the optical components in
that system. Measurements taken using the small White cell did
not require the set of reference plots. Therefore, a vacuum curve,
a sample curve, an etalon curve, and the zero level curve were used
to obtain the data. This greatly simplified the analysis because
a single plot could contain several sample measurements, all at
different pressures.

The nature of the samples placed in the test cells were either
the pure absorber gas or a fixed absorber pressure and a foreign
gas, either nitrogen or helium. Only CO, was examined using the
large White cell, where sample pressures between 0.1 and 3 torr
were used because of the long path length. The small White cell
provided path lengths which allowed observation of spectral lines
over a wide variety of pressures.

Pure absorbing gas samples were examined at pressures from
15 torr to 480 torr, as shown in Fig. 16. It was assumed in
the analysis of the data that 60 torr was a Lorentzian line shape.
This assumption fixed the absorption at line center to a definite
value. A transmittance plot of a single spectral line should
show constant absorption at line center for a Lorentz line shape.
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Fig. 16. Typical recorded data, pure absorber Tine shape.
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The curves of Fig. 16 do not display this behavicr due to wing
effects from neighboring absorption iines. For (y-,o)'>w0 and a
Lorentz line shape, and differentiating j (y-vo) (see Eq. (23))
with respect toy one obtains:

dj, (v=v.) 2a
(4) I-d:v 0 R x‘"C ]

(vvg)® 1

The change in the Tine shape for y>>;, over a neighboring spectral Q
line is very small; basically, no distortion except for a uniform
downward shift results from the wings. Thus, knowing where the
pure Lorentz line shape begins and assuming that at this pressure
the wing effects are negligible so that k(~,) can be determined,
one is able to measure undistorted single line shape parameters.
From Fig. 16 the 60 torr curve shows small wing absorption,
supporting the above assumption.

Broadening effects were examined by choosing an absorber
pressure, usually 60 torr, and then introducing the foreign gas,
either nitrogen or helium. Figure 17 gives an example of such a
plot. It is difficult to determine the wing effects of other
lines in this case, however, because the wings did not exhibit
large absorption for the pressures considered. The distortion
was considered small and ignored.

The halfwidth of a spectral Tine is defined to be the half-
width at half-intensity of the absorption coefficient. However,
the analysis must be carried out on transmittance plots. The
transmittance corresponding to one-half the absorption coefficient
can be found from

s o b e e e o

| - 7 kx kxy1/2 1
(5) Vign =8 I i LN S ‘

Now the halfwidth can be measured from the transmittance plot.

3 The data taken from the transmittance plots include the partial
§ pressures, the path length, the transmittance at Tine center, and
1 the halfwidth of the spectral lines. Appendix A lists the essential
data obtained from calculations involving the previously-mentioned
- quantities for Lorentz line shapes. The partial pressures of the
: absoriing and foreign gases are listed along with the corresponding
halfwidths. The absorber amount and the 1ine center absorption
coefficient are also listed. For a Lorentz line, the 1ine strength
can be calculated from Eq. (42b)

(6) SJI = 7 k’(yo) g (cm']/mo1 (cm'z))
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Fig. 17. Typical recorded aata, foreign broadened line shape.
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Appendix B lists results of the Voigt line shape measurements.
No foreign broadening was examined in this regime, thus, only
absorber pressures are listed. The halfwidth has two columns, one
for measured values and one for calculated values. The technique
in evaluating the calculated values used Eqs. (38) to (41) and the
experimental value for acos EQ. (33) to determine «p, and a
numerical technique to evaluate the integral [15]. Thus, solving

k(y0+uv) = % k(yo) produced the Voigt halfwidth, oy - The absorption

coefficient and absorber amount were obtained in the same way as
the Lorentz line shape tables of Appendix A.

Using the data in Appendix A and B, a plot of the halfwidth
versus the pressure was made for both the CO, and N,O data (Figs.
18-31). The curves show the Tlinear Lorentz region, the intermediate
Voigt profile region, and the beginning of the Doppler region. It
should be noted that the Voigt line halfwidth data in Appendix B
show, in some cases, disagreement with the calculated values. The
Voigt halfwidths are between 0.002 and 0.007 e requiring small
frequency scans, the FSR of the etalon is 0.0664. The ability
to measure is obviously hindered by the comparatively large FSR
of the etalon. Also, the Voigt region of the halfwidth versus
pressure plot shows more scatter than the Lorentz which is con-
sistent with the above.

A least squares curve fit of the form y = mx was used on the
halfwidth versus pressure data in the Lorentz region. Improved
numbers for the Tines of a particular J-number were obtained. A
second Teast squares fit of the form y = mx + b was carried out on
the halfwidth versus J-number acquired from the first fit. Table 1
gives the results in the

P ( T %l/2

= _.g_— o 1 = - =
form of ac = a o T") with T = T and P, =1 atm (T,=296 K).
Since Pe = 0 for pure absorber measurements, the equation can be

written

(7) a. = a__ Bp

C co a

Figures 32 and 33 are plots of a., versus the J-number where for
C0,, B = 1.3, and for Ny0, B = ].94. The values chosen for the

se?f-broadening coefficient, B, are empirical values [16]. The

plots make a comparison with McClatchey [18].

Calculations of the self-broadening coefficients and the

foreign-broadening coefficients for individual absorption lines
were made using Eq. (31) of Appendix C. Again, consider the
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equation for T = Ty and Pgy = 1 atm; then two separate measurements
of a broadened spectral 1in. give two equations and three unknowns.
However, for the nitrogen broadened case, F is defined to be 1,
which makes the problem tractable. Solving for B, one obtains

(8) A
8Pa2 ~ Pa1
a

where g = <1
“c2

Precise measurements of B require accurate and stable values of

the halfwidth. Unfortunately this level of accuracy and stability
was not attained in this study; the values determined are, however,
worth listing. Tables 2 and 3 list the self-broadening coefficients
of the particular spectral Tines and the partial pressures of the
separate measurements used in the calculation.

Knowing B, the foreign-broadening coefficient can then be
determined. In this case it is for helium broadening. The equation
for F becomes:

BPap = P
(9) F=8 ..jﬁgr.,ill
Pst = PPep

Again stable measurements are required for good results. Tables 4
and 5 list the foreign-broadening coefficients where the empirical
values of B are used.

As shown in Appendix C, the line strength is not a function of
pressure; thus, using the Lorentz line shape data an accurate value
may be obtained for all line shapes. Using Eq. (6) and the smoothed
halfwidth results, plots of the line strength versus J-number were
made. Figures 34 and 36 show these results for CO» and N0, respec-
tively. The CO2 Tine strengths measured differ from the values of
McClatchey in an interesting manner. The separation of the two
curves is largest at the band center and then decreases as J becomes
larger or smaller. This suggests that the distortions generated
by the wings of neighboring lines was not accounted for in the
McClatchey data. This could also partially account for the relatively
large disagreement between the two curves. The agreement of the
relative magnitudes is better in the N,0 case; however, the laser
diode measured values indicate the band center to be around P(16)
and P(17) rather than P(14) and P(15).

To test the values of the line strength another approach was

taken, based on Eq. (19) of Appendix C. The transmission plot
was converted to an absorption plot and then a numerical integration
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Table 2. CO, 11'0-00°0

2
(Self-Broadening Coefficient)

Partial Pressures Self-

Measurement 1 Measurement 2 Broadening

Pure  Nitrogen Pure  Witrogen Coefficient

(torr) (torr) (torr) (torr) (B)
Line ID: R(24)

60.0 0.0 60.0 60.0 1172

60.0 60.0 60.0 180.0 1.808
Line ID: R(28)

60.0 0.0 60.0 60.0 1,578
Line ID: R(30)

60.0 0.0 60.0 72.0 1.285

60.0 72.0 60.0 180.0 1.146
Line ID: R(34)

60.0 0.0 60.0 60.0 1.45]

60.0 60.0 60.0 180.0 1.083
Line ID: R(36)

60.0 0.0 60.0 60.0 1.169

60.0 60.0 60.0 180.0 .855
Line ID: R(46)

60.0 0.0 60.0 60.0 1.321
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Table 3. N20 20°0-01'0

(Self-Broadening Coefficient)

Partial Pressures Self-
Measurement 1 Measurement 2 Broadening
Pure  Nitrogen Pure  Nitrogen Coefficient
(torr) (torr) (torr) (torr) (B)

Lind ID: P(12)

: 60.0 0.0 60.0  60.0 1.294
60.0 60.0 60.0  180.0 .813
Line ID: P(13)
; 60.0 0.0 60.0  60.0 1.560
60.0 60.0 60.0  180.0 1.372
Line ID: P(16)
i 60.0 0.0 60.0 60.0 1.344
£ 60.0 60.0 60.0  180.0 1.336
i
; Line ID: P(19)
¥ 60.0 0.0 60.0 60.0 1.245
t ; 60.0 60.0 60.0  180.0 1.323
Line ID: P(21)
i 50.0 0.0 50.0 50.0 1.404
| 50.0 50.0 50.0  150.0 .904
i; Line ID: P(23)
'
1 60.0 0.0 60.0 87.0 1.509
¢ 60.0 87.0 60.0  180.0 1.408
; Line ID: P(27)
? 60.0 0.0 60.0 60.0 1.941
¢ 60.0 60.0 60.0  180.0 .886
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Table 4, CO2 11'0-00°0

(Helium Broadened Line)

Partial Pressures

Measurement 1 Measurement 2 Broadening
Pure Foreign Pure Foreign Coefficient
(torr) (torr) (torr) (torr) (F)

Line ID: R(24)

60.0 0.0 60.0  60.0 .742
60.0  60.0 60.0  180.0 1.040
! Line ID: R(28)
! 60.0 0.0 60.0  72.0 .805
60.0 72.0 60.0  180.0 .784
Line ID: R(30)
¢ 60.0 0.0 60.0 60.0 .841
; 60.0  60.0 60.0  180.0 .873
i Line ID: R(34)
{ 60.0 0.0 60.0 60.0 .747
60.0  60.0 60.0  180.0 JE76
Line ID: R(36)
60.0 0.0 60.0  60.0 .838
60.0  60.0 60.0  180.0 815
: Line ID: R(44)
! 60.0 0.0 60.0  60.0 .677
i 60.0  60.0 60.0  180.0 2.400
i Line ID: R(46)
: 60.0 0.0 60.0  60.0 728
1
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Table 5. N20 20°0-0T7'0

(Helium Broadened Line)

|
Partial Pressures ;
!

Measurement 1 Measurement 2 Broadening
Pure  Foreign Pure  Foreign Coefficient ,
(torr) (torr) (torr) (torr) (F) 3
Line ID: P(12) |
: 60.0 0.0 60.0 60.0 123
3 60.0 60.0 60.0 180.0 .633 j
Line ID: P(13)
. 60.0 0.0 60.0 60.0 .636
: 60.0 60.0 60.0 180.0 AN
Line ID: P(76)
60.0 0.0 60.0 60.0 .741
i 60.0 60.0 60.0 180.0 .890
) Line ID: P(19)
? 60.0 0.0 60.0 60.0 .651
i 60.0 60.0 60.0 180.0 .617
Line ID: P(21)
25.0 25.0 25.0 75.0 .690 H
Line ID: P(23)
60.0 0.0 60.0 60.0 .784
f 60.0 60.0 60.0  180.0 .899
é Line 1D: P(27)
: 60.0 0.0 60.0  60.0 .602
} 60.0 60.0 60.0 180.0 1.052
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was performed. 1Ih1s analysis allowed the evaluation of the line
strength in the Voigt region as well as the beginning of the Lorentz
region, without the assumption of the Lorentz line shape. Of
particular interest was the pressure region around 60 torr. The
tables of Appendix A show an inconsistency in the line strength

for the values at 60 torr and 120 to 480 torr. The Tine strength
for 60 torr exhibits a larger value than those for the other
pressures which tend to stabilize about a fixed number. The theory
as discussed in Appendix C indicates that the line strength is not a
function of the pressure. This observed anomaly is characteristic
of all the data in Appendix A for both CO» and Np0. Thus, it was
hoped that the line strengths derived from the experimental
transmittance plots by numerical integration would shed some light
on the problem. The R(34) line was chosen and additional pressures
were measured to determine the nature of the phenomenon. Results

of this analysis are shown in Fig. 36. The "integrated" line
strengths are basically in agreement with the values in Appendix A

with a continued trend to vary with pressure for the lower pressures.

To test the results in the Voigt regime, the lines were also
analyzed assuming a Lorentz line shape. The Voigt line shape is
expressed as an integral which weights the emphasis on the Lorentz
line shape or the Doppler line shape as a function of the pressure.
Thus, as the pressure decreases the error between the true line
strength and the assumed Lorentz should increase. This is observed
in the data and Fig. 37 clearly shows this. The error stabilizes
at less than 2 torr where the line is basically Doppler and at

60 torr where the line is basically Lorentz. This property of

the data gives it credibility, and allows one to conclude that

the true line strength is a function of the pressure. However, this
statement must be made with caution because the amount of variation
observed could be due to experimental error. Thus, it is not the
nature of this particular transition's line strength that is
emphasized but rather the annoying consistency of all the data.

To establish this observation further experimentation of greater
accuracy is required. The theory as discussed in Appendic C is a
zero order solution of the total spectroscopy picture, thus it
would not be surprising that this phenomenon could exist.

Finally, the absorption coefficient versus the pressure was
examined. The results are in accordance with the theory and are
given for the pure absorber and the broadened cases. Figures 38
through 40 are plots of these results for certain COp and N>0 Tines.
The importance of the curves is that they verify the assumption that

60 torr is indeed a Lorentz line. A1l measurements are at line center

and in (km‘1). Thus, fcr the Lorentz pressure region, the observed
sloping line is due to wings of neighboring lines. For pure
absorber gas and a fixed frequency y much greater than y, we have
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(10) Klreiven) =

(Yfixed T Yo

where C is a constant. Summing over all contributing lines we have

(1) Klteried) = (Z Ci) Pa = £ Pa
i

This is an equation of a line with slope £. Thus, when the absorp-

tion coefficient deviates from this line, it ceases to be Lorentzian.

The curves all show that 60 torr is very close to this transition
point. Figures 38 and 40 also show the absorption coefficient
versus pressure for the nitrogen and helium broadened cases.

The accuracy of the data presented depends on the measuring
techniques and overall system stability. The stability attained
allowed measurements of the transmittance to within 1%. Since a
typical value for the transmittance was 50%, using [16]

Nz AR AT e S e f e
kT Wl SR
corresponds to a 1% error in the absorption coefficient.

The technique used in measuring halfwidths called for a
. gcm)'1 . :
frequency scale factor in = and the halfwidth length in cm.

Multiplication of the two quantities gave the halfwidth in (cm)'].
The frequency scale factor was obtained from the etalon curve by
measuring the distance between two peaks, then dividing the FSR

(p. 12) by that distance. The frequency scale factor, fg, was
accurate to within 4%, due mainly to the low finesse of the etalon.
The halfwidth length, «; , was accurate to within 5% for lines

60 torr and below and closer to 2% for the broader lines. The

5% value shall be kept as a worst case. For the error in the
halfwidth, examine

(13) o + A = (fS + Afs) (aL + AuL)
Ignoring the Afs bay term, one obtains

(]4) ﬂ:—s—-{-_'_
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Therefore, the halfwidths are accurate to within 9%. The least
squares curve fit analysis performed on the data should provide
better numbers for the halfwidths in the Lorentz line shape region.

The values of line strengths as listed in Appendix A have a
maximum error of 10% as seen from

(15) sV 5% s n(kt + k) (a_ + o)
and i
J! Ao
ASy L Ak! C
(6~ i s et

No significant error is induced in converting between k in (km'])

2. ¥
and k' 1in (mo] (em™¢) 2
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CHAPTER 4
CONCLUSTIONS

Successful simulation of CO laser transitions using a PbSSe
tunable semiconductor laser was achieved. Transmittance measure-
ments in a Hp0-Np mixture were then carried out for the 6-5 P(10)
and P(14) lines using a White -type absorption cell with a path
length of 0.732 km. Good agreement with previous measurements was
attained verifying the technique used.

Improvement over the AFCRL tabulation [18] listing of
Lorentz 1line shape parameters was obtained for the 11'0-00°0
R-Branch of COp and the 20°0-01'0 P-Branch of N20. An accuracy
of 10% for measurements above 15 torr was attained for these
parameters using the PbSSe laser diode. Values of the self-
broadening coefficient and the foreign broadening coefficient for
helium were calculated from the Lorentz line shape data (Appendix
A). Also pressures in the Voigt profile region were examined for
the vibrational bands of C02 and N20 mentioned. The accuracy
and stability of the broadening coefficients and the Voigt line

shape data are in general not of the same quality as the Lorentz
lTine shape data.

The measuring techniques used in this experiment do not fully
realize the resolving power of the laser diode. Higher accuracy
of the data is definitely nossible. Improved measuring capabilities
will be attained when a direct computer analysis of the raw data
is used. The hardware for such a system has been developed here
at Ohio State. A computer controlled data acquisition system can
realize greater stability by using two channels, one for the signal
and one for the reference, to simultaneously monitor fluctuations
induced in the separate beams. A flat background can thus be
attained which would assist measurements of the frequency scale
factor and halfwidth length. Also, improved techniques of measur-

ing the frequency scale factor and halfwidth length can be
accomplished.

Such improvements could lead to an examination of the self-
broadening coefficient as a function of J-number. Useful results
of the line strength as a function of pressure could be attained

by numerically integrating the absorption coefficient with respect
to frequency.
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APPENDIX A
LORENTZ LINE SHAPE DATA

The following tables represent direct Lorentz line shape
measurements for CO, and N0 gases. No curve fitting or data
smoothing routines were used (if such processing is desired

refer to Chapter 3), so that the data may be more useful for
analysis. |

The tables list in a vertical fashion the line jdentifica-

tion along with the nature of the broadening, i.e., no foreign |
broadener, nitrogen broadened, or helium broadened. The
columns are labeled for the pressure, both absorber and foreign
in torr, the halfwidth in (cm~'), and the absorption coefficient
given both in (km=1) and (cmZ/molecule), symbolized by k(y) and
k'(y), respectively. To compute k'(y), the absorber amount, u,
is _needed, which is expressed in the formu%a, u = ,733952 x
1022(pa/760) + &/T, with the units (mol/cm®), where p, is the
absorber partial pressure in torr, T is the temperature in

! degrees'Ke}vin, and & is the path length in cm. Then using
T = e~k'(¥)u and Eq. 6, the absorption coefficient and line

i strength are found. A1l measurements were made at a temperature
of 296 K.
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APPENDIX B
VOIGT LINE SHAPE DATA

The following tables represent direct Voigt 1ine shape
measurements for COp and Ny0 gases. The tables are structured
similarly to those on Lorentz line shape, except no foreign
broadening effects are listed, no line strengths are listed be-
cause there is not a direct method of calculation from the
given experimental data, and a calculated halfwidth (this
procedure is outlined in Chapter 3, p. 29) is listed for com-
parison with measured halfwidths.
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APPENDIX C

SPECTRAL LINE INTENSITY

A. Spectral Line Intensity

The absorption coefficient is a function of the characteristics
of the absorber molecules, foreign molecules, and the frequency of
the electromagnetic wave. The analysis of this function is usually
accomplished by expressing the dependencies of the molecular systems
and radiation frequency by the general relation for a single
absorption line

a7 kM, M)
3 2 S(Maq) J (a (Maq; Mf]qs Mfzqa SUS S Mfrq; YO)’ Y'YO)
q

where [M.] - is a row matrix of parameters representing
g absorbing molecules with Myq as the qth element

[M.] - is a r by g matrix of parameters representing
foreign molecules acting on the qth absorbing
molecule, with Mfrq as the rqt element

% - wavenumber

S(M__) - line strength of qth absorbing molecule

i( 9 - 1ine shape function

ol ) - halfwidth at half intensity of the line shape

Yo - wavenumber at line center.

For the purposes of this study only one absorbing molecule
and one foreign molecule shall be considered. This simplifies the
equation for the absorption coefficient to

(]8) k(Ma]; Mf]]s Y) o S(M ) j(a(Ma]; Mf]]’ Yo)a Y = YO)

al

It is interesting to note that the line strength is a function of
the absorbing molecule only. The line shape function depends on
the frequency and is a composite function of the independent
variables of the absorbing molecule, the foreign molecule, and
the line center wavenumber. It is convenient to normalize
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j(a(Ma], Meqqs Yoo ¥ - yo) by requiring the integration of j over
all y to be equal to one, so that

o

[
(]9) )] G k(Mal’ Mf]]’Y) dy = S(Ma])
where

l’m .
(20) J J(O‘(Ma]a Mf]]» YO) ,Y-YO)dY=]

-0

The parameters My and Mg are themselves multi-variable functions of
quantities affecting the properties of the associated molecular
systems. They are used here to emphasize this fact and, having
served that purpose, shall be eliminated from the notation and
replaced by more explicit variables. The description of the

absorption coefficient, k(y), can now be broken down into two parts,

the Tine strength and the line shape function.
1. The Line Strength

The line strength is a measure of the intensity for a particu-
lar absorption line. Intuitively the line strength should be
related to the probability of a particular transition occurring
and the population of the lower energy state. This is expressed
in the formula for the line strength [19,20].

3
(21) R kil Ty B }2 ¥ e_hCY““/”)
Vo g Sh | "t
where N, - number of molecules per unit volume in the
lower quantum state
9y - degeneracy of upper quantum state
You - wavenumber of incident radiation

5" Pianck's constant
,R;ul - transition moment

T - temperature in K
k - Boltzmann's constant.

The superscript J on Sfu represents the rotational quantum number
and serves as a reminder of the dependence of the line strength
for a particular vibration band on J. The transition moment as
discussed by Herzberg [21] may be written as
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where <¢| and |u> are the lower and upper eigenstates, respectively,
and Mj represents the electric dipole moment with the subscript i
denoting components in the x, y, and z directions. The dipole
moment is the major mechanism of interaction between the electro-
magnetic field and molecular system. Other mechanisms of inter-
action may be present, such as electric quadrupoles and magnetic
moments, but are by far weaker. Thus, the Tine strength is a
function of the absorber molecule via the temperature, the
population distributions, the wavefunctions, the dipole moment,
and the incident radiation wavenumber. The line strength as used
by McClatchey, et al. [18] places the pressure dependence of Sgu,

represented by N ¢ into the absorption coefficient k'. Thus the
line strength, Sgu, is generally considered to be independent of
pressure, however, this assumes that the wavefunctions are un-
perturbed by neighboring systems.

2. The Line Shape

The line shape of a pressure broadened absorption line is
determined by the perturbations of exterior systems upon the
absorber molecule. A smearing of the energy levels results from
these disturbances, which produce a probability distribution of
the energy level shifts. For a collision broadened 1line, the line
shape function takes the form [18]

W uo
\_//’\\~//’~\\_/"""' f|11= "'?;""

7

Fig. 41. Smearing of energy levels,
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This function is known as the Lorentz line shape. The half-

width, o, to a good approximation is determined by the kinetic
theory of gases EZZ].

' 1/2
oA 2 i ]
(24) L E N'i (Da,i) [2 kT (-M-a— + ﬂ-.l-)}

where Ni - number of molecules of the ith-type per volume
- optical collision diameter of the absorbing

a,i
molecule related to the ith-type molecule
M - absorber mass
4 th
Mi - i~ -type molecule's mass
T - temperature in K
k - Boltzmann's constant.

For an absorbing molecule with a single foreign broadener, the
halfwidth becomes

] 1/2
S 1/2 ] 2 [2
(25) B = 3?'[2 mkT] Iﬁa (Da,a) [ﬁ;]
i 1/2)
2 I 1
+ Nf (Da,f) [-M-;'F M—;:\ j
P
Using the relation Ni = and defining

(26) B =
1 (0. H,)° | 4 L IV
k 3 a 2 Ma MN2
§
, sl 1
z 0,0 i H
4 (27) F= - =
0.2 e L] g
a’? My My
2.1
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the halfwidth becomes

P P 3 1/2
_ 1 1/2| "a f 211 1
(28) % T Ir [2 nkT] {ET B+rr F](Da’NZ) [ﬂ: b4 ﬁ'lr]
2

B represents the self-broadening coefficient and is measured
relative to nitrogen as the equational definition demonstrates.

F represents the foreign-broadening coefficient and is defined
relative to nitrogen. When the foreign molecule is nitrogen gas,
F equals one. To express the collision halfwidth in a standard
form, the term P, the effective pressure, is introduced as

(29) Pe = Bpa + pr .

The halfwidth at standard temperature and pressure becomes

(30) e o2 L e
“co 7 G /2 ;
4 nk a N2 T0
For any pressure and temperature
P fT \ise
(31) a. = o £ (—0)
c  “co ﬁ;; i

The kinetic theory does not account for all observed phenomenon
concerning halfwidth measurements. It is necessary to treat the
problem quantum mechanically. Using such an approach, the halfwidth
displays a dependence on J, the rotational quantum number [23].
Increasing J-numbers produces decreasing halfwidths.

At Tow altitudes where the pressure is above 60-70 torr, the
collision broadening and the Lorentz line shape will determine
Jj(y-vg). However, at high altitudes where the atmospheric pressure
is be?ow 60-70 torr, a different 1ine shape will occur. Due to the
reduced number of molecules, fewer collisions occur. The spectral
line shape is then influenced by the kinetic motion of the molecules.
Such phenomenon is described by the Doppler effect. Pure Doppler
broadening occurs around 0.1 torr and below, thus the pressure
region between Doppler and collision broadening is a combination
of the two phenomena.

The pure Doppler broadened 1ine has a line shape via the
Doppler equation and the Maxwell-Boltzmann distribution.
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(32) Inlv = v,0 = AR exp o (2,2)
D
where
2 kTen2 \1/2
(33) a Y
D MCE 0 5

The shape is Gaussian in nature, which reduces the wing absorption
as compared to a Lorentz profile. Figure 42 exhibits this fact

for lines with the same halfwidth and 1ine strength., Doppler lines
are very much narrower than collision-broadened lines, for

example typical values for CO2 at 5 um may be

ap 0.0018

ac 0.0800 @ 760 torr.

The combined Doppler and collisional broadening effects
determine the Voigt line shape. Let the molecule have a stationary

shape factor j'(y - yo) and the velocity probability distribution of
p(ug then

oo

(34) J e = p )= J pes) 3"Gr = vy # %‘Yo) du

-00

Using Doppler's equation
[T u
(3) =y, (1-9

one obtains

(36) Yovgtvgg= v - o) =y =

j' becomes the Lorentz Tine shape and p(u) is a Maxwell-Boltzmann
distribution. Substituting into Eq. (34) jv(Y K Y0) becomes [19]
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(37) JV(Y = Yo)- ;m '&-D- (en 2)
(v' = vp)?
r“ eXp ~jr—gpe= 10 2}
. J ) dv'
. .
s BUE = 1) » U = R e

¥ .Yl = .Y

! Let (38) y = ——2 (2n 2)1/2

s Q.D

2

§

: o 172
< (39) a = - (sn 2)/ z
rl

i

{ Y~ Y

* (a0) ¢ = ——2 (s 27"/2

D 1

! 1

{ the

) en :

| a 2

i . - dy
| (41) 3oly = vg) = =S 40 2 B
i v ) “g T372 - (¢ - y)27+ a2

! This is the expression for the Voigt line shape. The equations
l below summarize the results obtained in the description of the
absorption coefficient. The equational forms are valid for
; either k or k', however the dimensions of the parameters must
} be adjusted.

Lorentz Line Shape

G 5 0
(<)

i‘ (423) k(Y) } S}]'u JjL(Y B Yo) E S:u (Y (ch )2 + Qz (km-])
0 o
3
: W) K= St g Gy ) o g Y:;Z —
b (Om](mf%) 4)
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(43)  k(y) = %, (v - v,) = g, a2 expl-y) dy -1
(1011' _O(I;_y)2+a2
Dopplier Line Shape
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PART D
A DIFFERENTIAL SPECTROPHONE OF UNIQUE DESIGN
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CHAPTER I
INTRODUCTION

A. Introduction

This research was prompted by the need for a portable instru-
ment capab]e of m?asurinq molecular absorption coefficients on the
order of 10-8 with an accuracy of *10% usina a one-watt c.w.
laser source. The conventional method used for laboratorv measure-
ments of molecular absorption employs the multi-traversal or White
cell [1]. In order to determine the transmittance for low absorption
levels, this technique requires takino the ratio of two quantities
that are very nearly equal. It can be easily shown [2] that a small
error in this measurement will produce a laraer error when it is
used to determine the absorption coefficient. For a transmittance
near 90%, Fiqure 1 shows that a 1% error in the transmittance will
result in a 10% error in the absorption coefficient,

Measurements with a Taser-illuminated spectrophone give
results which are linearly related to the absorption coefficient
so that this instrument is potentially capable of meetina the above
specifications; however, a number of problems have limited its use-
fulness. These problems include calibration, "window" effects, and
contaminants. The present effort has resulted in an improved
instrument which will be described.

The optoacoustic effect, which was discovered in 1880 by
Alexander Graham Bell [3], received relatively 1ittle attention
until intense coherent 1jaht sources became available. The first
attempts at employing this effect to measure absorption in gas
samples were limited by the intensity of thermal radiation sources.
Viengerov [4] made the first such measurements in 1938 using a
pressure transducer mounted in a resonant cavitv. However, it was
the advent of the laser which allowed Kerr and Atwood [5] to
demonstrate the potential of the spectrophone as a sensitive
instrument for the measurement of weak absorptivitv in gases. In
1967 they emp]oyed both a pulsed ruby and a c.w. C0p laser for the
purpose of measurina water vapor and COp absorption wwch a non-
resonant gas sample cell and a capacitance manometer (pressure
transducer). Usina a cho?p1nq frequency of 0.19 Hz, thev achieved
a sensitivity of 107 cm-1, that was limited by a fa]se pressure
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Figure 1. Percentage error in absorption coefficient plotted
versus percentage error in transmittances.

D-2




el 5

signal which was proportional to laser power and associated with
the end windows. In 1970 Kreuzer [6] used a non-resonant cell

with a pressure sensing microphone in order to measure gas concentra-
tions with a He-Ne laser and to further study the ultimate sensi-
tivity of the spectrophone. At_3.39 » he was able to achieve an
experimental sensitivity of 10-8 parts methane in air using a
modulation frequency of 400 Hz in conjunction with a high Q,
frequency selective amplifier. Ampnlifier noise limited sensitivity,
while contaminants, i.e., gases trapped in the cell walls, appar-
ently limited the accurate determination of low level absorber
concentrations.

In an attempt to improve the acoustic techniaue, Dewey and
co-workers [7] modulated the excitation beam at a frequency
corresponding to a natural (Helmholtz) frequency of the sample
cell, thus producing a resonant spectrophone. While the non-
resonant acoustic (pressure) signal decreases with modulation
frequency, this work demonstrated the enhancement of the pressure
signal at or near the resonant freauencies of the sample cell
(~3900 Hz). This type device has a relatively large volume-to-
surface area ratio which should serve to reduce the probiem of
contamination but because of the large acoustic "Q" required and
observed, this technique is extremelv sensitive to variations in
either modulation frequency or the speed of sound in different
samples of gas.

Deaton, et al. [8], improved the sensitivity of the basic
spectrophone by designing a non-resonant differential instrument
consisting of two isolated chambers connected by a sinale IR window.
This technique, which will be described later, served to substanti-
ally reduce the false pressure sianal and _prodyced an eaquivalent
absorptior backaround signal of 3.3 x 10-9 cm™ /watt. Because their
instrument employs a sensitive differential capacitive manometer,
(DCM) connected between two isolated chambers, small volume adjust-
ments were required in one of the two cavities in order to equalize
the static pressure across the manometer. It is beljeved that this
practice could have a serious effect on the instrument calibration.
This point will be given further consideration in Chanter III.

B. The 0.S.U. Differential Spectrophone

The instrument shown schematically in Figure 2 was designed by
Professor E. K. Damon to improve the spectrophone sensitivity by
empioying a "differential technique" similar to that considered in
electronic amplifiers.

Our experience, like that of Kerr and Atwood [5], had shown
that the principal problem associated with the achievement of
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maximum sensitivity in the spectrophone was derived from a false
pressure signal which aenerally could be attributed to "window
noise." \When performing measurements this "window noise" presented
itself in the form of an in-phase sianal that produced a constant
background which seemed to naturally determine the ‘ower 1imit of
sensivitity. A more powerful radiation source could not imnrove
the system siagnal-to-noise ratio, since the predominant noise
source was also proportional to laser power. Further, its phase
appeared to be nearly coincident with that of the desired pressure
signal; thus filtering by a lTock-in amplifier could not reject its
presence.

The differential spectrophone which appears in Figure 2 was
designed with the intention of eliminating that portion of the
false pressure sianal caused by the absorption of incident radia-
tion by the IR windows. In order to accomplish this objective,
two chambers of different lengths but equal volumes were joined
together. The principle employed is that, when the instrument
contains an inert sample gas, the pressure rise produced by the
windows in each chamber will appear as eaual signals (in magni-
tude and phase) on opposite sides of the pressure sensor (acting
in a differential mode). This should then produce a null sianal
out of the DCM (trade name Barocel) assumino the heatina effects
at all three windows are identical.

llhen an absorbing gas sample is beina measured, the pressure
signal in cells A and B will consist of two parts -- that due to
the windows and that due to molecular absorption by the gas.
Assuming that all windows and both volumes are equal, the window
signal will be equal in both chambers and therefore cancel. Be-
cause the radiation energy absorbed by the gas is proportional to
path length, the absorber sianal will be greater in cell A than
in cell B. Thus, the response of this instrument is roughly
equivalent to that of a cenventional spectrophone whose lenath is
equal to the difference between that of cell A and cell B with the
important difference beina that there will be no false window
signal.

Because one_is interested in measuring pressure variations on
the order of 10-3 - 10-6 torr, it is necessary to equalize the
static pressure across the DCM to within its workina ranae (approxi-
mately 0.01 torr). By employina a micro-meterina (leak) valve
(see Fiqgure 2) between the two chambers, this balance is achieved
without any adjustments to system parameters, j.e., cell volume.

D-5
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CHAPTER II

THE EXPERIMENTAL APPARATUS

A. Introduction

The absorption coefficient of a gas sample can be obtained from
a spectrophone measurement by simply taking the ratio of the pres-
sure signal to the incident radiation (laser) power and multiplying
by a predetermined calibration constant [5]. Because the pressure
signal varies linearly with laser power, it is essential that the
two be compared at the same time or that the laser power remain
relatively constant during a measurement. Although the time
constant of the DCM signal processing electronics was adjusted to
match that of the laser power meter (% 4 sec), the method of data
acquisition employed here precluded a simultaneous comparison of the
two signals. Thus it was necessary to build a radiation source
whose output varied slowly with time. The stabilized, grating

tunable, COp laser which resulted will be described in section B
of this chapter.

The differential spectrophone which appears in Fiqure 2 served
as the prototype for this study which was undertaken to investigate
certain probliems that had previously been encountered [9]. As a
result, several physical improvements were made on this instrument
in an effort to eliminate these problems which will be discussed in
Chapter III. The Brewster angle differential spectrophone that was
ultimately developed will be described in section C.

Section D contains a description of the electronics and trans-
ducers utilized in this study. Included here is a brief analysis
of the signal processing which was performed by a lock-in amplifier
on the analog signal from the electronic manometer. This discussion

will have significance when the topic of kinetic cooling is considered
in Chapter III.

B. The Stabilized C02 Laser

The source of radiation used to perform measurements with the
spectrophone was a frequency stabilized, grating tunable, sealed
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off COp gas Taser. This laser operates at a nominal power level of
two watts in the TEM,, mode on the P(20) line of the 10 v band.

The important feature is the stability of the output power which
was observed to remain constant within + 0.25% over several minutes
as measured with a Scientech disc calorimeter, Model 3600,

Following construction, the Pyrex plasma tube was chemi-
cally cleaned and subsequently outgassed using a high vacuum dif-
fusion pump in conjunction with an infrared heat lamp. The tube
was then filled with COp, Ny, He, Xe, and Hz using the manifold
shown in Figure 3. It was necessary to refill the plasma tube
every few days, as the laser power was gradually degraded by
unknown contaminants. A roughina pump (see Figure 3) was used to
evacuate the laser to a pressure of approximately 20 microns, after
which the tube was refilled. Following this procedure, the laser
output returned to the desired Tevel.

WALLACE AND

0-800 TIERNAN
MOLECULAR =
SIEVE Y PRESSURE GAUGES
TRAP
VACUUM | 5
i i:j>_*§z}c%b — SPECTROPHONE
STAINLESS CED
STEEL H,0
TEST TUBE VACUUM
GAUGE
NRC
METERING
VALVES
SHUT OFF
VALVES
TO LASER
H, He €O, N,

Figure 3. Manifcld.
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The optical cavity consists of a plane grating, to allow
single line operation, and a spherical output mirror. The aluminum
grating is blazed at 26° 45' and ruled with 150 grooves per
millimeter. The germaiiium output mirror is 20% transmittina and
has a 10 meter radius. The mirror is attached to a peizoelectric
crystal, PZT, to provide both manual and electronic tuning of the
cavity length; the latter function will be discussed in subsequent
paragraphs.

To 1imit Tasing action to the TEMyo mode, irises are located
internally at each end of the laser cavity. High purity nickel
electrodes and a regulated and filtered d.c. power source are used
to excite the plasma. The electrodes, see Figure 4, are shaped in
the form of a semi-closed circular band, which is located within the
cooling zone of the plasma tube. Sodium chloride windows, 3 mm

thick. are mounted at the Brewster angle on both ends of the plasma
tube.

COOLING
WATER JACKET NaCl WINDOW

WATER PORT /

IRIS

/

CAVITY OPTICS
TUBE NICKEL ELECTRODE

Figure 4. COp laser tube and optics.
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Electronic tuning of the cavity length is accomplished by
a frequency stabilizer which is electrically connected to the
PZT. The stabilizer design was adapted from one that Thomason
and Elbers [10] used with a commerical laser. In operation, the
stabilizier periodically varies the cavity length a small distance
which causes a small modulation in the laser's output power,
when operating above threshold. This variation in output power
simultaneously produces oscillations in the plasma impedance which
are synchronously detected by the stabilizer. This signal is then
used to create a control voltage which is "added" to a manually
adjusted PZT bias voltage.

The impedance of the COp laser plasma varies inversely with
gain. By sensing changes in plasma impedance, it is possible to
maintain laser operation at line center (maximum cain) by adjusting
the cavity length to continuously minimize impedance. The
stabilizer correction signal is derived by integrating the output
of the synchronously detected variations in plasma impedance induced
by a 520 Hz voltage applied to the PZT. The integrated signal is
then amplified and "added" to the PZT bias voltaae so as to adjust
the optical cavity length to obtain a minimum error (plasma impedance)
signal and thus maintain maximum gain.

C. The Differential Spectrophone

The instrument which will be described here was derived from
modifications performed on the prototype device which is shown in
figure 2. The essential difference between the original and
modified version, schematically displayed in Fiaure 5, is the
mounting of the three IR windows at the Brewster angle. This was
accomplished by vacuum sealing three NaCl windows on aluminum
adapters which were machined to the appropriate angle. An equally
important modification was to correct the volume of cell B',
to achieve equal volumes on both sides of the center window. The
final modification eliminated a mechanical plunaer which had been
incorporated into the design of cell B' which was to be used for
small volume adjustments. This was eliiminated to prevent any
future variations in the cell volume and to insure a vacuum-tight
instrument.

CELL B' CELL A'

_____ B R R o o v U T i b i T s e ek e et i e e
Paant. FE Al e co e ———— [P
- asad

ADAPTER B" ) ADAPTER A"

Fiqure 5. Brewster angle differential spectrophone.
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The Tong and short cavities of the spectrophone were machined
from aluminum, as were the three Brewster angle window adapters.
i The NaCl windows were cemented onto the adapters with a low
vapor pressure sealant, trade name "Torr Seal", which is specifi-
cally intended for vacuum applications. Vacuum integrity of the
assembled instrument was achieved by Viton "0" rings which were
installed between each of the separate sections. External plumbing,
see Figure 2, was composed of bellows sealed vacuum valves con-
nected by #304 stainless steel tubing using #316 stainless steel
fittings, trade name "Swagelok."

The cell A' measures approximately 5 x 5 x 30 cm and includes
% a 30 cm long hole thru the center of the cell which was reamed
N and polished to a final diameter of 1.031 cm. "0" ring grooves
g 1.588 cm in diameter were cut at each end and a 0.318 cm hole,
running perpendicular to but not penetrating the 1.031 cm bore,
was drilled near the center of the chamber to accommodate the
temperature sensor. The volume of the long chamber which includes
\ that of cell A' and several short sections of 0.64 cm diameter
x tubing, see Figure 2, measured approximately 38 cc as did the

modified short chamber.

The short cell, B' shown in Figure 6, measures approximately
. 5 x 5 x 7.62 cm and as can be seen is somewhat complex compared
Rt to cell A'. This cell offers a relatively short path for the
; incident beam but with the compensating volume B''' comprises a

volume equal to that of the lona chamber. The compensator B'''

was originally designed to incorporate a small mechanical plunger
within the cavity in order to permit small volume adjustrents.
! It was originally theorized that a small adjustment in the volume
of cell B could be performed which would allow complete cancella-
tion of the false window signal. This was never realized in the
spectrophone of Figure 2 for reasons which will be discussed in
Chapter III. The compensator B''' was modified, i.e., the original
hole was enlarged and undercut, to increase the cell volume. Also
the end was threaded for use with a stainless steel fitting, which
was used to vacuum seal the chamber.

3 The hole B'-B' of the cell B' was enlarged to allow for the
4 refraction of the laser beam caused by the 5 mm x 25 mm NaCl
3 windows. Similarly, the adapter B'' was displaced 0.229 cm from

the geometrical center of the instrument, see Fiqure 5. The
adapters A'' and B'' both measured approximately 5 x 5 x 6.5 cm;
however, the ends, see Figure 5, were turned down to facilitate
the machining of the Brewster angle.

The spectrophone which appears in Figure 5 is the instrument
that was employed for the final tests and measurements which are
described in Chapter III.
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D. Accessory Equipment

1. The Electronic Apparatus

In addition to the laser and spectrophone, several other instru-
ments were involved in the experiment, see Figure 7. The pressure
sensor used with the differential spectrophone is a C.G.S. Data-
metrics Model 523-15 differential electronic manometer, DCM trade
named Barocel. Its theory of operation is very similar to that of
a capacitive microphone in that a flexible diaphraam is placed
between two metallic plates, creating two capacitors whose relative
values change with motion of the diaphragm. The capacitors are
used to form opposite legs of a bridge circuit whose output is
amplified to produce an analog signal, which is proportional to
the pressure difference across the diaphragm. The pressure sensor
has a full scale range of 1 Torr while the associated electyonic
unit offers a selection of higher sensitivities down to 10" Torr
full scale.

LASER TELESCOPE SPECTROPHONE CALORIMETER
[
‘ ] BAROCEL
H.V. 8 Hz SENSOR
STABILIZER DC CHOPPER *
SUPPLY
BAROCEL POWER
ELECTRONICS METER
.- TO
5,253 <._;.}COMPUTER
\ |
2 ELECTRONIC
LOCK=IN AMF THERMOMETER
\

DATA LOGGER

Figure 7. Experimental apparatus.
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The pressure sianal is processed by a lock-in amplifier,
Princeton Applied Research Corporation Model 128 A, which synchron-
ously detects and integrates the pressure signal. The reference
signal for the lock-in amplifier is obtained from an infrared
diode-photo transistor pair that is mounted on the mechanical
chopper. The chopper, which employs a synchronous 240 rpm motor
and a stainless steel blade, provided 100% modulation of the laser
beam at a frequency of 8 Hz. This frequency was selected in order
to limit the problems of d.c. drift while maintaining a good signal-
to-noise ratio for the pressure signal.

The laser power was monitored by a disc calorimeter, Scientech
Model 3600, which when used with its associated power meter has a
time constant of 4 seconds. Thus, the laser power readings were
not affected by the 8 Hz modulation, except that half the power
was lost by chopping.

Because of the significant temperature dependence in the
absorption coefficient for COo gas samples, it was necessary to
continuously monitor the temperature of the spectrophone. An
electronic thermometer, Stow Laboratories, Inc. Model 911 PL,
was employed for this purpose, with its sensor located in the
body of the long chamber.

The raw data which included the integrated pressure signal,
laser power, temperature, and the time of day were recorded by a
United System Corp. Model 1267 data loaaer. The outputs of the
pressure transducer and power meter were aiso interfaced to a
digital computer, see Fiqure 7. This capabilityv was employed to
determine the response of the Barocel pressure sensor and the
shape of the pressure sianal.

2. Pressure Siagnal Processing

The pressure sianal that was obtained from the Barocel
electronic manometer was fed into the lock-in amplifier, which
was used to determine both the maanitude and phase of that signal.
The purpose of this section is to clarify the manner in which
this was accomplished; its application and importance will be
discussed in Chapter III.

As was previously mentioned, the reference frequency signal
was derived from a photo diode-transistor pair located on the
mechanical chopper. The output of the photo transistor was a
square wave voltage that went high while the chopper blade was
passing in front of the diode and low otherwise. In order to
have a well defined phase reference the motor-chopner assembly
was positioned so that its signal was going high as the laser
radiation became incident on the spectrophone cell.
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Figure 9. Analysis of pressure signal processing.
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The lock-in amplifier allows the user to choose the relative
phase (with respect to the reference sianal) of the internal
square wave. The one displayed in graph 9 (c) is defined to have
a phase of 90°. It is easy to show that a phase of 0° or 180°
for this pressure signal would result in a minimum time averaae
signal. Tnus, the magnitudes of two orthogonal components of a
pressure signal can be obtained by means of the calibrated phase
control switch on the amplifier. From the magnitudes of a signal
taken with relative phases of 0° and 90°, it is an easy matter to
determine the resultant magnitude and phase of the phasor which
represents the total pressure siqnal.

In a situation where the phase of the pressure sianal varies
with absorber concentration, it is evident that an accurate
determination of the signal magnitude must account for phase
variations. In the case of COp absorption measurements, the above
situation was observed and the pressure sianal was analvzed using
the Tock-in amplifier to determine both the maanitude and phase
in the manner just described. Chapter III presents the results of
several measurements performed with CO» as the absorbing gas in which
this effect was observed. A brief ana%ysis of the manner in which

kinetic cooling serves to produce the observed phase delays in
the pressure signal is given in Appendix A.
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CHAPTER III

TEST MEASUREMENTS AND RESULTS

AL Introduction

There should be no backaround window signal observed with
the differential spectrophone and its response for an absorbing
sample must be proportional to the difference in Tenath between the
long and short chambers. Attempts to measure the differential
effect raises two fundamental questions.

(1) Are there any other background sources which could
serve to mask the window signal?

(2) Can the pressure signals in each cell be measured
independently?

Associated with these questions is the influence on the instru-
ment response of cell volumes and the laser beam trajectory.
These questions together with test measurements performed on the
prototype and modified versions of the differential spectrophone
are considered in section B of this chapter.

Having demonstrated that the Brewster anale differential

spectrophone, shown in Figure 5, performed as required, a series

of measurements with CO2 in air and selected measurements of H20

in N2 were undertaken to demonstrate the performance of the instru-
ment. The experimental procedures are outlined in section C while
the results which were obtained are given in section D. Also con-
sidered in section D is the kinetic coolina that was observed in
the measurements of CO2 in air. A more detailed description of
kinetic cooling appears in Apnendix A.

B. Test Measurements

The experimental analysis of the differential spectrophone
consists of two parts:

(1) a demonstration of sensitivity, and

(2) a demonstration of linearity.
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The sensitivity of the conventional spectrophone is limited
by a false pressure signal which is generally attributed to the
end windows. The advantage offered by the differential instru-
ment is the increased sensitivity which can be obtained by
eliminating this unwanted signal. This does not necessarily
mean that all background signals will be eliminated, but it is
expected that there will be a major improvement.

When measuring an inert sample gas, the proper oneration of
the differential spectrophone is indicated by eaual pressure
signals in cells A and B, see Fiaure 2, and therefore no net
signal should be observed from the pressure transducer. This
theory tacitly assumes that all three windows are "identical,"

a stipulation which is difficult if not impossible to predetermine.
Hence, when filled with an inert sample, this instrument functions
as a window tester. A valid criterion for proper operation of the
differential spectrophone is the inability to distinguish, by
means of the pressure signal, the presence or absence of laser
radiation thru the instrument. This requirement satisfies an
intuitive understanding of the desired objective but there are
other factors which need to be considered because of their
influence on background as well as absorber measurements.

N The initial experimental efforts in studvina backaround

levels were performed with the prototype differential spectro-

¥ phone of Figure 2 usina the physical arrangement shown schematic-
| ally in Figure 10. The results of this investiaation showed that

\ M2
CO, LASER -——
E 1§ TELESCOPE
CELL B\ /CELL A
| * POWER
| METER SPECTROPHONE 7 Mi
i E va
1 BAROCEL
E SENSOR
Figure 10. Schematic of experimental optics.
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small changes in beam trajectory, caused by fine adjustments to

mirror M1, had a dramatic influence on the maanitude and sign of the

recorded pressure signal. Fiqure 11 shows the process by which the ‘
lock-in amplifier was used to determine whether the pressure |
signal from the spectrophone is positive or negative. Depicted '
in graphs 11 (b) and 11 (c) are the ideal pressure signals which

would be independently observed from cells A and B, respectively.

Graphs 11 (e) and 11 (f) indicate the convolved signals which are

internally generated by the Tock-in amplifier and subseauently

processed using a time-average intearation. Since the pressure

transducer actually superimposes these two sianals, the sign of

the output from the Tock-in amplifier is determined by the relative

magnitude of the signals which appear in graphs 11 (b) and 11 (c).

For convenience, the Barocel sensor was installed so that a

pressure rise in cell A would cause a positive signal out of the

lock-in amplifier; hence by observing the sign of the resultant

pressure signal, it is possible to determine which cell is the

source of the dominant background signal.

By making small adjustments of mirror M1, it was determined
that the background pressure sicnal could be eliminated or continu-
ously varied in either the positive or neaative directions.

However, these adjustments were of such a critical nature that

they led to severe stability problems which caused both background
and absorption measurements to lack repeatability from day to day.
The critical alignment procedure which influenced the false pressure
signal also affected the signal observed from an absorbing gas
sample. By employing the above techniaue with the instrument

shown in Figure 2, it was possible to realize the desired objective,
i.e., eliminating the backaround signal but not without observing
what was felt to be a more serious limitation.

At the same time, a periodic (8 Hz) instability in the CO2
laser was observed which also appeared to be dependent upon the
adjustments performed on mirror M1. The radiation which was
reflected from the windows of the spectrophone was apnarently
sufficient to create measurable optical feedback which disturbed
the operation of the laser. By employina infrared thermal screens
and slowly adjusting mirror M1, it was possible to observe
radiation reflected from each of the three windows, as well as
3 multiple reflections from the cell walls.

Due to machining imperfections, the three windows were not
quite parallel, hence the reflected radiation seldom traveled a
direct path out of the spectrophone. As a result, the chanaes in
i beam trajectory which were initiated at mirror M1 not only influenced
i the ray path of the incident radiation but also the number of reflec-

s tions inside the instrument and therefore, the radiation absorbed
1 ‘ by the walls and windows. If the windows had been parallel, the
possibility of etalon effects would have existed between the eight
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window surfaces. This could have added an additional frequency
dependent phenomenon to the previously mentioned difficulties.

(In the past, it was felt that spectrophone calibration was necessary
at each frequency to be considered.)

The solution to these problems was the construction of the
differential spectrophone shown in Figure 5, with all three IR
windows at the Brewster angle. This instrument had no observable
reflections from the windows and the laser instabilities which
had previously been encountered were no longer observed. More
importantly, the criterion for proper operation of the instrument
was achieved without any fine adjustments to the optical alignment.
The nulling of the window signal was simply obtained by aligning
the laser beam with the optical axis of the spectrophone; further,
the resulting signals for inert or absorbing samples were not
affected by small changes in this optical alignment.

The linearity of the differential spectrophone was demon-
strated by examining the instrument response versus absorber
concentration. This is presented in Figures 14 through 22, where
the ordinate is a ratio of the pressure signal to laser power and
the abscissa is the absorber concentration. From these figures,
it is observed that the response of the instrument does appear to
be linear.

Equivalently, one might consider measuring the pressure
signals in the two cells, A' and B', of the modified instrument,
see Figure 5, and demonstrate that the superimposed response is
equal to the difference between the individual signals. Referring
to Figure 10, it can be seen that it is possible to independently
observe the pressure response produced in cell A (B) by closing
valve V5 (V4). However, it should be realized that the system
response is fundamentally changed while either of these valves,

V4 or Vg, is closed.

When a pressure rise occurs on one side of the pressure
sensor, its diaphragm deforms (approximately 0.05 mm/Torr) and
compresses the reference volume until equilibrium is achieved.
This causes the transducer response to be a function of not only
the deflection characteristics of the diaphragm but also the
relevant volumes, and requires that the reference volumes "seen"
by the DCM remain unchanged if comparable results are to be
obtained. Because the instrument linearity was more easily and
accurately established by the previous method, this last technique
was never seriously attempted. However, it is interesting to
examine the influence which a volume change exerts on the system
response.
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Figure 12 shows the results of measurements that were performed
with the Brewster anale differential spectrophone using C0O in air
as the absorbina gas and the P(16) line in the 10 u reqion as a
radiation source. The solid line indicates the results of measure-
ments performed with the unmodified instrument, the dashed line
represents the data obtained by addina approximately 10 cc of
external volume to chamber B' of the spectrophone. It is clear
from these results that the pressure signal was sianificantly
increased as a result of this chanae; however the null in the
background signal obtained by machining equal volumes in the
oriainal instrument was sacrificed.

C. Experimental Procedure

The most serious problem encountered in using the spectrophone
as a spectroscopic tool for measurina small absorption is contamin-
ants. In order to minimize this problem (it was never eliminated),
the spectrophone and its associated vacuum svstem were outoassed using
heating tape and 9 Vacion pump. The ultimate vacuum achieved was
approximately 107/ Torr at a temperature of 52°C (measurements were
performed near 23°C). A mass snectrometer was connected to the vacuum
system but the results obtained were inconclusive.

Gas samples were introduced usina the manifold and pressure
gauges shown in Figure 3. In order to minimize backstreaming, a
molecular sieve trap was mounted on the roughina pump which was
used to remove gas samples between measurements. The C0O, in air
samples were obtained from Primary Standard gas cylinders containing
1.0%, 0.2 %, 0.1 %, and 0.04% CO» in air. Concentrations of (0]
near 0.5%, which were also measured, were obtained by mixina the

% sample gas with one of the smaller concentration samples. This
dilution was accomplished by introducina equal amounts of the two
gas samples into the spectrophone plumbina system and mixina for
five minutes with a circulation pump, see Fiqure 13.

Water vapor samples were introduced from a Pyrex test tube con-
taining double distilled Hp0. Before Ho0 was introduced into the
spectrophone, the test tube was partially evacuated in an attempt to
remove anv other remaining gases, see Fiaure 3. The water vanor
sample container was then opened to the evacuated spectrophone cell
until the desired partial pressure was obtained, after which Np
was added until a total pressure of 760 Torr was reached. The
sample was then mixed using a circulatina pump, see Fiaure 13,
and the water vapor concentration was measured usina an EGG dew
point hyarometer, model 992-C1. Two one-liter stainless steel
sample cylinders were included in the plumbina system in an attempt
to increase the system volume-to-surface area ratio and thus reduce
condensation in the mixina process. In qeneral, the partial
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pressures of H20 measured with the dew point hyarometer and the
mechanical pressure gauges were in close agreement.

After a sample gas was introduced into the spectrophone, two
separate measurements were consecutively performed on that sample.
The first measurement was performed with the lock-in amplifier
phase control set at 0°, see Fiaure 9 and the discussion which
appears in section D of Chapter II. The second was conducted
with the lock-in amplifier phase control switched to 90°. The
results of these measurements, divided by the recorded laser power
were interpreted as the orthogonal components of the pressure
signal and were used to obtain the maanitude and phase of that
signal. The absorption coefficient was determined by multiplying
this calculated magnitude bv a calibration constant which was
obtained from White cell measurements.
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B Measurements

In order to demonstrate the usefulness of the Brewster angle
differential spectrophone, a series of measurements was performed
on nine lines, P(12) thru P(28), in the 10 u reaion with the CO2
laser that was described in section B of Chanter II. These measure-
ments were performed using varying concentrations of COp in air as
the absorbing gas. The results of those measurements are presented
in Figures 14 through 22. The data shown in these araphs are
given in direct experimental units, i.e., the calculated magnitude
of the pressure signal scaled by the laser power and were obtained
at a temperature of “24°C.

Calibration for the spectrophone was obtained from the White
cell measurements of CO2 in air on the P(20) line by Mills [11], see
Figure 23. The calibration obtained from this 1ine, P(20), was
assumed to be valid for all the other frequencies which were con-
sidered in this study. The absorption coefficients at the nine
measured laser lines for a 1% concentration of COp in air are given
in Figure 24,

The absorption measurements of CO, conducted with a spectro-
phone are complicated by the effects 0% kinetic cooling [12] which
influence the phase of the observed pressure signal. The net
effect of kinetic cooling is to make the phase of the pressure
signal a function of the relative concentrations of C02 and N».
Figure 25 shows the phase of the pressure signal versus the
absorption coefficient of the CO2 sample which was measured on

the P(24) line. It can be seen from this data that kinetic
cooling has a significant influence on the phase of the pressure
signal and must be considered in the analysis of spectrophone

CO2 measurements.

In contrast to the phase dependence observed in the C02 data,
the phase using water vapor as the absorber remained constant with
absorber concentration. This pressure-signal phase is plotted in
Figure 26 as a function of absorption; its phase is observed to
remain constant, within experimental accuracy. The corresponding
data for absorption at the P(20) line versus partial pressure of
water vapor is shown in Figure 27,

The measurements presented in Figure 27 are comparable (* 5%)
to established results [13] but appear slightly high. The data
shown in Figure 28 indicate close agreement with the results
obtained by Mills [14], which are aiven by the solid line. The
level of absorption being measured here is nearly an order of
magnitude qgreater than that in Figure 27; hence, the contribution
of contaminants is less apparent. It is also possible that a
frequency dependence is being observed in the contaminant, such
that its contribution is smaller for the R(20) line in the 10 u
band than the P(20) line.
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CHAPTER TV

SUMMARY AND COMCLUSIONS

\ A.  Summary

The purpose of this study was to develop a differential
spectrophone capgb]e of measuring absorption coefficients on
the order of 1078 cm~1. To this end, experiments and modifica-
: tions were performed on a prototype. The resulting instrument
i was shown to have a linear response and to meet the above sensi-
‘ tivity specification.

The need for this instrument was described and a number of
the problems which had previously been encounted in conventional
spectrophones were discussed. The instrument presented here was
shown to offer a major improvement in sensitivity by eliminating
) the background "window" signal without introducina further compli-

cations.

- s

A two watt, sealed off, frequency stabilized, C0, gas laser
was used to perform absorption measurements with the Brewster
angle differential spectrophone developed here. The results of
these measurements, which used CO2 and H20 as the absorber, were
used to demonstrate the linearity and sensitivity of the instru-
ment.

o

The effects of kinetic cooling were observed in the COp
measurements. The influence of this process was analyzed and the
{ technique employed to measure its effect on the pressure signal
b was also presented,

B. Conclusions

The positioning of the spectrophone windows at the Brewster
angle not only resolved the problems directly associated with
reflections from these surfaces but more importantly eliminated
the multiple reflections from the cell walls and therefore the
pressure signal caused by the corresponding energy losses at the
wall. This signal was observed to have a pronounced influence
on measurements and to be critically dependent upon chanaes in

B
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the optical alignment used to introduce the radiation source.
Thus, the use of windows at the Brewster anale appears to be

essential for obtaining repeatable results with the type of
instrument described here.

The influence of system volumes on the pressure transducer
response should be considered as an important factor in the in-
strument performance. It would seem that any efforts in the area
of internal or direct calibration of a spectrophone will require
a method for determining the actual magnitude of the pressure
signal based on that measured with a system of finite volume.
Certainly, it is important to leave the instrument volume param-
eters unchanged once a calibration has been obtained. The use of
a leak valve across the two chambers of the differential spectro-
phone eliminates any need to adjust cell volume in order to

equalize the static pressure across the differential capacitive
manometer.

Water vapor absorption measurements were the most difficult to
accurately perform. The internal contaminant problems in the
present instrument appear to be sufficiently small to allow accurate
measurements; however, this was initially difficult to achieve
with Hp0. At the present time, efforts are continuing to determine
the origin of contaminants. These efforts have recently begqun
to meet with success with the initial results indicating that a
chemical reaction may be occurring between the H,0 and some com-
ponent of the vacuum system, the product of this reaction being

a contaminant gas which has the property of an absorber in the
10 » region.
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APPENDIX A

KINETIC COOLING

The use of a spectrophone for measuring absorption depends
upon the condition that the absorbed energy is proportional to
the temperature rise in the gas sample. A further consideration
is the rate at which this energy transfer takes place. The case
of CO2 in air deserves special attention, since the absorbed
energy can be initially stored in the form of internal vibration-
rotation energy [12]. This process has the initial effect of
cooling the gas sample and thereby inducing a time lag in the
anticipated temperature rise. This phenomenon is especially
important when the transient response of a spectrophone is being
used to obtain absorption measurements since the pressure signal
phase will be a function of the relaxation times of the involved
vibration-rotation energy levels,

The processes involved in CO2 absorption are the same as
those occurring in the C02 laser - the only differences being
direction and the proportionality constant of the transition
matrix, hence

C02 (100) + hv== co, (001)

Alsc, the same vibration coupling of COp (001) and Np employed in
the CO, laser is active in absorption. Owina to the relative
concentrations of Nz versus COp in air, nearly all the vibrational
energy absorbed by the COp (00?) molecules is transfered to Nj.

The depletion of the (100) state of COy» (see Figure 29)
referred to above does not persist since there exists a rapid
vibration-translation interaction between the ground state of COp
and C02 (100). This process is not direct but involves transitions
between the degenerate bending modes of CO, and the (100) state.
The net result of these transitions is a momentary depletion of
the translational energy of the involved molecules, which corre-
sponds to a cooling of the gas. This process continues for a
period of time which will depend on relaxation rates of nitrogen
and CO» (001) from their respective excited states to their ground
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states. When these transitions have occurred, the absorbed enerqgy
presents itself in the form of translational energies which then
"heat" the gas.

From Figure 29 it is evident that the relaxation times ty, T.,
and t3 will be the determining rates in the transition of excited
vibration states to their ground state. Wood, Camac and Gerry [12]
have shown that the relaxation time t5 is a Tinear function of the
relative concentrations of N» and CO2. Thus, the net effect of
kinetic cooling is to cause an initial decrease in temperature and
delay the impending temperature rise for a time duration that is a
function of the relative concentrations of CO2 and air. In Figure 30
a plot of measured values of 15 (actually 1/tz is shown) versus C02
concentration (the concentration of No can be considered constant)
is given which indicates the Tinear relationship between these two
quantities. These measurements were obtained from the phase measure-
ments of the pressure signal which are shown in Figure 25 of Chapter
IV. Thus, the effects of kinetic cooling are readily observed with
the spectrophone and can be used to determine one of the relaxation
times involved in this process.
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Figure 30. Effective relaxation time for COp absorption.
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MISSION
of
Rome Air Development Center

RADC plans and conducts research, exploratory and advanced
development programs in command, control, and communications
(¢3) activities, and in the ¢3 areas of information sciences
and intelligence. The principal technical mission areas
are communications; electromagnetic guidance and control,
surveillance of ground and aerospace objects, intelligence
; data collection and handling, information system technology,

ionospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.
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