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PART A
INTRODUCTION

This is the first semi—annual report on Contract F306O2-76—C-0058.

Three of the major activities are reported in detail in Parts B, C,
and 0.

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 u rn 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 spectrophorie.

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

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

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

7. Modification of a commercial CO2 laser for single line operation
and design of an improved ~home-made ” frequency stabilized
CO2 laser.

8. White cell water vapor abosrption studies with the above CO2
lasers.

9. Ozone spectroscopy of 2 V3 band including the design of a
special 2 meter per pass stainless steel White cel l with
77°K cooling capability .

10. Refurbishment of a DoD surplus computer system, SEL Model
810B , for use in laser transmi ttance 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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INTRODUCT ION

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
gases of interest is frequent~y re lat ively high, as we ll a s for
atmospheric transmi ttance studies . Studies of atmosp heric trans-
mi ttance for high energy lasers is a particularly difficult regime
since very low absorption coefficients are of concern , wi th a conse-
quent requirement for very l ong path lengths .

This report will document the initial design phil osoph y of a
multi -pass absorption cell of the White cell type which is now under
construction at this laboratory . It is meant to supp l ement a long
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
in previous design techniques .

The basic requirement s 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 —58°C
~temperatures to 60°C desirable); have a temperature uniformi ty of
- 0.2°C along its length , to mini m ize turbulence effects; that it be
capable of at least a one km path length .

From experience with our present cell , the design concept must
a llow ready adaptabi lity a nd upgrading for future programs , offer high

• mechan ical stability and minimize vibration problems , and be capab le of
r ap id , accurate adjustment of the main optical system .

The major components wi l l  be treated in three sections : the
vacuum chamber and its supports , the main optical system and its con-
trols , and the accessories includ i ng windows , gas hand ling, 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.
A pair of these are side by side , setting the vacuum chamber diameter
at 24 inches .

c THE VACUUM CHAMBER

The vacuum chamber for the absorption ce ll is 40 feet long andt 24 i nches in  diameter (OD). To reduce contamination problems and to
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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-
1cm i n previous ex per i ments , and considera ble care has therefore been taken
to minimize the virtual leaks , or internal gas pockets , i n t h i s de s i gn .
Minima l wall thickness for crush strength under vacuum conditions is
3/ 16 inch; 1/4 inch was selected to provide a safety factor . Other
similar fac i l i t i es  have been successfu l .  Cel l  mass is approximatel y
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 therma l
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 .
A t 100°C, one woul d have a s imilar expansion . The length change would
ser i ousl y defocus the optics if they were attached to the cel l . This
problem can be countered by Utilizing a bellows in the vacuum chamber
or by translating the optics. In the desi gn to be adopted , the bel lows
woul d be di ff i cult to cool un i forml y, and fur thermore would produce a
7200 pound longitud i nal force upon chamber evacuation which would
necessitate a very stiff mechanical mount. The diameter change ,
although not large , would result in difficulties in mechanicall y
mounting the optics , and some lateral displacements would appear in—
evi table .

The decision was therefore made to mount the optics from a stable
ex ternal p latform and al low the v acuum chamber to be mec han i call y de-
cou pled. Implementation of this is shown in Fig. 2. The pla te upon
w hi c h the opt i cs are to be mounted i s sup porte d by th ree legs , eac h
1 .75 inch diameter . A 3 inch ID bellows (Pathway O3O1A) connects the
legs to the vacuum chamber . The bellows is quite flexible , and hor 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 wh ich will not cause any problems if suitable mechanical constraint
is used , and if the chamber and legs have a coni-non mounting platform .
This will be considered later.

The c hamber ends are f lan ged , and will be 0-ring sealed to end
caps which will contain the main optical ports . These , an d all other
0— rings , will be of Teflon wi th internal spring loading to maintain
seal ing pressures over the operating temperature range.

Six ports of eight inch diamet er are available , as indicated in
F ig. 1. Four of these allow access near the main optics for assembl y
and adjustment procedures , but will also be used for samp le han dli ng 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
cen ter a di agona l 48 i nch path for op tical monito ri ng pur poses . For
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mounting mon i toring apparatus or li ght baffles , there are also ten
internal brackets available . The primary feedthroughs for electrical
connections or coolant are six “ultra—t orr ” couplings for 1/2 inch
tubing near each end of the chambe r. The tubing will serve as conduit
for the wiring , eliminating contamination problems from connect ions to
the internal motors .

Thermal control of the chamber is accomp lished by circula ting
l iquid through a manifo ld welded to the outside chamber wall. There
are eight sect ions to the manifold , each consist ing of four 1 /2 inch
copper tubes 20 fee t long . The d iv is ion is in half lengthwise , so that
coolant enters near the center of the chamber and leaves near each end.
Each half is then manif olded 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 el ec tr i cal heaters
i n the li nes . A se para te coolant circuit will cool the chamber ends ,
supports , and other loads.

The major hea t load w i ll be the am bi en t surroun di ngs , although care
w i ll be needed i n thermally baffl i ng the d i ffus i on pump . The surface area
of the chamber is approximatel y 260 square feet. A 5 inch polyurethane
foam cover ing will have a therma l loss of approximately 5.4 BTU/square
foot at the l owest operating temperature , or 1400 BTU/hour total , while
6 i nch g lass wool woul d be clos e to 2000 BTU/hour . There w i ll be addi-
tional losses through the supports and optica l ports , although these
should be small. For purposes of these calculat ions , 1600 BTU /hour w i l l
be assumed , or 50 L3TU/hour for each 20 foot copper tube. This is the
stea dy-state , not cool-down value . Initial cool-down may require some
60,000 BTU i nclu di ng the coolant supp ly .

T he coolan t tubes , then , w i ll be se parated by 4 .7 inches and have a
therma l load of 2.5 BTU per li near foot. If t he heat flow i s purel y radial ,
the therma l con duct i v i ty of the 1/4 i nch sta i nless c h amber i s low enough
that there would be approximatel y 0.7°C temperature differential between
the coolant tube and the point midway between coolant tubes. This differ-
enti al i s reduce d by any c i rcumferent i al heat flow , and should be brought
wi thin limi ts by the mechanical jac ket to be used to preven t dama ge 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 limi ted to 0.2°C through the tube , this w i ll se t the requi red flow ra te.
Assumin g 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

S 

system.
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The 1/2 inch tubing (0.4 inch ID) carry i ng 37.5 GPH w i l l  have a f lo w
velocity of 1.67 ft/sec . With a viscosit y t hat of wat er , the Reynol ds num-
ber is 5100, or the flow is tur bulen t. The resultin g pressure drop in the
20 foot section is 0.4 psi and work done is onl y 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-il is one
coolant under consi deration . The necessary pumping pressure will be
set more by the heat exchan ger pressure drop and control valves than the
chamber tubes , but will be in the range of a simple centri fugal pump.

Refr i geration system requi remen ts are com pli ca ted by seve ral fac-
tors. Some absorption cell s are designed to be always operated at maA-
imum temperature depression , for such studies as chemical kinetics . The
system under consideration should be continuously variable. Cycling the
refri geration system would normally produce pronounced stability prob-
lems unless an intermediate therma l inertia stage , such as a large coolant
tank , was provided . Alterna tively, the refrigeration could work against
its capacity , with a supp lementary el ec tr i cal hea t loa d , or against its
efficiency at l ower temperatures. In each case , an intermediate liquid
interchange appears desirable . That is , the cell coolant is not cooled
d irec tly by the refr ig erator eva pora tor , but by an intermediate liquid
coole d by the eva pora tor. Such a sys tem w i ll also s i mpli fy the above
ambi ent cell heat i ng system . The f i nal engi neer i ng choice has not yet
been made, but will be of the form shown in Fig . 3.

For ef fi c i ency and control , t he refr ig eration sys tem s houl d be
s i zed to run aga i nst the opera ti ng load. Th i s means th a t i t woul d ap-

- 
I proac h it s final operat i ng temperature ex ponent i all y in time . Add iti onal

cool i ng from an aux i li ary sys tem s houl d be use d for the thermal mass . The
economics of l iquid nitrogen , dry ice , or a second refrigeration system
are being examined . The intermediate heat exchange system proposed will
allow suc h f lex ib il ity. The rate of cool down must be limited to avoid
large temperature differential s and consequent stresses .

OPTICAL SYSTEM

Optical design of a multi—pass absorption cell has shown consider—
able innova tion , and several unique concepts [1—11] ~‘ave appeared .
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 adaptabilit y to Fourier transform spectroscopy is
also a consideration.

The basic arrangement of Wh ite is shown in Fig. 4a. For those un-
familiar wi th the system , it will be reviewed briefly. The optical train
consists of three mi rrors of identical focal length , two of them , Ml and M2 ,
adjacent  and the th i rd , M3 , placed twice the common focal length (the radius
of curvature) away . An image in the plane of M3 wi l l  be reimaged by Ml 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 Ml and M2 on a horizonta l line . The center of
curvature of M3 should be on this line , and midway between Ml and M 2 .  The
centers of curvature of Ml and M2 should fall in this same plane , and
somewhere on M3. The separation of thes e two centers , so long as a ll
reflections fal l on M3 , and the separation of the input and output
coupling determ ines the number of passes in the cell . Thus the center
of Ml 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 cseful method if active
stabilization of the optics are employed , as Ml and M3 can be stabilized

- 
- to fixed positions , and M2 stabilized on total system performance .

Two cases are illustrated in Fi gs. 4b and 4c for 4 and 8 passes ,
respectively . Cl and C2 are the centers of curvature of Ml and M2.
The cen tra l 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 Ml will be below that
plane and consequently those from M2 be above that plane , and in line
wi th the entrance . Two distinct lines of images are thus formed , whi ch
simplifie s alignment. -

Now consider the effects of system tolerance. If the mirrors are
place d ~ cm too far apart , each pass displaces the image plane ~ cmtowards the dual mirrors . Althou gh the effect on the tota l path length
may not be significant , the 0.52 inch temperature shrinkage previous ly
discussed , if not controlled , would shift a focused image by 52 inches
after 100 passes (1.08 km path). This shift would create problems wi th
the exit optics , particularly if the exit beam were to be focused on a
detector. The mirror separation should therefore be adjustable .

8-8
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The second signif icant prob lem wi l l  exist  if some mirror , say M2 ,
is misaligned . Let us displace its center a distance o towards the out-
pu t port. Its image will be displaced 26 in the same direction , that
from Ml 26 in the opposite direction (3o from M2 center) and the next M2
image 4o towards the output port (3o from M2 center). The resulting out-
put spot displacement is 6N/2 , where N is the number of passes . The effect
is to again complicate the receiver problem . Misalignment of Ml is sim—
ilar , that of M3 results in energy missing mirrors Ml and 412, or a
vignetting of the field of view.

Now consider one improvement in the origina l 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 outpu t beam strikes
this mirror anywhere , the energy returns to the input port , exactl y. In
practice , to avo id the problem of separating the input and output beams
with a beamsp litter , the sp her ica l mi rror is inc luded as one component of
a decentered roof mi rror 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 Conventi onal Wh i te optics would be about
3.2 mm , and perfectly focused images would nearly overlap. Wit h t he
roc~ mirror added and the same number of passes , the spot size should
g row only 1.6 mm . With onl y half as many spots in a given row, there is
very good separation . It should also be observed that the aberration is
proportiona l 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 towa rd s the cen ter.

This concept has recently been carried one additional step by
Wh ite 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 shoul d be observe d that the pos i tion of the ex it beam is now
fixed . As M2 is moved to change the number of passes the exit beam is
stationary , d imming 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 ma i n, expensive , opt i cs of the
system and that the modifications can be readily removed and the output
port repositioned.
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Wh i te has also sta ted [12] that the syninetry of the system is such
that the effects of turbulence on spot size is considerably reduced .
Al though no analysis was presented , one would expect that the folding
of the rays abou t the central ray would produce such an improvement , as
it does for the cats—eye interferometer as compared to the plane mirror
i nterferometer.

The second roof does not add to the number of rows of images , but
add s new images between the firs t set. It may , therefore , limit the

• num ber originall y used and in practice not neces saril y increase the
ava i lable path length because of di f f icul t ies resulting from the small
required size of the second roof mi rror .

A mul ti-pass system of the White type was therefore selected , with
p rov i sions for addi ng both roofs if desired , althoug h it is believed one
will be sufficient . To retain flexibility , and also avoid the mechanical
stresses of cutting a finished mirror , the usual notches i n M3 wi l l  be
replaced by two smal l 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 opti cs are frequently fa brica ted as a s i ng le lar ge
mi rror , to assure a common radius of curvature , and then cut into three
smaller mirrors for use. This produces two prob l ems we wished to avoid .
One is the release of internal local strain on cutting , allow i ng some
distortion of the surface . On a well annealed blank this may not be

- 
- serious . The second problem is mirror thickness , which for proper

- 4 stability in grinding and hand ling 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 .

The radius of curvature of the mi rrors themselves wi l l  change w it h
temperature , and for a 10 meter radius , a pyrex mirror would be expected
to change 2 mm. As exp lained previousl y, this effect is magnified by the
number of passes , result i ng i n a si gnif i cant chan ge i n the output beam.
Although correctable , it i s preferable to avo id the di ff i culty and use
Cerv i t, wit h a temperature coefficient nearby negligible over most of the
range , but about 0.03 that of Pyrex at the minim um temperature planned .
Three 10 inch diameter mirrors of fine annea led 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 po int of
in formation , fa br i cat i on from a sin g le lar ge b lank woul d have been
approximatel y three times as expensive .

The thermal ex pans i on of s tainless steel is 200 t imes that of
Cerv it; even Invar is 16 times greater . The mounts must therefore allow
for d ifferential expansion , and must also be capable of smoot h adjustmentt over a wide range of temperature and pressure . Either a flexure mount
or a three—ball k i nematic system would appear satisfactory , and the
kinematic techni que was chosen in this case.
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Each mirror with its mount w i l l  weigh approximate ly 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 cons traint against i.iotion of the
vertical axis is a ball in a vertical V-groove , which still allow s thermal
ex pans ion along th i s line , as wel l as any reasonable mach ining tolerance.
Motion of the ball norma l to the mirror plane allows adjusting vertical
tilt . The third constraint is a ball and flat , for adjusti ng horizonta l
tilt. The adjustments are orthogonal to avoid coupling of the adjustments .

To allo w rapid alignment and adjustment of the number of passes ,
possibl y under au toma ti c control i n t he fu ture , all fine adjus tment of
the mirrors is performed by stepper motors. These assemblies , shown in
Fig. 6, mounted on the mi rror 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 moun ted on a heavy duty mi crome ter s pi nd le. The
resul ting change in image position at the other mirror plane is approxi—
ma tely 15 microns. This motion -is cumulative wi th repeated passes , and for
very long paths may be considered to be of the order of a diffraction—
limi ted spot diameter or of the aberration limi ted 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 mi rror support structures are mounted on the three legs
brought through the bel lows 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 CON SIDERATIONS

The space for the new absorption cell is quite good . The floor
(6 i nch concrete) will support the required loads , and computer room
ra ised flooring is already in place so that piping and electrical service
can be pl aced out of the way . Although there are no manufacturing opera-
tions in the building or nearby heavy traffic , the usual v ib rations from
air conditioning and ventilation systems exist. The general physical
site is shown in Fig . 7. In addition to the absorption cell and its
assoc i ated equi pment , a computer system consisting of two SEL 81OB main
frames with associated discs , ta pe drives , and commun ication interfaces
w ill occupy most of the 33 x 66 room. The computer system can be time —
shared wi th the existing Wh i te cell , spectrophone laboratory , and laser
d i ode la boratory wh i ch are near by.

A su ppor t s truc ture , now be i ng des igned , is indicated in the figure .
The absorption cell and the optical tables will be on a single air-
su pported mount. A pair of I-beams will support the absorption cell and
connect regi dly wi th the optical table support , a pair of I— beams making
an asynuietrical T. For a static three-point mount , the air supports are
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i nterconnecte d i n groups , each with its own air reservoir to l ower the
natural frequency . Valving can produce v iscous forces and damping ,
optimized to the particular site by accelerometer measurements of the
syste m . The groupi ngs w i l l  be: the large side table; the end ta b le and
cell input; the dual-mi rror end of the cell and the center cell support.

The static deflection of the mount by the system is not a
prob lem , since the optics will be adjusted in this condition . Forces
create d at the bellows by evacuati on appear to crea te neglig ib le deflec ti on
if proper support points are used. Vibration — creating apparatus on the
mount shoul d be avo id ed, including entrained bubbles in the coolant and
other pressure surges . The mount allows for additional inertial mass
loading, if required.

The rmal loss th rough the vacuum chamber support structure is approx-
imatel y 10 BTU for a 1/2 square inch support six inches long . Al though
not a problem insofar as refrigeration capacity is concerned , the supports
must be thermally insulated or separatel y cooled if pronounced temperature
nonun iformi ti es are to be avo i ded . The thinner sect i ons poss ib le
for vacuum and sample li nes wi l l  make these connect i ons less of a
prob lem. Op tical 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
ma terial is inexpensive and has proved to be an excellent support for
permanent installations . Provision will be made for preserving a dry
n i trogen atmosphere in this area . The supports will allow a large
vacuum tank if this is needed later.

CURRENT STATUS

As of this writing, detailed desi gn of the main vacuum chamber
and the main optical mounts , supports , and adjusting mechanisms has
been comp leted . The long lea dtime i tems , the ma in optics and vacuum
chamber , are on order. Quotations are bein g sought for machining the
mounts , althou gh some of this will be done in our own shops. A des i gn
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 establi shed , design work will
proceed on the refrigeration and vacuum systems , sam p le man i fol d ing, and
the auxiliary coupling optics. No untoward dif ficulties are currently

r foreseen in having the cell operational by mid—year , although some subse-
quent shakedown period and learning curve wi l l  undoubtedly occur , i n
particular wi th the data processing interface.

The resulting system is expected to be a significant addition to
existing faciliti es and offer unique capabilitie s over the next decade.
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Fig . 5. Ki nematic Mi rror Mount.
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CHAPTER 1

INTRODUCTION

Even thou gh the laser is a relatively recent development its
app lications have extended to many fields. The reason for this
growth is that the laser is a fundamental source of monochromatic ,
d i recti onal , and coherent infrared and optical radiati on . In the
field of spectroscopy the laser is revolutionizing the experimental
techni ques employe d , so that measurements can now be ma de tha t were
never before poss i ble .

Infrared laser spectroscopy has evolved into two major areas ,
linear and nonlinear. Nonl i near laser spectroscopy covers absorp-
tion saturation , two-photon resonance , and trapped particle spec-
troscopy technique s [1]. Linear laser spectroscopy uses a tunable
laser with narrow l ine width (about 1 MHz), a similar technique to
the scann ing spectrometer except with much greater resolution
capabilities [2]. A variety of lasers are tunable but of particular
i nterest to th i s re port is the tunable  sem i con duc tor laser an d it s
a pp l i ca t i on to l i near laser spec trosco py.

The use of laser d i odes i n spectrosco pi c ex per imen ts was f i rs t
demonstrated by MIT Linc oln Laboratory [2]. The tunability of the
laser allows the recording of the spectroscopic signature of particu-.
bar gases . Althou gh the tuning range is somewhat narrow (unless
ela borate techni ques are empl oyed) enough l ines  can be observe d to
identify a known gas . This  fac t has app l i ca t ions  i n po l l u t i o n
mon i toring of atmospheric  gases as di scusse d by Hi nkley and McNamara
[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 examinin g spectral l i ne shape parameters us i n g laser
diodes can accurately resol ve Dopp ler l ines and fine energy level
splitting [2,6]. The major drawback that semiconductor laser diodes
have is the requirement for liquid hel i um cooling. However , the
new generation heterostructure laser diodes offer a wi de tuning
ran ge , grea ter outpu t power , and can be operated up to liquid
nitrogen temperatures [7].

Most of the spectroscopic work ~it h laser d io des has been
above 6 lim us in g PbSnTe ; however , this  stud y examines the 5 ~zii
region using a PbSSe baser. Previous work in the 5 t~m reg ion
i ncludes stu di es of CO , NO , and F-1 20 [2,6,8,9]. The analysis of
H20 is the most extensive includ ing measurements of line shape
parameters and relative line positions. Much work can be done ,
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because the use of laser diodes is still in the beginning stages
in this frequency reg i on . It is the intenti on of this study to
exam ine atmospheric spectroscopy and its related experimental
techniq ues us i ng a semiconductor laser.  The need for measuremen ts
involving CO laser transmission in a H2O-N2 mixture , at fre quencies
no available small laboratory CO laser could deliver , suggested
the use of the laser diode to simulate the CO laser . CO2 and N20,
both atmos pher ic absorb i ng gases , were examined in the tuning range
of the laser 1945-1980 cur1, and the results were compared w ith the
AFCRL ta bu l a ti on for these molecules .

-1

C-2

_______ - 

~~~~~~~~~ 
- - . - .. . 5% . ~~~~ ..• .5.  - .—a.~ _5 f l  •

~~~~~~~~- - -.--- fl------ --- -- . --fl -------.
~
—----.----. 

.~~~~~~ .-_ -~~~~~~~~~ fl



____ - - ---- - - - -

- . -
- 

-
- - f l  - -  - - -

~~~~~~~~

a

CHAPTER 2

EQUIPMENT DESCRIPTION

Th is chapter discusses the experimental apparatus used.
Five major areas will be covered : the laser diode , the liquid
hel i um dewar , the vacuum sys tem , the optics , and the necessar y
elec tron i c equi pment .

A . Laser Di ode

We are gra teful to Dr . Ken W i l l  of MIT L i ncoln La bora tory 1
who supplied the laser diode used in these experiments and wi thout
whose cooperation the work would not have been possible.

Tuna b le sem i con duc tor lasers are ava i l ab le  i n a var iety of
material  compos iti ons . Fi gure 1 i llustrates not only the differen t
compositions but also the frequency ranges of the devices . The
laser dio de used in this experiment is of PbS l_X Se~ compos ition .
The varia b le “x” in the chem i cal fo rmula rep resen ts the dop ing
concentration which  controls the fre quency out put of the laser
w i t h i n  bounds ind i ca ted i n F ig . 1. A par ti cular  d i ode can cover

• WAVEN UM8 ER (on, ) ’

to’ o’
• I I I  I ~~~~~ ~~~rT~~T T T  r-—

~~
-- 

~~~~~~~~ ~~~

Pb,_ , Sn~ Se

Pb, Sn Te - -.

PbS , Se~ -
(n As , P~ -

I n , , Ga ~~As

Hq , Cd~ 1e ...... _._~~~

AI ~ Ga ,~~~A3 ,.—.

~ 

GoA. ,~~ P~

CdS ~ Se ,~~ 
-

I I t ~~~1 I t H . i_ ~~ _ _ i__  
0 1  t 10 t O O

WAVELENGTH ( u”)

Fig. 1. Composition -tune d semiconductor lasers [4]

1Now with Laser Analytics , Inc., Lex i ngton , Massachuse tts.
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a range of around 40 wavenumbers using current tuning. Current ,
i.e., temperature , tun ing  of the diode junct ion , varies the output
frequency by l inear ly  chan g in g the band gap ener gy . Tempera ture
tunin g provi des a nearly l inear  fre quency var i at ion , wh i ch al lows
easy analysis of the data.

The pro perties of the out put rad ia t i on  from the laser are
of special interest . ’ The most important property is that the
radiation is monochromatic to a high degree . An est ,nated line
width of 1 MHz at 8 pw was reported by Dr. N i l l ’ s grou p [6].
The importance of this is illustrated in Fig. 2 which shows the
improvement laser diode spectroscopy can achieve over conventional
techn iq ues . This  property p lus  the d iode ’s ca pab i lity to be tuned
make it a very powerful device . The laser will oscillate at
several different frequencies simultaneousl y . A s i ngle  tuna b le
laser l i ne is terme d a mode. Fi gure 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 increase d
num ber of modes and intens i ty of modes as the current is raise d

- 
- above threshold (‘~20O ma). Because of the tunability property

of the laser diode , if the mode spacing is smal l  an overlap p in g
of modes can result . This is illustrated in the wavenumber versus
current plot of Fig . 4. Different  resonant cav i ty conf ig ura tions
can result in multi p le outpu t beams . This is i llustrated 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
un i form , tend i ng to drop to l ower values near the curren t l i mits
for the mode. Finall y, a s ing le mode can be tuned normall y between
0.7-1.0 cm- ’ corres pond i ng to a curren t i ncrement of 50 ma . In
thfs manner our diode covers the frequency region from 1945-1980 cm~in a quasi—co ntinuous fashion .

Operation of the laser dur i ng an exper imen t requires atta i nin g
a s in gle mode at a certain frequency . To realize this , a grating
spectrometer is used as a ban dpass f i l ter to locate a pa r t i cu la r
frequency and to el iminate the other modes wh i ch may be generated
at the chosen current. Next , a combi nat i on of scann i n g the power

• supp ly current an d an gu la r  adjustments of the d iode mount are
performed unti l a mode is found wi th an acceptable power level ,

• sta b le out put , and tuna b le across the f u l l  re gi on of i nteres t.
It is generally desirable to use a test for mode mixing (i.e.,
dual frequency operation). In these ex per iments , the tuna b le radi a-
tion was passed through a 1 .876 cm long germanium Fabry-Perot etalon .
An examination of the qual ity of the recorded fringe pattern
reveals the presence or absence of a second frequency . Fi gure 6
gives an examp le of a pure mode pattern and a mixed mode pattern .
The curve for the mixe d mode shows different fringe spacings on
each half  of the scan . The observed dip in the mi ddle of the

• si gnal i ntensity marks the end and beginning of the different

1For details on Pb-salt di ode properties , reference i s made to
Butler [10]. 
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Fig. 2. Semi conductor laser res~lution ‘

~~~~~~~
.

t
C-s 

~~~~~~~~~~~~~~~~ - - 
~~~~~~~~~~~~~~~



>.
I-
U)
z
ILl
I- 

-

z

Ui

1i~~~kJ J_j J~~~~ ~~~~~~

1942 1951 1960 1969
FREQUENCY (cm _ t )

(a)

U)
-

Id
I-
z

Cd
>

I-
-J
(LI

I~ ~~1960 1969
FREQUE NCY (cm )

(b)

Fig. 3. Spectrometer scan of laser at fixed
currents: (a) 600 ma , (b) 260 ma.

C-6

~~~~~~

‘ -w 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~



r -

. :.~~~~~~~~— .A-W—.5——... ~~~~~~~~~~~~~~~~~~~ 
f l ’~~~~~~~~~~~~ 

f l _ _  — ---.-—---.--- -- - - ----.— ~~--

• a: MIXING

Ui PURE
—

A

-

I I I i

I (CURRENT)
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modes. Once a pure mode is found , the current limits are se t for
a scan and the experiment proceeds.

The PbS-~ XSex diodes must be operated at liquid helium
temperatures (10 K or below). The laser action begins at a
certain threshold current , typically 0.2 amperes , and cont i nues
to an upper limit of approximate ly 1 .2 amperes (corresponding
to the highest frequency). The upper limit of current is
determi ned by thermal considerati ons which are related to diode
construction , mount i ng , etc . In this  case , diodes were operated
wi thin specifications supp lied by Dr. N i ll .

B. Liquid Hel ium Dewar

A Janis Research Model 6 DI research dewar and op t ical tai l
was used to house the diode . The dewar has three main sections :
a li qui d nitro gen container , a li quid  he l ium container , and a
high vacuum jacket . At the base of the li qui d he l ium conta i ner
is a cold finger containing a mount for the laser diode and an
optical window . The dewar, which holds five liters of liquid
he l ium , ma i ntains  cooled temperatures at the ta i l for about ei ght
hours under normal operating conditions.

Because of the importance of maintainin g a low temperature
environment about the laser , two auxiliary devices have been
constructed . The first is a liq uid helium level sensor which
contains a buzzer to provide a warning when a low helium level
is at tained . A six-light display gives a continuous rea d ing of
the level in the dewar. The second device consists of a 180 ~carbon resistor attached to the d i ode moun t and is use d to measure
the temperature . Because of the large variation of resistance at
low temperatures a carbon resis tor is an excellent sensor [11].
The value of resistance is determi ned by measuring the voltage
across and current thr2ugh the resistor , wh i ch must be done at
very low power (“ixlO~ watts). With the laser diode off, the
measured temperature at the tail is between 10 to 11 K. The
temperature is above li quid hel i um due to radiation received from
the external environment through the opt ical wi ndow .

A cool—dow n procedure for the Janis dewar was developed to
el iminate moisture col lect ion i ns ide the cryogenic sections , in
particular on the container in therma l contact with the diode.
This is important because mo i sture i n the tail  could resul t  i n
thermal insulation of the laser diode from the cryogenic tempera-
tures.

To increase the lifetime of the laser , -it was stored at
l i quid ni trogen temperatures cont i nuousl y. The cold temperatures
retarded the d i f f u s i o n  of the i ndi um an d gold coat i ngs which form
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the electrodes. The indium -gold mixture forms a resistive deposit ,
wh i ch heats the junct i on dur i ng opera ti on , a very un des i ra ble
s i tuat i on. Continuous storage of up to a month was achieved .

C. Vacuum System

The hol di n g t ime of the l i qu i d he l i um depen ds greatly on the
vacuum obtained in the dewar. Vacuums of l0° torr were atta i ne d
in the jacket of the dewar while it contained the cryogenic liquids .

To ac hi eve these vacuums , an 8 l i ter/second Var ian  Vac Ion
pump , model number 911—5000 , was i n s t a l l e d d i rectly on the dewar .
Thus the dewar coul d be cont i nuously p umped wh i le the cryogen i c
liquids were introduced , without contamination from the pumping
system . This allowed the liquid nitrogen storage of the dewar over
lon g perio ds of time as p reviousl y mentioned . Because the Vac Ion
does not pump hel i um eff ic i ently , l i q ui d hel i um stora ge of the
dewar was l i m i ted to abou t one week . At this  time , the dewar
vacuum was unacce pta b le for laser dio de operat i on .

A two-inch oil diffu~ion pump , CVC VMF-1O , i s used to start
the Vac Ion pump at 5xl0 3 torr . The diffusion pump itself is
capable of l.2xlO-6 torr. A Granv il le- Phillips two-inch cryosorb
l iq u id ni t ro gen cold tra p is locate d above the di f fus i on pum p to
kee p backs tream i ng of oi l molec ules to a m i n i mum. The mechanical
rough i ng p ump that backs the oil d i f fu s ion  pum p i s a Cenco Hyvac 14
ca pab le of 5 m i crons. The mechan i cal pum p i s also use d to evacuate
the test cells employed in the experiment. Figure 7 is a diagram
of the vacuum system.

To mon i tor the pressures obtained , several gau ges were use d .
For general pressure measurements , a thermocou p le gau ge located
above the mec han i cal roughi ng pump and a ~LRC type 530 alp hatron
ra di um io n i za ti on gau ge were used . For the h i g h  vacuum measurements ,
the Vac Ion power su pp ly meter acts as a vacuum gau ge. A CVC ty pe
VG-1A ionization gauge was also used . The pressure indicators for
the sample cells were a U-shaped mercury manometer and a ~-Jal lacea nd T i ernan mechanical  gau ge. The mercur y manometer had an accura cy
of p l us or m i nus one torr and the mechan i cal gau ge was accurate to
a few tenths of a torr. For l ower pressures , the mechan i cal gau ge
was used . Since the mechanical gauge was on ly capable of reading
up to 50 torr , the mercury manometer was used at hi gher pressures .
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D. Op ti cs

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

The laser di ode is mounte d i n the l i quid helium dewar which
is supported by a mount capable of rotation and two-dimensional
movement on the p l ane of the opt i cal tab le . The radiation is
focused on the entrance sli t of the spectrometer , whi ch acts as
a band pass f i l ter. T he s pectrom eter emp loy ed is an Interac ti ve
Technolo gy CT-103 one-me ter Czerny-Turner and is capable of being
computer controlled . To a l low for the las ers tuna bi l ity , the sl i ts
were set wide whi ch creates an an gu la r  scan of the ou tput beam
as the frequency changes . The f-numbers of the remain ing optical
system mus t account for th i s. The be am i s coll imate d by a 12—inch
focal len g th BaF 2 le ns af ter leav i ng the spectrom eter an d then i s
sp lit into two paths , one a reference path and the other a s ig nal
path , by a Car 2 beam sp li tter .

The reference beam enters the one-meter cell which usually
con tains a known absor bi ng gas i n or der to prov id e a prec i se
frequency marker . The spectrometer sjits are set wide (e.g.,
1000 microns corres pondi ng to 1.5 cm ) to a l low for tun i ng of
the laser. Different rotational line s within a vibrational band
can be differentiated , but the exac t fre q uency loca tion i s not
known. Thus , by placing a gas with an absorpti on line in the
region of interest , a fre quency point  on the f i nal  p lot can be
obtained. This information along wi th fringe counting of the
genlianium etalon gives the frequency at any po ict on a plot . The
free spectral range (FSR) is determined y the equation:

F R -  1
S i _ i —

where n = index of refra ct i on of etal o~L = length of -talon .

Th e i ndex of refrac ti on a~ a function of frequency is given by [12]

(2) n = 3.9832 + 1.6403 x b0~~ ~

where = wavenumbers (cm~~).

The etalon len gth has been measure d to be 1.876 cm . Thus , the FSR
can be accurately obtained. A nom inal value for the 5—micron region
is 0.0664 cm~~. Al though the FSR shows very li ttle tempera ture
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sensitivity , the pos it ion of the fri n~jes on a frequency axis is
dependent on temperature . Thus , the eta b on alone is not capable
of frequency calibration and the known absorption line is necessary .
The germanium etabon is on a sliding mount , thus it may be easi l y

- , removed from the beam so that tile reference curve can be directly
recorded. The reference beam term i na tes on a l iq u i d n it rogen
cooled indium antimonide (InSb) photovoltaic infrared detector .

The signal beam may be directed to two different White-type
cells. One cell has a len gth of one meter and a multiple traversal
capability which allows path lengths to about 60 meters . The cell
is connec ted to the pumping system previousl y described . This test
cell sha l l  be des ig nate d as the small White  ce l l .  The other test
cell  is 16.15 meters lon g and can a tta i n a pa th len gth of aroun d
1 .5 kilometers [13]. A seven-inch oil diffusion pump apd a lOO-cfm
mechanical p um p are connecte d to gi ve a vacuum of l x l O~~ torr. The
large White cell was used for transmittance measurements and low
pressure spectroscopy . The small Wh i te cell complements the system
by allowi ng hi gher pressure spectrosco py ex per i men ts . From these
cells , the beam is focused on a second InSb detector.

To i nsure pro per al i gnment of the optics , it was found conven i ent
to p lace three irises in the opt i cal path as shown in Fig. 8. The
HeNe laser was used to in it i a l l y al i gn the system with the irises
centered on the beam . The first iris , the one between the laser
an d the spectrome ter , was utilized to guarantee normal incidence
at the spec trometer.

E. Elec tron i cs

The elec tron i c app aratus of thi s ex per imen t cons i sts of two
major parts :

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

Figure 9 gives a detailed schematic of th e 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 sinply
prov id es a l i near current ram p to tune the di ode . The cu rren t ram p
is generated by a motor dr i ven pot wh i ch p rog rams the d .c. power
supp ly in a constant voltage mode. The low adjust poteniometer ,
i n the vol ta ge d i v i der network ou ts ide the p ro g rammer , sets the
starting current for a particular scan. The upper limit is deter-
mined by the programming power supp ly. Both the programing and
driving power supplies are Hewlett-Packard Model 61l4A precision sup-
plies . The current to the laser is monitored by a Hewlett_Packard
5— 1/2 digit di g it al vol tmeter Model 3490A , which facilitates the
determination of the proper settings for the laser power supply
scan .
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From the detectors in t e  optical system , the electrica l signal
is sent to Princeton Applied Research lock-in-amplifiers (LIA),
Mc~!el 128, one for the referetice signal and one for the sample
si gnal. Fi gure 8 i l l u s trates the desi gn of the si gnal detect i on
and recording system. From the LIA ’s , the electrical information
goes to the y-axis of a Hewlett-Packard Moseley l 35M x-y recorder.
The x-ax is of the plotter represents the current of the laser
diode , whic h directly corresponds to the output frequency. Thus ,
the x-y recorder displays the intensity vers us the frequency of
the laser beam at the detectors.
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CHAPTER 3

EXPERIMENTAL PROCEDURE AND RESULTS

This chapter discusses the measurements made of simulated CO
laser transmittance in H20-N 2, and CO 2 and F420 l i ne sha pe parame ters .

A . Simulated CO Laser Transmission

Two simulated CO laser line transmittance measurements in an
H2O—N2 mixture , w it h a total pressure of 760 torr , were made us i n g
the laser diode and lar ge Wh i te cell . The purpose was to verify
an experimental technique , describe d i n the nex t para g ra ph , by
comparing results wi th previous CO gas laser measurements . The
CO lines are 6-5 P(lO) line at 1973.299 and the 6—5 P(14) line at
1957.050.

Durin g the experiment , the sl it widths of the spectrometer
were sej at 1000 ,. ~ 

corres pondin g to a wavenum ber di fference of
1.5 cm . Thus , to locate the laser line frequency position
within the passband of the spectrometer , a fre quency marker is
needed. As expla i ned before , this is accomplished by introducing
a suitable absorbing gas into the one-meter cell . For the 6-5 P(lO)
l i ne , deuterium chloride (DC1 35) was used which has an absorption
line l ocated at 1973.660 cm— 1 . For the 6-5 P(14) l ine , H2O’° wi th
an absorption line at 1957.010 crr ’ was used , because of the
strength of this  l ine  i t could be observed at low pressures in the
large White cell , i.e., the ori ginal sample was pumped down so
that the line was observabl e but the wing effects were small.

Figures 10 and 11 are transmittance p lots calcula ted from the
AFCRL Line Compilat ion [18], which prov ides a good overview of the
expected absorpti on characteristics . The 6-5 P(10) line is located
in the wi ng region of many }-120 lines , thus , the absorptioncoeff ic ient  is not a ra p id funct ion of fre quency . However , for
the 6-5 P(l4) line this is nç~ the case , because it is located
near the 752-643 010-000 H20’° l ine . The position of this line
must be accuratel y known , since i t i s also use d as the fre quency
marker.

Eig ht 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
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zero level curve . The si gnal curve can be one of two types which
d i f ferent ia tes  the two plo ts; one is a sam p le si gnal , wh i ch means
the test ci-’ll contains the samp le of interest , ind the second is a
vacuuni si gnal , which means the test cell is operated at the minimum
obta i na b le pressure . We have I = I~ e 1°~, wh ere I i s the sam p le
si gnal and I

~ 
is the vacuum si gna l .  However , actual ex per imen tal

conditions do not allow such a simple analysis. To account for
changes i n the laser beam intensity at the entrance of the test
cell and changes in the gains of the recording equipment between
the sam p le and vacuum plots , a reference curve is used . Now , the
transmi ttance becomes ,

I 7 ’
(3) T = ~~ - / ~iL

~RS / RV

where = i ntensi ty of sam p le sig nal
= intensity of reference samp le signal
= i ntensity of vacuum signal

1RV = intensity of reference vacuur s ig nal .

The reference curve also conta ins the frequency marker . The etalon
curve provides a frequency scale for the plots and the zero level
curve is taken with the laser beam blocked so that the true back-
ground i ntens i ty can be measure d . Fi gures 12 and 13 are examples
of a typical measurement performed in the above manner . The
absor pt ion coeffic i ent can then be ca lcula te d know i n g the path
len gth of the lar ge Wh i te ce l l .

Fi gures 14 an d 1 5 dis p lay the results  obtaine d . Good ag reemen t
wi th Lon g et al . [14] is shown. As Long d iscusses , improved
theoretical agreement is achieved when a modified shape is used
instead of the standard Lorentz l ine shape . The modified shape
enhances the w i ngs of the absor p t ion l ines  and thus accounts for
the increased absorption observed in this region over that predicted
when a Lorentz line shape is used .

The data obtained for the 6-5 P(l4) CO laser line show dis-
agreement with Long at some points and at other points good agree-
rnent. All of the points which disagree with the gas laser measure-
men ts were obtained af ter 9/20, which corresponds to the changing
of the water bottle su pp lying the water vapor. Because the absorption
l i ne  belon ged to H2O 18 i t is possible  that the new water su pp ly
con~~ined a differçnt concentration of the molecule as opposed to
H20’°. If the 11 2O18 concentration was sma l ler than the concentra tio n
before the water su pp ly chan ge , it would account for the observed
decreased absorption . A dew point hygrome ter (Cambridge Systems
Model 880) was used to verify the water vapor content of the cell
wi th the measurement made during the initial evaporation of the
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Fig. 12 Typical recorded d~ta , sample plot.
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(1973.66 cm~~)
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’

Fi g. 13. Typical recorded data , vacuum plot.
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water vapor. The dew point measurements were consistent wi th the
initial measurements which we take to indicate that there were no
leaks in the f i l l i n g  system. Also , the laser d io de could hav e been 

.5

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 contami nation of the sample or a dou b le mode from the laser .
The exact prob lem is not known but the accuracy of the data obtained
on 9/26 and 10/04 is in doubt.

B. CO2 and N2O Absor pti on
Li ne Measurements

The true power in the tunable  laser d i ode l ies  in  its a bi l i ty
to enable the recordin g of spectra wi th high resolution. It is this
facet of the laser diode that has been utilized in examining the
absor pt ion l in e  parameters for CO2 and F120. The R-Branch of the
l l bo_ 00 0 0 band of CO 2 and the P-Branch of the 2000_OlbO band of
N20 were exami ned . Values of halfwidths , absorption coefficients ,
l i ne stren gths , and broadenin g parameters were determine d.

As w i th the CO laser l i ne transm i ss i on measurement s , eight
curves were needed to obtain accurate line shape data. However ,
because the small  Wh i te cell is  f i xed to the ma i n opt ical ta b le
as shown i n Fi g . 9 , it had good sta b i l i t y charact er istics . Th is
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 etabon curve , and the zero level curve were used
to obta in  the data. T hi s greatly s i mp l i f i ed the ana lys i s  because
a sing le plot could contain several sample measurements , al l  at
d i f ferent  p ressures.

The nature of the samples placed in the test cells were either
p the pure absor ber gas or a fi xed absor ber pressure and a fore ig n

gas , either nitrogen or helium . Only CO 2 was examine d us i ng the
large White cell , w~’ere samp l e pressures between 0. 1 and 3 torr
were used because - f  the long path length . The small White cell
provided path lengths which allowed observation of spectral lines
over a wi de variety of pressures .

Pure absorbing gas samp les were exam i ned at pressures from
15 torr to 480 torr , as shown in Fig. 16. It was assumed in
the analys i s of the da ta that 60 torr was a Lorentzian l i n e  sha pe.
Th is assumption fixed the absorption at line center to a definite
value . A transmitta nce plot of a single spectral line should
show cons tant absorption at line center for a Lorentz line shape.
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Fig. 16. Typical recorded data , pure absor be r l i ne  sha pe.
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The curves of Fig. 16 do not disp lay this behavior due to wing
effects from neighboring absorption iine 3 . For ( ‘ —  Io )~ >’ o and aLoren tz l i ne sha pe , and differentiating 

~L
(-
~
--
~
-o) (see Eq. (23))

wi th respect to -~ one obta i ns:

dj ( - -i- - ,’ ) 2~( i ~~\ 
L o — _ _ _ _

dv — 

~~~T I  .3
“Y— Y o)

The chan ge i n the l i ne shape for - > ‘
~~~~~ 

over a neighboring spectral
l i ne is very s m a l l ;  bas i cal l y, no distortion except for a uniform
downwar d sh i ft  resul ts from the win gs. Thus , knowing where the
pure Lorentz l i n e  sha pe begi ns and assum i ng tha t at thi s pressure
the wing effects are negligibl e so that k(’~Q) can be determined ,
one is able to measure undistorted single line shape parameters.
From Fig. 16 the 60 torr curve shows small wing absorption ,
su pport in g the above assum pti on .

Broa de n i n g effects were exam i n ed by ch oos i ng an a bsor ber
pres sure , u s u a l l y 60 torr , and then introducing the foreign gas ,
ei ther nitrogen or helium. Figure 17 gives an example of such a
plot. It is difficult to determine the wi ng effects of other
l i nes in  th i s case , however , because the wi ngs did not exhibit
l a r ge absor pti on for the pressures cons id er ed . The distortion
was cons ide red smal l  and ig nore d.

The halfwidth of a spectral line is defined to be the half—
width at half-intensity of the absorption coefficient. However ,
the anal ysis must be carried out on transmi ttance plots . The
transm ittance corresponding to one—half the absorption coefficient
can be found from

(5) T1/2 
= e = (e X)V2

Now the halfwidth can be measured from the transmittance p lot .

The data taken from the transmitta nce plots include the partial
pressures , the path length , the transmi ttance at line center , and
the ha l fwi dth of the spectral l ine s. Appendix A lists the essential
data obtained from calculations involving the previously —m entioned
quant i ti es for Loren tz l in e sh a pes. The partial pressures of the
absorbing and foreign gases are listed along with the corresponding
halfwidths. The absor ber amount and the l i n e  center a bsor pti on
coefficient are also listed . For a Lor en tz l i ne , the line strength
can be calculated from Eq. (42b)

(6) S’3
1 

= k!(~(0) t~~ (cm~~/mol (cm 2
))
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Fig. 17. Typical recorded oa ta , foreign broadened line shape .
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Appendi x B lists results of the Voigt line shape measurements .
No forei gn broadening was examined in this regime , thus , onl y
a bsor ber pressures are l i s ted . The ha l fw i d th has two columns , one
for measure d val ues an d one for ca lcu la te d values . The tec h n iq ue
in evaluating the calculated values used Eqs. (38) to (41) and the
ex per i men tal v alue  for ~~~ Eq. (33) to determine 

~D ’ and a
numer ical technique to evaluate the integral [15]. Thus , s o l v i n g
k(.(o

+c
~v
) = ~~

- k(y~) produced the Voigt halfwidth , a~ . The absorption

coeff i ci ent and a bsor ber amoun t were ob ta i ned i n the sa me way as
the Lorentz l i ne sha pe tables of Append i x A .

Using the data in Appendix A and B , a plot of the halfwidth
versus the pressure was made for both the CO2 an d N 20 data (Figs .

• 18-31). The curves show the linear Lorentz region , the intermediate
Voigt profile region , and the beginning of the Dopp ler region . It
should be noted that the Voigt line halfwidth data in Appendix B
show , in some cases , di sa g reement w i th the calcula ted values . The
Voi gt halfw idths are between 0.002 and 0.007 cnr1 requiring sriall
fre quency scans , the FSR of the etalon is 0.0664. The ability
to measure i s obv iously hindered by the comparat i vel y lar ge FSR
of th e etalon . Also , the Vo igt re gi on of the ha l fw i dth versus
p ressure p lot shows more scatter than the Loren tz w hi ch i s con-
sistent wi th the above .

A least  squares curve fi t of the form y = mx was us ed on the
hal fw idth versus p ressure da ta in  the Lorentz regi on . Im p rove d
num bers for the line s of a particular ‘3-number were obtained . A
second least squares f it of th e form y = mx + b was carr i ed ou t on
the halfwidth versus 3-number acquired from the first fit. Ta b le 1
gi ves the resul ts  in  the

P T -1/2
form of cLco = 

~ ~ (~-) with T = T0 and ‘
~eo = 1 atm (T0=296 K).

S i nce Pf = 0 for pure absor ber measurements , the equa ti on can be
wri tten

(7)  
~c 

= 
~co BP a

Fi gures 32 and 33 are p lots of 
~ 

versus the ‘3-number where for
CO2. B = 1. 3, and for N20, B = l .~4. The values chosen for the
seTf—broa dening coefficient , B , are empirical values [16]. The
plots make a comparison with McClatchey [18].

Calculat ions of the self-broadening coefficients and the
foreign—broadening coefficients for individual absorption lines
were made usin g Eq. (31) of App endix C. Again , cons i der the
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equa ti on for I = T~ an d P~0 = 1 atm ; then two separa te measurements
of a broadened spectral li n . give two equations and three unknowns .
however , for the n i tro gen broadene d case , F is defined to be 1 ,
which makes the problem tractable. Solving for B, one ob ta i ns

(8) B = 11
~~~~~

2

~~a2 — 

~a1

where
~c2

Prec i se measuremen ts of B require  accurate and sta b le 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 part i cu la r  spectral l i nes an d the part i al pressures of the
se parate measurements used i n the ca l cu l a ti on .

Know i ng B, the forei gn-broadening coefficient can then be
determi ned. In this case it i s  for helium broadening . The equat ion
for F becomes :

(9) F = B ~~a2 
— 1)al

~fl -- 

~Pf2

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

As shown i n App en d ix C , the l i n e  stren gth i s not a funct i on of
pressure ; thus , us in g the Loren tz l i ne sha pe data an accurate va lue
may be obtained for all line shapes . Using Eq. (6) and the smoothed
hal fw i d th resul ts , plots of the line strength versus J-number were
ma de. F ig ures 34 an d 36 show th ese resul ts for C02 an d IL 20, res pec-
t i vel y . The CO2 l i ne stren gt h s measure d d i f fer  from the values of
McC latche y i n an interes ti n g manner.  The separat i on of the two
curves i s l argest at the ban d cen ter an d then decr eases as J becomes
lar ger or smal l e r .  This suggests that the distortions generated
by the w i n gs of ne ig hbor i ng l ines  was not accounted for i n the
McC l a tchey data . Th i s coul d also  par ti a l l y account for the rela ti vel y
lar ge disagreement between the two curves . The agreement of the
rela ti ve magn i tu des i s better i n the N20 case; however , the laser
d iode measured values indicate the band center to be around P(16)
and P(l7) rather than P(l4) and P(15).

To test the values of the line strength another approach was
taken , based on Eq. (19) of Appendix C. T he tran smiss i on p lo t
was conv er ted to an a bsor pt i on p lo t an d then a numer i cal i nte grat i on
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Ta b le 2. CO 2 llbO_ 0000

(Self—Broaden ing Coefficient)

Partial Pressures Sel f-
Measurement 1 Measurement 2 Broaden i ng
Pure Ni tro gen Pure 4it rogen Coeff ic i ent
(torr) (torr) (torr) (torr) (B)

Line ID: R(24)

60.0 0.0 60.0 60.0 1 .172
- 

60.0 60.0 60.0 180.0 1.808

Line ID: R(28)
I 

60.0 0.0 60.0 60.0 1 .578

Line ID: R(30)

4 60.0 0.0 60.0 72.0 1.285.5 60.0 72.0 60.0 180.0 1.146

Line ID: R(34)

- 60.0 0.0 60.0 60.0 1.451
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

I 

Line ID: R(46)

I 60.0 0.0 60.0 60.0 1 .321

I,
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Ta b le 3. N20 
2000_Ol IO

(Self-Broadening Coefficient)

- 

~artiafPressures 
- 

Self-
Measurement 1 Measurement 2 Broadening
Pure N i tro gen Pure Ni trogen Coeff ic i ent
(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 .37 2

Line ID: P(l6)

4 60.0 0.0 60.0 60.0 1 .344
60.0 60.0 60.0 180.0 1 .336

Line ID: P(l9)

60.0 0.0 60.0 60.0 1.245
60.0 60.0 60.0 180.0 1.323

Line ID: P(21)

50.0 O.fl 50.0 50.0 1.404
50.0 50.0 50.0 150. 0 .904

Line ID: P(23)

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

I
C-49

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - 5’ .. . - a - . - I  - - - ~ -

. 5-  ---



_______ —— ---- - - - ---  ---~--~~~~~~~~~~~~~~~ ~~~~ — -- 
—I ’

4

Ta b le 4. CO2 ll b O _ 0000

(helium Broadened Line)

Par ti al Pressures
Measuremen t 1 Measurement 2 Broa den i n g
Pure Forei gn Pure Fore ig n Coeff icien t
(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

Line ID: R(34)

60.0 0.0 60.0 60.0 .747
60.0 60.0 60.0 180.0 .676

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
60.0 60.0 60.0 180.0 2.400

Line ID: R(46)

60.0 0.0 60.0 60.0 .728
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Table 5. N20 
2000_ OlbO

(Hel ium Broadened Line)

- .  

Part i al Pressure s
F -  Measuremen t 1 Measuremen t 2 Broa den i ng

Pure Fore ig n Pure Fore i gn Coefficient
(torr) (torr) (torr) (torr) (F)

Line ID: P (l2)

60.0 0.0 60.0 60.0 .723
60.0 60.0 60.0 180.0 .633

Line ID : P (l3)

60.0 0.0 60.0 60.0 .636
4 60.0 60.0 60.0 180.0 .711

Line ID: P(l6)

60.0 0.0 60.0 60.0 .741
60.0 60.0 60.0 180.0 .890

Line ID: P(19)

60. 0 0 . 0  60. 0 60 .0  .651
60.0 60.0 60.0 180.0 .617

Li ne ID: P(2l)

25.0 25.0 25.0 75.0 .690

Line ID: P(23)

60.0 0.0 60.0 60.0 .784
60.0 60.0 60.0 180.0 .899

Line ID: 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 per forme d . Irn s anal ysis allowed the evaluation of the line
strength in the Voigt reg ion 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 va lues  at 60 torr an d 120 to 480 torr. Th~� line 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 tile line strength is not a
function of the pressure . This observed anomaly is characteristic
of all the data in Appendix A for both CO2 and N20. Thus , it ..~~~
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 phenom enon.  Resul ts
of th i s anal ysis are shown in Fi g. 36. The “integrated ” line
strengths are basically in agreement with the values in Appendix A
with a continued trend to vary wi th pressure for the l ower pressures.
To test the results in the Voig t regime , the lines were also
anal yzed assuming a Lorentz line shape . Th e Vo i gt line shape is
expressed as an integral which weights the emphasis on the Lorentz
line shape or the Dopp ler line shape as a function of the pressure .
Thus , as the pressur e decreases the err or between the true l i ne
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 Dopp ler and at.5 60 torr where the l i n e i s bas i cal l y Lorentz . This property of
the data gives it credibi lity , and al l ows 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 ..5 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 . Th e resul t s  are i n accordance w ith the theory an d are
g iven f or the pure absorber and the broadened cases. Fi gures 38
throug h 40 are plots of these results for certain CO2 and N20 lines .
The importance of the curves is that they verify the assumption that
60 torr is i ndeed a Lorentz line . All  measur emen ts are at l i ne cen ter
and in (km ~~). Thus , fcr the Lorentz p ressure re gi on , the observed
sloping line is due to wings of neig hboring lines . For pure

t absorber gas and a fixed frequency -
~ much greater than ‘

~ 0 
we have
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where C is a constant. Summing over all contributing lines we have

(1 1) k(yf i d ) = 

(

‘

~ 
C~
) ~a 

= 
~ Pa

Th i s i s an equa t ion  of a l i ne wit h s lo pe g. Thus , when the a bsor p-
ti on coef fic i en t dev i ates from th i s l i ne , it ceases to be Lorentzian.
The curves all show that 60 torr is very close to this transitior
point. Figures 38 and 40 also show the absorption coefficient
versus pressur e for the n it rogen an d hel i um bro ad en ed cases .

Th e accuracy of the data present ed depends on the measur in g
techniques and overall system stability . The stability attained
al lowe d measurements of the transm itt an ce to w it h i n 1~ . Since a
typ ical va lue  for the transm it tance was 50%, using [16]

(12’ ~k~~~ T/T 1 1 1 ~T ÷ l (~T~~
2

/ 

~~~~~~~~~~~~~~~~~~~~~~ L ~~
corres pon ds to a 1% error in the absor pt ion coeff i c i en t.

The technique used in meas~r i n g h a l f w id ths c a l l e d for a
frequenc y scal e factor i n an d the ha l fw id t h len gth in  cm.
M u l t i plication of the two quantities gave the halfwidth in (cm )~~.The fre quenc y scal e fac tor was ob ta i ne d from the eta l on curve by
measur i ng the di stance between two peaks , then dividing the FSR
(p. 12) by that di stan ce. The freq uency scale factor , f5, was
accurate to within 4”, due ma inly to the low finesse of the etalon.
The ha l fwi dth len gth , c~~, was accurate to within 5~ for l i nes
60 torr and below and cToser to 2% for the broader lines. The
5~ va lue  sha l l  be ke pt as a wors t case. For the err or i n the
halfwidth , examine

U

(13) + ~‘-~~ = + ~f5) ~~ 
+

Ignoring the ~~ A L term , on e ob t a ins

I
~4f  &C

( 1 4 )  ~~=~~~~+ L  -
~ ~ 5

C - E~
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Therefore , the halfwi dths are accurate to wi thin 9~. The least
squares curve f it an a l ysis 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
max imum error of 10% as seen from

(15) S~~+ s~ = ~(k’ + ak’) (
~ +

and

Ii ’ I

C

No signific ant error is irJuced in convertin g between k in (km~~)

and k’ in (mol (cm 2
)) 
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CHAPTER 4
CON CLUSI ONS

Successfu l simulation of CO laser transi tions using a PbSSe
tunable semiconductor laser was achieved. Transmittance measure-
rnen ts i n a H20-N 2 mixture were then carried out for the 6—5 P(1o)
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 line shape parame ters was obtained for the l1 O_0000
R -Br anch of CO 2 and the 2O0O~0l b 0 P-Branch of N20. An accuracy
of 10% for measuremen ts a bove 15 torr was a t ta ine d f or these
parameters using the PbSSe laser diode. Values of the self-
broadening coefficient and the foreign broadening coefficien t 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 Vo igt line
sha pe da ta are in  general no t of the same qu a l i ty as the Lo ren tz
line shape data.

Th e measur i n g techn iq ues u se d i n th i s ex per imen t do no t f u l l y
realize the resolving power of the laser diode. Higher accuracy
of the data is definitely possible. 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 usi lg two channels , one for the s ig nal
an d one f or the re ference , 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

- I accomplished .

Such i mp rovem en ts coul d lea d to an exam i na ti on of the se lf -
broa dening coefficient as a function of J-numher. Useful results
of th e l i ne s t ren gth as a f u n c t i on of press u re coul d be a tta i ne d
by numerically integrating the absorption coefficient with respect
to frequency.
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APPENDIX A

LORENTZ L I N E  SHAPE DATA

The fo l low i n g ta b les represent di rec t Loren tz l i ne sha pe
measuremen ts fo r CO 2 and N 20 gases. No curve fittin g or data
smoothing routines were used (if such processing is desired
refer to Chapter 3), so that the data may be more usefu l  f or
anal ysis .

The tables list in a vertical fashion the line identifica-
tion along wi th the nature of the broadening, i.e., no forei gn
broa dener , nitrogen broadened , or hel i um broa dene d . The
columns are la bele d for the pressure , both absorber and forei gn
in torr , the halfwidth in (cm 1 ), an d the a bsor pt ion  coeff i c i en t
given both in (km l) and (cm2/molecule), symbolized by k(-y ) and
k’(y), respectively. To compute k’(y), the a bsor ber amoun t, u ,
is needed , wh i ch i s expr essed i n the formu~a , u = .733952 x
l O 22(pa/76O) LIT, wi th the units (mol/cm ) , where Pa is the

- - absor ber part i al pressure i n torr , T is the temperature in
degrees , Ke~vin , and £ is the path length in cm. Then using
T = e k (y )U  an d Eq . 6, the absor pt ion coef fi ci en t and l i ne
strength are found. All measurements were made at a temperature
of 296 K .
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APPENDIX B

VQIGT LINE SHAPE DATA

• The following tables represent direct Voi gt line shape
measurements for CO2 and N20 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 calculati on from the
given experimental data, and a calculated halfwidth (this
procedure is outlined in Chapter 3, p. 29) is listed for corn-
parison wi th measured halfwidths .
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APPENDI X C

SPECTRA L 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 anal ysis of this function is usually

• accomplished by expressing the dependencies of the molecular systems
and radiation frequency by the general relation for a sing le
absorption line

(17) k([M ], [Mf].~)

= 
~ 

S(Maq) ~ (c 
(Maq ; Mfl q I Mf2q l Mfrq ; ~‘~~)‘  ~~~~

where [M ] — is a row matrix of parameters representinga absorbing molecules wi th Mao as the qth element
F [Mf] — is a r by q matrix of parameters representing

foreign molecules acting on th~ q
th absorbing

molecule , with Nfrq as the rq tht element
y - wavenumber
S(M ) - line strength of qth absorbing molecule

— line shape function
ci( ) - halfwidth at half intensity of the line shape

— wavenumber at line center.

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

(18) k(Ma1~ 
Mf11$ ~

) = S(Ma1 ) ~
(
~~

Mal Mf11 1 ~~ ~ 
- ~

)

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 mol ecule , and
the line center wavenumber. It is convenient to normalize
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j (ct (Ma1, Mf 115 ‘1’
~~

1 y — y0 ) by requiring the integrati on of j over
all ‘~ to be equal to one , so that

(19) k(M~1, Mf11~~1) d~ = s(M 1)

where

(20) 
-

~~~ 
j(
~

(Ma1~ Mf11 1 ~~ 
,y-y0)dy=l

The parameters Ma and Mf are themselves multi -varia ble functions of
quantities affecting the properties of the associated molecular
systems. They are used here to emphas i ze this fact and , having

• served that purpose , shall be el i mi nated from the notat i on and
replaced by more explicit variables . The descr i ption of the
absor ption coeffic ient , k ( y ) ,  can now be broken dow n into two parts ,
the line strength and the line s hape func ti on.

1 . The Line Strength

The li ne stren gth is a measure of the i ntens i ty for a part icu-
lar absor ption li ne. Intuiti vely the line strength shoul d be
related to the probability of a particular transition occurring
and the population of the lower energy state . Th i s i s ex p resse d
in the formula for the line streng th [19 ,20].

21 s~ 
- 

N~ 8 ~ 
~~u R1 

2 
1 

_hcyLU,kT
lu
~~~~ 

3 h  Lu

where N. - number of molecules per unit volume in the
lower quantum state

gu - degeneracy of upper quantum state
1Lu - wa~enumber of incident radiation
h — P anck ’ s constarft

IR LUI 
— trans i tion moment

T - temperature in K
• k — Boltzmann ’s constant.

The su perscri pt J on S~~ 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 transit ion moment as
discussed by Herzberg [21] may be written as

C-33
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(22) = <L M1 1 u>

where <L I and 1w- are the l ower and upper eigenstates , respectively,
and Mi represents the electric dipole moment with the subscript i
denoting components n the x , y, and z directions . The dipole
moment is the major mechanism of interaction between the electro-
magnetic f ield and molecular system . Other mechanisms of inter-
act i on may be p resent , such as electric quadrupoles and magnetic
moments, but are by far weaker . Thus , the li ne stren g th i s a
function of the absorber molecule via the temperature , the

— population distributions , the wavefunct ions , the dipole moment,
and the incident radiation wavenumber. The line strength as used
by McClatchey , et al. [18] places the pressur’o dependence of

I rep resented by N ~ into the absorption coefficient k’ - Thus the

• line strength , S
~u~ 

is generally considered to be independent of

p ressure , however , this assumes that the wavefunct ions are un-
per turbed by neighboring systems .

2. The Line Shape

The line sha pe of a pressure b roadened a bsor pti on li ne i s
determine d by the pertur bat ions of ex terior systems upon the
absorber molecule. A smearing of the energy levels results from
these distur bances , which produce a probabil i ty di stribution of
the energy level shifts . For a coll ision broadene d line , the line

1 1 sha pe function takes the form [18]

E
~
ç E1

Fi g. 41. Smearing of energy levels.
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This function is known as the Lorentz line shape . The half—
width , cxc, to a good approximation is determined by the kinetic
theory of gases [22].

1 2 1 1 ~ l/2
(24) = N~ (D a i ) V 

11kT
(
~
_ +

where N
~ 

- number of molecules of the i th_type per volum e

Da .
~ 

— optical collision diameter of the absorbing

molecule related to the i th_type mol ecule

Ma 
— absor ber mass

M
~ 

— i th_type molecule ’s mass
T - temperature in K
k — Bo ltzma nn ’s constant.

• For an absorbing mo l ecule wi th a si ngle foreign broadener , the
halfw i dth becomes

1 1 2 1  2 2  1/2
(25) ac 

= 
~~~~ [2 irkT] 

/ 
tNa (D a,a) [ic]

2 1 1 1/21
+ N

f (D f)

Using the relation N~ = and de f in in g

— 2 1 2  1/2
(D a a )

__
L’~~

(26) B =  1 2
(D a,N2)

2

[~
_ +

~
i___

1

il/2

a ,f 1~ W
F ~27~ F = _________ 

a
‘ / 

2 1  1 1/2
(D a )N2 )
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the halfwidth becomes

(28) = 
~~
._ [2 TkT]~~2[~~.B + ,

~~~~

. F1(D 1N2)2[~1_+ i.._
]

l
~
’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 

~e’ 
the effective pressure , is introduced as

(29) 
~e 

= Bpa + FPf

The hal fwidth at standard temperature and pressure becomes

(30) = 
(2~)L’2 (D N )2 [1 + 1 1 ~eo

CO 
~ 

a’ 2 ~iç 
~~ T0

112

For any pressure and temperature

t’e (T0\l/2
(31) = 

~~~~~~~ ~~~~~~~rj

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

At low altitudes where the pressure is above 60-70 torr, the
collision broadening and the Lorentz line shape will determi ne
j(y—y0). However, at high altitudes where the atmospheric pressure

.4 is below 60-70 torr, a different line 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 line has a line shape via the
Doppler equation and the Maxwe ll—Boltzmann distribution.

5,
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(th2)’”2 ( —

(32) 
~~~ 

- = exp - 2 ° ( -~~
2)

D

where

(2 kT~n2(33) 
~~~ 2

~~ Mc J
The shape is Gaussian in nature, which reduces the wing absorption
as compared to a Lorentz profile . Figure 42 exhibits this fact
for lines wi th the same halfwi dth and line strength . Doppler lines
are very much narrower than collision-broadened lines , for
example typical values for CO2 at 5 u rn may be

= 0.0018

• 
~C 

= 0.0800 @ 760 torr.

4 The combi ned Doppler and collisional broadening effects
determine the Voigt line shape . Let the molecule have a stationary
shape factor j1(y - i~ ) and the velocity probability distribution of
p(u) then

(34) 
~~~ 

- 

~~ 
= J p(u) j ’ ( y  - + ~

y0) du

Using Doppler ’s equation

(35) ‘i’ ’ = 

~~~~ 

(l —

one obtains

(36) y - + = (
~ - ~

) - (
~ ‘ - ~

)

j’ becomes the Lorentz line shape and p(u) is a Maxwell—Boltzmanru
distribution . Substituting into Eq. (34) J~

(-
~ 

— y~ ) becomes [19]
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(37) 
~~~~~~ 

- 1o)= 
~~~

exp - Ln 2 1

I I dv ’
• J r, ,, ~~

-~~~ L~4y - - +

Let (38) y = (Ln 2)1/2

(39) a = —s. (Rn 2)1/2
0

Y - Y
(40) ç = ° (& ~ 2) /2

0

then

(41) - ) = 
C Ln 2 exp(:y2) 

+ a2~

Thic is the expression for the Voigt line shape . The equations
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
H J

(42a) k(y) = 

~~ ~~~ 
- 

~0) = 

+ 2 (km 1 )

- SJ ’
(42b) k’(1) = s~ ~~ 

— = 
7T (

~
, 

— ~~)2 +

~(mo1 (cm 2
)) 1)
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Vo-igt Line Shape

(43) k(~) = S~~ 
( - = 3/2 

£~ 2 
exp(-y)2 dy 

(km ~~)

- p~ppler Line Shape

S~ (
~ 2)~~

2

(44) k(y) = S’~ 
j 0 (~ - = 

L~

ex~
f
~(1 

~ Y
o)

2 
Lti 
2)~ 

(kni’)
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CHAPTER I

I FIT RODUCT I ON

A. Introduc tion

This research was prompted by the need for a portable instru-
ment ca pab le of m~asur inq molecular absorption coefficients on the
order of 10 8 cri 1 with an accuracy of ±10% usina a one-watt c.w.
laser source . The conventional  metho d use d for la bo ratory measure-
ments of molecular absorption employs the multi -traversal or White
cell [1]. In order to determine the transmittance for low absorption
levels , thi s techn iq ue requires takin n the rat i o of two quant iti es
that are very nearl y ecu ual . It  can be eas i ly shown [2] that a small
error in th i s measurement w i l l  produce a la m er error when it i s
use d to determine the absor pt i on coeff i c ient.  For a transm it tance
near 90% , Fi riure 1 shows that a 1% error in  the transmittance will
result in a 10% error i n the absor pt ion coef fic ient.

Measurements with a laser -illum inated spectrophone give
resul ts which are linearly related to the absorption coefficient
so that this  i nstrumen t is poten t ia l l y capa b le of meet i n g the above
specif icat ions ; however , a number of problems have limited its use-
fulness. These problems include calibration , “w i ndow ” effects , arid
contaminants. The present effort has resulted in an improved
instrument which will be described .

The op toacoustic effect , which was discovered in 1880 by
Alexan der Graham Bell [3], received relat i vely l i ttle at ten ti on
unt i l  in tense coherent l ig ht sources became ava i la b l e. The f i rst
at temp ts at emp loyin g this  effect to measur e absor pti on in gas
samples were limited by the intensity of thermal radiation sources .
Vien gerov [4] made the first such measurements in 1938 using a
pressure trans ducer mounted in a resonant cav i ty . However , i t was
the advent of the laser which all owed Kerr and Atwood [5] to
demonstrate the potential of the spectrophone as a sensitive
instrument for the measurement of weak absorpti vity in  gases. In
1967 they emp loyed both a pulse d ruby and a c .w. CO2 laser for the
pur pose of measurin g water vapor and CO2 absorption with a non-
resonant gas sample cell and a capacitance manometer (pressure
transducer). Using a chopping frequency of 0.19 Hz , thev achieved
a s e n s i t i v i t y of lO~~ cm- 1 , tha t was l im i ted by a f a lse p ressure
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Figure 1. Percentage error in absorption coefficient p l otted
versus percenta ge error in transmittances .
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signal which was proportional to laser power and associated wi th
the end wi ndows . In 1970 Kreuzer [6] used a non-resonant cell
with a pressure sensinq microphone in order to measure gas concentra-
tions with a He—Ne laser and to further study the ultinate sensi-
t ivity of the spectrophone . At 03 .39 ~i he was able to achieve an
experimental sensitivity of l0°  parts methane in air usinq a
modulation frequency of 400 Hz in conjunction with a high Q,
frequency selective amplifier. Amolifier noise limited sensit ivi ty ,
while contami nants , i . e., gases trapped in the cell walls , appar-
ently l i mited the accurate determinat i on of low level absor ber
concentrations .

In an attempt to improve the acoustic technioue , Dewey and
co-workers [7] modulated the excitation beam at a frequency
corresponding to a natural (Helrnholtz) frenuency of the sample
ce l l , thus producing a resonant spectrophone. Uhile the non-
resonant acoustic (pressure) signal decreases with modulation
frequency , this  work demonstrate d the enhancemen t of the p ressure
signal at or near the resonant freouencies of the samp le  cel l
(‘~39OO Hz). This type dev i ce has a rela tivel y l arge volume-to-
surface area rat i o wh i ch shoul d serve to reduc e the p ro b lem of
contamination but because of the large acoustic “Q” required and
observe d , this technique is extremely 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
spectro phone by designing a non-resonant differential instrument
consisting of two isol ated chambers connected by a single IR wi ndow. FThis technique , which  w i l l  be descri bed later , served to substanti-
a l l y reduce the false pressure signal and pro dyced an ecuuiva lent
absor pti or back ground s ig nal of 3.3 x iO~~ cm~~/watt . Because the i r
instrumen t employs a sensi tive differential capacitive manometer ,
(0CM) connected between two isolated chambers , small volume adjust-
ments were requ i red i n one of the two cavit ies  in order to equa l i ze
the static pressure across the manometer . It is bel i eved th at  th i s
practice could have a serious effect on the instrument calibration.
This point will be given further consideration in Chanter III.

B. The O. S .U. Differential Spectrophone

The instrument shown schematically in Figure 2 was designed by
Professor E. K. Damon to improve the spectrophone sensi t iv i ty by
empioyinq a “differential technique ” s imi lar to that cons id ered in
e lectronic amplifiers .

Our experience , like that of Kerr and Atwood [5], had shot-i n
tha t the p r inci pal prob lem associate d wit h the ac hi evemen t of
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maximum sensitivity in the spectrophone was derived from a false
pressure signal which nenerall y could be attributed to “window
no i se. ” When performing measurements this “wind ot-i noise ” presented
itself in the form of an in-nhase sional that produced a constant
back ground which seemed to naturall y determine ~~

kFe ower limit of
sensivitity . A more powerfu l radiation source could not imorove
the system sianal-to-noise ratio , since the predominant noise
source was also proportional to laser power . Further , its phase
appeared to be nearl y coincident with that of the desired pressure
si gnal ; thus filtering by a lock— in amplifier could not reject its
p res ence.

The differential spectrophone which appears in Figure 2 was
designed with the intention of eliminating that portion of the
fal se p ressure s ig nal cause d by the absor p tion of i nc id ent rad i a-
tion by the IR wi ndows . In order to accomplish this objective ,
two chambers of different len gths but equal volumes were joined
together . The principle employed is that , when the instrum ent
contains an inert sample gas , the pressure rise produced by the
windows in each chamber will apnear as eoual signals (in magni-
tude and phase) on opposite sides of the pressure sensor (acting
in a differential mode). This should then produce a null signal
out of the DCII (trade name Barocel ) assuming the heatino effects
at all three wi ndows are identical.

When an absorbi ng gas sample is being measured , the pressure
si gnal in cells A and B wi l l  consist of two parts — -  that due to
the wi ndows and that due to molecular absorption by the gas.
Assuming tha t a l l  wi ndows an d both volumes ar e equal , the w i ndow
signal will be equal in both chambers and therefore cancel . Be-
cause the radiation energy absorbed by the nas is proportional to
pa th len gth , the absor ber s ig nal w i l l  be greater i n cell  A th an
i n cell B. Thus , the res ponse of this i ns trument i s roughly
equivalent to that of a co~i~ent i ona l spectro phone whos e len gt h i s
equal to the difference between that of cell A and cell B with the
important di fference being that there will be no false window
s ig nal .

Because one is interested in measuring pressure variations on
the order of l0~~ - 10 6 torr , it is necessary to equalize the
static pressure across the DCII to within its workino ranne (approxi-
ma tely 0.01 torr). By employing a micro —me tering (leak) valve
(see Figure 2) between the two cham bers , th is balance is ac hi eved
without any adjustments to system parameters , i.e., cell volume .

0-5

4

- - , - 4’-_________- - - - - ~•~* -w --w 
~~~~~~~~~~~~ 

- - - 
. - -  - •*S_~~ - -

- —-—~~~~~~~~ - -- — — - - —- --——- ~~ -—~~-—- -— - ~ — — ~ — .



_ _  
~~- - -  —

S

CHAPTER I I

THE EXPERIMENTAL APPAR ATUS

A. Introduction

The absorption coefficient of a gas sample can be obtained from
a spectro phone measuremen t by si m p ly tak i n g the rat i o of t he pres-
sure si gnal to the incident radiation (laser) power and multipl ying
by a predetermined calibration constant [5]. Because the pressure
si gnal varies linearly wi th laser power , it is essential that the
two be com pare d at the same time or that the laser power rema i n
relatively constan t during a measurement . Al thou gh the ti me
constant of the DCII si gnal processing electronics was adjusted to
match that of the laser power meter (~~~ 

4 sec), the method of data
acqu i s i t ion employed here preclud ed a s imultaneous compar i son of t he
two si gnals . Thus i t  was necessar y to bu i ld  a ra di at i on source
whose output varied slowly with time . The stabilized , grating
tuna b le , CO2 laser which resul ted will be described in section B

- 
, of this  cha pter.

The differential spectrophone which appears in Figure 2 served
as the prototype for this  stu dy which  was under taken to i nvest ig ate
certain problems that had previously been encountered [9]. As a
resul t , several physical imp rovemen ts were ma de on th i s i nstrument
in an effort to elim inate these problem s which will be discussed in
Chapter I I I .  The Brewster an g le d i f fer ent i al spectro phone that  was
ultimately developed will be described in section C.

Section 0 contains a descripti on of the electronics and trans-
ducers ut i l i zed i n th is stu dy . Inc lu ded here is a bri ef anal ys i s
of the s i gnal 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 Sta b i l i zed CO2 Laser

The source of ra di at i on use d to per form measuremen ts w ith the
spectrophone was a frequency stabilized , grating tunable , sealed
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off CO 2 gas laser . This laser operates at a nominal power level of
two watts in the TEM0Q mode on the P (20 ) line of the 10 ~ band .
The im por tant feature i s th e sta bi l i t y of the output power which
was observed to rema i n cons tant w it h i n ± O .25~ over several minutes
as measure d w i t h a Sc i entec h d i sc calor i meter , Model 3600.

Follow ing construction , the Py rex p lasma tube was chem i-
call y cleane d and su bsequently outgassed using a high vacuum dif-
fusion pump in conjunction with an infra red heat l amp . The tube
was then fi l led wi th C0 2, 12, He , Xe , and H2 using the manifold
shown i n Fig ure 3. It  was necessary to re f i l l  the p lasma tu be
every few days , as the laser power was gra dual l y degraded by
unknown contam i nan ts. A roughing pump (see Fi gure 3) was used to
evacuate t he laser to a pressure of approx imately 20 m i crons , after
w hi ch the tube was ref i lled . Follow i ng th i s procedure , the laser
ou tput returne d to the desire d l evel .

WALLACE AND
0-800 TIER NAN

SIEVE 2
TRAP

MOLECULAR TORR 

_

~~~~~~~~~~~~~~~~ URE GAUGES

VACUUM TO
PUMP SPECTROPH ONE

STAINLESS
STEEL

TEST TUBE VACUUM
GAUGE

- 4 

- - 

M E T E R I N G
NRC

VALVE S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ SER

SHUT OFF
VA LV ES

~~~~~ 
H~ CO2 N2

Figure 3. r-lanifc ld .
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The optical cavity consists of a plane grating, to al low
sing le l ine  operation , and a spherical output mirror . The aluminum
grating is bl azed at 26° 45’ and ruled with 150 grooves per
millimeter. The germanium out put mirror is 20% transmi tting and
has a 10 meter radius . The mi rror is attached to a peizoe lectric
crystal, PZT , to provide both manual and electronic tun i ng of the
cavity length ; the latter function will be discussed in subsequent
paragraphs.

To limit lasin g action to the TEM00 mode , irises are located
internally at each end of the laser ca vity . High purity nickel
electrodes and a regulated and fi l tered d .c. power source are used
to excite the plasma . The electrodes , see Figure 4 , are shaped in
the form of a semi—clos ed circular band , wh ich is located within the
cool i n g zone of the p l asma tu be. Sodium chloride windows , 3 pin
thick , are mounted at the Brewster angle on both ends of the p lasma
tube.

COOLING
WATER JACKET Nod WINDOW

/ WATER PORT I
IRIS

PLASMA CAVITY ~~~ ICSTUBE NICKEL ELECTRODE

Fi gure 4. CO2 laser tube and optics .
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Electron ic tuning of the cavity length is accomplished by
a frequency sta bi l i zer which  is electr i cal ly  connected to the
PZT . The s t ab i l i ze r  des i gn was ada pted from one that  Thom ason
and Elbers [10] used wi th a comerical laser. In operation , the
stabilizier periodically varies the cavity length a small distance
wh i ch causes a smal l modulation in the laser ’s out put power ,
when operating above threshold . Thi s var i at ion i n output power
s imultaneously  produces osc i l l a t ions  i n the p lasma i mpedance wh i ch
are synchronousl y 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 im pedance of the CO2 laser p lasma var ies i nversel y with
gain. By sensing changes in plasma impedance , it is possible to
maintain laser operation at line center (maximum rain) by adjusting
the cav i ty len gth to cont inuously  min imiz e  impedance. The
stabilizer correction signal is derived by i nte grat i ng the out put
of the synchronousl y detected var i at ions i n p lasma im pedance induce d
by a 520 Hz voltage applied to tile PZT. The inte grated signal is
then amplified and “added” to the PZT bias voltage so as to adjust
the optica l cavity length to obtain a minimum error (plasma impedance)
si gnal and thus ma i nta i n max imum ga i n.

C. The Differential Spectrophone

The instrument which will be described here was derived from
modifi cations performe d on the p rototype device which  i s shown i n
Fi gure 2. The essent i al d i f fe rence between the ori gi nal and
mod i f i e d vers i on , schematicall y dis pl ayed in Fi gure 5, i s the
mounting of the three IR windows at the Brewster angle. This was
accom pl~ she d by vacuur r sea l in g three FI aCl w i n dows on a luminum
adapter5 which were machined to the appropriate angle. An equally
impor tan t modifi cation was to correct the volume of cell B’ ,
to achieve equal volumes on both sides of the center window . The
fi nal mod i f i cat i on el i minated a mechan i cal p l un ger wh i ch ha d been
i ncor pora ted i n to the des ig n of cell  B ’ wk,ich was to be used for
small volume adjustments. This was eli n i nate d to prevent any
future variations in the cell volume m d  to insure a vacuum—tight
instrument.

CELL ~~ CELL A

ADA P~~~~~~B~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A pTER A~

Figure 5. Brewster angle differential spectrophone .
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The lon g and short cavities of the spectrophone were machined
from aluminum , as were the three Brewster angle window adapters .
The NaC1 wi ndows were cemented onto the adapters with a low
va por p ressure sealant , trade name “Torr Seal” , wh ich is specifi-

• cally inten ded for vacuum applications . Vacuum integrity of the
assemble d instrument  was achieved by Viton “0” r in gs which  were
installed between each of the separate sections . External plumbing ,
see Fi gure 2, was composed of bellows sealed vacuum valves con—
nected by #304 stainless steel tubing using #316 stainless steel
fittings , trade name “Swa gelok .”

The cell A’ measures approximately 5 x 5 x 30 cm and includes
a 30 cm lon g hol e thru the center of the cell wh ich was reamed

• and polished to a final diameter of 1 .031 cm. “0” rin g grooves
1.588 cm in diameter were cut at each end and a 0.318 cm hole ,
runn i n g perpen d icu lar  to but not penetr atin g the 1.031 cm bore ,
was d r i l l ed  near the center of the chamber to accommo date the
temperature sensor. The volume of the long chamber which includes
that of cell A’ and several short sections of 0.64 cm di ameter
tubing, see Fig ure 2, measured approx i mately 38 cc as did the
modi fied short cham ber.

The short cell , B’ shown in Fi gure 6, measures app roximately
5 x 5 x 7.6 2 cm an d as can be seen is somewhat complex com pare d
to cell A’ . This cell offers a relat ively short path for the
incident beam but with the compensating volume B’’’ com prises a
volume equal to that of the long chamber. The compensator B’’’
was ori g i na l l y  des i gned to incorporate a small mechanical p lun ger
within the cavity in order to permit small volume adjustr :ents.
It was originally theorized that a small adjustment in the volume
of cell B could be performed which would allow complete cancella-
t ion of the false win dow si gnal . This was never realized in the
spectrophone of Figure 2 for reasons which will be discussed in
Cha pter III. The compensator B ’’’ was modified , i.e., the o r ig ina l
hole was enlar ged and undercut , to increase the cell volume . Also
the en d was threade d for use with  a s ta inless  steel f i t t i ng, wh i ch
was used to vacuum seal the chamber.

The hole B’ -B’ of the cell B’ was enlar ged to a l low for the
refraction of the laser beam caused by the 5 mm x 25 mm Fl aCl
win dows. Similarly , the adapter B ’’ was d is pl ace d 0.229 cm from

F the geometri cal center of the instrument , see F i gure 5. The
adapters A ’’ and B ’ ’  both measured app roximately 5 x 5 x 6.5 cm;
however , the ends , see Fi gure 5, were turned down to facilitate
the machinin g of the Brewster angle.

The spectro phone which appears in Fi gure 5 is the ins t rument
that was employed for the final tests and measurements which are
described i n Cha pter I I I .
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0. Accessory Equipment

1. The Electron ic Apparatus

In additi on to the laser and spectrophone , several other instru—
nients were involved in the experiment , see Fi gure 7. The pressure
sensor used wi th 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 diaphra gm is placed
between two meta l l ic  plates , creating two capacitors whose relative
values change wi th motion of the diaphragm . The capacitors are
used to form opposite legs of a bridge ci rcuit whose output is
ampl i f i ed  to produce an anal og signal , wh ich is proportional to
the pressure difference across the dia phragm . The pressure sensor
has a full scale range of 1 Torr while the associated e1ect~on ic
unit offers a selection of hi gher sensitivities down to l0 Torr
full scale.

LAS ER TELESCOPE SPECTROPHONE CALORIMETER

I 
~ 

I 
~~ ~1L~BARO~

-
9J 

I I I
H.V. 8 Hz SENSOR

STABILIZER DC CHOPPER
SUPPLY

BAROC EL I POWER I

ELECTRONICS ~~T~~J

R EF.
SIGNAL ~~~~. C

rOCK_ IN A M~~j___] ITHERMOMETERI

$

DA TA LOGGER 1
L Figure 7. Experimental apparatus .
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The pressure signal 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
si gnal for the lock- in amplifier is obtained from an infrared
diode-photo transistor pair that is mounted on the mechanic al
chopper. The cho pper , which emp loys a synchronous 240 rpm motor
and a sta i nless steel blade , provided 100% modulation of the laser
beam at a fre quency of 8 Hz . This frequency was selected in order
to l imit  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 d isc calorimeter , Scientech
Model 3600 , which  when used wi th  i ts  assoc i ate d power meter has a
time constant of 4 seconds. Thus , the laser power readin gs were
not af fected by the 8 Hz modulat ion , except that ha l f  the power
was los t by chopping.

Because of the si gnifi cant temperature dependence in the
absor ption coefficient for CO2 gas samples , it  was necessary to
cont i nuousl y monitor  the temperature of the spec 1~rophone. An
electron i c thermometer , Stow Laboratories , Inc .  Model 911 PL ,
was emp loyed for this  pur pose , with its sensor located in the
body of the long chamber .

The raw data which included the integrated pressure signal ,
laser power , temperature , an d the time of day were recorde d by a
Un i ted System Corp. Model 1267 data lonaer. The out puts of the
pressure transducer an d power meter were also interfaced to a
digital computer, see Figure 7. This capability was employed to
determine the response of the Barocel pressure sensor and the
sha pe of the pressure si gnal .

2. Pressure Si gnal Processin g

The pressure si gnal tha t was obta ine d from the Barocel
electronic manometer was fed into the lock—in amplifier , which
was used to determine both the magnitude and phase of that signal .
The pur pose of th i s sec ti on is to c lar i fy the manner in wh i ch
thi s was accom p l i she d ; it s a pp l i cation an d impor tance w i l l  be
d iscusse d in  Cha pter I I I .

As was previously mentioned , the reference fre quency si gnal
was derived from a photo diode-transistor pair located on the
mechan i cal cho pper. The out put of the photo trans i stor 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-chooner assembly
was pos i t i one d so tha t i ts si gn a l was goin g hi gh as the lase r
radiation became incident on the snectrophone cell.
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Fi gure 9. Analysis of pressure signal processing.
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The lock- in amplifier allow s the user to choose the relative
phase (with respect to the reference signal) of the internal
square wave . The one displayed in graph 9 (c) is defined to have
a phase of 900 . I t  is easy to show that  a phase of 0° or 180°
for this pressure signal would result in a minimum tine average
si gnal. Thus , the ma gn i t u des of two ortho gonal components of a
p ressure s ig nal can be obta ine d by means of the cal ib rate d phase
con trol swit ch on the am p l i f ier . From the magni tudes of a s ig nal
taken with relat i ve phases of 0° and 900, it is an easy matter to
determ i ne the resul tan t  ma gn i t u de and ph ase of the phasor which
represents the total pressure signa l .

In a si tuat i on where the phase of the pressure sig nal var i es
w i th absor ber concentra tion , it is evident that an accurate
determ i nat i on of the sig nal magn it ude mus t accoun t for phase
var ia t i ons . In the case of CO2 absorption measurements , the a bove
situa tion was observed and the pressure sional was analyzed using
the lock-in amplifier to determine both the magnitude and phase
i n the manner just descri bed . Cha pter I I I  pres ents t he resul ts  of
several measurements performe d w i th CO 2 as the absorbin g gas in which
this effect was observed . A brief analysis of the manner in which
k i ne ti c cool i n g serves to produce the observed phase delays in
the pressure si gnal is given in Appendix A.

F

0-16

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I~~~~~~~~~~~~~
4 - _

~~~~~~~~~~~~~~1~—~ ~~~~ ~•_~_J- —
~a-i—--.~— -4 •



r 
~~~~~~~~~~~~~~~~~~~~~~~~~~~

CHAPTER III

TEST ME A SU RE M EN T S AND RESULTS

A. In troduc ti on

There shoul d be no back groun d win dow si gnal observe d w i th
the different i al spectro phone and it s res pons e for an absor bi ng
sam p le must be pro port i onal to the di fference i n len gth between the
long an d short chambers . Attem pts to measure the d i fferent i al
effect raises two fun dament al q uesti ons .

(1) Are there any other background sources which could
serve to mask the w i ndow si gna l?

(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 w i th tes t measure men ts perfo rmed on the
prototype and mod if ied ve rsi ons of the di ffer enti al spectro phone
are cons idere d i n section B of t hi s cha p ter .

Hav ing demonstrated that the Brewster analr differential
s pec trophone , shown i n F i gure 5, performed as required , a ser i es
of measuremen ts wi th C02 i n a i r an d selec ted measurements of H20
in N2 were undertaken to demonstrate the performance of the instru-
men t. The ex perimen tal proce dures are ou tl i ne d i n sec ti on C wh i le
the resul ts  which were ob ta i ne d are gi ven in sec ti on 0. Also con-
sidered in section 0 is the kinetic coolina that was observed in
the measurements of CO2 in air. A more detailed description of
kinet i c coolin g appears in Apnen di x A.

B. Tes t Measurements

The ex perimen tal anal ysis of the di f fe ren t ia l  spectrophone —

consis ts  of two parts :

(1) a demonstration of sensitivity , and

(2) a demonstration of linear i ty.

0-17
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The sensitivity of the conventional spectrophone is limited
by a false pressure signal which is generally attributed to the
end wi ndows . The advantage offered by the differential instru-
ment is the increased sensi t iv i ty  which can be obtained b’,
eliminating this unwanted signal . This does not necessaril y
mean that all background signals will be elim inated , 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 enual pressure
signals in cells A and B, see Finure 2, and therefore no net
signal should be observed from the oressure transducer . Th i s
theory tacitly assumes that all three windows are “identical ,”
a stipulation which is difficult if not impossible to predetermi ne .
Hence , when filled wi th an inert sample , this instrument functions
as a wi ndow tester. A val id criterion for proper operation of the
differential spectrophone is the inability to distinguish , by
means of the pressure si gnal , the presence or absen ce of laser
rad i a ti on thru the i ns trumen t. This requirement satisfies an
intuitive understanding of the des i red objective but there are
other factors which need to be considered because of their
influence on back ground as well as absorber measurements .

The initial experimental efforts in studying backaround
levels were performed wi th the prototype differential spectro—
phone of Fig ure 2 using the physical arrangement shown schematic-
ally in Fi gure 10. The results of this investigation showed that

~~~~~~~~LA SE~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
2

TELESCOPE

CELL ~~~~ ~~~~CELL A

V5~~~~~~~~~~~~~~~~~~~~~ V 4

BAROCEL
SENSOR

Fi gure 10. Schematic of exper irenta l optics .
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small changes in beam trajectory , caused by fine adjustments to
mirror Ml , had a dramatic influence on the naanitude 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
si gnal 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 lock -in amplifier and subsequently
processed using a time-average integration . Since the pressure
transducer actually superimposes these two sinnals , the siqn of
the output from the lock — in amplifier is determined by the relative
magnitude of the signals which appear in graphs 11 (b) and 11 (c ).
For conven ie nce , 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 resu ltant
pressure si gnal , it is possible to determine which cell is the
source of the dominant background signal .

By making small adjustments of mirror Ml , it was determined
that the back ground pressure signal could be eliminated or continu-
ously varied in either the positive or negative 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 ali gnment procedure which influenced the false pressure
si gnal also affected the signal observed from an absorbing gas
sample . By employing the above technioue wi th the instrument
shown in Fi gure 2 , it was possible to realize the desired objective ,
ie . ,  eliminating the background signal but not without observing
what was felt to be a more serious limitation .

At the same time , a peri odic (8 Hz) instability in the C02
laser was observed which also appeared to be dependent upon the
adjustments performed on mi rror Ml. The radiation which was
reflected from the wi ndows of the spectrophone was apnarentl y
sufficient to create measurable optical feedback which disturbed
the operation of the laser. By emp lo yi n g i nfra red thermal screens
and slowly adjusting mi rror Ml , it was possible to observe
radiation reflected from each of the three wi ndows , as well  as
multiple reflections from the cell walls .

Du e to mach i n ing i mperfect i ons , the three windows were not
quite parallel , hence the reflected radiation seldom traveled a
direct path out of the spectrophone . As a resul t, the chanoes in
beam trajec tory wh i ch were i ni ti a ted a t m i rror Ml no t onl y i nf luenc ed
the ray path of the incident radiation but also the number of reflec-
tions inside the instrument and therefore , the radiation absorbed
by the w a l l s  an d windows.  If the windows had been parallel , the
possibility of etalon effects would have existed between the eight
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Fi gure 11 . Anal ysis of background pressure signals .
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window surfaces. This could have added an additional frequency
dependent phenomenon to the previously mentioned difficulties .
(In the past , i t  was fe l t  that spectro phone cal ibration was necessar y
at each frequency to be considered.)

The solut i on to these p ro b lems was the construction of the
differential spectrophone shown in Figure 5, with  a l l  thre e IR
windows at the Brewster an g le. This instrument ha d no observa b le
reflections from the wi ndows and the laser instabilities which
had previously been encountered were no lon ger observe d. More
importantly, the cr i teri on for pro per ope rat ion of the i nstrumen t
was achieved wi thout any fine adjustments to the optical alignment.
The nullin g of the window signal was simply obtained by aligning
the laser beam with the optical axis of the spectrophone ; further ,
the result i ng si gnals  for inert or absorbin g sam p les were not
affected by small changes in this optical alignment.

The l i neari ty of the di f ferent ia l  spectro phone was demon-
strate d by examinin g the instrument res ponse versus absor ber
concentrat i on. Th is is presente d in Fi gures 14 throu gh 22 , where
the ordinate is a ratio of the pressure signal to laser power and
the abscissa is the absor ber concentrat i on. From these fi gures ,
it is observed that the response of the instrument does appear to
be l i near.

Eq u i valent ly , one mi ght consi der measurin g the pressure
si gnals  i n the two cells , A’ and B’ , of the modified instrument ,
see Fi gure 5, and demonstrate that the superimposed response is
equal to the difference between the individual signals. Referr ing
to Figure 10 , it can be seen that it is possible to independentl y
observe the pressure response produced in cell A (B) by closin g
valve V5 (V4). However, it should be realized that the system
response is fundamentally changed while either of these valves ,
V4 or V5, is closed.

When a pressure rise occurs on one side of the pressure
sensor , its diaphragm deforms (approximately 0.05 m/Torr) and
compresses the reference volume un t i l  equ i l ib r i um is ac hi eve d .
This causes the trans ducer res ponse to be a funct ion of no t on ly
the deflect i on character i stics of the d iaphragm but also the
relevant volumes , an d 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
accura tely es ta b l i she d by the p revious method , th i s last  techni que
was never ser iously  attempte d . However , i t i s in teres t in g to
examine the infl uence which a volume change exerts on the system
response.

I
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Fi gure 12 shows the results of measurements that were performed
w i th the Brewster an gle di fferent i al spectro phone us i n g CO 2 in air
as the a bsor bi no gas an d the P ( l 6) l i ne ~n the 10 i~ reg ion as a
radiation source . Th e sol id l i ne i n d icates the resul ts  of measure-
ments performed with the unmodified instrument , the dashed line

- - represents the data obtained by adding approximatel y 10 cc of
• ex ternal volum e to cham ber B ’ of the snec trophone . It i s clear

from these resul ts that the pressure si gnal was sig nif i cantl y
increased as a result of this chanoe; however the null in the
background si gnal obtained by machining equal volumes in the
original instrument was sacrificed .

• C. Experimental Procedure

The most serious problem encountered in using the spectrophone
as a spectrosco pic tool for measurino small absorption is contami n-
ants. In order to minimize this problem (it was never eliminated),
the spectrophone and its associated vacuum system were outnassed using
hea ting ta pe and 

~ 
Vac ion pump. The ultimate vacuum achieved was

approximately l 0’  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 usino the manifol d and pressure
gauges shown in Figure 3. In order to minimize backstreaming, a
molecular sieve trap was mounted on the roughina pump which was
use d to remove gas sam p les between measurement s.  The CO2 in air
samples were obtained from Primary Standard gas cylinders containing
l .O~, 0.2 % , 0.1 % , an d O .O4~ CO2 in air . Concen trat io ns of CO2near 0.5% , wh i ch were also measure d , were obtained by mixin a the
1% sam p le gas w i th one of the smal le r  conc en tra ti on sam p les . T hi s
dilution was accomplished by introducin g equal amounts of the two
gas samples into the spectrophone plu mbino system and mixin a for
fi ve minutes w i th  a circulation pump , see Figure 13.

W ater vapor samples were introduced from a Pyrex test tube con-
tainin ci double distilled H20. Before H20 was introduced into the
s pectro phone , the test tube was partiall y evacuated in an attempt to
remove any other remaining gases , see Fioure 3. The water vanor
sam ple conta iner was then opened to the evacuated spectrophone cell
un ti l  the des i red partial pressure was obtained , after which N2
was added until a total pressure of 760 Torr was reached . The
sample was then mixed using a circul atinn pump , see Fin ure 13,
and the water vapor concen tra t ion was measure d us in g an EG G dew
point hyorometer , model 992-Cl . Two one-liter stainless steel
sample cylinders were included in the plumbing system in an attempt
to increase the systen volume—to-surface area ratio and thus reduce
condensation in the mixin o process. In qeneral , the partial

0-22
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pressures of H20 measured with the dew point hygrometer and the
mechanica l 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 Fioure 9 and the discussion which
— appears in section 0 of Chapter II . The second was conducted

wi th 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 magnitude and phase of that
signal . The absorption coefficient was determined by multiplying
this calculated magnitude by a calibration constant which was
obtained from White cel l measurements .
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Figure 12 . Test for volume dependence.
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I Figure 13. Plumbing for sample gas mixing and
dew po i nt measuremen ts .
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D. Measuremen ts

In order to demonstrate the usefulness of the Brews ter ang le
differen tial spectv-ophone , a series of measuremen ts was performed
on n i ne l i nes , P(12) thru P(28), in the 10 ~ re oion wi th  the CO 2
laser that was described in section B of Chapter II. These measure-
ments were performed using varying concentrations of CO2 i n a i r  as
the absor bi ng gas. The results of those measurements are presente d
in Figures 14 through 22 . T he data shown in these graphs are
g iven in di rect ex per imental uni ts , i.e., the calculated magnitude
of the pressure si gnal scaled by t he laser powe r an d were ob ta ine d
at a temperature of “24°C.

Cali brat ion for the spectro phone was obta i ned from the Wh ite
cell measurements of CO 2 in air on the P (20) line by Mills [11], see
Fi gure 23. The calibration obtained from this line , P(20), was
assumed to be valid for all the other frequencies which were con-
s id ered i n th i s study . The absor pt i on coeffi ci en ts at th e n i ne
measured laser lines for a 1% concentration 0-f CO2 in  a i r are gi ven
in Figure 24 .

The absorption measurements of CO 2 conducted wi th a spectro-
phone are complicated by the effects o? kinetic cooling [12] which
influence the phase of the observed pressure signa l. The net
effect of kinetic cooling is to make the phase of the pressure
si gnal a funct i on of the rela ti ve concentrat ions of CO~ and N2.
Fi gure 25 shows the phase of th e pressure s ig nal versus the
absorption coefficient of the CO 2 sam p le wh i ch was measure d on
the P(24) line. It can be seen from this data that kinetic
cool i n g has a si gnificant i nfluence on the phase of the pressure
s ignal  and must be considere d i n the anal ys i s of spectro phone
CO 2 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 constan t, within experimental accuracy . The corres pon di n g

— data for absorption at the P(20) line versus partial pressure of
water va por is shown in F i gure 27.

The measuremen ts presen ted in Fi gure 27 are comparable (± 5~)to established results [13] but appear slightl y high. The data
shown i n F i gure 28 indicate close agreement with the results
obtained by Mills [14], wh i ch are given by the sol i d l i ne . The
level of absorpt ion being measured here is nearly an order of
magnitude greater than that in Fi gure 27; hence , the contr ib ution
of contam i nants is less apparent . It i s also  poss ib le tha t a
frequency depen dence is bein g observe d in the con taminan t, such
that its contribution is smaller for the R(20) line in the 10 ~band than the P(20) line.
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Fi gure 14. CO 2 in air .
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Figure 19. CO 2 in air .
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Fi gure 26. Pressure signal phase from H20 in N2absorption measurements.
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Figure 27. I
~
I20 in N2 absorption at a total
pressure of 760 torr .
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CHAPTER IV

SUMMARY AND CONCLUSIO N S

A. Suninary

The pur pose of th i s study was to devel op a d i f fe ren t ia l
spectrophone capable of measuring absorption coefficients on
the or der of 10 0  cm 1. To this end , ex periments an d modi f ica-
tions were performed on a proto type . The resul t i ng ins t rument
was shown to have a l i near res ponse an d to meet the above sensi-
tivity specification.

The need for this instrument was described and a number of
the problems which had previously been encounte d i n conven tion al
spec tro phones were di scussed. The i ns trum en t presente d here wa s
shown to offer a major improvement in sensit ivi ty by eliminating
the background “wi ndow ” si gnal wit hout in t ro duc i ng fur ther  comp l i-
cations.

/\ two watt , seal ed off , frequency stabilized , 002 gas laser
was used to perform absorption measurements with the Brewster
angle differential spectrophone developed here . The resul ts  of
these measurements , which used CO 2 and H20 as the absor ber , were
used to demonstrate the linearity and sensitivity of the instru—
men t.

The effects of kinetic cooling were observed in the CO2
measurements. Th e i n flu ence of th i s p rocess was analyze d an d the
technique employed to measure its effect on the pressure signal
was also presented .

B. Conclus ions

The posi ti oninq of the spectrophone windows at the Brewster
angle not onl y resolved the problems directl y associated with
reflections from these surfaces but more importantly eliminated
the multiple reflections from the cel l wal l s  and therefore t~epressure si gnal caused by the corresnonding energy losses at the
wal l .  T hi s s ign al wa s observe d to have a p ron ounced i nf luence
on measurements and to be critically dependent upon changes in
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the opt ical  ali gnmen t us ed to i ntro duce the ra di ation source .
Thus , the use of wi ndows at the Brewster angle appears to be
essen ti al for obta i n ing repeata b le resul ts  w i th the ty pe of
instrument described here .

The infl uence 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 determ i n i ng the ac tual ma gni tude of the pressure
si gnal base d on th at measure d wi th a system of f in i te volume .
Certa inly , 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 cham bers of the differential spectro-
phone el iminates  any nee d to adjust cell volume i n or der to
equalize the static pressure across the di fferential ca pac iti ve
manome ter.

Water vapor absorption measurements were the most difficult to
accurately perform . The internal  contam i nan t prob l ems in the
p resen t i nstrument appear to be suff i cientl y sma l l  to a l low accurate
measurements ; however , this was init ially d i f f i c u l t  to ach i eve
wi th H20. At the present time , efforts are continuing to determine
the orig in of contaminants. These efforts have recentl y begun
to meet with success with the initial results indicating that a
chem ical reac tion may be occurring between the H2O 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 ~ reg ion .
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APPENDIX A

KINETIC COOLING

The use of a spectrophone for measuring absorption depends
upon the condition that the absor bed energy is propor ti onal to
the temperature r i se in the gas sample . A further  cons id erat ion
is the rate at wh i ch th i s ener gy transfer takes p lace . The case
of CO 2 in a i r  deserves spec i al attent i on , since the absor bed
energy can be initially stored in the form of internal vibration -
rotation energy [12]. This process has the initial effect of
cooling the gas sam p le and thereby induc i ng a t i me la g i n the
ant icipated temperature rise . This  phenomenon i s es pec i a l l y
important when the transient response of a spectrophone is being
use d to obta in  absorpt i on measurements since the pressu re sig nal
phase will be a function of the relaxation times of the involved
vibration—rotation energy levels .

The processes involved in CO2 absor pt~~n are the s ame as
those occurring in the C02 laser - the onl.’ differences being
di rect i on and the proportional i ty constan t of the trans i tion
matr ix , hence

CO 2 (100 ) + hv~~ CO 2 (001 )

A lsü , the s ame vi b rat ion cou p l i ng of CO 2 (001 ) and N2 employed in
the CO2 laser is act~”e in absor p t ion .  Owin g to the relat i ve
concentrations of N2 versus CO 2 in air , nearly all the vibrational
energy absor bed by the CO2 (001) molecules is transfered to N2.

The deplet ion of the ( 100 ) sta te of CO 2 (see Fi gure 29)
re ferred to above does no t persist  s i nce there ex i sts a ra pid
vibration—trans lation interaction between the ground state of CO2
and CO2 (100). This process is not direct but involves transitions
between the degenerate ben d in g modes of CO2 and the (100 ) state .
The net r’sult of these transitions is a momentary dep letion of
the trans lational energy of the involved molecules , which corre-
sponds to a cooling of the gas . This process continues for a
period of time which wi l l  depend on re laxation rates of nitrogen
an d CO2 (001) fror” their respective excited states to their ground
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Figure 29. Relaxation rate in kinetic cooling.
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states . When these transitions have occurred , the absor bed energy
presents itself in the form of translational energies which then
“heat ” the gas .

From Figure 29 it is evident that the relaxation times -ru , Tc’and Ta will be the determining rates in the transition of excited
vi b ra ti on states to their  g roun d state . Woo d , Camac ~nd Gerry [12]
have shown tha t the re laxat i on t ime T

a i s a li near funct i on of the
relat ive concentrations of N2 and CO2 . Thus , the net effect of
k i ne tic cool in g i s to cause an in i t i al decrease i n tem pera tu re an d
delay the impending temperature rise for a time duration that is a
funct ion  of the rel ati ve concentrat ions  of C02 an d a ir . In Fig ure 30
a p lot of measure d va lu es of T~~ (actually l/T a is shown) versus C02
concen tration (the concentration of N2 can be considered constant)
i s g iven wh i ch i n di cat es the l i ne ar re l a t ionsh ip between these two
quantities . These measuremen ts were ob ta i ned from the phase measure-
ments of the p ressure sig nal wh ic h are shown in  F ig ure 25 of Cha p ter
IV . Thus , the effects of kineti c cool i ng are rea d i ly  observed w i th
the spectrophone and can be used to determine one of the relaxation
times involved in this process .

- I
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Figure 30. Effective relaxation time for CO2 absorption .
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