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ABSTRACT

We describe a method desigﬁed to determine relative
concentrations of oxygen in air to a few parts per
million. The method is based on the comparison of Raman
scattering intensities from'air'in two ceils,'both of
which are placed inside the cavityMof an Ar ion laser.
The scattered light is channeled through fiber‘optic
light guides into the detectors which consist of
dielectric interference filters and pﬁotomultiplier
tubes. The sysfématic efrors:effecting the 1ong—term
stability of the intensitj comparison are'analyééd and

our efforts to overcome these errors are described.
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I. PURPOSE OF THE MEASUREMENT

Our interest in making precise measurements of the oxygen
concentration in air arises from the desire to improve our
understanding of the global carbon cycle. The burning of fossil
fuels and the clearing of tropical forests result in the release v
of large amounts of carbon dioxide to the atmosphere. As a
result, the globally averaged 002 concentration is rising by a.
little more than one part per million (ppm) per year. There .is a
general consensus among scientists that the amount of‘Coz in the
atmosphere is an important determinant of the earth's climate,.

because CO, is a strong absorber of infrared radiation.

There are large uncertainties in several key components of
the predictions of future CO, levels and. the ensueing climate

! These‘uncertainties fall naturally into three

changes.
categories. Fifst, at what rate is mankind going to burn its
fossil fuels and how will'we manage our agricultural and forest
lands? - The second category concerns the global carbon cycle.

How are the natural systems reacting to the input of C02 into the
atmosphere; which fraction of the CO, finds its way elsewhere and
on what timescale? The third category assumes a certain level of
atmospheric 002 and tries to predict, sometimes with very
elaborate computer models, the consequences for the earth's

climate systems.

Our measurements directly address an important unsolved
.problem in the carben cycle, namely whether the total amount of
carbon locked up in terrestrial plants is presently increasing or
decreasing. Careful accounting of world-wide coal, o0il and
natural gas production shows that the present rate of fossil fuel
combustion amounts to about_S gigatons of carbon per year2. ‘
During the past decade, various estimates have been made of the
additional carbon added to the atmosphere due to human land use
patterns. These have varied between a net global release of
carbon from plant biomass of 8 gigatons per year to a net uptake

of 1 gigaton.3_6. The problem with such estimates is the



incredible inhomogeneity and :diversity of plant communities,
soils and climates. Since the . increase being measured in the
atmosphere corresponds to roughly 2 gigatons of carbon per year,
there must be additional sinks for between 1i and 2 gigatons,
depending on the role of the biosphere. One significanﬁ CO2 sink

is dissolution in the world's oceans, but most oceanographers

find it very hard to believe that the oceans could take up much

more than 2 to 3 gigatons per year7. Since no other large carbon
sinks are known, they suggest that the storage of carbon in
temperate latitudes forests must at least compensate for losses

in -the tropics.

Sufficiently precise measuremehts of the global oxygen
concentration would settle this question by circumventing the
heterogeneity found at the ecosystem level. We can state the
idea of the oxygen measurements in a schematic way as follows.

If all the generated 002 were to dissolve in the oceans, the
atmosphere would lose one oxygen molecule for every carbon

atom. If, on the dther hand, plants assimilate the CO2 through
photosynthesis, the carbon is bound in tissue and the oxygen
released again to the atmosphere. Since oxygen is only slightly
soluble in water, almost all of the free oxygen on the surface of

the earth is present in the atmosphere. Therefore, after

~correcting for the (known) oxygen consumption during fossil fuel

combustion, changes in the amount of atmospheric oxygen depend
upon how the storage of carbon in plants is evolving. In this
way, very precise oxygen measurements can tell us to what extent
both uptake processes, dissolution of CO2 in the oceans or
photosynthesis in plants, are effective in absorbing the CO2

generated by man's activities. A great advantage of this method

is that the atmosphere is very homogeneous -and well mixed on the

timescale of interest, so that it integrates the combined effects
of all the various sources and sinks. Thus, oxygen measurements
with a precision on the order of 1 ppm would be instrumenmtal to
improving our ability to predict future atmospheric CO,
concentrations. This type of measurement was first attempted by

Machta and Hughes with a modified Beckman oxygen analyser8.



Their method achieved a precision of 15 ppm, which was not

considered quite sufficient for the problem at hand.



II. DESCRIPTION OF THE APPARATUS

A. Choice of Raman Scattering

The expécted change in the global atmospheric oxygen level
is on the order of a few parts'per million (ppm) per year, out of
a total concentration of about 21%, or 210,000 ppm. The‘amount
of oxygen in a volume.of any air sample will be proportional to
the total density of that sample, therefore, any oxygen
measurement will have to be normalized to the sample density in
order to obtain a concentration. Thus, the determination of the
"air density in the sample has td be at least as precise as the
oxygen méasurement, Since the measurements have to address
minute long term changes in the atmospheric éomposition, it is
also important to choose a method that allows, at least in

principle, the maintenance of comparison standards,.

Spontaneocous Raman scattering meets the above criteria. It
was first suggested for this type of measurement by Schwiesow and
Derrg. The incident (laser) light excites rotational-vibrational
levels in the air molecules. Different molecules have different
rotational-vibrational energies. The Raman light is
inelastically scattered from these molecules; it has lost sbme of
its energy in the excitation of the molecule. The precise amount
of energy lost is'characteristic of the molecule. As a
consequence, the frequency shift of the Raman scattered light 1is
also molecule-specific. With spontaneous Raman scattering one
can 1ook>at the light scattered from the beam simultaneously at
several frequencieé. We have chosen to look at oxygen, nitrogen
and carbon dioxide.> Nitrogen serves as a natural dehsity
calibration of the measurements since it is both abundant and

stable in the atmosphere.

The other outstanding feature of Raman scattering is that it
does not affect the sample in any way. The air is highly
transparent at 514 nm, the frequency of incident light. There is

no heating of the sample and no molecules are destroyed or made



reactive, This makes it possible to maintain standards

indefinitely in cells that never have to be opened.

The only serious drawback of Raman scattéring is its 1low
cross-section, about 4.5 x 10.—31 cm2/sterrad for oxygen and
nitrogen at 514 nm{ This leads to integration times on the order
of one day to be able to reach a precision of one part per v

million in the oxygen concentration.

B. Changes in Oxygen as a Ratio of Ratios

Raman scattering cannot be used to determine the absolute

: concentration of a molecular species to great precision. The

cross sectiop is not knoWn better than to two. decimal places. It
is also very difficult to determine in absolute terms the solid

angle collected, the transmission of all optical elements and the

' quanﬁum efficiency of the detector. Since we are interestéd only

in small differences, not absolute amounts, we can compare€e the
amount of oxygen in a sample to that of a standard. Becausé we
need to normalise for density, we measure the ratio of oxygen to
nitrogen in a sample and compare that to the ratio of oxygen to

nitrogen in a standard.

This is achieved by putting the standard and thé sample in
the beam simultaneously. The detectors theh receive signals of
almost equél-magnitude when the sample -and the standard are
interchanged rapidly by'an optical choppeﬁ. The chopping is fast
enough to ensure that the precision is not limited by 1/f noise

in the deteétor—amplifier—discriminator chain.

c. Optical Fibers

Accomplishing this measurement requires a stable method for
alternately directing light from the standard and sample into the
separate detectors for each molecular species. The. reason for

constructing this device from optical fibers will become clear by



analysing why our earlier attempt with more conventional optics
failed. That set-up was built.and tested as shown in fig. 1.

The U45° beamsplitter (S) divides both incoming beams into two
equally intense beams, one that is analysed for oxygen, and the
other that is analysed for niérogen. -The choppers ensure that
either the incoming beam from the_standard (unprimed) is admitted
to the beamsplitter or the beam that comes from the sample

(primed).

We measure the ratio

When we flow the same air through both ﬁhe STD and UNK location,
that'ratio (which is close to 1.0) should remain stable for many
days.” If we define T and R as, respectively, the transmissivity
and the reflectivity (T+R= l)>of the beamsplitter (S) we see
from fig. 1 that the above defined ratio depends, among other
things, on T2/R2. In this case, then, taking a ratio of two
signals does not result in a cancellation of errors when the
reflectivity of the beamsplitter changes. We found that we were
measuring small changes of the reflectivity of the beamsplitter
as a function of temperature and.humidity, instead of small

relative changes in gas concentrations.

The fiberoptic beamsplitter and/or lightmixer is depicted
schematically in fig. 2. The laser beam steering optics, the
spherical reflecting mirrors for Raman scattered light and the
Canon lenses have not been changed from the initial set up.
Light scattered from the beam in both locations is focussed by a
~camera lens, followed by an achromat, into a line image on the
face of a lucite lightguide. The lucite sheet is 20 cm long and
slightly tapered. The light is very much defocussed when it
leaves the lucite and enters the optical fibers; thus uniformly
illuminating them. The glass fibers at this end are in the form
of 40 fused fiber‘bundles, with each bundle containing about-MOO

fibers. The bundles coming from the UNK and STD locations are
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then brought tbgethér and intermixed in a checkerboard‘pattern,
which abuts a rectangular lucite lightguide. The lucite bar has
a length of 58 cm, allowing light from both entrance locations to
mix before enteringva new set of glass fibers. These ffbers are
’iﬁitially intimately mixed but separate out into U4 éeparate
bundles, each going to a different passband filter and

detector. A special effort has been made at each stage to let
the light "forget where it came from". Each of the four separate
bundles at the back end has been internally scrambled, so that
light from, say, the upper left corner of the lucite mixing bar
ends up Spread out over the entire output face of each of the

four bundles.

This device is inherently stable because of a combination of
design features. First, it relies on transmission only, which "
implies that each lightguide carries two or more signals, the
ratio of which is‘taken when the‘data are analyzed. Second,
there are a large number of individual fibers which are very.
uniformly illuminated because of the large mixing distances
incorporated in the lucite light guides. We can put the idea in

mathematical terms by adopting the following notation:

%%(O), %%(N) | " Differential Raman scattering cross sections
N2, 02 Concentration of N2 and 02
Tf(o),Tf(N) Transmission of front end optics, including

Solid angle acceptance

T, (0), Ty(N)- Transmission of back end optics (after
rectangular lucite mixing bar) includihg
the filter and the quantum efficiency of
the detector.

Primed quahtitiés again refer to the "unknown" and unprimed
to the "standard" side. The tuning fork choppers (CH in fig. 2)
alternately transmit unknown or standard at a frequency of about
36 Hz. 'The counting rate for oxygen in the stanhdard (for

example) is propbrtional'to:
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R(0) ='% (o)*oz*Tf(o)*Tb(oi_-

g
Q

We record the ratios of 4 channels:

R'(0)/R(0) %%(o)*o'z*rif(o)*T' (0) %%(N)*N

*T,(N)*T (N)

= b * 2
RTOND /RN S2(0)*0 %1 (W) *T, (W) STONY*NT *¥T1 (NI*T', ()
0',/0, T'.(0)/T' (N) Tt (0)/T' (M)

B *
N'2/N2 Tﬁ(Q)/Tf(N) Tb(O)/Tb(N)

In the ideal apparatus, the latter two groups of factors

containing the transmissions will be identical to-1. For

instance, if the lucite mixing bar had "infinite" length it would

not make any difference whether the light entering 'the fibers at

the back end had originated from standard or unknown. Then wé
would have T'b(O)=Tb(O) and T'D(N)=Tb(N). In actual practice,
these groups of factors are slightly different from 1. Stability

~is achieved because corresponding transmission factors change

together, so that their ratio is not affected. Thﬁs, if a front

end fiber on the unknown side breaks, for example, T'f(O) and

T'f(N) will both be reduced by (almost) the same factor. This is

realized to the extent that the optics and the fibers are

~uniformly illuminated. This problem is analysed further in the

section on systematic errors.

D. Counting Statistics

The number of photons per second Raman scattered by oxygen

entering our optics will be equal to:

with:
n

ph
do
dg(0)
Q
mirror
L

do 5
e . ¥ 29 ¥ORT ¥ o e
Noh dQ(O) Q*¥L¥*0, v

.2.5*1018photons/sec for one watt of laser power
4.3%10731 em?/sterrad -

0.45 sterrad, including reflection off the spherical

2.5 ecm, the length of laser beam imaged
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O2 = 0.21*2.7*1019 molecules/cm3 for one atm of air pressure

This equals 5.3*106 photons per second per watt of laser power
per atmosphere of gas pressure. We obtain the number of single
photon»qounts per second produced by the photomultiplier by
multiplying by the transmission of the lenses, Rayleigh bloéking
filters (Schott 0G 530), lucite, optical fibers, bandpass filters
(0.3), and the quantum efficiency of the PMTs (0.08). All these
combine to an overall efficiency factor of about H*10_3, so that
we have 2.5%10" counts sec” ! watt™! atm~'. The counting rate for
nitrogen is only a little higher thanlfor.oxygenvbecause;
although there is four times as much in the sample, we devote”
only half as many output fibers to nitrogen and the detector

quantum efficiency is lower at the wavelength of nitrogen.

The typical laser power (intracavity, light going in both
directions) is about 100 watts, and the gas pressure in the
sample tubes is 10 ato, so that we have 25*106 counts per sec for

oxygen.,

For an ideal apparatus the precision is limited by photon
statistics. We employ fast photomultipliers with high counting
rates because they give a better signal to noise ratio than large
area photovoltaic detectors, despite the lower quantum efficiency
of the photomultipliers. The Raman scatteringvof a photon is a
random event. Likewise, absorption in the optics or the
liberation of a photoelectron at the photocathode is determined
by chance. Ideally, the arrival of pulses at the photomultiplier
output is governed by Poisson statistics, in which case the
standard deviation of the total number of counts (n) is equal to
the square root'of the total number'(n)%. The uncertainties in
each of the four counting channels are independent and contribute
to the total meaéurement error in the ratios. Let o(x) stand for
one standard deviation of the variable x. Using the notation
introduced above tR'(0) is then the number of counts for oxygen
in the "unknown" location after t seconds. We denote that by
n'(0). |
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0 tR'(0)/tR(0) - n'(0)/n(0)
T tR'(N)/tR(N) n'(N)/n(N)

The uncertainty in Q can be obtained by standard methods:

|_3q |2

5 2
|_8q | c2(n(N)) +----

62 (n'(0))

2
(Q)- .
’ |an' (0) | |an () |

2
0(a)| _ ¢2(nr(0)) , o%(n(N))

Q n'2(0) nt2(N)

1 1 1 1
= + + +

n'(0) n(N) n(0) n'(N)

Because the counting rates for unknown and standard are very

nearly the same, we have

0(Q) 2 2 1 2 + 2\

- | = + =—‘/( )2
Q n(0) n(N) (t)2 R(0) R(N)

With the oxygen counting rate 25*106 sec —T, nitrogen llO*1O6

‘sec '1, and the fraction of time spent on unknown and standard

0.35 each, the theoretical precision attainable in one second is
6.1*10““. The precision increases with the square root of time,
as the total number of counts is proportional to time. A
determination of relative oxygen concentrations to a precision of
5 ppm (corresponding to 1 ppm absolute since oxygen comprises 1/5
of the atmosphere) would take

6-3*107% 12 | 15 400 sec

| 5%1076 |
or about 4 hours of integration time.

E. Beam Position Feedback

As will be explained in the section on systematic errors, it
is important that the laser beam does not change its average
position by more than about 5 um (micrometer) between runs. This

is accomplished by ‘an active feedback system that continually
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centers the beam on two quadrant detectors (Q in fig. 2) located

on both sides of the gas cells containing the samples.

Initially we attempted to control the beam position in a
étraight extended laser cavity, without the two 90° bends. We
hOped that we could adjust the beam position by turning the
curved mirror at the far end of the 1ésen cavity (M1, fig. 2) in
combination with the flat reflector in the back of the laser.
Upon trying to calibrate the amount of beam movément against
mirror tilt, however, we found that the response was non-linear
and that horizontal and vertical control were coupled. This
coupling was probably due to refraction by the laser plasma. Gas
lasers have spatial profiles of the refractive index due to gain
and dispersion of the laser transition. This can, among other
things, significantly~influence the direction of beam
propagation. We need to control fbur degrées of freedom, two for
parallel beam displacement and two for beam tilt. The ahohﬁt'of
coupling between horizontal and vertical beam movement was not
constant over time and it effectively reduced the number of
degrees of freedom we could éohtrol to three, making full control

impossible.

. In order to overcome this problem we decided to decouple the
laser beam position in the scattering region from its_position“in
the plasma region by bending the beam twice over 90° (fig. 2).
The addition of extra mirrors gave us the opportunity to coﬁtrol
the beam positibn in the scattering region while at the same time
optimizing laser power by positioning the beam independently in
the plasma discharge. Laser power and beam,position signals are
obtained from the two quadrant detectorsvmounted directly behind
mirrors M1 and M2 (fig. 2). The beam is translated by movihg M2
and M3 together. Beam tilt is handled by M1 and M2 together. In
addition, laser power is maximized with a feedback bn mirror 3.
While it is beneficial to maintain maximum laser power when the
laser is left unattended for many hours, more importantly, we
found power feedback tg be necessary for the position feedback to

work at all. The vertical and horizontal degrees of freedom of

-
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position are only fully decoupled with the power feedback
working. This feedback is computer controlled in the following
way: M3 is moved 50 steps in each direction and laser power is
measured after each step. A cubic is then fit to the power data,
and the mirror is moved to the maximum of the fit curve. The
horizontal optimization is followed by a vertical adjustmentw
Power optimization immediately follows position adjustments, and
the entire proces 1s repeated evey few minutes throughout the

measurement.

We have taken a power Spectrum of beam position fluctuations

with the feedback system turned off. It was very highly peaked

toward the lowest frequencies because the variability was
dominated by very slow drifts of the beam position, of up to 100
pm over a period of several hours. With the feedback system, the
power spectrum becomes flat, but noisier at the high frequendy
end because of the intehtibnal mirror movements. The quadrant
detectors are used as null detectors, measuring intensity changes
in opposing segments. Because the beam spot is small the
detector electronics'do not have to be exceptionally stable.

Thus the feedback system is able to hold the centroid of the
laser beam position, averaged over several hours, to about 1 um

with .respect to the quadrants.

F. Computer Control of the Experiment

Beam control, timing, and data collection are controlled by
an LSI-11/23 computer via a CAMAC interface crate. The timing

base for data collection is set by an'8-channe1 timing pulse

generator which triggers drive pulses to run the choppers

(exactly out of phase) and establishes timing windows which
enable the scalers used to accumulate photon cdunts; "The actual
phase relationship between the choppers is forced to match the
phase relationship betwéen the drive pulses by a feedback loop
which stabilizes the time difference between the drive pulse and

a zero-velocity pickup to within 50 microseconds.
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Since the same detectors (and.scaler channels) are used for
both unknown and standard signals,-the’écélers‘must be read and
cleared every chopper half-cycle. While the scalers are
accumulating photon counts, the computer is kept busy monitoring
the: 1aser beam. Each cycle the quadrant detectors are read in
order to determine the éverage beam position.  Once per second a
shutter is closed in the laser beam and dark-noise is counted for
two cycles. Every few minutes all three mirrors are moved to
correct the laser beam position based on the average readings of
the quadrant detectors since the last adjustmént. Following this
correction, power is optimized as described above. Finally,
every ten minutes all the data that has been accdmulated during
this peridd is written to disk, completing‘one update. The data
collected each update includes the total number of standard
counts, and the difference between the number of unknown and
standard counts, from the oxygen, nitrogen, and carbon dioxide
channels. Dark-noise, beam position, and beam power data are

also recorded.

G. Data Treatment

All data is stored digitally, either as the actual number of
counts recorded by the scalers or, in the case of beam position,
power, and polarization data, as the value generated by an
analog-to-digital converter., This allows all corrections-to be
made in a non-destructive fashion, after data collection is
completed. The only exception to this rule is the correction for
the dead-time of the photomultiplier-descriminator chain. This
correction (on the order of 0.1%) is applied in real-time so that
the instantaneous cpqnting rates can be used. _

After a run of typically 25 to 50 updates (4-8 hours)
background subtractions are applied, and the data are analyzed to
determine the average ratio of ratios and the precision of the
measurement. The dark-noise subtraction is calculated using the
data obtained with the shutter closed at one second intervals.

Other background subtractions are based on calibration
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measurements in which we obtain the “dount rates on the detectors
with the target cells evacuated'or filled with pure gases. We
also plan to calibrate the instrument with standards made by
mixnig pure gases—-precisely weighing‘the‘mixture after each

addition so that the final composition is known.

Storing intermediate data at ten minute intervals allows
analysis for trends and correlations. Observed standard
deviations are calculated and comparéd with what is expected from
Poisson statistics. A power spectrum is also calculaﬁed to check
for time dependence of the measured ratio-of-ratios. Finally, '
correlation coefficients are calculated between all the recorded
variables and some of their ratios to aid in determining the

source of .any systematic errors..

H. :Target Call Design

The cells containing the gases that are being compared
inside the laser cavity are an important aspect of the overall
design. They have gone through a number of revisions before we
arrived - at the design presented here. The following requirements
are necessary.  The optical quality of the beam windows has to be
superdb to pre?ent the loss of laser power. A11 materials used in
the construction should resist oxidation and be non-porous to
minimize outgassing, adsorption and desorption, especially since
we want to consider some of these cells as standards, never to be

opened after they have been pressurized.

Furthermore, there are some requirements that are highly
desirable. Raman scattering is a very weak process and if
extreme care is not taken in designing a low background cell, _
inelastically scattered light from the walls and fluorescence
from the beam‘window can méke a significant contribution. For
that reason, a dull (black) finish is important in making
apertures more effective in shielding the cdllection optics from
any light not scattered by the gas itself. High pressure

improves the signal to noise ratio and reduces integration times
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by boosting the scattering from thg gas while leaving the
background largely unaffected. The viewing yindows should also
be "of high optical quality and equal dimensions so that the
appérent beam position as viewed thpough the window does not

change.

The target cell design of fig. 3 approximates these
conditions reasonably well. The central cylinder which is seen
end4on contains anti-reflection coated viewing windows on bqth,
sides. The beam enters the cell through the long side arm;
traverses the central body parallel to the viewing windows and

exits through the opposing side arm,

The spots where the beam traverses a window are extremely
bright sources of elastically scattered light, as well as bright
sources of a continuum of fluorescent light. Both side arms
contain a system of apertures designed to ensure that any light
originating at the beam window must bounce at least twice in a
diffuse manner before it can pass through a viewing window. The
reflection off the inside of the beam window is channeled into a.
light trap. This design has a continuum background contributing
about one thousandth of the Raman intensities to the ‘oxygen and

nitrogen channels at a gas pressure of 10 atm,.

The-cells and the apertures'are machined énd welded out of
aluminum., After the basic construction, they are hard anodized
to give them a hard non—porous'oxide surface layer. The aluminum
alloy 6061 tufns naturally black upon hard éhodizing. The
windows aré clamped on with metal C-ring seals. The valve igﬁa
Nupro stainless steel bellows valve. It is clamﬁed on metal-{o—

metal with high pressure fittings from Autoclave Engineering Inc.

The beam windows are made out of fused silica which has very
ldw_stress birefringence that could othefwise rotate the plane of
polarization of the beam. In addition fused silica has the
lowest fluorescence of a number of glasses that we tested. The
surface flatness of the windows is better than A/20 and ‘the

parallelism is 1 arcsec.



...19_

On top of the sample chamber is a small window“through which
the polarization of the laser beam can be monitored by means of

the elastically scattered (Rayleigh) light. (see section III B)

I. Sample Collection and Storage

The air samples are first collected into Whitey high
pressure cylinders. A”schematic of the sample collection system
is shown in fig 4. 1High pressure is deemed an advantage because
the bulk of the stored air increases, while the container surface
area remains the same. An additional aanntage is that it 1is
relatively easy to trénsfer small quantities of gas cleanly from

a high pressure cylinder into the laser target cells.

‘It is of paramount importance that the gas stored in the
high pressure cylinder is dry. Any condensed water will greatly
facilitate cofrosion by acting as an electrolyte. At 100 atm. of
total pressure enough Coz.will dissolve ih condensed water to
give it a pH of 4.63 . This is the reason for including a
cryogenic drying stage before the compressor. It consists of 60
ft of 3/4" stainless steel tubing wound into a coil that is
immersed into a dry ice alcohol bath. Inside the coil is a
stainless steel strip twisted with a pitch of about half a turn
per inch to increase air turbulence and heat transfer. The air
will have a dewpoint of -6500 before it reaches the compressor.
The concentration of water vapor is then 5 ppmv. At a pressure of
125 atm. the dewpoint will then be —220C. To cdmbat any further
chances of corrosion, the cylinders have either been
electropolished or plated with a 0.5 to 1 mil thick layer of
gold.

The compressor is a completely oil-free breathing air
compressor, manufactured by RIX industries. To exclude the
possibility of forming nitrogen oxides during compression the
compressor runs very slowly, with the compression taking placé in
three stages with cooling in between. If the temperature of the

gas is kept below 300 0C at all times, the equilibrium
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concentrations of NO and N02 ¢can never be higher than 1 ppm.
This is a conservative approach that does not have to take into
aceount the kinetics of the reactions. We did not measure the
temperature of the gas directly during the last compression
stroke. We measured instead the temperature of the last ‘
compression cylinder of the compressor. It reaches 100 0C. The

Whitey sample cylinder becomes lukewarm, about 35 OC.'

An air sample is taken by pumping air into one end of a
cylinder that has a relief valve at its other end. After the
relief valve opens at about 1800 psi we continue pumping air
through the cylinder for a period equal to 5 times theuinitial
filling time, thus theroughly flushing the cylinder et‘high

pressure.

We are also experimenting with Spectraseal cylinders from
Airco. These are aluminum cylinders that have been internally
hard anodized. In addition they have gone through a proprietary
bassivation process at Airco. The storage of CO, NO, 802, N02 in
air in ca;ibration'gas mixtures in these cylinders is superior to

other méterials and surface treatments.
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ITI. ANALYSIS OF SYSTEMATIC ERRORS

Introduction: §patiai”Distribution and the Polarization of

the Scattered Light.’

The intensity of the Raman scattered light is anisotropic.
More importantly, the angular distribution depends on the
molecular species; it 'is slightly different for oxygen and
nitrogen gas. The result is'thaf the ratio of the 1light |
scattered by oxygen to that scattered by nitrogen that is
incident on the collection optics depends on the solid angle -
accepted by the optics and on the direction of polarization of
the laser light. Given a certain desired repeatability, this
leads to a'requirement for stability of the beam position and
polarization with respect to the viewing optics. We will first
derive an expression for the angular distributidn of the Raman
light that employs tabulated optical properties of oxygen and
nitrogen. Then we derive in sub-sections A, B, C and D the
specifications that our apparatus will have to meet in this
regard. The remaining sub-sections deal with other systematic
effects. In subsection A we only discuss the effect of beam
movement on the solid angle of acceptance of the optics. Its'
effect on the apparent orientation of the polarization is treated-

in B.

The intensity of Raman scattered light depends on the
viewing angle of the observer with respect to the polarization of
the incoming light that will be scattered. We define laboratory
coordinateé so that the incoming beém.is along the y-axis and is
polarized in the z-direction. The obsenver is located on the;x—
axis (see fig 5). Apart from a multipiicative factor, the
distribution of scattered light from a single molecule is given
by

1,(8,0) = (-a,,sing +‘azzcos¢)2 +

zy

(1) _ (-a,,sin® + a, cos6écos¢ +_azzcosesine)2

zy
Qur treatment will be somewhat similar to that of PortoWO, where
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'_further references can also be found. The scattered light

. propagates along the e3—axis and the two terms in eq (1)
correspond to polarizations along the e, and e, axes (see fig
5). The subscript z on Iz signifies that the laser beam is

polarized in the z-direction. The factors a; (i,j=x,y,z) make

i
up the polarizability tensor in laboratory coirdinates.
(Actually, the derivative of the polarizability with réspect to
the vibrational coordinate for vibrational-rotational
scattering.) The polarizability tensor expressed in coordinates
fixed in the molecule reduces to diagonal form by choosing the
principa; axes as the coordinate system. The three remaining
componenté are then 0q, Qo and a3, the principal values of the
tensor, with the principal axes of the molecule labeled as
1,2,3. For a particular orientation of the molecule, an
element Ay of the polarizability in laboratory coordinates is
given by

(2) Zaicos(i,z)cos(i,y) | (i=1,2,3)

Ay
When calculating the polarizability in laboratory
coordinates of an assembly Qf independent molecules randomly
oriented in space we have to average the intensity from each over

all possiblé orientations., We have to célculate averages like
— —_—

%zy zy%zz°
expressions of the type

i 27 2y | '
= ai Zl lel + a1a22122(X1Y2+X2Y1)+.....

and a Denoting cos(i,x) by Xi' this means'evaluating

o

zx%zy
The most general rotation of one coordinate system to
another is via Euler's angles. The bar denotes averaging over

2m 2® W
Jaefd¢[sineds
0o 0 o

All averages of fourth power products of the direction cosines of

the above type are zero except the following11:

v
Jio= Xyt = xph - X34 - ¥1” = = 1/5

[N
n
"

272 _ Y. 2vy.2 - -
X 9Y,% = X,%Y,% =il 1/15
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o 2% 2 _ ¢ 2y 2+ _ . _
I3 = XpTHp® = XS =i 115

v 2v 2 .y 292 _.g 2,2 - _ -
J5 = X217 = X %% wx 22,2 —is 215
An average like azxz i's then equal to

(a12 + d22 + a32)/15 - 2(a1a2 * ajag +‘a3a1)/30
Following convention, we define the isotropic and the anisotropic
parts of the scattering tensor in the principal axis . . '
representation as foliows: |

(3) a = (ag * ay + a3)/3 _

() 82 = ((ay = ap)%+(ay - a3)%4(ag - a)?)/2

The frequency dependence of the scattering tensor has not been

]

explicitly included in our notation. The. isotropic part  (a) of
the scattering tensor gives rise to the so called trace
scattering which does not change the polarization of the incbming
.radiation. It is the part that acts like a completely
spherically symmetric molecule. It does ﬁot contribute to_the'
rotational side branches because that involves a change in
angular momentum and polarization. The anisotropic part (82)

contributes both to the Q-branch and to the side branches.

Averaging (1) over molecular orientations and multiplying by
) giVes the total scattered intensity as a function of angle for
z-polarized light as:
:_ 2 2 a2 L2 2
I,(8,¢) = (45a° + UBS)( (cos®¢) + (sin“¢cos®6) ) +

(5) 332( (sin2¢) + (sin?

o + cosz¢cosze) )
The two polarizations, €4 and_ez, are given in separate inner

parentheses in eq.(5).

In practice the actual laser beam polarization will never be
exclusively along the z-axis. - Although the gain per pass 1is
negative for the x-polarization due to the 6% reflection for that
polarization at each interface of the 6 Brewster windows, a

certain amount of x-polarization is continually being generated
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inside each window due to stress birefringence. In addition the
alignment of the windows with respect to one another is not
perfect. Therefore we have to consider the case where the laser
polarization consists of two components, in the z- and x-
direction, that have some arbitrary phase relationship with
respect to each other. Then all cases of linear and elliptical
polarization will be included. Of course, the z-polarization

will dominate due to its amplification inside the laser cavity.

Neglecting time dependence, the electric field amplitude in
the laser beam is described by:
(6) . . E= e ,E, + e E,
where e, and e, are unit field vectors along the -z- and x-axes
and EZ and E, are complex amplitudes, to allow for a phase
difference between them. The total power in the beam is
proportional to E, 2 . E, 2,

The amplitude scattered in the e3 direction, polarized along

the e, direction (see fig. 5), is given by:

Ey = (ayyEy + 0,,E;) (-sin@) +
(7) ’ (axyEx + azyEz) (cosbcose) +
(ay,Ey + azzEz) (cos®sing)

The intensity, 11, equals E1 E1*, the amplitude times its complex
conjugate, averaged over all molecular orientations:

o y - ' .

11(e,¢)?(02 + HgBZ)(IEX|251n29 + |EZ|20052631n2¢ -

' 2cosn|E,||E,|sinBcos6sing)

(8) + H%BZ(IEX|2 + |Ez|2)coszecosz¢

2 2

+ E%sz(lEX|Zcos 8sin¢ + |EZ|2sih 6 +

2cosn|E,||E, |sinBcosesing)

The angle n represents the phase difference between E, and Ez.

The expression for the intensity polarized in the e2—directioh is
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I,(8,¢) = (a? + %582)|Ez|20032¢

(9) 3 | ~
+ I35 82( (IEXI2 + |Ez|2)sin2¢ + |EX|2cosz¢ )
The total intensity is equal to the sum I,+I,. In the special
case EZ=O, we have pure x-polarization of the laser beam and the

sum simplifies to

)
55

Bz)lExlzsin26’+ H% 21E,]2(1+cos?e)

2 .

(10) IX(6,¢)=I1+12 = (a
The first term in eq.(10) is now seen to be the familiar
radiation distributidn pattern of a dipole oscillating along the
x—axis, while the second term'is characteristic of two dipoles,
900 out of phase, one oscillating along the y-axis, and the other
along the z-axis (right and left circularly polarized light).

The intensity distribution displays c¢ylindrical symmetry around
the x-axis.. The scattered intensity distribution for z-polarized
laser light that we obtained in eq. (5) is identical to the
distribution from x-polarized 1igh£ except that the symmetry 1is
about the z—axis. This is not readily apparent in our coordinate
system, because it is centered on the x-axis. The z-polarized
laser scattering pattern can be obtained from that for the x-
polarized laser, however, by rotating the coordinate system about
the y-axis. The components of the vector field amplitudes

transform émong each other as a spin?1 system.

The total intensity, S(8), that we collect is the integral
of I over the solid angle subtended by the optics:

2T 9
(11) S(8) = [de'[sinerde (I,(6%,¢") + I,(8",6"))
0 0 . ‘
By integrating over the azimuthal angle ¢ the crggs terms in

eq. (8), which contain cosn, cancel out because fd¢sin¢ =0

The case of rotated linear polarization is then go different from

elliptical polarization. For the following we will define:
2 .
E,= f .
(12) X,
E 7= 1-f

so that f is the fraction of the total laser power that is



‘polarized in thg "wrong" direction. - Then
S(e) = ﬂfsine'de'((az + Hgﬁz)(Zfsinze' + (1—f)cosze’ + (1-1))
O . ! .

+

(13)

E%BZ( (1 + £) + cos2e' + 2(1-f)sin°0' + fcosze'))

Retaining only the leading powers in 6 leads to:

S 3(__Ttea2 1, 626 b 1H_ 1,6
s(e) = 8(1+2p (6 38 * 7309 ) * 773,730 ~ §°® )
t t
(1) .
1-p,..
3 tc 2 5.1 62  1..6
- Errrs==(87 = 287 + (535 + 2)o)
Where 8 1+2p, 6 720 6
———————— 2
2 2 3B
(15) p, = a /a = ———
t zy 2z 45a2 . 482

and we have normalized eq. (14) by the total amount of scattering
over UNI. The total scattering over 4N can be obtained by
integrating eq.(10):

2

2w 1
- (16)  [de[sinedeI (6) = =Z(a° +

10
78 )
0 0 3 45

In the special case f=0, we obtain, to sixth order in 6:

(17) 8 (g) = 2 _112392 S _E:EEGM . =1 l:EE_96
z 8 1+2p 16 1+2p 32 1+2p
t t t
For our opening angle of 8 = 0.28 radians, adjacent terms in the

expansion of S,(8) differ from each other by factors of 25 to 4o,

Experimentally, the molecular anisotropies have usually been
measured at the Q-branch frequency (no change in rotational
quantum number) by taking the ratio of the scattered intensity
along fhe x—ax%s of two polarizations, y and z, which correspond
in our notation to ey and e, for that direction (fig. 5). The

'depolarization ratio pq is then defined as

(18) Pqg = © /a

L
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This is equivalent to

(19) o =
a9 y454° + 4c g2
q
The factor cq is the fraction of the total depolarized intensity

of the entire rotational-vibrational band (0-, Q-, and S-branch)

that contributes to the Q-branch. For linear molecules {(except

hydrogen) cq = 0.25 ,12 so that
, v,

(20) Py = 4
llpq +1

When, as in our case, the frequency passband of the collection
optics is such that most of the rotational-vibrational band
contributes to the signal, one has to take for p.a value closer

to p, than to p (see section F, filter transmission).
t q

A. Beam Positioning with Respect to the Light Collection Optics

Expression (17) can now be used to calculate the theoretical
effect of horizontal beam movements on the measured ratiovof
scattering intensity from oxygen and nitrogen. It is sufficient
to consider the special case f=0 (eq. 12) for'this calculation
since changes in the relative contributions of IZ and I, are of
second order importance compared to the effects of so0lid angle
acceptande._ Insertion of the measured values12

19) for 0, (0.047) and N, (0.022) in (20) and using the result in

of Py (eq. 18,

(17) will tell us how the measured relative intensities vary with

solid angle of collection. More precisely, we need to know

1 S (8) S ()
(21) L .44 [__z_._y__.__ a_[Sz,0®)
q 98 82,008)) %[5, y(0)

where the quotient Q has been defined earlier in section II_D
(Counting statistics) and the subscripts 0, N stand for O2 and
N2, The stability of our measurement actually depends on the
difference of this quantity between sample and standard. We
cannot assume, however, that the beam behaves in exactly the same
way in both places; it can‘tran51ate, but also tilt. Therefore,

we will here and in the remainder of this report assume that the
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variations in both locations are independent. " ‘This introduces a
factor of (Z)y2 in all estimates of how(the:ratio—of-ratios is

affected by changes in the average beam pdSTtion.

When the beam moves in the horizontal plane with respect to
the collecting optics, the received flux is affécted directly
because of the change in solid angle that is captured. The
-change in solid angle is the same for bxygen and nitrogen so that
any change in their ratio must be due to differences in the
angular distribution of the scattered light from the two
species. By sustituting eq. 17, Py, N = 0.089, Pt,0= 0.179, and

8 = 0.28 radian we obtain:

' 1 dQ ‘
(22) - == 3.
Q d§ ~ 0.0736 + 0.2948°-.....

A change in the horizontal beam position is related to the angle

of acceptance 6 by

dx _ — 0
48 . sinZe .
h is the radius of the entrance pupil (30 mm) and x is the
distance of the beam to the entrance pupil (104 mm). The result
is that if we want to kéep relative changeé in the ratio of
oxygen to nitrogen below 1 ppm, we have: '
0.28(0.073+0.023)sin2(0.28)Ax/30 < 1070
or Ax < 15 um
This c¢riterion is relaxed considerably by -a solid angle.
cancellation effect. When the beam moves away from the
collecting lens, the beam image produced by the spherical mirror
(R in fig. 2) moves closer. This reduces the sensitivity of the
measured intensity ratio to horizontal beam movement by about a
factor of 4 to 5 since the spherical mirror contributes roughly
40% of the total ﬁollected intensity. The total amount of
horizontal movement of the beam that we allow with regard to'this

effect is then about 60 um.

A vertical beam movement changes a number of things in the

collection geometry. The distance of the beam to the center of



._29_.

the entrance pupil‘incréases, the projection of the lens assembly
normal to the chief ray decreases, and the-angle of the
polarization of the laser beam with respect to the chief ray will
vary. The  last effect will also“be treated below in the next

section.

In contrast to horizontal beam translation, which produces
an effect that is linear in the small deviations Ax considered,
vertical translation causes effects that are quadratic in Az. As
a result the ratio is not appreciablj affected by small vertical
beam drifts, despite the fact that the spherical mirror does not
produce a cancellation effect.. Only the third effect, that on
polarization, has to be considered since there are several other
mechanisms that can have a large impact on the polarization.  In
that case a small additional change due to a beam drift Az

produces changes in Q that are proportional to Az.

B. Beam Polarization .and Birefringence . 0o

The direction of the laser polarization is determined by the
orientatién of the Brewster windows of the plasma tube ‘and the
target cells and the wavelength selector prism in the cavity.
Small deviations can be introduced by mechanical (thermal, for
instance) orientation changes of one or more of these optical
elements. The directioﬁ of polarization (and laser power) is
also affected by stress birefringence of any optical element in
the cavity. Also a change in the vertical beam position is
equivalent to turning the polarization of the laser, because one

is looking at the beam from a different angle (see fig.5).

The 10ss per interface at each Brewster window is close to
6% for the horizontal polafization. There are 6 windows plus the
wavelehgth‘selective prism inside the cavity, so that for a
single pass the loss for x-polarized'light is 0.58
(1-(1—0.06)1u = 1-0.42) . For our Spectra Physics model 171 ion
laser we measured at . our operating current (30 amp) a single pass

gain of about 50%, while internal losses, other than from the
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windows, are about 20%. It is clear that: there is a net
attenuation for the x—polarizationﬁat.each pass, while there is a
large amplification for the z-polarization, which has almost no
window losses. However, horizontally polarized light is
continually being generated from the vertical polarization inside
the glass due to stress birefringence.' The laser gain 1s so high
that it can tolerate avlahge ampunt ofigenerated Xx-polarization,

which is quickly lost, and still haVe an overall positive gain.

In practice this means that there is conSiderable
uncertainty as to the exact state of polarization of the beam and
that the polarization may vary over time. When we substitute the
value of 0.28 for 8 in eq. 14 we obtain for the dependence of the
collected Raman scattered light on small changes in f (eq. 12,
and £ << 1) ' |

(23) 1 - ds(0.28) (1-p4)(1-0.0392)
s(0.28) ~df = T T1+(1+0.0392)p

By developing (23) as a power series in p we find that the ratio

of oxygen to nitrogen changes as a function of f as:

(24) 0.961£02.039(py o - py y) ~2.119Cpy o2 = oy y2)

+2.202(py o3 - oy y3) -e..llld

If we retain terms to third order in (pt;O -'pt,N)’ this equals
0.137f

We measure f continually through the window on top of each
target cell. We can therefore correct the measured Raman
scattered rétio for changes in the laser polarization. This
correction is not perfect however. The chief ray of our Raman
collection optics will bé off the x-axis by a small angle €" and
the laser polarization detector will be off the z-axis by some

small angle €'. These are independent and equivalent effects.

We will first consider the case in which the measurement of
f is in error because |e'| > 0 . We measure -|E.'|2, yhere the
prime indicates that the coordinate system;has been rotated

around the y—-axis by a small angle €', positive or negative. For
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|e'] << 1 we have for the measured f':
£ = |E,'|2 = £ + Af' = (e'E, + E.)(e'E," + E
|E, 2 + e'2|Ez|2 + 2e'cosn|E | |E

*

)
(25) X

2|
The error in the measurement of f is denoted by Af'. The phase

difference between Ex and EZ is given by n. If EX and EZ are 1II/2
out of phase (n = 1I/2, elliptical polarization) then
Af' = e'2

In this case the effect is negligable because from the alignment
precision we estimate &' = 0.002 . If Ex and EZ are not out of
phase the effect is more serious. We then have (for f << 1):

' AfY = €'2 + 28'(f)%cosn '
For most actual values of f and n the second term dominates. We
will see below that Ex' caused by stress birefringence, is in

fact mostly 90° out of phase.

If the optical axis of the Raman collection optics is off

the x—-axis by a small angle e", the value of f" = |Ex"|2 that
matters to the scattering is slightly different from f = IEX|2
that we defined with respect to the coordinates of the optical
table. We can again define the error in f by f" = f + Af"™ and by
the same procedure we find that

AEM = en2 4 2e"(f)%cosn
The Raman results are corrected for changes in f. What remains
are the errors Af"™ - Af', which we can express as:
(26) Af"™ - Af' = 8"2 - 6'2 + 2(e" - e')(f)%cosn

The fraction f is measured by looking down on the Rayleigh
scattered light along the z-axis. There are several scattered
components that are picked up. First of all there are small
depolarization factors for the Rayleigh scattered light (0.0291
for 02 and 0,.0108 for N2) which cause the incident z-polarized
laser light to be seen from above. The z—-polarization can also
be seen directly due to the finite size of the aperture. This
last effect is very small, however, because our opening angle is
only 1/20 radian. The x-polarization 1is seen very strongly
through direct un—depolarized scattering. The intensity that is
picked up, SR(G),'normalized to the total Rayleigh scattering

over Um, is
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- ’ 4oy 4
(27) s (8) = 3 —ex={(1-r)[20(6" - 95) + 81 ¢ rrep)(0® - &)

Eq. é?ihés been derived by integrating (13) over a small solid

angle around the x-axis, with the roles of |Ez[2 = 1-f and |EX[2
interchanged. This is the same as an integral arouhd the z-axis
for the original E, and E,. The terms have been arranged so that

M/2 term is due to

the origin of each is transparent. The 6
direct viewing of a z-oriented dipole through a finite aperture
situated-exactly above it on the z—-axis. The term with 2p
derives from the radiation of two dipoles, one along the x-axis
and one along the y-axis. The relative strength of each of these
dipoles is p, the depolarization ratio. The last term represents
the radiation from the x-polarized component of the laser
directly from an x-dipole and also from a dipole along the y-axis

with a relative strength of op..

For 9=1/20 radian 6%/3 = 8.3%107%8%, so that by far the
biggest term is the depolarized'sqattéring from the z-
polarization, if f << 2p ( = 0.0291 for air) as expected. The
signal caused by 2p|Ez|2 is DC. By rotating a polarizer in front
of the detector the part of the signal caused by |E,|? is
modulated as a sine wave with a'peak amplitude proportional to
f(1-p).

Synchronous detection will easily pick up f trom the noise
on the DC signal that is caused by laser'power fluctuations.
Because we are looking at Rayleigh light the cross section is
relatively large, 10"27 cm?/sterrad. The AC signal when f is
down to 10—5 is still 10-12 waﬁt, which is two orders of
magnitudé above the noise equivalent power (détectivity) of a

good small area photovoltaic detector.

The main cause for the appreciable, for our purposes,
magnitqde of‘_Ex is birefringence of the optical elements in the
laser cavity. Stress in glass causes the index of refraction to

be slightly different for light polarized parallel to the
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direction of stress compared with-light polarized perpendicular
to the stress. Not only intentionally applied stresses, but also
residual internal stresses after énnealing of the glass give rise
to this effect. The stress optical coefficient for fused silica
is 3.5*10'6mm2/N. The residual stress birefringence is usually
specified as nanometers of optical path difference per cm of

glass traversed.

The detailed calculation of what happens to the iaser
polarization when the beam travels through the Brewster windows
under 10 atm of pressure is presented in appendix A. The result
for one window, assuming that the only stresses are due to
pressure, is depicted in fig. 6 by solid arrows. The effect of
the opposite window of the same target cell is fepresented by the
dashed arrows in fig 6. The beam has a Gaussian intensity
profile, exp(—2r2/R2). The 1/e2 intensity contour (r=R) for a
perfectly centered beam has been drawn in.' The largest effect
takes place on the fringes of the beam, where the generated x-
amplitude reaches on the order of 5% of the z-amplitude. The x-
amplitude is retarded by a little over II/2.on one side and
advanced by almost N/2 on the other side. When we integrate
.IEX|2 over the beam profile we obtain f=6*10_u. This occurs
inside the target cell, even if the incident polarization is
perfectly vertical and the beam is centered. If the beam changes
shape, or just merely its radius, f is affected. Indeed, f

depends quadratically on the beam radius.

Upon traversing the Brewster window on the opposite side of
the cell, the part of the beam that has a phase advance now
generates an x—-component with a phase retardation, so that
perfect z-polarization gets (almost) restored outside of the
target cell. Almost, because the x-component has suffered 2
reflections, diffraction tends to "wash out" what happens in the
fringe regions due to the much greatervamplitude in the center
region, and the calculations are based on the assumption that the

z—-component is not affected (appendix A).

If the beam is off-center horizontally by 0.5 mm, f is
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M. ‘This effect grows quadratically with

larger by about 4.5%10°
the offset. When the beam is ‘also offset on the opposite window
by 0.5 mm, the effect is again (almost) cancelled outside of the
dgll; If the beam is tilted with respect to the y-axis, the

offsets will not be qﬁite the same on both sides.

Regardless of any stresses caused by pressurizing the target
cells, there will always be some effect due to the residual
stress birefringence that remains after fine annealing. Whetheﬁ
such a stress causes the generation of an x—-component depends on
the orientation of the stress axes with respect to the electric
field vector of the light. The proportionality is sin28, where 8
is the angle between the stress axes and the polarization axes.
The specification for the residual stress bifefringence in our
fused silica is less than 5 nm/cm, for any polarization
direction. As a maximum then, the window could generate an x-
amplitude of up to 5¥%¥0.5d¥*¥2NI/) (appendix A). The thickness of
the glass is d, and X is the wavelength of light in nanometers

(514nm). |E,| is then 0.035 and E, 2= 1.2%1073,

X
When the return beam traverses the same piece of glass, the
x=-amplitude would get doubled if there were no'intervening
reflection iosses. In general, the x-amplitude will build up
until the loss per pass equals the gain. The loss per pass for
the x—amplitude (not_intenSity) due to the reflections at all the
Brewster windows is 35%, while (in this hypothetical case) 3.5%
is added (see previous paragraph) per paés. Therefore the
amplitude will, on the average, increase to 0.035/0.35=0.1 .
This crude estimate assumeé continuous loss and gain, while in
fact both of these occur in discrete stebs. In some places the
amplitude could be higher than 0.1, while in others it would be

lower.

The effect of residual birefringence can be very
considerable; Our estimate above is an upper limit for a single
window based on the tolerance specifications for the glass. This
estimate is for a single window. The other glass elements in the

beam also contribute to the x—amplitude. In principle it is
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possible to minimize the effect, however, by rotating the
Brewster windows such that the residual stress is either aligned

with, or perpendicular to the electric field vector.

C. Target Cell Windows and Alignment,.

The beam position feedback system keeps the.beam centered on
the crosshairs of the quadrant detectors located on either side
of the sample and standard positions (fig 2). However, the
target'cell beam windows displace the beam ihside the cells,
while the viewing windows cause an additional apparent
displacement. We are really interested in making sure that the
apparent position of the beam, as yiewed through the collection
optics, does not change significantly between target cells. That
leads to a number of specifications for the windows which will be

discussed in what follows.

A fused silica beam window causes a parallel vertical beam

displacehent of (see fig T7):

(28) a = g(sinlezall)y _ g u39¢

with

= parallel vertical displacement

= thickness of window

index of refraction of fused silica (1.4616)
= Brewster's angle (55.629)

R R B o QA
]

' = same, but after refraction
It follows that if the thickness varies by 0.001" between
windows, the beam offset varies by 11 um. The actual variation

is about that much.

If the angle of incidence increases by one degree in the
vicinity of Brewster's angle, the beam offset goes up by
0.013t. The thickness is 0.375", so that a 10 angle change near
Brewster's angle produces a beam translation of 125 um. The beam

window seats are machined to a precision of 5 arcmin, which
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introduces a beam offset uncertainty of about 10 um in the

vertical direction per window.

If we call 6 the rotation éhgle'around a vertical éxis, the
horizontal shift (d,) is given by
(29) dp=t(cosa + sinatana')6/n = ot (==222_2 2 )/n
A rotation of the window by 5 arcmin then produces a horizontal

displacement of the beam by the same amount, 10 um.

If the faces. of the window.are not exéctly parallel, the
beam direction will differ between the two sides of the glass.
The beam enters the glass at an angle of incidence a, is

refracted to o', then encounters the other side at an angle of (a

- Y), due to a wedge angle of Y, and is refracted to a - Y' (see

fig 8). The resulting beam deviation is 6 = Y - Y' ., We have |

sin(a - Y'") = n¥*sin(a' - Y). 1If we let sinY = Y, sinY' = Y', and
~¢cosY = cosY' = 1, since Y << 1, we obtain |

_ Y' = n(cosa'/cosa)Y
(30) v § = Y(ncosa'/coso - 1)
, = 1.14y for a = Brewster's angle

" and = |

0.4616Y for normal ‘incidence

The quadrant detectors are about 1 meter apart. If we place
the wedge exactly halfway between them.(worst éase)_and center |
the beam on the quadrants, the beam will be displaced at the
location of the wedge by an amount equal to &8/4 times 1 meter.
The wedge specification of the windows is less than 1 ércsec, SO
that the maximum displacement caused by this mechanism due to a

single window is less than 1.5 um.

The largest amount of wedge is introduced by the pressure
inside the target cells. The beam traverses the glass at an
angle of 3&.380,‘the complement of Brewster's angle. It enters
and leaves the window at a distance of 3.2 mm on either side of
the centerline. Because the window bulges outward under
pressure, the outer and inner .surface subtend an angle with
respect to each other at the places of the beam croséing. The

deflection of the window under pressure is given by eq. (A9) in
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appendix A. Taking the derivatives at +3.2 mm and -3.2 mm,
multiplying them by 1.25 to include the effect of shear gives a
difference of 17 arcsec between the normals to the window at the
places where the beam enters and leaves the glass. The
propagation is restored to its original direction upon exiting
from the target cell because the other window forms a prism with
the reverse orientation. As a result, the beam receives a

parallel displacement of 20 um.

Increasing the gas pressure to 10 atm changes the index of
refraction of air from 1.0003 to 1.003 . This introduces a beam
deflection inside the target cell of 4.0 x 10_3 radian, leading
to a change in height of the beam of 0.48 mm between the viewing
area and the beam window. .The height of the quadrant detectors
is adjusted so that the beam height is correct in the viewing

region at 10 atm gas pressure.

Next to be considered are the viewing windows. They are
manufactured of Schott LF5 glass, with index n=1.583 . The
horizontal beam position as perceived by the receiving optics
shifts by an amount

X = t(1-1/n)
The tolerance oh window thickness is 0.002 inches, so that the
apparent beam position varies between windows by 19 um for direct
light and 38 pym for light reflected by the spherical mirror on
the opposite of the target cell. This reflected 1light goes

through the back window twice and the deviations accumulate.

If the window is rotated around a horizontal axis by an
angle 6, the beam will seem displaced vertically by an amount
Az = t6(1-1/h)

For 6 = 15 arcmin, Az = 10 um.

Wedge causes a shift of
Az = d(n-1)Y
with Y = the wedge angle and d = the distance of the window from
the beam. The tolerance on the wedge is 3 arcmin, so that
Az << 15 um. ’
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_:The viewing'windows also have a broadband anti—reflection
'coatihg on both surfaces. First all the windows were coated on
one side and the reflectivities became 1.05 % at 559 nm (oxygen)
and 1.18 % at 584 nm (nitrogen). The cbating on the second
surface produced reflectivities of 0.68 % at 559 nm and 0.90'%.at
584 nm. Uncoated LF5 glass has reflectivities of 5.25 and 5.15 %
respectively. Thus the coatings increased the transmission of
the windows from 0.895 to 0.9827 at 559 nm and from 0.897 to
0.9792 at 584 nm. It is clear that the observed ratio of oxygen
to nitrogen depends on the type of giass and the coatings of the
windows used, as well as of the optics further downstream.» This
couldvconceivably impart a "signature" to each individual_ﬁarget
dell, although the difference in transmission between windows of

the same batch was smaller than the measurement pfecision.

D. Finite Beam Size and Fibéroptics Entrance Aperture

So far we have considered effects on the detected Oxygen-to-
Nitrogen ratio as if all the light was scattered from a single
point. In fact, what matters is the integral:of the apparent’
ratio'oven the entire area of the beam which contributes to the
detected scatteredbintensity. This is determined by ﬁhe the
beam's intensity profile, the effective apertures of the
éollection obtics, and the transmission of the optics and
filters. The Canon lens (f/1.2, 85 mm focal length) and the
achromatic close-up lens (Melles Griot LAO 267) form an image of
the laser beam on the front face of the tapered lucite sheet
(fig. 2). The image magnification is 1.55 x.. The lucite face is
concave, to follow the curvature of field of-the close—up.lens.
The sheet is 196 mm long and is tapered in both height and
width. From the front to the back the height decreases from 7 mm
to 3 mm and the width first'éxpands from 41 mm to LM mm and then
narrows to 40 mm. The amount of taper and the width have been
optimized to match the angular acdeptance‘of the filters. The
result is that the filters at theiend of tHe fiberoptics.will in

principle (neglecting the efficiency factor of the filter)
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transmit within their bandpass all the light that gets into the
lucite front end, regardless of where the light enters énd at
Wwhat angle. Because the filters accept a larger solid angle than
what is incident on the lucite it is possible to enlarge the
entrance area and have the lucite taper down to the face of the

fiberoptics.

The beam has a Gaussian profile ( I(r)=exp(—2r2/R2) ) with a
beam radius (R) of about 0.8 mm. However, R can vary by as much
as a few tenths of a mm. If the image of the vertical midplaﬁe'
of'the beam is sharp onvthe lucite sheet, the portions of the
beam that are closer or farther from the lens will.not form a
sharp image. Also the solid angle accepted depends on whether
one is looking at a part of the beam closer by or further away
“from the entrance pupil of the Canon lens. There is some
chromatic aberration introduced as well by the Canon lens and

also by the target cell viewing windows.

Scattered light from a certain fraction of the tail of the
Gaussian intensity profile will spill over the top and bottom of
the lucite, because it is imaged outside of the aperture that is
forhed by the lucite face. How much is spilled depends on the
beam radius, the sharpness of focus and the precision of
alignment. A change in any of these factors could influence the
ratio of oxygen to nitrogen detected. To first order, "unknown"
and "standard" will be affected in an identical way by changes in
the beam radius. But the cancellations that obtain will not be
perfect because sharpness of focus and local alignment are also

involved.

In eqgs.(22),(24) and (26) we calculated how the observed
ratio of ratios (Q) is affected by small changes in the position
of the scattering point with respect to the Viewing optics. This

can be summarized in the following formula:

' 2 2 . ,
(31) 8¢y, - __%;EEEEE_X. 931”(3—2— . 2(f§ cosn(— + i_))
. X + h2 X z 2 X0 Zp

0. 0 p
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where: : ' .
Xg = distance to entrance pupil of Raman optics (104 mm).
2, = distance to entrance pUpil of polarization pickup (100 mm).
h = radius of entrance pupil of Raman optics (30 mm).

The other symbols refer to figure 9, . or have been defined
earlier. Eq.(31) has been obtained by éxpanding Q(x,z) in a
Taylor's series around (0,0) and retaining the leading terms.

The first term is due to changes in the so0lid angle acceptance of
the collection optics, with positive x in the direction of the
lensés. The next three terms are due to discrepancies between
what 1s measured for f from above and what f looks like from the
side (eq. (26)):

L 1
ene - g12 4 2(e" - e') (f)%cosn

The longitudinal chromatic aberration caused by the viewing
windows can be taken into account in the following way. Light
scattered from én oXxygen molecule appears to come from a point
closer to the collection optics than if it were scattered from a
nitrogen molecule. The effect is proportional to t(1/an1/no)
where t is the viewing window thickness and Ny, Ng stand for the
indices of refraction at 584 and 559 nm. respectively. We were
unable to obtain quantitative infqrmatién about thé chromatic
aberration of the Canon lenses from the manufécturer. Due to the
aberration from the viewing windows alone, tﬁe beam viewed via
oxygeh appears 5 um closer than if viewed via nitrogen. For
light that is reflected by the spherical mirror on thé opposite
side of the target cell the effect 1s 15 um, because it passes
through a window three'times, each time adding to the

displacement in the same direction.

The effeét is modelled by including iq'the expression for
the beam intensity an offset term:' i
I = exp(-2((x - AX)S + (z - Az)2)/R?)
The integral of the intensity incident on the lucite is then
differentiated with respect to Ax, the horizontai offset, and
multiplied by the chromatic offset averaged over front and back,

Ax (= 10 pm). This leads to a term in the integral of dQ/Q for
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the received ratio of

4(3 - Ax)Axc

(32) .
R2
with Ax horizontal beam offset
AX longitudinal chromatic aberration

We have seen that every point in the beam gives rise to a
slightly different value for Q, the ratio of ratios. We have to
make sure that the height of the lucite aperture is'sufficiently
large that phenomena such as a change in beam radius do not
produce a significant effect. Therefore we will integrate
deviations in Q over the beam between the 1limits that get through

the lucite aperture.

Fig. 9 illustrates how we carry out the integration by
calculating how each point on the lucite is illuminated. By
definition, the point (x,z) = (0,0) in the beam is focussed onto
z1=0 on the face of the lucite. Other points in the beanm, '
situated within the shaded cones -0.27x < z < +0,27x (determined
by the acceptance solid angle and magnification) also contribute
to the intensity at z1=0, albeit in a defocussed way. All
contributions have to be weighted by the defocussing effect and
the beam intensity distribution. The calculation is the same for

other points z; on the lucite.

The full integral over the face of the lucite entrance sheet

is then:

2.3 2.3 Yy

fdzg%(1.552) = fdz—gg fdx——-—g———z
- =2.3 -2.3 wR” -4 «w(0.27x)
(33)
: +0,27x _ _ _ . :
*fdz'exp( 2[ (x Axg + (z Az + z ?] )(eq.31+eq.32)[0.27x2—z'2]%
2 . .
-0.27x R

All dimensiohs are in mm. To limit the number of free parameters

the beam offsets Ax, and Az have been assumed to be the same for

the Raman optics along the x-axis as for the Rayleigh piékup
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along the z-axis. That assumes in fact that when the positioning
of the beam is pérfect with respect tqﬁpne, it is also perfect
for the other. We do not have to perform an integration along
the y;axis (the laser beam axis) because thé dependence on y of

these effects is more than an order of magnitude lower.

The results show that the hgight of the lucite aperture,
7.1 mm ( = 1.55%4,6) is indeed sufficient to rule out significant
effects due to the finite size of the beam. The dependence on R
between 0.6 and 1.0 mm, and on the sharpness of focus on the"
lucite (if less than 1 mm) is generally smaller than 1 ppm. In
effect the integral of eq. 33 doesn't significantly alter thé

result obtained by evaluéting eq. 31 at the value of Ax and Az.

The interaction between the dependence on f and the beam
offsets does give rise to some concern if the values of f are on
the order of 0.01 and n is not 900, as 1is evident directly from

eq. 31.

E. Incomplete Mixing of the Fiberoptics

The overall transmission factors from the sample and
standard locations td the various filters are not ldentical. As
a result the ratios of the édunting rates are slightly different
from 1 when the same air is present in both target cells. We
will consider the uniformity of transmission in the various

optical elements in order.

The illumination of the lucite entrance sheet is extremely
uniform along its width because a horizontal line image of the
laser beam is formed there. In the vertical there is great non-
uniformity, with all the light entering near the middle and
almost nothing at the edges. We tested the pieces by pointing a
He—-Ne laser beam at a.diffuser situatéd against the front of the
lucite. The diffuser generates an angular spread of the entering
light rays.wiﬁh a half-width of about 7.5° , which is comparable
to that from the Raman scatterihgp At the other end of the

lucite sheet we monitored the output by moving a photodetector
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with a 10 um wide horizontal slit along the vertical direction.
The intensity at the output end differed in no place by more than
1-2% regardless of whether the He-Ne beam was pointed at the

center or at the edge of the front face.

As we mentioned before, the fiberoptics that brings the
"standard" andithe "unknown" side together consists of a total of
40 fused fiber bundles, with each bundle containing about 1600
fibers. The transmission through each of these bundles and the
widths of the cracks between adjacent bundles are far from
uniform. When the He-Ne laser is scanned across the front the
total light output from the back oscillates, depending on whether
a part of the laser beam falls into a crack. These transmission
minima vary between 60% and 90% of the average maximum. The
maxima themselves vary among each other by 5-10%, except one

which is only 70% of the others.

From the beam spot diameter and the variation in the minima
we estimate that the effective width of the cracks, including
broken or defective fibers along the edges, is between 0.1 and
0.3 mm. The width of each (square) fiber bundle is 2 mm on the
side. The overall transmission on one side is 77%, on the other
it is 81%. |

The central mixing bar, with dimensions 585x16x10 mm, was
tested in the same way as the entrance sheet with the diffuser
and the He-Ne beam. The laser beam was pointed at a corner, at
the middle of an edge, and at the middle of the bar (I,II,III in
fig 10). We measured the output through a 1t mm round aperture
moving along the middle or along an edge at the other end (A, B
in fig 10). Light from any one point will irradiate the entire
back end, but we see from fig 10 that the area exactly opposite
the illuminated spot may receive, as a typical figure, 50% more
than the average. This inerease falls off over a distance of 2-4

mm. The overall transmission of the lucite bar is 92%.

The second set of fiberoptics takes the light from the
lucite bar and divides it into U4 output bundles, each of which

leads to a different filter and photomultiplier. We tried to
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';méke sure that each bundle samples the lucite bar uniformly and
'also that light from each area of the bar does not leave the
bundle from just a few spots, but from fibers sprinkled over the
entire output end. We tested its uniformity by illuminating the
front end throughia 25 mil(wide slit. We monitored all 4 outputs
while moving the slit. The result is plotted in fig 11. About
half of the fibers are devoted to oxygen, to increase its

counting rate relative to nitrogen,

The slit (area 6.4 mm) illuminates about 2000.fibers
simultaneously so that the variations. in the transmission of the
oxygen channel should be 1/(1000-)1/2 = 3% in the base of perfect
randﬁmiZation of the fibers and identical and flawless fibers,
The actual performance is about 4 times worse than that. The
standard deviation of the transmission for the different slit
positions is 13%, relative to the average, for the 0, channel.

It is 18% for the N, channel. These numbers are based on 25
independent samples or slit positions.The overall transmission is
about 50%, with 23% coming out Qf the Oé channel, 11% from N, and

8% each from the other two.

What is the order of magnitude of the imbalance in the
transmissionvthat we can expect for our fiberoptic system? First
of all, the illumination of the central lucite bar is very
insensitive to beam movement and chromatic aberration due to the
defocussing provided by the entrance shéets. Therefore, we feel
that there are no significant differences ih the transmission of
the front end for 05 and N2 scattered lighf, excépt for the
surface reflections being different for the two wavelengths.
These wavelength dependent effects are exactly the same on both

sides, however.

Thé "unknown" and "standard" side illuminate the central
mixing bar in a checkerboard pattern with a total of 40 2x2 mm
squares. Because the 1uCi£e is not infinitely long there is
still a recognizable modulation of the light intensity at the
back end when the input comes from the "unknown" only. Based on

the data shown in figure TO, this modulation:will be on the order
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of 2-3%.

The modulation‘"samples" the transmission curves of fig 11
with the result being slightly different transmission factbrs for
light coming originally from "unknown" or "standard" for each of
the U4 output channels. The spatial freQuency of the modulation
matches the resolution of fig 11 rather well. Therefore we can
take 20 samples of the curves in fig 11, each of which has a
standard deviation of 13% in the case of oxygen. The standard
deviation of the sum is then 13/(20)% = 2.9%. If the
transmission of the light coming from "unknown" is high by 2.9%
‘it will be too low by 2.9% for "standard". For nitrogen the
figure is 18/(20)% = 14.0%.

The standard deviation for the expected offset of the ratios
is then 10% ( = (82+5.82)%2 ), if the input to the last fiber
stage were 100% modulated, that is, if the inputs from "unknown"
and "standard" were incident on totally separate fibers. The
actual offset from 1 to be expected for Q is the product of the
modulation intensity (0.02-0.03) and the non-uniformity of the
last stage (0.10), 0.002-0.003. This represents a constant
offset, that should not ;be affected, to a very gobd

approximation, by laser beam drifts, temperature, or humidity.

'F. Filter Transmission

The transmission characteristics of the filters at normal
incidence are shown in fig 12, together with the intensities of
the 0-, Q-, and S-branches of the fundamental ro-vibrational
Raman bands that they are to transmit. Our filters are 4-period
interference filters manufactured by Spectrofilm Inc. It should"
be remembered that the depolarization of the Q-branch (pQ = 0.047
for 0, and Pq = 0.022 for N,) is different from that of the side
branches which is 0.75. As a result the spatial distribution of
the light intensity of the side branches differs from that of the
Q-branch. Indicated on fig 12 is the location of the centers of

the Q-branches of the "hot band" and the molecules containing a
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rare isotope, N“‘N15 and 016018. The hot band arises when the
lower state is not the vibrational ground state but the first

excited state.

The transmission of the filter for the light of interest is
influenced by two factors: the bandpass characteristic moves when
the filter temperature changes and the bandpass shifts to shorter
wavelengths at larger angles of incidence (we define normal
incidence here as zero). The intensity of the light as a
function of frequency can change also. When the sample gas
temperature is higher the Boltzmann distribution over the
rotational states widens and the population of the first excited

vibrational level (hot band) increases.

The signal-to-noise ratio is maximized when the Q-branch is
contained within the filter passband, but is located on the short
wavelength sSide of a relatively narrow band filter (fig 12). The
light coming from the optical center line will go through the
filter at normal incidence. However, the endface of the
fiberoptics presents a finite field of view to the collimating
lens and there will be light. coming from the fibers Several mm
away from the optical center line. After collimation that light
- will traverse the filter at an angle and as a result the Q-branch
will now be located on the long wavelength side of the (shifted)
passband. Qur first priority is'not signal-to-noise however, but
stability, especially with respect to any temperature‘effects.
This is best accomplished byvchoosing a'veny wide -and flat-topped

bandpass (the U4-period filters in fig 12).

We will look in more detail at the shift of the bandpass and
the angles of incidence that apply in our case. The wavelength
shift of the filter as a function of the angle of incidence ()

is given by

s 2\ Y
(34) : X o= An(1—(51nw/n) )2
with: A, wavelength at normal incidence
n effective index of refraction (= 2.1 for these filters)

After collimation by the Nikkor 50 mm f/1.8 camera lens the light
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from every fiber will appfoaCh the filter as a parallel bundle
but at an angle that is different for each fiber. The uniformity
of the filter is very good across the face. The transmission
through the filter can be caléulated for each fiber as the
convolution of the 0-, Q-, and S-branch intensities with the
filter passband that is shifted by the appropriate amount for
each fiber. The algorithm that computes this, for various
temperatures of the sample gas and the filter, is given in

appendix C (program BDPASS).

Table 1. Filter Transmission

narrow band wide band
0, N, 0, N,
. Q branch location (&) - .5593 5846 5593 5846
bandwidth (FWHM) (&) b 39 . 185 135
Bandcenter (A). 5614 5860 5622 5869
Tilt angle (°) 6.5 N, 0. 0.
Transmission (t) 0.31 0.4y 0.53 0.55
Depolarization (p) 0.149 0.124 . 0.182 0.083
t for rare isotope 0.16 0.20 0.50 0.51
p for rare isotope 0.389 0.124 0.182 0.083
Dependence on temp. |
of filters (/K):
(dt/dT)/t (ppm) - : . =6000 -3200 -450 -1600
dp/dT (ppm) 850 190 10 70
Dependenbe on temp.
of gas (/K): :
1/t(dt/dT) (ppm) - -238 -127 -28 -36
dp/dT , 88 -53 -11 -14

We have calculated the transmission for a number of filters
in this way, with the transmission profiles as supplied by the
manufacturer. In the computation the entire filter can be tilted

with respect to the optical axis, moving the bandpass with
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reépect to the Raman lines, in order to optimize the
‘transmission. GSome results of these calculations are shown in
lﬁéble 1. It is clear from the table that the required stability
for ouf measurements is hard to obtain with the narrow band

filters.

If the temperature of the unknown gas increases by 1 degree
relative to the standard the ratio of ratios changes by
-238 + 127 = —111 ppm because the relative change in the oxygenl
counting rate is =238 ppm and in nitrogen -127 ppm (table 1).  To
combat this problem, the difference between the temperatures of
the two gases being.measured'must'be kept below about 0.01
degree. This requirement is much relaxed for the wide band
filters where the gas temperature dependencies are -28 and -36

ppm/K respectively..

The dependence of the transmission on the filter temperature
is also considerable, and there are other factors that can have a
similar effect on the position of the bandpass, such as ageing
and-moisture uptake. To first order, the transmission of
standard and sample will be affected equally, so that their ratio
does not change. 'However, since the distribution of 1light
originating from standard and from unknown is not perfectly
uniform upon leaving the fiber output bundles.(see Section III E)

there is still a small effect.

To estimate its magnitude, let us compare half of the fibers
that comprise the innef core of‘the output bundle at the output
end with the Buter half Qf that bundle. Taking the oxygen bundle
as our example, the inner half consists of roughly 12,000
fibers. If the fiber distribution were truly randomized one
would expect 6000 + 77 (1.3%) to driginate on areas of the lucite
bar where "unk".is slightly favored. - From Section III E we know
that the actual randomization of the output bundle is four times
worse than what is theoretically possible, so that 52%% of the
fibers of the inner half might be looking at areas favored by
"unk" and 47%% at areas favored by "std". This situation would

then be vice versa for the outer half of the output bundle. The
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~average displacement of the filter transmission characteristic
for the inner half is T cmfl and 21 cm” ! for the outer half.
With a transmission curve shift with temperature of 0.75 em” /K
.~ the transmission changes by about -5 x,10‘u and -10 x 10" %/k
respectively for the two halves. The total transmission is 0.50
so that these changes are -0.1% and -0.2% respectively. The

ratio. of UNK to STD then changes as

(0.5 + 0.025)(1 - 0.001) + (0.5 - 0.025)(1 - 0.002)
(0.5 - 0.025)(1 -.0.001) + (0.5 + 0.025)(1 - 0.002)

or 1 X 1O—M/K if the output of the lucite bar were fully
spatially modulated with respect to UNK and STD. In section III
E we showed that modulation to be only about 0.02 to 0.03 so that
Lthe effect of temperature variations of the oxygen filter would
be 2-3 ppm/K in the ratio of UNK to STD. For the nitrogen filter

a similar eétimate leads to the same result.

Finally, the filters transmit a small fraction (between 10-3
and 10‘“) of the light they are not supposed to transmit. This
effect can easily be measured by, for instance, putting pure Ar
(noiRaman scattering) or pure 0, gas in the cells and collecting
the counts on all detectors. Appropriate corrections can then be

made.

G. Dark Current, Background, and Detector Non-linearity

Dark currentvis the number of photon counts per second that
is registered when there is no light hitting the photocathode. A
major cause is thermionicvemiséibn from the photocathode. The
photomultipliers for 02 and N, (RCA 31024A) have dark currents of
several thousand counts per sec. The one for Co, (RCA 3103NA),
which has a much lower photon rate, is cooled and has a dark '

current of about 180 per second.

The dark current has. to be subtracted to obtain the real

photon rate. The dark current 1s sufficiently unstable that we



_50_

have to monitor it, in order to be able to make a reliable
SUbﬁraction. Once a second the laser is cut off by a shutter
during which time the dark noise in all detectors is measured.
The dark current is not influenced by the photon rate. We tested
this by varying the light intensity while running the two tuning
fork choppers in exact coincidence. The photomultipliers are
then in the dark evéry half-cycle and receive double the amount
of light during the other half of the cycle. The instability of
the dark current is also independent of the photon rate. The
dark counting rate and instability generally increases With the
léngth of time that the photomultipliers have high voltagé
applied to them. This still occurs when they are kept in the
dark with the voltage on. The dark current on the PMT devoted to
oxygen typically increases from 3000 counts per second to 3500;
the typical increase on the nitrogen PMT is from 13,000 to -18,000 .

per second.

We define backg?ouﬁd as counts due to real photons that do
not originate from the gas molecules we are looking at. There is
some fluorescence in the beam windows where they are traversed by’
the laser beam. We have tested a number of glasées for
fluorescence”ahd high purity fused silica was the .lowest. On our
specﬁrométer with a resolution of 1 nm it showed up as a broad
continuum in the red and infrared. The elastic scattering is
extkemely bright whére the laser crosses the windows, but it is
possible to'see the glass fluoresce as a faint red line if one
blocks the scattered laser wavelength with long-pass laser safety

goggles.

Additional fluoféScencé takes place on ﬁhe walls of the
target cell thét gét ﬁit by'elastically scattered laser light.‘
This source 6f fluorescence increases with increésing gas
pressure as the target cell gets brighter through the increased

scattering from the gas molecules,.

The glass fibers and the lucite light guides constitute
another source of fluorescence. The light traverses about 2 m of

material. If during this time only 0.001 of the Rayleigh light
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would be converted to longer wavelengths, that would be a large
signal on the Raman detectors. The Rayleigh cross section is
2000 times as large as the Raman cross section of the scattering
gas. Each filter accepts only a fraction of the wavelength
continuum of the downshifted fluorescent light and also the solid
angle of acceptance has to be taken into account. We found that
this source of fluorescence contributes 10-209% of the oxygen and
nitrogen signals, while it swamped the C02 detector. it
disappeared by placing a sharp cut-off long pass filter (Schott
0G530) in front of the fiberoptics. A tiny fraction still
survives; it is generated by fluorescence in the target cell
viewing windows,the Canon lens, and the cut-off filter itself.
Another part is .due to the Rayleigh light that still gets through
the Schott filter (less than 10~ %),

The background, since it is broadband, is satisfactorily
monitored by a filter with a bandpass in between that of oxygen
and nitrogen. It can be subtracted after a calibration with .

different gases at various pressures, including vacuum,.

Crosstalk we_define as photons at the wavelength of oxygen
appearing at the nitrogen detector and vice versa. The effect is
small since the interfereﬁce filters behind the fiberoptiecs have
excellent rejection for wavelengths outside of the bandpass. The
effect shows up when calibrating_the system with different
gases. Fluorescence in the fiberoptics shifting oxygen light to
nitrogen wavelengths would bé indistinguishable from crosstalk,
however. For the backgrounds and crosstalk on the 02 channel we
measure 310 + 1U4/psi counts per second with Ar. gas and
310 + 33/psi with N, gas for one of the target cells (UNK). The
other target cell had 920 + 31/psi for Ar and 920 + 62/psi for N,

gas.

Detector non-linearity obviously can effect the ratio of two
different counting rates. First of all the dead time effect
increases with high counting rates. After the discrimihator has
been triggered the signal needs to go below a certain level

before it can be triggered again. If a pulse comes before that
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‘has happened it will not be counted. We measured the dead time
per pulse for both photomultiplier—émplifier-discriminator
éombinations by splitting the pulse into two cables one of which
has an adjustable length (delay) and then recombining them
égain. A1l counting rates are corrected for dead time effects
(deadvtime about 2 nsec). Another non-linearity is that at high
counting rates the gain of the tube decreases so that a larger
fraction of the pulses will not reach above the discriminator
level. There 1s a tendency for tube "fatigue" after prolonged
periods of counting at high rates. We monitor this by counting
all pulses at two disdriminator'lévels, one higher than the

other.

To get a more quantitative idea of how remaining non-
linearities and things like background’and dark current affect
the measurement bf the ratio of light intensities, we will adopt
the following simple model of the relationship between counting

rate (N) and photons (P) hitting the detector:

(34) N =D + qP + nP?
with D dark count
P = U + B (unknown + background) or

S + B (standard +'ba¢kgrdund)
q "quantum efficiency" (including amplifier and
discriminator) | '
n coefficient of nonlinearity of response
If we assume that U-S << S; nP << q; B << U,S; and D/q << U,S,

then we have to a good approximation:
U
(35) = =51 * g 5 P ¢ 28

The ratio of the counting rétes is a faithful representation of
the Raman light intensities (U, S) if the difference in
illumination from U and S can be kept small, and if the correct
background subtractions are applied. The magnitude of D/qS is
about 2 x 1073 for the 0, detector and 6 x 1073 for No; nS/q is
about 3 x 10—3. In our determination of Nu/Ns we apply the

darknoise, background and non-linearity corrections first, before
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taking the ratio.

The error that is ﬁade'in the final ratio depends on the
errors in our darknoise measurement, ndn¥lineérity correction
(drift of PMT dead-time) and stability of the backgrounds,
because theée contributions are subtracted from the total
counting rate before a ratio is taken. We subtract'the'same dark
noise from both unknown and standard. The dark count is actually
noisier, by a factor of 2.5 to 3, than what would be expected
from counting statistics alone. We have verified that the dark
count during the_"unknown" andv"standard" sub-periods is the
same, within the noise that is inherent in the dark count.
Therefore, the error dué to. the assumption of equal dark éount
during both sub-periods is small, only about 1/10 of the error
'due to the counting statistics of the actual oxygen and nitrogen
Raman signals. The error due to the absolute amount of the
darknoise subtraction is negligible, since the uncertainty in the
darknoise is multiplied by the percentage unbalance. of the
unknown and standard signals, which can easily be’made less than -
0.5% {(eq. 35). Likewise, an error in the dead time correction of
5% would lead to an error of only 0.05 x 3 X ‘IO—3 times the
percentage unbalance, or less than 1 ppm. Thé dead time has been
checked a number of times and does not appear to change. The
background subtfaction is important and has to be known
accurately,.since balancing the total counting rates from unknbwn
and standard does not help--each target cells has its own
background. The backgrounds are on the order of 1/1000 of the

Raman counﬁing rates of 02 and N5.

H. Temperature of Front End Optics

The front end optics at each side consists of the target
cell windows, Canon lens, 0G 530 Schott glass filter, Melles
Griot.lens, lucite entrance sheet.and the first fiber bundle.
The transmission of all'these elements depends somewhat on

temperature and this temperature dependence is not necessarily



_Su_

the same for different colors. The Schott glass filters, in

particular, are designed to have a sharp wavelength cutoff, the

€?§6ation of which is influenced slightly by temperature; In
'u;d§itibn there is the possibility of moisture buildup on all
opﬁical surfaces, possibly to a thickness of some 50 molecular
layers. Such a film is not visible to the naked eye, but since
the index of refraction of water is intermediate between air and
glass, it would form an interference layer a fraction of a v
wavelength thick. Due to the different (proprietary) multi-layer
coatings on the dptical surfaces and their unknown thicknesses
and refractive indices we.are not able to calculate either the
effect of temperature on transmission or the effect of a layer of

water even if we knew its thickness.

We have measured the effects of temperature on what we
believe are the most sensitive elements: the 0G 530 filter and
the Canon lens which has a total of 16 coated optical surfaces.
We wound electrical heating tape around the assemblies of both
unknown and standard side, with and without the Schott filter in
place. (Normally the filter is screwed onto the Canon lens.) We
increased the temperature of the optical elements by about 15

degrees in this way.

We found an intérplay betweén transmission changes with
temperature of the filter and the lens, which have different
response rates. Also, both lenses did not react in the same
way. The respdnse of thé filter is immediate and it shifts the
absorption edge toward longer wavelengths. Fig. 13 gives the
measured transmission profile of the 0G 530 (thickness 6émm). The
oxygen line is affected more than the nitrogen line because it is
closer to the absorption edge. The change in the oxygen to
nitrogen ratio on the unknown side was 600 bpm/°C. For the
standard it was 900 ppm/°C, although on this side we did not
measure the temperature, we only put the same current through the
heating tape. These changes are close to what we can expect from
fig. 13 when we consider the manufacturer's specification that

the transmission edge (50% point) shifts by 1.2 Angstroms per
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degree. The slope of the extinection curve at the halfway point
is 0.00S/A so that the‘extinction_should increase by 0.006/°C.
The transmission is exponential with thickness, x, (T=e KX), so
that the decrease in transmission from 0.500 to 0.494 corresponds
to an increase in k, the absbrption coefficient, by 1.7%. If the
extinction coefficient at the wavelengths of oxygen and nitrogen
would increase by the same 1.7% per degréé C, the transmission

u'and for nitrogen by

for oxygen would decrease by 9.0 x 10~
1.7 x 10—”. The ratio of oxygen to nitrogén is then changed by
730 ppm/°C . The temperature dependence of the present 0G 530
filters is so severe that they will be removed from the system.
Controlling the temperature to the degree required would be .

impractical.

The tgmperature responsé of the Canon lenses is delayed by
30-45 minutes and it is less severe than for the filters. We do
.not know why the lenses respond more slowly than the filters, but
it could be explained if the response of the lenses 1is dué to a
small amount of internal water vapor which takes some time to
equilibrate. After equilibrium had been reached, the » .
transmission of the iens on the "standard" side increased by.

2.4 x 10" %/K for N, and 2.2 x 1074/ for O,. The transmission of
the lens on the "unknown" side decreased by 4.0 x 10—5/K for N2
and by 3.8 x 1672/K for O,. Therefore, if we control the
temperature of the lenses to 1/20 of a degree the measured ratios

of 0, to No will not change by more than 1 ppm.

I. Sample Storage

Samples may be stored for a considerable period of time
between béing collected and being analyzed, and idealiy, it
should be possible ﬁo maintain standardsvindefinitely without any
observable change in éomposition. To this end, great care is
taken to minimize the possiblity of oxidation reactions within
the cylinders by passivating internal surfaces and excluding

liquid water from the samples (Section II.-I). Nonetheless, it



..56..

is impossible to prevent all interactions between the containers
aﬁd the stored air. Some adsorption of gas molecules on the
Vinternal surfaces of the cylinders must be expected. An upper
limit-can be placed on this effect by assuming thatAthe effective
interhal surface area is 10 times the geometric area, and that a
comﬁlete monolayer of gas‘is adsorbed. The surface area-to-
volume ratio is most unfavorable for the smallest cylinders that
we use: 300 ml Whitey stainless steel sample cylinders. We
pressurize these to about 1800 psi, so they initially contain
about 37 liters of gas at STP, or about 1.5 moles. The internal

surface area is about 400 cm2

assuming it is perfectly smooth;
allowing a factor of 10 increase in surface area due to
irregularities, and taking the size of an adsorption site to be
14 A2,13 there are 3x1018 sites, or room for 5)(10"6 moles of

gas. Because of the flushing proceedube duriqg sample
colieétion, the cylinder walls presumably reach equilibrium with
the sample before the final volume of air is sealed into the
cylinder, thus the initial concentration should notlbe effected
by adsorption. The fraction of surface sites which are occupied,
however, may be effected by the temperature and pressure of the
cylinder. 1In the worst case, all the sites could initiélly by
occupied by oxygen, and this saturation could decrease to 50% if
the pressure decreasedvto 500 psibas the gas was used up. This
would cause a rise in the 02 conéentration of a few ppm.' An
effect of tﬁis magnitude is very unlikely to occur, however.
Although there may be a significant difference between the heat
of adsorption of oxygen and nitrogen, it.is unlikely that the '
percent of sites which are occupied would change significantly
over the working pressure range. At all pressures above a few
micro—-torr, essentially complete saturation would be

maintained. Thus, although a significant quantity of gas will be
adsorbed on the cylinder walls, the adsorbed population should
remaln essentially constant, and therefore, the gas cbncentration

in the cylinder should not be effected.

Another potential problem in sample storage is dissolution

of gas in the bulk metal of the container wall. The dissolution
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of nitrogen in iron has been measured at 700°C and 1 atm.
pressure1u. Because diatomic gases dissociate upon'dissélution,
the equilibrium concentration scales with the square root of
pressure. For small temperature changes; the enthalpy of
solution is roughly constant, and the equilibrium solute
concentration scales exponéntially with temperature. If it is
roughly valid to extrapolate from 700°C t6 room temperature and
from iron to steel, then the mass of dissolved nitrogen would be
on the order of 1078 times the mass of the cylinder. The small
cylinders weigh ébout 1 kg and contain about 50 g of gas when
full. Since the cylinders are considered empty when the
remaining gas weighs about 10 g, the gas dissolved in the walls
of the cylinder can never represent more than 1 ppm. Once gas is
dissolved in the cylinder walls, it is possiblé‘for it to diffuse
out of the cylinder, driven by the 100 atm. pressure gradient.

An upper 1limit on this diffusion rate is provided by data from
Hydrogen, however, which indicates that it would be far more than

10 years before- 1 ppm could escape.
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IV. STATUS AND PROSPECTS

 ¥ In the proceeding sections we have discussed a wide variety
of éffects which can influence the measured oxygen-to-nitrogen
ratio of a sample compared to a standard in our Raman scattering
apparatus. Of these factors, some, such as incomplete mixing'of
the fiber optics, produce a fixed offset betwéen the actual and
measured concentration ratios. These do not pose a problem
because they cah be calibrated out, to a large extent, using
standards of known composition. While absolute accuracy will be
limited by the accuracy with which standards can be prepared, the
precision with which comparative measurements can be made will

not be limited by such offsets.

Another set of potential causes of error have led to design’
constraints which must be met in order to keep the induced errors
below a tolefable levél. In our case, the design goal is a
precision of 1 ppm. This has led us to implement an active
feedback system in order to keep the laser beam position well
Wwithin the required 60 um tolerance for horizontal beam
movement. Moderately tight tolerances on the optical alignment,
including the target cell windows, were . also required to meet
this specification.’ Similarly, the interference filters must be
maintained at a constant temperature to within 0.3°C, and the

difference between the temperatures of the two target cells must

be kept below 0.1°C.

Furthermore, the 0G530 filter will have to be abandoned, and
the temperature of the Canon lenses apparently must be held
constant to 0.05°C. Without such temperature control, the ratid—
if-ratios can drift on the order of 100 ppm over a day or
longer. After we had implemented the polarization measurement
and made corrections to the counting rates accordingly, we found
that there could still be a residual long term drift of the above
magnitude. Putting the entire front end in a temperature
controlled environment is now the highest priority. Since there

was not enough time to implement this in Berkeley it will be done
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after the experiment is moved to Boulder. ‘'The dark box enclosing
the scattering regions will be thermally'insulated and We will

blow dry, dust-free air over the optics. The air will be heated
a few degrees above ambient with the temperature controlled by a

feedback signal based on the temperature of the lenses.

Two important sources of error cannot be eliminated, but
must be monitored and corrected for. These are laser
bolarization and background counts due to photons which do not
originate from the gas molecules. Laser polarization within each
target cell is continuously monitored as deseribed in section
ITI-B. We have found that the x-polarized. fraction has a
magnitude of up to one-thousandth of the main z-polarization,
although the value may change by a factor of 5 during a run.
Thus we must make corrections on the order of 100 ppm, and 6ur
precision is 1imited by how accurately this correction can be
made. Currently the accuracy of the polarization measurement
during a single update (10 minutes of counting) is limited by'
electronic noise equivalent to 11 ppm in the ratio-of-ratios.

- This_is well below the statisticel precision per update. Sihce
we do not presently know the power spectrum of this noise it 1is
not clear how much better the polarization measurement becomes
when overaged over a typical run of 100 updates. The electronic
noise is well above the inherent noise of the detector, and thus
optimizing the circuit design and construction could reduce the

residual error to below 1 ppm.

Correcting for backgrounds reépresents a somewhat different
problem. We can precisely meaeure the background rates at any
given time by evacuating the target cells or filling them with
pure gasés, 'Counting.statistics are not a problem because the
'background rates are only about one—thdusandth of the total
counts. Qur present set of background.measurements is not
reliable since the target cells were found to have small leaks.
For instance, our meesurements with Ar were probably contaminated
with some air. The background is also sensitive to the presence

of dust particles in the beam, as is the polarization
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measurement. Dust we have eliminated-by inserting glass—fiber
péfticle filters into the gas manifold:leading to the targetv
cells}ﬁfh addition to eliminating dust and obtaining leak-free
target 6el1s, the background- correction will be improved by
continuous monitoring using one of the output legs with a filter
which lies between oxygen and nitrogen. This may allow us to
obtain a stable correlation between the rates on the background
channel and the background rates on the oxygen and hitrogen

channels,

Laser power has been somewhat disappointing with the target
celis in the cavity. We lose about a factor of 2 in beam power
when we insert the target cells into the laser cavity, and the
power drops by anothér factor of 2 as we increase the pressure in
the target cells to 10 atmospheres in order to increase the ‘
counting rate. This decrease in intra-cavity power 1s apparently
due to stresses.on the beam windows; we were able to place the
target cells in the beam with the windows loosely attached
(unsealed) without an appreciable degradation of laser power. At
10 atm pressure we have about 20 Watts of laser power left. This
leads to counting rates of 2 - 3 x 106 per second for the O2 and
N2 detectors, and statistical precision of 100 ppm/update. With
this laser power, the best we can achieve during a run of‘about
100 updatesvis then a precision of about 10 ppm. Since 10 ppm is
the precision of the ratio of 02 in the sample vs. the standard,
this would enable comparative measurements of the atmospheric
oxXygen concentration to 2 ppm. As of‘this time we are short of
this goal because of long-term drifts, apparently due to the
effect of temperature on the front-end optics. Because intra-
cavity power is significantly degraded by stréss induced _
birefringence in the_targeé celi windows we are considering
eventually abandoning intra-cavity operation in favor of a light
trapping scheme used by Hill and Hartley15. - In this approach a
high power intensity is built up by injecting the external laser
beam, at a slight angle, into a cell defined by a flat mirror on
one side and an elliptical mirror on tﬁe other. With

appropriately chosen curvature and mirror separation the



61~

propagation direction will collapée to the major axis of the
elliptical mirror after a few bounces., This approach would be
relatively insensitive to birefringent elements in the cavity,
and may'allow us to significantly improve the statistical

precision of our measurements.

We have taken air samples from the coast of California
during 1984, They are stored at high pressure in_Whitey“
stainless-steel c¢ylinders. 1In November 1984 sample collection
was begun at Cape Gfim, Tasmania, in coliaboration with Dr. Roger
Francey of CSIRO, and in early 1985 sampling was started at the
South Pole GMCC station. These'samples aré»waiting to be
analysed when the temperaturé control of'the scattering region
and associated optics has been implementéd. We expect the
temperature control to be in place about 2.months after

rebuilding the apparatus in Boulder.

To tie the samples to ébsolute concentrations we have on
order a set of 4 standards from the Van Swinden Laboratory in the
Netherlands.‘ The oxygen content in these standards will be
determined gravimetrically to +30 ppm (2 o) and they'will span é:

range of a few hundred ppm around ambient.
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V. _APPENDICES

A; 'The Polarization of the Laser and Window Stresses_v

The maximum stress on the surface of the glass at 10 atm. is
about 4.5 N/mmz. With a stress optical coefficient of

a wavelength of retardation if this stress were uniform

mm2/N such a stress would give rise to about one third of

throughout the glass. Fortunately, the stress decreases and then
changes sign as the beam probes further into the glass. A
retardation is then éancelled by an advance. There is no net
effect if the beam goés exactly through the'center of the

window. Furthermore, it is the difference in stress between the
radial'and tangential directions that causes the birefringence.
Nevertheless it is clear from this order of magnitude estimate'

that these stresses have to be considered carefully.

Fig A1 displays the béhavior typical for stressed optical
glass. nn and nl are the indices for the e;ectric'field vectors
parallel and perpendicular to the direction of the stress (g),
respectively. The stress optical coefficient is defined as
(A1) ‘K=K" - KJ_ =_(n“ - nl)/.o ’
Positive means that for tensile stress the ﬂ polarization will
have a higher index than the l polarization, although for both
the index will be less than for unstressed glass. The paréllel
polarization will be retarded with respect to the perpendicular

polarization.

It is sufficient to consider the case of tensile and shear
stresses in the plane perpendicular to the direction of
propagation, because that is where the polarizations are. Stress
along the propagation axis cannot affect the two polarizations

differently.

We will first look at the the pair of shear stresses along
the z- and x—-axes (fig A2). This is equivalent to a pure tensile

stress along the t-axis and compression along the c-axis, at 45°
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to the original z- and x-axes. The light, originally polarized
along the z-axis, decomposes into two components:

1 : 1
(A2) E = ———gE, + ——pE
2 ottt ()2

The change in the index of refraction equals
for E,.: An + An = ny - n
t t c] I~ 71

LT

since the effects add linearly and the stress in the c¢-direction

(A3)

forvEC:- Ancn + Antl-

is compressive so that the index change reverses sign. The
magnitude of na - nl eqhals (K" - Kl)c = Ko, the stfess optical
coefficient times the stress,. After having traversed a certain
distance Et has accumulated a retardation ¢, expressed as a phase
factor e_i¢. At the same time Ec has accumulated a phase

factor ei¢.

Transforming back to x- and z-coordinates now gives us

(1/72)%E,(e”1¢ + 19y

=3}
]

Ezcos¢.
(AW)

(1/2)%E, (719 - o1¢)

3
[

-iE,sin¢
- The shear stresses have turned the originally linear polariiation

into elliptical polarization.

When the glass 1is éubjected to pure tensile stresses in the
z-direction (0,) and the x-direction (ox) the changes in index

are:

15) for E,: Kﬂoz + Klox Z(Kn+Klj(oz+oX) + %K(o,~0y)
A .

for E,: Kno )

+
=~
—
Q
"

%(KH+KL)(UZ+0X) - %K(o,-0,

Pure tensile stresses along the polarization directions do not
mix the polarizations, but produce a retardation per cm of EZ
with respect to Ex‘of K(oz—ox). Any combination of tensile and
shear stresses in 3 dimensions can be transformed to a set that
is aligned with the polarizatidns and the direction of

propagation of the light.

We will now take a'look at the stress patterns that develop

when the window is subjected to a pressure of 10 ato. We
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consider the case of a circular plate freely supported on a
circle.along the edge. Thé support is the metal C-ring making
the vacuum seal with the target cell. The window is clamped from
above with a ring that has a 2.1 mm wide contact area with the
glass, situated exactly above the C-ring. This way of clamping

exerts very little bending moment on the‘glass.

The window and the notation for the various coordinates is

sketched in fig. A3. The stress pattern parallel to the glass:

surfaces is given_by:16
W - - r2 '
- Op = T Ime3 (3m+1)<1-;2)z 2
3W m+1 r
oy = ~ IEE? (3m+1)(j—3m+1f;§)z'
with . | |
W total applied load (1100'N), in z-direction
t thickness (9.5 mm) '
a radius (19 mm)
r distance.from center
m inverse of Poisson's ratio (1/0.17)

z'! depth normal to surface (z;=0 is midplane)
The subscript r is for Stréss in the radial direction, t isvfor
tangential direction. Abpositive sign means tension, negative
stands for compression. The tension and compression are maximum
in the center, falling off toward the edges. They are zero in

the neutral plane.

In addition to these tensile and compressive stresses there
are also shear stresses. They are given by
2 2 '
Wr 3 t
(— - z'9)

B et T T3 G

The shear stresses are largest at the neutral plane and the

directions are indicated as in fig. A1 .

For completeness we will give the total deflection in the
center:
3W(m2-1)a 5m+1 4m  t2

(A8) 4 = - ( + )
16 Em2t3 m+1 m-1 a2
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with d dispiacement, positive in +z' direction
» E Young's modulus (75000 N/mm) -
The first term is due to pure bending without shear and the
second is the additional displacement through shear. In our case
t/a=1/2 so that the second term contributes a little more than
20% to the total displacement. The deflection as a function of
radius for the case of pure bending is: '
o) 4 - 30 (m2-1) {v(5m+1)a2 L
: 8 Emzt3

t 52
2(m+1) 2a “m+1
The laser beam traverses the windows at an'angle of 34.40,

2

after refraction from Brewstér's angle of incidence. Fig. Al
depicts. the situation and the coordiﬁates used in th windows of
one target cell. The x',y',z' coordinates are fixed in the
window and differ from the laboratory x,y,z coordinates by a
rotation around the x-axis. The normal to the window surface
subtends an angle of 55.6o>(Brewster) to the beam, that is
traveling along the laboratory y-axis. The polarization that is
labeled v (for vertical) has an anglevof 34.4% to the y'-axis in
the glass. The other polarization is labeled h (for horizontal)

inside thé glass.

The calculation of how the glass affects the laser »
polarization proceeds as follows. First of all we assume that
the total amount of h-polarization is small at every point, so
that the v-amplitude is barely affected. 1In fact we assume‘the
v-amplitude to be constant, and calculate the amount of generated
h—amplitude at each point. We follow each part of the beam
through the glass, calculété the stresses at each point,
transform the stresses to coordinates proper to the beanm,
calculate the generated h-amplitude and also the phase difference
that is being accumulated between the v- and h-polarizations.

The h-amplitude that has been generated is then added
(coherently), with the correct phase difference, to what has been

generated earlier along the path of the beam.

The transformation of the stresses to beam coordinates is

shown in fig. A5 . An elementary block of material internal to
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thé”glass is depicted with the tensile and shear stresses on
it. r, t and 8 are the coordinates'of fig A3. The only non-zero
and their transformation is as

stresses are ¢ Ot s and 1

r?’ zZr
follows16:
0,, = @ cosze + 0 sinze
h r t : ) v
(A10) oy = orsin2asin29 + otsinzacosze + 21,,sinacosasing®
Thy = (or—ot)sinecosesina * T,,C0s6cosa

The sign of the stresses as a function of z' reverses
between the two windows on either side of the target cell, as
depicted in fig AlM4,. The actual calculations have been carried on

our LSI-11 computer. The Fortran code is given below.
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voz2.6 Wed 10-0ct-24 12:13:09 _ PAGE 001

PROGRAM STRESS

LINK WITH RK3:0QSF

Calculates orptical rotation of the beam as it sces

throush the windows. Beam offsets are taken into

accaeunt. No offset means that the beam =aes throush

the center of the slass in the neutral (mid-)elane.

The window is under 10 ato of pressure, edaes are
suppPorted, not clamped. In reality there is some bendins
moement applied at the edees, so this corresponds to a

worst case analvysis. Shear forces are not neglisable

and are taken ‘inte account.

DIMENSION - PHASE (31), XCOMP(21), TPHASE(21),0UT(81), XCOS(21) -
DIMENSION XSIN(21), TXCOMF(7:7).TX(7,7),TXPHEE(7,7)

Fix values for the x and z offsets

Da 200 I1=1,7

IFFZ= —=1,2+0.3%]

Do 201 J=1,7

OFFX= -1.2+0,3%J

TYPE #,0FFZ.0FFX

Let the beam prasress throush the glass in £0 steps.
Calculate at each Point the »v,z and the r,theta cocrdinates.
Calculate tensile and shear stress at each point in

as a function of r.theta and z. Transform the stresses

to the beam coordinates inside the slass: p for prorpasation,
h for horizontal and v for vertical polarization. Determine
the phase delay of v with respect to b in each interval,

sin $5.462 = 0.32%3 = cos 34.3%
cos §5.462 = 0,5447 = sin 34,328
tan 24,32 = 0,.46842

0.9708=3200, /4, /Pi/S.9/9.5/9. 5/% Sa (285, 9+1. )
2.#pi/514, %3, 5=4,2724E~-2
S.5E~-¢ is the stress optical coefficient of fused silica
retardation of 3.5 nanometer per mm per N/mmZ.
9.89/80, /70,8252 = 0, 1429
Shear stressi2300,#3,/19./19./Pi/9.5/7.5/9.5=1,0181E
0o 100 N=1,8€1

NN=N

I=—4, S6E2+9. S/80, #NN

S Y=—=2#0.6342 + OFFL2/0.5647

R=SGRT(Y®Y + OFFX#0FFX)

1F(OFFX) 250,351,352

IF(Y) 345, 358, 357

IF(Y) 360,359,341

THETA=ATAN(Y/OFFX)

GO0 365

THETA=ATAN(Y/OFFX)-Z. 141¢&

GOTO 3465

THETA=ATAN(Y/UFFX)+3. 1416

GOTD 365

THETA=Z, 141&

GOTO 36S

THETA=0.

GOTL 245

THETA=-Z.1414/2.



FORTRAN IV

0028

QOzy

0020
Q021
0oz2
0Oa2
0024

00323

0036

0037
0038
0039
0040
0041
0042
0043
0044
0045

0046

0047
004g
0049
0050
0051
0052
0053
0054

00SS .

0056
0057
Q0S8
0059
Q0&0
00461
0062
00463
0064
0065
00&6
0067
0048
0069
0070
0071
o072
0073
Q074

61
365

1010
1011

1012

1013
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GOTO 3465
- THETA=3.1414/2,
CONTINUE

S1GMAR=+0, 9708+ (1. -R#R/1%./19.) %2

SIGMAT=+(0, 2703-0, 4620*R*H/1° /719, y#l

TAUZR=~1.0121E-2#R# (9. S&% 5/ —Z*Z)

SIGMRH“SIGMAR*CDS(be1A)*LU-(THETA)+
SIGMATH*SINCTHETAY #SIN(THETA)

SIGMAV=SIGMAR®O, 8252#0, S2S3#SIN(THETA) #SIN(THETA) +
SIGMAT#0, 8253#0, 8253#COS(THETA) #CUS(THETA) +

2 ' 2. #TAUZR#0, 2253%0, S647#5IN(THETA)

TAUHV=+(SIGMAR~SIGMAT ) #SIN(THETA) #COS{ THETA) #0, 8253+
TAUZR#COS(THETA) #0. 5647

PHASE (NN)=-4, 2784E-2# (SIGMAV-SIGMAH)

XCOMP (NN)==4, 2724E-22#TAUHV

IF(NN~2) 220,321,322

TPHASE(1)=0.

GOT0 323

~ TPHASE(2)=(PHASE(1)+PHASE(2) ) %0, 1439/2.

GOTO 323
CALL QSF(0.1439,FPHASE, OUT,NN)
TPHASE (NN) =0UT (NN)
x—-caomPonent is cenerated rFri/2 out of phase with local z-come,
When tauhv is Poasitive the »x—comp. is P00 desrees retarded.
XCOS(NN)=—SIN(TPHASE (NN) ) #XCOMF (NN) -
XSIN(NN) =05 (TPHASE (NN) ) #XCIOMP (NN)
CONTINUE
CALL GSF (O, 1449 XPUS,DUT.SI)
TXCOS=0uT(&
CALL 23F (0, 145’,XSIN,UUT.BI)
IXSIN=CUT (S1)
TX(I,J)=SART(TXCOSH#TXCOS+TXSIN#TXSIN)
IF(TXC0S) 320,230,332
IF(TXSIN) 333,333,324
TXPHSE(I, 3)=180, /3. 1416#ATAN(TXSIN/ T XCOS) -180.
GOTO 335 ‘
TXPHSE(I, J)=180. /3. 1416#ATAN(TXSIN/TXCOE) +1 80,
GOTO 335 ) .
TXFHSE(1, J)=180. /3. 141L6#ATANCTXSIN/TXCOE)
CONTINLE ’
CONTINUE
CONTINUE
PRINT 1010, (-1,2+0.3#1,1=1,7)
FURMAT (/774X 7F9,1:6%X,7X7)
PRINT 1011,(~-1. z+0.5*1.(TX(I,d),J-1 7),1=1,7)
FORMAT(/X,F4.1,7F9.4)
FPRINY 1012
FORMAT (/,~ Z°)
PRINT 1010, (-1,.2+0,.3#1,1=1,7)
PRINT 1013, (-1.2+0,.3#1, (TXPHSE(I, d),d—1,7),1 1,7)
FURMAT(/X,F4.1,7F¥%.2)
PRINT 1012
ENL
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FORTRAN IV -~

000
0002
00032
. 0004
QO0S
Q004
0007
000s 298
: [ o
000 .
0010
0011
0012
00132
Q014
0015
ccce
ccce
ccee
ccce
: ccco
0016
0017
0013
ccoo
CCCo
(3 5 )
0020
Q021
0022
ccce
0023
00z4
00z6 200
0027
0023
0029
0020
(UcHt
0032
0024 201
ccce
002
ccee
ccco
0024
00327
O03E 100
0039
cccc
cCcoo
cccc
cCCC
cocce
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PROGRAM BMSIZE

EXTERNAL GAUSS

EXTERNAL FCT -

DIIMENSION QX(40),UXUUT(40).Q(47).@GUT(47) ALX(10),AC15)
BYTE YES

COMMON K» XC» 20 205 X2 X15F
F=0.0001

F=F#5, ] )

Fix beam radius, x~- and z-offset.
00 400 KR=1,3

R=0, 4+0, 2%#FLOAT (KR)

DO 401 KX=1,5

XC==0.75+0, 25#FLOAT (KX)

DO 402 KZ=1,5

ZC==0.735+0. 25#FLOAT (KZ)

TYPE #,R, X, 20, F :
Calculate the X—-inteoral and the convelutian over z7 for
every Z value on the lucite face (Z0), takins the masnification
of 1.85 into account. After the loap has been completed, the
intesral over the lucite face is taken between -2.3 and +2.3,
corresponding to a 7.1 mm hish arerture.
DO 100 NN=1,47
N=NN '
Z0==2,4+0, 1 #N
Establish X-values,aveid X=0
Inside a radius of abeout 4 mm
Lo 200 MM=1,220
M=MM
X==4, 140, 2#M
X1=0,27#X » _
For- every X, intesrate over a circle in the Y-Z pPlane
CALL RATR(X1,-X1,5.E-1,15,5ASS, aX (M), IER, ALX)
IF(IER .NE. 0) GOTO 200
CUONT INUE
DO 201 MM=21,40
M=MM '
==4,1+0. 2%M
X1=0.27#X
CALL @ATR(—XI'XI,S.E—l,IS,GAUSS,OX(M).IER,AUX)
IF(IER .NE. O) GOTO 900
CONTINUE
Now do the interation over X.
CALL GISF (0, 2, 2X, 2X0UT, 40)
Normalize the intensity distritution te 1., if the intesration
were between + and - infinity for X and Z0, ’
C{N)=5.5&#QXAUT (40) /R/R
TYPE #, N, CGHN)
CONTINUE
CALL QSF(0.1,Q,Q0U4T,47)
Since the height of the lucite is finite » the intesral
over the normatized intensity distribution wil)l be less
than 1. The tota) intensityv on the lucite is estimated
here by a shortcut: assume that the imase is sharr evervwhere
the smearings out by the defocussing is neslected.



. FORTRAN IV

0040

0041
0042
o043
0044
0045
004&

0047
0043
0049
0050
0052
0053
Q0S4
QOS5

0001

0002

QOO2
0004
CO0%
0004
0007
0008
0009

0001
0002
00032
0001
0005

- cecee
B {2

1050

402
401
400

900
$01

ccce
cizee
cceo
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For RK=1.00 the table save 1.00000, while this
approximation gsives 0.9993,

CALL CATR(-Z.&,2.% 1.E-5, 15, FCT,FLUX, IER-A)
FLUX=FLLX/R#SRT(2, /3. 1414) :

- TYPE #,Q0OUT(47),FLUX

DERQ=R0UT(47) /FLLX

PRINT 10S50,R, XC, ZCs Fy DG

TYFE 1050, R.XC,2C.F, 0

FORMAT(“ RALIUS’,FS.2,7 OFFSETS(X,2)7,2F&.2,7 =7,Fé&.4,

1 7 D’ .F6.1)

CONTINLE

CONY INUE

CONT INUE

IF(F .LY. 0.05) GOTD 393
GOTCO 901

TYPE #.N.M, IER

CONT INUE

END

FUNCTION GAUSS(Z) ‘

The units in this subroutine have been chosen such that
when all dimensions are in mm, the final resullt of the
calculation in the main program (LCM) is in ppm.

COMMON R, XC, 28, 20 X, X1, F

Y=69, #X+12, # (Z420) #(2+Z01) =144 XX
Y=Y-SURT(F) #4386, #(X+0,9463#(Z+201))

Y=Y=40000, #(X-XC)/R/R ’ )
GAUSS=EXP (= ( (X-XC)# (X=XC)+(Z—ZC+Z)#(20-2C+2))#2,. /R/R)
GALES=GAUSS/ X/ X#Y#SORT (X1#X1~2Z+Z7)

"~ RETURN

END

FUNCTION FCT(2)

COMMON R, XC, 20, Z0H X» X1
FCT=EXP(—(Z-ZC)#(Z-1C)#2./R/R)
RETURN

END
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PROGRAM BDPASS

cCcce Calculates transmiscion of the interference filter as a function
CCCC of the tilt ansle of the filter. The eFfective derpolarization
CcCCC ratio, that is, the part that is transmitted by the filter

cCcc because that derends on wavelenoth, is also calculated. The
ccce light coming out of the fibers is collimated by the 50 mm focal
cccc lensth Mikon lenses.

ccce

DIMENSION T(80),TT(&0),RHOT(&0)

REAL LAMBDA, INTAZI,NORM

PI=3.141593 ‘

OPEN (UNIT=20, TYPE="0LL’,NAME="FIL146.0AT”)

READ (20,%) RHQ,B.NG,T:R, TT,RHIT, ki, N2H, E, LAMBDA

Cccc The file contains the filter transmission data at normal incidence
ccee and some data on the sas. RHO is the depolarization ratio, 3B is
cccc the rotational constant, N&® is the location of the Q-~branch origin
CCCC reltative to the filter transmission maximum at normal incidence,
cccc T contains the transmission characteristic at S cm—1 intervals.
CcCCcC The transmission maximum is at T(31). LAMBDA is fi-branch wavelensth
CCCC in nm. R is the radius of the fiber bundle (inches). BH, NGH are
cccc the same as B and MNQ, but then for the first "hot band", transitions
CCCC originating on the first excited vibrational state. E is the

CCCC vibrational enersy in cm—1 of that state.

ccce TT and RHOT are initialized by reading in zeroes for every element

RHOQ=RHO/4./ (1.-RHQ)
Q1=RHO/ (3. ~4. #RHQ)
OS=7,#Q1/(1,+7.#21)
Q=1,-05#3, /4.
A=5./4,/B
AH=5, /4, /BH
cccc The pas temperature effects the extent of the side branches.
TEMP=300. i
E=B/ (0. 495+ TEMP)
BH=BH/ (0, 695*TEMP)
P=EXP(-E/ (Q.&95#TEMP))
cccc 0.4695 is Boltzmann‘s constant in cm—1.

CcCccc A scales the distance between neishtoring rotational lines (4R)
cCcCeC to the distance between neigshborins points on the filter
CcCccc transmission curve ( S cm—-1). Nuclear spin deseneracy factors are
CCCC neslected and the rotational Auantum number J will be treated
Ccccc as a continuous variable in the expression for the intensity of
CCCC the O- and S-branch. Pressure broadening will in effect mersge the
CcCcCcC separate lines.

TYPE #, RHOQ,Q,B,A,NQ, 21,08, NIH,

TYPE 1011

TYPE #,7T

TYPE 1011

TYPE #*.R,P,LAMBDA

TYPE 1012

1011 FORMAT (/)
1012 FORMAT(/7/)
PRINY 1010
1010 FORMAT (¥ TRANSMISSION AND DEPOLARIZATION RATIO AS A FUNCTION OF7,
1/, PASSBAMND WAVELENGTH SHIFT IN INCREMENTS OF 5 CM-17,

2 /7’ CHM-1 TRANSMISSION DEPCLARIZATION?) . .
CcCcCC TT is soing to contain the transmissien feor the entire ro-vibratl.
cCccC band as a function of the shift of the filter Passband at & cm-1
CCCC intervals. RHOT will store the same for the effective derol. ratio.
cCccc First calculate the normalization factor for thne thermal (Boltzmann)
ccCce distribution of rotational states. ' '
NOURM=0.

DO 310 N=1,40
RJ=FLOAT (N) #A
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NORM=NORM+ (2. ¥RJ+1. ) #EXP(--B#RJ# (RJ+1.))

310 TCONTINUE
. b 200 M=1,&0
CCCC  'Placement of the @-branch with respect to the filter transmission
. NQS=NQ+M-1

TTUD=T(NGS+31 ) #G* (1. ~F)
RHOY (M)=TT (M) #RHOQ/ ( 1. +RHOQ)
CCCcC Cailculate O-branch contribution
Do 300 N=1,40
RJ=FLOAT(N)#A-1.5
IF(RJ .LT. 0.) GOTO 300
NF ILTR=NGS+31-N .
IF (NFILTR .LT. 1) GOTO 301 )
ADD=0S%#3. # (RJ+1,. )% (RJ+2,) /2. /(2. #RJ+3. Y#T(NFILTR)
ADD=ADD#EXP (~Bs# (RJ+2. ) # (RJ+3, ) )# (1. -F) /NIRM
TT(M=TT(M)+ADD
RHOT (M) =RHOT (M) +ALD#*3, /7.
CCCC Calculate S~branch contribution
301 NF 1L TR=NQS+31+N
IF (NFILTKR .GT. 65) GOTO 300
ADD=0S#3, # (RJ+L. ) #(RJI+2, ) /2. /(2. #RI+3. ) #T(NFILTR)
ADD=ALDHEXP{~E#RJ* (Ru+1.))# (1. -P) /NORM
TT(M)=TT(M)+ADD ’ .
RHOT (M) =RHOT (M)<+ADD®3, /7.
300 CONT INJE
ccce Calculate hot band contribution
MNGIHS=NGH+M--1
TT(M)=TT(M)+T(NQHS+31 ) #Q#P
RHOT(M)=RHOT (M) +T (NQHS+31 ) #Q#P#RH1Q/ ( 1, +RHDQ)
0o 350 N=1,40
RJ=FLOAT (M) *AH-1.5
IF(RJ .LT. 0.) GQTO 350
MNF ILTR=NQHS+31-N
IF (NFILTR .LT. 1) GOTC 351
ADD=0S#3, #(RJI+1. ) #(RJI+2, ) /2. /(2. #RJI+3. ) #TINFILTR)
ADD=ADD*EXP ( —BH# (RJ+ 2, ) # (RJ+3., ) ) #P/NORM
TT(M)=TT(M)+ADD i :
RHOT (M) =RHOT (M) +ALO*3, /7.
351 NF ILTR=NQH3S +31+N
IF (NFILTR .GT. &%) GOT0O 350 .
ADD=DS#3, #(RJ+1. ) #(RI+2.) /2. /(2. #RI+3, ) #T(NFILTR)
ADD=ADD#*EXP (- BH#RJ#* (RJ+1. ) ) #FP/NORM
Tr(M)=TT(M)+ADD ’
RHOT (M) =RHCT (M) +ADO*3. /7. .

350 CONT IMUE

cccc Rho has so far been calculated as the ratio between horizontal
CCCC Ppolarization and total scatterins (horizontal+vertical). Now
CCcccC we have to convert tack to the ratic of horizontal te vertical.

RHOT(M)=RHOT (M) /TT (M)

RHOT (M) =RHOT (M) /(1.~-RHOT (M))

PRINT 1000 » (M-1)#5, TT{M),RHOT(M)
1000 FORMAT(16,6X,2F10.5)
200 COMNT INUE

D0 201 M=61,80

TT(M)=0.0001

RHOT(M)=0.75

201 CONTIMUE

PRINT 1012

PRINT 1013
1013 FORMAT(” TILT 7TRANSMISSION DEPOLARIZATION)
ccce Convert R from inches to mm

R=R#25.4

DO 400 I=1,25



ccce

CcCCC
ccec

ccce

CCCce

cccc

600

500

400
1001

-73-

FHI is the filter tilt ansle in sters of 0.5 degrees,

PHI=FLOAT(I-1)/2./57.3
TOTAL=0.

TDEPOL=0,

DENOM=0,

DO SCO J=1,20

RADIUS= R/20.*FLOA1(J-1)+R/40.

DENOM=DEMOM+RADIUS

THETA=RADIUS/50.

The focal lensth of the Nikon lens 15 50 mm.

Intesrate over azxmuthal ansles first.

INTAZI=0,

DEPOL=0,

DY 600 K=1,50
AZIMU=2, #PI*FLOAT (K) /50.

~ PSI=COS(THETA)#CUOS(FPHI)+SIN(THETA) #SIN(FHI)#SIN(AZ2 IMU)

To find the angle we can convert with arctan of the half-ansle,
PSI=SERT((1.+1.E-7-PS1)/(1.+PS1)) .
PSI=2.%ATAN(PSI)

Calculate the wavelensth shift in cm-1 of the filter transmission

bandpass when the lisht hits at an ansle PSI.
SHIFT=(1./8ART(1.-SIN(PSI)#SIN(PSI)/2.1/2.1)-1.)/LAMBDA
© NTRUNC=INT(SHIFT/S.)
TRANS=TT (NTRUNC+1)
+AMOD(SHIFT.S. ) /5. *(TT(N1RUNC+2)—TT(NTRUNL+1))
DPOL=RHOT (NTRUNC+1)

- +AMOD(SHIFT, 5. ) /S, # (RHOT (NTRUNC+2) —~RHOT (NTRUNC+1) )
Linear interpolation between adijacent TT and RHIT values.
IF(MOD(K, 10) JEQ. 1) TYPE #, SHIFT.,NTRUNC,PSI#5S7.3. TRANS, DPOL

INTAZI=INTAZI+TRANS
DEPCQL=DEPOL +DPOL
. CONTINUE

TYPE 1012 )

TOTAL=TOTAL+INTAZ [#RADIUS/S0.

TDEPOL=TDEPOL+DEPOL #RADIUS/50.

CONTINUE

TOTAL=TOTAL /DENUM

TDEPOL=TLEPOL 7 DENOM

TYPE 1001,PHI#57.3, TOTAL. TOEPOL

PRINT 1001,PHI#57.3,TOTAL, THEFPOL

CONTINUE

FORMAT(F&6.1,F10. 5,5X F10,5)-

END
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(s {0 05 8 0 0 1 e 1 A 2 0 1 0 0 8 I
C : )
coco axyve
Dot ad W 1 S
CCCCC PROGRAM FOR OXYGEN-TO-NITROGEN ANALYSIS
CCCCC  WITH 34 HZ PHILAMON TUNING FORK CHOPPERS
coCo AND FIBEROPTIC EBEAM SPLITTER WITH FOUR OUTPLT FPORTS.
CCCCo - .
[ BY PIETER TANS AND PAUL WEINSTEIN, VERSION 02, APRIL &2
cCoCo MODIFIED T VERSIOM 03 BY DAMIEL LASHOF, JULY =2
CooCe VERZION 04 BY DANIEL LASHOF, SEFTEMBER £2
[ VERSIOM T RUN NEW CHOPPER DRIVER, FEBRUARY 24
ceoco VERSION 5, TO RUM UNIBLITZ SHUTTER FOR DAREMNQISE, MAY &4
[ e VERSIOM &, FOR 4 OUTPUT CHAMNELS, APRIL 135
cooce
cooeo LINK WITH OXYLB4,CMCLIR
coCco .
C CRATE AND TRG MUST BE INITIALIZED BEFORE EXECUTION.
C IF NECESSARY, RUN TIMEL T2 INITIALIZE.
c
. llata are egathered durings the inpermost (700 1007) loor.
[ This loor is nested inside the middle (7D 200°) loop which
C obtains dark--noise data everwv 2 secaonds. ‘ )
2 The outer (700 2007) loor contains both of these looprs and
C the beam positicn control. .
C Finally, InrFut/CutPput is controlled in the outer shell. Summary
[ data is written to disk te conclude zach “update.” '
C
C
C
c
~CCCC : L .
cCceo VARIABLES FOR COMSTRUCTING A FILEMAME FROM RUN DATE AND HOUR
LOGICAL#1 YES o
LOGICAL*: Di.D2,F1l.Mi, M2, M2, F2,Y1,Y2, Hi- M2, P3. MI1, MIZ2, P4, &1, 82
LOGICAL#1 STRNGD(132)
LOGICAL#1 LT, HOUR, DAT (4) , NUL
LOGICAL#*Y DATFIL(1S),FILEC20)
LOGICAL®i STRTIM(E) :
ccore
ceooee CHOPPER AND TIMING VARIARLES
INTESER UPDMR, REG, SYNC, ShITCH, SHNORM, SHUTAD
INTEGER COUNT L, COUMTZ, PIKUFL, PIKUPZ
INTEGER TIMEAD(3)
INTEGER TO1,7GL. TCI,ThZ, TOZ, TSG2, TC2, Th
CCCCD
el COUNTING VARIABLES.
INTEGER SUCLRAD(A)
INTEGER JCCUNT (25 6) 2 JDARK (&)
REAL ACIUMT (2, 46). A1 (&) s ADARK (L)
REAL#2 LDCOUNT (2, &)
D e 1 .
INTEGER POLAD(4S)
REAL POLTOT (&)
REAL DT(4)
CoCoe

COMMON/G/ ICR24, SCLRAD
COMMON/UWALT /REG
COMMON/UPDIATE /. DCOUNT , ADARK

- COMMON/ALPHAYSYNCG, PIKUPL . PIEDP2, UPDNR, STRTIM, DATF L

COMMON/ADC/IX 10, IXES, IX2L, IX2S, IYLID, IY18, IY2D, 1Y2S

CCOMMOM/DAC/ IMEX, IM3X, T4 X, TM1Y, IM2Y, IMAY, IDIR

COMMON/DACDAT/ ITEN, ROAC, VGALN, VMAX



cocC

| LCECe
Ceoce
>

OGO O0O0

1

QoOan
oo

Cr

o

[

(s N v NeX;

GO

o0
O
[

[pXw il w Ny
oOoCco0 OO0

oo o
]

OO0
[y X v

SCCcod
CCCCe
oo

1031

COMMON/POS3L/ DX15,
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DxXes, DyLsE, Dyz2s, 51,

S22

COMMON/FPOS2/PTOT, PSR XITOT, X180, X2TOT, X2E8, YITOT, YIS, Y2TOT, Y2EQ
COMMOM/MIR/XML, YML NXT,NYT, NXTR. MYTR

COMMON/ROKE /IRK, TPOW, TDUML . TRANT . TRANZ
COMMOEN/ ROK2/RDUML » ROUM2Z, RDUM3, ROLME , ROUMS

'CQMMUN/TEMP/ITEM,TTGT,PULAD1PULTDT

EGUIVALENCE (FILE(5),DATFIL(1))

INITIALY1ZE VARIARLES.
Filename variables.
FILE/“Q/ s "X “Y 2 "¢ 1bx" 7/

DATA
DATA -
DATA

DATA
DATH

IATA

TIMIN
TG

. TGY

TC1
Thz .
TOZ
T2
TCZ2
TDi

pov/sc.7/
NUL /7077

Beam control variables,

1RK/0/

NXT,MYT.NXTR: NYTR/4+Q/
Prosram contrel variables.
UPLNF, MPALSE/ 2%#0/ )

G DATA
i §<
3370
12915
12290
17805
22220
26803
27730
i.e..

GPEM COMNTING WINDGW |
GATE FOR PRIMARY PICKUP
CLOSE COUNTING WINDOW i
DRIVE SECONDARY CHOPPER
CPEN COUNTING WINDOW 2

SATE FOR SECONDARY PICEUP

CLOSE COUNTING WINDOW 2
DRIVE PRIMARY CHOFPER, RECYCLE TPG,

Thi

= CHOFFER FPER1OL.

Timine based on delav betwean drive and pickur of 2.415 msec
for boeth eprimary
Timing is established by rProsram TIMEL,

time the CRATE
be modified bv

LEAD--TIME DATA
(dead-taime)#(pPrescale factor)#(i/0,00%s5¢c)

0T =

Prescale factor
and 4

LEFAL

is powered ur or initialized.

and secondary.

running TIMTEY.

40, for channels 1 and

. for channels 5 and &.
LATA DT/8&6&67.E~%,9444 E-9,111) E~-?,1111.E--9,844.7E-9,%44, 4E-9/

LT RUM PARAMETER LATA
DATA NCLOSE, NPOS, NTOT, YES, NPALZE /2,40, 400,°Y7,0/

DAC AND FIEZO POWER SUPPLY DATA

ITEN IS ACTUALLY 7V FOR RUINNIMNG THE
T DAC, CORTEC FOWER SUPPLY (2.959V IM
1.96K RESISTOR

10 kI

VOLTAGE DIVIDER WITH S. 11K OMND
DATA ITEN, RDAC, VGAIMN, VMAX/716,102,3,93.2,931.,/

DATA IFIVE/S12/

2

STEFPER

which must be run each

Timing gates can

1.

Far channels 3 and

DRIVER
1000V (UT)

CONSTRUCT THE FILENANME FOR THIS RUN ANID OPEN THE FILE

CALL DATE (STRNGD)

CALL.

MI2, P

ENCODE (%, 1021, DATFIL)

FiRma

OPEN (UNIT=20,NAME=FILE, FUORM="UNFORMATTED )

TIME (STRNGD(10))
DECCUE (17,1081, 8TRNGL) DI, D2, F1, M1, M2, M3 P2, Y. Y2, HIH2, P3, MIL,

4,51,52

T (20A1)

TYPE 1090, (STRMGL(N) . N=1,%)

Mi.M2, M3, I, 02, OT, HL . HZ MIL

4,
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TYPE 1091, (STRMNGD(N) ,N=10,17)
1090 FORMAT (11X, START OF RUN OXYGEM/MITROGEN RATIO, 19X, ¥Al)

10%1 FORMAT (11X, “TIME",5X, &A1)
[ a0 4 GENERATE CAMALC ADDRESS VARIABLES COCCOQCOCCQOCCOCCCoooCCCoiioe

CALL CROREG(ICRZ24,,2,24,0)
CALL COREG(ISCAN, .2, 1%,0)

CCCCC

coCoo SCALER ALDRESSES.

Z ’ Variable # Scaler # Function

c i i Qxveen detector

c 2 3 Nitrosen detector

c Z =] Carbon Dioxide detector
c 4 7 Backeround detector

c S 4 fixvaen aiant pulses

c &6 11 Mitrosen =1ant rPulses

c

no 10 I1=1,%
10 CALL CDREG(SCLRAD(L)Y, +2,1,2%1-1)
CALL CDREG(SCLRAD(E) .2, 1,11)
CCCes
COCCC QUADRANT DETECTOR (ALC) ADDRESSES.
TCALL CRREG(IY1S, .2, 19,3)
CALL COREG(1YiL, 2, 1%,9)
CALL CDREG(IX1G,-2,1%,10)
CALL COREG(IXID, »2,1%,11)
CALLL CDREG(IYZ2S,.2,19,12)
CALL CDREG(IYZD, . 2,19,13)
CALL CDREG(IX2S,.2,19,14)
CALL COREG(IXZD,,2, 19, 1%)
CALL CDREG(POLAD(LY 2,19, 1)
CALL COREG(FOLAD(Z) ., 2. 19,5)
CALL CDREG(POLAD(E)Y, 2,19, 64)
CALL COREG(PULAN(E), . 2,19,7)
CALL COREG(ITEM, »2,1%,3)
CCCCC
CCCoC DAC ADDRESSES.
CALL LDREGOIMIN,»2,13,0)
CALL CDREG(IMIY,.2,18,1)
CALL CDREG(IMEX,.2,13,2)
CALL CDREG(IMAY,,2,18,3)
CALL CDREGC(IMAX, 2,13,4)
CALL COREG(IMAY, .22, 18,5)
CALL COREG(IDIR,,2,13.6)
CALL COREG(SHUTAD,, 2, 18,7)
CCoLe :
CCCCC TIMING PULSE GENERATOR ADDRESSES.
o SO [=1,3
50 CALL COREG(TIMEAL(I), .2, % I1-1)
CALL CDREG(LAM, »2,3,13)
CALL CDREG(REG, »2,3,132)
CoCoT
CALL CDREG(EENECX,,2,4,0)
CALL CERREG(CHMNTL, 22, 146,0)
CALL CDREG(COUNTZ,,2,1&,1)
CALL COREG(SWITCH, »2,4,7)
CALL CDOREG(SUNCORM, » 2, &, 5
CoCo
N sl INITIALIZE RUN CONFIGURATION v
CALL C3SAC2S, ISCAN) UOTURN 0N ADD SCAMMING
CALL CSSA(LI7,LAM,0) ! SET NO LOOK-AT-ME“S FROM TRG.
CALL CE2AC16,SHUTAD, IFIVE) ! oPEN BEAM SHUTTESR. '
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MIRROR MUNITOR VARIARLES.
READ PIEID VOLTAGES

CALL CSSA(0, IMLY, IFLY)

CALL CS3A(0, IMIX, IFZX)

XMI=FLOAY (IPZX)#VGAIN/RIAC

YM1=FLOAT(IPZY) #VGAIN/RDAC

OBTAIN PARAMETERS FOR THIS RUM. COCCOCCCCOOCCCOCCCoCCCoOoooies

TYPE 1011

FORMAT(/ “ORUN PARAMETERS. TYPE / FOR (LEFALULT) VALUES. )

TYPE 1015 ) ) o

FORMAT (/. “¢ENTER NUMBER OF CYCLES FOR DARF-NOISE COUNTINGS
»7 PER 72 CYCLES (2): )

ACCEFPT +,NCLOSE

MOPEMN=72-NCILDSE

TYPE 100 ' .

FORMAT ( “$ENTER NUMRBRER OF SECONDS BETWEEN BEAM POSITION ¢

» CADJISTMENTS (4002 ) : . ’

ACCEPT #,NFOZ

NPUOS=NPDS/2

| NPOS=NPOSHZ
CTYPE 1002

FORMAT ( “$ENTER NUMBER OF SECONDS PER UPDATE (400): )

ACCEPT =, NTOT :

NUPD=NTCOT/NPOS

MTOT=NUFD*NPOS

TYFE 10032, NTOT, NLPD

FORMAT ( “$EACH UFDATE WILL TAKE -, 14, SEC., AMD CONTAIN .
I3, 7 MIRROR MOVES, Dr? (Y/iN): ) .

ACCEPT. 1004, YES

FFORMAT (AY)

IF(YES.NE. “Y7)GO (D 1000

TYPE 1003 .

FORMAT (- $PAUSE AFTER N UPDATES. M=7 (0 FOR NI PAUSE): )

ACCERT #, NPAUSE '

WRITE(ZO)NTUT,NPGS;NOPEN,NCLDSE-

START UPLIATE CYCLE ECCCCCCCCCCCCﬁEETCCCECCGCCECCCCCTETCCETCCC

UPDNR=UPDNR+1

MPALSE=MPALISE+ L

CLEAR FICKLUP COUNTS FOR BOTH CHOPFERS
CALL CSSACZ, COUNTL, PIKLPL)

CALL CESA(Z, CUOLNTZ, PIKUFZ)

SYNC=0

EFEAM MONITOR VARIABLES.
FTOT=0.0
PSQ=0.0
X1TOT=0.0
X1€a=0.0
X2Ta7=0.0
X2ea=0.0
YiTQ0T=0.0
Y150=0.0
Y2T07=0.0
Y25a=0.0

Do 403 I=1,4
POLTOT(I)=0.0
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TTOT=0.0 ! TEMPERATURE MUNIT“R VARIABLE.
COUNTIMG VARIABLES,

Do 410 I=1.4

ADARK (I)=0,

Do 410 J=1,2

DCOUNT (J,. 1)=0. D0

OUTER LOOP. ONE BEAM Pﬁ°ITIuk ADJUSTMEMT FER PASS.
D 300 M=1,NU#D
L 210 1=1,¢&
oD o310 J=1,2 .
ACOUNT (3, 1)=0,0
DX15:=0
DXze=0
DYi1s=0
nyze=0
S51=0
S2=0
MRP=0
NRN=0

ESTABLISH PHASE LOCK TO CHOPPERS AND CLEAR SCALERS.
CALL CSSA(1I1,.RES) ! CLENR LAM STATLIS

S CALL WAIT(Y7) ' WAIT FOR UNK WINDOW TO CLOSZE.

CALL CSSA(11,REG) ! CLEAR LAM STATUS

- CALL CSSA(VaQCLhQU(é)) ! CLEAR SUALERT

MIDDLE LOOF. TWC SECONDS FER PASE,
Doy 200 r=1,MNPDS/2

INNER LOOFP. ONE CHOFPPER CYCLE FER PASS.
) 100 K=1.MOIPEN :
CALL WAIT(2) ' WATT FOR STL0 WINDOW TO CLOSE
READ STANDARD
Do 130 I=1,¢&
CALL CS35A (2, SCLRADCL) , JCOMT (L1, 1) )

CALL Ccsgcadi, Rhu,L‘R) ! READ LAM STATUS

CALL CSSA(11.REG) ! CLEAR LAM STATUS

NP=1ANLD(14,LSR) ! CHECK FOR PULSE S

IF (NP NEL D) G0 TO £20 ! SYNC ERROR IF LMK COUNTS 5TARTED

CALL POSRO

DEAH—TIME»CDRRECTIDN'
. . o 118 I=1,4
' AL )=JUOUNT (L, 1)
AL (D)=A1(D) /(L. ~A1CT)=0T(I))

CALL WAIT(7) ! WAIT FOR UNK WINDOW TO CLOSE
REEALO LNKNOGIN
b 120 I=1.¢6
CALL CS3AC0 25 SCLRADCLIY, COUMT(2,1) )
CALL CSEA(1,REG,LER) ! READ LAM STATUS
CALL CSSA(LL1,REG) Y CLEAR LAM STATUS
NP=IAMD(L,LER) ! CHECK FOR PULSE 1
IF(NP.NE.O) GO TO 120 ! SYND ERROR IF STD COUMTS STARTED
IF (K.EU.NOPEN) CALL CSSA(16,SHUTALD, 0) ! CLOSE SHUTTER IN BEAM,

CALL FOSRD
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SUM UP AND DEAD-TIME CORRECTION
iy 120 [=1,6 ' )
AZ=FLOAT (JCOUNT (2, 1))
A2=AH2/ (1. --A2*DT (1))
ACOUNT (1, 1) =ACOUNT (1, 1)+ AL(I)
ACOLUNT (2, D) =AC0UNT (2, 1)+ AL(I)--AZ2
GO TO 100

SYNC ERROR

SYNC=SYNC+L .

CALL WAIT(Z) ! WAIT FOR UNKE WINDOW 7O CLOSE
CALL CS3A(84,REG) ! CLEMR LAM STATUS

CALL CSSA(9,SCLRADCL)) ! ULEAR SCALERS

GO YO 101 . '

CONT INUVE

DARKNQISE COUNTING
DD 150 k=1, phllaasE
CALL NAIT() :
CALL CSsA(11,REG) ! CLEAR LAM STATLS
CALL WAIT(7) ' WALT FOR DMK WINDOW 70 CLOSE
’ READ DARK COUNTS
00 140 I=1,6
CALL CSSA(Z, SCLRADNT) » QDARK (X))
CALL CSSACL,REG, LER) ! READ LAM STATLS
CALL CSeN(11,REG) ¢ CLEAR LAM STATUES
NP=TAND(1,LSR) ! CHELK FOR PULSE 1
IF(NP.NE, Q) GO TO 185 ' SYNC ERROKR IF STD COUNTS STARTED.
IF(K.EQ.MNCLIOSE) CALL CS3AL14,SHUTAL, IFIVE) ¢ OPEN SHUTTER .
Do 140 I=i,4
AZ=JDARK (1)
AZ=A2/ (L. -AZRDT (1))
ADARK(I)=ADARK(I) + AZ
GO TO 150

SYNC ERRUR
SYNC=SYNC +100
CALL WAIT(7) ! WAIT FOR UME WINDQW TO CLOSE
CALL LS3N(11,REG) ' CLEAR LAM STATUS
CALL CSSA(S, SCLRAIDNG)Y) ! CLEAR SCALERS
s TO 151
COMT INUE

COUNTINUE

REFOSITION MIRRORS AFTER NPOS CYCLES.

CALL MIRPOS (NIPEN=NPOIS)

CALL POWOPT

DO 260 I=1.2

Do 260 J=i,.6 .
DCOUNT (T, D =DCOUNT (1, ) + DELE(ACOUNT(T,.1))
CONT INDE '

ENLD OF UPDATE. WRITE RESULTE TO SCREEN AND DISH.
READ AND CLEAR PICKUR COUMTS FOR BOTH CHOPRERE
CALL CESSA(Z, COUNTL,PIKLFL)

CALL CSSAC2, COLNTZ, PIKIWPLY)

CALL UFDENL(FLOAT (NI )
CALL TIME(STRTIM)
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TTOT=TTOT/FLOAT (NUPLD)

DD 303 [=1.46

POLTOT(I)=POLTOT(I) /FLOAT (NUFD)

OXYDSK MUST PRECEED OXYTYP BECALSE COUNTING VARIABLES ARE MOIDIFIED
IN OXYTYP.

CALL OXYDSK

CALL OXYTYP(NTOT, NHPEN,NLLOQE)

START NEXT UPDATE IF SWITCH OM KENROX IS TRUE.
IF (MPAUSE.NE.MPAUSE) GO T 499

MPAUSE=0

TYPE 100%

ACCEFT #, NPAUSE

IF (CSSA(27.KENBDX,0)) GATO 400

‘END RUN IF SWITCH OM KENBOX IS SET TO FALESE.

TYPE 1050

FORMAT (< RUM STOPFELD”)
CALL TIME(STRTIM)

TYPE 1021, STRTIM

FORMAT (7 TIME IS 72 2A1)
END :



&

SUBKOUTINE PUSKI
CCCCC  READS ADC TO MONITOR BEAM POSITION AND POWER AND KEEPS
COCCC A RUNNING SUM.
ceoce
' COMMON/ADC/TX11 IX1S, IX20, IX28, IY1IL 1Y1S, IY2D, 1Y28
CUMMOM/PO51/DX15, DX26, DY15, OY2S, 51,52
e | -
CCCCC  READ GUADRANTS
© CALL CSSA(0, IX1D, IDX1)
CALL CESACO, 1X1S, TEX1)
CALL C3SA(0, IX2D, IDX2)
CALL CSSA(0, 1X2S, 1§X2)
CALL CS5A(0,1Y1D, iDY1)
CALL CESA(0, IY1E,I8Y1)
CALL CSSA(0, 1Y2D, IDY2)
CALL CTSSA(0,1Y28, ISY2)
ceooe _ :
CCCCC  DIFFERENCE VARIABLES

0Xi3 = OXi1s + [DX1
DXz = X228 + 10X2
DY1sS = DYis + IDYi

= Lyz2s + I0vz

DYes
cceee :
CCCCC  Sum VARIABLES

51 = 51 + (ISX1+I8Y1)
€2 = §2 + (ISX2¢ISYZ)
RETURN

END
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SUBROUTINE STEPS(NHTILY . NHTRAN, NYTILT . NVTRAMN)

TLURNS THE STEPPER MOTIIR MIRRORE #3 AND #4 AMD THE PIEZO

MIRROR #1 TO REPOSITION THE BEAM.

ASSUMES DAC I3 0-10V ALL CHAMNELS.

The positive directicon is up and to the left when looking toward
the laser from behind the Burleish mount.

Positive voltase contracts the piezos.

Contracting the piezos tilts the normal to the mirror up and

te the left (defined as ahbove). This iz reauired for NEGATIVE TILT
and POSITIVE TRANSLATION (whan a curved reflector is used).

Fiezo control voltases are calculated for a reflcctor with R=&00cm,
Bee p.33 of loo9 book startina Mavy 1924,

COMMON/LAC/TMIX, 13X, 1rM4X, 1M1Y, IM2Y, 1MAY. IDIR
COMMOM/DACLAT/ ITEM RDAC, VGAIM, VMAX
COMMOM/MIR/ XML, YML, NXT, NYT, NXTR: NYTR

DATA IMAX/102 d/ H Asﬁumes 10 BRIT DAC.

LIMIT NULUMBER OF 3TEPS

IF (NHTILT.GT.10)NHTILT=10
IF (MHTRAN. GY. 35)MHTRAN=35
IF (NVTILT.GT.10)NVTILT=10
IF (NVYRAN. GT.50)NVTRAN=S50
IF (NHTILT.LT.~10)NHTILT =10
IF (NHTRAM. LY. ~-353)NHTRAM=~23

CIF (NVTILT. LY. —10)NVTILT=-10

1F (NVTRANLLT. -S0)NVTRAN=-50

IF QUTSIDE OF RANGE OF PIEZOS. €ET TILT TO MAX OF PIEZO RANGE
XX=XM1--10, 21 #FLOAT (NHTILT)

YY=YM1-7 . 22#FLOAT(NVTILY)

IF (XX .GT., VMAX) NHTILT=--IFIX({(VMAX-XM1)/10.21)

IF (XX JLT. O.) NHTIL(=-IFIX((0.~¥XMi)/10.21)

IF (YY .G6T. VMAX) NYTILT==LIFIX ((VMAX-YML)/7.22)

IF (YY .LT. O.) NVTILT=-IFIX((CQ.-YM1)/7.22)

IF (MHYILY .Ew. ©) GOTO tol :

HORIZONTAL TILT

IF (NHTILT .LT. O) CALL

CaEA(le, TR, TTEN)
IF (NHTILTY .GT. 0O) CALL C2

5 AlLL, LDIR,O)

<
E=]

DO 130 M=1,60

CONT INUE

D $00 N=1, IABS(NHTILT)

CALL CSS5A(L6,IMm4X, ITEN) ! STEPPER MOTOR CONTROL
Do 131 M=1,60

CONTINUE -

CALL CSSA(146,1M4X.0) !} STEFPER MOTOR COMNTROL
IF(NHTILT JGT. 0) Xmi=XM1-10.21

IF(NHTILY .LT. 0) XMi=XiMi+10.Z2i

CIXME=iFIAC (XML/ZVGAINY #RDAC + 0.5 )

IFCIXMLILLT.O) IXMi=0

IF(IXMI.GT.1MAX) IXPHL=IMAX

CALL CESACL&, IMIX,IXMI) ¢ PFIEZO MIRROUR CONTROL
DO 90 M=1,300

CONTINUE :

CONT INWE

IF (NHTRAN JEGQ. ©) GOTCG 201

HORIZOMNTAL TRANSLAT [ON

IF (NHYRAN .GT. 0) CALL CESA(1I&, IDIR,ITEN)

IF (MHTRAN .LT. 0) CALLL CS55AC14, IRER,0)

Dpa 210 iM=1, 60

CONTIMNUE

I 200 N=1, (ABS(NHTRAN) )

CALL CSSAC16, IMEX, ITEN) ! STEFPER MOTOR CONTROL
DO 211 M=1,60 .
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CONTINUE

- CALL CSSA(16,IM3X,0) ! STEPPER MOTOR CONTROL
]

CALL CSSA(16, IMAX, ITEN)
Do 212 M=1,60

CONTIMLUIE

CALL CESAR(14,IMAX,0) ! STEFPER MOTOR CONTROL
[y 190 M=1,300

CONT INUE

CONTINUE

AMi=XMi + 1.12#FLOAT (NHTRAN)

IF (XM1.5T. VMAX) XMl =VMAX

IF(XM1.L7.0.)XMi=0.

IXMI=IFIA( (XML/VSALM)#RDAC + 0.35)
IF(IXFL.LT.0) 1XMi=0

IF(IXMLLGT. IMAX) ITXMEI=IMAX

CALL CESA11&, IMLIX, 1XMI)

IF (NVTILT JE&. ©) GOTO 3201

STEPPER MITOR CONTROL

IF (NVTILT .LT. 0) CALL CSSA(16&, 101K, ITEN)
{F (NVTILT .GT. 0) CALL USSA(16, IDIR,O)

DO 210 M=1,6&0

CONT INUE -

DO 300 N=1, [ABS (NVTILT) :
CALL CSEA(14, IMAY, ITEN) | STEPPER MOTOR CONTROL
DO 311 M=1,40

CONTINUE

CALL CSSA(16,IMAY,0) ! STEPPER MOTOR CONTROL
IF(NVTILT .GT. ) YMisYM1-7,22

IF(NVTILT .LT. O) YMi=YM1+7,22

IYMI=IFTIX( (YM1/VSAIN)=ROAC + 0.5 )

IF(IYML.LT.0) IYMi=0

IFC(1YML.GT. IMAX) 1YM1I=IMAX

CALL CSSA(1&,IMIY,IYMI) ! PIEZD MIRROR CONTROL
LD 290 M=1,300

CUNT INUE

COMT INUE

IF (NVTRAM .EQ. O) RETURN

IF(NVTRAN .LT. 0) GOTD 450

» CCCC  VERTICAL TRANSLATION -- POSITIVE

410

414

%7
.0

ccoo
-, 480

00 400 N=1,NVTRAN

CALL CSSACi&, TLIR, )

L0 410 M=1,4&0

CONT INUE

CALL CSSAC16,IMBY,ITEN) ! STEPPER MOTOR CONTROL
D0 411 M=1,640 :

CONT I NUE

CALL CSSA(16, IMIY,0) ! STEFFER MOTOR CONTROL
LO 412 M=1,&0

CONTINUE

CALL CSSA(i4, IDIK, ITEN)

DO 413 M=1,60

CONT INUE

CALL CSEA(1&, IMAY, ITEN) . ! STEPFER MOTOR CONTROL
DD 414 M=1,60

CONTINUE .

CALL CSSA(1&,1MAY,0) ! STEFPER MOTOR CONTROL
DO 337 M=1,500

CONT1NUE

CONT INUE

RETURN

VERTICAL TRANSLATIONMN -— NEGATIVE

00 470 N=1, IABS(NVITRAN)
CALL CSSA(L&, TDIR, ITEN)
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DO 420 [=1,40

CONT INUE

CALL CSSA(1&,1M23Y,ITEN) ! STEPPER MOTOR CONTROL
PO 421 M=1,560 '

CONT INUE

CALL CSSA(i&, IM3Y,0) ' STEPPER MUTOR COMTROL
DO 422 M=1,60

CUNTINUE

CALL CSSA(16,1DIK,0)

0D 423 M=1,60

CONT INUE : :

CALL CSSA(1&, IMAY.ITEN) ! STEPPER MUTOR CONTROL
DD 424 M=1,690 ,
CONT INUE : '

CALL CSSA(16,1MAY,0) ¢ STEPPER MOTOR CONTROL
DD 466 M=1,500

CONT IIRUE

COMT INUE v ,

YM1=YM1+0. 7928FLOAT (VIRAN)

IF (YM1.GT.VMAX ) YM1=VMAX

IFCYMLLLT.O.)YMI=0,

IVMI=IFIX( (YM1/VGAIN)#RDAC + 0.5 )
1IFCIYMELLT.O) IYM1=0 ' .

IF(IYML.OT. IMAX) 1YM1=IMAX

CALL CSSA(16, IMIY,1YML) ! PIEZO MIRROR CONTROL
RETURM.

END
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: ' SUBROUTINE MIRPOS(NFOS) )

cCceeo MOVE MIRRORS 10 CORRECT FOR THE AVERAGE BEAM DHSPALCEMENT
Cooce FRCM THE CENTER OF THE UUADRAMT DETECTORE D“HINH THE Lﬁwl
cCoeC NPOS CYCLES.

INTEGER POLALI(4), IPOL (4)
REAL POL (&), POLTOT (&)

COMMON/POSE/ DX18, DXk&, DYis, Dy2s, €1, S2
COMMON/POS2/PTOT, P20, XITOT, X120, 2707, X250, YITOT, Y128, Y2TOT, YZSa
COMMON/DAC/IMEX . TM3X, IM4X, IMIY, IM3Y, IM4Y, 101K )
COMMON/DACDAT/ TTEM, RDAC, VGAIN, VMAX
COMMON/MIR/ZXMI S Y1, NHT NYT, NHTRNYTR
COMMON/TEMP/ ITEM, YTOT, POLAL, POLTOY
CocCCe '
[ATA C1/0.00244141/
CCCCC )
CioCoC NORMALIZE POSITION VARIABLES
R ot MULTIPLY BY C1 T2 CONVERT ALC VALLES TO VOLTE
cococo SUBTRACT To CORRECT FOR & VOLT OFFSET
D=FLOAT (NPDS)
€1 = &1#Ci - 10.%D
£2 = S2aL1 - 10.«0
FAV = (s1+52)/D

X1AV = -( DX1S#C1 - S5.0#D)/51
X2AV = —( DXZ&xCL - S.0%D) /o
Y1AV = ~( DY1s#Cl - S.0x0) /351
Y2AV = —( Dyz&x(Cl - 5,0¢0) /52

goece

[ e READ TEMFEFATURE
CALL CSSAC0, ITEM, [TMP)
TEMP=1TMP®#0,00244141-5,0
TEMP=20.0 - TEMP/0, 260

CLCCC

- CoCeo REAN POLARIZATION PICKUP
Do'5 I1=1.4
CALL CSEACO,POLAD(CI), IFPOL (1))

S POL(Y)=(IPDL(I)40,. 00244141 -~ 35,0)/PAV
POL(S)=SGRT( (POL(1))#x2 + (FOL(Z))#x2 )
POL(&Y=3ORT( (POLC2) ) #x2 < (PDL(A))#x2 )

Ccocoo

cooce SKIP MIRROR MOVES IF POWER IS LOW
IF(PAV.LT.0.3) GO Td 100

o sl CALCULATE MIRROR STEFPS
NHTILT IFIX(-10.x(X1AV-X2ZAY))
NVTILT IFIX(-14,#({YIAV=-Y2ZAV))
NHTRAN IFIX(-15. #X2AV)
NVTRAN IFIX(--21.#Y2AV)

winonn

LCCCC
CALL STEPSUNHTILT, NHTRAN: NYTILT, NVTRAN)
CCCCC
NHT=NHT+NHTILT
NVT=NVT+MVTILT
NHTR=MHTR+NHTRAN
NVTR=NVTR+MNVTRAN
[ wial s
N0 FAV=PAY#i4.1 !} GIVE POWER IN WATTE.
X1AV=X1AV/. 012 ! GIVE POSITION YN MICRONZS -
X2AV=X2AV/. 012
YIAV=Y1AY/. 012
YZAV=Y2Z2AY/. 012
TYPE %, PAV, X1AV, X2AV, YLAY, YNy
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FORMAT (Y POWER= “.F6.2,'W Xi= “,F7.2,° X2&= 7,F7.2,7 Yi= 7,F7.2,
7 ¥2= 7HF7.2,7 MICRINGT) :

TYPE 10, NHT,NVT . NHTR. MVTR

FORMAT (7 SUM OF STEPS: HTILTY: “»I4.7 VYTILT: 7, (4,

< HTRAN: 7, 14,7 VIRAN: “,14)

TYPE 12, XM1,YMi, TEMP

FORMAT (¢ PIEZ2Q VOLTAGES: X= 7,F7.3,7 Y= “,F7.3,

TEMPERATURE= 7,F3.2) :

TYPE 13, POL

CFORMAT (7 POLARIZATION: &TD X>Y$ UNK Xo¥: 5 A(F2.3.X)./

4 8YD POL: 7,F7.3: 7 UNK POL: “2F7.3,//)

KEEP UPDATE TOTALS
PTOT=PTUT+PAY
XITOT=X1TOT+X 1AV
XZTOT=X2TOT+X2AV
Y1T0T=Y1TOT+Y1AV
Y2TOT=Y2TOT+Y2AV
170T=TTOT+TEMF

0 15 I=1,6

POLTOT(I)=POLTOT(I) + FOL(])

PEQ=PESQ+PAVHPAY

X1Su=xX150+X1AV#X1AY
X250=X28Q+X2AVE XAV
Y1SQ=Y1SQ+Y1AV+Y1AY
Y25a=Y28Q+Y2AVRYZAV

POLL = PAV
RETURM
END
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SUBROUTINE WAIT (M)

WAIT FOR PULSE N FROM TIMING FULSE GENESRATOM
COMMON/WA1T/ IREG P PULEE ENERATOR.
MASK=2%% (N—1)

CALL CSSA(1, IREG, LER)

NP=[AND (MASK, LSR)

IF(NP.EQ.O) GO TO 1

RETURN

END

SUBROUT INE UPDEND(X)
SUBPROGRAM TO COMPUTE POSITION STATISTICS
PART OF OXYLIE

COMMON/POS2/PTOT, PSG, XA TOT, X156, X2T0T, X280, YITOT, YIS, YZTOT, Y28
SD(TOT,S0) = SART(ABS( (SC--X#TOT#TOAT) )/ (X=-1.))

FTOT=PTOT/X

X1TOT=X1TOT/X
X2T0T=X2T0T/X
Y1TOT=Y1TUT/ X
Y2TOT=Y2TQT/X

PSE=SD(FTOT. PSR

X1SQ=3D(X1TOT, X13)
X2Z25Q=SD(XZTAT, X28&)
Y1SQ=SD(Y1TOT, Y15
Y2&0=SD(Y2T0T, Y25Q)

RETURN
END



S o vlot
cCcece
Rt el
ccocce

coCcCc

[ T2

[ T 2]
[ 22

~-88-

SUBROUUTINE OXYLEK

WRITING UPDATE RESULTS ON LOGiCAL UNIT NG 20
MAIN PROGRAM HAS T OPEN A FILE O THAT UNIT

LOGICAL®1 STRT1IM(E)

LOGICAL*1 DATFIL(13)

INTEGER UPLNR, SYNC, PIKUPL, PIKUPZ, POLAIE)
REAL ADARK(4),PT (&) )
REAL#& DICOUNT(2.4)

COMMON/UPDATE /DCOUNT » ADARK
COMMON/ALPHAZ/SYNC, PIKUPL, PIKLPZ, UFDMR. STRTIM, DATF 1L
COMMON/POS2/PF IN, PSD, XAFIN, X1SDHL X@F TN, X280, YIFIN, YIS, YZFIN. Y28D
COMMOM/MIR/ XML, Y1 NXT, NYT, MXTR. MYTR

COMMOM/ TEMP/ ITEM, TTOT. POLAL, FT

WRITE (20) UPDNR, STRT IM, SYNC, FIKURY , FIKUFZ, TTOT
WRITE(20) DoOUNT
WRITE(20) ADORE : ,
TEMPORARY CHANGE TO STORE ALL POLARIZATION DATA s
WRITE(20) PFIN, PEDL XEFIN, X1ED, X2F [N, X250, YIFIN, Y15D,

1 YZFIN,Y2ED .
WRITE(2O) PFIN,FELL XIFINGFPT(1) . XZF 1N, FT(2), YIFIN, PT(3),

1 YZFIN.PT(4)

e

WRITE(2O) XM1i,YMi,NXT,MYT,NXTR, NYTR
WRITE(20) PT(35),PT(4)

RETURN

END
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SUBROUTINE COXYTYP(NTOT, NOFEN, NCLOSE)
LOFICAL®1 DATFIL(15) ’

LOGICAL#*)1 STRTIM(&)

INTEGER UPDNR, SYNC, PIKUPL, PIKUP2, FOLADICE)
REAL ADARK (L), ADRK(A); ADRKGM(2)  POLTOT (&)
IMPLICIT REAL#S (1)

REAL#SE DCOUNT (2. &), DETD(4), DUNET (4) , DGAIN(R)

g ot :
COMMON/URPDATE/ DCOUNT > ADARK
COMMON/ALPHA/SYNC, PIKLEL, PIKUPZ, URFDNR, STRTIM, DATFIL
COMMON/FOSZ/PFINSFPSDL XIFIN, X190, X2 IN, X2E0, YIFIM, YIS, Y2FIN, Y2ZEL
COMMON/MIR/ XML, YMLNXT,NYT,MITR,NYTR
COMMON/TEMP/ITEM, TTOT, FOLAL POLTOT

cCeoe ’

TYPE 2000, UPDNR, STRTIM, EYNC, PIKUFL, PIKUPZ, TTOT
2000 FORMAT(///7/>7 UPLATE 7, 13. X, 2A/L. X, "SYND ERRE=", '3,
' C X, “PICKUP PLLEES=",15,7, 15,7 TEMP=",F7.%)}

L e I
Do S 1=i.2
[0 10 J=1,4"
i0 IF(DCOUNT (1,.0) JEGQ. CQ.00) DICOUNT (I ) =0,500
L] IF(ADARK (D). ER.Q.) ADARK(I)=1.,
coccoe .
CoCoo DARKNOISE SUBHTRACTION
oo NOPEM/ (2#MCLOSE) = LIGHT/DARK COUMNTING TIME
oo 15 I=1,4
15 DCOUNT (1, 1)=DCOUNT (1, I)~(FLOAT (NCFEN) /(2. #FLOAT (NCLOSE) ) ) #ALARK (1)
CCCCe :
D 20 I=1,4
20 DUNST (I ) =-DICOUNT (2, T) /7DICOLNT (L, [)
ccooc
R 4 CONVERT TO RATES PER SECONL
_2CC 0. QO9#MOPEMANTOT /2. =ACTIVE COUNTIMG TIME

Do 20 1=1,2
ADRK (1) =ADARK (1) #40, / (O, Q0+ ML OSEXNTAT)
20 DSTDCIY=DCOUNT (1, I}#40, /(Q, 0OP¥NOPEM*NTOIT /2. )
Do 35 I1=2.4
ADRK (I)=ALARK(1)/ (0, QOS#NCLOSE#NTOT)

35 DSTO(I)Y=DCOUNT (1, 1) /7 (0, DO9MOPENSNTOY /2. )
ccceo
LOZM2=DCOUNT (1, 2)# (DCOUNT (1, 1) ~DCOUNT (2, 10 )/
f (DCOUMT (1, 1) (DCOUNT (1, 2)~D0OiNT (2, 2))) - 1.
DCO2N2=( (DCOUNT (L, 2)--DCOUNT (2, 3) ) 7 (DOCOUNT (1, 2) -DCOiNT (2, 2)) ~
A’ CODCOUNT (1, 2) /7DC0UNT (1, 2) ) #4, 25
CCCoCo

oo 40 1=1,2
ALRKGNCT ) =0, 1 #ADARK(I+4) /ADARKA(T)

40 - DGAINCL) =0, 1# (OZOUNT (1, [+4) FDIOURIT (2, 1+4) )/
A (DOOUNT (1, D) +DRCOUNT (2. 1))
CCCC
Do 50 1=5,4
S50 POLTOTC(IY=FPOLTOT (I ) #0, 2257150, ' F for iS50 psi.
cococe

TYFPE 2001, DO2ZN2#1.E6,DCOSNZ#1.E4L

2001 FORMAT (X, 70O2N2= “,F10.1," CO2MZ2= 7,F10.1)
TYFE 2002. DSTD :

2002 FGRMAT (X, “STD COUMTES/SEC., A B G008 Y, 4(F10.1,¥))
TYPE 2003, DUNST

2003 FORMAT (X, “UN/ST - 1., AsB. G0 7L 4(FL10.4.X))
TYPE 2004, DGAIN .

2004 FORMAT (X, “GAIM (HIGH/NORM), AB: ", 2(F10.4:X))
TYPE 2003, ADRK

2005 FORMAT (X, “DARK-NIISE, ME-C D 5 4(FLO.1, X))
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TYPE 2055, ADRKGN .

FORMAT (X, “DARK GAIN. AB: 7,2(F10.4,X))

TYPE 2006

FORMAT(© PUOWER €.0. Xt - s.In. X2 S0
TYPE 2007,PFIM.PED, XIFIN, X150, X2FIN, X2

FORMAT (&F&.2)

TYPE 2003

FORMAT (14X, 7 Yi &I Yz S0

TYPE 2009,Y1FIN,Y1SD, Y2FIN, Y2<D

FORMAT (146X, 4F €. 2)

TYPE 2010, POLTOY : '
FORMAT (7 POLARIZATION, STR X,Ys UMK X,Y: 7 4(FL.3Z.X),/
7 8TD F: 7,F5.2,7 UNK Fs “,F3.2,////7)

RETURN

END
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SUBROUTINE POWCET

c Routine to optimize rFower by turnine mirror 3 bv 50 steps
c in each direction fer both herizental and vertical. The mirror
c cettine is cptimized by fittine a cubic to the FPower distribution.
[
INTEGER ADDR., ADCADLCE), IFPOMI01)
INTEGER I3AVE(4) .
REAL X(101,4),XBARC4),&TDH(4),D(10), SUMSHN4)
REAL RX(3Z,3),RY C2), D0ML C3), DUM2(3)
REAL CUBIC{Z),SBIZ) . T(Z),ANS(IO)
COMMOM/ADC/ ADCALD
COMMON/DAC/ 11X, 127 IM4X, IMLY, IM3Y, 1M4Y, ILOR
DATA 1TEM/716/
DATA 1SAVE/1.,2,3,4/
('}
ADDR=IM3IX ! SET AXIS T HORIZOMTAL -
P 1000 IAXIS<1. 2
NETEP=1 .
i CALL C&SA(i&, IDIR,0) ! 28T DIRECTION T FOSITIVE.
[y . .
2 10 T=1i,i01
10 HOW(I)=0
coe
Do 100 I=%1, 101
DD 100 ISTEP=1,NSTEP
) D110 mi=1,5%00 ' PAUSE 12,5 me (25 micro—-s/null joor)
110 : : Y LS VOWATY FOR OPORER 10 SETTLE
(e ’
s REAL FOWER
Dy 120 J4=2,%3,2
CALL CHSAO, ADCADDGL) , 1F)
120 IPUWCI)Y=IPOW (D) +1P-2048 } SUBTRACT S vV OFFIET
cC i
CALL CESACLE, ADDR, TTEN)
) DO 120 r=i,60 V PALRCE 1.3 ms.
120 : CONTINUE VWALT FOR DAL VOLTAGE 70 SETTLE.
CALL C25A014,A00R.0) Y TAKE ONE POSITIVE STEP
100 CONT INLE
(I
oo 140 I=1,40
149 CONT INLE
CCo
CALL CESA(L16, 1DIR, YTENY ! SZET DIRECTION TO NEGATIVE,
oo
LD 200 I=1i,101
o 200 3TEP=1,MNITEF
11=102-1
g

CALL CESA(i4, ADDR, (TEN)
[ 220 =1, 40
2320 CONT N
CALL C2sAdies ADDF, O) ! TAKE ONE NEGATIVE STRF&

o
DO ZI0 W=1, 500

210 COMTINDE -
CcC
(S REALD POWER

0 220 4=2,08,2

CALL CSSAd0, ADCADDCL) . IF)
220 PO (Il)=IP0W(11) + 1P --2043
200 CONT INUE
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CALL CSSA(1&, IDIR, Q) ¢ SET DIRECTION T4 POSITIVE.
DO 300 I=1,50
0o 200 ISTEP=1,NSTEP -
D0 210 pis=1, 500
COMT INUE

READ POWER

DY 320 J=2,3,2 ‘

CALL CSSA(0, ADCALD(J), IP)
IPQU(L)Y=IPOW(T) + IP -2043

CALL CsSA(14, ADDK, ITEN)

L} 330 M=1,40

CONT INUE . ’
CALL CSSA(1& ADDR, Q) ! TAKE ONE POSITIVE STEP
COMTINUE

F1T A CUBIC 70 THE POWNER DISTRIBUTION.
IFLAG=D ' -
Do S00 I=1,108 o '
IF(IPOW(I) (NE.IPOW(L) AND. IPOM(T).GT.0) IFLAG=1
X(Is1) = I-dl. ’
X(I1,4) = 1POW(I)
IFCIFLAG.NE.O) G0 70 5301

IF THE EEAM IS OUT (ALL READIMNGE THE SAME), DOUBLE
THE MNUMBER OF STEPS TAKEM AND TRY AGAIN
NETEP=2#NSTEP

IF(NSTER.CH.8) GO Td 1000

GO TO :

CALL GDATACLI01, 2, X, XBAR, STDH I, SuMéy)
CALL ORDER(4,D, 4,3, ISAVE,RXL,RY)

- CALL MINV(RX, 3, DET, Durii , DUM2)

CALL MULTRC10L, 3, XBAR, 3TD, SUMSA, RX, RY, [8AVE, TUBIC, 3B, T, AMS3)
IMAX=0 ’
FHMAX=0.
Do 505 I=1,101
XX=I-31.
FX = CURIC(1)#{X)) + CURIC(2)=(XX)##2 + CUBIC(2)#(XX)#s3
IF(FX.LE.FMAX)Y =0 70 803
FMAX=FX :
IMAX=[--31
CONT INUE

TYPE #,1MAX

TYPE =
IFCIMAX)S10,450,420
CALL CSEA(14, IDIR, ITEN) ! SET DIRECTION TO NEG. IF 1MAX<O.
IMAX=-1IMAX

DO ASO I=1, IHAX
D0 430 ISTERP=1,NSTEP
Do 420 M=i, &0
CNT INUE :
CALL Ce<A(1é,ADDR, 1TEN)
D 4335 M=1,40
COMNT INUE
CALL CSSA(L&, ADRDR, ) ! &TEF.
CONTINLE

ADDR=IM3Y ! SET AXIS TO VERTICAL
CONTINLE
RETURN

. END
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Figure 1. Original set-up with central beamsplitter. UV: BK-T7
glass flat, blocking UVVlight from laser plasma; Ml;'2, 3:
flat beam steering mirrors, Ml defines the end of the laser
cavity; Q: quadrant detectors; R: spherical mirrors; C:
Canon lenses; W: half wave plates; FM: flat mirrors for
steering beam of scattered light; CH: tuning fork light
choppers; S: 50/50 dielectric beamsplitter; F: bandpass

interferenée filters.
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Figure 2. Fiberoptic light collection and @ixing scheme.

Additional symbols are: B: Rayleigh light blocking filters;

L: lucite entrance cones.



Figure 3. Side view of intra-cavity target cell. The beam
enters and exits through the side arms outfitted with
Brewster angle windows. Each arm contains a set of
internal apertures to block and trap the very bright
scattering generated where the beam goes through the
window. Raman scattered light is collected through the
front and back window of the central cylindrical cell., A
narrow peekhole is provided on top to monitor the

polarization of the beam.
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181t /N;
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acetone
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relief
relief - 1800 psi
- 22000psi .
Figure 4. Schematic sample c¢ollection system. The intake tower

consists of 3 6-foot sections of stainless steel tubing
fitted together with swagelok connectors. A glass fiber
dust filter is mounted on the intake. Before entering the

compressor the air is dried cryogenically.
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Figure 5. Scattering coordinates. The laser beam travels along
"the Y-axis. Raman light is collected inside a cone
centered on the X-axis. Z is the vertical axis along which

the polarization of the laser 1is directed.

¥
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Figure 6. Generation of a horizontal polarization component in
the Brewster window under stress. The 1/e2 intensity
contour of the laser beam is indicated by the circle. The
length of the arrow gives the amplitude of the X=component
as a fraction of Ehe Z-component amplitude. The éngle from
the vertical indicates the phase difference from the Z-
component; with a phase advance in the clockwise
direction. The main effect of the window is the generation
of elliptically polarized light, although there is also
éome turning of the linear polarization away from the Z-
axis. The broken lines répresent the effect due to the

opposite window on the other arm of the target cell.
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fused silica
n=1.4616

Beam offset thréugh fused silica Brewster's window.

offset o '
55.62°, (55°37'), Brewster's angle
a - a' = 21.24°

34.38°

window thickness

t/cosa' '

BC = ABsinBf = tsin(a - a')/cosao!
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LENS

LUCITE

Figure 9. Imaging of a finite beam onto the lucite entrance

sheet of the fiber optics. The coordinate origin is where

the beam should be centered; it is imaged exactly on the

center of the lucite. Light originating from a point x > O

away from the origin is imaged inside the lucite, at a

depth of 2.5 mm (if index n=1 in lucite) for every mm of

translation in the object space (broken line). The opening

angle is 9.6° so that the radius of the blur spot is
2.5x(tan 9.6°) = 0.42 mm. 1In the object space this
corresponds to 0.42/1.55 (magnification) = 0.27 mm. A
point at x=1 onvthe radius 0.27 mm in object space'will
then just contribute the edgé of its blur spot on the

lucite to the intensity at the center.
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(corner), II (middle of upper edge) and
bar).

along tracks A and B.

The output was scanned by'a 1 mm

The three'graphs

A
: i
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(not toscale)
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/\\\‘— IB
aperture opening “\hhf_—‘\\\
(to scale)
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X
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s
IIA
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~Figure 10. Transmission through the central lucite mixing
bar. The test beam (He-Ne) was pointed at points I

III (center of
circular aperture

display the

intensity as a function of the horizontal scan distance.



-106-

Intensity

slit width
to (scale)

Figure 11. Transmission through 6utput
end which abuts the lucite mixing
through a vertical slit of 0.025"
each of the 4 prongs are recorded

the horizontal direction.

fiber bundies. The front
bar is illuminated
width., The outputs of

while the slit moves in
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Figure 12.

Raman bands of oxygen and nitrogen and filter

transmission characteristics. The Raman bands are the full
curves labeled 160160 and 11'NMN as measured on our

spectrometer (SPEX 1672, resolution 10 &) with laser

excitation at 5t4.5 nm. The pedestais are the 0- and S-

rotational side branches on either side of the vibfational

Q-branch. The locations of the Q-branch centers for the

isotopic molecules and the vibrational hot band are

indicated by arrows. The two arrows labeled Cqy and C»o

point to the location of the CO2 Raman line pair at

1388 cm~! and 1286 cm'1_respective1y. The broken lines

display the transmission characteristics for the vabious
filters as measured by the manufaéturer.
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Figure 13. Transmission through the Schott glass 0G 530 (6 mm
thick). '
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Figure Al. Birefringence in glass. The values are typical for
many glasses. Depicted is the change in index for light
poiarized parallel and perpendicular to the direction of
stress. Sﬁecifications for glasses»usually give the
difference between parallel and perpendicular index as the

stress optical coefficient.
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Figure A2. Transformation of a pair of shear stresses into a

tension-compression pair along different axes.
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Figure A3. Coordinates in a Window. 0, is the radial, Oy the

tangential stress. 6 is the angle from the horizontal (x')

coordinate axis on the surface of thé window. Because the

window is tilted at Brewsters angle (o)’ with respect to
the beam, its coordinate system (x', y', t') has been
rotated by (90 - a)° around the horizontal axis x. Also

shown is a block of internal material with Ops O and the

shear stresses Top- zZ = 0 is the midplane of the window.
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Coordinates of two windows on either side of a target

»

[ 4
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Transformation of stresses to beam coordinates in an

Figure A5.
inside the glass.

elementary block of material
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