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INTRODUCTION

Atmospheric gases are major contributors to the deyradation of high energy
laser (HEL) beams and are significant contributors to the degradation of
electro-optical (E0) systems. To compare test results with model predictions
for such Army and Department of Defense systems, an accurate characterization
of the atmosphere during the testing is required; in particular, a measure is
needed of the concentrations of the contributing gas species comprising the
atmosphere. When one is concerneg with situations in which unknown gases may
be contributing to the absorption of the radiation, rapid identification of
the gases and determination of their concentrations require use of techniques
involving a tunable spectral source, such as a Fourier transform spectrometer
(FTS) or a diode laser. Spectrophone systems are not well suited for use with
the above spectral sources because they are low power sources and hence
degrade the spectrophone's sensitivity. One of the most sensitive means of
determining the gas species and concentrations is the use of tunable sources
to scan absorption lines characteristic of the various gases. The energy
propagates through a long optical path in a test environment such as the long
folded optical path produced by the White-type optics® of a multipath
absorption cell opened to the environment. There is, therefore, a need to
investigate what the limits are on open air multipaths used in such
measurements.

At the Atmospheric Sciences Laboratory (ASL), White-type absorption cells have
been used substantially and their operation has also been improved.2=®  Two
factors have been found to severely limit the maximum usable pathiengths. One
is system vibration caused by ground movement, for example, from the proximity
to vehicular traffic or winds which can cause the mirror mounts to sway. This
effect can be minimized if the mirrors are mounted relatively close to the
ground (1/2- to 1-m elevation at most). A second and more pronounced effect
is that of temperature gradients along the path or equivalently, in the open

'John U. White, 1942, "Long Optical Paths of Large Aperture,” J Opt Soc Am,
32:285

2Kenneth 0. White et al, 1978, "Water Vapor Continuum Absorption in the 3.5 -
4.0 um Reaions," Appl Opt, 17:2711

‘Wendell R. Watkins et al, 1979, "Pressure Dependence of the Water Vapor
Continuum Absorption in the 3.5 - 4.0 um Region," Appl Opt, 18:11494

*Wendell R. Watkins et al, 1979, "Water Vapor Absorption Coefficients at HF
Laser Wavelengths (2.64 . 2.93 um)," Appl Opt, 18:1582

‘Wendell R. Watkins, 1976, "Path Differencing: An Improvement to Multipass
Absorption Cell Measurements," Appl Opt, 15:16

‘Wendell R. Watkins and Richard G, Dixon, 1979, "Automation of Long-Path
Absorption Cell Measuremcnts," Rev Sci Instrum, 50:86
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air multipath, atmospheric turbulence. As a result, the effect of turbulence
on an open air multipath has been investigated by using White optics to
determine the feasibility of using such optics in a quasi-point gas sampler
capacity.

EXPERIMENTAL APPROACH

A set of 20-m wWhite optics from an old longpath absorption cell greatly
facilitated the investigation. The set of three spherically concave mirrcrs
could easily be mounted (completely open to the laboratory environment! in the
end sections of the old ahcorution cell. As a first crude assessment of how
well the absorption cell optics would work in an open air envirgrnment, an
He-Ne laser source was used with the White optics to produce a multicatn -7
more than 1 km /25-spot mul+<path). A pathlength of 1 km is a reasonap «
estimate of +the absorhing nath vrequired to measure the species ars
concentrations of absorbirg gases which can significantly affect =+~
propagation of HEL and EJ systems. fetails of how the multipaths are obtainer
with White-type ontics are given elsewhere.5,6  Under room air turhulence
degradation of +he outoput Heam was comparable in terms of beam expansion.
Jitter, and wander to *r> gearadation experienced in a sealed ‘evacuabls
absorptinn cell,  Thic was indend satisfying; for if a iong pathlencl™ cou’
not he estah'iched in ar enclosed room with Tow turbulence Teve:, then it
would De mpossihlie tc use the White optics in a field environment.

Initially +he plar was to deve'np and implement a scheme in the laboratory “n
meac.ve beam degradation and turbulence level produced by an artificia’
turhutence source and then take the White optics outdoors and investiqgate the
affects of oper air turbulence on the multipath beam. For these tests 3
visible He-Ne Taser was used even though most of the source wavelengths of
interest are ‘n tho near infrared. The wavelength dependence of the turbulent

beam spread is s’ ‘ght, >'1/5. The results of the laboratory calibration
measurements were “uch that only measurements of field turbulence levels were
required to determine the effects on the multipath beam. Hence, the White
optics did not neve to be taken to a field site.

The general setup for making measurements in the laboratory is shown in figure
1. A 15-mW Spectra-Physics 124B He-Ne laser was used as the source. The
He-Ne beam was directed by using *wo flat mirrors so as to just miss the edge
of the White optics' mirror M2 and be centered on mirror Ml. Filters to
adiust the intensity of the beam as well as apertures to eliminate unwanted

‘Wendell R. Watkins, 1976, “"Path Differencing: An Improvement to Multipass
Absorption Cell Measurements,” Appl Opt, 15:16

“Wendell 2. Watkins and Richard G. Dixon, 1979, "Automation of Long-Path
Absorption Cell Measurements,”" Rev Sci Instrum, 50:86

‘D, L. Fried, 1966, "Limiting Resolution Looking Down Through the Atmosphere,"”
J Opt Soc Am, 56:1380
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Experimental setup for measuring effects of optical turbulence on
an open air multipath. An He-Ne laser was used and with 20
White-type multipath cell mirrors M1, M2, and M3. The He-Ne input
beam was tailored by using a filter, aperture, and flat mirrors. A
camera and puwer metev were used to monitor the He-Ne output
beam.  Artificial turbuience could be introduced and meniored in
the multipath eam.




secondary beams were inserted in the beam before it entered the White
optics. The three mirrors which comprise the White optics are spherically
concave with radius of curvature and separation distance of 20 m. Mirror Ml
directs the beam to a position close to the edge of mirror M2, Mirror M2 then
directs the beam to the center of mirror M3. Finally, M3 either directs the
beam back to M2 or off the edge of M2 to form the output beam of the
multipath. By rotating M3 about the axis normal to figure 1, the pathlength
can be changed. The intensity of the output beam can then be monitored or
photographed to determine beam degradation caused by turbulence. Figure !
shows a top view of this He-Ne beam confiquration throughout which the heam ic
anproximately 1/2 m above trhe laboratory floor.

Several sets of measurements were perforined. First, the beam 3ize wa
mortored through time expcsure photographs with ambient room turbuler:e o
function of time of day. Nex%t, an artificial heat source was moved atonn -
multipath to determine the jeneral effects of high turbulence ‘eve'- A
most pronounced effect occurred near mirrors Ml and M3. A variac was used to
change the power level, and the maximum pathlength (i.e., no beam <’ ‘2p g,
corresponding tc a beam < 5 mm in diameter) was determined for zevere’
turbulence levels. Concurrently for a fixed level of turbulence, 2% nercert
on the variac, the output beam size of a fixed 160-m multipath for & ¢o
outsut intensity was measured as a function of the position of the turb:lence
source between mirror MZ and mirrors M1l and M3. Finally, the r

levels in the laboratory, as well as outside under cloudy and clear
as a function of height above the ground, were measured.

SAnGtan -

o

oncitinne

Measurements

The measurement of the change in output beam size as a function of variations
in the room air turbulence tnroughout the day required a svbstantial amount of
inftial setup. The He-Ne Taser heam had to be adjusted oy using mirrors to
enter *the White optical system. The three 20-m White-type mirrors were
rectangular {which does rot give the optimum configuration}. The mirrors were
adjusted to give a multipath output for which the pathlength could be changed
hy rotating only mirror M3 as is described in detail elsewhere.® ® A
Tektronix C-12 oscilloscope camera with the lenses removed was used to
onotograph the output beam. A narrow bandpass He-Ne filter was used to
oliminate background light. Several tests were performed to determine an
appropriate time exposure (5 s) and beam intensity which could be adjusted by
inserting filters into the beam before the beam entered the White optics.
Several nproblems were encountered in the system setup. To obtain a clear
sing’e-image output beam, the filters had to be tilted to diverge secondary
beam~ away from the primary; and apertures were inserted to remove ghost

“Wendell R. Watkins, 1976, "Path Differencing: An Improvement to Multipass
Absorption Cell Measurements," Appl Opt, 15:16

‘Wendell R. Watkins and Richard G. Dixon, 1979, "Automation of Long-Path
Absorption Cell Measurements," Rev Sci Instrum, 50:86
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images before the becn entered the White optics. Tissue paper was (nserted
into the beam to obtain a diffuse speckle pattern for a ce®l outnut *o
precisely align the cemera and filtering system.

This setup was used in photographing the output beam as a function of time of
day. The beam size d¢id not noticeably change throughout the day or from day
to day, indicating that room air turbulence had Tittle effect on the system.
This finding was latsr verified by measuring the turbulence level in the

‘aboratory along the beam and throughout the day with a C% probe described

d>elow. The laboratory turbulence was indeed low and stable, changing little
throughout the day or along the White optics multipath as long as the
laboratory doors were closed and activity in the room was kept to a inimum.
After the technique for monitoring the change in size of the output Heam had
been developed, the effects of artificially induced turbulence were
investigated. A 125-W heat lamp was mounted in an insulated box 4.4 m on =
side. This arrangement produced a hot chimney which could be nlaced under the
multipath anywhere between the mirrors of the White-type optical system. A
variac was used to vary the artificial turbulence levels. The most pronounced
effect of the artificia! turbulence was seen when the source was situated
ander the multipath near the two-mirror-end of the White optics. 7o see how
much effect the artificial turbulence had, the hox was centered 1.44 m from
the two mirrors and the variac setting was changed. The maximum usable
pathlength was determined for each variac setting used. The turbulence
corresponding to the various variac settings was then measured with a

calibrated C% probe {figure 2, obtained from Donald L. Walters of the ASL).

Basically the probe ronsists of two 3-W, 120-V 1ight bulb filaments mounted 20
cm apart on a rigid stand plus the associated electronics for obtaining an
integrated dc output voltage which corresponds to a measure of Cy between the

probes. Complete details of the operation of the prohes are giver
2
elsewhere.® The amount of turbulence C& present can easily be obtained from

the values of Cy or the output voltage. A calibration plot is given in figure
3.

After the maximum pathlength was measured for a fixed location of the
turbulence and for magritude of the artificial turbulence source, the beam
spread was measured for a fixed pathlength 160 m, for fixed turbilence leve'
(45 percent on the variac), and for varying source positions along the
multipath. Because this method of measurement required the comparison of

*Kenneth Kunkel et al, 1779, "Atmospheric Conditions at the High Energy Laser
System Test Facility (HE.STF), White Sands Missile Range (WSMR). New Mexico,
August 1977 to October 1778, Part I: Qptical Turbulence, Wind, Temperature,
Net Radiation, and Synoptic Weather Conditions," ASL-DR-79-Ci04, US Army
Atmospheric Sciences Laboratory, White Sands Missile Range, NM
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photographs to determiae beam size, additional! optics and instrumentation were
needed. Two polarizirg plates were used in the output beam to adiuss the “eam
intensity. A power meter could be inserted into the beam to monitor the power
Tevel. For each position of the artificial turbulence source, the polarizers
were rotated to obtain a constant He-Ne power output for each measurement.

Finally, the turbulence probe was taken outside to measure typical turbulence
levels during a hot suwmer day. The probe was used at 1/2- &¢nd 1-m elevations
and for clear and cloudy conditions.

Measurement Results

It was mentioned earlier that the White optics used were not the best
design. The mirrors were rectangular, which is especially bad for mirror M2
(figure 1l). The usual technique of getting the input and output beams pas*
mirror M2 is to notch both sides of the upper half of the mirror, thus
allowing the bottom row of images to start directly below the edge of the
input notch.® Use of a rectangular mirror for M2 required the first image
spot on M2 to be positioned closer %o the middle of the mirror than with a
notched mirror. This positioning causes the maximum obtainable pathlengths to
be substantially reduced because the problem of clipping on mirror edges is
enhanced.  Thus some qualitative judgmert had to be used in assessing what
defined the maximum usable pathlength.

Clipping of the output beam was noted when the output beam diameter was
increased due to the artificial turbulence by a little more thar 50 percent
over the room air fturbulence diameter. The maximum usable pathleng:h was
defined as the longest pathlength for which beam clipping did not occur. With
the artificial turbulence source centered 1.44 m from mirrors M1 and M3 and
variac settings of 15, 30, 45, 60, 75, and 90 percent, the maximum usable
pathlength was determined. The results of these measurements are shown in

figure 4. The Cy probe was then used to determine the Cﬁ turbulence level for
the variac settings. The output voltage of the Cy probe was found to be quite
Yinear with variac setting (figure 5), having a 0.137-V offset corresponding
to Cs for room air turbulence of 8.7 x 1071 m=2/3, nNote that the input beam

was 4 mm in diameter and spherically diverged to about 2.0 cm over the 20 m
between M2 and mirrors Ml and M3. Mirrors M1 and M3 focused the neam to 4 mm
under room air turbulence.

The next step in assessing how turbulence affects the multipath formed by the
open air White optics was to fix the pathlength at 160 m (or eiu .~ traversals
between the mirrors), *i1x the artificial turbulence level at 45 percent or a

value of Cﬁ of 3.5 x 10-12 m'2/3, and vary the location of :!‘e turbulence

*Wendell R. Watkins, 1976, "Path Differencing: An Improvement *o Multipass
Absorption Cell Measurements," Appl Opt, 15:16
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sourte along the m.:tipath to determine the functionai dejrendence of
turbulence location or amount of beam spread. As described earlier, this step
was accomplished by ccumparing 5-s exposure photographs of the He-Ne hLeam. A
pair of polarizers we: placed in the output beam; and for each turbulencs
Tocation, the polarizers were rotated to give a total ce!l ou*tput power of 0.4
mW.  Photographs were then taken witn the power meter removed, and the beun
dianeter was measured ny averaging the width and height of the central maximun
of the beam since rhe beam was slightly irregular ia shape on the
vhotographs. The aveirage of three data runs for ten path locations for the
turbulence source i< shown as circles in figure 6 with the soiia curve
representing an eyeball fit to the data. The figure shows substantially more
hean spreading as the turbulence is moved closer to the double mirror end of
the multipath. Some of this spreading dependence can be accounted for by thc
fact that the beam is spherically diverging between mirror M2 and m.rrors ™!
and M3.

The final measurement was to determine turbulence 1levels in the reel
atmosphere.  Measurements had already been made for high summer turbulence
levels at 5-m and 32-m elevations as shown in figure 7. At midday

the Cﬁ turbulence leve! reaches IO'14 m'2/3 for 32 m and 10'13 m-2/3 for 5-m

elevation. Further measurements were needed for this study since the White
optics can be situated between only 1/2 and 1 m above the ground without

causing serious vibrations problems. Consequently, the C% temperature probe

was taken outdoors to obtain values corresponding to midday turbulence levels
for clear and clnudy conditions at 1/2- and 1l-m elevations. The meas:urement
results are shown in nable 1.

An attempt was made %to calculate the maximum usable pathlength as a function
of turbulence levels, but this approach presented some very serious
theoretical problems, and it became clear that to obtain solutions to theseo
problems (if possible) was completely beyond the scope of this work effort.
Therefore, no theoretical discussion will be given. In the conclusions which
follow, insight gainet during the attempt at analytical understanding is
included.

15
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TABLE 1. TYPICAL OUTDOOR TURBULENCE LEVELS MEASURED AT WSMR

Sky Conditions Elevation (m) Average CS (m“2/3)
Clear 1/2 1.3 x 10712
Clear 1 7.3 x 10713
Cloudy 1/2 1.3 x 10713
Cloudy 1 5.7 x 10714

CONCLUSIONS

The present investigation has provided much insight into the peculiarities of
the White optics multipath. From the data shown one can see that real-world
atmospheric turbulence levels are comparable to those Tlevels artificially
induced in the laboratory. Usable pathlengths will thus be less than 500 m
under clear sky conditions; hence, such a system would not be particularly
useful. Although White-type optics cannot simply be taken to a field site and
used with an FTS or diode laser to measure gas concentrations and species,
they can be employed under enclosed experimental conditions such as a large
building. For the first time, the weighting function of turbulence on beam
spread as a function of position between the end mirror has been measured
{(figure 6). Sufficient experimental data could not be obtained within the
alloted time frame to feasibly define the functional dependencies; however,
enough definition was obtained to establish that, without shielding the two-
mirror-end of the multipath, the nominal open air turbulence level so severely
degrades the maximum usable pathlength that the measurement scheme will not
work. Fortunately, the measurements also lead to a possible solution to the
problem because the effects of shielding the two-mirror-end of the multipath
could be assessed without extensive field measurements. Shielding the last 2
m of the 20-m optical system used appears to be sufficient to allow a
kilometer usable multipath to be established even during the high midday
turbulence on clear summer days at White Sands Missile Range.

17
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