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FOREWORD

This report was prepared by Bethlehem Steel Corporation, Research Department,
Bethlehem, PA under USBM Contract number H0123031. The contract was initiated
under the Mining Research Program. It was administered under the technical
direction of the Pittsburgh Research Center with Charles D. Litton acting as
Technical Project Officer. Oliver H. Snyder III was the contract administrator
for the Bureau of Mines. This report is a summary of the work recently
completed as a part of this contract during the period October 1982 to October
1985. This report was submitted by the authors in October 1985.

This report does not contain any patentable features.
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ABSTRACT

DUAL WAVELENGTH LIGHT SOURCES

This is a report on research directed toward the development of a coal mine
methanometer. The project encompassed two tasks. The first was a study con-
ducted to determine if room-temperature injection lasers could be used as the source
for a DIAL methanometer for coal mine applications. As part of that study, prior
DIAL measurements of methane were reviewed and the measurement technique
explored in general. The absorption spectroscopy of methane was then examined in
detail and found to contain an appropriate absorption feature near a wavelength of
1.65 pm provided the spectral width of the light source was approximately 0.2 cm™,
The operating characteristics of broad area high optical output InGaAs/InP injec-
tion lasers were examined and a detailed caleulation of the requirements for a diode
laser DIAL measurement of methane in a coal mine was performed. By comparing
the observed diode laser properties with the DIAL requirements, it was found that
broad area InGaAs/InP injection lasers were suitable in most respects for coal
methane measurements. The exception was the diode laser spectral bandwidth. It

was found to be some 400 times too large.

The second task was the design and fabrication of an external grating cavity
to reduce the bandwidth of the injection lasers. The optical design of an off-axis par-
abolic mirror grating cavity was developed using geometric optics to determine the

physical parameters for the external cavity which would produce the desired spec-




tral bandwidth of 0.2 cm™. The fabrication of this external resonator source is
described and its performance against the design criteria evaluated. Apart {rom a
smaller than desired methane absorption coefficient the device met all design
specifications. The eflect of the reduced methane absorption coefficient is to
increase the time required to make an accurate methane concentration measure-
ment. The low methane absorption coefficient was attributed to a larger than
desired source linewidth which was measured to be two to three times larger than
the design value. An explanation of this excessive bandwidth based on coupled
mode theory is presented. In summary, an external grating cavity for dual diode
lasers was designed, assembled, and tested. It met all design goals for a DIAL coal
mine methanometer apart from a too low methane absorption coefficient. This
deficiency signiﬁvcantly detracts from its suitability for use in an instrument to

remotely measure methane in coal mines.



1. INTRODUCTION

The presence of noxious and explosive gases in underground mine atmospheres has
always posed a serious threat to the well-being of miners. Increases in mining mechani-
zation, particularly since World War II, have enlarged the gas burden facing miners!.
In the United States, this increased burden has stimulated federal mine-safety legisla-

tion2. These regulations imposed by legislative action have in turn reduced the produc-

tivity gained through mechanization.

Nearly two-thirds of all underground U.S. coal tonnage is extracted using continu-
ous mining machines in room-and-pillar mining operations!. As a result of the Mine
and Safety act of 19692 and various state laws, present practice in the room-and-pillar
mine is to stop mining every twenty minutes to measure the concentration of methane
gas at one foot from the working face. After the mining machine is withdrawn, tem-
porary roof supports are installed to the working face so that a miner can approach the
face and measure the methane concentration with a hand-held catalytic combustion
methane detector and/or flame safety lamp®%. When the measurement is completed,
the temporary roof supports are removed and the mining machine begins mining
again®®. Obviously, this procedure reduces productivity and is in itself a safety hazard

as temporary roof supports can well be dangerous.

It has been estimated that full utilization of remote methane measurements could
provide up to a 5 percent improvement in room-and-pillar coal mining productivity’.
Such a productivity increase would represent about 11,000,000 tons of coal annually in
the US. alonel. The ability to make remote methane measurements would also be use-

ful in other underground mines, such as in salt mines.

The need for a remote measurement of methane concentration at the working face



of an underground coal mine was identified at Bethlehem Steel Corporation in the
spring of 1977. Specifications for a methane measurement instrument were drawn up in
1978 at Bethlehem Steel Corporation’s Homer Research Laboratories (HRL), and
evaluation of remote gas sensing techniques was begun. That evaluation process
included initiating a study of the potential use of LIDAR (light detection and ranging)
methods at Stanford University. That 1978 study® concluded that remote methane
detection could be achieved by differential absorption LIDAR (DIAL) techniques. At
that time Raman-shifted neodymium glass, Raman-shifted Nd:YAG, and Erbium doped
YAG (Er:YAG) were all considered as potentially feasible sources for the stated task.
Er:YAG was selected as the simplest of these for experimental work, which was then

carried out at HRL in the summer of 1979.

The work at HRL in 1979 demonstrated that methane could be remotely detected
and measured in a laboratory, using the DIAL technique, an Er:YAG source, and Mie
retroreflection from coal dust’. However, the Er:YAG laser is inherently a device of low
conversion efficiency, with a theoretical upper efficiency limit of only a few percent®.
Moreover, a flash lamp driven device (such as the Er:YAG laser used at HRL in 1979)
requires high voltages and driving currents. Redesign to satisfly the Federal Codel0 in

terms of safety hazards would clearly be difficult.

Fortunately, a different kind of laser source for a wavelength compatible with
methane absorption (1.65 pm) became realizable at about the time the 1979 HRL study
was completed. This alternative is a sophisticated form of semiconductor injection
diode laser. Room-temperature injection diode lasers for the "long-wavelength™ region
from 1 pm to 1.7 gm have been reported only during the last few years!-17. Thus a
study'® was initiated by Bethlehem Steel Corporation at the Oregon Graduate Center

(OGC) at the end of 1980 to determine the feasibility of using an injection laser as the



source in a portable methanometer.

During that 9 month study, it was found that Ings3GagqrAs diode lasers could
indeed be suitable as a methanometer sdurce if their spectral output could be modified
to match the fequirements of a DIAL measurement. The study indicated the proper
modification could be realized by mounting the semiconductor laser in an external
diffraction grating tuned cavity and design parameters for such a cavity were specified.
This report reviews the requirements for DIAL measurement of methane , describes the
diode laser operating characteristics, optical design of the external cavity, implementa-

tion of the design, and performance testing of the dual wavelength light source.

First, fluorescence, Raman backscatter and differential absorption LIDAR tech-
niques for remote detection of gaseous species are reviewed in Section 2 where it is
argued that a DIAL system is best suited to the problem at hand. This is followed by a
discussion of the spectroscopy of methane and other constituents of the coal mine atmo-
sphere in Section 3 in order to determine the spectral region which is best suited for a
diode laser based DIAL system. The characteristics of diode lasers emitting near 1.65
pm are reviewed in Section 4. The requirements that a diode laser based methanometer
must meet, such as eye safety standards and accuracy, are discussed in Section 5. The
optical design of a dual diode laser source to meet the spectral requirements discussed
in Section 3 is outlined in Section 6. Section 7 is a description of the dual wavelength
source which was ultimately constructed and its operating characteristics. The perfor-
mance testing of the source is descrbed in Section 8. Section 9 consists of some conclud-

ing remarks and recommendations.
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2. LIDAR TECHNIQUES FOR REMOTE DETECTION OF GASEOUS
CHEMICAL SPECIES

The first uses of lasers for remote sensing were in radar type applications. Conse-
quently, the a.cfonym LIDAR for Light Detection and Ranging was applied to laser
ranging systems. The first use of LIDAR, in 1963, located turbidity in the upper atmo-
sphere!9. Soon thereafter LIDAR sensing techniques took on many new tasks, such as
remote pollutant detection. There exist currently three different means of measuring
from a single location remote gas concentrations with LIDAR: fluorescence, Raman

backscatter, and long path or differential absorption. These three methods have been

thoroughly reviewed?0. 2L,

All three techniques may be explained and compared by means of the fundamental

LIDAR equation®®:

m

—2?a(r)dr
P,(R)=[A]KPO[%}3 o (1)

where P, is the backscattered light signal from a target at range R, P, is the transmit-
ted power, K is the optical receiver system efficiency, (p/) is the effective reflectivity
of the target, A is the area of the receiving telescope, and o is the volume extinction
coefficient of the atmosphere traversed by the transmitted and reflected light. Figure 1
shows schematically a typical single-ended LIDAR system. In the figure, light is
transmitted to a remote location and is backscattered to the receiver. In the case of
fluorescence and Raman backscatter, the return signal is scattered by the species to be
detected; which is to say, p is proportional to the respective backscatter cross sections.
When absorption methods are employed, atmospheric Rayleigh, Mie and/or localized

retroreflectors scatter back the transmitted light.
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Fluorescence techniques have little use at atmospheric pressures and temperatures.
In the application of this method, transmitted laser light excites the remote species to
be detected to a higher energy state and subsequently backscattered fluorescence is
measured. However, at pormal temperatures and pressures rotational state relaxation
processes and quenching fluctuations 20 preclude sufficient signal levels (p small) and sig-

nal stability (p not well known), respectively.

Conversely, Raman methods have enjoyed some experimental field success. In
applications, short wavelength laser light is transmitted to a remote chemical species
and the backscattered Stokes radiation is detected. This technique has been used, for
example, to measure the temperature and pressure of atmospheric water vapor??.

Recent reviews of remote Raman methods may be found in the literature?3,24,

Indeed, Raman backscattering from methane is currently being pursued for poten-
tial coal mine applications by the USBM through its Pittsburg Research Center. In this
scheme, 337.1 nm. light from a nitrogen laser is transmitted into a nitrogen and
methane atmosphere. The Raman return signals are detected at 365.84 nm. and
373.82 nm., respectively. In practice, the ratio of the methane return signal to the
nitrogen return signal is used to calculate the methane density. This system, if
employed in a mine, would have the advantage of easily being adapted to other poten-
tially hazardous gasses by a simple replacement of filters in the receiving optics. Addi-
tionally, it is advantageous that the Raman technique relies only on the species to be
detected for backscattering; consequently, no other backscatter source need be present
to create a return signal. Moreover, it is beneficial that Raman LIDAR systems require

only a single frequency transmitter, as opposed to a dual frequency source for absorp-

tion LIDAR setups.
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There are, however, a number of problems that would be encountered by any
attempted implementation of such a technique in coal mines. These technical concerns
have been outlined previously?®. The principal probable problems are weak return sig-
nals, potentia.llj explosion inducing high voltages (20 kV in the nitrogen laser), and

ultraviolet transmitted light levels near safety limits for eye exposures.

In the absorption mode, LIDAR systems transmit light alternately on and off an
absorption wavelength characteristic of and particular to the species to be detected.
The return signal from the light transmitted off the absorption line provides a measure
of the attenuation due to Mie and Rayleigh scattering along the path. The return sig-
nal from light transmitted at the absorption wavelength includes the effect of absorp-
tion by the species of interest. The difference in the two signals then yields the effect of
absorption alone. Thus, in this mode, a sensitive measure of species concentrations is
possible. This is the same as to say @, —.y in Equation 1 can be large; and conse-

quently, Prm_Proe can be significant. However, in order for p to be large enough for a

sufficient signal-to-noise ratio (SNR) at the receiver, it is often necessary for some
retroreflector to be introduced into the absorption LIDAR path?®28. Fortunately for
the potential use of absorption LIDAR in coal mines large amounts (10-200 mg/m?) of
coal dust are present near a working face during mining operations. Thus, the location
and timing mandated by statute for methane measurements in coal mines would seem
to ensure a high value of p in Equation 1. This large value of p coupled with the intrin-
sic sensitivity led Byer to recommend absorption LIDAR to HRL in 1978 as a means to

remotely measure coal gas methane®,

Absorption LIDAR schemes may be divided into two categories: path averaged and
range-resolved. The first category yields the integrated species concentration over the

entire light path of Figure 1. In this mode, no information about the spatial
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distribution of the gas is available. The second category gives the desired gas density
as a function of one or more spatial coordinates. This distribution may be derived from
light time of flight measurements or optical triangulation. To meet the statutory
requirement of. measurement one foot from the working face, the geometric range

resolved method was chosen at HRL in 1978 for experimental work in 1979.

In the same year that LIDAR was first demonstrated, 1963, Schotland®® measured
atmospheric water vapor using range resolved DIAL and a temperature tuned ruby
laser. During the last decade numerous reports of DIAL experiments have appeared in
the literature. The laser systems employed have included CO,3* 33, argon-ion34, IR opti-
cal parametric oscillator3®, dye36:37, dye+SHG?®, and cryogenically cooled lead-salt
diode lasers (also known as tunable-diode-lasers or TDLs)?% 42 among others. Examples
of DIAL review papers may also be found?6:43,44, Two papers in particular give a

theoretical and experimental treatment of DIAL26:44,

The fundamental equation for DIAL is given by Equation 1 with:

t-(s)l

for temporal ranging and

™ 4T

F [ﬂ_A&] @)

for spatially resolved ranging, where ¢ is the speed of light, 7 is the laser light pulse
duration, 8 is the backscatter coefficient at R, and AR is the geometrically determined
sample depth as shown in Figure 2. The spatial resolution required for methane meas-
urements in coal mines is approximately one foot since law requires measurements be

made approximately but not less than 12 inches from the face. Thus in temporal rang-
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ing
cT . A
-2— < 1 foot (4)

is required. This requirement implies a laser pulse duration of less than 2 ns and is the
ranging contemplated for the USBM Raman work described above. With a geometri-
cally determined sample depth, there is no restriction on laser pulse duration; and con-
sequently, smaller detector electronic bandwidths are possible. This latter ranging
method was chosen by HRL for the 1979 experimental work mentioned previously. This
latter technique is also the one that the 1981 OGC report!® considered for use with

diode lasers.

Hence for the work described here, the basic DIAL equation is given by:

R
- )dr
B 2 AR A 2 f ofr
Pr(R)_{ AT KPo R2 € ? : (5)
In this equation
a=0p+oME+AaBs (6)

where ag and aygg are the Rayleigh and Mie scattering coefficients of the coal mine
atmosphere and a,pg=N0,ps is the molecular absorption coefficient due to a molecular
density N with an absorption cross-section Oaps. In practice, Equation 5 must be
inverted to solve for N. This will be discussed in detail below. There have been several
reports during the last decade of successful detection of methane by DIAL methods.
The overlap of methane absorption lines with He-Ne and Er:YAG emissions was noted
in 1965 and 1972, respectively?®46. Soon thereafter LIDAR techniques were applied.
Murray and co-workers at Stanford Research Institute used a DF laser and long-path

techniques to demonstrate measurement at 3.7 pm47-4%. Baumgartner and Byer used a
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tunable IR optical parametric oscillator to detect methane in the open atmosphere at
3.39 and 1.66 um50. Grant et al. at the Jet Propulsion Laboratory have developed He-
Ne systems for use along gas delivery pipe lines and at garbage dumps®!-33, Rosengreen
and Altpeter h:;,ve reported on upconversion of CO, light in AgGaS, and AgGaSe, for
detection of CH, in the 3 to 3.5 um range®®. Recently, Chan et al. reported using
InGaAsP LEDs to measure absorption in methane at 1.33 #m and 1.66 #m by a method

analogous to DIALS®,

In 1975, White and Watkins proposed®® the Er'YAG laser as a remote sensor of
methane. Later they conducted long-path absorption experiments with the same dev-
ice57. In 1979, Egan, DeFreez, Boos, and Byer demonstrated the first geometrically
range resolved DIAL measurement of methane®® %9, In their experiments, Er:YAG laser
light was Mie backscattered from remotely situated coal dust suspended in a methane
and air mixture simulating a working coal mine face. Recently, a transportable
Er:-YAG DIAL-MIE backscatter methanometer, built for Bethlehem Steel Corporation
(BSC) following the 1979 design, has been successfully demonstrated at a USBM above
ground mine simulator and in a BSC under ground working coal mine®C, The goal of
the present project has been to design and build a dual wavelength diode laser light

source capable of replacing the Er:YAG source in that methanometer®l 62,
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3. SPECTROSCOPIC CONSIDERATIONS

One of the first tasks in the present study was to determine which line or lines of
the methane absorption spectrum were most suitable for a diode laser DIAL methanom-
eter. That determination had to be based on the absorption characteristics of the vari-
ous methane lines, and on the compatibility of the line wavelengths with the technology
of diode lasers. Further, it needed to be based on the absorption characteristics of any
other relatively abundant naturally occurring atmospheric constituent or any abundant

coal gas component.

Three criteria determine the suitability of absorption lines for a diode laser DIAL
methanometer. First, the line or lines must be within the spectral region accessible to
high power diode lasers exhibiting reasonable efficiency and lifetime at or near room
temperature®. This requirement restricts consideration to injection diode lasers in the
near IR83. Second, the line or lines must be of appropriate absorption strength, so that
the DIAL measurement process is not impaired either by lack of sensitivity or by exces-
sive attenuation. Based on the experimental work performed at HRL in 1979, an
appropriate absorption was determined to be between 10722 to 1072 cm/molecule.
Third, the absorption line or lines must have an effective overlap with other coal mine
atmospheric constituents of much less than 10722 ¢m/molecule. For this criterion, it
was assumed that interference from sources other than coal gas, such as diesel exhaust,

could be ignored.

The first criterion above limits the spectral region that needs to be examined to
the range from 2500 to 12,500 cm™! (ie. wavelengths from 4 gm down to 800 nm.)83,.
Further, the room temperature condition mentioned above highly favors the shorter
wavelength portion of this region®¥. Hence the near infrared (NIR) spectral region

holds the most promise for a diode laser DIAL methanometer.
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In 1980, as part of a foregoing project!®, the most comprehensive source of
methane absorption parameters, the 1978 AFCRL Atmospheric Absorption Line Param-
eters Compilation® 66, was explored. The analysis yielded three methane absorption
regions of potential interest. A total of 1741 absorption lines were identified within
these three bands and tabulated below in Table I. In the table, the band assignment

was given following the notation of Herzberg®’.

Table I AFCRL Methane Absorption Regions

Band | Wavelength | Wavenumber | Assignment
Label | Range (um) | Range {cm™)

I 3.16-4.00 3167-2500 vy
I 2.34-2.42 4270-4136 v+,
1) 1.64-1.70 6106-5891 2,

Absorption lines with a strength in the range mentioned in the second DIAL cri-
terion above occur in all three bands noted in Table I. However, band I is undesirable
because of the requirement of room temperature laser operation. Further, not all bands
are equally desirable in other respects, such as the possibility of interference from other

atmospheric constituents.

In addition to the problem that no diode lasers operate in band I at ambient tem-
peratures, the band has other major drawbacks. For example, it encompasses nearly
3100 H,O vapor absorption lines, some with strengths up to 2 x 102! ¢cm/molecule.
Room temperature air at 100% humidity has an H,O molecular concentration®® of
some 6 x 10!7 em™3. Thus it appears that water vapor alone is enough to preclude band

I from use, since the present need® is for methane detection down to a concentration of
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some 3 x 106 cm—2.

Table 1 below shows naturally occurring components of air®%70. Table III shows
the constituents of coal gas’l. Of the constituents listed, the AFCRL atmospheric
absorption tapes show only H,O and CO as methane’s competitors in band II. CO com-
petition is negligible for the distance range of the present application, since this species

does not normally exceed 1 ppm in either the atmosphere or in coal gas.

Table II Naturally Occurring Constituents of Air
Constituent Listed in percent ppm Absorption NIR
AFCRL Tape Bands I or II

N, 78.1 No
02 YeS 20.9 NO
CO, Yes 0.03 Yes
Ar 0.9 No
Ne 18 No
He 5 No
Kr 1 No
Xe 0.09 No
H2 0.5 No
CH, Yes 2 No
N,O Yes 0.5 Yes
H,0 Yes Varies | Varies Yes

While some H,O lines in band II have a strength approaching 10721 ¢m/molecule,
these have a spectral density smaller than the more intense lines of band I. Also it is
possible to find a few methaﬁe lines in regions where they are surrounded by water
vapor lines of strengths not exceeding 107%% ¢m/molecule. Consideration of the usual
coal gas constituents poses only one other possible problem for band II: that of a con-

ceivably significant abundance of ethane. However, C,Hg has no strong absorption spec-
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Table III The Composition of Coal Gas
Constituent Listed in Maximum Amount Present
AFCRL Tape (Volume %)
CH, Yes 99
C.Hg 1.6
C;Hg 0.05
C,Hyo 0.02
CsHyy <1 ppm
CO, Yes 14.8
0O, Yes 0.5
N, 36
H, 0.02
He 0.05

trab7 above 3200 cm~). Thus band II could be used if an appropriate diode laser were

available.

It may be noted that until recently no semiconductor diode laser has been avail-
able in the spectral region corresponding to band II. However a review of the plots of
band gaps and compatible lattice constants in the III-V compound family 8372 shows
that GaSb or InAs could be a binary substrate for lattice matching to AllnAsSb,
InGaAsP or InAsPSb quaternary alloys with a bandgap appropriate for band II. A
group at the State Rare Metal Research Institute in Moscow has reported work with
Al,Ga;_,As,Sb;_, lasers that are matched to GaSb substrates’s, but these particular
devices provide wavelengths no longer than 1.8 um. Also, some work on DH InGaAsSb
lasers with an emission wavelength near 2um has been reported’?. To this point, work-
in the United States has concentrated on shorter wavelengths, although reduced Ray-

leigh scattering in optical fibers for longer wavelengths may drive future research in
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that direction.

Band Il is one of the better known methane NIR absorption bands’76. The
search of the AFCRL data revealed some 150 band III absorption lines of appropriate
absorption strength. Competition in this band is provided only by a scattering of H,0
and CO, lines, none of which has strength appreciably exceeding 10~2* ¢m/molecule.
Thus band III has desirable spectroscopic properties for a DIAL methanometer based on
the absorption characteristics described above and the technology of diode lasers. At
the time of the selection several groups had reported epitaxial growth of room tempera-
ture injection diode lasers in the wavelength range of 1.6 to 1.7 um12:1413,15  The dev-
ices were made with ternary or quaternary alloys in the In,Ga,_,As P,_, system lattice
matched to InP. It however remained to be seen whether DIAL measurements of band
III methane lines were compatible with the performance characteristics of this type of

diode laser.

First it was necessary to examine the methane absorption lines of band III in
greater detail. The emission of a moderate to high power pulsed diode laser typically
has a full width half maximum (FWHM) spectral bandwidth of several wavenumbers®,
So, computer-calculated light transmittance curves were generated for the P, Q, and R
branches of the 2v; methane absorption band, assuming a 2 cm~! laser bandwidth. A

copy of the source program used in generating the curves may be found in Appendix A.

The P, Q, and R branches correspond to the spectral sub-regions 5890-5995, 5998-
6005, and 6010-6107 cm™! respectively. The necessary line absorption strength informa-
tion was digitally filed from the AFCRL tape at increments of 0.1 cm™ between 5890
em=" and 6107 cm~). Transmittance curves were then generated around local transmis-

sion minima (i.e. absorption maxima) for a supposed CH, concentration of 3.2 x 10'°
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molecules/cm? That number was chosen to model a potential coal mine DIAL meas-
urement situation: 0.1% CH, assumed over a 40 ft. path with 2% CH, postulated for

the 1 foot of path nearest the working face.

The local minima in the transmittance curves so generated for the P, Q, and R
branches of the 2v; band in no case fell below 95% in the entire range. Even though it
is necessary to know the noise limitations of a proposed DIAL detection system, to
determine the optimum absorption cross-section?®, it is apparent that the cross-sections

are too small if a 0.19% methane concentration is to be detectable.

Curves were subsequently generated for similar parameters except for the substitu-
tion of a 1 cm~! laser bandwidth and a 0.2 cm™! bandwidth. Figures 3 through 5 show
that a source with a 0.2 cm™! (FWHM) bandwidth would have a transmission of only
some 85% when tuned on to one of the stronger absorption lines. The peak absorption
seen in Figure 5 on the R4 line corresponds to an absorption coefficient of approxi-
mately 0.15 em™! atm™%. This absorption strength would offer large light transmission
(85%) over 40 feet and reasonable discrimination (15%) over the 1 foot nearest the

working face.

It should be noted here that for Equation 5 to be valid the DIAL laser source
bandwidth must be equal to or less than the absorption line width??. For methane lines
broadened in atmospheric pressure air the linewidth is approximately’®.78.79.80 0.2
1

em~!. Thus to use Equation 5 without situation dependent correction factors the

source bandwidth must be less than or equal to 0.2 cm™.

On the other hand, further reduction in the source bandwidth could lead to
difficulties. If the laser line were narrower than the absorption line and tuned to its

center the intensity of the returned light signal could be low due to absorption over the
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40 foot distance while tuning instabilities could result if the laser were to be tuned to
the edge of an absorption line due to the steepness of the line edges. Moreover, speckle
noise would be promoted if the coherence length of the laser output became comparable

to or less than that of the envisaged sample volume

1
bandwidth in wavenumbers |

coherence length = Thus a spectral resolution of less

than, say, 0.05 cm™! would be a handicap.

As Figures 4 and 5 show, the Q and R branches of band III both offer methane
lines of appropriate strength for a laser bandwidth of 0.2 cm™! FWHM. However, the Q

branch lines have typical separations of only 1 cm™

or so, while those of the other two
branches have line separations of about 10 cm™. The Q branch line proximity could

cause difficulties for tuning during the off-line segment of the DIAL process.

In summary, the spectroscopy of methane has been examined to study the applica-
bility of injection diode lasers in a DIAL detection process. The 2v; band has been
found to be spectroscopically suitable with the Q@ and R branches therein showing the
most favorable absorption strengths. This observation then leads to examination in
detail of injection semiconductor laser properties at the band III wavelength in the next

section. In particular, the diode lasers used for this project are discussed.
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4. SOME CHARACTERISTICS OF 1.65 MICRON WAVELENGTH INJEC-
TION LASERS

There has been considerable interest in recent years in double-heterostructure
(DH) semicondﬁctor lasers having an output wavelength longer than that of GaAs
(A~0.9um). In all room-temperature injection devices, these lasers have been formed of
III-V compound materials. Usually, these have used a quaternary In,Ga,_,As ,P;_, light
emitting layer with x and y chosen8! to match the a, = 5.87 Angstrom lattice constant
of InP. The wavelength range thus possible is interesting for room-temperature
sources!® 82,83 for detectors®* 8% and for fiber optic communication with minimum loss

and/or dispersion®’, in addition to other applications.

In,Ga;_,As P;_, lattice matched to InP has a room-temperature long-wavelength
limit of A&1.65um for the ternary composition Ing53Gag 47As. This alloy has been stu-
died for a diversity of applications including both photoconductive88 and photovoltaic
86,89,90 types of optical detectors and microwave FET’s%l. Moreover, room-
temperature lasing has been obtained in InP/Ing53Gag47As/InP structures by three
different techniques of layer deposition. The three methods are molecular beam epitaxy
(MBE)!'4, liquid phase epitaxy (LPE)!3, and vapor phase epitaxy (VPE)83,

Remote measurements using NIR DIAL require pulsed and high peak power light |
sources owing to detector dark current limitations?®. In fact, in the next section it will
be shown that P, of Equation 5 should be greater than 100 mW for a successful DIAL
coal mine methanometer. In the realm of injection lasers, 100 mW of light output
implies either broad area% or phased array devices®2. Only recently has there been a
report®® on the construction of InGaAsP phased array devices. Thus in the spring of

1981 efforts were started at OGC to locate sources and secure samples of broad area
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diode lasers capable of high light power pulsed operation in the 1.65 gm spectral region.

Only two of the numerous attempts to secure diode lasers were successful. During
1981 and 1982, B. I. Miller of AT&T Bell Laboratories, Holmdel graciously supplied
Ing 5;Gag 47As lasers to this project. These devices'* have been used throughout the
course of this project and their properties are described in the lelowing sections. All
the properties described represent experiments on several devices and some measure-
ments were conducted on hundreds of lasers. Some of the material presented below was

previously reported by DeFreez et al.l”.

The other source of lasers was Cornell University. In return for support of a stu-
dent Professor Lester Eastman agreed to attempt the MBE growth of some laser
material. Unfortunately none of the lasers produced by the Cornell group proved to be
of use to this project. Three bars each consisting of several lasers were delivered. The
first samples had low threshold currents and light output powers up to about 200 mW.
The lasing wavelength at room temperature was however 1.678 pum which is too far
from the strongly absorbing 203 R branch for practical tuning. The second Cornell
sample lasers had unsatisfactory electrical characteristics while the third batch failed
to lase at all. As a result only the Bell Lab lasers will be discussed in the balance of

this report.

The MBE process14.94 used to grow the lasers described here started with an n-
type InP substrate of (100) orientation. On this substrate, a 1 pm thick n~10%cm—3
Ge-doped InP buffer and cladding layer was grown at a substrate temperature of 450 °C
to provide a smoother foundation for the GalnAs active layer’. The substrate tempera-

ture was raised to 510 °C for growth of a lattice-matched Gag 47Ing 53As layer and then

lowered to 450 °C for growth of the ~5 pm thick top InP cladding layer. The latter
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layer was subsequently doped p-type by Cd diffusion with a duration intended to place

a p-n junction at the InP/InGaAs interface.

Plating and sintering was used to create metallic contact layers over both faces of
the large-area sandwich, which was then ready for isolation into individual lasers. The
end facets were created by (011) cleavage. The sides were partially string sawn and
then broken to fashion separate lasers. The lengths of the lasers thus created varied
from 300 to 650 pm. The widths varied from 130 to 175 pum. Figure 6 is a scanning

electron microscope (SEM) micrograph of an individual laser.

Figure 7 is a SEM micrograph of part of an end facet. The figure shows one
feature common to all such micrographs taken, one unusual feature, and rounded
artifacts extraneous to the laser. As in all other SEM photos taken, the InGaAs active
region is shown as a dark horizontal band of approximately 0.65 pm thickness. This is
the thickness that was planned in the MBE depositionl4. Figure 7 also shows several
diagonal dark lines. Only one other facet photographed showed showed such lines.
These lines appear to be inclined at a 63° angle to the junction plane. When correction
is made for viewing direction, the diagonals are found to lie along the intersection of

the (11T) planes with the end facet (011) plane.

It would thus appear that, in cleaving this facet, some jog planes were created as
occasional interruptions of the (011) facet surface. Any such interruption that passes
across the end of the active region can be expected to weaken the spatial coherence of
the laser output and be a source of non-radiative carrier recombination. This latter
circumstance could lead to catastrophic failure at high injection levels. Indeed, the rea-
son this device was used for SEM viewing was its catastrophic failure at a high drive

current.



SEM micrograph of a broad area InGaAs/InP laser. The InP
substrate, InP cladding layer, InGaAs active region, and top InP clad-

ding layer are visible.

Figure 6.
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The spectral output for 15 of these lasers was measured at T~293 K with low
duty cycle high current pulses. The pulse repetition frequency (PRF) was between 100
and 500 Hz resulting in a duty factor of <10™* using 150 ns puls,es.‘ Owing to the low
duty cycle, average input power was low, but peak input power reached as high as 10
W. The drive current used for the spectral runs was from 1.5 to 3 times lasing thres-
hold. The various lasers measured had threshold currents ranging from 1.7 to 4.7

Amps, which is equivalent to an area and thickness normalized threshold of 4 to 10

kA/em?pm.

The spectral response curves showed from 4 to 8 maxima in each case. As would
be expected for the pulsed mode operation, the various spectral maxima represent mul-
tiple longitudinal mode operation%. Figure 8 shows the extreme case of 8 modes span-
ning the range 1.626 to 1.651 gm. The spectral width shown is greater than 20 nm. Of
the various lasers measured while in contact with a room temperature heat sink, none
had modal wavelengths outside the limits of those in Figure 8. The spectral curves
were obtained by synchronous detection of the output with a germanium photodiode

and a Jarrell-Ash Mark X 0.275 m monochromator.

The active region of a DH injection laser, the laser type used on this project, is
cladded with material of lower index of refraction than that of the active region itself. |
The low index cladding forms a dielectric waveguide%® for the laser light and thus
increases operating efficiency®”. When the guided wave has its E field in the plane of
the waveguide, it is said to be a transverse electric (TE) mode®’. Conversely, when the
guided wave has its H field in the plane of the waveguide, it is called a transverse mag-

netic (TM) mode.

Most recent analyses of the properties of InP/InGaAsP/InP lasers have concen-

trated on the behavior to be expected with TE mode polarization®® 1% However, the
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Figure 8. Optical output vs. wavelength for a broad area InGaAs/InP
laser. The laser is operated in a low duty cycle with a 150 nsec optical
pulse.
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lasers of this project were found to be TM polarized. Under the pulsed room-
temperature operation described above, the ratio of TM to TE polarization is much
greater than 1. No Attempt was made to determine the phase relationship between the
T™ and TE co'mponents of the light output. Figure 9 shows the ratio of TM to TE
emission plotted versus drive current for one device. The figure was generated by pass-
ing the light from the diode laser through a rotating Nicol Prism and and plotting the
ratio of the extrema of the AC current produced in a Ge photodiode versus laser drive
current. In the figure, the onset of TM polarization coincides with the lasing threshold.

Below threshold, the ratio is slightly greater than 1.

The semiconductor laser monograph literaturel®l.63,97 has tended to treat only
TE polarization for DH lasers, since this is the mode usually seen. That mode is usually
dominant because of the higher facet reflectivity for TE modes!0299,103, TM-mode
dominance thus implies that the gain minus internal absorption losses for such modes is
greater than for the TE modes by an amount sufficient to compensate for the higher
reflection losses. It will be shown below that this unusual polarization is advantagous

for use in an external grating tuned cavity.

Far-field beam divergence measurements were made on 15 of the diodes. The
divergence was measured perpendicular to the active region by rotation of the diode
laser relative to a fixed Ge photodiode. In each case the far-field distribution appeared
to be TM,, although the active layer is thick enough to support the TM, mode as
well®, Numerical values for the FWHM angular divergence were calculated by least-
squares fitting of the data to Gaussian functions, and were all in the range from 62° to
70°. This large divergence is consistent with an active layer thickness in the range
500-700 nm, based on the work of Butler and Kressel'®, and others1%.%, and on the

noted similarity of TE and TM mode behavior with respect to angular divergence®.
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An output-beam imaging system, using an IR vidicon, monitor, and associated
electronics and optics, was set up to examine the diode laser near field spatial distribu-
tion. Figure 10 shows one example of the results obtained. The figure was formed by
- reproduction of a photograph taken directly from the television monitor. The horizon-
tal streaking is an artifact of the television raster. Note that this laser has a filamen-
tary output, with four dominant areas of lasing activity. Such filamentary lasing is
often characteristic of broad area lasers because of mode self-focusing®. The brighter
filaments correspond to regions of smallest threshold current density, since observations
while the current pulse amplitude was progressively reduced showed the lasing output

more and more confined to the brightest of these regions.

There has been interest recently in the operating lifetimes of InGaAsP/InP injec-
tion lasers. and it has been noted that the InGaAsP devices have a potentially longer
operating life than their AlGaAs counterparts®®. The InGaAsP potential for long life-
times is caused by a number of factors. The dark line defects common to AlGaAs dev-
ices have been found to be scarce in InGaAsP structures at both room'®” and
elevated198 temperatures. Long term facet oxidation has been found to be a source of
degradation in InGaAsP lasers. However, the degradation rate is about two orders of
magnitude smaller!%® than for AlGaAs lasers when operated at room temperature with
an optical output of ~IMW/cm?. In fact, the change in the threshold current for
InGaAsP diodes has been measured to be less than 1% when operated for 1000 hours in
a CW mode at room temperature!l0. Also, catastrophic dark line defects, common to
AlGaAs laser facets, are not generated in InGaAsP devices below 100 MW /cm? of light
output!ll. The diodes of the present project operating at 100 mW of output power,

have a power density of 0.1 MW /cm®.
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Figure 10. Near field spatial distribution of optical intensity of a broad
area InGaAs/InP laser. The laser is operated in a low duty cycle with a
150 nsec optical pulse.
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During this project, no long term laser degradation has been observed for the drive
currents and output powers used. A life test was conducted on one sample. It was
pulsed at 6 Amps and 400 Hz PRF with 160 ns pulses. The diode was observed to stay
within #15% of its average output for 10% sequential pulses. with no sign of any down-
ward trend. The diode was then pulsed at 9 Amps, resulting in a 60% increase in the
output power. After operation for 10® more pulses there was no apparent degradation.
Additionally, many devices have been run intermittently over much longer periods,

weeks to months, at a 10 kHz prf with no sign of degradation.

However, during the project, several devices catastrophically failed at injection
current densities of about 20 kAmps/cm? No attempt was made to identify the
mechanism associated with this failure mode although the failure symptom is facet
damage. Figure 11 shows the facet of one such device. In the figure, the horizontal
band, labeled "A", was caused by localized melting at high drive currents. In light of
recent work reporting 100 MW /cm? thresholds 111 for optically induced facet damage in
the InGaAsP device family, it is likely that the observed melting is caused by nonradia-

tive carrier recombination.



SEM micrograph of facet of InGaAs/InP laser after catas-

Figure 11.
trophic failure.
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5. REQUIREMENTS OF A DIODE LASER DIAL METHANOMETER FOR
COAL MINES

Federal lawl!2? also specifies several particular requirements for portable methane
detectors. In addition to general requirements about such matters as durability, practi-
cality of operation, and serviceability underground that will not be discussed here, the
law lays out specific performance requirements for indicating detectors. Indicating
detectors are defined as devices “that will show, within certain limits of error, on an
adequate scale, the percentage of methane in a gassy atmosphere” and are the devices
appropriate to this report. Specifically, an indicating detector must indicate concentra-
tions of methane as low as 0.25% and should be capable of indicating concentrations as
high as 4% with a minimum upper capability of 2%. The indications for the various
percentages must be within the limits of error shown in Table IV. The law further
specifies that during tests of the instrument made at several concentrations within the
range of the detector neither the average of 10 readings nor more than 2 readings for
each concentration may exceed the limits of error given in Table IV. The implications
of the law on such system properties as optical output power and detector sensitivities
will be discussed below. First, however, the maximum amount of safe laser emission

near the 1.65 um wavelength must be calculated.

An eye and skin safety calculation was carried out using the 1980 ANSI Stan-
dard!!® and again using the Bureau of Radiological Health regulations!i4. The two
approaches yielded equivalent results and the explicit calculation using the ANSI Stan-
dard is presented in Appendix B. That calculation assumes a 100 ns pulse duration at a
pulse repetition frequency of 10 kHz and gives an allowable peak optical power per
pulse of 4.3 watts. The use of these pulse parameters is motivated by the lifetest data

mentioned above and the calculations of laser power and pulse repetition frequency
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Table IV Allowable Variations in Scale Reading
Methane in Minimum Maximum
Mixtures Indication Indication
(%) (%) (%)
0.25 0.10 0.40
0.50 0.35 0.65
1.00 0.80 1.20
2.00 1.80 2.20
3.00 2.70 3.30
4.00 3.70 4.30

below. The allowable peak optical power indicated by the safety calculation is much
larger than that achieved to date with diode lasers operating with a narrow spectral
output in pulsed mode. Thus safety is not a limiting factor for a diode laser DIAL

methanometer. The required optical power is calculated next.

An analysis of the optical output requirements must start with the fundamental
DIAL equation for the Mie backscattered signal (ie. Equation 5):

R
. AR -2 f a(r)dr
PAR):[%—]KPO[EA{]e °o

where P, is the backscattered light signal from a target at range R, P, is the transmit-

(5)

Mie

ted power, K is the optical receiver system efficiency, is the effective reflectivity

of the Mie scatter volumes, A is the area of the receiving telescope, and here a = Q,ps,
is the volume absorption coefficient of the atmosphere traversed by the transmitted and
reflected light. Not all the above parameters are well known. In particular, Byg, and K

can only be approximated. However, experiments conducted at HRL in 1979 provide
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data relevant to the Mie backscatter coefficient of airborne coal dust.

In those experiments, = 2.5 watts of 1.65 um radiation was directed onto a coal
dust cloud with a concentration of approximately 40 mg/m® and the backscattered por-
tion was detect‘ed at a distance of 16 feet from the scattering volume. The returned
optical power, P,, detector responsivity, Rp, detected voltage, V,, and the amplifier

gain, g, follow the relationship:

A%

Fo= gRrD ' @

Since the experiments suggested V,~100 mv for g = 10 V/A and a detector respon-
sivity Rp = 0.4 A/W, P, must approximately equal 2.5 x 1078 watts. It should be noted
here that there was no observed wavelength dependence of the returned signal on the
wavelength tuning of the Er:YAG laser during these experiments. Thus, for the given

distance and coal dust level

P, =10%P, (®)

Based on these results, the value of By, is constant over a wavenumber range of few
cm™! range near 1.645 gm and is approximately 15 km™!, calculated from Equation 5
using the reasonable assumption of K ~ 0.1. Recent experiments in a working mine80
show that the coal dust concentration at the active face may be as high as 100 to 200
mg/m? and thus that By, may be as large as 75 km™! at these dust levels. To further
investigate the optical output requirements, an analysis of the various noise sources and

their relative sizes must be made.

The signal-to-noise (S/N) power ratio of the returned signal in Equation 5 is given

by!15.
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g
S/IN= ———r (9)
ENHEHEHR

where 17 = the averaged squared signal current; fsz; = the averaged squared shot noise
current; i_lg = the averaged squared background current; i-g = the averaged squared
detector dark current; and i-i = the averaged squared amplifier noise current. Standard
expressions!!® for the various currents and their calculated numerical values are pro-

vided in Appendix C. It was ascertained there that

R T A 10721079 10719 1073 A, (10)

It has been shown 116 that i-_z can be reduced by orders of magnitude with current mode
operational amplifiers so that noise source will not be considered further. It can also be
seen from Equation 10 that i is orders of magnitude less than g;; and thus may be
ignored in the present context. To know more about the remaining two noise sources,

iZ; and iZ, a numerical value must be attached to i, the detector dark current.

The magnitude of the detector dark current depends on 2 number device parame-
ters and on the method of operation. When current mode operational amplification is.
used1®, the best detection sensitivity is achieved at zero detector bias or for small
reverse voltages. It is known from load line analysis that linear operation is also
achieved for near-zero bias. Thermally driven carrier generation-recombination is the

source of dark noise near zero bias and its magnitude is given by

= ——RD

&

where Ry, is the detector shunt resistance. Substitution of a typical value ~10° (2 for a

typical small area commercial Ge detector1? gives a value for i some 60 times that of
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iy, the quantum detection limit. Recently, extensive work has gone into the develop-
ment and imprdvement of detectors for the 1.1 to 1.7 um range. That work has been
spurred by the growth of optical fiber technology, and the desire to operate fiber optic
systems at wafelengths of minimum absorption and dispersion87, 118 In efforts to
develop new germanium avalanche photodiodes, dark current densities near 1073
Amp/cm? have been reported!19.120 for room temperature large reverse bias operation.
These current densities are slightly lower than those of the best commercially available
devices and those of the HRL methanometer. However, these kinds of devices cannot be
expected to show decreased noise at zero bias since the generation-recombination noise

source is the same as that of previous germanium devices.

Detectors using alternative materials to germanium have been in active develop-
ment. They are based on the quarternary In,Ga;_,As/P;_, system of direct-gap III-V
semiconductors. This recent work on detectors3%80,90,121,122-124,85, 125,126 parallels the
work, and is based on much of the same technology, as the laser diode source develop-
ment in that quarternary system. In particular, Pearsall reported®® production of new
InGaAs/InP photodiode structure with a dark current density of 3 x 1077 Amps/cm? at
room temperature and a 1 volt reverse bias. The novelty of this device arises from phy-
sical separation of the photon absorption and depletion regions. Such a separation
would not be possible below the direct bandgap threshold in a semiconductor such as
germanium (ie. for A > 1.5 pm). By placing the depletion region in the high bandgap
(A=~0.9xm) InP portion, generation-recombination of carriers is minimized thus reducing
the dark current and the generation-recombination noise associated with it. Thus a
back biased dark current of 3 to 4 orders of magnitude smaller than in the best Ge dev-
ices is achieved. Pearsall also notes that the photon quantum efficiency is nearly 100%

for X = 1.65 pm when the light is incident on the epitaxial side. That is a different
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situation from germanium for which the useful absorption decreases dramatically below
the 1.5 pm bandgap. Thus, with this type of detector, near shot noise limited operation

" is obtainable under the conditions described above and in Appendix C.

Due to the techmical developments discussed above, high sensitivity back-side
illuminated GalnAsP/InP detectors have recently been introduced to the commercial
market. A typical such device!?” has a sensitivity of -55 dBm at a 10~° bit error rate
(BER) and a bandwidth of 5 MHz. A BER of 10~° is equivalent!1® to a signal to noise
ratio (SNR) of 11:1 and 5 MHz is the bandwidth appropriate to a 100 ns optical pulse.
Thus, this detector can detect 3 x 10~9 watts of optical power near 1.6 gm with a signal
to noise ratio of 11:1. Using Equation 8, an optical output power of 100 mW would
yield a SNR of 3.5:1 for a single pulse of light backscattered from 40 mg/m? of coal dust

at a distance of 16 feet or from 200 mg/m? at 35 feet.

Having obtained the value for the theoretically possible voltage SNR, the needed
ratio for a DIAL measurement must now be ascertained. The federal requirements for
a portable methane detector are displayed in Table IV. It may be séen from the table
that the allowed fractional errors in the measured methane concentration vary from
+0.6 at 0.25% CH, to +0.075 at 4% CH, The law!!? further requires for approval
that a methane monitor must fall within the indicated errors in at least eight out of

ten trials.

In Appendix D the inversion of the fundamental DIAL expression, Equation 5, is

derived. Equation D.17, therein, shows the completed inversion and is given by

In [ vr,on(R2) ]—11‘1 [vr,oﬁ(R2) ]
_ Cl(ry—r;) V; on(R1) V: o(R1) (12)
aR—R) [ -E'L]-—ln [ y_ﬁ,l] ‘

v Vori,2

C

on,2
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"in the notation of the appendix. Appendix D also contains a detailed derivation of the
error propagation inherent in the DIAL measurement. A simple expression for the
allowable standard deviation in the measured voltages as a function of the standard
deviation in theb gas concentration and the amount of absorption in the sample volume

during the on line portion of the DIAL process is given in Equation D.28:

Oy 1 “c
_— = . 13
v 2 C vr,on(Rl) I ( )

| 1
g Illl'l [ Vr,on(R2) ]'
| |

The quantity inside the absolute value bars is just the volume absorption

coefficient times the sample volume length, i.e., asps (Ry—R;) = @ T (Ry—R;). Thus

oy _ 0@ (Ry—Ry) (14)
2 2
where o & 0.15 (cm atm)™* for 2 0.2 cm™ source bandwidth (see Section 3). Evaluation

of Equation 14 using the most restrictive condition in Table IV, o5 = 0.0015 atm, and

R,—R; = 60 cm yields a voltage SNR of 150:1 to obtain the desired 0.

Further consideration is needed however in light of the statutory stipulation that
an indicating methane monitor must satisfy the requirements laid out by Table IV in
eight out of ten trials. The failure probability in 10 trials can be calculated from the
binomial distribution. Let p be the probability of failure in one trial then the probabil-
ity of two or fewer failures is (1—p) 10 1 10p(1—p)°® +45p%(1—p)® Fewer than two
failures in ten trials will occur 99% of the time if p < 0.048. Now if the source of error
in the methane measurement is random with a zero mean normal distribution the pro-
bability of a failure in a single measurement p = 0.0454 if the standard deviation is one

half the allowed margin for error. This means that the SNR calculated above must be
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doubled to 300:1. Comparison of this SNR with the single pulse SNR of 3.5:1 derived
above reveals the need for a signal to noise improvement ratio (SNIR) of approximately

90:1. Signal averaging techniques can be used to improve the SNR.

One method of averaging often used with low duty cycle signals is the so-called

boxcar method. Boxcar averaging yields a SNIR!28

1/2
& . (15)

SNIR = .

where N is the number of pulses to be integrated. This method of integration is best
used for large instantaneous signal low duty cycle averaging. Further enhancement to
the SNIR beyond that of Equation 15 can be produced in this mode through preintegra-
tion techniques when sufficiently large instantaneous signals are available. However, in
the present context the returned optical signal is not large relative to noise sources, so
preintegration techniques are not feasible. Moreover, boxcar averaging is a nonlinear
integration process that favors the last signals received and thus can introduce sys-
tematic errors in a non-stationary process. It will be seen below that the DIAL meas-
urement process when averaged over many pulses is typically non-stationary. It will
also be shown below that a SNIR greater than that of Equation 15 can be achieved by

a digital signal processing method.

In recent years, there have been several investigations into the various sources of
error in the DIAL measurement accuracy2®129.130-133 3nd into the signal processing
techniques needed to minimize the errors?’,1%4135-138 DIAL return signals are ran-
domly affected by turbulence induced fluctuations in the absorber concentration, scintil-
lation, beam wander, speckle, and the angle of arrival and by electronic noise.

Differential reflectivity and differential background extinction are also sources of sys-
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tematic error in DIAL measurements.

It was shown in Section 3 that differential background extinction due to any of the
normal constituents of air or coal gas is satisfactory for DIAL measurements in the
wavelength Tegion of the 2v; overtone of methane. Furthermore, the differential
reflectivity from coal dust aerosols typical to coal mines was observed to not affect the
backscattered light over a few wavenumber region near the 1.65 pm wavelength of an
Er:-YAG laser. So, the last two potential sources of systematic error are not a problem
for a diode laser DIAL methane measurement at 1.65 gm in coal mines. The various

sources of potential random signal errors must now be considered in turn.

The signal fluctuations caused by atmospheric turbulence and electronic noise may
be classified by the degree of temporal correlation that they possess between on- and
ofi-line portions of the DIAL process. Electronic noise between signal channels in a
DIAL system is uncorrelated and may be reduced through averaging techniques by the
factor N~1/2 where N is the number of samples averaged. Thus a SNIR of NY/2 is possi-
ble for signals aflected by such noise. Beam wander and angle of arrival variations
should be neglible because of the short ( &~ 10m ) path length for a coal mine measure-

ment. Scintillation eflects should also be neglible 12° for a receiver aperture radius

R > (\L)/? )

where \ is the laser wavelength and L is DIAL total path length. ()\L)I/2 is a transverse
coherence length and is equal to approximately 4 mm for a 10 m path length and a
wavelength of 1.65 um. Last, speckle effects should be nonexistent since the bandwidth
gives, as shown in Section 3, a longitudinal coherence length less than the length of the

scattering volume.
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The effects of turbulence on the two returned signals of a DIAL process are corre-
lated for periods of up to 10 milliseconds since the atmosphere is "frozen" for such
periods!30:139. Thus, fluctuations of the returned signals because of methane concentra-
tion variations are correlated during this time interval. It has been shown by Menyuk
and Killinger137 that when the returned light pulses during the on- and ofi-line parts of
the DIAL process arrive within the correlation time of the atmosphere subsequent signal
averaging over maﬁy pulses diverges from the N'/2 improvement mentioned above for
independent measurements. They found that the SNIR was less than N¥/2 if the signals
were averaged as

<V;,>

C = constant x In _&VI;—] (17)

where < >> represents time averaging. On the other hand, they found that the SNIR

was greater than N2 for signals averaged as

V.
C = constant x In | <—L>|. (18)
Vi

They attribute these properties to high correlation between the on- and off-line pairs
and residual correlation over many pulses because of the non-stationary nature of the
absorber concentration. Here it will be assumed that a SNIR of at least N/2 can be
achieved for a coal mine DIAL process with the latter signal processing method. Thus a
10 kHz data collection rate over a period of less than 1 second is sufficient to achieve a
SNIR to meet the SNR requirements derived earlier in this section. This assumes that
the source properties presented in Section 4 can be modified to match those required by

this derivation.
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6. OPTICAL DESIGN OF A DUAL DIODE LASER SOURCE

Although not all the properties of high optical power diode lasers described in Sec-
tion 4 match well with those source requirements developed in Sections 3 and 5 most
properties of bfoa.d area Ing 53Gag As/InP diode lasers are suitable for a coal mine
DIAL methane measurement. The achievable optical output power, &~ 100 mW, was
shown to be sufficient in Section 5. The measured lifetimes at pulse repetition frequen-
cies of 10 kHz represent a potentially long period of service in a methanometer. The
PRF is sufficient to obtain the necessary SNIR in less than one second. Also, the ™
polarization characteristic described in Section 4 is, the polarization needed for opera-
tion in an external grating cavity. Furthermore, the operating wavelength of
Ing 53Gag As/InP lasers is near the 2v; absorption band of methane. However, the typ-
ical spectral bandwidth at this wavelength, as shown in Figure 8 is much greater than
the ~ 0.05 nm width required for sufficient absorption to make the DIAL process feasi-
ble. Thus, a method is needed to control the bandwidth and wavelength while main-

taining the other diode laser properties.

All lasers consist of a gain medium and a resonator cavity for electromagnetic
wave feedback with the cavity defined by mirrors. For simple diode lasers the mirrors
are facets cleaved parallel to the crystal planes of the as grown semiconductor. To
modify the spectral properties of a laser it is necessary to modify its internal charac-
teristics ,i.e., the gain medium or resonator cavity. External resonator diode lasers in
which the crystal facet mirrors are replaced by external reflectors have been used to
modify the spectrall4®-149 properties normally observed. The intrinsic properties of
diode lasers in external cavities or near reflecting surfaces, such as lenses, optical fibres,
or optical disks have been thoroughly studied150-157. The most recent review paper!®

on diode lasers coupled to external resonators was published in 1979.
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Almost all published accounts of continuous wavelength tuning and bandwidth
control of diode lasers have reported on antireflection (AR) coated devices 140-143,145, 148
in external cavities. The few exceptionsl®9.160 have involved low power single stripe
devices in complicated temperature and current controlled servo-loops. By AR coating
the diode laser, its original facet reflectivity is nullified and thus the cavity can be
extended to some external optical element. This allows access to the cavity and it is
then possible to insert a wavelength controlling element such as an etalon, birefringent
filter, or grating. In the present project an external 600 1/mm grating blazed for opera-
tion at = 1.6 um was substituted for one facet mirror after the facet was AR coated
with a SiO coating. The grating, by selectively feeding back only a narrow spectral
bandwidth of optical power to the active volume of the diode, forces the laser to oscil-
late in a limited spectral region. It should be noted here that in at least one previous
caselbl the facet reflectivity was nullified by lapping the facet at Brewster’s angle.
However, this method produced localized mechanical damage to the laser and severely

degraded its lifetime.

It has been shown!62.163 that a dielectric film with index of refraction given by

1/2
ny = [nLnext] (lg)
and thickness given by
A
t=~-— 20
411[ ( )

where n; is the eflective index of refraction in the laser, ny, is the external index, ney =
1 for air, and X is the vacuum wavelength of the laser radiation, gives a theoretical air-

laser reflectivity of near zero. Thus by this coating technique a diode’s emission may be
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decoupled from its normal oscillator modes and its spectral output may be controlled by

substitution of a variable dispersion external cavity. The results for a SiO coating are

shown in the next section.

The resulting bandwidth of an external grating cavity may be obtained from the

standard grating equation as shown by Heckscher and Rossil4® and is given by

A

A= 21 tan(6) (21)

where d is the active region thickness, f is the laser to grating collimating optics focal
length, and # is the grating angle of incidence for a grating in a Littrow mount. This
formula was derived using geometric optics. Substitution of numerical values appropri-
ate to the present project, A = 1.65 gm, d= 0.65 pm, f= 25 mm, and # = 30 degrees as
calculated from the grating equation!®? for a 600 1/mm grating, yields a bandwidth of
AX = 0.04 nm. It is demonstrated in Section 7 that the bandwidth achieved during this
project has never equaled that predicted by Equation 21. Therefore, it is important to

ascertain if this formula holds under a more sophisticated analysis of the spectral

bandwidth.

A better estimate of the bandwidth to be expected from an external grating cavity
can be achieved using coupled-mode theory of guided electromagnetic waves!®4. Many
recent developments 185167 j5 coupled mode theory have been driven by the interest in
coupling the optical output of diode lasers to various types of wavegﬁides, for example
to optical fibers or thin films. Since a diode laser active region is itself a waveguide, it
is appropriate to think of the coupling of the returned light from an external grating to
the diode laser as a diode laser to waveguide problem. A revised estimate of the

achievable spectral bandwidth is calculated in Appendix E using coupled-mode theory.
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The derivation presented in Appendix E yields an expected bandwidth of 0.1 nm.
This spectral width is 2.5 times that calculated by the generally accepted geometric
optics method and is, as shown in Section 7, closer to that observed in experiments. It
should be point.ed out that this wider bandwidth reduces the absorption that may be

achieved slightly below that calculated in Section 3.

The degree to which an external grating can control the wavelength and
bandwidth depends on the efficiency of the AR coating in suppressing residual modes of
the diode laser cavity and on the reflective efficiency of the grating. It is known!® that
a diffraction grating is effective only for light polarized perpendicular to its grooves. In
a narrow bandwidth external grating diode laser cavity the grating grooves must be in
the plane of the active region to ensure that the small dimension of the junction acts as
a slit that rejects all but the desired part of the spectrally dispersed fed-back light.
Because of this alignment, the fed-back light is then polarized perpendicularly to the
active region plane, that is it is TM polarized. If the diode laser is intrinsically TM
polarized, the returned optical power couples with the laser gain medium better than
does TE polarized light. It was shown in Section 4 that the lasers used in this project

are TM polarized which is advantageous for use in an external grating cavity.

It was shown in Section 5 that a significant signal to noise improvement ratio
(SNIR) could be achieved for the DIAL process when the on- and off-line portions of the
process were temporally separated by less than the decorrelation time of the atmo-
sphere, ie. less than 1 to 10 ms. Double pulse DIAL systems have been used to take
advantage of the improved SNIR. These systems have either used the combined output
of two laser cavities operating at separate wavelengths!3® or have used a movable
wavelength control element in a single cavity®®. The former scheme suffers from dupli-

cation of all cavity components while the latter is necessarily slow because of
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mechanical inertia. For an external grating resonator diode laser system, a second
diode laser may be placed adjacent to the first in the cavity. This second laser will be
located at a slightly different angle to the grating relative to the angle of first laser and
will oscillate at a different wavelength. So, the on- and off-line portions of the DIAL
process could be initiated by alternate electrical drive pulses to the two diodes. This
pulse scheme, with a 10 kHz interlace rate, was implemented for this project and its

mechanical and electronic construction are described in Section 7.

A final point about external resonator diode lasers: it is necessary to calculate the
angular positioning stability required for the grating to maintain the wavelength of the
light fed-back to the diode laser active volume within the bandwidth calculated in
Appendix E. It is clear from a simple trigonometric argument that the angular stabil-
ity for small angles must be given by the ratio of the effective slit half-width to the

focal length of the collimator optics

d
A —_—
9 < o (22)

where the symbols are those defined following Equation 21. Numerical substitution

yields A¢ < 25 microradians.

Although exotic alternatives such as holographic optical elements are conceivable
as the diode laser to grating coupler, common sense engineering suggests that refractive
lenses or mirrors are more appropriate. Mirrors for use in the near infrared can be

classified in turn into two categories: dielectric film and metal.

Work with refractive optics at the wavelength in question is both unusual and
difficult. The difficulty arises from the low index of refraction of glasses, n &~ 1.4, at

1.65 pm wavelength. So, it is necessary when using glasses to have either more, or more
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powerful, optical elements to duplicate the effects achieved at visible wavelengths. Dur-
ing this project, several optical design and fabrication businesses were contacted
regarding design and construction of a lens system to couple a 1.65 um wavelength
diode laser to a diffraction grating. Only one company, Research Optical Systems

Group, Inc., (ROSG) was willing to bid on design and fabrication of such a device.

The pre-design plans from ROSG called for a five or six element glass lens system
or a three or four element silicon lens system. The former would suffer from only 83-86
% optical throughput because of reflection and scattering from the large number of opt-
ical surfaces involved and would also be bulky. The latter would be difficult to align
since silicon is opaque to visible radiation. Implementation of either design would have
been prohibitive due to engineering and tooling costs. The large number of problems
associated with refractive optics made reflective optics more attractive for this project.

Hence, it was decided to design a reflective laser-grating coupling system.

Since the coupling of the diode laser to a grating is from a finite conjugate point
to an infinite conjugate, the mirror shape that would seem to give minimum optical
aberration is parabolic. Furthermore, an unobstructed optical path from the diode
laser to the grating requires an off-axis parabola. The focai length, f, needed to give
adequate bandwidth, as discussed in the above, along with the the lateral dimension of
the mirror needed to capture most of the rapidly diverging light emitted by the diode

laser (see Section 4) necessitate a drastically curved parabolic surface.

Dielectric thin film coatings are commonly used to achieve high reflectivity in the
NIR. However, these coatings are difficult to fabricate on surfaces of much curvature.
All the commercial coating houses contacted during the project declined to become

involved in a job of this nature.
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Metal mirrors are the other possibility for reflective optics in the NIR. In particu-
lar, aluminum mirrors are both light weight and have a reflectance of over 96% at a
wavelength of 1.65 gm at normal incidence!®®. At other than normal incidence the
reflectance increases and at any angle the reflectance is much greater than the total
transmission for a multi-element refractive collimator. On this basis, an aluminum off-
axis paraholoid of revolution was chosen as best for this project. Furthermore, for ease
in aligning the mirror to the rest of the external cavity components, it was decided to
use a right-angle ofi-axis paraboloid. That is to say, the axis of rotation of the para-

boloid would be perpendicular to the axis of the diode laser emission.

The required dimensions, such as focal length and angular swing, for a right angle
paraboloid may be determined with the help of Figure 12. The figure shows a cross-
section parallel to the axis of revolution of the paraboloid. The restricting conditions
on parameters displayed in the figure are as follows. The diode laser is located at
(F,0,0) where F is the focal length of the paraboloid. @;—, must equal the beam diver-

03+

gence of the diode laser to gather most of the light emitted. = 90 degrees so

that the paraboloid is right angle off-axis. The positions along the y axis where the
laser half-angle points intersect the parabola are y; and y,. The apparent width of the
diffraction grating as seen from the parabola is given by y,—y;. That is y,—y; = DCosf
where D is the width of the grating and @ is the angle of incidence of light on the grat-
ing which is &~ 30 degrees for a 600 1/mm grating. The width of the grating used for
the present work is approximately 58 mm. Simultaneous solution of the expressions for
oy and o, gives o) = 125 degrees and oy = 55 degrees. Substitution of the polar for-
mula for a parabola into the above equations and solution for f, the focal length of the

parabola, yields f = 17.8519 mm.



Y2

DCos 8

-Sg-

Y
az

x Y

3
-2.0
v(-3:9) a \F(0,0)

Cross-section of the external grating cavity parallel to optic

Figure 12.
axis of parabolic mirror.



- 59 -

Before proceeding with construction of an off-axis parabolic mirror the optical
aberrations that would be present in the folded external cavity as shown in Figure 12
were determined. The cavity is optically equivalent to a folded Ebert-Fastie!’ mono-
chromator modified to use off-axis parabolic mirrors in a Littrow configurationl’! as
originally suggested by Welford172 where the normal monochromator entrance and exit
slit function is accomplished by the small dimension of the laser active region. Ebert-
Fastie-Welford (EBW) monochromators are now widely used and their optical proper-
ties have been thoroughly studied173174. It has been shown 171 that EBW devices are

third order aberration free near the optic axis.

To determine how critical the placement of the diode laser in the right angle cav-
ity of Figure 12 would be in determining its optical aberrations, a computer ray tracing
program was written to simulate the cavity. The program name is CAVITY and
Appendix F contains the basic language source listing of this program as written for the
OGC Prime computer. The program carries out its calcﬁlations using geometrical
optics ray tracing; no diffraction effects are introduced into the calculations. No aber-
ration effects are introduced for the diffraction grating since gratings in a Littrow

configuration are anamorphic!7t175,

The program can perform three functions. First, 1t can display, with graphical
assistance from the OGC Prime Graphics Editor, the simulated off-axis parabolic cavity
with optical rays shown. There may be as many rays as are convenient for the pro-
gram user. Furthermore, the rays may be initialized by either direct specification of
their origin and initial direction or a two dimensional Gaussian angular probability dis-
tribution with two independent full-width half maximum angles may be specified for a
given origin. Figure 13 shows a typical ray-trace output. In the figure, the rays leave

from the focal point of the paraboloid with angles perpendicular to the active region of
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435,425,415, and O degrees and in the plane of the junction.

Second, the program can calculate and display spot diagrams of the light returned
to the diode laser facet. For this latter type of display it is advantageous to be able to
determine the sbot diagram for laser facets that have been rotated in the plane of Fig-
ure 13 or translated. This capability is integral to the program. Here, the Gaussian
angular probability distribution provisions of the program may be used to simulate the
beam divergence of the diode lasers as described in Section 4. Moreover, the program
creates, when used in this mode, statistical data in separate Prime disk files on the

beam size perpendicular and parallel to the active region.

Figures 14 and 15 show spot diagrams as generated by CAVITY. The figures
represent the returning light spot for 100 rays initially launched from (F,0,0) with Gaus-
sian angular probability distributions both perpendicular and parallel to the active
layer. Full width half maximum angles of 70 and 50 degrees, respectively, were used to
generate the diagrams. In Figure 14, the laser facet has been translated 15 um orthog-
onal to the axis of the paraboloid and away from it, i.e., away from the focal point. In
Figure 15 the translation direction is the same but the distance is 5 um. From these
figures it is easily seen that the spot size generated by the returning rays rapidly
changes and so alignment along this direction is critical for optimal coupling of the
returned light to the diode active layer. A spot diagram generated with the diode laser
at the focal point of the paraboloid produced a spot radius several orders of magnitude
smaller than the wavelength indicating that the system is aberration free when the
diode laser is properly positioned. These calculations show that placement of the diode
laser along this direction must be within + 1um for the aberration induced spot size to
be less than the active region thickness. Similar diagrams with the ray origin at

(F,+0.050mm,+0.050mm) yield spot radii less than the active region thickness. The
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external grating cavity diode laser is therefore optically aberration free under the res-

tricted use described here.

Last, the program when operated in the Gaussian angle mode creates a spot
diagram in the -plane of the grating. Figure 16 is a graphical representation of that
diagram. It may be seen from the figure that the illumination at the grating is not uni-
form and thus diffraction effects are not simply dependent on the grating width. This

will be discussed more fully in the next section.
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7. AN OFF-AXIS PARABOLIC MIRROR EXTERNAL GRATING CAVITY
DUAL DIODE LASER SOURCE

The preceeding sections have presented the requirements for the optical design of
an external grafing cavity diode laser source for a DIAL methanometer. This section
describes the construction and performance of such a source. Figure 17 shows the phy-
sical realization of the off-axis parabolic cavity described in Section 6 and schematically
shown in Figure 13. The cavity includes a diamond-machined off-axis parabolic mirror,
a diffraction grating mounted on a gimbal mount, a motorized micrometer for position-
ing the grating, a mount for two diode lasers, and a XYZ translation stage for position-
ing of the two diode lasers in the cavity. Each of the cavity components is described

below.

Figure 18 gives a view of the off-axis parabolic mirror. The drastic curvature of
the diamond machined surface is evident from the figure. Figure 19 is a reproduction of
the technical specification drawing for the mirror given to Pneumo Precision, Inc. for
machining in March 1983. The drawing was computer generated using the OGC Prime
Graphics Editor. Included with the drawing are several technical requirements. In par-
ticular, the mirror is fabricated in aluminum with a 17.852 mm focal length as was sug-
gested in Section 6. The surface figure is specified as \/2 at a wavelength of 633 nm
which is equivalent to A\/5.2 at 1.65 pm; the RMS surface roughness is specified to be

150 Angstroms or less.

The finished mirrors were tested against the specifications in tests at Pneumo Pre-
cision and at OGC. The focal length and surface figure were examined at Pneumo Pre-
cision using optical interferometric techniques and shown to meet specifications. Accep-
tance tests conducted at OGC included measurements of the mirror reflectivity and

total integrated scattering. Reflectivity at 45° incidence with 633 nm He-Ne laser light



The dual diode laser external off-axis parabolic mirror grat-

Figure 17.
ing cavity source. Shown are the off-axis parabolic mirror, the grating
and its positioner, and the dual diode laser mount and its positioner.
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The off-axis parabolic mirror with the diamond-machined

Figure 18.
surface presented.
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Figure 19. Technical specification drawing for mirror of Figure 18.
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was measured to be 87% for the sum of the specularly reflected spot and the scattered
light. Figure 20 shows a trace of light output versus angular position for one location
on the mirror. In the figure, the small fluctuations to the sides of the center spot are
scattered light and represent less than 5% of the total reflected light at 633 nm. The
total integrated scattering (TIS) is inversely proportional to the square of the

wavelength through the relationl7®

TIS =

2
471'50;‘)5! 6) ] (23)

where 6 is the RMS surface roughness, A is the wavelength, and 8 is the angle of
incidence. Using Equation 23 and the measurement at 633 nm the TIS at 1.65 pm is
calculated to be less than 1%. Coupled with the 87% reflectivity mentioned above a,nd-
the higher reflectivity of aluminum at 1.65 gm, a specular reflectivity of 96% is calcu-
lated. The RMS surface roughness, calculated from the measured values for TIS, angle
of incidence, and wavelength, is 160 Angstroms, which is within the measurement uncer-

tainty of the 150 Angstrom specification.

The diffraction grating is a 600 1/mm replica fabricated with aluminum on epoxy
on glass. It is blazed at 29° 41 for use in the first order at 1.6 um in a Littrow
configuration. Nominal reflectivity at 1.65 um into the first order is 70%. The grating

holder is an Ardel Gimbal 20-25 series mount.

There are three means by which the grating and gimbal mount could be automati-
cally rotated and electronically controlled to ensure proper wavelength selection. The
first method involves using piezoelectric translators attached to manual micrometers.
This technique suffers from the high voltages ( & 1 kV ) necessary to drive piezoelectric

stacks over distances on the order of 1 um. The second method involves use of micro-
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Figure 20. Light reflected from surface vs. scattered angle for the mir-
ror of Figure 18.
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stepped stepper motors. The stepper motor technique is similar to that using DC
motors with optical shaft encoder readout however the stepper motors are typically
more bulky. The third method, and the one used for this project, entails use of DC

motor driven micrometers with optical shaft encoder position readout.

The motorized micrometer shown in Figure 17 is an engineering run Ardel
Kinamatic MotorMikeT™ Model 17213 with position readout capability. Position
readout is achieved via TTL level electrical pulses from an optical shaft encoder and
has a linear travel precision of 0.1 pm with a backlash limited accuracy of approxi-
mately 3 um. A 0.1 um position precision is equivalent, through the 1 inch lever angle
of the gimbal mount, to a 4 microradian angular position precision. Such precision is

six times the angular resolution required as determined by Equation 22.

Double pulse LIDAR measurements, with an interpulse temporal separation of less
than 1 ms, were shown in Section 5 to be advantageous from a signal processing stand-
point. In Section 6, the concept of using two diode lasers in the same external grating
cavity was introduced as a means of achieving a short interpulse period where the two
lasers were placed at slightly different angles to the diffraction grating thus producing
slightly different lasing wavelengths. The external cavity displayed in Figure 17 con-

tains two such diode lasers in a brass mount.

Figures 21 and 22 are perspective drawings of the dual diode mount. Figure 23 is
a close-up photograph of part of the same mount. In the figures, two lasers are shown
to be positioned with their p contacts adjacent and contacting a gold strap conductor.
The strap has approximate dimensions of 25 um by 300 gm by 1 cm and was machined
at OGC from 25 ym thick commercial Au foil with a frequency doubled Nd:YAG laser.
The n contacts of the lasers rest on gold plated diamond heat sinks!77- 181, Diamond

heat sinks were chosen for this application because of their flat surface (cleaved planes)
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. A: Gold-Dlamond Heat Sink
Ll’/ 8: Indium Sotder

C: Diode Laser

D: Gold Foll

Detail drawing of the dual diode laser mount. Shown are

the diode lasers and their heat sinks and indium bonding pads.



Figure 23.
in Figure 22.

Photograph of that portion of the dual diode mount shown
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and parallel faces ( < 10 ) and because the thermal conductivity of Type Ila dia-
mondl78 is five times that of copper at room temperature. The lasers were hand posi-
tioned in the mount using a special function jig which featured an integral optical flat

to ensure optical alignment of the diodes.

The aberrations in an off-axis parabolic grating cavity were discussed in Section 6.
It was shown there that placement of the diode laser, regarding optical aberrations,
was critical only along the the optic axis of laser. The positioning stage shown in Fig-
ure 17 is a Klinger, Mode! MR-50, micropositioning device featuring manual micrometer
adjustment in a plane parallel to the axis of rotation of the paraboloid and manual
differential micrometer adjustment orthogonal to the axis. The former adjustments
have a sensitivity of 1 #m while the latter has a sensitivity of 0.1 gm. This precision is
necessitated by the aberration requirements discussed in Section 6 and is achieved with
an enhanced version of the standard MR-50. Before the diode lasers were mounted in
the dual diode mount and installed in the external cavity, they were AR coated to

decouple their light output from their normal cavity modes.

Dielectric thin films are often used for antireflection coatings on semiconductor
devices. A dielectric film with the index of refraction and thickness prescribed by Equa-
tions 19 and 20 of Section 6 has a theoretical air-laser reflectivity of near zero. There
are many methods!82 183 including thermal evaporation, sputtering, plasma deposition,
and chemical vapor deposition, by which such a coating might be applied to a diode
laser. However, most AR coatings for light emitting diodes and diode lasers that have
been reported in the literaturel84-187,140,142,156 5 ve used coatings thermally or e-beam
evaporated from SiO, although e-beam evaporation of ZrO,, 43 and sputtering of
SizN,188 among other techniques have also been successful. Because of the large

amount of information available about thermally evaporated SiO and its properties,
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this method of creating AR coatings was used on the present project.

The physical properties of evaporated SiO coatings have been well studied!89-192,
The index of refraction of SiO rapidly evaporated (> 10 Angstroms/second) under
vacuum conditic;ns of less than 1 x 10~ torr has been shown to be approximately 1.85
with negligible absorption near a wavelength of 1.65 um. The effective index of refrac-
tion for the diode lasers used in the present project has been previously shown!® to be
3.52. Since the square root of 3.52 is 1.88, SiO can be seen, through Equation 19, to be

a good AR material for these lasers.

There are two methods to achieve an optimum index-thickness combination for a
single layer film. One method is to calculate 163,193,194 the optimum index and thick-
ness from the properties of the particular diode laser using guided wave theory and then
to create those properties for the coating. This method requires complete knowledge
and strict control of the coating process and has recently been put into use to sputter
Si;N, onto laser facets!88, The second, and much simpler, method 18% uses a substance
with approximately the right index of refraction as given by Equation 19 and then mon-
itors the reflectivity looking for a minimum as the coating thickness increases. This

technique was used on this project.

The SiO AR coatings were deposited from a Drumbheller oven, Electronic Space
Products, Inc. (ESPI) Part No. ESPI KVAC-477, using evaporation grade SiO, ESPI
K4698C, at a background pressure of 107 to 107° torr. Figure 24 shows the setup for
monitoring the reflectivity in real time. In the figure, the current pulser drives the
diode laser at a point below lasing threshold so that the diode emits only spontaneous
emission. The light pipe shown in the figure carries light from the vacuum chamber to

a Ge detector and preamp outside the chamber. The resultant signal was synchro-
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Figure 24. Setup for in situ monitoring of the antireflection coating
thickness during deposition.
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nously detected with a lockin amplifier, EG&G 5101, at the pulse repetition rate. The
output from the lockin amplifier was recorded with a stripchart recorder. As the SiO
coating was deposited the amount of light escaping the diode laser facet varied thus

giving a record in real time of the coating efficiency.

Figure 25 shows the recorder output for a test AR coating deposited on a Laser
Diodes Labs Model LCW-5 continuous wave 5 milliwatt optical output diode laser. The
recorder plot is light output versus time. For this run a sine-wave generator was substi-
tuted for the pulser since the lockin amplifier intrinsically responds more efficiently to
such a modulation signal. In the figure, each peak in light output indicates an odd mul-
tiple of quarter wavelengths for the coating thickness, while the troughs indicate a half
wavelength thickness. The coating rate is approximately 16 Angstroms/second. The
overall trend downward with time is caused by increased scattering and absorption in

the coating. The after-coating reflectivity may be estimated from

I, =1, (1R, (24)

and
Iy =1, (1-Rg) (25)

where I, and I are the laser light outputs after and before coating, respectively, I  is
the light intensity inside the facet, and R, and Ry are the facet reflectivities after and
before coating. Equation 25 may be divided into Equation 24 to solve for R, using
Rg =~ 0.32 for the LDL laser and the \/4 peak in the figure. The resultant value of Ry
is 0.10 and would have been lower had not the device already had a commercial X/2

coating on its output facet.
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Figure 25. Optical output vs. time during deposition of a SiO
antireflection coating on a Laser Diode Labs Model LCW-5 diode laser.
The evaporation process was stopped at a 3 A coating thickness.
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Figure 26 shows an example of a chart recorder trace for an AR coating applied to
one of the diode lasers used in the present project. In this case, the evaporation process
was terminated at a coating thickness of A\/4 to achieve minimum absorption and
scattering. Calculation of the residual reflectivity in the manner presented above yields
R, ~ 1 %. After the coating was applied to the laser, which had a lasing threshold of
2 Amps before coating, it did not lase at currents greater than 6 Amps. Figure 27
shows a typical before- and after-coating light output versus drive current curve. In
the figure, the lower curve is the light output from the uncoated facet after AR coating.

The effect of the AR film on the lasing threshold is obvious from the figure.

The first attempts at AR film deposition were not as successful as those
represented in the figures above: the early films tended to peel from the diode laser
facet along lines parallel to the active region. The probable cause of this defect was
determined to be anisotropic stress!9® in the SiO film. Rotation of the evaporation
angle of incidence to the laser facet from normal to 40 degrees ofi-normal eliminated
the peeling problem. Subsequent film depositions exhibited another defect in which the
films peeled off in narrow bands on the output facet along the facet intersection with
the epitaxial layer interfaces. This type of defect occurred during prolonged operation
in the external cavity and was attributed to localized heating at the interfaces, possibly
due to nonradiative carrier recombination at those sites. Careful chemical pre-cleaning
of the diode laser facets along with argon glow discharge sputtering of the facet just

before evaporation eliminated this coating defect.

The cleaning and sputtering process was conducted as follows. After mounting of
the diode lasers in their dual diode mount, the mount was ultrasonically washed in elec-
tronic grade acetone. After the washing was completed the mount was dried in a nitro-

gen jet. The mount was then placed in the evaporator and exposed for several minutes
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Figure 26. Optical output vs. time during deposition of a SiO
antireflection coating on an InGaAs/InP diode laser. The evaporation
process was stopped at a 2\/4 coating thickness.
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to Hg discharge- generated ozone to break down!9 any residual hydrocarbons from thé
acetone wash. Then the vacuum chamber was evacuated to a background pressure of
500 mtorr of argon and glow discharge sputteringl®? of the facet was achieved by plac-
ing the diode laser mount near the aluminum anode of a 2 mAmp/ecm? current density
discharge for several minutes. The discharge and subsequent film deposition were con-
ducted in the presence of 200 mW of argon ion 514.5 nm laser light focussed on the
facet. The laser light helped to keep the facet clean by heating it and by providing
photons to the surface with energy greater than the binding energy of water vapor and

hydrogen, the most common contaminants in high vacuum environments.

We now describe the electronic attributes of the dual diode laser cavity’s
wavelength controller and its current pulser. First, the wavelength controller will be
described by paraphrasing and summarizing its manual, "Dual Diode Cavity
Wavelength Controller: Instrumentation for Automatic Laser Tuning” where a
definitive description of the controller, including hardware schematic diagrams and

software code may be found. Second, the dual diode laser pulser will be discussed.

The purpose of the wavelength controller is to cause automatic positioning of the
grating angle relative to the external cavity so that maximum absorption in methane is
achieved. The control process is designed to be a turn-key operation that is enabled
whenever the diode laser electronics are turned on. Figure 28 is a block diagram of the
physical layout of the controller and its associated hardware. The hardware used in
the controller consists of two circuits: the MotorMike (MM) motor control box and the
analog signal board. Both of these connect to an Intel SBC 80/20 single-board com-

puter.

The motor control box allows both forward and backward movement of the MM

which positions the diffraction grating. It uses two of the TTL-compatible outputs from
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one 8255 Programmable Peripheral Interface (PPI) which is on board the 80/20. One

output bit determines the motor direction while another bit turns the motor on and ofl.

The second circuit consists of analog signal conditioning amplifiers along with
sa.mp]e-and—holci (S/H) and analog-to-digital conversion (ADC) chips. This circuitry is
constructed on a separate module which plugs onto one of the PPI edge connector ports.
Two identical circuits are located on the module. The first circuit is for the reference
optical signal and the second is dedicated to the signal from the optical power that has

passed through a methane cell.

The signals are then conditioned. First, the reference and methane cell ger-
manium photodiode (Judson Infrared Model J-16) output is amplified using commercial
preamps (Judson Infrared Model 700). The output from the preamps is then condi-
tioned by a two-stage amplifier. The first stage is AC-coupled and noninverting with a
gain of 12. This gain, coupled with that of the preamplifier, allows only a small portion
of the optical output power to be used for this measurement. The next stage has a gain
of 3 and includes an offset adjustable input. The offset allows the operator to calibrate

a zero signal value while the light to the photodetectors is blocked.

The conditioned signals then go to sample-and-hold chips. These chips, as well as
the following analog-to-digital converters, are controlled by the outputs from a dual
monostable pulse generator which in turn is controlled by the TTL output of signal B
from the diode laser pulser. The monostable pulse generator pulse widths are indepen-
dently adjustable. This allows the operator to set the S/H-ADC operation to occur at
the maximum for each photodetector pulse thus compensating for any difference in the
time constants of the two channels. The rising edge of the pulse causes the S/H
amplifiers to start sampling and sets up the ADCs. The falling edge of the pulse then

causes the S/Hs to hold the peak value and simultaneously starts the conversions by
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the ADCs. The signal pulse from the optical detectors and their preamps and amps
occurs about 2 microseconds after the laser fires. After the ADC, the computer, which
has been interrupted by the same TTL output B from the laser pulser, acquires the digi-

tal data.

The controlling software is written in assembly code and is stored in EPROMs. A
complete listing of the software code is available in the controller manual. The code is
located by functional blocks on separate EPROMs as follows. The first block contains
power-up and interface chip initializations. The second block includes several
mathematical and setup routines called by the main operating system. The third
EPROM includes several routines. One routine does 64 ADCs for each laser and then
returns the ratio of the sums. Another scans the MM over a predetermined wavelength
range seeking the minimum transmission through the methane cell. Other routines on
this EPROM back up the MM to a predetermined point for rescanning of wavelength

and output to a monitor raw signal values from each laser.

The main operating program contains the following functions:
1. Back up the MM 1024 counts ( 5.7 nm or 21 em™' ).
2. Scan forward 2048 counts ( 11.5 nm ) moving the MM 3 or 4 counts ( ~ 0.02 nm )
each time saving the position where the minimum transmittance through the methane
reference cell occurs.
3. Back up 128 counts beyond where the minimum was found.
4. Scan forward 256 counts, moving about 2 counts each time and again determine the
location of minimum transmittance.
5. Compute a threshold value above the minimum value which will be looked for on the
final scan. This has been implemented as 1/16 of the difference between the maximum

and minimum ratios found during the first two scans but may be arbitrarily set.
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6. Back up 64 counts beyond the most recently found minimum.

7. Scan forward, moving 1 count each time, until the threshold value is found.

The schematic diagrams for the dual diode current pulser are shown in Figures 29
and 30. Figure 29 shows the pulser timing circuitry. Figure 30 displays one channel of

the current driver.

The timing circuitry shown in Figure 29 has several notable features. The pulse
repetition frequency may be set with the pulse rate potenti§meter for interpulse periods
of 0.1 to 1 ms. Another potentiometer controls the pulse width with a range of 100 to
300 ns available. An external enable (ground to disable) connector is provided to
remotely turn the pulser on or off. Other external connection signals include a square
wave synchronization signal at the PRF rate and TTL level pulse outputs, A and B,
coincident in time with the laser current pulses. These three synchronization pulses

allow for timing of external devices. Use of Pulse B was described above.

The diode driver shown in Figure 30 also has several notable features. The laser
diode may be driven with a 0 to 10 Amp current pulse by varying the laser diode power
voltage from O to &~ 40 volts. This 4 £ effective dynamic resistance compares favorably
with the commercial diode laser pulsers, Laser Diode Labs (LDL) Model LPC-23C, used
in the early parts of this study. The LDL pulser had an effective resistance of = 30 €2
thus needing = 300 volts to drive the a diode laser with 10 Amps. The improvement
achieved is due to the use of low on-impedance FETs, IRF521, instead of SCRs as in the ‘
LDL devices. The rise time of the current pulse is approximately 15 ns when the diode
laser is mounted at the pulser output and slightly longer when an external BNC cable
connects to the laser. The driver has external connections that supply the current pulse
waveforms using a single American Laser Systems Model 711 inductive current probe.

Current to the dual diode laser mount is also supplied through external BNC
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connections.

The optical output characteristics of the dual diode laser source will now be
described. Specifically, the wavelength bandwidth and tunability of the optical output
will be discussed. The automatic tuning of the diffraction grating to an absorption

maximum in methane will also be demonstrated.

Figure 31 shows the tuning range accessible by the dual diode external cavity.
The figure was generated by focussing the light output from one diode laser in the dual
cavity onto the slit of a Jarell-ash Mark-X 0.27 m spectrometer and scanning
wavelength while synchronously detecting the spectrometer output with a Ge detector
and lockin amplifier. It can be seen from the figure that a wavelength range of 1.624 to
1.648 pm (6158-6068 cm™!) was achieved in this instance. In other cases, both slightly
shorter and longer wavelengths have been achieved. It may be seen that the spectral
range of the figure includes several lines, notably R6, of the 2v; overtone band which

was described in Section 3. However, not all wavelengths in this range were attainable.

Higher resolution spectral scans over a smaller region were conducted by placing a
Fabry-Perot interferometer between the spectrometer output and the Ge detector. The
interferometer consists of a piezoelectrically scanned Fabry-Perot device (Burleigh
Model RC-110) driven by a ramp generator (Burleigh Model RC-42). The lockin
amplifier output was then plotted on a chart recorder while holding the dual cavity
grating fixed or the detector output was viewed on an oscilloscope screen while scanning
the cavity grating. Figure 32 is an example of the chart recorder output. For this
figure, the Fabry-Perot mirror separation was 0.013" yielding a interferometer free spec-
tral range of 41 Angstroms. That is to say that the wavelength separation between the

major peaks in the figure is 41 Angstroms. The slits of the spectrometer were adjusted
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to match this spectral range. From the figure, the calculated linewidth (FWHM) is 1.4
Angstroms. When the output was viewed on an oscilloscope and the grating was
rotated, it was seen that for some positions of the grating the residual diode laser cav-
ity modes, as determined by blocking the grating feed back while observing the spec-
trum, would appear. This was the cause of the inability mentioned above to achieve all
wavelengths encompassed by the range of Figure 31. The source of such residual laser
cavity modes is residual reflectivity which indicates that a more efficient AR coating
would be required for more continuous tuning. It was also observed that tuning tended
to be less efficient with usage over several days indicating possible degradation of the

coatings.

Automatic tuning of the source wavelength to a methane absorption line was
demonstrated in a 30 cm long cell filled with methane at atmospheric pressure. The
cavity was tuned following the seven step procedure outlined above so that maximum
absorption was attained for one diode while at the same time negligible absorption
occurred for the other diode. The transmittance through the methane cell was recorded
on magnetic tape as the wavelength controller rotated the grating over a range near
maximum absorption seeking the minimum cell transmittance. Figure 33 shows the
recorded data. In the figure, it can be seen that the dual diode laser output scans
through a minimum in transmission and then retraces its steps through the minimum
again. What has not been shown is the final high resolution scan, step 7, in the pro-

cedure described above.
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8. PERFORMANCE TESTS

(i) Lifetime Test

The setup -used for lifetime testing is illustrated in Figure 34. The lifetime tests
conducted involved continuous operation of the lasers over extended periods; sometimes
for more than a week. For example the laser designated D16 was driven with 6 ampere,
160 nanosecond duration current pulses at a pulse repetition rate of 400 Hz for 63 hours
and 50 minutes. The current was then increased to 9 amperes and the laser operated
for 123 hours and 10 minutes. The total number of pulses in this test was therefore
2.7 X 108. The laser output power was recorded on the chart recorder throughout this
test and found to vary less than 15% during each segment of the test. No trend to

degraded operation was observed even at the end of the test run.

(ii) Output Power

The optical output from several lasers was measured with a calibrated Judson J16
Germanium photodetector. Essentially the same experimental setup was used as for the
lifetime tests (Figure 34). The output power varied substantially from laser to laser but
when devices were selected on the basis of lasing threshold those with thresholds less
than about 2 amps were all observed to emit well in excess of 100 mW when driven with
pulses of 7 amps peak current. Typical output power with 10 amp current pulses was
200 mW. Measurement of the output power when the lasers were mounted in the exter-
nal off-axis parabolic mirror grating tuned cavity proved to be extremely difficult other
than in a relative sense. It is estimated from qualitative observation of the intensity of

the emission that 40% of the total output power could be concentrated into the single
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line of the tuned cavity. This indicates that the on-line power would be as great as 80

mW when a selected laser was operated at a drive current of 10 amps.

(iii) Pulse Width and Repetition Rate

The width of the optical pulses can be inferred from the width of the drive current
pulse. The timing circuit of the dual diode pulser displayed in Figure 29 allows the
current pulse width to be varied from 100 to 300 nanoseconds FWHM. The optical
pulse width is at least as short as the current pulse and is therefore adjustable from

below 100 nsec to 300 nsec.

The pulse repetition rate is also controlled by the timing circuit shown in Figure
29. It is continuously variable from 100 Hz to 10 kHz. Since the pulses are directed
alternately to the two diode lasers in the cavity this means that each laser may be fired

at a rate variable from 50 Hz to 5 kHz.

(iv) Methane Absorption Measurements.

The setup used for making absorption measurements is illustrated in Figure 35.
Part of the light from the dual diode laser cavity was split off and directed to a detec-
tor. The remainder of the light passed through the gas cell containing the gas of
interest and fell on an identical detector. The outputs of the two detectors were then
ratioed to normalize the power measurement against pulse to pulse laser power varia-
tions. Measurement of the methane absorption coefficient was accomplished by first
filling the gas cell with 100% methane and tuning the laser cavity to an absorption

maximum and the power transmitted through the cell measured. The gas cell was then
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filled with pure, dry nitrogen and the power measurement repeated. Methane (100%)
was then reintroduced into the cell and the power again measured. The ratio of the
power transmitted through the methane filled cell to that transmitted through the cell
filled with nitrégen was 0.44 as recorded in Figure 36. Although greater attenuation
was observed with some realizations of the dual diode laser cavity this was the best
documented result achieved. Assuming exponential attenuation of the laser light in the
gas and noting that the length of the cell was 31.5 cm an absorption coefficient of 0.026
(cm a.t;m)'1 was calculated. When the laser cavity was tuned off a methane absorption
line the absorption coefficient was calculated to be less than 0.002 (cm atm)™!. The
difference between the on-line and of-line absorption coefficients is therefore 0.024

(em atm)_l.

The absorption coefficents of other atmospheric constituents could be measured in

the same way. However time did not permit further evaluation of the system.
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9. CONCLUSION AND RECOMMENDATIONS

A dual wavelength light source for remote DIAL measurement of methane has
been constructed, performance tested, and operation of its automatic tuning feature
demonstrated. The light source has several novel features including use of two diode
lasers in a single external cavity, a motor-micrometer controlled diffraction grating as a
tuning element, and an off-axis, diamond machined aluminum, parabolic mirror to cou-

ple the diode lasers and diffraction grating.

The dual diode external cavity source was designed for use in a differential absorp-
tion system. The available techniques for remote optical detection were examined in
Section 2 where it was shown that a DIAL system is well suited to the conditions in
coal mines. The spectroscopy of methane and other coal gas constituents was reviewed
in Section 3. The spectral region around 1.65 pum was found to be nearly ideal for a
diode laser DIAL system both because of the sparcity of spectral features of the other
gases and because of the overlap with the emission spectrum of diode lasers which
operate at ambient temperatures. In particular InGaAS lasers emitting at 1.65 um

were available.

The properties of broad area diode lasers of the type used in this dual diode source
were discussed in Section 4. It was noted there that the linewidth of the laser emission
was several times broader than the width of the absorption lines in the methane spec-
trum; a fact implying that insufficient absorption of the laser light would occur as dis-

cussed in Section 3 thus indicating a need to narrow the laser linewidth.

The question of sensitivity and noise was discussed in detail in Section 5. It was
shown there that the Federal regulations for methane measurement could be met with

a signal to noise ratio of 300:1 and that this SNR could be achieved by signal averaging
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provided the laser line could be narrowed to approximately 0.2 em™! as discussed in
Section 3. The optical design of the off-axis external cavity was detailed in Section 6. It
included analysis of the laser/grating coupling system with a ray-tracing program and
generation of spot patterns in the plane of the laser. The off-axis parabolic mirror was

shown to he aberration free.

The individual components of the dual wavelength source, the complete assembly
(Figure 17) and the mode of operation were described in Section 7. The diamond
machined mirror (Figure 18) was tested and the machined surface showed acceptably
low scattering losses. A motor driven micrometer with optical encoded shaft position
readout controls the position of the diffraction grating tuning element and allows pre-
cise tuning of the lasing wavelength to an absorption line under microprocessor control.
The tuning range of the system was demonstrated to be more than 24 nm centered at
1.636 pm. The mode of operation of the system is to scan the wavelength of the laser
over its tuning range in relatively course steps searching for a maximum of absorption
in a reference cell containing methane. It then returns to the position of maximum
absorption and repeats the scan in finer steps to precisely locate the optimum

wavelength for making methane measurements.

The perfomance tests on the dual diode laser cavity are described in Section 8.
These were tests to measure laser lifetimes, output power and the absorption of the
laser light in methane. The results of these tests and some operating parameters of the
dual diode laser cavity will now be compared to the design values and the overall per-

formance of the system evaluated.

The system design called for the dual wavelength light source to have the follow-

ing operating parameters:
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e Output Power Level - greater than 50 mW peak power with less than 25% pulse

to pulse variation.
o Pulse Width - less than 300 nsec; 200 nsec nominal.
e Pulse Repetition Rate - greater than 100 Hz; 500 Hz nominal.

e Laser Lifetime - 10® pulses at a prf greater than 100 Hz with less than 25%

power degradation.

e Methane Absorption Coefficient - greater than 0.1 (cm atm)~! on-line; less than

0.01 {cm atm)™! off-line.

e Other Species Absorption Coefficients - less than 5.5 X 1073 (cm atm)™! in both
H,0 and CO,.

All of the above design goals were to be satisfied by the dual wavelength light
source or it was to be shown that any failing parameter would not be crucial to the

performance of a remote methane measurement system.

The results of the laser lifetime tests reported in Section 8(i) clearly show that the
design lifetime of 10® pulses with less than 25% degradation in output power was
achieved. The pulse width and repetition rate also meet the design requirements of 200
nsec and 500 Hz as reference to Section 8(iii) reveals. In fact the pulses can be made as

short as 100 nsec in duration and the repetition rate can be as great as 5 kHz.

As discussed in Section 8(ii) the output power levels achieved with the individual
lasers selected for use in this study were all at least 200 mW when the lasers were
driven with 10 amp current pulses. Approximately 40% of the power emitted by the

lasers could be concentrated in a single line when the lasers were mounted in the
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grating tuned cavity. The on-line peak power which was achieved with the dual diode
light source was therefore approximately 80 mW which exceeds the mirimum design

value by 60%.

The Vmetha.r'le absorption coefficient measurements were described in Section 8(iv).
The value 0.026 (cm atm)™* attained for the on-line absorption coefficient was well
below the design goal of 0.1 (cm atm)~!. The reason for this discrepancy can be traced
to the failure to achieve the emitting linewidth of 0.05 nm with the grating tuned cav-
ity. The observed linewidth of 0.14 nm (see Section 7) is about 3 times broader than
the lines in the absorption spectrum of methane around 1.65 pm and the laser light is
therefore not efficiently absorbed. The value of 0.002 (cm atm)~! which was determined

for the ofi-line coefficient is a factor of five better than the design goal.

Time and resources did not permit measurement of the absorption coefficients in
water vapor or carbon dioxide. These are certainly important constituents of the mine
atmosphere. However measurement of these absorption coefficients was given a low
priority since the spectroscopy of both species is well understood and their absorption
lines in the 1.65 um region of the spectrum are tabulated in the AFCRL compilation®®.
The strongest water line near the prominent methane features which were used in this
project is 2000 times weaker than the methane lines. Similarly the strongest COj line
is 150 times weaker than the methane lines. This indicates that the absorption
coefficients of both water and carbon dioxide should be less than 2 X 107 and the

design requirement satisfied.

It may be said then that the dual wavelength light source has met all design
requirements save that of the on-line methane absorption coefficient. To see whether

this is a serious defect it is necessary to refer to some of the calculations presented in
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Section 5 and Appendix D. It was shown there that the signal to noise ratio which was
required to satisfy Federal Regulations was 300:1 if the absorption coefficient wa.s‘ 0.15
(cm atm)™!. If the absorption coefficient is instead 0.024 (cm atm)™! the required SNR
is 1875:1 and the signal to noise must be improved by a factor of 530 by signal averag-
ing. This implies averaging over 280,000 pulses. At the 5 kHz maximum prf which can
be obtained with the drive current pulser this would entail averaging for some 56
seconds. This is considerably longer than ideal for practical measurement of methane
concentrations at the working face of a coal mine. As a result we believe that the dual
wavelength light source is not suitable for use in an instrument to remotely measure
- methane in coal mines. It may therefore be asserted that the dual wavelength light
source has met all the design goals except for the low on-line methane absorption

coefficient and that this failure significantly detracts from the utility of the light source.

Although the construction and performance testing of the dual wavelength light
source described in this report represents a significant accomplishment in the develop-
ment of mine safety instumentation and the design could be modified to meet the
methane absorption coefficient design goal by increasing the focal length of the para-
bolic mirror and the size of the diffraction grating (see Equation 21) it is not recom-
mended that further effort be expended on improving this design. This is because the
increased size of the source implied by an increase in the size of the mirror partially
defeats the purpose of using diode lasers and because the rapidly changing technology of
semiconductor lasers has resulted in more promising types of lasers and line narrowing
techniques. For example, phased array diode lasers are capable of producing high power
optical pulses comparable to those produced by the broad area lasers used in this study
and have a narrower emission spectrum and better optical beam quality?2. Cleaved-

coupled-cavity (C®) lasers have the potential of narrowing the emission of a multiple
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emitter phased array so that it matches the width of an absorption line198 It is true
that this type of laser has not yet been fabricated in InGaAs or other material suitable
for 1.65 pm or longer wavelength emission but the techniques should be applicable to
such materials. It is recommended that these new developments be thoroughly

evaluated prior to further developmental work on remote coal mine methanometers.
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APPENDIX A

This appendix lists the computer source program used to generate data for plots of
optical transmission versus wavenumber, for a specified methane concentration, and for
a specified spectral resolution. Plots for the P, Q, and R branches of the 2v; methane

absorption so generated are shown in Figures 3 through 5 in Section 3.

This program is a modification of a listing presented in an AFCRL document®2,
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APPENDIX B

This appendix presents a safety calculation for a 1.6 pm collimated repetitively
pulsed diode laser. It is based on the "American National Standard for the Safe Use of
Lasers"!!3. The explanation below is paraphrased from Section B.3.1.2 of that docu-

ment. The calculation presented is similar to Example 4 therein.

To determine the maximum safe exposure for a repetitively pulsed laser, the
wavelength, PRF, duration of a single pulse, and duration of a complete exposure must
be known. This determination requires two analyses and a conclusion, Steps 1 and 2

and Step 3, respectively, in the following calculation.

The calculation determines the intrabeam direct-viewing exposure for a
Ing 53Gag 47As/InP (X & 1.6 u#m) laser of pulse duration (7) equal to 100 ns and PRF =
10 kHz. Since the 1.6 um wavelength light will not cause a natural eye aversion
response, as a visible-wavelength laser would, a 1 second exposure duration (T) is

assumed.

Step 1. Individual Pulse Limitation

This step requires the calculation of the maximum exposure based on the limita-
tion that a single-pulse exposure shall not exceed the single pulse maximum permissible
exposure (MPE) (ANSI Sections 8.5.1.1 and 8.5.1.5) multiplied by a correction factor
(F,) of ANSI Figure 12. From that figure, F = 0.06 for a PRF =10 kHz. The maximum

exposure for an individual pulse is given by
H, = F,(MPE) = (0.06)(10~% Jem™?) = 6.0X10™* Jem™2. (B.1)
On this basis, the maximum exposure for a train of pulses is given by

H = H,(PRF)T = (6.0X107%)(10° Hz)(1 Sec) = 6X10™" Jem™2. (B.2)
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Step 2. Average Power Limitation

The average power limitation requires the calculation of the total radiant expo-

sure for the total pulse duration. From ANSI Figure 6, for T =1 Sec the maximum

Ir

exposure is given by

H =5.6X10"! Jem™2 (B.3)

Step 3. Conclusion

Comparing the results of Step 1 and Step 2, the more restrictive limitation applies.
Step 2 is more restrictive and hence applicable. This implies that the maximum single

pulse exposure is given by
H, = 5.6X107° Jem™. (B.4)

This result then gives a peak power density for each pulse

H. -5 -2
_T_x_ _ 5.5X107° Jem — 550 Wem™2.

D. =
1077 Sec

P

(B.5)
Assuming 2 1 mm laser beam diameter (ANSI Section 3.2.3.3), the resulting peak power
is

D? ‘
Pp = Dp1l'—4— =43 W (B.S)

where D is the beam diameter. This power value is the upper limit to exempt laser

status.
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APPENDIX C

Standard expressions !1° for, and numerical values of, the various detection noise
sources of Section 5 are presented in this appendix. Here it is assumed that the detec-
tion system views, in addition to signal backscattered from coal dust, a Lambertian

blackbody wall. The wall is assumed to be at temperature of 20°C. The optical power

received by the detection system is given by

PI‘,BB = WA)‘AQOA)\G (C.l)

where Wy, is the spectral blackbody radiance, A is the area of the sources seen, Q, is
the solid angle of the receiver optics subtended at the source, A\ is the spectral

bandwidth of the receiving system (~10 nm), and € is the source emittance which is

assumed to be -:r— This implies

P, pp = 1x10 Bwatts (C.2)

where numerical values typical to the HRL methane detection system have been used.

The calculated optical power yields the following background averaged squared noise

current:

7 _ 3e? P, gp n AV
B hv

= 3x107%2 Av Amps® (C3)

where e is the electronic charge, 1 is the detector efficiency (=0.5), Av is the detection
system electronic bandwidth in Hz, hv is the laser photon energy, and where 100% opti-
cal efficiency has been assumed. An implicit assumption of no artificial light sources in

the detector field of view has also been made.
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The averaged squared detector dark current for photodiodes, which are typically

used in the near infrared, is given by

i = 2e iy Av = 3x107¥ iy Av Amps? (C.4)
where i4 is the detector dark current in Amps.

The averaged squared signal shot current is given by

o _ 3e? P, n Av

N " = 3x10"% Ay Amps® (C.5)

where a returned optical power, P, = 10~% watts is assumed.

The averaged squared load and amplifier current noise for a voltage amplifying

circuit is given by

4Ky T, Av
Z= —Bﬁf— (C6)

where Ry is the load resistance, Kp is the Boltzmann constant, and the equivalent tem-
perature is given by
T, = (F){290°K) (C.7)
where F is the noise figure of the amplifier. A typical value of good amplifiers is
F =1.3; T, ~380°K. R, is limited by the system time constant, 7, through the relation
7=R,C (C8)

where C is the total amplifier input capacitance. This implies
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Ry = —1— . (C.9)
L™ 9AC

Thus the averaged squared noise current is given by

“

iZ = 8KyT,C(Av)? (C.10)

where C is in units of farads. Substitution of a typical capacitance value, C =10""'F,

for a small area Ge photodiode at zero bias gives

iZ = 4x10~%(Av)?Amps? (C.11)
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APPENDIX D

The relationship between the DIAL measurement accuracy and the measurement
precision of voltage is presented in this appendix. This relationship is derived from the

fundamental DIAL expression, Equation 5.

The derivation proceeds in two steps. In the first step, Equation 5 is inverted to
solve for the gas concentration implicit in the absorption coefficient. In the second step,

error propagation analysis is applied to the inverted Equation, D.17.

The fundamental expression, Equation 5, is given by

-2?a(t)dr
P.(R)= ﬁ—] [Rz ; 0.1)

where B = Mie backscatter coefficient, AR = sample depth, R = distance to the sample
volume center, P, = power transmitted, P, = power returned, K = optical system

efficiency, A = receiver area, and @ = methane absorption coefficient.

As explained in Section 5, the geometrically range resolved DIAL process requires
two light pulses each returning light from two locations, at R, and R,, respectively. In
what follows, pulse #1 refers to the on absorption line pulse in the DIAL process. Pulse

#2 refers to the off line pulse. Also, R,—R;=AR. For pulse #1:

B (R )
Pr,on(R2) = Mle 2 K2A2Po 1 RR €Xp [_2O'ABS on 2R ] (D2)
)
Prie(Ry) AR ~
Pr,on(Rl) = Z - KA P, RZ 5 ¢Xp [_2QABS,on,1Rl]‘ (D.3)

1

For pulse #2:
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B ( ) AR -
P oa(Rg) = Mle 2K AP, R2 OXP [_2aABS,oﬂ,2R2] (D4)
2
B ( ) AR _
) ,oﬂ(Rl) — Mle 1 1A1P°’2"‘_'2 eXp [_2aABS,Oﬁ,2R1]‘ (D5)

Rj
In Equations D.2 through D.5 the superscript bar indicates the average absorption
coefficient over the given range R. Also, & = a,pg as explained in Section 5.

Writing the light powers of the above equations as voltages through the use of

square law detectors, the following definitions are made:

R,)
N =In VronRo) D.6
o r,on(Rl) ( )
and
V. oa(Ro)
N . = In |02 D.7
on = 0|5 Ry (B-7)

As a first step toward inversion of Equations D.2 through D.5, substitution of those

equations into D.6 and D.7 and subtraction gives:

Non—Nog = —28Aps on sRo+2Zans on,1R1+2%Ans of, 2R2—204Bs o 1R1. (D.8)

It is convenient to introduce the following definitions:

OABS on 2R2 = Qaps on,1R1HaBs on(Re—R1) (D.9)

and

GBS ot 2R2 = Qaps o 1R1H®ass on(R2—R1)- (D.10)
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Here Gpps,, is the average value of apps,, on [RI,R2], and likewise for the off com-
ponent.

The inversion is then nearly complete with the following observation:

Non—Noﬂ = 2(R1_R2)(.&ABS,on_5ABS,oﬁ) (D'll)

The absorption coefficients may be written as a product of the average gas concentra-

tion and the absorption cross section as follows:

aABS,on = CU()‘on) (D‘12)

and

QpBs off = Co(Nog) (D.13)

where o is the absorption cross section at wavelength X\ and T is the average gas con-

centration on [Rl,Rz]. The average gas concentration may then be written:

Non—Noﬂ

C = SRR;) 000s)—0oug)

(D.14)

The inversion of Equation D.1 for the gas concentration is complete with the exception

that the two ¢ variables have yet to be expressed in terms of measurable parameters.

The variables o,, and 04 can be calculated from:

V.

Ton = €Xp [—-a()\on)C'l] ==z (D.15)
Von,l
Voﬂ 2

Tog = exp [—-a()\oﬂ)C’l] = (D.16)
Voﬁ,l
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where C' is the known gas concentration in a reference cell, ] = ry—r;, the length of the
reference cell, and V,, and V4 are reference detector voltages. The completed inver-

sion of Equation D.1 is given by:

n [ Vr,on(RZ) 1 [Vr,off(RQ)
C C'(l‘2-l'1) vr,on(Rl) Vr,oﬁ‘(Rl)

2(R1_R2) In { vonll ]—ln [Voﬁll ]
V Voﬂ,2

on,2

(D.17)

Error propagation analysis is now applied to the inverted Equation D.17. The
analysis is carried out in terms of standard deviations of the various measured voltages

and the calculated methane concentration.

The standard deviation in the concentration for uncorrelated voltage fluctuations

is given by19%:

1/2
_|g (e

i=1

where o, represents the standard deviation in x. The partial derivative factors in D.18

may be written:

QD

kL
V.

1

(D.19)

-
— — —— —

(¢

where & is given by:

 Cl(rg—y) 1

2Ry Ry) N [ A ]_ln {Voml
Vv Voii 2

on,2

K (D.20)
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for the returned signal voltages, V,, and

aC

180 _ | oLl
NAVK N PO O
EANSA (D-21)
! 1 ] | |
where k' is given by:
n [ vr,on(RQ) —In {Vr,oﬂ(R2) ]
K= 4 C'(l'z*‘l‘1) Vr.on(Rl) Vr,oﬁ(Rl) (D.22)

- 2
2(R,—Ry) [v] [v]
In = |—In L
v Voﬁ,2

on,2

for the references voltages.

The assumption is made that equal signal to noise ratios can be achieved for each

measured return voltage. That is, assume:

o 0: (o4
S

for all i and j for the returned signals. Also it is assumed that the reference signal to
noise ratios are much greater than the returned signal ratios due to the larger optical
power available to the reference detectors. If the reference cell gas concentration is
adjusted to obtain the absorption typically found in the remote sample volume (ie.
population distribution of absorbing molecules and pressure broadened linewidths are

the same)!3%, the following approximations can be made:

ln Vrlon(R2) ~y In Vonll d ] Vr:Oﬁ‘(R2) e ln voff,l (D.24)
vr,on(Rl) von,2 Vr,oﬂ(Rl) V011,2

Equation D.24 implies & ~ «'.
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Substitution of D.23 into D.18 then gives:

20y |k}
v

O'C—-

(D.25)

where the &’ term is removed because of the large reference signal to noise ratios. Sub-

stitution of Equation D.20 into Equation D.25 divided by Equation D.17 yields:

[ ron(R2 ] [ _'roff\-tes R2 ] (D.26)
ron roﬁ

Since the absorption cross section is small in the off line portion of the DIAL pro-

o _,%v
c"2v

cess, simplifications can be made to Equation D.26. Specifically, the small amount of
vabsorption implies:
V1' oﬂ'(R2)

Vr,oﬂ( 1) ~1 (D'27)

Finally, substitution of Equation D.27 into Equation D.26 gives a simple expression
for the maximum allowable normalized standard deviation in the measured voltages as
a function of the required gas concentration measurement accuracy and the amount of

absorption in the sample volume during the on line portion of the DIAL process:

]
Iv 1 %c I [ ron(Re) ]
Y =& e (D.28)
A 2 | r,on(Rl)

[ I
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APPENDIX E

This appendix presents a derivation of the spectral bandwidth for the off-axis par-
abolic mirror/grating diode laser cavity used in this project. This derivation uses, as

Y

was mentioned in Section 6.2., coupled mode theory as its basis.

Figure E.1 shows schematically an external grating diode laser cavity. The spatial
dependence perpendicular to the diode active region of the laser waveguide circulating

mode and the optical mode incident on the laser facet may be written, respectively, as:

¥, (2=0) = Aexp [ "f] (E.1)
W .
and
X—3 2
V,(z=0) = A’exp [-—z(m)-] (E.2)

where w, is the spotsize of the waveguide circulating mode in the diode laser, g is the
ratio of the spotsize of the incident wave to that of the guided wave, a is the relative
displacement in the x direction of the two spots, and A and A’ are proportionality con-

stants.

The coupling efficiency between the guided and incident modes is given by 166,167

= f
= IRAY {
-00
n=-—" — . (E.3)
IRASERAN
-00 -—00

This implies by substitution that 7 may be written as



2
<._
d
| o/ 3
- - - v
. Lo |
GRATING
DIODE LASER
OPTICS f
Re

Schematic representation of the dual diode laser cavity

Figure 37.
showing the diode laser circulating guided wave and the grating returned

optical mode.
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Evaluation of the integrals in Equation E.4 leads to the following expression for n

n(a,8) = 2B exp | —2 (E.5)
: B | ()

In Figure E.1, 2a =A@ where { is the focal length of the focussing optics and
where Af# is the full width angular deviation of the grating fedback light from the
center wavelength. Substitution of Equation E.5 into the fundamental dispersion rela-

tion for a Littrow mounted grating!8®

Af = 2tan(#) A\

x (E.6)
yields
_ 2
n= 3@ exp 2(f tan(6) AN) (E.7)
Bé+1 A2 [ 5 +1]
It is known that®4
1 1
I xa+ oL In [ RIRG] (E.8)

where I,; is the laser threshold current, o represents the laser internal losses including
the loss associated with the current required to achieve zero gain, and L is the laser
length, R, is the laser output facet power reflectivity and Rg is the effective grating

reflectivity.

Rg may be expressed as:

where R, is the mirror reflectivity & 0.95, and ¢ is the Littrow mount grating efficiency
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R may be expressed as:
Rg=RZen (E.9)

where R, is the mirror reflectivity ~ 0.95, and ¢ is the Littrow mount grating efficiency
&~ 0.70. Both R, and ¢ are nearly independent of wavelength on the scale of the

present discussion. Let the following definitions be made:

I, = I,(\=\) (E.10)
IA)\ = Ith [)\=)\<):|:—A2l (Ell)
I
Zpy = ~> (E.12)
Iax

which implies that

1 1
a+—=—1In|——
2L [ Rer?'neno\l

ZAX = (E13)

e+ 1o [___1_

2L {RRZenay

) ) AX
where 7, is 7(X,) and 7, is 17()\=)\°:|:—2—) .
Let R’ be the current overdrive:
R = (E.14)
I,

where I is the diode laser drive current. Then if R’>-L- the laser oscillator modes at
AX
)\O:EAT)‘ will be above lasing threshold and, conversely, if R'< -Z-l— those modes will be
AX

below threshold.
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The optical power emitted into a mode near )\oi—%>\- is then given by

=1 ————I E.15
D Ith ZA)‘ th ( )

where np is the laser external differential quantum efficiency and where the term in
brackets must be non-negative to be meaningful. In the case that Z,,=1 (ie. Ray=R, or

AX=0) it may be seen that Equation E.15 reduces to the standard formula for output

versus drive current:

P =np(I—l) (E.16)

Substitution yields:
1
Pav=mp (R’_—Z Min (E17)
AN

To find the spectral width (FWHM), &), of the optical power, let
2

P(Za)) = $P(Zar=1) (E18)

2

Define

ZA)‘.L = Z' (Elg)
2

Substitution of Equation E.19 into Equation E.18 and evaluation gives:

2 E.20
Z R'41 (E:20)

and
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7
exp | —2L a+=-1n [ 1 ]] R+ (E.21)

Tax, =
3 2L (RRZen, )| 2

i
R,R2¢

?

Setting the right sides Equations E.21 and E.7 equal then allows for solution for AX,.
2

1

Aw, | A2+1 2 2
AN, = —°[—]— La+lm[ 1 ] R+l g, 2 (E.22)
€7]°

| =
Ky ftan(6) 2

where ~ is given by

4=In [—-&] (E.23)

Several numerical values are needed for the evaluation of Equation E.22. w is cal-
culated with use of the fundamental eigenvalue equation % for TM modes in a sym-

metric waveguide:

2r
tan | £4|=22— (E.24)
2 ) nik

where £ is the complex waveguide propagation constant, d is the active region thick-

ness, n, is the active region index of refraction, where I is given by
I'? = x2—n2k? (E.25)
and where n; is the waveguide cladding layer index of refraction, x 1is -2-;-7- in the

waveguide, and k, is given by

k, =2 (E.26)
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where ), is the free-space lasing wavelength. Numerical solution of the transcendental
equation E.24 gives w, = 0.2um. A difiraction-limited spotsize for the off-axis parabolic

mirror used in the present project may be calculated to be ~0.9um. Thus, § is =4.5.

Numerical values for the various parameters of Equation E.22 are as follows:

A =1.65um,

w, = 0.2pm,

B =45,

f =35mm,

tan(f) = 0.56,

L =400pm,

R, = 0.26,

R,, = 0.95,

¢ = 0.70,

N, = 28 = 0.42,
(#+1)

= 2.6,

o =~ 100 cm™?,

and

R'=2to 3.

Substitution into Equation E.22 gives a numerical value

ANy =1.0 to 1.5 Angstroms.
2 .
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APPENDIX F
This appendix is a source listing of the Basic language source program CAVITY.
The program is a ray-trace and spot diagram tool for the external grating off-axis para-

bolic mirror diode laser cavity. The uses of the program are explained in Section 6.
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1 DOEFINE FILE #4s’X’, ASC SEP PAGE ¢0¢t

DEFINE FILE #4=’X’, ASC SEP
DEFINE FILE 8#Sa’Y‘, ASC SEP
DEFINE FILE 86=°2’, ASC SEP
DIM M(100)
Bsa’YES’ .
Kn3.14159265%36/180
@=o0
DEFINE FILE §3e’IMACE’., ASC SEP

16 DEFINE FILE 931s’RATRAS’, ASC SEP

11 DEFINE FILE #2s’'SPDTS2’

12 PRINT “INPUT TILT OF LASER TO Z AXIS C90DEGREES’
13 INPUT H3

14 PRIRT *INPUT MAX. ANGLE SEPARATION OF RARYS (DEGREES) PER. AHD’
1S PRINT * PARALLEL TO ACTIVE REGIDN’

16 INPUT H4.HS ,

§8 PRINT * DD YOU WANT RAYS ORAWN’

19 1KPUT RS

20 PRINT ‘DO YOU WISH RANDOM RAYS FOR 10¢ RAYS’

21 INPUT DS

22 PRINT °D0 YOU WISH VIDEST RAYS DRANN’

‘23 INPUT GS

24 1F DSC)>’YES’ THEMW 70

2% ODEFINE FILE #7=’SPOTSTAT’, ASC SEP

26 PRINT “INPUT NUMBER DF PREVIOUS SPOTSTAT POINTS TD BE BYVPWSSED’
27 U9=20.61

8 UB=28.88

29 INKPUT R

30 REM CONSTANTS FOR GCAUSSIAN IMPROVEMENT ROUTINE-ABRAMOVITZ
31 REM AND STEGUN PAGE 953 CDRRECTED

32 A(0)x 98746

33 A(2)R.0033439

34 AC4)s7 . 474E-0S

35 AC6)=-5, 102E-07

36 A(B)=]1 141E-07

37 Pi1x3.1419%9

40 GOTO 103

70 PRIHT ‘DO YOU WISH AUTOMATIC ANGLE READING FOR START PT .’
71 INPUT F$

72 1F E$C>’YES’ THEN 103

7?3 PRINT ‘I1KPUT NUMBER OF ANGLES TO BE READ’

74 IRPUT 4
109 PRINT °INPUT PARABOLAR FOCAL LENGTH IN MM.*
LTS IHRPUT F
10? REM Gi 15 GAUSSIAN VARIABLE COUNWTER
108 Gi=1
312 PRINT ‘INPUT Z COORDINATE OF GRATING’
113 INPUT 29
114 L=0
113 PRIMNT ‘INPUT Y¥0.,20 START PTS. WITH FOCUS AT (0,0.F)’
116 INPUT Y0.20

“S  PRINT *INPUT X COORDINATE OF LASER FACET’
..6 iNPUT W?
130 XO=TAN(KS(=H3))e(20-F)+¥?
131 IF Ds=’YES’ THENW 19}
150 IF BS$C)'YES’ THEN 208
180 REN

PN LY



.a1
182
183
164
189
19¢
194
i92
193
194
204
202
203
204
203
206
207
208
209
210
214
212
233
214
215

220
225
226
227
228
235
240
241
42
z98
299
300
301
302
310
314
312
329
32z
323
324
330
331
332

o2
344
348
348
35S
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DEFINE FILE 84»°X’, RSC SEP PRGE 0002

REN K

REM FIND LINE 1

REM E0 JS END VALUE OF T
REM AB.BB,CE ARE DIRECTION COSINES FOR LIME 1
1IF F$(>'YES’ THEN 201
GOTO 193

€<0SUB 95000

COTO 204

READ HIi.HK2

GOYD 204

PRINT ’INPUT INITIAL RAY DIVERGENCE FROM FACEY NORMAL’
PRINT *PERPENDICULAR., PARALLEL 7O ACT. REGION DEGREES’
IHPUT H1.HR2

Cosug 3500

ASRS

8=B8

Cs=(C8

XsX0

Y=Yo

=290

GOSUB 4000

EO=E

AO=RB

go=B8

CosCg

IF R$CX*YES’ THEN 240
U=X+TOng

VaYe+TOwg

WnZ+TOnl

COSUB 69000

NEXT ToO

UsxX+EO®R

Y=Y+EO0»B

Y=Z+E0nC

REH

REM

REM FIND LINE 2

REX E1 IS END vALUE OF T
REM R1.,83,C1 ARE DIRECTION COSINES
K=t

Y=y

r4 1] ‘
S§0s2e5QR(FaZ+F*2)
NisX/§0

N2aY/80

N3=-2eF/50

RaaB

-13:-3]

C=C8

COSUB 4500

Al=R9

Bi=B9

Ci=C9

E1=a(29-2)/C)

1F RS$(>*YES’ THENW 390



To00
701
702
710
711

730
70
T4l
742
730

761
V62
7683

70
780
784
782
783
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DEFIKE FILE @04=’X’, ASC SEP PAGE 0003

¢

FOR Ti1s0.El,E1/7100
UaX+T1i=Al

VsYeT1sB

ye2+TisC1

cosug 6000

NEXT T1

UsxX+E1®R]

V=Y+El=B1!

WsZ+Elel1

REN

REM

REM FIND LINE 3

REM E2 1S END VALUE OF T
PEM R2.82.L2 ARE DIRECTION COSINES
Xy

Y=v

2=y

AsQl

B=81

E=~C1

GCOSUB 4000

X2=X

g2=E

IF as<¢>’YES’ THEN 580
FOR T220.E2.E2/100
Uz=X+T2R

VeyY+T22B

W32Z+T2eC

GOSUB 6000

HEXT T2

UsX*E2*R

vsY+E29B

Wal+E2+C

RENW

RER

REM FIND LINE 4

REM E3 1S END VALUE FOR T
RE® A3.83.C3 ARE DIRECTION COSINES
X=U

YaV¥

Z=¥

S0x2%SQR(F®Z2+F"2)
Hi=zX/S0

H2=Y/S0O

H3=e-2eF/S50

COSUB 4500

A3=aY

83=89%

€3=C9
:3-(1an<xo(-n3>>-(z-ra-x>/(a3-tau(x-<-n3)>oc3)
1IF A$¢)>’YES’ THEN 890
FOR T3e0,E3,E3/7100
UsX+T3&A3

VaY+T3eB3

W=Z2+T73sC3

COSUB 6000
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DEFINE FILE ®4s’X’, ASC SEP PACE 0004

HEXT T3

U=X+E3en3

YeYeE3sB3

U=Z+E30L3

REN

REM FINAL PTS IN LASER FRCET PLANE
REM

X4l

Y4sV

24

1F D$=’¥YES* THEN 1010

PRINT X0.,Y0.20

PRINT X4,Y4.,24

PRINT

MRITE 92.%0,Y0.,20.R¢.B0.C0

WRITE 02.%X4.Y4,24

WRITE 83,10000(24-F)/COSCKoK3),Y401000
1F Os=’YES’ THEN 191

1F Fe=’YES’' THEHN 6300

PRINT * DO YOU WISH HEW ANGLES’
INPUT B$

PRINT “ DO YOU WISH HEY STARTING PT.’
INPUT C$

IF B$s’YES’ THEK IF C#=’YES’ THEH 119
IF Bs=’YES’ THEN IF C$(>/YES’ THEHN 201
IF C$=‘YES’ THEN 14§95

IF ASC)’YES’ THEN 9999

GOSUB 6000

REN

REM

REM CALCULARTE LINES FOR WIDEST RAYS IH X.2Z PLARNE
REM STARTIHG AT FOCUS.,

REM )

KOos0

Yo=o

20=F

Hi=H4e

IF @>1.5 THEN 12700

H2=HS

GOsSuB 3500

Xu¥X0

¥u¥Yo

2320

A=AB

p=B8

C=C8

COSUB 4000

FOR Te¢»0.E.EZ100

UYaXeT4eq

VeY+T deb

U=2+T40e(

IF G$¢(>'YES’ THEW 16190

1F D$=’'YES’ THEHW 1610

COSUB 6000

HEXY T4

IF @<.5 THEMW 1620



613
614¢
e1S
616
620
621
622
530
638
640
700
704
TR
703
204
710
.72
728
. 726
72?7
730
.800
iBOt
114
P
1b.¢
1830
183t
1840
1841
185¢
1900
3490
3491
3492
3493
3494
3493
3496
3498
3499
3500
3301
3520
3530
3540
2530
X560
3570
3878

-

3389
3600
3998
3999
4000

- 158 -

DEFINE FILE 84=’X’. ASC SEP PACE 0003

Xés=U

YéxV

263l

GOTO 1630

<9sU

14-11 )

Z2S=4

Hiz-H4

Q=@+l

GOTO 13541

REN

REN

REM CALC. PTS ON PARABOLA BETWEEN EXTRERE RAYS IN
REM X2 PLANE

REN

FOR Taf. 1sXS, . 9eX6,¢ 9oX6~1.30X3)/100
W2T~2/048F)

U=t

V=0

GOSUE 6000

HEXT T

REM -
REN

REN CARLCULATE PTS. DN GRATING

REN

FOR T=X5.X€6,(XE-X5)/100

¥=29

V=0

UsT

GOSUB 6090

NEXT T

GOTO 7000

REN

REM

REN

REM MISC. ROUTINES

REN

REN

REN

REN

REN

REM CALCULATE INITIAL DIRECTION COSINES
REN

HIsHIsK

HisN]eK

H2»H2eX
ABTCOSCHLI®COS(NZY*COSCHIDI-SINCHIIISINCHI)
B8=COS(HIIOSIN(H2)
CB=COSCHIDSLOSCH2)SSINCHII+SINCHLI )*COS(HI)
HisHl/K

H2=HK2/K

H3=H3I/K

RETURN

REN

REN

RER FIND END PT. FOR T WHEN APPROACNING PARABOLA



40yl
4002
4003
400¢
40190
4020
4030
§040
40%0
4060
4498
4499
4500
4501
4310
43520
4330
4600
4998
4999
5000
5001
Sio00
$300
3340
S. 4
8330
$340
$350
$399
$400
S410
5420
$430
5440
5459
$454
$435
S45¢
$800
$900
$99¢8
3999
6000
6002
€003
€004
6005
6006
€007
(Y

6Svl
6502
6503
6510
6513

- 159 -

DEFIME FILE ®4e’X’, ASC SEP PAGE 0006

REN

1F A~2+B°2>F/710000 THER 4010

Es(X*2eY42)/7(qeFal)-20C

COTO 40690

g§oan~2+872

S1a2eFeC=PoY-Aek

$2=51"2

§30508( K 24~ 2-¢sF»2)

Ee(S1+80R(52~-53))/56¢

RETURN

REN

REM

REM CALCULATE DIRECTION COSINES AFTER PARABOLA

REN

A9s(f-20N1~2)eA-20N1oN20B-20K1oNTeC

PIn-2sN]eN20A+(1-20H2°2)0B-20K20H3e(

C9s-2sN1eN3eA-20N20H3eB( 1 -20H372)sC

RETURR

REN

RENM

REM ROUTIKE 7O GENERATE 100 GAUSSIAN RANDOM INIT AHGLES

RENM

IF G1>100 THEN 15290

Ui=RRDC(J)

U2=RNDCJ)

U3e(-20L0GCUL)>~ . SeC0SC2eP10V2)

Usu(=2¢L0CC UL )" .SeS1N(2ePoU2)

Nie0

H2=0

REM LOOP FOR IMPROVEMERT RCUTIHE

FOR K?-O;G»Z

KisfH1+ACKI >eU3*K9

H2sKH2+R( K9 YoU4 K"

HEXT K9

HisH1eU39UB

H2sH2e U4l

REM CHECK IFf INITIAL GAUSSIAN AKGLE FalLLS ON MIRROR

1f ABS(H1)>ABS(H&)> THEN 5300

1F ABSC(H2)>ABS(NS) THEN S300

Gi=GCle+}

RETURN

REN

RER

REM ROUTIHE FOR LINE DRAVING ITERATION

RENM

URITE ¢4,V

WRITE @#S.V

WRITE 06.¥

L=L+t

RETURN

REM

REM

:EH ROUTINE TO READ ANGLES AUTOMATICALLY
"

JeJ-§

1F Je0 THENW 1100



t.cO
7000
7001
7002
7003
r023
7026
7027
7028
7029
7038
2040
7048
2099
8000
8001
8002
8003
8004
8008
BOOE
8009
8010
2020
8021

£023
2030
3640
8030
8060
8070
8080
8090
Bo9Y
g100
8110
2120
8130
8140
3130
8169
3170
£180
8190
8191
2200
8210
8230
8260
L 4

S §
9302
2999
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DEFINE FILE ®4=°X’, ASC SEP PAGE 0007

3
COTO 193
REN
REN
REM CREATE FILE WITH X.Z PTS. FOR GRAPHICS
REN -
REVIHD &4
REVIND #S
REVIND 86
FOR T=i.L
RERD 04.0U
RERD #6.¥
WRITE &1.4.0
NEXT T
1F D$(>*YES’ THEN 9999
REN
REN
REM ROUTINE TO CALCULATE THNE STANDARD DEVIRTIOK AND FULL
REM WIDTH HALF MAXIMUM C(FUKM) SIZE OF THE RETURNED SPOT IF
REM RANDOR C(GAUSSIAN DENSITY) INITIAL ANGLES ARE USED
REN
REM
N=100
REWIND 83
§6=0
§?=0
§8=0
€9=90
FOR I=1,N
RERD #3,X.,Y
SéwsSb+X
S7=287+%X*2
58=SB¢+Y
§$9259Y~2
HEXT 1
REM CRLCULATE STAWNDARD DEVIATIDN IN VARIATES X.Y
X1eSQR(HOS?-5642)/N
X2aSAR(NeS9-8842)/N
REM CONVERT S.D. TO FUHM DIAMETERS ASSUMINC GRUSSIAN DIST.
KieX{22¢SQR(~20L0GCC.%))
X2eX292eSQR{~-28L0LC.3))
PRINT * FUHNM SPDT SIZE PERP. TO JUNCTION IN WMICRONS’
PRINT Xt
PRINT * FWHM SPOT S12E PARALLEL TO JUNCTION IN MICRONS’
PRINT X2
FOR [=],2eR
IF Res0 THEN B210
READ #7.RY
HEXT I
YRITE #?7.47.%1%
BRITE 07.07.%X2 .
DATA =-35.¢,-289, °:-l$:°:°,o.l$,°o25' 0.335.0
DATA 'Js"2°o'250'2°o"3'“20'0"20'13:’20425!'2°t351'2°
DATA ~38.20,-25,20,-195,20,0,20,15.,20.,29,20,35,20
END



