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SECTION I

X" INTRODUCTION

4,

4' The simplicity, compactness, and reasonable cost of direct-detection diode-laser range

finders provide incentive for their use in laser imaging radar systems (LIRS) for airborne

target-detection applications. Unfortunately, the maximum range of diode-laser range finders is

limited by the low (order of 10 Wk) peak output powers and broad (order of 5 rim) linewidth

characteristic of diode lasers, as compared to the multi-kilowatt peak powers and Angstrom

linewidths of solid-state lasers.

This report describes the results of an effort to increase the range performance of a

diode-laser range finder by means of narrow-bandwidth operation. This involved narrow."g the

linewidth of the diode laser via a narrow-band filter in an external cavity so that it was compatible

with a 5 A receiver filter. The narrow bandwidth of the receiver filter limited the amount of solar

background radiation incident upon the receiver, .hereby increasing the signal-to-noise ratio and

thus the maximum range capability.

A summary of the results of the Phase I LIRS effort is given in Section II The results of

the Phase II study are presented in Section HI1. The study comprised the development and testing

of a line-narrowed single-element diode-laser range finder, an analysis of multi-element

diode-laser geometries, and an experimental evaluation of diode-lasem collimation by means of a

cylindrical microlens Conclusions are given in Sec:ion IV

St
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SECTION II

SUMMARY OF PHASE I RESULTS

The Phase I LIRS effort comprised 1) a system analysis which compared the performance

of a conventional system with that of a line-narrowed system, 2) a line-narrowed diode laser

proof-of-principle experiment, andn3) range-image data generated by a conventional LIRS system.

A system analysis was carried out for conventional and line-narrowed laser imaging radar

systems employing pulsed-diode-laser transmitters and avalanche-photodiode direct detection

receivers equipped with optical bandpass filters. The conventional system was based upon a 50

W peak-power diode laser (- 5 nm linewidth) and a 40 nm receiver filter. The line-narrowed

system was based upon a 30 W peak-power line-narrowed diode laser (- I nm linewidth) and a

matching 1 nm receiver filter. The analysis showed, for the same conditions of target/background

reflectance, atmospheric attenuation, probability of detection and false alarm, and solar spectral

irradiance, that the maximum range for the conventional system was 1000 ft, whereas that for the

line-narrowed system was 1600 ft.

The line-narrowing proof-of-principle experiment employed a diode-laser chip with a high

reflectance coating on the rear facet and an AR coating on the front facet. The emission from the

chip was collimated by an 8 mm focal length multi-element lens (0.5 N.A.). A flat, partially

reflecting mirror provided the feedback required to obtain laser oscillation. A 0.9 nm bandpass

filter within the resonator was used to achieve line narrowing. A laser linewidth of 0.8 nm

(FWHM) was measured with a 0.64 m Czerny-Turner spectrometer with a 600 groove/mm

grating operating in second order.

A false-color range image of an M-48 tank at a range of 300 ft obtained with a

conventional LIRS was presented. The 0.42 ft range resolution of the false-color (32 colors)

image resulted in excellent discrimination between target and background. A range profile of the

image suitable for target identification was also presented.

2
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SECTION MII

PHASE II TECHNICAL RESULTS

4'

1. SINGLE-ELEMENT LASER SOURCE DEVELOPMENT

a. Antireflection-Coated Diode Lasers

In order to find a diode laser manufacturer to develop an antireflection (AR)-coated diode

laser, two manufacturers -- Spectra Diodes Lab (SDL) and Laser Diode Labs (LDL) -- were

approached to develop low facet reflectivity (< 0.1%) laser diodes. SDL does not have the

capability to do AR coating with such low reflectivity and was not interested in developing the

technology within the required budget and schedule. After discussing various techniques that

would be used to achieve a 0.1% AR coating, LDL decided that they were interested in

developing this technique.

Two major problems in the AR coating development were encountered and solved. The

first problem was the difficulty experienced in obtaining uniform and reproducible SiO, deposition

when using the conventional e-beam impingement technique with SiO chunks. The solution to

this problem was to evaporate pure Si under a controlled partial pressure of 0.,. The Si melt I

geometry provides a uniform deposition profile, and the 02 partial pressure controls the Si0,,

composition and hence refractive index (see Figure 1). The second problem, related to the two

monitoring techniques chosen, was that the large-area diode laser device was unstable when 0

operated CW (note: this device is normally operated in the pulsed mode) in the vacuum coating

chamber because of thermal degradation. The solution to this problem was to use a Graded Index

Single Confinement Heterostructure (GRINSCH) quantum well diode laser that was developed at

Laser Diode, Inc. as the CW monitor device. At the time, only 880 nm GRINSCH devices were

available, and the wavelength of the monitor device must match that of the devices to be

AR-coated. LDL proceeded with the AR coating development at 880 nm while a wafer of 830

nm GRINSCH devices was being processed,

3
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LDL compared the two different AR coating monitoring techniques, laser power from

the rear facet (see Figure 2) and device forward voltage (see Figure 3), as a function of coating

thickness (measured with a crystal mass monitor). The laser power should decrease as the

optimum coating thickness is approached while the forward voltage increases to a peak [1]. The

data shown in Figure 2 and 3 are for a GRINSCH monitor device. The forward-voltage

technique consistently provided a well-defined peak at optimum coating thickness, while .he

power monitor provided an ill-defined plateau. The required quarter-wave coating at 880 nm

should be 115.8 nm thick SiO. for 1.9 refractive index in accordance with the data of Fgure ).

The forward-voltage monitoring technique was chosen aS the :echnique to be used to monitor the

830 nm AR coating.

The first AR-coated diode lasers (front facet AR, rear facet 95% R) from LDL were

evaluated at SEO, Concord, Massachusetts. The estimated residual reflectivity of the .AR coat,'..

facet was approximately 3.5 x 10'. The residual facet reflectivity was determined from the

modulation of the device emission spectrum [2] by Fabry-Perot fringes resulting from the facet

reflections. The modulated spectra must be obtained under CW bias to prevent the frequency 0

chirpiag associated with puised operaLion from obscuring the modulation fringes.

Time-averaged spectra taken with a 0.64 m grating spectrometer (0.01 nm resolution) are

shown, as a function of CW bias current, in Figure 4. Following the analysis of Kaminow et al

[2], we can define a modulation index (m)

P= m - Pmin (m - p= (+)

where P.W, and P, refer to the extreme of the fringe modulation at the peak of the emission
S

spectrum The round trip gain (jai) is related to the modulation index by

rn 21al (2)I1 - lilaP2(2

• • • •• • •
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Figure 4. Spectra of the AR-coated diode laser device for coating run #1

The round trip gain can be defined by

yllal ) -YyL- In (3)

where I is the diode laser dhive current, k is the threshold current of the diode laser, y is the power

gain coefficient at I=I,, L is the length of the diode chip, R1 is the AR-coated output facet
reflectance, F, is the back facet reflectance, and R, is the nominal output facet reflectance.

Equation 3 may be used to fit the gain data derived fiom the spectral rr odulation well below laser

threshold in the absence of gain saturation. Figure 5 shows the gain as a function of bias current.

Unfortunately, there was insufficient data in the linear region to provide an unambiguous fit to

Equation (3). However, the residual reflectivity can be determined from the coating parameters

and its consistency with the data in Figure 5 evaluated.

8
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A silicon monitor placed near the laser material in the coating chamber was analyzed by

a ellipsometry to determine the refractive index (1.87) and thickness (105 nm) of the SiO• layer. If

an ideal index match (i.e., nd,,o,. = n2 ,.) at the emission wavelength of 830 nm is assumed, the

calculated residual reflectivity is 3.5 x 10"I. The dashed line on Figure 5 represents Equation (3)

for the residual reflectivity of 3.5 x 10.3 and shows qualitative agreement.

0.025 I

0.015 90.015 - - -I -K

0.0"12 ••

0.01

0.007

0.006 "

0.00o

0.003

0.003

0.002

Q ~ ~~~~~~~~0.001 "" "' ' ... '

0 o.A o. 8  1 .2  1.6 2 2.4 2.8

Current (A)

Figure 5. Gain versus bias current of the AR-coated diode laser device for coating run #1

b. Narrow-Bandpass Filter

After lengthy discussions with several bandpass filter manufacturers, orders for a single

sample device were placed with two vendors, Spectro-film and Andover Corp. Both vendors

were asked to produce a 0.5 nm FWHM bandpass filter at 830 nm with maximum transmission as

the primary goal, Using a two-cavity filter design w'ith no optical blocking elements, the vendors

were able to fabricate 0.5 nm FWIM bandpass filters, Andover's filter had transmission of 86%,

as shown in Figure 6, while Spectral-film's filter had transmission of 42%.

9
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wt Based upon the performance of the initial bandpass filter purchase, an order was placed

to ithe Several small orders

were placed, instead of one large one, in order to develop a data base on filter bandwidth and

peak transmission variations at wave lengths of 830 nm, 820, nm and 910 nim. In discussions on

filter transmission, Andover Corp. indicated that the 86% transmission already obtained was
B

probably the best that could be expected due to absorption in the dielectric materials used for the

filter cavities.

The 0.5 nm FWHM bandpass filters at 830 nm had peak transmissions of 87% and 74%.

The test data for the filters at 830 rnm are shown in Figure 7 and 8. The lower transmission filter

has two transmission peaks that are shifted and thereby block one another. This reduces the peak

transmission and is indicative of a mismatch between the two Fabry-Perot stacks used for the

filter. Andover Corp. stated that typically 20% of all coating runs result in mismatch stacks for

such narrow bandpass filter.

• The 0.5 nm FWHM bandpass filters at 820 nm had peak transmissions of 75% and 81%.

The test data for the filters at 820 nm are shown in Figure 9 and 10. The 0.5 nm FWHM

bandpass filters at 910 nm had peak transmissions of 61% and 65%. The test data for the filters

at 910 nm are shown in Figure I 1 and 12 According to Andover Corp., the filters at 910 nm had

low transmission because of the absorption of the dielectric materials at that center wavelength.

10
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Sc. External-Cavity Diode Laser
3}

Work on the laser transmitter was conducted on a l'x 2' breadboard. Rigid mounts were

used, and a fill cover was added to preserve the alignment and protect the optical components.

The laser diode was mounted on a linear translation stage and the output coupler held in a

two-axis gimbal moint in order to facilitate fine adjustment of the resonator. The intracavity

imaging lens employed in the laser experiment was a Special Optics 54-18-15-835. This

multi-element lens provided a superior throughput with minimum induced aberrations. As for the

intracavity fitter, the closest matching filter to the diode laser was chosen. Figure 13 shows the

schematic of the external-cavity diode laser experimental setup.

The external-cavity diode laser was assembled and tested using one of the first AR-coated

diode lasers. The first attempt at lasing with the external-cavity diode laser was unsuccessful. It

was determined that the problem was most likely optical misalignment. Due to the high aspect

ratio of the diode laser (0.08 mils x 10 mils) the positions of the lens and output mirror were very

critical. S

Measurements of the line-narrowed characteristics of the diode lasers were attempted

using the filters within the external cavity. Great difficulty was encountered with the diodes

because they exhibited dark stripes along the output, perpendicular to the p-n junction. It was

impossible to obtain feedback across the full gain region, and therefore, good efficiency from the

external cavity was not achieved. The diode with which the following data were obtained, for

instance, had a single dark spot in the center of the output when new. The spatial profile

degraded over time so that there were five dark strips. Translation of the collimating lens parallel

to the p-n junction, combined with output coupler alignment, produced strong lasing on different

spots but never on all of them simultaneously It is possible that some of the degradation in this

device o.curred during output coupling optinization experiments The initial observation of

feedback control was made uSing a 95% R mirror, and maybe the high level of feedback caused

some early damage The original dark spot increased in size, the strips occurred lzter

IS
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Figure 13. Original line narrowing optical setup

Subsequently, feedback control was observed with only 3-5% R. The data were collected using a

40% R mirror.

Diode 16291 #2 (with center wavelength at 820 nmr) was used for the following UO

measurements. Pulse energy was measured using the SEO LTE 1003 calibrated power meter.

Figure 14 shows the output power vs. drive current for the device with only the collimating lens

inserted. Figure 1 5 shows output power vs. drive current with the 40% R output coupler added

(misaligned and aligned). Figure 16 shows output power vs. drive current with the intra-cavity

narrow-bandwidth filter added (output coupler misaligned and aligned). Figure 10 shows the

filter transmission curve was with the diode lasers having a center wave length of 820 run.

19
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Measurements of the linewidth of the device 1629H #1 (with center wavelength at 820

t) nm) in different configurations are shown in Figures 17, 18, and 19. The output signal of a

2048-element photodiode array, placed at the exit of a 0.64 m grating spectrometer, was

displayed on a 9410 LeCroy oscilloscope. Spectral resolution was approximately 2.4 nm per 100

gs. Figure 17 shows that the spectral bandwidth of the collimated AR-coated device was 4.32

nm. Figure 18 shows that the spectral bandwidth of the AR-coated device in an external cavity

was 2.4 nnm. Figure 19 shows that the spectral bandwidth of the AR-coated device in an external

cavity with an intra-cavity bandpass filter was 4.8 angstroms.

I

The spectral data along with the output power of the diode lasers point up the

enhancement in spectral brightness realized by using an external cavity which includes an

intra-cavity line-narrowing filter. Comparative values are given in Table 1. The peak optical

power measured from the collimated diode laser was 12.5 W. The peak optical power measured

with the diode laser in an external cavity was 8.25 W The peak optical power measured with

diode laser in an external cavity with an intra cavity bandbass filter was 5 W. The spectral power

* density of the collimated diode laser was 0.29 W/A. The spectral power density of the diode laser

in an external cavity was 0.34 W/A. The spectal power density of the diode I .ser in an external

cavity with an intra-cavity filter was 1.04 W/A.

I

Due to the rapid degradation of the LDL AR-coated devices, several diode lasers were

purchased from Ensign Bickford Aerospace Co. (EBAC) and AR-coated at M.I.T.-Lincoln

Laboratory. The EBAC diode lasers had center wavelengths at 820 nm (see Figure 10 for the

transmission curve of the intra-cavity filter used to test the EBAC diode lasers). The

oscilloscope traces in Figures 20-23 show temporal (10 ns/DIV) and spectral (2.33 x 10.2 nm/lns)

characteristics that are typical of those obtained with the AR-coated diode lasers. The measured

FWH-M pulse width of 27 ns was broadened wiightly due to the detector bandwidth (Figure 20). 0

Without feedback (Figure 21), the FWtHIM spectral width was 2.9 nm. With feedback (Figure

22), the spectrum was narrowed to 2 nm. With the intracavity filter and feedback (Figure 23),

this was reduced to 0.33 nm. The corresponding reductions in peak power were 1% and 5% with

and without feedback (using 95% T output coupler and no intracavity filter) and 37% with both
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S
filter) and 37% with both the filter and feedback. All of the data included were obtained with the

power supply set at 20V, the temperature of the diode laser maintained at 27°C, and a 1 kHz 3!)

pulse repetition rate. It is interesting to note that lower transmission output couplers (as low as

50% T) provided no observable improvement in spectral narrowing. The test data in Table 2

show the dependence of the peak power upon supply voltage with the output coupler misaligned

and optimally aligned for feedback.
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Figure 14. Output power curve for collimated laser diode
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Figure I15, Output power curve for output coupler misaligned (curve a), and output

coupler aligned (curve b) with external cavity
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Figure 16. Output power curve for the external cavity with an intra-cavity filter
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Figure 17. Spectral characteristics of the collimated AR-coated device
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Figure 18. Spectral characteristics of the AR-coated device in an external cavity
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Table 1. Diode laser power and bandwidth data

DEVICE OPTICAL SPECTRAL SPECTRAL

PEAK POWER BANDWIDTH POWER DENSITY

S(W) (A) (W/A)

Collimated Laser Diode 12.5 43.2 0.29

Laser Diode X-Cavity 8.25 24 0.34

X-Cavity w/ filter 5 4.8 1.04

Ii

MOORE 00

Figure 20. Measured pulse width with 2" filter
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Figure 21. Spectral width without filter
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Figure 22. Spectral width w~ith feedback
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Figure 23. Spectral width with intra-cavity filter & feedback
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Above a power-supply setting of 3 ) V (corresponding to -3 0 A peak current), the EBAC

diode laser exhibited immediate failure, typically characterized by a dark line in the center of the

normally uniform far-field emission pattern (perpendicular to the junction) with a severe

reduction in output power. This was observed both with the AR-coated lasers and with the single

device obtained with the standard EBAC coating.

Measurements of threshold currents provided by EBAC indicate that the AR-coating

reflectivities were considerably in excess of 1%. In this case, the AR-coated diode lasers would

apparently offer no operational advantage over standard devices. The line narrowing technique

was tested on off-the-shelf diode lasers from LDL (CVD-62) under the following conditions:

Conditions of the test: Laser Temp. = 27'C S

Laser High Voltage = 32.5 V

26
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CVD-62 specifications: x, = 905 nim+ 10 nm (see Figure 12)

AXn) = 5 run Typ.

4Pk = 9 W Typ.
4'

Spectral filter specifications: X, = 910.294 nm

A~-wr- = 0.458 nm
Tk = 65.43%

The raw, collimated, peak output power measured was 8.13 W. The peak output power

measured after the collimating lens and spectral filter was 0.63 W. The peak output power

measured after the collimating lens and with 20% R output coupler (without filter) was 6.49 W.

Table 2. Peak power vs. supply voltage with the output coupler misaligned and optimally

aligned for feedback

SUPPLY PEAK POWER w/o PEAK POWER w/

VOLTAGE (V) FEEDBACK (W) FEEDBACK (W)

5 1.23 0.85

10 3.23 2.31

15 5.31 3.54

20 7.01 4.62

Various output couplers were tested to determine the best mirror to use for maximum

output power and spectral bandwidth narrowing. Table 3 shows the results of the various output

couplers. The poof efficiency was the result of low filter transmission. Figure 24 shows the

spectral bandwidth of the line-narrowed CVD-62 using different output couplers.
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In pursuit of higher peak output power, the laser transmitter optical setup was modified as

U) shown in Figure 25. A 50/50 beam splitter was added so that only half of the diode laser output X)

was reflected to the external cavity while the other half (A) was transmitted. In addition, a folding

mirror was used to redirect the beam (B) from the external cavity which was transmitted by the

beam splitter. The highest peak output power that was obtained from the original configuration,

was 1.85 W; with the modified configuration, we obtained 5.61 W (4.32 W from the main output

plus 1.29 W from the folding mirror) was obtained. Table 4 lists the output power and spectral

bandwidth at various locations denoted in the optical setup of Figure 25.

Table 3. Test results with various output couplers

OUTPUT PEAK OUTPUT AXra EFFICIENCY

COUPLER POWER (XW) (A) (%)

10%R 1.72 2.51 21.2

20%R 1.85 2.8 22.8

30%R 1.64 2.88 20.2

50%R 1.25 2.56 15.4

2
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Figure 24. Spectral bandwidth of the CVD-6 versus output coupler tran.mtisOi n

29 S

0 0 0 0 0 0 0 0 0



NOJ

t CTCXIUE

:S

!S

A

C. A4 = 2.88A with 30% O.C.

* 530

R!~t •

/

' 2 \

30 \

• • •• • • •• •/



A B

BEAM .
SPLflTER

FOLDING

MIRROR

FEEDBACK TUNING
MIRROR FILTER LENS

DIODELASER

Figure 25. Modified line-narrowing optical setup

Table 4. Output power and spectral bandwidth at various locations

MEASUREMENT OUTPUT SPECTRAL OPTICAL POWER

LOCATION PEAK POWER BANDWIDTH EFFICIENCY

(Figure 25) (W) (A) (%)

A 4.32 3.44 53.13

B 1.29 2.67 15.87

A&B 5.61 -- 69-01
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2. LINE-NARROWED DIODE-LASER RANGE FINDER

a. System Design 4

A block diagram of the single-channel line-narrowed range finder is presented in Figure,
S

26. This pulsed time-of-flight type range finder was designed to measure range to

non-cooperative (10% Lambertian) targets at a maximum range of approximately 200 m with a

range resolution of 10 cm. The range finder is comprised of four subsystems -- laser transmitter,

optical receiver, range counter, and computer -- which are described in the following paragraphs.

The transmitter consists of a diode laser and pulser. The GaA1As metal organic chemical

vapor deposition (MOCVD) diode laser emits 6 ns (FWIHM) light pulses at a wavelength of 910

nm and a repetition rate of I kHz. The diode laser is driven with 20 A current pulses, which are

produced by a metal-oxide-semiconductor field-effect transistor (IOSFET).

The optical receiver block diagram is depicted in Figure 27. The optical detection S

circuitry is dedicated specifically to the function of converting optical irradiance to first, an

equivalent electrical analog of the input irradiance, and finally, a logic-level signal. Logic level

signals are then processed within the range counter logic to yield digital target-range data.

An avalanche photodiode detector (APD) is used to detect the laser return pulse reflected

by a target. The APD is a reverse-biased junction photodetector in which photogenerated charge

carriers are accelerated by the bias and generate further carriers by impact ionization. The APD

used in the single-channel sensor is an EG&G C30902E. The active diameter of this APD is 0.5

mm. The response time of the device is less than one nanosecond. The rms noise current of this

device, when operating with a gain of 100, is only 2 3 x 10" A -/"ii.

The APD operates as a current source in conjunction with a transimpedance amplifier.

The transimpedance amplifier operation produces a near 'zero" (typically 200 ohms) node at the

input terminal, thus, no significant voltage excursion occurs across the detector and systen
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5 ANGSTROM FILTMER

LENS

RECEIVER

SPLrMR CONSTANT FRACTION IHRESHOLD DETECTOR

OPTICAL START

FEEDBACK TUNING
MIRROR FILTER LENS

RANGE COUNTER
DIODE LASER

Figure 26. Line-narrowed range finder •

IAvalanche Trans - z Threshold Stop•_

Photodio& H Amplifier . Detector IPulse

Temaperature

Compensated

Bias Voltage

Figure 27. Optical receiver block diagram
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bandwidth is retained. The transimpedance amplifier is the NE521 1. This component offers

transimpedance of 28 kfn when operated in the differential mode. The input noise current

contribution of the transimpedance amplifier is approximately 1.8 pA/r'H-z .

It is significant to note that the bias voltage at avalanche varies widely with junction

temperature variation. The C30902E bias voltage may range from as little as 190 V, for cold

conditions, to as great as 250 V for a junction temperature of +70'C. A temperature-

compensated high-voltage supply is used to maintain the correct reverse bias on the APD.

The start timing pulse is produced using optical detection of the transmitter laser pulse,

which decreases the time error caused by delay changes in the diode laser. An optical fiber

between the diode laser and the p-i-n diode is used for the start pulse detection.

A block diagram of the range-measurement circuit is presented in Figure 28. At the time

of transmitting the laser pulse, an electronic switch is closed, causing an energy-storage capacitor

to be charged by a constant-current source. When the return pulse is received, the electronic

switch is opened. The voltage across the capacitor is proportional to the charging-time inte~val,

i.e., the propagation time to and from the target. At the time of the received pulse, the capacitor

voltage is transferred to a sample-and-hold circuit. Then the capacitor is discharged to await

another transmit-pulse signal. If a return pulse is not received within the allotted time, a sample is

not taken and the last pulse is held. This technique is basically an analog technique and as such is

limited to an accuracy of about 1% of the full scale. This accuracy limitation is due to variation of

the constant-current source, sample-and-hold gain variation, capacitor variation and

averaging-amplifier gain variation over the temperature range. These variations are not random,

but produce a positive or negative bias in the range reading. When limited to shorter range (<300

m) systems, this technique has a resolution of 6 to 8 cm.
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The final component of the range finder is a IBM portable computer (PC) with I/O card

and range display software. The 1/0 card reads the data from the A/D converter of the Range

a4, Counter circuit. The software collects the range data and displays the following information: 4

total counts, total valid counts, minimum range, maximum range, average range, standard

deviation, and percent of probable detection.

START R.AMP SAMPLE DIFF A/D
GENERATOR AND HOLD AMP CONVERTER RANGE

STOP 12 BIT DATA
12 BITBUS

MONOSTABLE
CONVERT

START TO
0 PULSE.....0

STOP TARGET RE.TURN
PULSE

TIME-TO-AMPLITUDE

CONVERTER VOLTAGE

Figure 28. Analog range counter block diagram

b. System Tests

The first range test was conducted with the modified line-narrowed system shown

schematically in Figure 26. Measured range data are compiled in Table 5. Figure 29 shows the

computer-simulated maximum range for the line-narrowed system.
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III

Table 5. Test results from line-narrowed system 0
Optical Output Peak Power: 5.61 W

Conditions: Scattered Clouds, Mostly Sunny, Temp. 75 - 80 deg. F.

Time: 2:00 PM - 3:30 PM
D

Target Type: White Plywood (2' x 8')

Range Data

Samples/Channel: 100 Scale: 0.29304 (fl/bit)

COUNT RANGE (ft) ACTUAL RANGE (ft)

Total Valid Average Min Max Std Dev %%PD

100 100 134.48 133.92 135.38 0.28 100 124 •

100 100 238.09 225.35 269.89 8.62 100 224

100 100 317.98 317.36 318.53 0.22 100 324

* 100 100 377.89 364.26 394.14 3.99 100 374 I

100 100 424.22 419.63 441.03 3.62 100 424

100 100 470.24 455.68 484.98 3.33 100 474

100 99 480.65 473.26 675.16 20.18 99 484

3
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I

System Name: 1025 03-18-1993
Receiver Parameters

A' 5 cm Receiver aperture 2.5e-12 Amp equiv noise crrnt den
.92 Xmission thru rcvr optics 1.33e-13 Detector dark crrnt, bulk
.61 Xmission through filter le-8 Detector dark crrnt, srfc
5 A Optical filter bandwidth .. 53 A/W Detector responsivity,M=1
100 MHz Receiver bandwidth 10 mr Field of view
132 APD gain

System Parameters[.1 Reflectance of targe.:. .01 Probabilty of false alarm
.3 Reflectance of backg ound .99 Probability of detection
.12 /km Atmospheric e:t. coeff. 0O0 Solar Spectral Irradiance
50 ft Minimum Range Gate 0 Cant Angle in degrees

Laser Parameters
.7 Collection efficiency 13 W Laser diode output power
.6 Xmssion thru Xmtter optcs

Max. Range = 465 ft, 142 '1 SNR = 17.07 d8 Accuracy = +1- 0.23 ft
Signal Power = 9.21E-09 Watts TNR = 4.23 +1- 0.07 M
Solar* Power = 3.25E-09 Watts Vsig = 4.83 mV Vnoise = 0.67 mV Mopt = 132
Edit (R)cvr param, Edit (S";is param, Edit (L)aser param, (C)alculate, (G)uit:

Figure 29. Comp,'ter-simulated data for the line-narrowed range finder

A second range tesL was conducted with the conventional range finder system shown in

Figure 30. Measured range data are complied in Table 6. Figure 31 shows the

computer-simulated maximum range for the conventional system.

Comparing the range test data of the line-narrowed system and conventional range finder

system, the line-narrowed system was able to range to 484 ft with 5.61 W peak output power

while the conventional system was able to range to 324 ft with 8.13 W peak output power. The

line-narrowed system ws able to range farther than the conventional system because the spectral

energy density of the line-narrowed system (2.08 W/A) was greater than the conventional system

(0. 16 WA) The % ariations between the range data and the actual range were due to parallax.

The largest range variation was at the shorter ranges where the parallax was the greatest, and the

smallest range variation was at the longer ranges where the parallax was the least.

37

* 0 S 0 • S S S



S

Table 6. Test results from conventional system

S
Optical Output Peak Power: 8.13 W

"Conditions: Mostly Cloudy, Temp. 80 - 85 deg. F.

Time: 2:00 PM - 3:00 PM

Target Type: White Plywood (2'x 8')

Range Data

Samples/Channel: 100 Scale: 0.29304 (ft/bit)

COUNT RANGE (ft) ACTUAL RANGE (ft)

Total Valid Average Min Max Std Dev %%PD

100 100 137.1 136.56 138.02 0.25 100 124

100 100 229.59 229.16 230.62 0.27 100 224

100 100 335.66 332.31 348.13 2.9 100 324

Target Type: Black Plywood (2'x 8')

Range Data

Samples/Channel: 100 Scale: 0.29304 (ft/bit)

COUNT RANGE (ft) ACTUAL RANGE (ft)

Total Valid Average Min Max Std Dev %%PD

100 100 136.99 136.56 137.73 0.27 100 124

100 100 183.29 182.56 184.91 0.46 100 174

100 100 240.34 227.99 258.46 5.95 100 224
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5 ANGSTROM FILTER

4' 4',

LENS

RE•CEIVE

LENS CONSTANT FRACTION THRESHOLD DETECTOR

DIODE LASER OPTICAL START

RANGE COUNTER
___________________________

Figure 30. Conventional range finder

System Name: 1025 03-18-1993
Receiver Parameters

5 cm Receiver aperture 2.5e-12 Amp equiv noise crrnt den
.92 Xmission thru rcvr optics 1.33e-13 Detector dark crrnt, bulk
.61 Xmission through filter le-8 Detector dark crrnt, srfc
400 A Optical filter bandwidth .53 A/W Detector responsivityM-l
100 MHz Receiver bandwidth 10 mr Field of view
20 : APD gain

.System Paramete,...
.1 Reflectance of target. .01 Probabilty of false alarm
.3 Ref lectance of h :ý",gr-ound' .99 Probability of detection
.12 /kM Atmospheric ext. -_eff. o800 Solar Spectral Irradiance
50 ft Minimum Range Gata 0 Cant Angle in degraes

Laser Parameters
.7 Collection efficiency 13 W Laser diode output power
.92 Xmssion thru Xmtter optcs

Max. Range 2"0 ft, 70) H SNR a 16.82 dB Accuracy =÷- 0.24 ft

Signal Power - 5.88E-08 Watts TNR 4 4.0 /- 0.07 M
Solar Power a 2.62E-07 Watts Vsig = 4.67 mV Vnoise = 0.65 mV Mopt - 20

Edit (R)cvr param, Edit (S)ys param, Edit (L)aser param, (C)a)culate, (O)uit:

Figure 31. Computer-simulated data for the line-narrowed range finder
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3. MULTI-ELEMENT LASER SOURCE DEVELOPMENT

Even with the enhanced performance that line narrowing brings, the LIRS requires a

diode-laser source of about 30 W peak power in order to measure ranges on the order of 1500 to

2000 ft. Since it takes several laser diode elements to generate this much power, a scheme for

spatially multiplexing the beams in the external laser cavity is needed. It is apparent from Figure

32 that simply stacking the elements linearly in the focal plane of a single collimating lens provides

feedback only for the on-axis element.

The technique of using GRIN lenses to collimate each element of a diode array, thereby

achieving parallel beams which can be reflected back on themselves to provide optical feedback, is

shown schematically in Figure 33. The 0.23 pitch GRIN lens is designed so that its focal point is

outside the entrance face of the lens and a collimated beam is projected from the exit face. The

length of the lens is given by

z 27_p (

where p is the pitch and A is the refractive index gradient constant. The distance from the source

to the lens is given by

11 = [No0 4 tan (A-Z) (5)

where No is the on-axis value of the refractive index. The effective focal length of the GRIN lens

is given by

EEL = [No FA sin (FAZ) (6)
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The only standard 0.23 pitch lenses available have a diameter of 1.8 umm. At a wavelength of 0.83

gim, No = 1.5986 and the square root ofA = 0.601. Equations (4), (5), and (6) can now be
solved, yielding Z = 4.35 mm, 11 0.24 mm, and EFL = 1.9 mm.

diode elements collimation lens output coupler IS

S

Figure 32. Schematic illustration of resonator misalignment with one collimation lens and

0 multiple diode elements 0

GRIN LENS FILTER OUTCOUPLER
DIODE LASER
JUNCTIONS -

I .0.23 P_.111 4.4ram

Figure 33. Multi-element line-narrowed diode-laser resonator geometry employing

GRIN lens collimators
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If the 1.9 mm focal length lens is used to collimate the CVD-62 InGaAs diode laser

)manufactured by LDL, the collimated beam will have divergence parallel and perpendicular to the

junction given by

l 0.152= 0.08 = 4.6'01 - 1.9
S

OL - 001 = 0.53 mrad1.9

The 4.6* value of 011 is too large for use in the LIRS. The divergence could be reduced to a
reasonable value by employing a 1Ox anamorphic beam expander outside the resonator cavity.

Another problem with the GRIN lens is its poor off-axis imaging quality which can result in

considerable loss when the feedback radiation is reimaged upon the diode element.
I

The 30 W LIRS requirement can be met using three CVD-62 lasers. Using a Special

Optics 54-18-15 lens to collimate each CVD-62 results in efficient (z 80 %) energy collection and
• an acceptable divergence parallel to the junction: e 11 = 0.152/15 = 10 mrad. If the diode lasers * *

are mounted in the same plane for ease of excitation and heat sinking, then the collimation lenses

must be mounted on X-Y-Z positioners as shown in Figure 34. The three parallel beams in this

configuration fit within a 50 mm aperture.
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Figure 34. Mounting configuration for three I18-nin aperlure collimating lenses
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i 4. DIODE-LASER COLLIMATION VIA CYLINDRICAL MICROLENS

Efficient collection of radiation from and collimation of the fast axis of a diode laser

requires the use of a diffraction-limited cylindrical lens having a numerical aperture of about 0.5.

Until recentdy, fast, well-corrected cylindrical lenses were generally unavailable. However, in

1991 Blue Sky Research introduced f/0.9 diffraction-limited microlenses fabricated by drawing

optical fibers from shaped glass preforms. These microscopic lenses are potentially more robust

and less expensive than macroscopic optics.

In order to evaluate the efficacy of microlens collimation of a diode laser, the setup shown

in Figure 35 was used to position the hyperbolic first surface of the cylindrical lens shown in

Figure 36 110 pm in front of the emitting surfaces of a twelve-element diode-laser array. A 6-mm

length of microlens was bonded to a copper mounting structure which was bolted to an arm

attached to an X-Y-Z positioner. The diode-laser array and its driver circuit were attached to a

mount which could be rotated until the linear array wzs co-parallel with the line iocus of the

cylindrical lens.

The divergence of the laser beam from the microlens-,.ullimated array was determined

from measurements of the far-field beam footprint dimensions. The measurements yielded

Oil = 17T and O. = 17 mrad. The value of 01 can be calculated from 0± =juncuon width/focal
length This yields 0_L = 0.002/0.11 = 18 mrad, which is in good agreement with the measured
value. Vendor's data provides 011 = 19" at the l!e* points.

A laser beam analyzer was used to generate the false-color image of the nmicrolens-
collimated beam shown in Figure 37. Due to the large value ofOil, only a small section along the

length of the beam could be disp!ayed The horizontal yellow (highest power) stripe indicates the

center (if the beam Note that the vrtical power profile is not Gaussian The pronounced wings

may indicate that the lens was not optimally aligned angularly with the diode array (only one axis

of rotation was aligned)
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Figure 37. Mficrolens-collimated beani intensity contour and profile plots

47



After collimation was achieved, the lens was bonded in position by cementing the copper

mounting structure to the diode laser heat sink with EC2216 epoxy. After curing overnight at

room temperature, the beam profile shown in Figure 38 was obtained. This shows that a slight 4

amount of defocusing occurred during curing. Disconnecting the copper mounting structure from

the positioning arm resulted in further defocusing, as demonstrated by the beam profile shown in

Figure 39.

" ~~Pk(x,y,v)-

CentroiN (x,y)
Power [IPJ]
BeaA Dia tq]

EMlpticit-4

MajrMinrw] i

r•"o I

Figure 38. Beam intensity contour and profile plots after epoxy cure
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S SECTION IV
CONCLUSION

The process of developing an antireflection-coated diode laser resulted in two main

conclusions. First, the best technique used to obtain uniform and reproducible SiOx deposition

was to evaporate pure Si under a controlled partial pressure of 02, Second, the best technique

used to determine the optimum coating thickness was to monitor the forward voltage drop across

the diode lasers. The forward-voltage-drop technique consistently provided a well-defined peak

at optimum coating thickness.

By using a narrow-band filter within an external cavity, the FWHM spectral bandwidth of

a diode laser was reduced from 50 Angstroms to 2.5 Angstroms. Some of the drawbacks with

the external-cavity technique were 1) reduction in laser output power, 2) critical alignment of

cavity components required, and 3) sensitivity to environmental conditions (i.e. temperature

changes and vibration). Test results showed that comparable spectral narrowing could be

0 obtained with either AR-coated or standard-coated diode lasers. It remains to be determined

whether additional spectral narrowing is possible with good AR coatings.

The line-narrowed range finder test results demonstrated that the maximum range

capability of a line-narrowed system is 67 % greater than that of a conventional system using the

same diode laser. The line-narrowed range finder was able to range to 484 ft with only 5.61 W of

peak laser output power. When using the same laser but without the external cavity, wz were

able to range to 324 ft with 8.13 W of peak laser output power. The loss in laser output power

resulting from the addition of the external cavity was:: 30 %.

Before the line-narrowed range finder can be employed in the field, the following obstacles •

must be overcome: 1) special mounts must be manufactured that are temperature and vibration

stable, 2) the output peak power must be greater than 30 W to be able to range to 1600 ft or

greater, and 3) compact, efficient, spatial multiplexing of multiple diode lasers must be achieved.

The development of a line-narrowed diode-laser transmitter that is temperature and vibration
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stable with small beam divergence and high output power will make possible the fabrication of a

cost-effective, long-range, diode-laser imaging radar system.
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