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Abstract

High-energy density light appears to be a unique energy form that may be used to
enhance the nuclear safety of weapon sysiems. Hybrid optical firing sets (HOFS)
utilize the weak-link/strong-link exclusion region concept for nuclear safety; this
method is similar to present systems, but uses light to iransmit power across the
exclusion region barrier. This report describes the assembling, operating, and testing of
fourteen HOFS. These firing sets were required to charge a capacitor-discharge unit to
20 and 25 kV (100 mJ) in less than 1 s. First, we describe the components, the
measurement techniques used to evaluate the components, and the different charac-
teristics of the measured components. Second, we describe the HOFS studied, the
setups used for evaluating them, and the resulting characteristics. Third, we make
recommendations for improving the overall performance and suggest the best HOFS
for packaging.
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Evaluation of Systems and Components
for Hybrid Optical Firing Sets

1. Introduction

1.1 Enhanced Nuclear Safety in |

Abnormal Environments

During the 1970s, Sandia National Laboratories
(SNL) introduced the weak-link/strong-link, exclu-
sion region concept into the design of nuclear weapons
to provide enhanced nuclear safety in abnormal envi-
ronments. Isolation of the exclusion region was con-
trolled by a unique signal (electro-mechanical strong
links) that operated electrical switch contacts.

In the 1980s, the wireless firing set was developed
and put into production in the W88 warhead. The
wireless concept uses magretic coupling across the
exclusion-region barrier to replace the electrical
switch contacts. As a further improvement, optical
technologies are being considered for firing set d%lgns
for the 1990s.

1.2 Optical isolation and
Coupling

Optical coupling into the exclusion region may be
used with two general concepts: (1) Optical pulses
generated outside the exclusion regior are transmitted
by fiber optics to directly and promptly initiate the
detonator/high explosives. {2) Optical energy is trans-
mitted across the exclusion region barrier to charge a
capacitor discharge unit (CDU) that initiates the det-
orators. In either concept, safety is enhanced by the
unique energy form of high-energy density light. Inad-
vertent coupiing of significant undesired energy such
as lightning, EMR, and high-voltage electrical power
to the light paths appears to be very unlikely.

1.3 The Optical Firing Set
One of our main interests is in the prompt initia-
tion of high explosives (HE) using an optical pulse. In

this concept, the HE in the weapo1 is initiated by the
optical pulse directly, which is generated outside the
exclusion region and coupled inside by a dielectric
coupler. Previous efforts™® indicat that optical initia-
tion of secondary HE, eg., PETN, HNX, etc, is
possxbhﬂm,thepmtﬁageofdcvehxpment
of the source (solid-state laser) towarg the environ-
mental weapon requirements requires us to consider
an aiternative method, 2 Hybrid Optical Fising Set
(HOFS).

1.4 The Hybrid Optical Firing Set

Figure 1 shows the hybrid optical firing set
(HOFS) as an intermediate alternative to the com-
plete opticai firing set (OFS). In this concept, the
main objeciive is to use optical energy across the
exclusion region barrier. In the HOFS, a CDU is used
to initiate the explosives.

g e e ——— T

i EXCLUSION AREA i

" lsmonc || Gers octonc | |
COUPLERE ] 'umx | cmu :LWBJI
\l/ l ;
|
LASER
um__a-ml CAPACITOR l

Figure 1. Simplified Block Diagram of the Hybrid
Optical Firing Set System



In this concept, the electrical energy is converted
into optical energy via a high-power laser diode (LD)
external to the exclusion region. The optical energy is
coupled into the exclusion region through an optical
coupler. Once the optical energy is inside the exclusion
region, it is converted back into electrical energy by an
optical detector cell. The voltage is stepped up by a
dc-dc converter, and stored in a capacitor. The intend-
ed functions can then be performed as usual (Figure
2). The transfer of small amounts of optical energy for
the dc-dec trigger and the low-voltage converter is
readily available. Previous to this study the transfer of
iarge amounts of optical energy for the dc-de convert-
er high voltage (HV) was not available. This report
documents our investigation of large amounts of ener-
gy transfers across boundaries.
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Figure 2. Detsiled Block Diagram of the Hybrid
Optical Firing Set System

1.5 Optical Energy Transfer

In 1980, M. M. Robertsor™ investigated several
techniques for optical energy transfer. The state-of-
the-art 10-mW semiconductor LDs and GaAs/Si cells
limited the rate of energy transfer. One of the tech-
niques consisted of a LD and fiber optics (FO) that
coupled 6.9 mW of optical energy onto the surface ¢f
an SNLA single-junction back-surface Si solar cell.
The efficiency of the cell was 7% when lcaded by a
special low-voltage dc-de voltage converter? The 0.25
V from the cell was increased and regulated to 289 V,
for a conversion efficiency of 54% . The converter was
used to drive a quartz oscillator, which consumed 0.29

i6

mW. The cell and de-de comverter efficiencies were
3.8%. Unfortumately, no sitemapis were made to
charge a bigh-voltage capacitor.

1.6 The Xenon Arc

In a follow-on experiment, Robertson used a
xen n arc focused into a FO bundle (which was opti-
cally coupled ‘o0 a Si photovoltaic “Quad” cell) to
charge the capacitor in an MC2901 weapon compo-
nent. The 290 mW of optical power incident onto ihe
cell allowed the dc-dc converter to charge the capaci-
tor to 380 V in 185 ¢, whereas the conventional power
source required 6 to 8 5.

1.7 Roberts Demonstration
Circuit
In 1985, R. P. Roberts™ configured and construct-
ed a demonstration circuit in which a 0.05-«F capeci-
tor was charged to 2 kV, using two Spectra Diode
Laboratory (SDL) 100-mW high-powered phace-
locked™ ™ (GaAl)As LDs and two 1-V photovoltasic
array (PVA) GaAs cells. Since the LDs wese over-
driven, the HOFS system could charge the capacitor
to about 70 md in ~5 s. Two other signals were
generated: »
» Low-voltage signals under 100 V developed from
another LD/cell ccmbination
« A high-voltage trigger signal developed from a
light-emitting diode (LED)/cell combination.

1.8 Transfer of Modulated
Optical Energy °

In April 1967, B. A. Tuttle et ol demonstrated
and reported the transfer of modulated optical energy
(which is generated in a LD) through a 9.5-mm-long
FO charging a 30-uF capacitor to the low voltage of 27
V dcin 3 s. The SDL-2422 200-mW LD is opersted at
a pulse rate of 100 kHz (5-ps pulse duration) for s 50%
duty cycle. The 100 mW of peak optical power out of
the FO is equal to 8% of electrical power into the LD.
The 30% efficiency of the 0.13-cm? GaAs cell and the
58% efficiency of the tramsformer result in a total
system efficiency of 0.08 X 0.30 X 0.58 = 1.3%.




1.9 Sandia Goals

In April 1986, Organization 2364 took as require-
meiits of HOFS systems the storing of at leest 100 mJ
of energy in a capecitor at a voltage between 2 and 2.5
kV in less than 1 s. This report describes the assem-
bling, operation, and testing of fourteen HOFS sys-
tems with the goal of satisfying this requirement. We
attempted to use components in the HOFS systems
that were off-the-sheif items, available in large quan-
tities, and could be made insensitive to radiation
environmenis.

1.10 Organization of the Report

"In this report, we first describe the components
wsed in the HOFS systems, the messurement tech-
niques used to evaluste these components, and the
different cheracteristics of these components mes-
sured. Next, we describe the HOFS systems studied,
the different setups used to evaluate three systems,
and the different characteristics of the systems mes-
sured. Finally, we give our recommendations for im-
proving the overall posformance of the HOFS systems.




2. Description of the Components

The components of the HCFS, systems include a
LD current driver, LDs, optical couplers, strong links,
photovoltaic cells, dc-dc voltage converters, capaci-
tors, and test equipment. All but the last two compo-
nents are described in this section.

After we began this project, ironroved compo-
nents—-in particular, new LD:—became available.
These new LDs prompted us to test different FO
couplers, photovoltaic cells, and dc-de converters.
This accounts for:

» The varying output optical power data on the
different LDs

» The FO with different diameters
« The dc-dc converter with different input voltage
The data are presented in chronological order.

2.1 Laser Diode Driver

Figure 3 is a block diagram of the special LD
current driver system bailt at SNLA. The driver
system is able to drive two LDs independently. Sys-
tem control is a 4-pole double-throw switch that sup-
plies power to the LDs, triggers the three counters
and the timer, and starts the clock. Direct-Current
Power Supply 1 anc 2 (Hewlett-Packard Model
6257B) delivers the current to the LDs via the high/
low (H/L) current drivers.

Pam
suPnY SYsTEW
COMTROL
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Figure 3. Block Diagram of LD Current Driver Built
at SNLA
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The timer provides a pulse to the H/L current
drivers when the svstem is turned on; the pulse is TTL
low for 5 s, then remains high until the system is
turned off. While the pulse is low, the H/L current
driver supplies a high current to the LDs as controlled
by the de power supply. When the pulse is hizh, a
lower current is supplied; this current is controlled by
a variable resistor. The H/L current drivers can also
be bypassed; in this case, the LDs can be driven at
high current only. The three counters were designed
and built at SNLA and use TTL logic:

e The “ON HIGH” Counters 1 and 2 count the
pumber of times the LDs are driven at high
current. The counters are triggered by System
Control if the H/L current drivers have not been
bypassed. The count registered is multiplied by
long the LDs were driven by the high current.

e The “ON” Counter 3 counts the number of times
the system was turned on_ and is not dependent
on whether or not the H/L current drivers bave
been bypassed.

The clock, designed and built at SNLA, is turned
on by System Control and provides a 1-Hz pulse.
Together with a Hewlett-Packard (HP) Universal
Counter, Model 5335A, it counts in seconds the length
of time the LD has been on. The HP counter was used
because it can register a very long count, and this is
important in longevity testing.

The laser monitor, in conpmction with the clock,
is a circuit that allows a longevity test to be run on the
LDs. The clock is automatically shut off by a photo-
voltaic cell monitor circuit when the LD optical power
falls below a predetermined level. This circuit can also
be bypassed for normal operation.

2.2 Laser Diodes |

Two types of semiconductor LDs were tested:

¢ The narrow, multistriped” double-heterostruc-
ture (DH) LDs constructed by SDL

o The broad, single-striped LDs constructed by
McDonn2ll Douglas Astronsutics Compeny/
Optoelectronics Center (MDAC/OEC).



We tested fourteen SDL commercial LDs:

o Ten SDL-2410-H1 Type 100-mW LDs
¢ Two SDL-2450-H1 Type 500-mW LDs
o One SDL-2430-H1 Type 500-mW LD
» One 3DL-2460-H1 Type 1-W LD.

We tested four SDL engineering prototypes:

e One S-7074/7081 S/N BM498 Type 4-W LD
* One S-7081 S/N RB883 Type 4-W LD

» One S-7081 S/N RP542 Type 4-W LD

« One S-7086 S/N BN968 Type 8-W LD.

We tested fourteen MDAC/OEC experimental

Two E170R Type 2-W LDs
o Four E170T Type 2-W LDs
e Two E170T Type 5-W LDs.

2.2.1 Specifications for SDL LDs

Table 1 lists the specifications of the different
SDL LDs, all of which (except for the engineering
prototypes) are rated for >10,000 h of continuous
operation at 25°C when operated at or below rated
power. Except for the engineering prototype, all SDL
LDs tested were mounted in a standard TO-3 can. The
can configuration is quite large.

Like the engineering prototype, the SDL commer-
cial LDs are available mounted on a small C-package
heatsink with dimensions of 6.35 mm X 3.25 mm X
1.27 mm. The SDL-2410-H1 is also available with its
heatsink mounted on a thermoelectric (TE) cooler,
which keeps the heatsink (and thus the LD) at a
constant temperature during operation. A light detec-
tor internal to the TO-3 monitors the operational
statu;s of the LD. For this study, all the LDs were
operated while secured to a fin heatsink or to a TE
cooler external to the TO-3 can or the C-package.

Figure 4 shows the multi-heterojunction configu-
ration of SDL LDs higher-powered phase array.'*"”
These LDs were fabricated by the Metal-Organic
Chemical Vapor Deposition (MOCVD) technique.®

The active regions of the SDL-2410-H1 and the SDL-

2450-H1 LDs oconsist of multiple-quantum-well

(MQW) layers for all the LDs with the GaAlAs con-
centration in alternate layers of Gage Al As and
GagAl A
The active regions of the SDL-2430-H1, SDL-
2460-H1, and S-7074/7081 and S-7081 engineering
prototypes™® are single-quantum wells (SQW) of
unknown characteristics. The active regions of both
types of quantum wells are between p and n type
layers of GageAly As and GaAs. The p GaAs layer is
proton-implanted so as to create the optical channels
in the active layers. The 10-um-wide implants are
spaced 3.5 um apart. The Gag Al As layers immedi-
ately next to the active layer
e Continue electric carriers due to difference in
bandgap energy and thus enhance the optical
gain in the active region
o Confine the intercaviiy laser light to the active
region due to the difference in the refractive
index between the layers.

The emitting area of each stxipe is ~1X5 pm.

The SDL-2410-H1 and SDL-2430-H1 contain 10
cioselyowpled,gain-gnibd,adiveﬂripedh-a&m
SDL-2450-H1 and SDL-2460-H1 contain 40 stripes,
which create an effective 1 X 100-um emitting area and
a 1X400-um emitting area, respectively.

The cavity lengths for the SDL-2410-H1 and
SDL.-2450-H1 are about 250 um; the cavity lengths of
the SDL.-2430-H1, SD1.-2460-H1, and the engineering
prototypes are longer.

All the LDs have a 95% R mirror on the back facet
and an alumina (Al 203) 30% R mirror on the ouiput
facet. (The engineering prototypes have a 5% R mir-
ror on the output facet.)

The radiation intensity pattern in phase-array
LDs is given by
1(0) a ccs™® E(9)” G(0) U]
where cos™8 is an inclination, E{#) is the Fourier trans-
form of the single emitter near field, ie., the far field
of one emitter in the array.

G(0) is the sampling fanction:

1 — cos [N(k, D tan ¢ + ¢)]
GO = 1—cos(k,Dtan® +¢) @




Table 1. SDL Laser Specifications
IASER THRES- DIFF SIOPE EIRCT- DIVER- CURRENY CURRENT WAVE- APER-
DIODE HOID Q.E. EFF ICAL MAXE IBNGTH TURE
CURRENT EFF POER FORER
# (wpA) () (W/A) (3) (degs) (mA) (mA) ()} (um)
COMMFRCTAL
SE-2410-H1 300 oW

A194 241 57 0.87 12.1’ 10x35 357 736+ 807 100
A195 245 54 0.82 11.9° 10x35 367 750« 807 100
A196 239 55 0.84 12.8° 10x35 357 - 807 100
A198 242 55 0.84 13.0/ 10x35 361 7348 805 100
A200 243 51 0.79 13.5/ 10x35 370 734++ 807 100
A321 253 51 0.79 20.7 10x35 376 615+ 806  10G
A322 250 56 0.85 23.6 10x35 367 725 806 170
B123 237 60 0.91 '17.2’ 10x35 348 - 813 100
Bl24 220 51 0.78 17.8' 10x35 349 - 816 100
—B126 205 54 0.83 33.2 10x35 325 657 806 100
SIN~2450-H1 500 wi
AB40 816 57 0.86 26.2 10x35 1399 3386 817 400
AB41 826 54 0.82 25.8 10x35 1438 3380 816 400
SIN~2430-H1 S00 wA
Cc347 203 55 31.13 39.7 10x 40 800 660 808 100

SIE-2460-H1 1 W
4238 51 0.99 38.0 10 x 40 1741 1417 816 200

4 W
600 582 0.82 37.4 10 x 17 5200 5005 814 109
600 62 0.87 39.4 10 x 17 4400 798 100

RP542 600 68 1.15 37.9 10 x 17 4400 2600 798 100
5-7086 8 W

_BN968 1320 - 1.14 33.6 10x15 5000 4400 798 200
€ measured at SNIA + output 168 mW with GRIN * cutput 110 »¥ no GRIN

$ output 172 wW no GRIN -+ output 200 miW with GRIN #** cutput 300 mW no GRIN
’ measared at rated power




n-GeAs

Figure 4. Configuration of SDL Multi-Striped 100-
mW, 500-mW, 1-W, 4-W, and 8-W LDs

In Eq. (2), k, = 2x/A, N is equal to the number of
stripes, D is the stripe periodicity, and ¢ is the phase
a symmetric pattern about § = 0 with a central
maximum of G(0°) = N2 The full-width half-maxi-
mum {(FWHM) of the central lobe is ~0.46° for A =
0816 g, N = 10, and D = 10 um.

For other values of ¢, the principal obe radiates at

8 = tan™" {(—¢/k, D) 3)
and for ¢ = =, the patiern is symmetric again.

The sampling function issmall at# — 0°,and is a
maximum at

0 = *tan" (A\/2D) @

which is approximately 2.3° for A = 0.816 ym and
D = 10 gm, or a separation hetween lobes of 4.7°.

2.2.2 Specifications for MDAC/OEC

LDs

Table 2 lists the specifications of the different
MDAC/OEC LDs tested. These LDs were tested dur-
ing the initial stage of developing a 5-W continuous-
operation LD, which has a2 nominal 1X250-um
aperture. All LDs tested, except two, were mounted
on MDAC/OEC’s standard large copper block
(LCB) heatsink. The dimension of the heatsink is
1.5X%3.7%X47 mm. The remaining two LDs were
mounted on a Type 2A heatsink inside a TO-18 can.

In our test, the temperature of the LCB or the
TO-18 is controlled to 19.9°C by a TE cooler. In their
intended operation configuration, the LDs would be
cooled cnly by radiating heat fins or by internal TE
coolers. Eventually, these LDs will be available only in
a TO-3 can or on a LCB.

Figure 5 shows the configuration of the MDAC/
OEC LDs. Like the SDL LDs, the MDAC/OEC LDs
are fabricated by the MOCVD technique. The follow-
ing layers are grown on a 2° off {100}, Si-doped,
horizontal Bridgman substrate:

e 0.5 um GaAs:Se(10" ecm™*) n buffer

e 1.0 pm Al ;-:Gay;As:Se(10" cm™?) n buffer

o 1.5 um Aly Gag »AS:Se(10” cm~?) n optical con-
finement layer

e 0.2 um AL Ga, .As undoped linearly graded (x =
0.6 to 0.3) layer

« 5 nm GaAs undoped SQW

* 0.2 um Al,Ga, As undoped linearly graded (x =
0.3 to 0.6) laver

* L5 um AlGaguAsZn (10,5 ecm™) p optical

confinement layer

* 0.2 um GaAs:Se (10" em?) blocking cap.

The SQW active area has no Al therefore, the
emitting wavelengths of the MDAC/OEC LDs are
longer than those of the SDL LDs. The MDAC/OEC
LDs emit at ~880 nm, whereas the SDL LDs emit at
~820 nm.

The adjacent n buffer layers have 0% and 15% Al
concentration. The two n and p confining layers on
either side of the quantum well are rich in Al with 60%
concentration. All layers are grown at 750°C at a V-11I
ratio of 30. The graded layers and quantum well are
grown at 2 rate of 100 nm/min, wher2as all the others
are grown at twice that rate.” The width cf the broad-
striped LD is 60 pm or 150 me; its length varies from
nominally 400 sma to >1000 gm. The exact length is

proprietary to MDAC/OEC.



Table 2. MDAC/0EC Laser Spucifications

IASER CAVITY START DNRGED  THRESH- EFF
DIODE WXL v, I, B VY I, P, HD

#) (umm) (V) (=) (=) (2) W) (mA) (*)
2-W IDs COKTYD

E204A-6 60X450 1.654 58 1.4 2.287 1.626 1.674 40  48.5
E2042-3 60X450 1.658 63 1.5 1.968 0.752 0.708 80  48.0
E220A-2 60X450 1.637 79 1.9 1.969 0.895 0.599 80  48.0
E220A~1 60X450 1.607 49 1.3 2.011 1.029 1.044 80 50.0
2-W IDs UNCONTSD

E204Q-1 150X900 1.661 200 3.8 2.440 3.216 1.748 80  26.0
E2040-9 150X900 - - - - - - - -
E170T-4 150X450 1.497 137 3.4 2.126 2.843 1.694 80  30.0
E1707-5 150X450 1.452 70 1.1 1.990 2.741 1.590 80 31.5
E170R-4 150X700 1.577 394 72.0 2.102 3.402 2.040 80  30.0
E170R-1 150X70¢ 1.536 351 85.0 1.971 3.230 2.100 70  38.0
E170T-1+  150X700 1.517 374 67.0 1.697 2.119 1.065 80  30.0
E170T-3+  150X700 1.516 372 65.0 1.784 2.770 1.218 140  30.0
5-W IDs COKYED

E1707-2-10 150X1200 1.534 443 105.0 1.801* 2.318 2.050 240  49.0
E170T-2-9 150X1200 1.526 449 108.0 2.137 5.552 5.030 240  50.0

+ TO-18 CAN

* SEVEN ID SHOTS AT THIS IEVEL




0.” 0-‘0
Al GI ‘_‘(X=0.3 to 0.6}

QW ACTIVE LAYER [/ //.
M _Ga__ (R=0.6100.3) ///

~3.///
N 0 62, A sei10'kw?y/,

A Ga, A Sel1dl ")

a As: uto‘&-“) /

Figure 5. Configuration of MDAC/OEC Develop-
mental Single-Striped LDs

The area of the emitting stripe of each MDAC/
OEC LD varies as specified in Table 2. In general, the
emitting velumes of the MDAC/OEC individual LDs
were larger than those of the SDL LDs (with the
possible exception of the SDL engineering prototype
LDs). Many of the MDAC/OEC LDs tested had no
coatings on the LD cavity mirrors.

The catastrophic damage level listed in Table 2
should be about two times larger when high-reflective/
anti-reflective (HR/AR) coatings are deposited on the
back and front facets, respectively.

2.3 Optical Couplers
The optical coupler, which transmiis optical ener-
gy from the LD to the cell threugh the strong link,
must have certain unique characteristics:
1. It must have a high-acceptance angle or nu-
merical aperture (NA). (The angle or aperture
is necessary to accept the large divergent LD
beam of ~40°.)

2. It must be able to tranemit multimode laser
light energy.

3. It must be able to tranamit large optical power.

4. It must be akle to collimate the ouiput of the
LD sufficiently s0 as to allow the light to prope-
gate through a 4-mm aperture located 5 to 10
cm from the LD.

5. It must be capable of forming high hermetic
seals.

6. It must be capable of surviving shock and
vibration environments.

7. It musi be insensitive to high-radiation envi-
ronments.

Some possible coupling schemes are shown in

Figure 6. The optical coupler can be

 a direct scheme

e alens

« a fiber optic

= a fiber optic and lens combination.

We considered

e a graded index (GRIN) lens

« fiber optics

« a fiber optic and GRIN lens combination

« a fiber optic and spherical lens combination.

Jor
} —5—1
}D—o—*{

Figure 6. Four Types of Optical Coupling Schemes:
(1) Direct, (2) GRIN or conventions! lenses, (3) FO,
and (47 GRIN or conventional lenses and FO
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Satisfying Characteristics 1-7

» The direct option satisfies characieristics 1-3, 6,
and 7.

* The FO option satisfies characteristics 1-3, 6,
and 7.

» The GRIN lens, FO and GRIN lens combination
satisfies characteristics 1-6, but does not satisfy
7 as well as the FO.

s The FO and epherical lens combination satisfies
1-7.

2.3.1 Fiber Optics

The FOs used in the coupler are made by Ensign-
Bickford and have cores that are

¢ 100 pm in diameter (FO, Model #HCS-112T)

+ 200 ym in diameter (FO, Model #HCR-
MO202T-12)

* 400 um in diameter (FO; Model #HCR-412T)
* 600 gm in diameter (FO; Modei #HCR-612T)

e 1000 um in diameter (FO, Model #HCR-

1012T).

The FOs, which have a step index and a large NA
{NA =037), are 1 m long. They are made of a fused
quartz core and hard plastic cladding. The combina-
tion of plastic on fuzed quariz core maierial is less
sensitive to radiation environment™ and has a larger
NA (NA=0.37) than the glass-on-glass type FO such
as:

* Fused quartz cores and boron-doped fused

guartz cladding (NA--0.16)
» Fused quartz and fluorine-deped™® (NA=0.24)
fused quartz cladding.

The NA of a fiber optic is given by

NA =N,sind,=N_sin{20 —-0) = N2 - N3, (5)
where

N, = the refractive index outside the FO
N, = the refractive index of the core
= the refractive index of the cladding
0, =half the acceptance angle or is the incident
angle
6, = the critical angle of reflection at the core and
cladding interface.

A large fiber optic NA is required if the FO is butt-
coupled to the LD as is done for this study. If boron-
or fluorine-doped FOs are used as a coupler, alens is
required between the L) and the FO in order to

redace the NA of the LD light. The emitting aperture
d, by t, of the LD with d, >» t, would be coupled into
&m&m&,hahﬁﬁdml

coupling perameters ave determined using the lens
mmmmnm:m

1 1
-S-l’+-s—2='=—f. @)
where S, is the LD-to-lens distance and S, is the FO-
to-lens distance.
The magnification, M, is given by
S, d, (sin~" NA,»)
M-8~ a ™ e NA’ ?

where NA, , is the NA of the LD and NA,, is the NA of
the FO.

The magnification is restricted by the diameter, d,
of the FO so ihat the aperture of the FO is not
overfilled. The LD-to-lens distance, S, is given by

so-efi+ (3] .

and the FO-to-lens distance, S,, is given by

S, = l?'[l+(‘12 ] ®
4
The LD-to-lens and lens-to-FO distances are de-
pendent on the NAs of both the LD and FO through
the d, / d, ratio or its reciprocal. In the limit with d, =
d, then

S, =8, =2F, (10}

s0 at these LD-to-lens and lens-to-FO distances the
lens is not affecting the NAs. We have considered and
modeled this lens optisn coupling scheme as an alter-
native to butt coupling, but we have not instrumented
it into the HOFS systems.

2.3.2 GRIN Lenses

The GRIN lomzes uzed 20 opticsl comnlers are
made from SELFOC (irademark of Nippon Sheet
Glass Co., Ltd) material. The refractive index™ at &
distance r from the optical axis is given by:

N@) = N, (1—?5'1‘3) (an




where

N(r) = the refractive index at any point r,
N, = the refractive index on the optical axis
A = the refractive index gradient constant
r = the radial distance from the optical axis.

The maximum acceptance angle is
-1 NoroA ‘
N, ’ (12)

r, = the radius of the GRIN lens, which is 0.9 mm
for all GRIN lenses tested
A =0.332 for the 0.23-, 0.29- and 0.5A-pitch GRIN
lenses and 0.432 for the 0.25- and 0.5B-pitch
GRIN lenses.

2, = 2sin

where

The NA of the GRIN lenses for axial rays is given
hy

NA, = N,sind, = (N, r, A"®). (13)

The GRIN lenses tested had different NAs:

« The 0.23-, 0.29-, and 0.5A-pitch had an NA of
0.46
« The 0.25- and 0.5B-pitch had an NA of 0.6.

These NAs are sufficiently large to transmit the
entire large diverging LD beam. The GRIN lenses are
not as insensitive to radiation environment as the FO,
but they can form a higher hermetic seal than the
Ensign-Beckford FO.

2.3.3 FO and Lens Collimators

The FO and GRIN lens or FO and spherical lens
collimators consizt of an FO and SELFOC GRIN or an
FO and a conventionai plano-convex (P-C) quartz
lens. For the FO and GRIN lens combination, the
output half-angle divergence is given by

N
Agg = —— 1 (14)

wheted,uthedm&thel?ﬁ In order to mini-
mize Mg, either N, A2 or d, of the FO must be made
small. For efficient coupling, NA;>NA;,,, which lim-
its both N, and A2 and where NA,; is given by

NA; = N A" r,[l — (;5)‘] (15)

This leaves the diameter of thc FO as a variable;
however, thet too is limited. In this case, it is limited
to the size of the LD aperture, which varies from 100
to 400 pm.

Attheouetofﬂmm&elm-mwmbad
100-um apertures and the 500-mW LDs had 400-um
apertures. Since it appeared then that the 500-mW
400-pm LD would be chosen for the source, only 600-
um FOs were considered as FO couplers. Toward the
end of the project, a 500-mW and several 4-W LDs
having 100-um apertures bacame available. This
promptzd us to consider 200- and 100-um-dia FOs as
FO couplers.

The Ad; for 100-, 200-, and 600-um-dia FOs cou-
pled into a 0.25-pitch GRIN lens is 1.52°, 3.04°, and
9.11°, which is a cone with a diameter of 3.6, 9.0, and
30.6 mm, respectively, at a 102-mm distance, and 1.5,
3.6, and 14.5 mm, respectively, at a 51-mm distance
from the GRIN lens output surface. In the limit, the
axial ray produces a minimum diameter of 1.5 mm at

any distance.
For the FO and spherical lens combination, the
half-angle divergence, A4, is given by
d;
Af — tan—'{ —-
A8, = tan (217{)’ (16)

where F, is the focal length of the lens. The thin lens
paraxial approximation is used. The diameter d, of the
light cone leaving the lens at the distance d; - from the

lens is given by
in~! NAso) + (";" —1)].«11)

2F,\
-a|(

The A4, for 100-, 200-, 400-, and 600-zm FOs
ooupledmtoa&(i—mm-dn.?:j-mmfoullengthl’—c
quartz lens is 0.82°, 1.6°, 3.3°, and 4.91°, respectively,
which is a cone with a diameterof 4.1,5.5,8.1,and 10.8
mm, respectively, at a distance of 50 mm from the
surface of the spherical lens. The diameter of the lens
must be =3.38 mm for the four FOs considered.

The focal length of a GRIN lens is given by

F; = [N, Asin (A22)]?, (18

where Z is the length of the GRIN lens and A**Z =
pitch = x/2 for the 0.25 pitch lens. Eq. (18) reduces to

Fc (0.25 pitch) = (N, A¥*)". 19

For N, = 1.6 and AV = 0332 om ', F; = 1.88 mm.
The 0.25-pitch GRIN lens does not produce as smasil 2




cone diameter at 102 and 51 mm from its output
surface as the spherical lens because F; is much
smaller than the 3.5-mm focal length, F..

In trying to determine the pitch of a GRIN lens so
that its focal length is equal to that of the spherical
lens, we considered the Ray Trace Matrix for GRIN
lenses.™ These equations result in at least two solu-
tions:

* One solution is for incident-converging rays.
This requires that the image or object be inside
the GRIN. Since this would require another lens
in the optical trair, this solution offers no par-
ticular advantage to us at present.

e A second solution is for incident-diverging rays.
This results in a Z=1.71 mm and a pitch of 0.09
for F=3.5 mm. Since this is about the physical
size of the spherical lens, it offers no obvious
advantages.

For 100-, 200-, and 600-zm-dia FOs, the diameter

of the GRIN lens must be at least 2.86, 2.96, and 3.30
mm, respectively, in order to produce the same cone
diameters as the spherical lens. These diameters are
on the limits™ of practical sizes for the GRIN lenses
currently produced.

2.4 Beam Interrupter-Coupler

The beam interrupter-coupler (BIC) is used in a
strong link (SL); the SL is a beam shutter combined
with a beam deflector. The BIC ensures blocking of
the optical energy from the exclusion area. The con-
trols of the elements of the SL require a unique signal
in order to rotate the deflecting surfaces from the
blocked to the unblocked position. For nuclear appli-
cations, except under authorized conditions, denial to

the exclusion area must be ensured to 1 part in 105

Organization 2543 has the responsibility for SL devel-
opment; however, since the SL is part of the HOFS
system, the elements used in the SL must conform to
the specifications of the firing set.

Some possible BIC schemes are shown in Figure 7 -

and in parts a and b of Figure 8. The scheme for the
out-of-line components in parts a and b is pre-
ferred over the scheme for the in-line components in
Figure 7. In case of an accident to the weapon, the
prohability of the LD scurce being able to deliver
energy to the o=l] is greatly reduced for the out-of-line
scheme compared to the in-line scheme.

e S .
rethE=
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Figure 8. Out-of-Line Beam Interrupter-Coupler
Configuration. (a) GRIN or conventional lens collima-
tor combined with prism or mirrors in wheels, or (b)
FO and GRIN or conventicnal lens collimator com-
bined with prisms or mirrors in wheels.

The divergence of the LD beam out of the P-C
lens is given by
d;
= tan—*f ——
A, = tan (ZF,)’ (20)
where d, is the diameter of the FO and F, is the focal
length of lens P-C.




2.5 PVA GaAs Cells

Figure 9 shows a schemastic of the configuration of
the GaAs PVA cells. These cells, made by Applied
Solar Energy Corporation (ASEC), are tested and
used in the HOFS systems. The active layers are
grown on a thick, 350-um GaAs substrate doped to
atout 10" cm™ of Se, using the MOCVD technique.
These layers include the following characteristics:

* A raetal-conducting layer is deposited onto the
backside of the GaAs substrate.

» The first layer, the n-base, is grown until it is
~10 gm thick. It is then doped with ~10" cm™*
of Se.

* The p-emitter layer is grown until it is ~0.6 um
taick. It is then doped with ~10" em ™~ of Zn.

* The final top layer is a thin, transparent,
GaAlAs layer and is grown untit it is ~0.1 pm
thick. It is then doped with about 10" to 10
cm ™ of Zn. This layer passivates the optical
input surface of the cell. A final anti-reflective
coating is placed over this layer after the bond-

ing contacts are deposited.
Axar by
Materisd  Daging
—::.——3:33-’..'
Gets ~ap7 (Sap
Gaas ~aetl
" Amar Ag Cantact é.
Figure 9. Configuration of PVA GaAs Concentrator

Cells Fabricated by ASEC

The 1-V PVA cell is a monolithic structure; the 2-,
10-, and 16-V cells are hybrid structures. The 1-V cell
lsdengnedtoopuateatammmuanmofahout 100
suns, where one sun is 137.1 mW/cm? for space appli-
cations and 100 mW/cm? for terrestrial applications.

The hvbrid cells are fabricated by cutting cells
into segments and then connecting the segments in
electrical zeries. Each segment produces about 1 V.
The 2-V cell is made by dividing a 1-V cell in half, then
refiiting and connecting the two pieces in electrical
series. The 10- and 16-V celis are made by cutting cells
in pie segments, then refitting them to approximate a
circle and connecting the segments in electrical series.

'!le m of the G-A- celis tested by
ASEC or SNLA ave given in Table 3. PVA Cells 10 and
3 were tested by SNLA. The data listed for these cells
are for maxissum efficiency messured for solar illumi-
matic illumination (n,) of 820 nm is given by

P,

o Ll 2
n, n.XS(X)XI- 21)
where
S()) = the spectral response (mA/mW) at a specific

wavelength

P, = the solar intensity at one sun (100 mW/cm®)
L. =the short-circuit current density at one sun

"~ (mA/em®).

The estimated P,, which is the optical power
required at & specific wavelengih to get the concentrs-
tion solar short-circuit cmrrent, I, out of the cell, is
given by

L
Pl—gi')'-

The efficiency for solar illumination, n_, is given
by «

(22)

. (23)

wv| @

n‘=:

where P, is the voltage, V__, across the optimum load
load resistor for the cell with solar ilumination under
a concentration factor of F, suns.

P,, the solar power at F, suns, is given by

P,=P,xXF. XA, e

where A_is the area of the cell.
The fill factor (FF), a measure of the squareness of
the I-V curves of the cell, is given by

T X V)
XV ’

where 1 is the short-circuit current through the cell
and V__ is the open-circuit voltege across the cell.

FF = 25)




Table 3. Characteristics of GaAs Celis Measured by ASEC or SNLA With White Light

—2VA __ FACTOR ___ CONCENTRATION FF sl I-oo
P SOLAR n nA AREA

A
P N Y, BE V.- < S

S | WIS, - F B

a’

SER S
] EG Fs Voc v-ax Isc Inx
# # v v BA nA

10+ 1 103 1.08 .95 330.0 312.0

632 .830 .520 25.4 22.8

46.6% ~-126

12 2 15.6 2.00 1.55 36.6 36.6 1687 .695 .245% 17.8 18.2 34.1 137
3+ 10 8.1 9.24 6.08 10.0 9.0 46 .502 .030 2.6 F.2 14.8% .78%
39 16 16.7 16.00 11.20 16.4 13.9 590 .593 .028 1.7 12:.2 26.4  .565
+ MEASURED AT SNILIA * MAX VAIUE
2.6 Dc-Dc Converters where

The two types of de-dc converters used and tested
in the HOFS systems are made by Venus Scientific
Corp. and Gamma High Voltage Research, Inc. Both
types of converters use oscillators to chop the dc input
voltage in order for it to be up-converted.

Figure 10 shows the diagram of the Jensen oscilla-
tor circuit used by Gamma in iis converters.

« Inpvt is resistor-capacitor (RC) coupled by R,
and C; whose values are 50 2 and 0.47 uF,
respectively.

» Transistors Q, and Q, are 2N4923.

» Capacitor C; is 0.1 uF.

+ Dicdes D, and D, are 1N4936.

» Capacitors C, thrcugh C; are 500 pF.

+ Dicdes D, through D, are high-voltage diodes.

» Resistors R;, R,, and R; are nominally 50, 1.5,
and 1.5 Q, respectively.

+ Transformer T,, which has a Ferroxcube Type
3C82218 Ferrite core, has primary, secondary,
and feedback windings.

» The feedback winding, locatzd in the base
circuit of the transistors along with the stray
capacitances and Capacitor C;, ceicrmines the
frequency of oscillation {~30 kHz).

» The turns ratio of T, is different for the 1-, 2-,
10-, and 16-V converters.

» The input dc voltage is up-converted by the
multiplication factor, My, of the converter,

which is given by
Q(N)
M, = N’ ’ (26)
2

N, = the number of turns in the secondary
Np = the number of turns in the primary
Q = the multiplier in the secondary cireuit of
T,-

The @ value is 8 for the 1- and 2-V converters and
4 for the 10- and 16-V converters.

For the 1- and 2-V converters. the primary of T,
has 6 turns center-tapped, whereas the secondary has
850 and 450 turns, respectively. For the 10- and 16-V
converters the primary of T, has 18 turns center-
tapped, whereas the secondary has 800 and 400 turns,

The converter M, is about 2267, 1200, 355, and
177 for the 1-, 2-, 10-, and 16-V converters, respec-
tively.

l#

“COR~-

Figure 10. Circuit Used in Gamma D¢-to-De Con-
verters, Which Use a Jensen Oscillator



3. Techniques Used to Measure
Component Characteristics

The tecl niques used to measure the characteris-
tics of the diiferent components are also used to test
the HOFS systems. A Scientech energy/power meter
(EM) is used for all the power measurements. Figures
il and 12 are photographs of the EM in front of the
LD and FO, respectively.

* The EM is placed in front of FOs, SDL LDs in
TO-3 cans, SDL LD, in C-packages, MDAC/
OEC LDs in TO-18 cans, and MDAC/OEC LDs
on LCBs.

* The EM is placed a distance of 2.54, 4.3, 1.0, 4.3,
and 5.3 mm, respectively.

e The distances create subtended collecting an-
gles for the 25.4-mm-dia EM surface of 157°,
143°, 171°, 143°, and 135°, respectively.

» The angles are 3.7 times larger than the 43° total
divergence of the FOs; 3.6 times larger than the
40° total divergence of SDL LDs in TO-3 cans;
10 times larger than the 17° total divergence of
engineering prototype SDL LDs; 3 times larger
than the 45° total divergence of the MDAC/
OEC LDs in TO-18 cans; and 3 times larger than
the 45° total divergence of the MDAC/OEC LDs
on LCBs.

The FO cables are placed butt-on-end against the
GRIN lens, the window of the SDL and MDAC/OEC
LDs, SDL LDs in C-packages, and the MDAC/OEC
LDs on LCBs. This corresponds to about 0.1, 0.3,
0.025, and 0.03 mm from the GRIN lens or laser-cavity
mirror, respectively.

Figure i3 is a photograph of the FO butt-coupled
to the window of an SDL LD. The 1-m-long FO is
looped in a 16.5-cm-wide X 21.5-cm-high loop to
simulate the bending that the FO would make when
placed among other components in a HOFS svstem.

Figure 14 shows the setup used to measure the
transmission of the GRIN, GRIN and FO combina-
tion, and FO

 The X, Y, and Z axes are horizortal, vertical,

and along the optical for all the mounts except
for the camera. For the camera, Y axis is hori-
zontai and the X axis is vertical, whereas Z is

e The LD is secured to an optical table and can be

rotated relative to the horizontal (H) and verti-
cal (V) axes.

* The GRIN is mounted on a V-notched block

that can be translated in X, Y, and Z and rotated
about the H and V axes.

e The FO is secured in a similar manner at its

input end. At its outpart, it is stationery except
for the rotation and height adjustment available
from the pole holding the V-notched block into
which the FO is mounted.

The EM and PVA cells are secured on a pole
mounted on an X, Y, and Z translator. This
allows for rotation about H for the EM and
about V for the cells.

The GRIN, FO (input), EM, and cell are each
mounted or kinematic mounts that allow the
fast removing and precise repositioning of com-
ponernts in minimum time.

A telescope is positioned on the table to facili-
tate alignment of the LDs, GRIN lenses, and
P-C lens.

The FO or GRIN lens is aligned to the LDs by
scanning the input end of either the FOor GRIN
in the X and Y directions for the maximum
power out of the opposite end and then reducing
the distance (in the Z direction) until the dis-
tance between the FO or GRIN and the LD
window or the GRIN and the FO approaches
zero. This is facilitated by observing the disap-
pearance of the reflection between the specific
components as the separation distance de-
creases to zero.



Figure 11. Photograph of Energy Meter in Front of SDL 100-mW LD
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Figure 12. Photograph of Energy Meter in Front of 600-um FO
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Figure 13. Photogranh of FO Butt-Coupled to SDL 100-mW LD



Figure 14. Setup Used to Measure Transmission of
GRIN Lenses, GRIN Lenses and FO Combination,
and FO

Figure 15 shows the setup used to measure the LD
beam dimension out of the P-C lens that is coupled to
a FO.

¢ The P-C lens is mounted on a small table mount,
which allows X, Y, and Z translation and tilt
ahout the H and V directions.

*» The camera is mounted on an X, Y, and Z
translation mount.

+ Both lens and camera are placed on kinematic
mounts,

» The energy meter and the camera are used in
aligning the P-C lens. The P-C lens is aligned to
the FO by scanning its input end in the X, Y, Z
directions for maximum power. The FO is then
scanned in the Z direction while monitoring the
P-C lens output end with the camera for mini-
mum diameter at a distance from the lens so
that the image does not ovexfill the surface of
the charge injection device (CID).

Figure 15. Setup Used tc Measure the LD Beam
Dimension Cut of P-C Lens Coupled to 2 FO

Figure 16 shows the setup used to measure the
transmission through a 3.8-mm sperture placed at

" different distance d, , from the lens as the priem, P,, is

roteted about the optical axis, Z.

* Prism P, is secured to a gimble mount that
allows small tilt about the H and V directions
and rotation about the opticsl axis, Z. The reso-
lution about the Z rotation is 0.5 min.

» The prism, aperture, camera, and energy meter
are placed on kinematic mounts.

* The camera and energy meter are interchange-
able.

* The prism is centered onto the optical axis using
a helium-neon (HE-NE) laser and viewing the
IR LD beam.

» The aperture is aligned in a2 manner similar to
the lens.

The beam contours and profiles of the LDs and
theoptuzlmlplenaexmdedbyalmlieam
Diagnostic System made by Big Sky Software Corp.”
The system consists of

* Camera. The camera is 2 General Electric CID
Moadel TN 2-509, capable of a full resolution of
256 X256 X8 (gray level) elemenis and a half
resolution of 128 X128 X8 elements. Each pixe!
is 2828 um. Big Sky affixes its own high-
resolution, low-distortion face: plate on the input
of the camera, which has shout 2 1% to 24
transmission at 800 nm.

* Frame grabber. The frame grabber is a Model-
509 from Poynting Products, with color option
for contour highlighting.

» Computer. The computer is an IBM AT with
an Okidata Microline printer, Model 292, and
Mecdel JC-1401P3A; and a Princetom Graphic
System Model HX-12E

« Software. The sofiware is Beamcode 4.0 from
Big Sky.

o Synchronizer. Synchronization moduie for
pulse synchronization of the frame grabbler to
laser operation.

The computer is interfaced to the frame grabber
through a 16-bit, perallel, digital-interface card for
image-data scquisition and storage. For full resolu-
tion, one can select Frames 1 through 4; for half
resolution, one can select Frames 1 through 16 with
minimum-time resclution of 0.2 s for half and 0.8 s for
full resolution between frames and a meximum of
99909 s.




Figure 16. Setup Used to Measure the Transmission
Through a 3.8-mm Aperture Located Different Dis-
tances From Prism as It Is Rotated

: In use, we add neutral-density filters in front of

the CID camera to keep it from saturating. The optical
path length from the object to the active surface of the
camera is such that the pattern emitted by the FO will
be collected by the camera. For each setup, the camera
is usually positioned at two points so that a divergence
can be determined.

The Beamcode 4.0 software package allows con-
tours of the lsser heams to be recorded and their
profiles in the X and Y directions through the centroid
or any point designated by a mouse. The profiles can
be compered to a Gaussian distribution with an esti-
mate of the fit to 1/e* points. A 3D rctstable isometric
profile of the laser hean is also available.

In order to protect the operators from high volt-
age, the dc-de converter, the high-woitage cspecitor,
and the resistor divider network are located inside a
Lucite safety box (Figure 17). One oscilloscope (0SC)
is calibrated using a known high wvoltage thet is ap-
The network is connected in parallel with the HV
capacitor. A 10X probe across R, is used to messure
is used to determine the charge time of the HV
capacitor.

Another OSC, which is also calibrated with a
known voltage source, is used to measure the voltage
across the cell and the corrent into the de-de convert -
er. A 1X probe acrass a known resistor, R, (in series
with the cell) monitors the voltage. The current is then
I=V/R,
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Figure 17. Photograph of Safety Box With High-Voltage Components. These
components are the de-to-de converter, the HV capaecitor, and resistor divider
network.



4. Component Characteristics

The characteristics of the following four compo-

nents were measured: the LDs, couplers, strong link,
and PVA GaAs solar cells.

» Laser Diodes. The LD characteristics observed
or messured include optical nower as a function
of current; efficiency as a function of LD optical
power; degradation due to aging and thermal
effects as a function of LD optical power; and
beam intensity distribution as a function of LD

« Couplers. The characteristics of the couplers
measured include the transmission of five GRIN
- lenses butt-coupled to LDs; the transmission of
a GRIN lens as a function of distunce from the
lens; the transmission of 1000-, 600-, 400-, 200-,
and 100-um-dia FOs butt-coupled to SDL-100-
mW, 500 mW, MDAC/OEC 1-W LDs as source;
two different-diameter FOs butt-coupled to
GRIN lenses with SDL 100- and 500-mW LDs as
source, all as functions of incident LD optical
power and beam profiles of a 0.23-pitch GRIN
lens, 200-am FO, #1 and 600-zm FO, #1 FOs,
with 100-mW, 500 mW, and 4-W LDs as sources.

* Streng Link. The tolerance in the alignment of
the elements of the strong link, which contain
the prisms or mirrors, is determined as a func-
tion of energy collected at the same distance
from the output of the lenses as that of the cell.

« PVA GaAs Solar Celis. The characteristics of
1-, 2’: IO‘,M 16-V GaAs cells measured include
output electrical power as a function of load
resistance; and current as a function of voltage
(I-V) curves for different-input LD optical pow-
resistance R,; efficiency; and fill factor as func-
tions of LD optical power.

4.1 Laser Diodes

The LD optical power as a function of LD current
and efficiency and degradation as functions of LD
optical power were measured for different LDs along
with their beam profiles. .

The LD optical power as a function of current was
measured for:

* Seven SDL 100-mW LDs

» Three SDL 500-mW LDs

e One SDL 1-W LD

e Three SDL 4-W LDs

e One SDL 8-W LD

« Six MDAC/OEC costed-cavity-reflector LDs

e Seven MDAC/OEC uncosted-cavity-reflector
LDe.

4.1.1 Optical Power

Figure 18 shows the optical power as a function of
current for six SDL 100-mW LDs operated to their
rated 100-mW cutput levels. The slopes are compara-
ble although the intercepts on the LD optical power
axis, which are called threshold, vary. B126 (Curve 1)
has the smallest threshold value, and A321 (CmveG)

has the largest threshold value.
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Figurs 18. Optical Power vs. Current for Six SDL
100-MW LDs (3123, B124, B126, A196, A321, and
A322)0pant‘m¢l}ptn_lwnw




Figure 19 shows that as the current for two LDs
(B126 and A321) increases, their slopes virtually stay
the same, even when their optical power increases to
greater than four times their rated power. The time
interval between data shots is ~3 min.

Figure 20 shows the varying LD optical power asa
function of current for SDL L.D A195. The current has
been greatly overdriven for a long time (exact time
unknown) and the LD has experienced some damage
(the extent of which is unknown). The initial thresh-
old and slope efficiency is a specific value up to about
15 mW of output power, then suddenly the slope
efficiency changes to a smaller value; finally it reestab-
lishes to a new slope efficiency. The output of the LD
continues to change from shot to shot as the LD
continues to degrade, ie., the slope continues to
decrease.
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Figuwre 19. Optical Power vs. Current for Two SDL
100-mW LDs (A322 and B126) Operating up to 400
mW, Four Times Their Rated Power Levels
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Figure 20. Erratic Bebavior of SDL 100-mW LD
A195 Undergoing Degradation

The slope changing is similar to the clear kinking
described for LDs when modes are confined by a
refractive index profile such as formed by the mode
intensity profile itself ™® This mode can easily move by
slight asymmetry in the device structure. These
trans- verse-mode instabilities in semiconductor LDs
were reduced by introducing a stripe geometry™ simi-
lar to SDL LDs likc A195 using photon bombard-
ment,* zinc diffusion,” and mesa structure.®

The optical powers as a function of current for two
SDL 500-mW LDs (A841 and A840) are shown in
Figures 21 and 22. The threshold and slopes of A841
and AS40 are almost identical up to their rated power
level (Figure 21) and also up to four times their rated
power level (Figure 22). As the current increases in the
LDs, their slopes decrease slightly as shown in Figure
22. The rollover at the larger LD optical power indi-
cates a decrease in efficiency.
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Figure 21. Optical Power vs. Current for Two SDL
500-mW LDs (A840 and A841) Operating up to 500
mW, at 1-min Intervals
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Figure 22. Optical Power vs. Current for Two SDL
500-mW LDs (A840 and A841) Operating up to 2 W,
Four Times Their Rated Power Levels, at 3- and 10-
min Intervals
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Optical power a8 2 function of cmvent for SDL
500-mW C347 LI} and SDL 1-W C338 LD is shown: in
Figures 23 and 24. The difference between these LDs
and the SDL LDs proviously tested ie the lower
threshold, which is shout 190 mA for C347 sad 430
mA for C338 versus shout 820 mA for ASS0 and AS41
Ln.mgmzz).mcm-dcammw
quantum wells instead of the 3
wells of AS40 and AS41. The 500-mW C347 LD hes
100-pmm sperture compared to the 400-xm aperture of
A840 and A841 LDs. LD C338 has the same aperture
as AB40 and A841. At rated power levels, the incrosse
inhlightnauof&ﬂomAwadMislt'-q
MMWM&Z&MMW
levels, the increase in brightness of AS40 and AS41
over C338 is 2 times, whevreas C347, A840, and AS41
are the same brightness.
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Figure 23. Optical Power vs. Current for SDL-500
mW LD C347 Operatizg up to 500 mW, TE-Cooled at
1-min Intervals
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Figure 24. Optical Power vs. Current for SDL 1-W
LD C338 Operatirg up to 1 W, TE- and Fin-Cooled at
2-min Intervals

Figure 25 shows the optical power as a function of
current for three SDL 4-W 100-um-aperture LDs
{BM498, RB383, and RP542). The figure also shows
the optical power as a function of current for SDL 8-W
200-pm-aperture LD BN368. Curves 1, 3, 5, and 7 are
produced by SDL data; Curves 2, 4, 6, and 8 are
rroduced by SNLA data. Both sets of data for BM498
exhibit more erratic behavior than for RB883, RP542,
BN968, A321, A322, Bi126, A840, or A841 tested
previously.
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Figure 25. Optical Power vs. Current for Three 4-W
and One 8-W Prototype SDL LDs: Three 4-W LDs (1
& 2) BM498, (3 & 4) RB883, and (5 & 6) RP542 and an
8-W LD (7 & 8) BN968 Operating to (1 & 2) 4 W at
SDL and to Its Catastrophic Damage Level 357 W at
SNLA, (3& 4) 4-W at SDL and 2 W st SNLA, (5 & 6)
32WatSDLand 2Wat SNLA, and (T&8) 36 W at
SDL and 3 W at SNLA, all TE-Cooled st 3-min
Intervals at SNLA




When we compare the SDL data of BM498,
RB883, and RP542 to the SNLA data at large LD
optical power, it shows that a larger rollover is
ohserved for the SNLA data:

» SOL Test. For the SDL test, the LD current is

ramped to its maximum value in 0.2 t0 0.3 s.

- BM498. For BM498, there is good agreement
between the SDL and SNLA data until the LD
emits about 1.6 W or when it draws 2.36 A. The
SNLA test procedure for BM498 consists of four
LD shots at a specific LD output optical power
level, one shot through a FO, one shot through
a FO o activate the HOFS system, and one
shot through a FO while monitoring the output
power. This test sequence is repeated in steps of
0.7 W, starting at 0.7 W. As the current in the
LD increases above 2.3€ A, the SNLA data show
that less optical power is produced per incre-
mental current increase than for the SDL data.
Attempts to produce 3.7 W of optical power
caused catastrophic damage to LD BM498.

+ RBB83 and RP542. The SNLA test for RB883
and RP542 is slightly different and consists of
three, instead of five, LD shots prior to exciting
the HOFS system. LD RP542 exhibits a larger
slope efficiency than the other two 4-W LDs
tested (Table 1). LDs RP542 and RB883 operate
similarly to each other at both SDL and SNLA.
At SNLA, they are not operated over 2W._ At the
2-W level, the optical power measured at SNLA
is about 5% to 7% less than that measured at
SDL. For the SNLA data on the three LDs, the
laxge rollover is probably due to increased junc-
tion heating. The SNLA test sequence keeps the
LDs on longer than does the SDL test sequence.

« BN968. The threshold of 8-W LD BNI68 is less
for the SNLA (1.32 A) than for the SDL data
{1.48 A). The threshold of BN968 is more than
two iimes larger than that of the 4-W LDs. The
slope efficiency is larger for the SDL data (1.14
W/A) than for the SNLA data (0.95 W/A). The
SNLA data do not roll over like that of the 4-W
LDs. The LD current is limited to <5 A for the
SDL data and <4.5 A for the SNLA data

Figure 26 shows the plot of optical power as a
function of currest for four MDAC/OEC LDs with
coated-cavity mirvers. The struciure of these LDs is
listed in Table 2. The specific doping and thickness of
the layers are unknown. Each LD is opersted until its
catastrophic level is reached, i e., when the slope of the
LD changes or the LD cesses to emit hight. Model
E204A-6 had the best performance, producing 1.57 W
of optical power. Model E220A-2 damaged st the
lowest optical power of 0.6 W.
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Figure 26. Optical Power vs. Current for Four
Coated-Cavity-Mirror MDAC/OEC Developmental 1-
W LDs Operating up to Their Catastrophic Levels:
E204A-1 (1 W), E204A-2 (0.6 W), E204A-3 (0.7 W),
and E204A-6 (167 ¥




Figure 27 shows the optical power of seven
MDAC/OEC uncoated-cavity-reflector LDs as a func-
tion of current. The structure of the LDs is listed in
Table 2. The specific doping and thickness of the
layers are unknown. Model E170R-1 produced the
largest ocutput optical power of 2.10 W before it dam-
sged. E170T-5 produced th: smallest output optical
power, ~1.6 W. The coated-cavity-reflector LDs out-
performed the uncoeted-cavity-reflector LDs in that
the coated-cavity LDs gave more output optical power
at any specific current.
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Figure 27. Optical Power vs. Current for Seven
Uncoated-Cavity-Mirror MDAC/OEC Developmen-
tal 2-W LDs Opesating up to Their Catastrophic
Levels: Diode E170R-1 (2.1 W) of Curve 1 (1), E170T-
4(LTW)is 2 E1T0T-5(16W)is 3, E1T0R4 (2W) is
4, E204Q-1 (L.75 W) is 5, E170T-1 (1.1 W) is 6, and
E170T-3(12W)is 7 '

Figure 28 shows the optical power of two MDAC/

OBC costed-cavity-reflector LDs as a function of cur-

rent. The structure of these LDs is shown in Table 2.
These LDs have the longest cavity tested. LD E170T-
2-10 (the AST data) was operated at a single shot st
each level until the 2-W level. At this level, the LD was
shot seven times. When the test was resumed, the first
shot (which was at an elevated current in order to
produce 2 W of optical power) damaged the LD. The
LD continued to have reduced output for larger input
currents. The other LD, E170T-2-9, was tested with
each successive shot at elevated current umtil it
emitted about 5 W. On the third shot st that level,

catastrophic damage occurred.
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Figwre 28. Optical Power vs. Current for Two Extra-
Long Coated-Cavity-Mirror MDAC/OEC Develop-
mental 5-W LDs Operating up to Their Catastrophic
Levels: E170T-2-9 (5 W) and E170T-2-10 (2.1 W)




4.1.2 Efficiencies

The efficiercies as funcions of LD optical power
are measured for

» Six SDL 100-mW LDs

o Three SDL 500-mW LDs

e One SDL 1-W LD

* Three SDL 4-W LDs

e One SDL 8-W LD

+ Six MDAC/OEC coated-cavity-reflector LDs

+ Seven MDAC/OEC uncoated-cavity-reflector

LDs.

Figure 29 illustrates the efficiencies of six SDL
100-mW LDs as functions of output optical power up
to their rated power of 100 mW. The efficiency:

En = (P/P) X 100, @7

where Py, is the optical nower out of the LD and P, is
the electrical power into che LD.
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Figwre 29. Efficiency vs. Optical Power for Six SDL
100-mW LDs (B123, B124, B126, A196, A321, and
A322) Opersting up to 100 mW

The LDs with the B-prefix serial numbers are
move afficient by ~34% then those with the A pre-
fixes. This is related to varistions in LD fabrication,
ie., doping and possibly layer thi-kness.

Figure 30 shows that the effiency of B126 at
rated power of 100 mW is ~18%. As the LD input
current increases above the rated current to produce
400 mW, the efficiency incresses to ~33.5%, an
incresse of about 1.9 times. Similar resulis are
observed for A322 and A321, wheve the 12.7% effi-
ciency at rated conditions increases to ~24% at 400
mW: this is an increase of about 1.8 times. An appar-
ent saturation is setting in at the upper levels, since an
incremental increase in current does not produce as
large an increase in efficiency.

Figure 31 shows that the efficiencies of the two
SDL 500-mW LDs, A841 and A840, are almost identi-
cal. They increase to ~18.5% at rated output optical
power of 500 mW.
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Figure 30. Efficiency vs. Optical Power for Three
SDL 100-mW LDs (A321, A322, and B126) Operating
up to 400 mW, Four Times Their Rated Power Levels
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Figure 31. Efficiency vs. Optical Power for Two SDL
500-mW LDs (A840 and A841) Operating up to 500
mW

Figure 32 shows that the efficiencies of these LDs
continue to track each other as the current is increased
so as to produce 2 W of optical power. The maximum
LD efficiencies of each LD of ~28% is reached at the
LD level of 1.3 W. At the maximum LD optical power
of 2 W, their efficiencies decrease to 25%.
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Figure 32. Efficiency vs. Optical Power for Two SDL
500-mW LDs (A840 and A841) Operatingup to 2 W,
Four Times Their Rated Power Levels

The efficiencies of SDL 500-mW LD C347 and the
1-W LD C338 are shown in Figures 33 and 34, respoc-
tively. For both the LDs operating up to their rated
powez, the efficiencies are still incressing. The maxi-
mum efficiency for C347 is almost 40% ; for C338. the
maximum efficiency is 38% . These are much greater
than the efficiencies for either AS40 or A841 (Figure
31). The incresse in efficiencies is related to the
decrease in the threshold described in Figures 23 and

24, and to LD structure architectursl changes in the
active region from multiple-quantum to single-
quantum wells.
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Figure 33. Efficiency vs. Optical Power Using SDL
500-mW LD C347 Operating up to 500 mW, TE-
Cocled at 2-min Intervals
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Figure 34. Efficiency vs. Opticsl Power Using SDL
1-W LD C338 Operating up to 1 W, TE-Cool.d‘
2-min Intervals




Figure 35 shows the efficiency of three SDL 4-W
LDs (BM498, RB883, and RP542) and of an 8-W LD
(BN968).

* BM498. The performance of the SOL LD
BM498 was similar to the performances of the
SDL A840 and A841; at about half its cata-
strophic damage level, the efficiency began to
decrease. For A840 and AS841, the maximum
efficiency occurred at ~15 W (Figure 30),
which is close to half the catastrophic damage
level for this type of L. The maximum efficier-
cy for BM498 occurred at ~22 W, which is
about half the catastrophic damage level for this
type of LD.” The decrease in this maximum
efficiency at the maximum LD optical power of
3.6 W is 8.8%. The rollover in efficiency is more
severe for the BM498 than for A840. The maxi-
mum efficiency of 37.4% for BM498 is signifi-
cantly larger than the 26.2% observed for A840
and AB41.

- LDs RB883, RP542, and BN968. L.Ds RB883
and RP542 are operated up to 2 W, and BN968
is operated up to 2.8 W. The catastrophic level
of both LDs, RB883 and RP542, should be the
same as LD BM498. The 28-W operating level
of LD BN968 is about 35% of its catastrophic 8-
W level. For these three LDs, it is evident that
we are below the roliover in efficiency. The
maximum E,; at 2 W is 40% for RB883 and
37.9% for RP542. This is slightly larger than
that observed for BM498. For LD BN968, the
maximum E; ;, at 28 W is 33.7% , which is slight-
ly less than the maximum for LD BM498.

Figure 36 illustrater the efficiency of the
MDAC/OEC uncoated-cavity-mirror LDs. It varies
from a maximv™ of ~35% at 0.9 W for the E170R-1
LD to ~25% 2. 09 to 1 W for the E204Q-1 LD. Two
LDs showed irregular hehavior, e g., their efficiencies
increased suddenly at the higher output power. (See
E170R-1 at ~2 W and E170R4 at ~16 W.)

Figuare 37 illustrates the efficiency of four MDAC/
OEC ocuated-cavity-reflector 1-W LDs. These LDs
showed marked incresses in efficiency owver the
uncosated LDs. The maximum efficiency of 50% was
observed for E220A-1 at 1.05 W of cutput power. The
efficiency was still incressing when the LD underwent
catastrophic failure. The performance of LD E220A-2
was similar to thet of E220A-1 until it daxaaged at
~0.7 W. At this time, there was a drastic change as
shown by the piot of the AST date; the data deviate
from the estahlished trend for lower LD power.
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Figure 35. Efficiency vs. Optical Powe. for Three 4-
W and One 8-W Prototype SDL LDs: Three 4 W LDs
(SQS) BM498, (AST) RB883, and (CIR) RP542 and
an 8-W LD (TRI) BN968 Operating (SQS) 4 W at
SDL and to Its Catsstrophic Damage Level 3.6 W at
SNLA, (AST) 4 W at SDL and 2 W at SNLA, (CIR)
32 W at SDL and 2 W at SNLA, and (TRI) 3.6 W at
SDL and 3 W at SNLA, all TE-Cooled at 3-min
Intervals at SNLA
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Figwe 36. Efficiency wvs. Optical Power for Seven
Uncoated-Cavity-Mirror MDAC/OEC Developmen-
tal 2-W LDs COpersting up to Their Catastrophic
Levels: Diode E170T-5 (1.6 W) s Curve (1), E170T4
(LTW)is 2, E204Q-1 (LT5W)is 3, E17T0R-4 (2 W) is 4,
E170R-1 (21 W) is 5, E170T-1 (.1 W) is 6, and
E170T-3 (L2 W) is 7
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Figure 37. Efficiency wvs. Optical Power for Four
Coated-Cavity-Mirror MDAC/OEC Developmental
1-W LDs Operating up to Their Catastrophic Levels:
E220A-1 (1 W), E220A-2 (0.6 W), E204A-3 (0.7 W),
and E204A-6 (167 W)

Figure 38 depicts the efficiency of the long-cavity-
mirror LDs E170T-2-9 and E170T-2-10. The efficien-
cy of ~50% peaked at the output optical power of 2.4
and 2.0 W for each LD, respectively. The 50% effi-
ciency and the 5 W of LD optical power are the largest
observed for any SDL or MDAC/OEC LDs. LD
E170T-2-9 had the largest decrease in efficiency prior
to failure, with increase in LD optical power after the
observed maximum of any LD measured. The efficien-
cy ranged from a maximum of 50% to about 43%.
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Figure 38. Efficienty va. Optical Power for Two
Extra-Long Coated-Cavity-Mirror MDAC/OEC De-
velopmental 5-W LDs Operating up to Their Cata-
strophic Levels: E170T7-2-9 (5 W) and E170T-2-10
(21W)

4.1.3 Degradation

The degradation due to temperature was mes-
sured for

« SDL 100-mW LD B126

» SDL 500-mW LDs A840 and A841

The degradation due to aging® was measured for
« SDL 500-mW LD A841

« SDL 4-W LDs RB883 and RP542
« SDL 8-W LD BN968

Figure 39 illustrates the optical power vs. current
for SDL LD B126. The LD is on a fin hestsink. As the
shot interval changes from 10 min to 30 s, a slight
decrease in LD output power is observed at the large
LD levels.
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Figure 39. Degradation Due to Heating Illustrated
by Optical Power vs. Current of SDL 100-mW LD
B126 Cperating up to 400 mW, Four Times Its Rated
Power Level, at 10-min and 30-s Time Intervals

Figure 40 shows the optical yower vs. current for
SDL 500-mW LD A841. The effects due to the
reduced time interval between LD shots are more
pronounced for this LY then for 1D B126. The same
fin heatsink is used for ali SDL. LDs that are fin-
heats nked. This LD is fin-hestsinked. A rollover is

&%




observed for LD AB841 even at optical power lovels
near its 500-mW rated power level. At large output
power and as the time interval between shots
decreases or the repetition rate incresses, the rollover
is greater. At this LD power, the 3053 and 2-min-
interval data are almost identical. At 2-W LD power,
the 10-min-interval data show 4% less rollover than
for the 30-s and 2-min-interval data. At this LD
power, the thermal effects due to the reduced intervals
also cause an incresse in separation between the
curves. The separation and incresse in rollover are
more apparent and larger 2t iarger LD output optical

power.
Figure 41 illustrates the optical power vs. current.
for SDL 500-mW LD A84C «perating on a fin heatsink
up to its 500-mW rated power level. At a2 5-min
interval between shots, the LD experiences minimum
rollover. At the reduced 1-min interval between shots,
the LD begins to roll over at the 200-mW output level.
This rollover causes almost a 6% separation at the
500-mW level. This ohserved separation and rollover
are undoubtedly due to the increase in LD junction
heating caused by the increase in repetition rate.
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Figure 40. Degradation Due to Heating Illustrated
by Optical Power va. Cazrent of SDL 500-mW LD
A841 Operating up to 2 W, Four Times Iis Rated
Power Level, st 10-min, 2-min, snd 30-s Time Inter-
vals :
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Figure 41. Degradation Due to Hesting IHustrated
by Optical Power vs. Current of SDL 500-=W LD
AS840 Operating up to 500 mW, Its Rated Power Level,
at 1- and 5-min Time Intervals

Figure 42 shows the optical power vs. cxarent of
LD AS840 operating on a TE heatsink cooled to 19.9°C.
The optical power response at a different time interval
between data shots is about the same, except of the
2-W level. At this level, only the 5-min-interval deta
show less heating effects. All the data show the same
rollover from the 0- to 1L5-W output powes.

Figure 43 illustrates the optical power vs. current
for SDL 500-mW AS40 on a fin heatsink and 2 TE-
cooled hestsink. Both traces show a roliover of LD
output power =500 mW, with incvessing sepasstion
a8 LD output power incresses. Heating appears to be
maore severe for the fin heatsink, evess at low current.
This is illostrated by the reduced LD output power for
the fin compared to the TE-cooled heatsink with the
samme input caarent.

The rollover in LD optical power at large current
and the increased separstion indicate s decresse in
efficiency in conwerting electrical enesgy to optical
energy (Figure 44). The TE cocler data show that
power >1W.
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Figure 42. Degradation Due to Heating Ilustrated
by Optical Power vs. Current of SDL 500-mW LD
A840, TE-Cooled, Operating up to 2 W. Four Times
Its Rated Power Level, at 5-, 3-, and 1-min Intervals
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Figure 43. Degradation Due to Heating Niustrated
by Optical Power vs. Current of SDL 500-mW LD
AS840, TE- and Fin-Cooled, Operating up to 2 W, Four
Times Its Rated Power Level, at 3-min Intervels
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Figure 44. Degradation Due to Heating Nlustrated
by Efficiency vs. LD Optical Power of SDL 500-mW
LD A840, TE- and Fin-Cooled, Operating up to 2 W,
Four Times Its Rated Power Level, at 3-min Intervals

Aging is unrecoverable damage that produces less
output optical power for the same LD current. Figure
45 shows optical power vs. current and Figure 46
shows efficiency vs. optical power for SDL LD A841
operating at different times during its life. Figure 20
described the initial slow degradation of SDL 100-mW
LD A195 and then its more rapid degradation as
aging* progressed. Figures 45 and 46 show that, at
large LD output levels, apparent aging is taking place
in LD A841. At the lower power level of upto 1 W, it
appears that the efficiency of the LD increases after it
bas operated for a shori period of time or afler it is
burned in. (Compare the SQS to the TRI data points.)
After the LD is operated for longer periods of time, the
decrease in efficiency at large-output optical power
levels is apparent. (See the AST data points.) The late
data (AST) were taken just before the LD quit operat-
ing. At that time, A841 had about 600 shots at ~5 s
per shot, or a total operating time of ~50 min at
elevated-output optical power levels.

The degradation of SDL 4-W LD BM498 bas been
described in Figure 25, Section 4.1.1.

Figure 47 shows the optical power vs. current for
two SDL 4-W LDs, RB883 and RP542, and an 8-W
LD, BN968. The degradation due to aging is apparent
for LDs RB883 and BN968. There is little or no effect
due to aging for LD RP542 (the AST close to CIR and
optical power for the same three LDs is shown in
Figure 48. The degradation due tc aging is aleo appar-
ent in this plot for LDs RB883 and BN968 (the AST
close to CIR are lster shots for LD RP542). The early
G..4n shots were the first shots at each power level.
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Figure 45. Aging HNlustrated by Optical Power vs.
Current of SDL 500-mW LD A841 Operating up to 2
W, Four Times Its Rated Power Level, at Different
Times During Its Life
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Figure 46. Aging lliustrated by Efficiency vs. Optical
Power of SDL 500-mW LI» A841 Operating upto 2 W,
Four Times Its Rated Power Level, at Different Times

During Its Life
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Figure 47. Aging Iustrated by Optical Power vs.
Current of Four Prototype SDL LDr. Two 4-W LDs
(RE883 and RP542) and an 8-W LD (BN968) Operat-
ing up to 2 and 2 8 W at Different Times During Their
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Figure 48. Aging llluetrated by Efficiency vs. Optical
Power of Four Prototype SDL LD« Two 4-W LDs
(RB883 and RP542) and an 8-W LD (BNSE8) Operat-
ing up to 2 and 2.8 W at Different Times During Their
Lives




For LD RB883, late AST data had

» 24 shots at 0.5 W
s 56shotsat 1 W
e 12shotsat 1.5 W
e 12shots at 2 W

Aging causes LD RB883 at a current of 2.2 A to
produce ~22% less P,,, than earlier in its life (TRI).

For LD BN968, late data had
e 142 shots at 0.5 W
*9shotsat 1 W

e 17shotsat 1.5 W

e 98shotsat2 W

¢ 14shotsat 25 W

« 62shotsat3 W

At a current of 44 A, aging caused LD BN968 to
produce 6% less Py, than the early AST data.

Both LDs, RB883 and BN968, have a crossover
region where the same amount of current before and
after aging produces the same LD optical power. For
LD RB883, the crossover is at 0.3 W for a current of 1
A. For LD BN968 the crossover is at 1.3 W for a
current of 2.8 A. For currents below the crossover, less
current produces more LD optical power after the LD
ages (Figure 47).

Figure 48 shows the efficiency vs. optical power
for LDs RB883, RP542, and BN968. The aged LD is
more efficient below the crossover as described earlier.
Above the crossover for RB883 operating at 1.2 W, the
efficiency is decreased by 14.3%; for BN968 at 2.64 W,
the efficiency is decreased by 5.1%.

4.1.4 Beam Intensity Distribution

The beam intensity distribution of four SDL LDs
(A322, A840, EN958, and RP542) are described in this
section. In particular, the beam intensity distributions
of LDs BN968 and RP542 are studied at different
times during their lives and after they are turned on.
For LDs A322 and A840, Sections A and C of the
figures are profiles in the X direction (perpendicular
to the long dimension of the LD aperture) and inthe Y
directicn (along the long dimension of the LD aper-
ture) through the peak of the intensity distribution of
the top and bottom lobes of the contours of the LD
beam illustrated in Section . The width of the frame
from the right to left edge for the profiles in Sections A
and C is 6.7 mm.

For LDs BN968 and RP542, Section A of the
figures contains the contours (six equally spaced
intensity (W/cm’® levels) of the intensity distribution

of the beam and Section B shows the profiles through
the centroids of the LD beam in the X and Y direc-
tions. The dotted lines ir the profiles of all figures are
a Gawssisn fit to the intensity distribution of the
specific profile. When the correlation coefficient (CC)
of the fit becomes unstable because the numbers used
in the fitting equations are either too large or too
small, the words “NO FIT" appear above the axis
callout. A CC of 1 indicates a perfect Guussian fit.

LDs A322 and AS40

The beam intensity distributions of SDL. 100-mW
LD A322 operaiing at 99.8 and 395 mW are shown in
Figure 43. The beam intensity distributions of SDL
500-mW LD A840 opersting at 522 and 1952 mW are
described in Figure 50. There are eight equally spaced
intensity (W/em?) contours in Figure 49 I and II, and
in Figure 50 I, and ten contours in Figure 50 IL. The
optical distance from the aciive surface of the camera
to the LD-emitting mirror is ~9.6 mm.

il

Figure 49. Contours and Profiles of Intensity Distri-
bution of the Output Beam of SDL 100-mW LD A322
Operating at 99.8 mW (I) and 395 mW (II), Recorded
9.6 mm From the LD Mirror
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Figure 50. Contours and Profiles of Intensity Distri-
bution of the Qutput Beam of SDL 500-mW LD A840
Operating at 522 mW (I) and 1952 mW {II), Recorded
9.6 mm From the LD Mirror

The Gaussian fits are generally good for the X
axes; they are not as good for the Y axes due to the two
lobes in the laser beam intensity distribution. The
width, ay, is the width of the intensity distribution to
1/e* of the peak intensity of a Gaussian beam fit in the
X and Y directions of the top lobes (marked “T” in the
figures), and ag is the width of the intensity distribu-
tion to 1/e of the peak intensity of a Gaussian beam
fit in the X and Y directions of the bottom lobes
{marked “B” in the figures). For Figure 49 I and I the
ay’s are 7.40 mm (X) and NO FIT (nf) (Y) and 7.50
mm (X) and 4.50 mm (Y), respectively. For Figure 491
and II the ap’s are 7.51 mm and nf and 7.58 mm and
4.50 mm, respectively. For Figure 50 I and II the ay’s
are 597 mm and of and 5.54 mm and 547 mm,
respectively. For Figures 50 I and II the ay’s are 5.79
mm and nf and 5.77 mm and 5.29 mm, respectively.
The LD intensity distribution record is taken 0.2 to
0.4 s after turn-on.

SDL 8-W LD BN9G8 Operating Zarly in Life

Figure 51 shows the contours and profiles of the
intensity distribution of SDL. 8-W LD BN968 beam.
The LD operated at four output optical levels early in
its life. The intensity distribution record is taken 0.2

50

to 0.4 s after turn-on. The optical distance from the
LD output mirror to the camers active CID surface is
8.87 mm for Figure 51 LI, 111, and IV and is 10.87 mm
for Figure 51 V, VI, VI, and VIIL
The LD emitting power and the number of accn-
mulative LD shots prior to
» Figure 5! I and V are 0.47 W and 12shots st 0.5 W
« Figure 51 Il and VI are 1.0 W and 12 shots at 0.5
Wand 5shots at 1 W :

« Figure 51 111 and VII are 2.0 W and 12 shots at
05W,5shots at 1 W, and 10shots at 2 W

e Figure 51 IV and VIII ave 2.8 W and 12 shots at
05W,5shots at 11 W, 10 shots at 2 W, and 11
shots at 28 W, respectively.

After Shot 11-23-S39, the total mmber of LD
shots at all levels is 38. The two bobes in the intensity
distribution observed for LDs A322 and A840 in Fig-
ures 49 and 50 are ohserved for LD BN9G8 only at the
0.47-W level and then not as pronounced. At the close
position (Figure 51 IV-A), the narrow divergence is in
the V direction or the Y-axis of the LD or the X-axis of
the camera instead of in the conventional H direction
or the X-axis of the LD or Y-axis of the camera.

At the far position (Figure 51 VII and VHI),
increased mode structure is observed at both the 1.99-
and 2.84-W levels. The Gaussian fit is better for the H
direction (Y-axis) or along the long direction of the
LD aperture than for the V direction (X-axis).

The Gaussian fit is not very good for Figure 51 I
and V along the Y-axis, IV and VII along the X-gxis
and Y-axis, and VIII along the X-axis.

SDL-8-W LD BN968 Operating Later in Life
Figure 52 shows the beam contours and profiles of
the intensity distribution of SDL 8-W LD BN968
beam. The LD was operated at four output optical
levels later in its life.
The optical distance from the LD output mirror to
the camera active CID surface is 8.87 mm for Figure 52
L I1, 111, and IV and is 10.87 mm for Figure 52 V, VI,
VIIL, and VIIL
The LD emitting power and number of accumula-
tive LD shots prior to
o Figure 521and V are 0.49 W and 27 st 0.5 W, 45
at 1OW,38at20W,and 51 at 28 W

o Figure 52lland Viare 1.1 Wand 272t 05 W, 48
at LOW,38 at 20 W, and 51 at 28 W/

e Figure 5211l and Vil are 20 Wand 27 at 05 W,
48at10W, 45220 W, and 512t 28 W

o Figure 521V and Vil are 28 Wand 27 st 05 W,
48 at 1LOW, 45 at 20 W, and 58 at 28 W,

respectively.
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Figwre 51. Contours and Profiles of Intensity Distribution of the Output Beam Early in the Life of SDL 8-W LD
BN968. These operate at 047TW (I & V), 1 W (1 & VD), 2 W (II1 & VII), and 284 W (IV & VHI).
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Figure 52. Contours and Profiles of Intensity Distribution of the Output Beam Later in the Life of SDL 8-W LD
BN968S. These operate st G.49W (1 & V), 1.1 W (I1 & VI), 2 W (Il & VII), and 284 W (IV & VIID).



After the last shot, 12-2-S27, the total number of
LD shots at all levels is 178. The two lobes observed at
the Q.5-W level earlier is 2ll but gone. The mode
structure observed earlier at the 2- and 2.8-W levels is
also missing. The Gaussian fits are better for the
X-axis than for the Y-axis. The Y-axis Gauasian fits of
the Figure 52 data are better than those of Figure 51.

LD BN968 Operating at 1-W Accumulating
Shots

Figure 53 shows LD beam contours and profiles of
the intensity distribution of LD BN968 beam. The LD
operated at 1 W as it accumulated shots. The optical
distance from the LD output mirror to the camera’s
active CID surface is 8.87 mm for Figure 53 I, Ii, III,
and IV and is 10.87 mm for Figure 53 V, Vi, VII, and
VIIL

The number of accumulative LD shots prior to

s Figure 531and Vis 12at 0.5 Wand 5at 1 W

e Figure 53 Hand VIis 27 at0.5 W, 48at LOW, 38
at 20 W, and 51 at 28 W

» Figure 53 Il and VIl is 4221 0.5 W, 88 at 1LOW,
80at20W,and 74 at 28 W

* Figure 53 IVand Vil is 61 at 0.5 W, 11821 1.0W,
106 at 20 W, and 91 at 28 W.

The Gaussian fits improve with LD aging.

LD BN968 Operating at 2-W Accumulating
Shots

Figure 54 shows LD beam contours and profiles of
the intensity distribution of LD BN968 beam. The LD
operated at 2 W as it accumulated shots. The optical
distance from the LD output mirror to the camera
active CID surface is 8.87 mm for Figure 54 I, I1, I,
and IV and 10.87 mm for Figure 54 V, VI, VI, and
VIIL. The number of LD shots at each output optical
power level is as described for Figure 53. As mentioned
earlier, the Gaussian fit improves with LD aging.

LD BNOG8 at Different Times After LD is
Turned On

Figure 55 shows the contours and profiles of the
intensity distribution of LD BN968 beam at different
times after the LD is turned on.

o With the Li’ emitting 28 W, the number of LD
shots prior to Figure 55 L II, and 11l is 12 2t 0.5
W,.5at1W,10at2W,and 11 st 28W.

e With the LD emititing 20 W, the number of
shots prior to Figure 55 IVand Vis 12at 0.5 W, 5
at 1 W, and 102t 2 W.

Figure 55 I, I1, and 111 are for 0.218, 0.418, and
2.018 s after LD turn-on, whereas Figure 55 IV and V
are 0.218 and 0.418 s after LI turn-on, respectively.
For both LD jevels, the beam contours and profiles
change drastically in the X-axis and Y-axi: .uring the
time the LD operates.

Specifications for SDL 8-W LD BN968 Data

Table 4 lists specifications for SDL. 8-W LD
BN968, which include the shot number {(#), LD out-
put opiical power (W), distance from the LD output
mirror where the photographs are taken (mm), 1/¢*
width (mm), divergence (degrees), CC, and the figure
in which the contour or profile appears.

These data are for the contour and profile data in
Figures 51 through 55. The records were taken at 8.87
and 10.87 mm from the LD’s output mirror.

The divergence, a,, (half-angle) is calculated us-
ing:

(X3 — X0 .
— -i P AR, £
a, = tan [2 { ] . {28)

where x,, and x,, are the 1/¢’ widths and 2,, and z,, are
the distances from the LD output mirror for Shots 11-
23-S13 and 13-23-S14, respectively. The a, divergence
is calculated similarly, except that the x’s are replaced
by y’s.

Previous to Shots 12-14-S6 through 12-14-S13,
FO damage caused a white powder to be deposited on
the LD mirrors. The divergence for these LD shots is
not constant but erratic. After the FO damage, the

If a trend appesred, it was the slight decrease in
divergence with an incresse in LD output optical
power. The listings in Table 4 for Figures 53 and 54
show that there is also a trend for the divergence to
increase with age at both the 1- and 2-W Jevels.
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Figure 53. Contours and Profiles of Intensity Distribution of the Output Beam of SDL 8-W LD BN968 Operating
at 1 W as Shots Accumulate
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Figure 54. Contours and Profiles of Intensity Distribution of the Output Beam of SDL 8-W LD BN968 Operating

at 2 W as Shots Accumulate
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Figure 55. Contours and Profiles of Intensity Distribution of the Output Beam of SDL 8-W LD BN968 Tak-
en at Different Times After LD Turn-On



Table 4. Beam Specifications for SDL 8-W LD BNNSSS Data

sor P, el e’ winm CSSEIATEN  FIG
DIST X Y X Y __QOEFFICIENT
€)] W) (am) (sm) (wm) (deg) (deg) (X) (04) (€))
11-23-514 0.47 8.87 4.47 1.42 - - .999891 .995880 51 I
11-23-513 0.47 10.87 5.10 1.76 9.0 4.9 .999900 .995486 51 V
11-23-S18 1.0 8.87 4.16 1.87 - - .999787 .998949 51 II, 53 I
11-23-519 1.0 10.87 4.74 2.19 8.3 4.6 .999611 .997799 51 VI, 53 V
11-23-528 2.0 8.87 4.18 1.99 5.0 9.8 .999794 .995565 51 III, 53 1
55 IV
11-23-528 2.0 8.87 3.75 1.57 11.0 15.5 .993759 .990768 55V,
11-23-S29 2.0 10.87 4.53 2.68 - - .995385 .992537 51 VII, 54 V
11-23-S38 2.8 8.87 - - - - - - 511IV. 551
11-23-S38 2.8 8.87 - 8.39 - - - 992987 55 IY
11~23-538 2.8 8.87 - 3.29 - - - .996363 55 III
11-23-839 2.8 10.87 2.64 1.28 - - .995841 .999307 51 VIII
12-2-S7 0.49 38.87 4.55 1.41 - - .909894 .996811 52 I
12-2-59  0.49 10.87 5.26 1.89 10.1 6.8 .999975 .997762 52 V
12-2-S11 1.1 8.87 4.31 2.65 - -  .999907 .999072 52 II, 53 II
12-2-S12 1.1 10.87 4.97 2.37 9.4 4.6 .999738 .998056 52 VI, 53 VI
12-2-518 2.0 8.87 4.42 2.20 - -  .999798 .997519 52 III, 54 II
12-2-815 2.0 10.87 5.18 2.86 10.8 9.4 .999756 .997083 52 VII, 54 VI
12-2-526 2.8 8.87 4.30 2.60 - -  .999797 .995862 52 IV
12-2-827 2.2 10.87 4.93 3.24 9.0 9.1 .999666 .992936 52 VIII
12-8-53 1.0 8.87 4.29 1.70 -~ - .999881 .998308 53 ITI
12-8-54 1.0 10.87 5.17 1.97 12.4 3.9 .995738 .998006 53 VII
12-8-S9 2.0 8.87 4.60 2.25 - -  .999838 .997955 54 III
12-8-510 2.0 10.87 5.20 2.79 8.5 7.7 .999660 .997685 54 VIII
12-14-S6 1.0 8.87 6.57 2.77 - -  .999956 ,997656 53 IV
12-14-S7 1.0 10.87 7.32 3.12 10.6 5.0 .999928 .996214 53 VIII
12-14-S12 1.9 8.87 6.37 2.91 - -  .959805 .997904 5¢ IV
12-14-513 1.9 10.87 7.56 3.56 16.6 10.5 .999825 .997643 54 VIII




SDL 4-W LD RP542 Operating Early in Life

Figure 56 shows the contours and profiles of the
intensity distribution of SDL 4-W LD RP542 beam.
The LD operated at four levels. The optical distance
from the LD output mirror to the camera active CID
surface is 8.87 mm for Figure 56 L IL, II1, and IV and
10.87 mm for Figure 56 V, VI, VII, and VIII, with the
LD emitting:

e 0.49 W, the number of LD shots prior to Figure

56 Iis 5 at 0.49 W, and 6 for Figure 56 V

« 1.1 W, the number of LD shots prior to Figure 56
Il is 5 shots at 1 W plus the previous shots, and 6
for Figure 56 VI

* 1.5 W, the number of LD shots prior to Figure 56
II is 4 shots at 1.5 W plus the previous shots,
and 5 for Figure 56 VII

* 1.8 W, the number of LD shots prior to Figure 56
IV is 5 shots plus the previous shots, and prior to
Figure 56 VIII is 6 shots plus the previous shots.
After Shot 12-14-S53, the total number of LD
shots at all levels is 23. Two weak lobes are observed at
the 0.49-W level. The contours in (A) and the profiles
in (B) are similar for all the remaining LD levels
shown in Figure 56 I1, I, IV, VI, VII, and VIII. The
Gaussian fit is better for the X-axis of the profiles,
which are perpendicular to the short direction of the
LD aperture, than it is for the Y-axis.

SDL 4-W LD RP542 Operating Later in Life

Figure 57 shows the contours and profiles of the
intensity distribution of SDL 4-W LD RP542 beam.
The LD operated at four levels. The optical distance
from the LD output mirror to the camera’s active CID
surface is 3.87 mm for Figure 57 1, I, 11, and IV and
10.87 mm for V, VI, VII, and VIIL

For LDs emitting:

« 0.43 W, the number of shots prior to Figure 57 |
i5220at05W,220at 1 W, 62t 1.5W,and 85at 2
Ww.

« 0.43 W, the number of shots prior to Figure 57V
is the same as Figure 57 Iplus 1 at 5 W.

* 1.0 W, the number of shots prior to Figure 57 11
521at0.05W, 2242t 1W,6at 1.5W,and 85 at
2W.

* 1.0W, the nunber of shots prier to Figure 57 VI
isthe sasne 2o Figuwre 57 1, plus 1 st 1 W.

o 1.4 W, the number of shots prior to Figure 57 111
8221 t05W, 22504 1 W, 90t 1.5W,and 850t 2
w.

"« L4 W, the number of shots prior to Figure 57 VI
is the seme as Figure 57T IIL plus 1 st 1.5 W.

o 1.8 W, the number of shots prior to Figure 57 IV
8221at05W, 2250 1W,10at 1 W, and 882t 2
Ww.

e 1.8 W, the number of shots prior to Figure 57
VI is the same as Figure 57 IV, plus 1 at 2 W.

After Shot 1-13-531, the total nszsber of LD shots
at all levels is 545. The intensity distributions of the
LD after all these shots look similar to those early in
its life (Figure 56). The profile of the emission peitern
is broadened slightly at the base, especiaily at the
1- and 1L.5-W levels of operstion. At the larger LD
output levels (1.9, 1.4, and 1.2 W) the profiles vary.
The two lobes are observed at the 0.43 level, but are
ahsent at the elevated LD ouvtput power. As in the
earlier operation (Figure 56), the Gaussian fit is Setier
for the X-axis of the profile than it is for the V-axis of
the profile, which is the Y-axis or short dimension of
the LD. ‘

Specifications for SDL 4-W LD RPS42 Dala
Table 5 lists the specifications for SDL. 4-W LD
RP542. These include the shot number (#), Py LD
output optical power (W), distance from the LD out-
put mirror from where the photographs are taken
(mm), 1/¢* width (mm), divergence (degrees), CC, and
the figure in which the contour or profile appears.

The data in Table 5 are for the profile data in
Figures 56 and 57. The records are taken at 8867
and 10.867 mm froms the output mirror of the LD. The
LD divergences, a, and a, are calculated as described
in Eq (28) for the LD divergence in Table 4.

H a trend appears, it is a slight increase in diver-
gence with an increase in LD output optical power for
the three upper LD levels, both early and later in the
life of LD RP542.

The Y-sxis diverpence is erratic became the
Gaussian is not a good fit to the intensity distribution
or profile in that direction, as is evident from the CC
numbers.
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Figure 56. Contours and Profiles of Intensity Distribution of the Output Beam Early in the Life of SDL 4-W LD
RP542. These operate at 0.49W (I1& V), L1 W (I1 & VI), 1.5 W (Il & VII), and 1.3 W (IV & VIII).
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Figure 57. ConbomsandeﬁlesofIntemityDisttibmion
RP542. These operate at 043 W (1 & V), IOWEI &V, 14 W



Table 5. Beam Specifications for SDL 4-W LD RP542 Data

ST P, CAERA L/e’ Wi CORRELATTON FIG
| DISS X Y X Y _ CORFFICIENT
(#) W) (mm) (mm) (mm) (deg) (deg) (X) (Y) (#)

12-14-535 0.4 8.87 4.64 1.17 .999968 .997499 56 %
12-14-536 0.49 10.87 5.50 1.44 12.4 3.9 .999941 .997259 56 V
12-14-541 1.0 8.87 4.52 1.77 .999816 .996780 56 II
12-14-S42 1.0 1310.87 5.03 2.31 7.4 7.7 .999874 .996212 56 VI
12-14-546 1.5 8.87 4.64 2.36 .999818 .997282 56 ITI
12-14-547 i.5 10.87 5.33 3.81 9.8 19.9 .999821 .998120 56 VII
12-14-552 1.8 8.87 4.37 1.88 .999844 .996626 56 IV
i2-14-S853 1.8 8.87 5.21 2.43 11.9 7.8 .999758 .994978 56 VIII
1-13-514 0.43 8.87 4.62 1.42 .999979 .998131 57 I
1-14-815 0.43 10.87 5.36 1.70 12.1 4.0 .999975 .997751 57 VY
1-13-520 1.0 8.87 4.56 1.73 .999889 .996967 57 II
1-13-S21 1.0 10.87 5.23 2.15 9.5 6.0 .993823 .995812 57 VI
1-13-825 1.4 8.87 4.5 2.00 .999920 .995225 57 IIY
1-13-826 1.4 i0.87 5.25 2.64 9.8 9.1 .3999901 .995051 57 VIl
1-13-830 1.8 8.87 4.45 1.95 .999951 .996261 57 IV
1-13-531 1.8 10.87 5.17 2.26 10.2 4.4 .999927 .994527 57 VIII
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LD RP542 Different Time After LD Turm-On
Figure 58 shows the contours and profiles of the
intensity distribution of SDL 4-W LD RP542 beam at
different times after the LD is turned on. The LD is
emitting 1 W of optical power.

Unlike SDL 8-W LD BN968 (Figure 55), the beam
contours and profiles are very stahle after lager turn-
on at the following recordings of:

* (.22 s after turn-on in Figure 58 |

« 1.22 s after turn-on in Figure 58 11

e 222 5 after turn-on in Figure 58 III

* 3.22 s after turn-on in Figure 58 IV.

[ RPVY
4

Figure 58. Contours and Profiles of Intensity Distri-
bution of the Output Beam of SDL 4-W LD RP542
Taken at Different Times After LD Turn-On

4.1.5 Sunmery

SDL LDs vs. MDAC/0EC LDs

In Section 4.1 we have deucribed the performances
of high-power GaAlAs LDs manc:factured by SDL and
MDAC/OEC:

« The SDL LDs are comstructed with multiple
tum wells. They are mounted in TO-3 cans or C-
packages. All of these LDs have costed mirrors.

o The MDAC/OEC LDs have a single broad stripe
with a single quantum well. They are mounted
in TO-18 cans or LCB-packages. Six of these
LDs have coated mirrors.

» SDL and MDAC/OEC LDs are fabricated using
MOCVD technology.

SDL LDs
The six different SDL LDs—SDL-2410-H1 (A300
or B100 series), SDL-2430-H1 (C347), SDL-2450-H1
(A840 or A841), SDL-2460-H1 (C338), S7081 (BM498,
RB833, or RP542), and S7086 (BN96S)—have, respec-
tively,
o Maximum thresholds of 0.24, 0.20, 0.82, 043,
060,and 1.3 A
 Maximum output optical power of 0.4, 0.5, 20,
1.0, 20 (except BM496 at 34 W), and 28 W
o Maximum efficiencies of 24 or 34%, 40%,
2%, 38% ., I7% to 39%, and 33.6%
» Output cavity aperture dimensions of 100, 100,
400, 200, 100, and 200 gm by 1 um.

Fin Heatsink Cooling
For fin heatsink:

e SDL-2420-H1 exhibited little or no decrease in
output optical power as the interval of the LD
shot changed from 30 s to 10 min.

e SDL-2450-H1 exhibited about 4% to 56% de-
crease in output optical power when its shot
interval decressed from 5 or 10 min to 2 or 1 min.

« SDL-2450-H1 produced 5.8% more output opti-
cal power or 10% more efficiency when it was
TE-<ocoled to 19.9°C compared to fin-heatsink-
cooled to room tessperture, 38°C (fin side).

Aging
» For SDL.-2450-H1 0.5-W LD A841, aging, which
results from operating the LDs of an elevated
junction curvent, canses only a slight reduction
in output optical power.




* For the SDL-S7081 4-W LD RBS883, aging
causes a 22% reduction in efficiency when emit-
ting 1 W of power.

* For the SDL-S7086 8-W LD BN968, aging
causes a 6% reduction in efficiency when emit-
ting 2.8 W of power.

» For the SDL-7081 4-W LD RP542, aging cavses
only a slight reduction in efficiency when the LD
emits 2 W of power.

Beam inlensity Distribution

* LD A322 and AB40. The two well-defined,
sharp-peaked lobes®™ in the Y direction (Y is
along the long dimension of the LD aperture and
X is perpendicular) of LD A322 beam, when the
LD is emitting 0.1 W of power, develop into a
three-lobed™ beam with small roots as the LD
power increases to 0.4 W. The two broad lobes of
the LD A840 beam become broader as the LD
emitted power is increased from 0.5 to 1.95 W.
The beam profiles of hoth LDs in the X direc-
tion are smooth and approximate a Gaussian fit
quite well

o LD BN9GS. The two lobe-type LD beam pat-
terns observed for LDs A322 and A840 are seen
in LD BN968 only when it emits low power (0.47
W). The initial erratic beam profiles become
more stable and Gaussian in shape in both the X
and Y directions as the LD accumulates more
shots. The LD divergence increases in both
directions with the increase in LD emitting pow-
er and as the LD accumulates shots or ages.
Early in LD life, its beam profile changes drasti-
cally as a function of time after the LD is turned
on. The normal LD emitting pattern changes by
90°. The normal small divergence is that the Y
direction becomes larger and the large diver-
gence in the X direction becomes smaller. As it
ages, the pattern stabilizes to large divergences
in the X direction and small divergence in the Y
direction.

» LD APS42. The two lobe-type LD beam pat-
terns observed for LDs A322, A840, and BN968
are all but absent in the LD RP542, except at
low power. The beam profiles are more stable
than those of LD BN968. The LD beam diver-
gence (half angle) is 14.5%,19.6°, and 23.7° when
LD RP542 emits 1.05, 1.49, and 1.85 W, respec-
tively.

MDAC/OEC LDs

The thirteen different MDAC/OEC LDs—
E204A-3, E204A-6, E220A-1, E220A-2, E204Q-1,
E170T-1, E170T-3, E170T-4, and E170T-5, E170R-1,
E170R4, E1T0T-2-9, and E170T-2-10—have, respec-
tively N

* Thresholds of 80, 40, 80, 80, 80, 80, 140, 80, 80,

70, 80, 240, and 240 mA

» Catastrophic output optical power of 0.7, 1.67,
104, 06, 1.75, 107, 1.22, 1.69, 1.59, 21, 204,
503, and 205 W

» Efficiencies of 50%, 48%, 48%, 485%, 26,
0%, 0%, 0%, 31.5%, 8%, 0%, 50%, and
49%

e Qutput cavity aperture dimensions (widih by
length) of 60 X450 pmn, 60X 450 pan, 60X 450 yam,
60450 pma, 150X900 m, 150X700 pm,
150X 700 pma, 150X450 wm, 150%450 sm,
150750 pm, 150X 750 g, 1501200 pme, and
150 % 1200 pm.

All LDs have an aperture height of 1 pm.

Operation Levels of SDL and MDAC/OEC
LDs
The catastrophic levels for diffesent LDs are:
» 2 W for SDL-2450-H1-A841

« 3.4 W for SDL-S7081-BM498
s ~1 to 5 W for MDAC/OEC LDs.

The remaining SDL models—SDL-2410-H1,
SDL-2430-H1, SDL-2460-H1—are operated up to
their rated power or four times their rated power
levels. The SDL-LD slope efficiencies vary from 0.80
to 1.14 W/A and the MDAC/OEC slope efficiencies
vary from 0.60 to 1.10 W/A.

4.2 Couplers
The trancmission data for five GRIN lenses are
present. The decrease of the incident power on a solar
cell with increase in distance between cell and GRIN
lenses is messured.
» A 1000- and 600-pm FO butt-coupled to 100-
and 500-mW LDs

e A 1000- and 600-pm FO butt-coupied to two
GRIN lenses butt-coupled to 100- and 500-mW
LDs




¢ A 600-, 400-, 200-, and 100-um FO butt-coupled
toa4-WID

e A 200-gm FO butt-coupled to two 4-W LDs and
an 8-WLD

* A P-C lens coupled to four FOs

o A 100-gm FO butt-coupled to four 1-W MDAC/
OEC LDs.

The beam intensity distributions are presented

for:

» A 1-m-long, 600-um FO with a 100-mW LD as
source

* Two 1-m-long and two 0.5-m-long 600-um FOs
with a 500-mW LD as source

e A 600-um FO that begins 0.5 m long and is
incrementedly reduced 0.0312 m long with a
500-mW LD as source

s A 1-m long, 200-um FO with a 4-W LD as source

s A 200-um FO that begins 05 m long and is
incrementedly reduced 0.0422 m long with a
4-W LD as source.

The couplers are normally aligned by visually
placing the center of the GRIN lens or FO in the
center of the the emitting area of the LD. This is done
with the help of a 20X eyepiece. The coupler is then
fine-tune-aligned by turning the LD on continuous
wsve (CW) to emit ~100 mW, and then scanning the
input end of the coupler in the X and Y directions for
::émmomkdpnuﬂmnﬁﬂnamﬂammmt

4.2.1 GRIN Lenses

The transmission of five GRIN lenses with LDs
A322 and A841 as sources are described. The decrease
of incident power on the solar cell with the increase in
distance between a 0.23-pitch GRIN lens and cell is
measured.

SDL 100-mW LDA322 as Source

Figure 59 shows the transmission of GRIN lenses
when the source is SDL 100 mW LD A322. The
percent transmission is defined as the optical power
out of the GRIN divided by the optical power into the
GRIN X 100 . Data for the LD emitting 17, 100, and
400 mW show that the tranamissions increase as LD

optical power incresses for all GRIN lenses except in
the case of the 0.23-pitch for the optical power of 400
mW.
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Figure 59. Transmission of Five GRIN Lenses With
0.23-, 0.25-, 0.29-, 0.5A-, and 0.5B-Pitch Using SDL
100-mW LD A322 as Source, Operating at 17-, 100-,
and 400-mW Power Levels

SDL 500-mW LD AB41 as Source

Figure 60 shows that the transmission of the
GRIN lenses behaves similariy when the source is
SDL 500 mW LD A841 instead of SDL 100 mW LD
A322. The transmissions of the GRIN lenses increase
as the LD optical power increases. In this case, the LD
emits 60, 500, and 2000 mW. The transmissions of all
the GRINs are quite high, >95% st the maximum
optical power of the LDs. One drawback is that the
GRIN lens, likz a conventional lens, does not image
the LD beam: as a circular beam because of the differ-
ent divergence in the X and Y directions. This causes
the cell to be illuminated nonuniformly. (See Section
423)
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Figure 60. Transmission of Five GhIN Lenses With
0.23-, 0.25-, 0.29-, 0.5A-, and 0.5B-Pitch Using SDL
500-mW LD A841 as Source, Operating at 60-, 500-,
and 2000-aW Power Levels

GRIN to Solar Cell Coupling

In order to reduce the data of the HOFS Systems
1", 1, 2, and 3, it was necessary to determine the
decrease of the optical power collected by the solar cell
as a function of the distance between the cell it and the
0.23-pitch GRIN lens that is butt-coupled to the LD.
The 1-V cell was simulated by a 0.368-cm aperture in
front of the energy meter.

Figure 61 shows the LD optical power detected
through a 0.368-mm aperture as a function of dis-
tance, dg, between the GRIN lens output surface and
the aperture located in front of the energy meter.

The power measured through the aperture, P,, vs.

P,=Cdg,, (29)

where C is 107 4 for the dZ,, and e is —0.0878 >2 mm.
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Figure 61. Optical Power Detected vs. Distance From
Source Using SDL 100-mW LD B126 and 0.23-Pitch
GRIN Lens as Source With 0.368-mm-dia Apertured

Energy Meter

The falloff illustrates that the beam out of the
GRIN lens is indeed not parallel. About 76.4%; of the
LD optical power enters the aperture at a distance of
20 mm, but the 23.6% that does not is accounted for in
calculating the efficiency of the cell and the dc-de
converter combination in HOFS Systems 17, 1, 2,
and 3.

4.2.2 Fiber Optics
We present the transmission of

» FO, #1 (1000 zx= diz) and FO, #1 (600 um dia)
butt-coupled to LDs A322 and A841 as sources
« FO, #1 and FC, #2 (600 pan dis) butt-coupled to
0.5A-pitch and 0.5B-pitch GRIN lenses butt-
coupled to LDs A322 and A841 as sources
e FO, #1 (200 um dia) butt-coupled to LDs
BM4938, RB883, and BN968 as sources
« FO, #4 (400 pm dia), FO, #2, FO, #1, and FO,
#1 (100 xgm dia) butt-coupled to LD RP542.
We also describe the tranamission of PO, #1 when
aligned to the LD at each LD power level. The proce-
dure to align FO, #1, is also described. For the beam
profile messurements, the FOs Y direction is along the
long dimension of the LD aperture, and its X direction
is perpendiculsr to the long dimension of the LD
aperture.




The dotted line, with the SQS data points in
Figures 62 through 65, is the transmission of the FO
Iabeled in each figure when it is butted against the LD
window of the TO-3 can. The TRI and AST data are
the transmission of the FO wher: (..5A-pitch and 0.5B-
pitch GRIN lenses, respectively, are in turn butted

gainst the LD window and used as the light source to
measure the transmission of the FO.

There are only three transmission data points
(low, rated, and maximum LD power) for the FO when
the GRIN lenses are used as the source. For the total
efficiency of the GRIN-FO system, the GRIN efficien-
<y must also be ‘aken into account.

Transmissior: of FO, #1 and FO, #1 With
100-mW LD A322 as Source

Figure 62 illustrates the transmission vs. FO input
optical power for FO, #1 butt-coupled to SDL. 100-
mW LD A322 and FOQ, #1 butt-coupled to 0.5A- and
0.5B-pitch GRIN lenses; each lens, in turn, is butt-
coupled to the same LD. Figure 63 illustrates the
- transmission vs. FO input optical power for FO, #1
butt-coupled to SDL 100-mW LD A322 and FO, #1
butt-coupled to a 0.5A- and 0.5B-pitch GRIN lens;
each lens, in tum, is butt-coupled to the same LD,
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Figure 62. Transmission of 1000-zm FO, #1 vs. Opti-
cal Power Using SDL 100-mW LD A322, LD A322 and
0.5A-Pitch GRIN Lens, and LD A322 and 0.5B-Pitch
GRIN Lens as Sources
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Figure 63. Transmission of 600-sm FO, #1 vs. Opti-
cal Power Using SDL 100-mW LD A322, LD A322 and

0.5A-Pitch GRIN Lens, and LD A322 and 0.5B-Pitch
GRIN Lens as Sources

The transmission for the 1000- and 600-pm FOs,
which are butted against the window of SDL 100-mW
LD A322, is not maximum until the LD emits 150 and
100 mW, respectively (Figures 62 and 63). The diame-
ter of both FOs is larger than the 100-sm-long
emitting aperture of LD A322, but diameter is not the
entire story: the NA of the FOs must also be
considered.

When the 0.5A- and 0.5B-pitch GRIN lenses are
butt-coupled to LD A322 and become the source for
the FO, its transmission is always equal to or greater
than the transmission measured when SDL. 100-mW
LD A322 is used directly as the illuminating source
(see the dotted line in Figures 62 and 63).

For the 0.5A-pitch GRIN lens as source and the
LD A322 emittivg 100 mW of optical power, the
transmission for FO, #:1 and GRIN lens combined s
75.3% when transmission of the GRIN, which is about
95%; , is considered. This is comparable to the irans
mission of 76% measured when the FO is butt-
coupled to the window of the LD (Figure 62). The
introduction of the GRIN léns camsed shout a 0.6%
loss of energy out of the entire coupling train. The
advantage of using the GRIN lens is that it provides
an extra component in the optical train that facilitates
beam manipulstion in addressing the stromg-link
safety issue.



The resulis indicate that the LD divergence stabi-
lizes relstive to LD optical power at 150 and 100 mW.
Since the NA of the FO is 0.37 (manufacturer specifi-
cztions) to its 5% intensity level of a Gaussian beam
profile fit, this corresponds to 6, = 21.7° or a full angle
of 43.4°. The specifications of the SDL LDs call out a
divergence of 10° X 35° to its FWHM ievel. Our data
show that the NA of the FO limits transmission as the
cutput optical power is increasing until the divergence
of A322 stabilizes (as indicated by the plateau) at the
higher-output ptical power.

Transmission of FO, #1 With 500-mW LD
A841 as Source

Figure 64 illustrates the transmission vs. FO input
optical power for FO, #1 butt-coupled to SDL
500-mW LD A841 and FO, #1 butt-coupled to 0.5A-
and 0.5B-pitch GRIN lenses; each lens is, in turn,
butt-coupled to the same LD. Figure 65 illustrates the
transmission vs. FO input optical power for FO, #1
butt-coupled to SDL 500-mW LD A841 and FO, #1
butt-coupled to 0.5A- and 0.5B-pitch GRIN lenses;
each lens is, in turn, butt-coupled to the same LD.
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Figure 64. Transmission of 1000-um FO, #1 vs. Opti-
cal Power Using SDL 500-m%W LD A841, LD A841 and
0.5A-Pitch GRIN Lens, and LD A841 and 0.5B-Pitch
GRIN Lens as Sources
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Figure 65. Transmission of 600-um FOQ, #1 vs. Opti-
cal Power Using SDL 500-mW LD A841, LD A841 and

0.5A-Pitch GRIN Lens, and LD A841 and 0.5B-Pitch
GRIN Lens as Sources

When the 0.5A- and 0.5B-pitch GRIN lenses are
butt-coupled to LD A841 and become the source for
the FO, its transmission is always equal to or greater
than the transmission measured when LD A841 is
used directly as the illuminating source (see dotted
lines in Figures 64 and 65) for the 100- and 500-mW
levels of operation, but this is not true at the maxi-
mum level of 1900 mW. At this level, the 0.5B-pitch
GRIN lens as source produces a smaller transmission
and the 0.5A-pitch GRIN lens as source produces
about the same transmission for both FOs. In all cases,
the 0.5A-pitch GRIN lers with the smaller NA of 0.46
produced the larger transmission for the FOs.

When SDL 500-mW LD A841 is the illuminating
source, transmission for the FOs never reaches a pla-
teau; rather, transmission continues o increase (dot-
ted line in Figures €4 and 65). A significant change in
transmission occurs at 300 mW for the 1000- and 600-
pm FO. The diameter of both FOs is larger than the
400-um-long emitting aperture of LD A841 but, again,
diameter is not the entire story. The NA of the FOs
must also be considered. The dats in Figures 64 and 65
indicate that the divergence of SDL 500-mW LD A841
continues to decrease with increasing ouiput power
(no plateau is formed). In the future, we intend to
verify this statement with divergence measurements
of LDs A322 and A841.



Transmission of FO, #1 With 100-mW LDs
Using LDs A322 and B126 as Sources
optical power for different LDs (A322 and B126) with
the same SDL part number but with different serial
numbers. The LDs are butt-coupled to the same 600-
pm FO, #1. Figure 30 shows that LD B126 is more
efficient than LD A322. The data in Figure 66 suggest
that the divergence of B126 is greater than that of
A322 since the transmission of the FO is smaller wher
B126 is the source. When the LDs emit ~100 mW,
~12% more energy is transmitted through the FO
when A322 instead of B126 is the source.
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Figure 66. Transmission of 606-um FO, #1 vs. Opti-
cal Power Using Two SDL 100-mW LDs (A322 and
B126) as Sources

Transmission of FO, #1 With 500-mW LDs
Using LDs A841 and AB40 as Sources

Figure 67 illustrates the transmission vs. FO input
optical power for FO, #1 when two 500-mW LDs
(A841 and A840) are used as sources. The A840 LD
data with the TRI data points are for the FO after the
FO ends have been repolished. The AST data points
are for the FO after it has been repolished a second
time. After the second polishing of the FO, its trans-
mission with A840 LD as the source was comparable
to the tranamission measured when A841 LD was the
source (the SQS data). The different transmission of
the FO for the same LD, namely A840 with the TRI
and AST data, is related to the optical finish of the FO
ends. The same transmission messured for the differ-
ent LDs, namely the SQS and AST data points, indi-
cates that the divergences of these iwo LDs are
comparable.
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Figure 67. Transmission of 600-xm FO, #1 vs. Opti-
cal Power Using Two SDL 500-mW LDs (AS840 and
A841) as Sources, With FO Ends Repolished Twice

Transmission of FO, #1 and FO, #1 With
LD A322 and AB41 as Sources

Figure 68 illustrutes the tramsmission vs. FO
input optical power for FO, #1 and FO, #1 when SDL
100-mW LD A322 is the source. Figure 69 illustrates
the tramsmission vs. input LD optical power for FO,
#1 and FO, #1 when SDL 500-mW LD A841 is the
source. Both FOs are labeled by the manufactarer as
having the same NA. For both LDs, the larger-
diameter FO appears to have a slightly larger trans-
mission at large LD optical power. This is probably
not real, since our measurements are good only to

~1.5%.
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Figure 69. Transmission of 600-um FO, #1 and 1000-
pm FO, #1 vs. Optical Power Using SDL 500-mW LD
AB41 as Source

Once the diameter of the FO is larger than the
aperture of the LD (or, rather, larger than the
diameter of the LD beam at the position in space
where the FO intercepts the beam), it is the NA of the
FO and the reflection losses at its ends that govern the
transmission of the FO.

Transmission of FQ, #1 With LDs BM498
and RB883 as Sources

Figure 70 illustrates the transmission vs. FO input
optical power for FO, #1, a2 200-um-dia FO with two
SDL 4-W LDs (BM498 and RB883) as sources. The
FO is butt-coupled to within 25 to 50 xm of the LD’s
output cavity mirrors. Both 100-um-dia aperture LDs
are mounted on C-packages.

LD DM498 as Source

The SQS data of Figure 70 show the FO, #1
transmission with LD BM498 as the source. The shape
of the tranamission curve of the 200-um FO differs
from that of the 600- and 1000-um FQOs with LD AB40
as the source (Figures 64 sod 65). Until LD BM498
emiis ~2.5 W, the transmission of the 200-um FO is
greater than either the 600- or 1000-um FO. At higher-
input optical power, the 200-pm FO decreases in
transmission.
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Figwre 70. Transmission of 200-sm FO, #* vs. Opti-
cal Power Using Two Prototype SDL 4-W LDs
(BM49¢€ and RB883) as Sources

Poesible Causes of the Decrease in Tranemis-

sion. The NA of FO, #1 is reporied to be the same 25
FO, #1 and FO, #1; the larger transmission for the
200-pm FO suggests that the LD divergence of BM498
(quoted to be 10* X 17°) is ssmaller than the divergence
of the A840 (quoted t> be 10* X 35%). The decrease in
iransmission st higher power could be cansed by an
incresse in LD divergence or by beam steering. The
increase in divergence can be cansed by an increase in
LD junction hesting brought about by the increase in
current. required to produce the higher LD output
optical powers. LD beam steering can be caneed by
modes changing with increasing LD output opticsl
power. Mode changes are caamwed again by junction
mummmmmw

LD RB8A3 as Sowrce

Th2 TRI and AST data of Figure 70 show trans-
mission of FO, #1 vs. FO input optical power with LD
RB883 as source. Before LD RB883 was used, both FO
ends were repolished. The FO was realigned between
the two LD RBS83 data runs. The alignseent has been
deacribed before and is dome while the LD is emitting
~100 mW. For both deta runs, 1st (TRI) and 2nd
(AST), the transmission, begins st the same level as
when LD BM498 is the source (~846% at an LD
optical power of ~0.2 W). At lerger LD optical power,
transmission decreases.




Emalic Tranamission. The trancmission of the

FO is larger for the second data run (AST deta), but is
still more erratic than when LD BM498 is the source.

* Reposition. The large variations in transmis-
sion could be attributed to the aliznment of the
FO to the LD RB883. For each data shot, the FO
is removed from the front of the LD in order tn
measure the FO input power; it is then reposi-
tioned in froat of the LD.

» Cantilevered. The long, cantilevered, input FO
end (~6.45 mm from the holder) could cause a
misalignment. The FO is cleaned by rubbing it
with a methanol-soaked cotton swab and blow-
ing dust-free air on it. Once the cleaning has
been done, the FO end may be realigned differ-
ently; it may not return to the same position
relative to the kinematic base or, in tumn, to the
LD output mirror.

Transmission of FO, #1 With LD BN9GS as
Source

Figure 71 shows the transmission vs. FO input

optical power for 200-um-dia FO, #1, with LD BN968
as source. The emitting aperture of this laser is 200 um
X 1 pm
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o Alignment With 0.11-W Input. The initial
alignment of the FO has been described previ-
ously.

» Alignment With 0.5-W Input. A second align-
ment is done with a CW FO input optical power
of 0.5 W; the optical power emitted by the FO is
relative to the LD. The FQ position relative to
the LD differs from the 100-mW alignment by 8
um in the Y direction and by 30 um in the X
direction. The FO transmission for the data run
at the 0.5-W level alignment is shown as SQS in
Figure 71. The sudden increase in transmission
between: the 0.18- and 0.4-W Py, levels is not too
disturbing, but the sudden decrease in transmis-
sion from 65.4% to 45.6% between the 2- and
2.5-W levels and the sudden increase in trans-
mission from 456% to 50.5% between the 2.5-
and 28-W levels are disturbing. Comething is
causing large fluctuations in FO transmission.

o Alignment With 2-W Input. With an LD input

optical power of 2 W, the opticsl power emitted
by the FO is checked and maximized by reposi-

_ tioning the FO relstive to the LD. In this case,

the LD is not on CW but, rather, is pulsed on for

2 s every 3 min. The FO is aligned starting from

the FO position determined by the 0.5-W align-

ment:

1. The LD output ontical power, which is the FO
input optical power, is set at 2 W.

2. The FO is scamned in the X direction to
determine a maximum.

3. Thmnpmddﬁexmfm
maximum power out of the FO.

4. The FO is scanned in the Y direction to

determine a maximum. (The FO tranamission
data collected during this scanning will be
discussed shortly.)
At the X and Y positions, the maximaum
transmission measured is 69%. With an LD
input optical power of 2 W, the optical power
emitted by the FO is checked and maximized
by repositioning the FO relative to the LD. In
this case, the LD is not on CW but, rather, is
pulsed on for 2 s every 3 min. The FO trans-
mission after realignment at the 2-W input
optical power is represented by the circle.

o Alignment With 28-W Input. With 28 W of

input optical power, the FO is realigned using
the technique for aligning the FO with 2 W of
input optical power just described above. The
transmission increased from 50.2% for the 0.5-
W alignment to 65.9% (AST). The FO is re-
aligned with 0.1, 0.5, and 1 W of input optical
power using the technigue for aligning the FO
with 0.5 W of input optical power described
for these alignments are shown as trisngles in
Figure 71

Are we seeing LD beam steering or is the LD
checked and found to be unchanged. While the
FO input end was being cleaned, it broke about
1.5 mm from its input end. The erratic tranemis-
sion data could have been caused by a cracked
FO. ,
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Figure 71. Transmission of 200-um FQ, #1 vs. Opti-
cal Power Using a Prototype SDL 8-W LD (BN968) as
Source, FO Is Aligned When LD Is Emitting 2 W

Transmission of FO, #1 Aligned at Each
Power Level

Figure 72 shows the transmission of FO, #1 vs. FO
input optical power with LI BN968 as the source. The
FO input end was repclished hetween the data de-
scribed above in Figure 71 and the LD BN968 SQS
data, and the LD BN968 AST data in Figure 72.
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Figure 72. Transmission of 200-pm FO, #1 vs. Opti-

cal Power Using a Prototype SDL 8-W LD (BN968) as
Source, FO Is Aligned at Each LD Optical Powe~
Level

Fivet Date R

For the SQS data, FO is sligned to the LD with
0.13 W of CW LD output optical nower as described
earlier.

The FO was then aligned at each FO input optical
power of 0.5, 1, 2, and 2.7 W. The LD is pulsed on for
3 s every 2 min for the 0.5- and 1-W dats; every 3 min
for the 2-W dats; and every 5 min for the 3-W data.

The FO was aligned starting from the FO position
determined for the 0.13-W alignment and proceeding
as described for Figure 71. (The FO transmission dats
shortly in this section.) -
plotied at each FO input optical power level as
squares in Figure 72. With increased FO input optical
power, the transmission remains high until the FO
input optical power exceeds 2 W. On two occasions
after the LD emitted more than 2 W, the FO transmis-
power.

After the 2.7- W maximum determination, we were
unable to reproduce the FO transmission of the origi-
nal points. The divergence of the LD was checked and
is shown in Table 4 in Shots 12-2-S7 through 12- 2-
S27. The half-angle divergence varies between ~9° to
11° or between 18° to 22° for full-angle divergence.
This divergence is not large nough to ovesfill the
NA=0.37 of the FO.

The FO input end breaks at the point where the
jacket is removed from the FO cladding. The tech-
nique used to fabricate the FO input end comes in
question. If cutting the jacket causes a tear in the
cladding and a scratch mark on the FO core, then FO
input optical power in excess of 2 W could relieve the
stress in the core (caused by the scratch) by propagat-
ing a crack.

A closer look at the FO input end reveals that the
end, is now 2 mm away from the end. A bumt ring is
now visible on the cladding 1.5 mm from the PO input
end and is also visible on the end of the jacket.

Second Dala R

For the AST dsia, the FO ends were repolished
using the old method of polishing with the core,
is aligned to the LD with 0.1 W of CW LD output
optical power as described earlier.




The FO was then aligned at each FO irput optical
power of 0.5, 0.96, 2, and 26 W. The LD is pulsed on
for 3 s every 2 min for the 0.5- and 0.96-W data; every 3
min for the 2-W data; and every 5 min for the 26-W
data.
determined for the 0.1-W alignment and proceeding
as described for Figure 71. (The FO transmission data
collected during this scanning will be discussed short-
ly in this section.) The maxima determined during the
scanning are plotted at each FO input optical power
level as AST data in Figure 72.

At the 2.6-W FO input optical power level after
the seventh LD shot into the FO, the initial FO
transmission could not be repeated. A closer look a:
the FO input end revealed that the jacket was burned
back from the end of the core and that a white, snow-
ilike powder coated the FO, the FO holder, the LD
BN968, and the C-package.

Upon examining the LD output optical power it
was determined that, even with a 0.4% increase in LD
current, the LD output optical power decreased 5.2%
compared to what it had been before the FO damaged.
After cooling, with a 1.1% increase in LD current, the
LD output optical power decreased 7.2% compared to
what it had been before the FO damaged. It appeats
that the white powder deposited on the LD cavit/
output mirrors is causing increasing LD damage.

FO, #1 Aignment Procedure For First Data
Run

The alignment procedure used to generate the
SQS data in Figure 71 results in transmission vs. FO
position curves shown in Figure 73 for scanning in the
X direction. It also results in transmission vs. FO
paasition curves shown in Figure 74 for scanning in the
Y direction.

The FO is aligned with 0.13 W of CW LD output
optical power as described earlier. The FO was then
aligned at each FO input optical power of 0.5, 1, 2, and
2.7 W. In these cases, the LD is not on CW but, rather,
is pulsed on for 3 s every 2 min for the 0.5- and 1-W
data; every 3 min for the 2-W data; and every 5 min for
the 23-W data.
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Figure 73. Transmission of 200-xm FG, #1 vs. X
Paosition Using a Prototype SDL 8- W LD (BN968) as
Source for Four Incident LD Optical Power Levels
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Figure 74. Transmission of 200m FO, #1 vs. Y
Position Using a Prototype SDL 8-W LD (BN968) as
Source for Four Incident LD Optical Power Levels




LD Beam Steering in X Direction
determined for the 0.13-W alignment lasbeled Y =
0.2803 in. in Figure 73.
1. The LD output optical power, which is the FO
input optical power, was set at 0.5 W.
2 The FO was scanned in the X direction to

determine a maximum.

These steps were repeated for FO input optical
power levels of 1, 2, and 2.7 W, generating the curves
in Figure 73.

For scanning in the X direction, with0.5and 1 W
of LD output optical power incident onto the FO, the
FO transmissions are maxirum when the FO is at the
same X position relative to the LD mirror. At the
2- and 2.7-W LD leveis, the FO transmissions are
maximum when the FO is at the same X position
relative to the LD mirror, but 0.004 in. or 100 um away
{half a FO diameter) from the FO maximum transmis-
sion position when the incident LD optical power is
0.5 and 1 W. It appears that the LD beam steered
about 100 um between when the LD emitted 1 and 2
W.

LD Beam Sleering in Y Direction

The FO is then positioned at the X determined in
Figure 73 for maximum FO output power labeled X =
0.3101 in. in Figure 74. For 0.5 W of FO input optical
power, the FO is scanned in the Y direction to deter-
mine a maximurn. This procedure is repeated for FO
input optical power levels of 1, 2, and 2.7 W, generat-
ing the curves in Figure 74.

For scanning in the Y direction, with0.5and 1 W
of LD output optical power incident onto the FO, the
FO transmissions are maxinum when the FO is at the
same Y position relative to the LD mirror. At the
2- and 2.7-W LD levels, the FO transmissions are
maximum when the FO is at the same Y position
relative to the LD mirror, but 0.002 in. or 50 um away
{one-fourth an FO diameter) from the FO maximum
transmission position when the incident LD optical
power is 0.5 and 1 W_ It appears that the LD beam
steered about 50 um between the time that the LD
emitted 1 and 2 W.

FO, #1 Alignment Procedure for Second
Data Run

In a similar manner, the alignment used for the
asterisked data in Figure 72 results in transmission vs.
FO position curves shown in Figure 75 for scanning in
the X direction and Figure 76 for scanning in the Y
irecti
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Figure 75. Transmission of 200-um FO, #1 vs. X
Position Using a Prototype SDL 8-W LD (BN968) as
Source for Three Incident LD Optical Power Levels
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Figure 76. Transmission of 200-um FO, #1 vs. Y
Position Using a Prototype SDL 8-W LD (BN968) as
Source for Three Incident LD Optical Power Levels

The FO is aligned with 0.1 W of CW LD output
optical power as described earlier. The FO was then
aligned at each FO input optical power of 0.5, 0.96,
and 2 W. In these caszs, the LD is not on CW but,
rather, is pulsed on for 3 s every 2 min for the 0.5- and
0.96-W data and every 3 min for the 2-W data.

LD Beam Sieering in X Direction
determined for the 0.1-W alignment labeled Y =
0.2841 in. in Figure 75.




1. The LD output optical power, which is the FO
input optical power, was set at 0.5 W.

2. The FO was scanned in the X direction to

determine a maximum.

This was repeated for FO input optical power
levels of 0.96 and 2 W, generating the curves in Figure
5.

For scanning in the X direction with 0.5 and 1 W
of LD output optical power incident onto the FO, the
FO ‘ransmissions are maximum when the FO is at the
same X position relative to the LD mirror. At the 2-W
LD level, the FO transmission is maximum at an X
position relative to the LD mirror, which is 0.002 in. or
50 uym away (half a FO diameter) from the FO maxi-
mum transmission position when the incident LD
optical power is 0.5 and 1 W. It appears that the LD
beam steered about 50 um between when the LD
emitted optical outputs of 1 and 2 W.

LD Beam Steering in Y Direction

The FO is then positioned at the X determined in
Figure 73 for maximum FO output power labeled X =
0.3022 in. in Figure 76. For 0.5 W of FO input optical
power, the FO is scanned in the Y direction to deter-
mine a maximum. This procedure is repeated for FO
input optical power levels of 0.96 and 2 W, generating
the curves in Figure 76.

For scanning in the Y direction with 1 and 2 W of
LD catput optical power incident onto the FO, the FO
transmission is maximum when the FO is at the same
Y position relative to the LD mirror. At the 0.5-W LD
level, the FO transmission is maximum at a Y position
relative to the LD cavity mirror, which is 0.0003 in. or
15 um away from the maximum transmission position
when the incident LD optical poweris 1and 2 W. It
appears that the LD beam steered about 15 um
between when the LD emitted optical outputs of 0.5
and 1 W.

Transmission of Four FQOs, LD RP542 as
Source '

Figure 77 shows the percent tramsmission vs.
input LD optical power for four FOs with LD RP542
as source for a 600-um FO, #4; a 400-um FO, #1; a
200-um FO, #1; and a 100-um FO, #1.

The emitting aperture of the LD is 1001 pm.
The alignment of each FO is done with the LD emit-
ting about 0.1 W CW and maximizing its transmission
by scanning its input end in both the H and V direc-
tions.
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Figure 77. Transmission of 600-, 400-, 200-, and 100-

4m FOs vs. Optical Power Using SDL 4W LD

(RP542) Operating at 0.5, 1, and 1.8 W of Output
Optical Power

If all emitting levels are considered, the transmis-
sions of FO, #4 and FO; #1 are 86.9% + 0.3%.Inall
cases, the transmission at the beginning of the test is
0.3% less than those plotted.

The transmissions of FO, #1 and FO, #1 are not
as constant. FO, #1 and FO, #1 have spreads of 3.5%
and 2.7% at the 1-W level, respectively. For FO, #1
therelsadeﬁmtedeammtrammmmﬂxan
increase in LD output optical power. This type of
change in transmission was observed for FO, 1, the
200-um FO coupled to the 200-um aperture LD
BN968 as previously discussed. That decrease in
transmission was attributed to LD beam steering. For
this LD, the ciserved decrease in transmission with
LD beam steering. When the FO diameter approaches
the LD aperture dimension, slight changes in LD
beam direction can cause changes in FO transmission.

Transmission of P-C Lens

Figu. . 78 shows the percent transmiesion of P-C
lens vs. LD output optical power with four FO sources.
The lens transmissions for the different FOs with LD
RP542 as the source are:

« 920% * 0.1% for 600-xm FO, #4

* 916% * 0.3% for 400um FO, #2

e 91.5% + 0.8% for 200-um FO, #1

e 919% *+ 1% for 100-um FO #1.

The trend is for the spread in the lens transmis-
sion and transmission to decrease to incresse with an
increase in LD output optical power.



TRMSHISSION (20

100
0.
! ......... _’4 "
w0l %
$0r MONE W542, SONMCE AME
#00-wm (345), 400-wm (IRD)
200-wn (A5T), 100-wn (CID)
[ T E—T 15 2

MMER (D)

Figure 78. Transmission of P-C Lens vs. Optical
Power Level Using Four FOs Coupled to SDL. 4-W LD
RP542 as Sources, With the LD Operating at 0.5, 1,
and 1.8 W of Output Optical Power

Transmission of FO, #1 Using Four MDAC/
OEC LDs as Source

Figure 79 shows the transmission vs. input LD
optical power for FO, #1, a 100-um-dia FO buti-
coupled to four 60-um aperture MDAC/OEC LDs.
The variations in transmission for the same FO but
different LDs are attributed to different LD diver-
gences and possibly to the FO and LD alignments.

The 60-pm-wide emitting aperture of LD E204A-6
allows ~60% of the maximum output optical power
of 1.5 W emitted by the LD to be transmitted through
the FO. This corresponds to a power density (p) of

P
p= T(ﬁ) = 115 X 10* W/em®. (30)

where

T = the transmission of FO
Py = power out of the FO
Ay = the area of the FO core.
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Figure 79. Transmission of 100-um FO, #1 vs. Opti-
cal Power Using Four MDAC/OEC 1-W LDs: (AST)
E204A-3, (SQS) E204A-6, (TRI) E220A-1, and (CIR)
E220A-2 as Sources, Operating with (AST) 0.5 W,
(SQS) up to 1.5 W, (TRI) 0.9 W, and (CIR) up t0 0.6 W
of OQutput Optical Power

4.2.3 Beam Intensity Distribution

With LD A322 as the source, the LD beam intensi-
ty distribution transmitted by a 0.23-pitch GRIN lens
and FO, #1 is described. With LD A840 as the source,
the LD beam is described along with intensity distri-
bution transmitted by '

» FO, #1 and FO, #4 that are 1 m long

» ¥0, #1 and FO, #7 that are 0.5 m long

e FO, #7 that is 0.5 to 0.0312 m long.

With LD RB 883 as the source, the LD beam
intensity distribution transmitted by FO, #1 and FO,
#2, which are 100 cm long, are described. In each
figure, Section A is the contour of the intensity distri-
bution of the output beam of the particular coupler
(i.e., GRIN lens or FOs) and Section B is a profile in
the X and Y directions of the contour through its
centroid.



Beam Contours and Profiles of 0.23-Pitch
GRIN Lens and FO, #1

Figure 80 shows the beam contours and profiles of
the 0.23-pitch GRIN lens with SDL 100-mW LD A322
operating as the source and emitting 400 mW.

Figure 81 shows the beam contours and profiles of
104.3-cm-long FO, #1 butt-coupled to SDL 100-mW
LD A322 emitting 99.5 and 395 mW.

Figure 82 shows the beam contours and profiles of
104.3-cm-long FO, #1 butt-coupled to SDL 500-mW
LD A840 emitting 515 and 1911 mW.

The camera is placed approximately the same
distance away from the end of the couplers as the cells
when they are used; the distance is ~20 mm for the
0.23-pitch GRIN lens and 9.9 mm for the FO.

There are eight equally spaced intensity (W/cm?)
contours in Figures 80 A and 81 I A and II A, and
twelve contours in Figures 82 I A and I A. The
bottoms (B) in each figure show the profile through
the centroid in the X and Y directions. As was seen in
Figures 50 and 51, the dotted line is a Gaussian fit to
the profile of the intensity distribution at the maxi-
mum intensity.

Gaussian Beam Fit

For Figure 80 the 1/e® widths of the Gaussian
beam fits in the X and Y directions are 0.97 and 1.97
mm, respectively. The 1/e* widths are 3.39 (X) and
2.89 mun (Y) for Figure 81 I B, and 4.81 and 4.18 mm
for Figure 81 II B. The 1/e* widths are 3.12 and 3.05
mm for Figure 821 B, and 3.87 and 3.89 mm for Figure
821MB.

» The Gaussian fit for the GRIN lens is not good
in Figure 80. The two-lobe pattern of the LD
described earlier is present in the X direction,
whereas the intensity variations contain many
peaks in the Y direction.

« The Gaussian fit is fairly good for the beam
emitted by FO, #1 when the LDs are operated at
their rated power (Figures 81 1 and 821). On the
other hand, when LDs are operated at levels of
295 and 1911 mW, the beam out of the FO is
flatter at its peak relative to a Gaussian distribu-
tion (Figures 81 Il and 82 II). It should be noted
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that the two lobes of the intensity distributions
of the LDs shown in Figures 50 and 51 are sheent
from the output intensity distribution out of the
FOs.
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Figure 80. Contours and Profiles of Intensity Distri-
bution of the Output of 0.23-Pitch GKiiN Lens Butt-
Coupled to SDL 100-mW LD (A322) Operating at 400
mW




Figure 81. Contours and Profiles of Intensity Distri-
bution of the OQutput of 600-um FO, #1

to SDL 100-mW LD (A322) Operating at 99.5 mW (I)
and 395 mW (1)

Figure 82. Contours and Profiles of Intensity Distri-
bution of the Output of 600-xm FO, #1 Butt-Coupled
to SDL 500-mW LD (A840) Operating at 515 mW (I)
and 1911 mW (II)

intonelly Netribulion of FO3 #1, FO3 #4, and FO3
#7 Wk LD ASMO as Sowrce

to be described are obtained using SDL 500-mW LD
AB4O emitting 600 mW, with the FO buit-coapled to
the window of the LD. Three FOs are used:

e FO, #1 and FO, #4, each 104.3cm long, arein a

- 152-em X 21.6-cm loop configuration and a

straight configurstion, as can be seen in Figure
83.

e FO, #1 and FO, #7, each 49 cm long, are in a
straight configurstion, as can be seen in Figare
84.

e FO, #7 is 49.4 cm long, and is successively cut iz
half until the FO, which was 494 cm long,
becomes 3.1 cm long. See Figures 85 and 86.

intengily Distribution of FO, #1 and FO, #4

Figure 83 shows the beam contours and profiles of
FO, #1 and FO, #4 under various conditions.

» Figure 83 I and IV, which shows the intensity
distribution of 104.3-cm-long FO, #1 with a
15.2-cm X 21.6-cm loop (L), is recorded at a
distance Z = 5.13 mm (close) and 7.13 mm (far)
from the FO output ends, respectively.

* Figure 83 Il and V, which shows the intensity
distribution of 104.3-cm-long straight (S) FG,
#1, is recorded 5.13 and 7.13 mm from the FO
output ends, respectively.

F&lm&mMVLMMﬂnmy
distribution of a 104.3-em-long FO, #4 in a loop,
is recorded 9.08 and 11.08 mm from the FO
output ends, respectively.

The contours and profiles of FO, #1 recorded (1)
close for the FO looped (I) and straight (I1) are similar
to one another and (2) far for the FO looped (IV) and
straight are similar to each other.

A comperison of FO, #1 with FO, #4 both looped
shows that the photographed profiles close (compare
Figure 83 I with Figure 83 ITl) are quite different. This
i 2 sruc of the far-reccaded profiles (compare Fig-
ure 83 IV to Figure 83 VI). The Gaussian profile fit
(the dotted line) is a better fit for the FO, #1 data
than for the FO, #4 data.
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#1), Recorded Close 5.13 mm (I & II) and Far 7.13 mm (IV & V) From FO Output End and 9.08

Contours and Profiles of Intensity Distribution of the Output of Two 104.3-cm-long
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Figure 83.
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intonsily Distribution of FO, #1 and FO, #7

Figure 84 shows the heam contours and profiles of
FO, #1 and FO, #7, 49.4 cm long. Figure 84 I through
IV shows eight contours. For FO, #1 and FO, #7,
Figure 84 1 and II are recorded close and 111 and IV are
recorded far, respectively. The close profiles of both
FOs are similar to one another; this is also true for the
far profiles. The Gaussian fit is best for the close
profiles, and best for the X direction.

Figure 84. Contours and Profiles of Intensity Distri-
bution of the Output of Two 49.4-cm-long 600-um FO,
#1 (1 & 1) and FO, #7 (11 & IV) Straight, Recorded
Close 5.13 mm (I & II) and Far 7.13 mm (il! & IV)
From FG Output End

Figures 85 and 86 show the beam contours snd
profiles of FO, #7, which are successively cut in half
starting with a 49 4-cm-long FO. Figure 85 consists of
recordings close (5.13 mm) from the FO output end;
Figure 86 consists of recordings far {7.13 mm) from
the FO output end. The recordings are taken of FO
length Z in Figure 85 I through V. where Zis 49 4 cm in
E2S1emmmIE122emin IE68cminIV;and 3.1 em
inV.

The FO Z lengths sre the same for Figure 86. The
beam contours and profiles of FO, #7 close and far
change with the FO lengths. For both close and far

nacitinne -Mm.&-n Yo rdbermnbSwnn e AR
positione, the infensity in ihe proines

increase as the FQ length decreases. The two lobes of
the LD shown in Figure 50 are beginning to appear in
the contours and the Y-axis profiles of Figures 85 111
and 86 ITI; they become more pronounced as the FO is
cut ~“horter (Figures 85 IV and V and Figure 86 IV-and
V).

Specification for Three 600-um FOs With
LD A840 as Source

Table 6 lists for three FO, 600-um FOs the shot
numbers, the FO numbers, the distance from the FO
end photographed, the FO length, 1/’ width, the
divergence, correlation coefficient (CC), the configu-
ration of the FO, whether it is straight (S) or looped
(L), and the figure in which the contour or profile
appears.

The recordings of all the FOs are taken at 5134
and 7.13 mm from the FO output ends, except for FO,
#4 for which recordings are taken at 9.08 and 11.08
mm. The length of the FOs varies from 104.3t0 3.1 em.
The 1/e* width is that of a Gaussian fit to the profile
through the centroid of the intensity distribution. The
FO divergences, a, and a, are calculated in Eq (28) for
the LD divergence in Table 6:

- X — Xy
el e

where x; and x; are the 1/¢* widths, and 7, and 2, sre
the distances from the FO output end for Shots 10-12-
S8 and 10-12-S7, respectively.

The a, divergence is calculated in a similar man-
ner except that the x’s are replaced by y’s.

The “S” in the configuration column indicates
that the FO is straight and in line with the emission
from the LD, whereas an “L” indicates that the FO had




Figure 85. Contours and Profiles of Intensity Distribution of the Output of 800-;m FO, #7
Reemded&ﬁmmFromFOOuﬁputEndAﬁetSmivelyCutﬁnginHalmeﬁmFOis
49.4 cm long in (I), 25.1 cm in (1I), 12.2 cm in (IT1), 6.8 cm in (IV}), and 3.1 em in (V).




Figure 86. Contours and Profiles of Intensity Distribution of the Output of 600-um FO, #7
Recorded 7.13 mm From FO Output End After Successively Cutting in Half Four Times. FO is
49.4 em long in (I), 25.1 em in (1), 12.2 cm in (¥X), 6.8 cm in (IV), and 3.1 cm in (V).



Table 6. Beam Specifications for Diffsrznt G00-um FOs and 3 Lengths

ST P PO FO I/e’ WINH LIVEIGRKE  COSEINITION ONF FIG
DIST IRNGH X Y X Y __ COEFFICIENT
€)) #) (m) (cm) (mm) (wm) (deg) (deg) x) ¥) (€))
10-12-S7 1 5.13 104.3 2.49 2.58 999333 .999253 L 831I
10-12-s8 1 7.13 104.3 3.22 3.19 10.3 8.7 .998411 .998529 L 83 IV
10-03-S7 1 5.13 104.4 2.58 2.62 .999419 .999273 S 83 IT
10-09-S8 1 7.13 104.4 3.36 3.31 11.0 9.8 .997733 .997776 S 83V
7-20-S21 4 9.08 104.4 4.15 3.39 .999328 .999184 L 83 III
7-20~522 4 11.08 104.4 6.28 6.25 28.0 29.8 .996453 .996525 L 83 VI
10-12-S527 1 5.13 49.4 2.57 2.45 .999737 .999657 S 841
10-12-528 1 7.13 49.4 3.42 3.17 12.0 10.2 .998578 .998214 S 84 III
9-21-S8 7 5.13 49.4 2.58 2.49 .999822 .999515 S 84 II
9-21-89 7 7.13 49.4 3.41 3.24 11.7 10.6 .999247 .997842 S 84 IV
9-21-88 7 5.13 49.4 2.58 2.49 .999822 .999515 S 851
9-21-59 7 7.13 49.4 3.41 3.24 11.7 10.6 .999247 .997842 S 861
9-23-S7 7 5.13 25.1 2.53 2.56 .999301 .999284 S 8511
9-23-S8 7 7.13 25.1 3.31 3.34 11.0 11.0 .997582 .997939 S 86 I1
9-20-S8 7 5.13 12.2 2.58 2.67 .999315 .999319 S 85 III
9-20-89 7 7.13 12.2 3.52 3.64 13.2 13.6 .996558 .996374 S 86 III
9-20-S7 7 5.13 6.8 2.62 2.58 .999423 .999233 S 85 IV
9-29-88 7 7.13 6.8 3.63 3.89 14.2 18.1 .997684 .996441 S 86 IV
10-1-s7 7 5.13 3.1 2.78 2.53 .998541 .997480 S 85V
10-1-s8 7 7.13 3.1 4.48 3.49 23.0 13.4 .995922 .994720 S 86V
Divergence of FOs intensity Distribution at Different

For the same 104.3-cm-long FO, #1, the a’s are
comparable for both the “S” and “L” configurations.
For the 104.3-cm-long FO, #1 and FO, #4, the a’s are
quite different; for the 49.4-cm-long FO, #1 and FO,
#7, the a’s are comparable.

Gaussian Fit of FO Beams

The beam of FO, #4 far away is not 28 good a fit to
a Gaussian as FQ, #1, as is indicated by the CC. As
FO, #7 is cut shorter, the trend is for the divergences
to increase and for CC to decrease, or for the intensity
distribution to deviate further from a Gaussian for
both the close and far shots.

Distances From FO, #1 End

For 49.4-cm-long FO, #1, Figure 87 shows the
intensity distribution recorded at different distances,
Z,, from the FO ovtput end with LD A840 e3 source. Z,
is4.49mminL; 463 ram in I1; 5.13 mm in II; 7.13 mm
inIV:9.13mm in V; and 11.13 mm in VL
and profiles compared to those farther away. As the
distance from the FO output end increases (starting at
5.13 mm, but more pronounced at 7.13 mm), a hole
develops in the center of the intensity distribution.
This hole deepens as the distance from the FO
increases.



Figure 87. Contours and Profiles of Intensity Distribution of the Output of 49.4-cm-long 600-um
FO, #1 Recorded 2t Varying Distances From FO Output End: 448 mm (1), 4.63 mm (II), 5.13 mm
(I}, 7.13 mm (IV}), 9.13 mm (V), and 11.13 mm (VI)



intensity Distribution of 97.3-cm-long FO,
'#1mwn8883a80utco

Figure 88 shows the intensity distribution of a’

97.3-cm-long FO, #1 200-pm FO with a loop. LD
_ RBS83 emitted 1 W of power into the FO that trans-

mitted 0.82 W. The intensity distribution of the FO is
recorded at four distances from its output end. The
recordings are taken from the FO Outpit end at a
distance of Z, where Zis 525 mm in I; 7.13 mm in IL;
9.13 mm in III; and 11.13 mm in IV.

e ¥ naes v

Figure 88. Contours and Profiles of Intensity Distri-
buticn of the Output of 97.3-cm long 200-um FO, #1
Recorded at Varying Distances From FO Output End:
525 mea (1), 7.13 eam (1), 9.13 mm (I1I), and 11.13
mm (IV)

The contours are relatively smooth ot all dis-
tances. The intensity distributions of FO, #1 are
sinoother than those of FO, #1 (Figure 87) st ecach
respective distance from the FO output ends (compere
Figure 87 111 to Figure 88 I; Figure 87 IV with Figure
88 I1; Figure 87 V with Figure 88 III; and Figure 87 VI
with Figure 88 IV). The intemsity distributions of FO,
#1 have no boles in their centers as do those of FO, #1
in Figure 87.

Specifications for FO, #1 and FO, #1

Table 7 lists specifications for FO, #1 with LD
AS840 as source and FQO,, #1 with LD RP883 as source.
The specifications include the shot number, the dis-
tance from FO output end recorded, 1/¢* width, dives-
gence, the correlation coefficient (CC), and the figure
in which the contour and profile appesr.

The results show:

» Divergence. Since the FO output beams are

diverging, the 1/¢* widths incresse as expected
with incressing distance Z. Except for the first
two divergences for FO, #1 and the first diver-
gence for FO, #1, the FO divergences tend to
stabilize at ~12° in the X divection snd 10.3% in
the Y direction for FO, #1, and ~7.5° in the X
direction and 7.2° in the Y direction for FO, #1
(these are averages).
If each of the profiles of FQ, #1 at 5.13 mm and
FO, #1 at 5.25 mm are compared to the respec-
tive FO profiles at 11.13 mm, the divergence for
FQ, #1 is 12° in the X, direction and 10.3° in the
Y direction. The divesgence for FO, #1 6 7.7° in
both X and Y directions. The smallest diver-
gence of the LD is in the Y direction.

« Gaussisn Fit of FO Beams. For both FOs, CC
decreases in value as Z increases except for the
first distance. At all distances, the CCs are larger
for the smaller-diameter-core FO, #1 than for
FO, #1. The CC is lasger for FO, #1, 4 mm
farther from the exd of the FO (st 11.13 mm)
than for FO, #1 (st 7.13 mm). The smoother
beam profiles and larger CC for the smaller-
diameter core FO, #1 (Figure 88 and Table 7)
over those of FO, i1 (Figure 87) are attributed
to the increased number of bounces per unit
length in the FO tha the light makes in the
smaller-diameter FO, #1.
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Tabie 7. Beam Specifications for Two FOs at Different Positions From the

End of Two FOs
DIST X Y X Y __COETICIENT

6)) (m) (mm) (mm) (deg) (deg) X Y »
m;_tuzaz_m
10-12-532 4.49 2.29 2.23 .999728 .999677 87 I
10-12-S31 4.63 2.44 2.34 26.6 20.1 .999837 .999779 87 II
- 10-12-527 5.13 2.57 2.45 7.4 6.3 .999737 .999657 87 III
10-12-S28 7.13 3.42 3.17 12.0 10.2 .998578 .996214 87 IV
10-12-529 9.13 4.28 32.92 12.1 10.6 .996457 .996611 87 V
10-12-530 11.13 5.12 4.64 11.9 10.2 .993727 .994320 87 VI
1, #1100 cu TONC
11-3-S18 5.2 2.00 2.08 .999686 .999684 88 I
11-3-519 7.13 2.44 2.50 6.97 6.0 .999478 .999634 88 II
11-3-520 9.13 3.09 3.20 9.23 9.9 .999005 .998805 88 III
11-3-521 11.13 3.52 3.60 6.14 5.7 .998873 .996742 88 IV

intensity Distribution of 101.2-cm-iong
FO, #2 With LD RP542 as Source

The intensity distribution of FO, #2, looped or
straight, with varying length from 101.2 to 42 cm at
different Z, distances from the FO output ends are
shown in Figur~s 89 through 94. Correlation of the FO
output intensity distribution is considered as the rela-
tive positions of ke FO and LD outputs are changed
(Figure 95).

Figures 89 and 90 show the beam contaurs and
profiles of FO, #2 successively cut in half starting at
101.2 cm long. Figure 89 corsists of recordings close
{7.13 mm) from the FO output end; Figure 90 consists
of recordings far (9.13 wame) from the FO output end.
The recordings are taken of FO length Z in Figure 89 1
through VI, where Zis 101 2ecmin ;494 cm in I1; 24.8
ensinllE122cmmnIV:68cminV;and 42em in VL

The Z lengths are the same for Figure 90. The
beam contours and profiles of FO, #2 close and far
exhibit 2 hole in the center of the contour. The input
ends of the FO in Figures 89 and 90 I and Il were not
moved reiative to the LD cutputs. The remaining four
FO lengths in both figures are not correlated io each
other or to the 101L.2- and 49.4-cmm-long FOs above
because their inputs relstive to the LD outpuis were
moved when the FOs were cut and polished. In geser-
al, the far profiles in Figure 90 have more high-
frequency spetial components than the close profiles
in Figure 89.

The correlations between the intensity distribu-
tions of the 101.2- and 49 4-com-long FO, #2 are illus-
trated in Figures 91 and 92. The intensity distridution
of the 101.2-cm-long FO is recorded st distance Z,
from the FO output end with LD RP542 as source,
where Z, in Figure 91 Iis 5.74 cm; Il is 7.13 emm; 11l in
913cm;and IVis 11.13 em.
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Figure 86. Contours and Profiles of Intensity Distribution of the Output of 101.2-cm-long 200-sm FO, #2

Recorded 7.13 mm From FO Output End After Successively Cutting in Half Five Times. FO is 101.2 cm long in
(1), 494 cm (11), 24.8 cm (1), 1222 cm (IV), 6.8 cm (V), and 4.2 cm (VI). :
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Figure 90. Mﬂmdhmmmdmw&lﬂmmmiﬁ
Raootded&l:!mmmwmmwmhmmmmimmein
(@), 494 cm (I1), 24.8 cm (1), 122 cm (IV), 6.8 cm (V), and 4.2 em (VD).
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Figure 91. Contours and Profiles of Intensity Distri- Figure 92. Contours and Profiles of Intensity Distri-
bution of the Output of 131.2-cm-long 200-um FO, #2 bution of the Output of 49.4-cm-long 200-um FO, #2
Recorded at Varying Distances From FO OQutput End: Recorded at Vzrying Distances From FO Output End:
574 mm (0), 7.13 mm (i1}, 9.13 mm (1), and 11.13 5.74 mm (D), 7.13 mam (II), 9.13 1am (III), and 11.13
mm {IV) mm (IV)



For 49.4-cm-long FO, #2, Z, in Figure 921 is 5.74
cm; ITis 7.13 em; Il is 9.13 cm; and IV is 1813 em.

The depression in the center of the intensity
distribution is evident at all Z directions for both FO
lengths. The depth of the depression decreases with an
increase in the Z, direction. The peaks in the intensity
distribution of the corresponding record at the same
Z, distance are somewhat similar.

Figure 93 shows the intensity distribution of the
24 8-cm-long FO, #2 recorded at distance Z, from the
FO output end, where Z is the same as in Figures 91
and 92: 5.74cm in I; 7.13 em in I1; 9.13 em in III; and
11.13 cm in IV.

During the cutting and repolishing of the output
end of FO, #2, the pasition of the input end of the F
relative to LD output was changed. It is evident that
the intensity distribution of the 24.8-cm-long FO does
not correlate to those at the corresponding Z positions
of the 49.4- or 101.2-cm-long FOs.

Figure 94 shows the intensity distributions of FO,
#2 101.2 cm long, looped and straight, and 4.2 cm long
recorded at distance Z, from the FO output end. The
Z, distance is:

« 7mm in I and 9 mm in IV for the 101.2-cm-long

FO looped

e 713 mm in II and 9.13 mum in V for the 101.2-

cm-long FO straight

e 7.13 mm in Il and 9.13 mm in VI for the 4.2-cm-

long FO straight.

The Gaussiar fit is much better for the looped FO
than for the two straight FOs. The short straizht FO
had higher spatial frequency than the two long
straight FOs.

Figure 95 shows the effect of small motion of the
input end of the FO, #2 relative to LD RP542 output
on the intensity distribation out of FO, #2 at a Z
distance of 7.13 mm from the FO ocutput end. In
Figure 95, the FO input is aligned in I; moved 8.5 um
in X direction in II; realigned in 1II; moved 85 um in Y
direction in IV; and realigned in V relative to the LD
output.

A 85-um motion of the FO input relative to the
LD output in Figure 95 I when compared to Il shows
that iarge-acale structcrs is the same- this is shown by
a depression in the center of the intensity distribution.
The finer, high spatial frequencics are different. Re-
alignirg the FO does not reestablish the contours and
profiles out of the FO.

A motion of 8.5 um in the Y direction (Figure 95
1V) and repositioning the FO (Figure 95 V) as shown
in Figure 95 111 fails to reestablish the fine structure of
the contours or profiles out of the FO.

_@__
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Figure 93. Contours snd Profiles of Intensity Distri-
bution of the Output of 24 8-cm-long 200-axm FO, #2
Recorded st Varying Distances From FO Output End:
5.74 mm (1), 7.13 mm (1), 9.13 mm (I1I), and 11.13
mm (IV)
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Figure 94. Contours and Profiles of Intensity Distribution of the Output of 101.2-cm-long 200-xm FO, #2
Looped (I & IV) and Straight (I & V) and 4.2-cm-long Straight (ITI & IV) Recorded Close 2t 7.13 em (L IL &

1) From FO Output End

90
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. Specifications for FO, #2

Table 8 lists specifications for FO, #2 that include
the shot number, the FO length, the distance from FO
output end recorded, 1/e® widths, divergences, CC,
and the figure in which the contours and profiles
appear.

For Shots 1-15-S11 and 1-15-S11, the FO is
looped; for all remaining shots, the FO is straight.

The divergences of the 101.2-cm-long FO, #2
looped and straight at Z, = 9 and 9.134 mam (Z, is the
distance from FO output end) are comparable (com-
pare Shot 1-15-S13 with Shot 1-19-S9). As the Z,
increases to 11.134 mm, the divergences increase and
the Gaussian fit CC decreases. The divergences of the
49.4-,24.8-, 12.2-, 6.8- and 4.2-cm-long FOs are errat-
ic. The profiles do not fit 2 Gaussian very well (see
figure numbers listed in Table 8). All these shots
show large peaks that are far removed from the best
Gaussian fit.

Figure 96 shows the intensity distribution of a
9.04-1am-long 100-um-dia FO stub recorded at differ-
ent distances from the FO output end with LD RP542
emitting 1 W. Table 9 and Figure 96 1 through IV show
the specifics of the FO stub.

The i00-pm-dia FO used in the stub is a Spec
Tran #420 FO with the following specifications:

« NAis 027 t0 0.3

» Step index

= Glass on glass

o Attenuation: 3 to 5 dB/km

Section A of Figure 96 I through IV shows that the
intensity contours are not smooth; they look like
speckled patterns. The X and Y profiles in Section B
also show large intensity fluctuations of the beam that
can vary by a factor of 3 times over very short latera®
displacement across the FO stub.

The low (68 2% ) transmission of the stub suggests
that its NA is less than the NA of the Ensign-Bickford
FOs; however, the divergence to 1/e* widths listed in
Table 9 at 7.13 and 11.13 mm from the FO output end
is >22°. This gives an NA of >0.37. Table 9 shows
that CC is not large; this indicates that the Gaussian
fit is not very good.

4.2.4 Summary

In Section 4.2 the performance of couplers, which
include GRIN lenses, FOs, FO and GRIN lens combi-
described.

The 0.23-, 0.25-, 0.29-, 0.5A-, and 0.5B-pitch
GRIN lenses transmitted 95%, 97%, 96.5%, 95.5%,
and 97.5% when LD A322 was emitting 400 mW as the
source, and 97%, 97%, 96%, 97%, and 98% when LD
A841 was emitting 2 W as the source, respectively. For
a 0.23-pitch GRIM lens, the enesgv collected by a
0.368-cm-dia aperture was down by 76.4% when the
aperture was 20 mm from the GRIN lens.

FOs Transmission

FO, #1 and FO, #1, SDL LDs Sowrces
The 1000-um-dia FO, #1 and 600-xm-dia FO, #1
butt-coupled to:
e LD A322 emitting 0.4 W, transmits 77% and
76.4%, respectively
¢« LD A841 ewitting 1.9 W, transmits 82% and
81.5%, respectively
e 0.5A-pitch GRIN lens in front of LD A322
emitting 0.4 W, tranemits 79% and 78 %, respec-
tively
e 0.5A-pitch GRIN len; in front of LD A841 emit-
ting 1.9 W, tranemits 82% and 81.5%, respec-
tively
e 0.5B-pitch GRIN lens in front of LD A322
emitting 0.4 W, tranamits 77 % and 78% , respec-
tively
e 0.5B-pitch GRIN lens in front of LD AS41
emitting 1.9 W, tranemits 80% uand 80% , repsec-
tively
The 600-pm FO, #1 transmits 10% more LD
power when SDL-2410-H1 A322 is the source vs. when
the same model number SDL-2410-H1 B126 LD is the
source. The transmissions of the FOs are limited
because their NAs are smaller than the divergence of
the LDs.

FO, #1, FO, #4, FO, #1, and FO, #1

For LD RP542 butt-coupled to within 25 sm of

o1 and 2 W, the transmissions of FO, #4 are
869% + 03%

o1 and 2 W, the tranamissions of FO; #1 are
869% + 03%

o1 and 2 W, the tranemissions of FO, #1 are
86.9% to 90.2% and 86%, respectively

e 1 W. the transmissions of FO, #1 are 80% to
82.5%, respectively.




Table 8. Beam Specifications for 200-um FO2 #2 of Different Lengths

SHOT FO FO I/e® WIDIH DIVERGENCE  CORRELATTON FIG
DIST LENGIH X Y X Y ___COEFFICIENT
(#) (mm)  (cm) (mm) (mm) (deg) (deg) (X) (Y) (#)

1-15-§11 7.00 101.2 2.65 2.68 - - .998962 .998889 94 I IOOP
1-15-812 9.00 101.2 3.32 3.35 9.5 9.5 .998594 .99038% 94 IV LOOP
1-19-85  5.74 101.2 2.50 2.45 - - .998962 .998889 91 I
1-19-s8  7.13 101.2 3.18 3.06 ©.7 8.7 .995097 .996498 89 I 91 IT 94 II
119-S9  9.13 101.2 4.29 3.71 9.7 9.2 .994603 .996174 90 I 91 III 94 IV
1-19-810 11.13 101.2 5.58 4.43 17.9 10.2 .993538 .994444 91 IV
1-19-827 5.74 49.4 3.16 2.83 - - .997472 .996809 92 I
1-19-S28 7.13 49.4 4.09 3.07 13.1 3.4 .997033 .996058 89 II 92 II
1-19-S29 9.13 49.4 6.72 6.61 33.3 41.5 .994611 .995036 90 IT 92 III
1-19-S30 11.13 49.4 7.36 7.47 9.1 12.4 .992552 .993417 92 IV
1-20-S5 5.74 24.8 2.48 2.54 - - .998721 .998215 93 I
1-20-86  7.13 24.8 2.00 2.08 - - .998098 .997368 89 III 93 II
1-20-S7  9.13 24.8 3.50 3.72 20.6 22.3 .996828 .995076 90 III 93 III
1-20-S8 11.13 24.8 4.35 4.37 12.0 9.2 .995634 .994719 93 II
1-20-S16 7.13 12.2 2.01 2.63 - - .993838 .993389 89 IV 951
1-20-S21 9.13 12.2 3.40 3.43 19.2 11.3 .990560 .993661 90 IV
1-20-522 11.13 12.2 4.15 4.33 10.6 12.7 .992076 .993284
1-21-s6 7.13 6.8 2.54 2.46 - - .998476 .998055 89 V
1-21-§7 9.13 6.8 3.01 2.05 6.7 ~- .997187 .996025 90 V
1-21-S8 11.13 6.8 3.57 3.27 8.0 17.0 .994849 .994126
1-21-516 7.13 4.2 2.75 2.76 - - .994622 .997354 89 VI 94 III
1-21-817 9.13 4.2 3.62 3.25 12.3 7.0 .991884 .992742 90 VI 94 VI
1-21-618 11.13 4.2 5.93 4.39 30.0 15.9 .985742 .990206
1-20-617 7.13 12.2 2.51 2.54 - - .995703 .996097 95 II
1-20-§18 7.13 12.2 2.66 2.52 - - .993949 .995126 95 III
1-20-S19 7.13 12.2 2.62 2.56 - - .996134 .996018 95 IV
1-20-S20 7.13 12.2 2.66 2.58 - - .995747 .994889 95 V'

93
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Figure 86. Contours and Profiles of Intensity Distri-
bution of the Output of 9.04-mm-long SDL 100-um
FO Stub Recorded at Varying Distances From FO
Output End: 5.74 mm (1), 7.13 mm (II), 9.13 mm (1I1),
and 11.13 mm (IV)



" Table 9. Beam Specifications for 8.0-mm-long, 100-um FO Stub at
Different Distances From its Output End

SHOT  FO 1/e? WIDTH DIVERGENCE  CORREIATION  FIG
DIST X Y Y COEFFICIENT
(#) (mm) (mm) (mm) (deg) (deg) (X) (Y) (#)
1-25-537 5.74 3.84 3.72 .997499 .995572 96 I
1-25-539 7.13 5.32 5.11 28.0 26.5 .997168 .994898 96 IT
1-25-541 9.13 5.68 5.97 5.1 12.1 .995628 .994010 96 III
1~25-542 11.13 7.36 7.75 22.8 24.0 .994610 .993158 96 IV

For a 200-um FO, #1 butt-coupled to within 25
um of the output mirror of

o LD BM498 emitting 0.2, 1, and 3.4 W, the
transmissions are 85%, 87.4%, and 80%, re-
spectively

o LD RB883 emitting 0.2 and 1.6 W, the transmis-
sions are 85% and 81.8%, respectively

LD BN968 emitting 1 and 2 W, the transmis-
sions are 82% and 79%, respectively.

FO, #1, MDAC/OEC as Sources

With MDAC/OEC LDs E204A-3, E204A-6,
E220A-1, and E220A-2 as sources, the,; transmissions
of a 100-um-dia FO, #1 are 56%,62%, 52%, and 55%,
respectively. The low transmission is attributed to
large LD divergence.

LD Beam Steering

LD beam steering with the 200-um aperture LD
BN968 emitting 1 and 2 W is monitored by measuring
the transmission of a 200-pum FO, #1. The beam
steered 15 um in the Y direction perpendicular to the
200-um LD aperture, and 50 pm in the X direction
along the 200-um LD aperture.

P-C Spherical Lens

With LD BN968 as source, the transmissions of
the P-C spherical lenses coupled to 600-, 400-, 200-,
and 100-um FOs are 92% *+ 0.1%, 91.6% % 0.3 %,
91.5% + 0.8 %, and 91.9% = 1%, respectively.

Beam Intensity Distribution

GRIN Lens

With LD A322 emitting 0.4 W of power, the beam
profile transmitted through the 0.23-pitch GRIN lens
at a distance of 20 mm exhibits two well-defined,
sharp-peaked lobes in the X direction (perpendicular
to the long LD aperture) and seven not-too-well-
defined peaks in the Y direction (along the long LD
aperture). In other words, the beam profile is not
smooth.

Fiber Optics
With LD A840 emitting 0.6 W of power into
several 100-mm-long, 600-um-dia FOs, a dip in the
center of the intensity distribution is observed. Struc-
ture in the beam varies as to whether the FO is
straight or in a 15.2-cm X 21.6-cm loop. Different FOs
exhibit similar and unique structures in the transmit-
ted beam. The similar structure is attributed to origi-
nating in the LD; the unique structure is attributed to
the FO modifying the LD profile.
With LD RB883 as source, the beam transmitted
through 200-pm-dia FO, #1:
e Has less structure
¢ Is more uniform
o Fits a Gaussian better
o Has smaller divergence (between 12° and 18°
full 1/e? width at 7.1 and 9.1 mm) than the 600-
um F03 #1.
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Divergence

With LD A840 emitting 0.6 W of power into
1-m-long, 600-um FO, the divergence in the X direc-
tion (perpendiclar to the long LD aperture) is 14.8° at
5.13 mm from the FO end and stabilizes to ~22.0° at
7.13 mm. As the 49.4-cm-long, 600-um-dia FO; #7 is
cut shorter, the full-width angle to 1/e? width diver-
gence increases from 23.4° to 46° at FO lengths of 49.4
cm and 3.12 mm.

The divergence of a 1-m-long, 200-um FO with a
15.2-cm X 21.6-cm loop positioned at mid-distance is
comparable to that of the straight FO.

4.3 Beam Interrupter-Coupler

In this section, the X and Y dimensions of the LD
beam transmitted through four different-diameter
FOs coupled to Lens P-C is determined. The LD
optical power transmitted through a 3.8-mm aperture
as a function of angular rotation of an in-line prism is
measured.

4.3.1 P-C Lens Collimation for

Different FOs as Input

Figures 97, 99, and 101 show the X dimensions of
the LD beams with LD RP542 emitting 0.5, 1, and 1.8
W, respectively, transmitted through different-
diameter FOs and then through a collimating P-C lens
plotted as functions of distance from the lens surface.
Figures 98, 100, and 102 show the Y dimension of the
LD beam emitting 0.5, 1, and 1.8 W, respectively,
transmitted through different-diameter £0Os and then
through a collimating P-C lens plotted as functions of
distance from the lens surface. Both directions are
perpendicular to the optical axis of Lens P-C.

‘The Gaussian fit of the intensity of the LD beam
transmitted by Lens P-C is given by:

:&2_
I=Ie", (32)

where

I,=intensityatr = 0
r =radial dimension
w = LD beam waist through Lens P-C.

The radial dimension is given as:

re W[_(In;llo)]"i. (33)
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The X and Y dimensions are determined by locat-
ing the first pixel on either side of beam maximum,
which reads zero output intensity of the profile
through the centroid of the intensity output of the
P-C lens. The X or Y dimension is the number of
pixels between the two pixel recording zero intensity
times 28 ym/pixel. For the camera at d; . minimum, its
response is adjusted using neutral-density filters in
front of the camera until its response is 100%. As d;
increases, the intensity I (d;.) decreases; this causes a
bias in the X or Y dimension. Since I, decreases with
increasing d,, the first pixels to record zero on either
side of I(d.c) are at larger intensities relative to
I.(d;c) taken at a closer position. The bias is removed
by determining r(d;c) at each d;; and ratioing r(d;)
to the r value of 1.67 W when the camera is 100%
[using I, = 256 and I = 1 in Eq (33)].

The smaller the I, the larger the correction factor.
Since the P-C lens intensity distribution curves do not
approximate a Gaussian very well, larger errors in the
correction factor exist for the intensity distribution
with the smaller I.

For the 100- and 200-zm FOs, the new unbiased X
values in Figure 99 are the CIR and TRI to which the
arrows point. The long dashed lines are through the
corrected X values with Points 1, 2, and 3 (TRIs) and
Points 1 and 2 (CIRs) discriminated against because
of their low I, values. The corrected X values have a
limiting P-C lens full-angle divergence of 2.0° and 3.3°
for the 100- and 200-pm FOs. The corrected values for
X are larger for the 200-um FO than for the 100-ym
FO, especially at Points 1 and 2.

The solid lines in Figure 99 are for 6, of 12.8° and
13.7° [obtained from d;; = 0 in Eq (17)] out of the
100- and 200-um FOs at an X of 1.79 and 2.05 mm for
dic = 10 mm in Eq (17). The limiting full-angle
divergence is 1.64° and 3.27° for the 100- and the 200-
pm FOs and P-C lens combination. This approxima-
tion predicts a 19.6% and 0.3% smaller divergence for
the 100- and the 200-gm FOs, respectively. The main
difference in the results is that there is more disagree-
ment in the X dimension at the largest d;; measured
for the 200-um FO than for the 100-um FO. At very
large distances, it appears that the approximation is
best for the larger-diameter FO.

For a specific FO, the shape of the beam in the X
and Y dimensions is independent of the LD output
optical power level. The slopes of the beam X and Y
dimensions vs. distance di from the lens decrease
with the decrease in FO diameter.

For a 4-mm-dia cell diameter, the working dis-

_tance between the cell and the 7O for the cell to collect
all the energy increases with the decrease in FO diam-
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eter as follows: from nominally 25, 35, 68, and 110 mm
for the 600-, 400-, 200-, and 100-um-dia FOs, respec-
tively.

4.3.2 Transmission Through Aperture

as Prism Rotates

Figure 103 shows the percent of LD optical power
transmission through a 3.8-mm-dia aperture for three
distances d;, between the P-C lens and aperture as a
function of prism P, (Figure 16) angular displace-
ment. The LD RP542 is emitting 1 W of power. With
the prism aligned, the aperture transmits 96.1% of the
LD power at the shortest distance d;, = 52.0 mm. A
rotation of 85 min or 1.42° reduces the power by
16.8%, or to 80% (see SQS data in Figure 103).

With the prism aligned, the aperture transmits
91.7% of the LD power at the intermediate distance
dps = 67.8 mm. A rotation of 32 min or 0.53° reduces
the power by 12.8%, or to 80% (see AST data in
Figure 103).
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Figure 103. Transmitted LD Output Optical Power
Through 3.8-mm Aperture vs. Prism Angular Dis-
placement for LD Beam Collimated by 94.5-cm-long,
200-um-dia FO, #1 and P-C Lens Combination With
Aperture at 52.0-, 67.8-, and 97.2-mm Distance From
the P-C Lens




With the prism aligned, the aperture transmits
47.8% of the LD power at the longest distance d;, =
97.2 mm. A rotation of 32 min or 0.53° reduces thc
power by 3.3%, or to 46.2% (see TRI data in Figure
103). A rotation of ~50 min or 0.83° reduces the
power by 16.8%, to 39.8%. A larger rotational toler-
ance exists for the shortest distance d;, from the lens
= 52 mm (SQS data in Figure 103).

4.4 PVA GaAs Cells

The data of the 1-V monolithic cell and the 2-,
10-, and 16-V hybrid PVA GaAs cells to be presented
in this section include;

e Electrical power vs. resistance curves for differ-
ent LD optical power

e I vs. V curves for different LD optical power
e Optimum R; vs. LD optical power

e Efficiency vs. LD optical power

o Fill factor vs. LD optical power.

The measurements are made with a 600-ym-dia
FO, #1, butt-coupled to an SDL-2450-H1 500-mW
LD. The cell is positioned at a distance d, from the FO
output end. The distance d, is such that the diameter
of the cell matches the diameter D of the cone of light
defined by the FO NA (0.37) specified by the manu-
facturer to its 5% level relative to zero, i.e., 95% of the
light emitted by the FO is in diameter D.

4.4.1 Electrical Power

The electrical power generated by 1-, 2-, 10-, and
16-V PVA GaAs cells as a function of load resistance
will be described for different LD optical power trans-
mitted through 600-um FO; #1 incident on the cells.

1-V Cell #10

Figure 104 shows the electrical power generated
by the 1-V cell #10 as a function of load resistance for
eight input LD optical powers. For this measurement,
the voltage across the cell is taken at the cell pin
interface, and the resistance value of the load is mea-
sured from one pin of the cell external to the cell to the
other pin; this takes into account the resistance of the
resistor and all the lead wire.

The erratic variations in the data are attributed to
inaccurate resistance determinations. For the 1-V cell,
the total resistance is very low. There is a decrease in
the resistance Rp at the maximum cell electrical power

P, from ~5.5 to 1.2  as the input LD optical power is
increased from 300 to 1500 mW. The width of the
curves near 90% of the peak value decreases from
~2.4 t0 0.75 Q in a monotonic manner as the input LD
optical power increases from 300 to 1500 mW.
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Figure 104. Electrical Power Generated by 1-V PVA
GaAs Cell #10 vs. Load Resistance for 300, 400, 500,
600, 800, 1000, 1250, and 1500 mW of Optical Power
Incident on the Cell Using SDL 500-mW LD A841
Coupled to 600-um FO, #1 as Source

2-V Cell #12

Figure 105 shows the electrical power generated
by the 2-V hybrid cell #12 as a function of load
resistance for seven input LD optical powers. Similar
behavior is observed for the 2-V cell as was observed in
the 1-V cell, i.e., a decrease in Rp and a narrowing of
the width at the 90% point of the power vs. resistance
curve with increasing input LD optical power. The
maximum electrical power generated external to the
cell is less at each input optical power for the 2-V cell
compared with the 1-V cell. The Ry value is larger at
each input LD optical power for the 2-V cell, com-
pared to the 1-V cell.
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Figure 105. Electrical Power Generated by 2-V PVA
GaAs Celi #12 vs. Load Resistance for 300, 500, 90,
800, 1000, 1250, and 1500 mW of Optical Power Inci-
dent on the Cell Using SDL 500-mW LD A841 Cou-
pled to 600-um FO, #1 as Source

10-V Cell #3

Figure 106 shows the electrical power generated
by the 10-V hybrid cell #3 as a function of load
resistance for eight input LD optical powers. The
behavior of the 10-V cell is similar to that of the 2- and
1-V cells. A decrease in Ry and a narrowing of the
width at the 90% point of each curve is observed as
the input LD optical power increases. The P,, generat-
ed by the 10-V cell at each optical power level is less
than for the 2- and 1-V cells. R, is larger for the 10-V
cell than for the other two cells.
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Figure 106. Electrical Power Generated by 10-V
PVA GaAs Cell #3 vs. Load Resistance for 300, 400,
500, 600, 800, 1600, 1250, and 1500 mW of Optical
Power Incident on the Cell Using SDL 500-mW LD
A841 Coupled to 600-pm FO, #1 as Source

16-V Cell #3

Figure 107 shows the electrical power generated
by the 16-V hybrid cell #39 as a function of load
resistance for three input LD optical powers. A de-
crease in Rp and a narrowing of the width at the 90%
point of each curve is observed as the input LD optical
power increases. The P,, generated by the 16-V cell at
each input LD optical power is about half that gener-
ated by the 10-V cell. R is larger for the 16-V cell than
for the other cells. When the input LD optical power is
1500 mW, the 16-V cell’s Rp value is about three times
larger than that of the 10-V cell.
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Figure 107. Electrical Power Generated by 16-V
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The decrease in Ry for the lower-voltage rated
cells indicates that they would be more difficult to
match to a specific dc- dc converter, i.e., the 1-V cell at
1500 mW has an R, of <1.1 Q, whereas the 10-V cell
has an Rp of ~175 Q. Tolerance in impedance-
matching would also be tighter because the lower-
voltage rated cells have narrower curves at the 90%
value of Rp.

It is much more difficult to fakricate 10- and 16-V
cells than the 2-V cells because so many more solder
connections must be made. It is also hard for 10- and
16-V cells to retain their integrity once fabricated
because of these connections. The operation of the
hybrid cells is affected by the solder connections made
between the segments, especially if the solder connec-
tions yield.

10-V Cell #5

Tests were run on another 10-V cell, #5. The
results are shown in Figure 108. The incremental
increase in electrical power with increase in incident
optical power observed for cell #3 is not observed for
cell #5. It is evident that the response of this cell is not
as predictable as the response of the previous 10-V
cell, #3.
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Figure 108. Electrical Power Generated by 10-V
PVA GaAs Cell #5 vs. Load Resistance for 800, 1000,
1250, and 1650 mW of Optical Power Incident on the
Cell Using SDL 500-mW LD A841 Coupled to 600-u
FO, #1 as Source

4.4.2 Optimum R,

For the 1-, 2-, 10-, and 16-V cells the optimum
resistance (R,), which is the resistance that yields the
maximum cell output power (P,), is described for
different LD optical power.
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Figure 109 shows the Rp value corresponding to RESISTANCE (ONNS?
P,, for the 1-, 2-, 10-, and 16-V cells as a function of 10,000 2
lnput LD Optlcal power. The data pomts for each cell : 2 16 ¥ (CIR) 10 U (S€%)

lie on a power curve that adheres to: 2000 | i 29 (SD 1V (TRD

b
Rp = aPh,. (34) b o,
The constants, a and b, are different for the 3 O
different cells. Table 10 gives the a and b for each cell. 300 | g
At constant LD power, Rp increases with the increase 3 R N
in cell voltage rating, i.e., Rp value is the smallest for 100 B
the 1-V cell and increases to the largest for the 16-V -
cell. Maximum power is transferred to a load if the
coupling resistor is the R value. Equation (34) is used 0F
to predict Rp values for larger-incident LD powers Fa T
than those measured. These predicted Ry values are 10 e
listed in Table 11. S .
At 1.5 W of incident power, i A

¢ The P, generated by 1-, 2-, 10-, and 16-V cells is s
0.58, 0.49, 0.40, and 0.22 W, respectively. g

o The voltage is 0.799, 1.62, 8.26, and 12.35 V,

respectively. 0 500 1000 1500 2000
o The current is 720, 298, 50, and 17.7 mA through POMER (wH)
R, of 1.11, 5.47, 160, and 699 ©, respectively.

]
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Figure 109. Optimum Load Resistance for 1-, 2-, 10-,
and 16-V PVA GaAs Cells vs. Incident LD Optical
Power Using SDL 500-mW LD A841 Coupled to 600-
um FO, #1 as Source

Table 10. a and b Coefficients for Equation

34
CELL a b
(V)
1 2082.5 -1.022
2 5206.1 -0.926
10 206.8 -1.016
16 408.9 -0.890
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Table 11. Predicted R, Values of Four GaAs Cells for Different
Optical Powers

LASER RP FOR_
POWER 1 V CELL 2 V CELL 10 V CELL 16 V CELL
(W) (ohms) (ohms) (ohms) (ohms)
2 0.879 4.55 115.8 553.5
3 0.581 3.13 76.7 385.8
4 0.433 2.39 57.3 298.6
5 0.345 1.95 45.7 244.8
10 0.170 1.02 22.6 132.1
20 0.084 0.539 11.2 71.3
50 0.033 0.231 4.4 31.5
100 0.016 0.I21 2.1 17.0
4.4.3 Efficiency EFFICIENCY (%)
The efficiency for the maximum power generated 60 |
by 1-, 2-, 10-, and 16-V cells is described for different - 19 (508) 29 (AsD)
LD optical powers. i 10 U (TRI) 16 ¥ (CIR)
Figure 110 is a plot of the maximum efficiency OF L aan
(E,) of the 1-, 2-, 10-, and 16-V GaAs cells as a e b
function of input LD optical power (P,;,). The actual ! -
efficiency in percentage is given by the following © [ T
relationship: i .
] FRC I N
P | % T .
- e T Koo
Em (Pw) 100, (35) %0 | a *
-9 _4‘...5 ...... B B
e 2 SR A
where P, is the cell output electrical power for maxi- i
mum power transferred to Rp. The value of E,, is not 20 L
corrected for contact area masking, reflection losses, O
series, and shunt resistance. A Gt o
1-V Cell oy
As shown, E,, is largest for the 1-V cell. For this i
cell, E,, is essentially a constant value of 49% for Py
=< 500 mW. For larger LD power, E,, decreases mono- ¢ —— e
tonically with increasing P;. E,, varies from 49% to 0 50 1000 150 2000
38% as Py varies from 100 to 1500 mW. PORER (Wi}

Figure 110. Maximum Efficiency for 1-, 2-, 10-, and
16-V PVA GaAs Cells vs. Incident LD Optical Power
Using SDL 500-mW LD A841 Coupled to 600-um FO,
#1 as Source




2-V Cell

The hybrid 2-, 10-, and 16-V cells have lower
efficiencies. The higher the cell voltage rating, the
lower the E_ for all Py, values. The 2-V cell behaves
similarly to the 1-V cell except that P;, = 100 mW
has a reduced efficiency. For Py; values between 200
and 500 mW, E,_, is ~87%, which is ~76% of the 1-V
cell’s E,, values. E_, varies from 37% to 30% as Pp
varies from 100 to 1500 mW.,

10-V Cell

For the 10-V cel}, E_, is almost constant. It varies
from 256.5% to 28.5% as Py, varies from 100 to 1500
mW.

16-V Cell

There are only three data points for the 16-V cell.
E_ decreases monotonically from 18% to 14% as Py,
varies from 100 to 1500 mW.

The cells with the higher voltage rating have lower
efficiency because:

e Series cell resistance increases with increasing
cell voltage rating.

e Cell performance is limited by the segment with
the worst response. As cell voltage rating in-
creases, the probability of perfectly matching all
segment decreases.

The peak of each curve is determined by the grid
pattern designed to accommodate the proposed input
optical power level and the series resistance of the cell.

4.4.4 1vs. V Curves

Figures 111-114 show the family of current vs.
voltage (I to V) curves, tested at different Py, levels,
for the 1-, 2-, 10-, and 16-V cells, respectively.

Isc Values

At the maximum LD power of 1500 mW, the
short-circuit current (I,.) decreases with the increase
in cell voltage rating. The L, is 850 mA for the 1-V cell;
410 mA for the 2-V cell; 67 mA for the 10-V cell; and
30.6 mA for the 16-V cell.
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Figure 111. Current for 1-V PVA GaAs Cell #10 vs.
Voltage for 100, 200, 400, 600, 800, 1000, 1250, and
1500 mW of Optical Power Incident on the Cell Using
SDL 500-mW LD A841 Coupled to 600-um FO, #1 as
Source
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Figure 112. Current for 2-V PVA GaAs Cell #12 vs.
Voltage for 100, 300, 500, 600, 800, 1000, 1250, and
1500 mW of Optical Power Incident on the Cell Using
SDL 500-mW LD A841 Coupled to 600-um FO, #1 as
Source '
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Figure 113. Current for 10-V PVA GaAs Cell #3 vs.
Voltage for 100, 300, 400, 500, €00, 800, 1000, 1250,
and 1500 mW of Optical Power Incident on the Cell
Using SDL 500-mW LD A841 Coupled to 600-um FO,
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Figure 114. Current for 16-V PVA GaAs Cell #39 vs.
Voltage for 100, 800, and 1500 mW of Optical Power
Incident on the Cell Using SDL 500-mW LD A841
Coupled to 600-um FO,; #1 as Source

V.. Values

The V,, of the cells is 1.08 V for the 1-V cell; 2.16 V
for the 2-V cell; 10.5 V for the 10-V cell; and 16.7 V for
the 16-V cell.

For specific Py, values, as the cell voltage rating
increases, the cell current at P,, decreases. Therefore,
what is gained in increased voltage for the higher-
voltage cells is lost in current.

Figure 115 shows the effect of the short-circuit
current of the 2-V cell #12 with 0.83 W of LD optical
power leaving the FO and incident on the cell as the
distance is varied between the output of the ¥O and
the cell. Our operational distance of 4.78 mm or power
density of 49.9 W/cm? (the common point to both
curves) is close to the optimum, i.e., the short-circuit
plateau between 3.3 and 4.3 mm and the correspond-
ing power density of 90.8 to 59.8 W/cm? The optical
power density, p, is calculated using:

P
i) (rpo + d tan a)?, (36)
w
where
d the distance between the FO and the cell

a = the divergence out of the FO given by Eq
(31).

The divergence value to calculate p is taken from
Table 7 for FO, #1 1/e* points. It is the average X
direction divergence 7.45° (the last three divergences
are used).

The implication of Figure 115 is that the I-V
curves of Figures 111 to 114 would change as the
distance between the FO and the cell changed. For the
different FOs used, the illumination from the FO,
which is the input to the cells, was not uniform but,
rather, approached a Gaussian. The optical power
density for the same LD optical power onto the 2-V
cell #12 using FO, #1 was about 18.0 W/cm?, less than
half that produced by FO, #1. The reduced power
density for FO, #1 (600 um FO) was due to slightly
larger divergence (average 12° from Table 7) and the
larger-diameter FO, #1. The short-circuit current
produced by FO; #1 (600 yum FO) for 800 mW of
incident LD power was ~210 mA (Figure 112), where-
as for FO, #1 (200 um FO) it was 187 mA. The larger
optical power density incident onto cell #12 by FO,
#1 produced slightly less short-circuit current than
FO, #1.
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Emitting 1 W Into the FO and FO Transmitting 0.83
W Onto the Cell

4.4.5 Fill Factor

The fill factor (FF) [defined in Bq (25)] is largest
for the 1-V cell for all incident LD optical powers, as
shown in Figure 116. The break in the 1-V cell curve is
because data were taken at two different times using
slightly different setups.

The maximum FF values of the 1-, 2-, 10-, and
16-V cells are 0.854, 0.743, 0.773, and 0.594, and occur
at0.3,0.2,0.1, and 0.1 W of incident optical power. An
increase in incident optical power to 1.5 W causes a
decrease in FF to 0.636, 0.548, 0.585 (at 1.0 W), and
0.426, respectively. These decreases in FF values with
increasing incident optical power are related to the
grid pattern of the cell being designed for different
incident optical
power density.

Large bridges in the grid pattern lead to low cell
series resistances (Rg), which lead to high FF values.®
The obscuration caused by the large bridges decrease
the E_ value. A low obscuration produces large I
values and possibly large E,, values if R is low. This
trade-off results in a cell with large E , values at large
incident optical power. This task and the development
of monolithic >1-V cells® at large-incident LD opti-
cal power are under consideration by Org. 6224 at
SNLA.
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Figure 116. Fill Factor for 1-, 2-, 10-, and 16-V GaAs
Cells vs. Incident Optical Power Using SDL 500-mW
LD A841 Coupled to 600-um FO; #1 as Source

The decrease in the FF for the hybrid 2-, 10-, and
16-V cells compared to the monolithic 1-V cell at the
low illuminating optical power could be caused by:

« Hybrid cells that are not designed for the level of
LD optical power incident onto the cell
» Unmatched segments

¢ Large cell resistance due to contact resistance at
the solder junctions between the individual seg-
ments.

As the cell voltage rating increases, the number of
segments also increases. This increases solder junction
resistance, series resistance, and the cell segment-
matching problem.

4.4.6 Summary ,
The PVA cell characteristics measured included

e Electrical power vs. cell resistance for different
incident LD power (P;;)



o Current vs. voltage for different Py,
¢ Optimum resistance vs. Py

o Efficiency vs. Py

o Fill factor vs. Py,

Characteristics of PVA GaAs Cells
Measured With LD Optical Power

Table 12 summarizes the characteristics of the
cells measured using LD light transmitted through
600"ﬂm FO3 #1.

Cell Electrical Power

For a specific cell, the electrical output power
increases with increasing Pyp. The P, and I, listed in
Table 12 decrease with increasing cell voltage rating,
whereas R, and V,, increase with increasing cell volt-
age rating. As the LD power is decreased by 15 times
(from 1.5 to 0.1 W), the electrical power generated by
the 1-,2-, 10-, and 16-V cells decreases 11.6, 10.8, 14.3,
and 9.5 times, respectively.

Optimum R,

When Py, decreases from 1.5 to 0.1 W, R, values
increase to 17.5, 55.6, 2000, and 7000 Q for the 1-, 2-,
10-, and 16-V cells, respectively.

IV Curves

For all incident optical power, the cell output
electrical power decreases with increased voltage cell
rating. At a specific output voltage, the cell current is
found to increase with increasing P, values. Table 12
lists the short-circuit currents and the open-circuit
voltages of the cells tested.

Maximum Efficiency

The maximum efficiency E, listed in Table 12 is
for 0.3, 0.3, 0.5, and 0.1 W of incident LD optical
power for the 1-, 2-, 10-, and 16-V cells, respectively.
The higher the cell voltage rating, the lower its effi-
ciency for all incident LD optical power levels.

Fill Factor

The maximum fill factors are listed in Table 12
along with the FF at 1.5 W of incident optical power.
For nonuniform LD light transmitted through an FO
and uniform white light with comparable incident
power levels, the fill factor of the 2- and 16-V cells
(nominally 0.7 and 0.6 W for 0.1 W of LD light) differ
by 2.3% and 0.4%, respectively. When P, ;, increases
from 1 to 1.5 W, the 1-, 2-, and 18-V cell FF (nominally
0.7, 0.6, and 0.5 W for 1 W of LD light) decreases by
6.5%,11.0%, and 11.1%, respectively.

Table 12. Characteristics of PVA GaAs Cells Measured With 1.5 W of Incident LD Optical

Power
SER SEG PLD PFO Pm Im Rp Vm I ac v oc Ec FF Vo c/'.IZ sc Im/I sc
$ vV (W) (W) (W) (mA) (ohm) (V) (mA) (V) (%) max / LD (V/a)
10 1 1.90 1.52 .575 720.0 1.11 0.80 850.0 1.08 38 .854/.636 1.29 0.86
12 2 2.00 1.81 .486 298.0 5.47 1.63 410.0 2.16 30 .743/.548 5.26 0.73
3 19 1.97 1.58 .400 50.0 160.0 8.26 67.2 10.5 26 .773/.585 1%56.0 0.74
39 16 1.96 1.57 .218 17.7 690.0 12.34 30.6 16.7 14 .595/.426 547.0 0.58
5 10 1.59 1.27 .298 40.7 180.0 7.32 52.% 10.5 19 .534/ 199.0 0.78

107



5. HOFS Systems Configurations

Fifteen different HOFS systems were tested. The
first generation of testing included nine HOFS sys-
tems (HOFS 1/, 1 through 8); the second generation,
six HOFS systems (HOFS 9 through 14). The poor
performance of any component of the HOFS system
directly affects total system performance. One compo-
nent, the de-dc converter, could not be tested individ-
ually as could the other components; therefore, the
converter was tested as an assembly with the cell.
Converter performance depends greatly on the input
impedance of the GaAs cell and of the output load, the
capacitor. Attempts were made to keep the output
voltage of the converter (i.e., the capacitor charge
voltage) between 2 and 3 kV. In order to store suffi-
cient energy in the capacitor to perform the desired
function, different values of capacitance, depending
on the output voltage of the converter, were used in
different HOFS systems.

5.1 HOFS Systems Configuration

Summarized

Table 13 summarizes the HOFS systems configu-
rations described below. The specific components of
HOFS Systems 1/, 1 through 14, and 14’ include the
HOFS number, LD part numbers, electrical power,
optical power, and percent efficiency, the coupler type
and percent transmission (T), the PVA cell number,
voltage, and percent efficiency, the de-de converter
model number, and the capacitor value.

All efficiencies are measured at maximum output
LD optical power.

HOFS 1-14

HOFS 1 through 14 and 14’ uses basically the
same test setup shown in Figure 117, but has different
LDs, cells, converters, and capacitors. HOFS 1
through 3 use two LDs, GRIN lens couplers, and cells.
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Tk cells are connected in series and are then input to
the converter.

HOFS Test Seiup

The following equipment is common to the setup
used to test HOFS 1 through 14 and 14"

¢ The LD current driver described in Section 2.1

¢ A resistor network, which includes resistors:
R, = 10 gigaohms
R, = 1 megachms

¢ Oscilloscopes:

OSC 1 (Model 7844). OSC 1 measures the volt-
age across the cell and the current delivered to
the dc-de converter by measuring the voltage
across R, = 0.465 Q.

0SC 2 (Tektronics Model 7633). OSC 2 mea-
sures the voltage across the calibrated resistor
divider network, R, and R;, that is used to
determine the capacitor charge time.

¢ An electrostatic voltmeter, Sensitivity Research
Model ED V24436.

HOFS 1 through 14 and 14’ use a different LD
current driver than HOFS i’ and have a variable
current control for more flexible operation. HOFS 1,
1, 2, and 3 use two of the same type of SDL 100-mW
LDs, optically coupled through GRIN lenses onto two
1-V PVA GaAs cells. These cells are connected in
series to a de-de voltage converter to charge a 0.0524-
uF capacitor. HOFS 1/, 1, and 2 use the same dc-d¢
voltage converter; HOFS 3 uses a different converter.
HOFS 4 through 8 use different LDs, FO couplers,
cells, converters, and capacitors than do HOFS 1/, 1
through 3. HOFS 6 and 7 are the same as HOFS 4 and
5, respectively, except that their capacitors are larger.



Table 13. Components of the Hybrid Optical Firing Set Systems

HOFS I COUPLER A pC-DC caP
sys POWER _ CELL COONVERTER
ELECT oPT EI.D MODEL
# (& (W) (W) (%) type/aT (#) V) (%) # (uF)
1st GENERATTON

1 M9 1.9 0.16 8.2 G/9%5.9% 19 1 -

3200 1.7 0.18 10.2 G/95.9% 18 1 -

TOTAL 3.6 0.3¢ 9.4 st-108'  0.05
1 A194 4.2 0.8 4.1 G/95.5% 24 1 .

A200 2.2 0.18 8.0 G/95.9% 10 1 g

TOTAL 6.4 0.35 5.5 ST-10N 0.0524
2 A321 1.5 0.32 20.5 G/96.8 10 1 4o+

B126 1.0 0.32 31.6 G,/95.4 24 1 -

TOIAL 2.6 0.64 24.9 ST-10N 0.0524
3 a2l 17 0.41 23.5 G/9%6.8 10 1 44

Bl26 1.2 0.40 33.3 G1/95.4 24 1l -

TOTAL 2.9 0.81 27.6 MC-10N-M°  0.0524
t B84l 82 1.9 23.1 Fo/80 12 2 31 MC-10K- 0.0524
5 A841 8.1 1.9 23.3 FO/80 3 10 26 Q-30 0.0353
6 AB4l 8.0 1.9 24.3 FO/80 12 2 31  MC-10N-M  0.1089
7 A841 8.1 1.9 23.3 FO./80 3 10 26 Q-30 0.0859
8 AB40 7.7 1.9 24.6 FO,/80 39 16 14 Q~30 0.0231
20d GENERATTON ~
O A240 7.7 2.0 24.6 Fo/80 12 2 31 mc2s/M143%  0.0524
10 2840 7.7 2.0 24.6 FO,/80 12 2 31 1@25/141435 0.1089
11 2840 8.1 2.0 24.6 FO,/80 10 1 44  MC25MM142° 0.0524
12 BM498 9.9 3.4 39.4 FO,/80 12 2 31 MC25MI43  0.0524
13 BM98 9.9 3.4 39.4 FO,/80 12 2 31  MC25M143  0.1089
14 RBSS3 4.8 2.0 40.4 FO,/84 12 2 31  MC25/MI43  0.0524
14’ RBSE3 3.0 1.0 3.8 FO,/84 12 2 31  MC25M43  0.0524
G, is a .23 pitch GRIN LENS 1 = Verms #1747
A841 & AS40 @ 500 miW 2 = Gamma §081186D (modified)
BM498 @ 3.4 W ‘ 3 = Venus #3899
RB383 @ 2 W others at 100 mi 4 = Gamma $#03-0587B-1
* measured with A198 & GRIN at 0.17 W 5 = Gamma #03~0587A-2

+ measured with FO, coupler
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Figure 117. Basic Block Diagram of Setup Used to
Test HOFS Systems 1 Through 14 and 14’

5.2 First-Generation HOFS 1’ and
1-8

HOFS 1

HOFS 1’ was assembled at SNLA in 1985 by R. P.
Roberts. The system was tested by Roberts and retest-
ed in this study. Figure 118 shows the block diagram
of HOFS 1. The LD driver is a breadbcard-mounted
circuit with 10-V input and is capabie of delivering
~ 700 mA for 5.3 s; after this, it delivers ~ 360 mA to
three SDL 100-mW LDs connected in series.

The couplers are Melles Griot 0.23-pitch GRIN
lenses butt-coupled against the LD window with their
output ends positioned a distance d, = 20.81 mm from
the cells. The three 1-V PVA GaAs cells have a
4-mm-dia active area. Two cells are connected in
series to a dc-dc voltage converter. The third cell is
used as a triggering source. The voltage converter is a
Venus Scientific Corp. Vidicon Power Supply, Model
ST-10N. When this converter is operated with a posi-
tive 2- to 10-V input, it produces a negative 2-kV to
10-kV output. A Dearborn 0.0524-xF capacitor, rated
at 4 kV, is charged to ~2.0 kV.
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Figure 118. Block Diagram of Setup Used to Test
HOFS System 1’ Using the Breadboard LD Driver

HOFS 1

The diagram of the components used in HOFS 1is
shown in Figure 119. The components of HOFS 1 are
the same as those of HOFS 1’ except that the LDs,
GRIN lenses, and cells are aligned optically for maxi-
mum output. This entails unmounting the compo-
nents from their breadboard and providing special
mounts. The distance, d,, is 20.81 mm.

COVER BOX
20v 10V ,_____._..._._____...._.._I
1| i LASER mk 1V GaAs |
omv1£n 1 DIODE ceLt. | |
LASER I
DIODE |
CURRENT !
DRIVER | '
DRIVER | i
FY LASER [ 1V GaAs |
i l l DIODE CELL |
Vst Vs2 | DU DI W
DC-bC
POWER
C [CONVERTER|
VENUS
ST-10 N
81
-4 AA——

Figure 119. Block Diagram of Setup Used to Test
HOFS System 1



HOFS 2

HOFS 2 uses the same type components (the LDs,
coupler, cell, de-dc¢ converter, and capacitor used in
HOFS 1’ and 1) except that they are new. The LDs
used in HOFS 1’ and 1 had degraded due to age.
Figure 120 is a photograph of HOFS 2 with its compo-
nents labeled. The components in the HV box are the
same shown in Figure 17. Distance, d,, is reduced to
5.08 mm. During testing, a cover is placed over the
LDs and cells to eliminate background light and air
currents, which cause signal variations.

HOFS 3

The components used in HOFS 3 are identical to
those used in HOFS 2 except that the de-de voltage
converter is changed to a Gamma High-Voltage Re-
search, Inc. Model MC-10N-MOD. For this modified
converter, a 1.75- to 12-V dc input produces negative
1- to 10-kV output; a limited 400-mA input current
yiclds a 100-uA output current. The converter was

KINEMATIC MOUNT
FOR CELL

1

it
»*

X, Y, and Z Motions

Figure 120. Photograph of HOFS 2 Showing Components Mounted Onto Kinematic Mounts, Allowing for

modified in order to reduce the input voltage required
to turn on the oscillator input transistor.

HOFS 4

The diagram of the components used in HOFS 4 is
shown in Figure 121. A single SDL 500-mW LD A841
replaces the two SDL 100-mW LDs and a 2-V GaAs
cell replaces the two 1-V cells used in HOFS 1/, 1
through 3. The GRIN lens couplers are replaced by
600-um-dia FO,; #1. A FO is used because the seg-
mented hybrid cells are more efficient with uniform
illumination.

In an attempt to optimize the coupling between
the cell and the FO cable, the FO is placed at a
distance d, = 4.27 mm from the 4-mm-dia cell. The
de-de converter arnd capacitor are the same as those
used in the HOFS 3.

Figure 122 is a photograph of HOFS 4; the compo-
nents have been labeled. The components in the HV
box were shown in Figure 17,

e ik
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Figure 121. Block Diagram of Setup Used to Test
HOFS System 4

HOFS 5

The diagram of the components used in HOFS 5 is
similar to that of HOFS 4 shown in Figure 121. The
LD, FO coupler, and test equipment are described for
HOFS 4. The remaining components are changed as
follows:

e The 2-V cell is replaced by a 10-V PVA GaAs
cell.

e The Gamma dc-dc converter is replaced by an
off-the-shelf Venus Model Q-30 converter.

» The 0.0524-uF capacitor is replaced by a Dear-
born 0.0353-uF capacitor rated at 3.2 kV.

 The coupling is optimized by making d, = 9.91
mm. This distance is larger than for the 2-V cell
because the 10-V cell is 10 mm in diameter
instead of 4 mm.

HOFS 6 and 7

HOFS 6 and 7 are the same as HOFS 4 and 5,
respectively, except that the capacitors are replaced
with larger ones in order to store more energy. A
0.1089-uF capacitor, rated at 6 kV, is used in HOFS 6;
a 0.0859-uF capacitor, rated at 3.2 kV, is used in
HOFS 7.
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HOFS 8
HOF'S 8 uses the same de-de converter as HOFS 5
and 7. The remaining components are changed:

e The SDL 500-mW LD A841 is replaced by
another SDL 500-mW LD A840.
e The 10-V cell is replaced by a 16-V cell.

o The capacitor is replaced by a 0.0231-uF capaci-
tor rated at 3.2 kV. The diameters of the 10- and
18-V cells are the same; therefore, d; is still 9.91
mm,

5.3 Second-Generation HOFS,

- 9-14 and 14/

The second generation of new components for the
HOFS system includes:

» improved dc-dc converters for 1- and 2-V GaAs
cells

* 4- and 8-W LDs

s 200-um core-diameter FOs.

HOFS 9 and 10

HOFS 9 and 10 use the same components as
HOFS 4 and 6 except that the Gamma Model
MC-10N-M dec-dc converter is replaced by a Gamma
Model MC25/M143 and LD A841 is replaced with
A840.

HOFS 11

HOFS 11 uses the same components as HOFS 9
except that the 2-V cell is replaced with the 1-V GaAs
cell, and the Gamma Model MC25/M143 de-dc con-
verter is replaced with Model MC25/M142.

HOFS 12 and 13

HOFS 12 and 138 use the same components as
HOFS 9 and 10 except that LD A840 is replaced by
SDL 4-W experimental prototype SDL LD BM498,
and the 600-gm FO, #1 is replaced by 200-um FO, #1.
The distance, d,, is also changed to 4.78 mm.

HOFS 14

HOFS 14 uses the same components as HOFS 12
except that LD BM498 is replaced by LD RB883.

HOFS 14’
HOFS 14’ uses the same components as HOFS 14.
The distance, d,, is varied from 4.78 to 12 mm.
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Figure 122. Photograph of HOFS System 4 Showing Components Mounted Onto Kinematic Mounts,
Allowing for X, Y, and Z Motions
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6. Characteristics of the HOFS Systems Measured

The following characteristics of the HOFS sys-
tems were measured as functions of LD optical power
for the 1/e of maximum voltage {V,), 100- or 220-mJ
charge, and 90% of V_, of the HOFS capacitor:

¢ The efficiency of the combination PVA GaAs
cell and dc-dec converter (E..)

e The overail system efficiency (E,)
e System charge time (T,).

The individual component characteristics were
described in Section 4 but will be discussed again

Figure 123 Voltage Trace Recorded by OSC #2 of
the Voltage Across R, of the Resistor Network Across
the HV Capacitor of HOFS System 1. Each LD emits
100 mW onto the surface of the cells.

ey
[
i

relative to the HOFS system performance.

The data were taken using the techniques de-
scribed in Section 3. Figure 123 shows a typical voltage
trace recorded by OSC 2 for the voltage across R; of
the resistor network, which is across the capacitor.
This record is for HOFS 1 with a total of 200 mW of
LD optical power. Figure 124 shows a change in charge
rate after 5 s. Initially, each LD emitted 100 mW into
each cell. After 5 s, the output of each LD decreased to
25 mW, or a total of 50 mW to keep the capacitor
charged to a 62.2-mJ level.

Figure 124. Voltage Trace Recorded by OSC #2 of
Voltage Across R, of the Resistor Network Across the
HV Capacitor of HOFS System 1 Kept Constant After
5 s of Charge. Each LD emitted 25 mW onto the
surface of the cells after 5s.




- 6.1 Cell and Converter
Efficiencies

The cell and converter efficiency (E,,) in percent is
given by:

E.= (e—“‘f) 100, (37)

€cell

where e,,, is the energy stored in the capacitor a1d is
given by:

€eap = % cv?, (38)

where C is the capacitance and V is the voltage at the
specific charge level of 1/e of V,_, 100 or 220 mJ, or
90% of V. The energy incident on the cell is given by:

e = (Po) T, (39)

where Py, is the LD optical power collected by the cell
and T, is the time it takes to charge the capacitor to
the specific energy level.

6.1.1 First-Generation HOFS, 1-8

The efficiencies of the cell and converter used to
charge the capacitors of HOFS 1 through 8 are shown
in Figures 125 through 127 for 1/e of V,, about 100 mJ
(104 md) or 220 mdJ (217.7 md), and 90% of V.

HOFS Systems 1-4, and 6

As expected, E_ decreases as the level of charge
increases from 1/e, 100 mJ, or 220 mdJ to the 90% of
full charge. E_, values for HOFS 1 and 2 are similar.
They use the same type of cells, converter, and capaci-
tor.

The GRIN lenses are better aligned for HOFS 2
than for HOFS 1. The converter used in HOFS 1 and 2
saturates at high optical power levels; therefore, a
differant converter is used in HOFS 3. E_ changed
drastically for the different charge leveis in HOFS 3.

In HOFS 4 and 6, the same converter was used as
in HOFS 3. The increase in the efficiency of HOFS 4
and HOF'S 6 over that of HOFS 3 is probably because:

e The 2-V cell provides a better impedance match
(discussed below) to the converter than do the
two 1-V celis connected in series.

¢ The FO provides more uniform illumination to
the cell than do the GRIN lenses.
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Figure 125 Efficiency of the Combination PVA GaAs -
Cell and dc-to-de Converter vs. LD Output Optical
Power for 1/e of V, for Eight HOFS Systems (1
Through 8) Described in Table 13
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Figure 127. Efficiency of the Combination PVA
GaAs Cell and dc-to-de Converter vs. LD Output
Optical Power for 90% of V,, for Eight HOFS Systems
(1 Through 8) Described in Table 13

The change in efficiency of a cell with the intensi-
ty distribution on the cell was discussed in Section
4.4.4. The general shape of the E_ curves are similar
for each specific HOFS system at different charge
levels, except for HOFS 4 and 6 at the 90% level where
they are more peaked at the lower LD power.

Argument for Better Impedance Matcih of 2-V Cell

The argument for better impedance match of the
2-V cell over the two 1-V cells connected in series to
Gamma Model MC-10N-M follows.

HOFS System 3 uses two 1-V cells connected in
series to provide the 2-V input into the dc-dc con-
verter. HOFS 4 and 6 use a single 2-V cell to provide
the 2-V input into the dc-de converter. The area,
geometry, grid pattern, series resistance, and in par-
ticular the R; values of the two cells are different.

The Ry of a 1-V cell is ~1.2 Q. The Rp of two 1-V
cells connected in series, though not measured, would
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probably be slightly larger than two times the Rp of a
single cell due to line and contact resistance of the
cells in series. However, the two cells would probably
still be less than the 5.2-Q R;, of the 2-V cell. The larger
Ry of the 2-V cell provides a better impedance match
to the dc-dc converter in HOFS 4 and 6 than does the
1-V cell connected to the same dc-de converter in
HOFS 3.

HOFS Systems 5, 7, and 8

The different shapes of the E_ for HOFS 5, 7, and
8 relative to the other HOFS systems are due to the
changes in the converter (to a Q-30) and to the cells (to
10-V cells for HOFS 5 and 7 and to a 16-V cell for
HOFS 8).

The reduced efficiency E, of the 16-V cell com-
pared with the 10-V cell (Figure 110) could almost
account for the reduced E. of HOFS 8 compared with
5 and 7. The reduced E.. of HOFS 8 is not as much as
the reduced E, shown in Figure 110, because the
increase in Rp of the 16-V cell over the 10-V cell
(Figure 109) could help increase E_ through a better
impedance match between the 16-V cell and the
converter.

6.1.2 Second-Generation HOFS, 9-14

The efficiencies of the cell and converter used to
charge the capacitor in the second generation of com-
ponents for HOFS 9 thrcugh 14 are shown in Figures
128 through 130 for i/e of V,, about 100 or 220 mJ,
and 90% of V,,. For HOFS 9 and 10, the main differ-
ence between these data and the HOFS 4 and 6 data in
Figures 125 through 127 is that E_ does not peak but,
rather, continues to increase at the 2-W Py, level. In
all cases, the peak E_ for HOFS 9 and 10 is larger
than for HOFS 4 and 6. The differences in E_ are
attributed to the converter.

The E_. of HOFS 9 and 10 is greater than for
HOFS 12 through 14 for any specific Pyy. The lower
E. for HOFS 12 through 14 is attributed to the
200-um-dia FO, #1 used in the systems. The smaller-
diameter FO illuminates a smaller diameter on the
2-V cell than the larger-diameter 600-um FO, #1 used
in HOFS 9 and 10. The larger optical power density
incident on the cell causes increased local currents
that, in turn, cause a decrease in the conversion effi-
ciency due to the increased voltage drop across the
internal resistance of the cell.
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HOFS 11 cannot be compared to any other system
because it is the only system that uses a single 1-V cell.
The converter buiit by Gamma uses germanium tran-
sistors, which have lower turn-on voltages than the
silicon transistors so as to have more voltage available
to up-convert to the large output voltage of the de-de
converter after the oscillator tuzrns on. The decrease in
£, with increasing Py is attributed to the reduction
in performance of the de-dc converter. This reduction
in performance is caused by the mismatch in imped-
ance between the cell and the de-dc converter at larger
Pyp. Figure 109 shows, and Eq (34) predicts, a
decrease in Rp with increasing P, values; therefore,
the mismatch incresses with increasing P;;, values.
The E; of HOFS 11 does not decrease significantly
with increasing Py to cause the noted decrease in E,..

6.2 HOFS System Efficiencies

The total HOFS system efficiency (E,)—which
includes the efficiency of the LD, the coupler, the PVA
cell, the dec-dc converter, and capacitor—is given by:

E,=(e“") 100, @0




where e,, the electrical input LD energy, is given by:
€. = VLD X ILD X Tc’ (41)

where V,; is the voltage across the LD, I, is the
current through the LD, and T, is the time to the
specific capacitor charge level.

6.2.1 First-Generation HOFS, 1-8

The shapes of the E, curves for first-generation
HOFS Systems 1 through 8 shown in Figures 131
through 133 for 1/e of V,, 100 or 220 mJ, and 90% of
V.., differ from the E,, curves of Figures 125 through
127 because the E;j, of the LDs and the transmission
of the couplers must be folded into the E,, curves in
order to produce the E, curves.

HOFS 1, 2, and 3

The E, of HOFS 1 is much less than that of HOFS
2 because the LDs used in HOFS 1 are old and their
E,; was about 2.4 times less than those used in HOFS
2. The larger E, for HOFS 3 over HOFS 2 is attributed
te the change in the converter, since E,, for the LDs
used in HOFS 2 and 3 is comparable (24% vs. 29%).
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Figure 131. Total System Efficiency vs. LD Output
Optical Power for 1/e of V,, for Eight HOFS Systems
(1 Through 8) Described in Table 13
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HOFS 4 Through 7

The large increase in E_, observed for HOFS 4 and
6, compared to HOFS 3, is reduced for the E, because
E;p for LD A841, which is used in HOFS 4 and 6, is
less than the E;;, for LDs A322 and B126, which are
used in HOFS 3.

The shapes of the E, curves for HOFS 4 through 7
are similar to the respective E_ curves of Figures 125
through 127. The LDs and couplers are the same for
these systems. The cell and converter, which are
responsible for the shape of the E,, curves, still control
the general shape of the E, curves for all HOFS
systems except HOFS 5 and 7.

The steep increase in the slopes of HOFS 4
through 7 at low P, (~500 mW) is related to the
increase in E; ;, of LD A841 (Figure 32) at the low Py,
and the increase in the efficiency of the cell and dc-de
converter combination at low Py shown in Figures
125 through 127. The decrease in the slope of HOFS 4
through 7 at higher Py, is controlled by the leveling-
off of E;p at the higher P, seen in Figure 32.

The difference in E, for HOFS 5, 7, and 8 for the
1/e and the 100- or 220-md charge curves of Figures
131 and 132 is about 2.4 times at P; of 1500 mW,
which is about the same difference in the E_ curves
shown in Figures 125 and 126.

The E, curve for HOFS 3 at the 90% level (Figure
133) differs from the respective E, curves (Figure
127). It is evident that the increase in E,;, and not the
shape of the E_ curves causes the increase in E_, Of gli
the HOFS systems tested, only HOFS 5, 7, and 8 show
a continuing increase in E, at large P, even though
HOFS 5 and 7 are beginning to exhibit saturation at
the 220-mJ and the 90% levels for Py of 2.0 W.

6.2.2 Second-Generation HOFS, 9-14

and 14/

The shapes of the E, curves used to charge the
capacitor with the second-generation components for
HOFS Systems 9 through 14, shown in Figures 134
through 136 for 1/e of V,, 100, or 220 mJ, and 90% of
V. differ from the corresponding E,, curves in Figures
128 through 130. The E, curves result from the E_
curves only after E;;, and the transmission of the
couplers have been considered.

The peaks in E, observed for HOFS 4 and 6 at Py,
of ~700 mW for the 90% level, 1100 mW for the 100-
or 220-md level, and 1300 mW for the 1/e level are not
observed for HOFS 9 and 10, or for HOF'S 12 through
14. The maximum E, for HOFS 9 and 10 and for
HOFS 12 through 14 are all greater than the peaks
mentioned above for HOFS 4 and 6.

Es
EFFICIENCY (%)

4

35 f 1"

25t St

0.5}
1/¢ HOFS SYSTEMS

o. .t PRI IR SO arar e sl
0 3500 1000 1500 2000 2500 3000 3500
PIHER (i)

Figure 134. Total System Efficiency vs. LD Output
Optical Power for 1/e of V,, for Six HOFS Systems (9
Through 14) Described in Table 13
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The slopes of the E, curves for HOFS 12 through
14 are less than the slopes of the corrzsponding E_
curves due to the slight Gecrease in Eyp (Figure 35)
and the decrease in transmission of the 200-ym FO,
#1 (Figure 70) as Py, increases. Both these factors
cause the slopes of HOFS 12 and 13 to be almost zero;
they also cause a marked decrease in the slopes of
HOFS 9 and 10. The behavior of HOFS 14, which is
different than HOFS 12 and 13, is attributed to the
slight increase in E;; of LD RB883 over LD BM498
and the increase in transmission of FO, #1 when LD
RB883 is used instead of BM498.

For HOFS 12 and 13, the at E, at 1/e and 90%
level of full charge (Figures 134 and 136) appear to
have peaked at a Py, of ~2700 mW. The E;j; of LD
BM498 begins to decrease at ~2700 mW (Figure 35).
The E, of the 100-mJ charge level for HOFS 12 (Figure
135) has not peaked at a Pyp of 3400 mW. HOFS 14
has E, values of 3.69%, 3.40%, and 2.45% for the 1/e,
100-mJ, and 90% level of full charge. These values are
larger than for any other HOFS system at these Ep
levels. E, for HOFS 14 has also not peaked up to the
Pyp value of 1950 mW.
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The decrease in E, for HOFS 11 with increase in
P;;, shown in Figures 134 through 136 follow the
general trends of the corresponding E. curves of
Figures 128 through 130. This correspondence is due
to the converter and cell controlling the HOFS system
performance.

The E, values for HOFS 14’ are -nown in Figure
137 for 100-mJ charge as the dis“ance between the FO
and the PVA cell (D, is varied. The 200-um FO, #1
used in HOFS 14’ was repolished before it was used in
HOFS 14. For LD RB883 emitting 1 W, the transmis-
sion increased from 80.3% to 83.7% after polishing.
The normal distance D, = 0.188 in. is the first data to
the left of the plot. The maximum efficiency of 1.87%
is measured as D, = 0.226 in. with LD RB883 emitting
1 W. This value is 19.9% larger than the 1.57%
measured for the normal D, = 0.188-in. distance. The
E, of 1.57% for HOFS 14’ is lower than E, of 2.01% for
HOFS 14 due to the different FO transmission. The
implication is that the E, of HOFS 14 at the 1-W LD
power would increzse to 2.6% if the cell were in
position at 0.226 in. (5.74 mm) instead of at 0.188 in.
(4.78 mm). Some increase would also be observed at
larger LD output power, but the amount would be less
than at the 1-W level due to the beginning of satura-
tion.
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6.3 HOFS System Charge Times

The charge time (T,) is first determined by mea-
suring the maximum displacement of the voltage trace
(V) recorded across resistor R,, which is in parallel
with the HOFS capacitor. The time on the voltage
trace is measured to:

(a) /e of V,,
(b) 100 mJ of full charge is the time to V4 ,; =

1/2 1/2
(0—02-) or for 220 mJ is (P—éi)

(c) 90% of V,,,

6.3.1 First-Generation HOFS, 1-8

The charge times (T,) for the capacitors of HOFS
1 through 8 are depicted in Figures 138 through 140
for 1/e of V,, 100 or 220 mJ, and 90% of V,,.

1/e vs. 100-mJ Charge

For 1/e (Figure 138) and the 100- and 200-mJ
(Figure 139), HOFS 4 through 7 produced the smallest
T, in decreasing order, followed by HOFS 3, 8, 2, and
1.
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Figure 138. Charge Time for HOFS Capacitor vs. LD
Output Optical Power for 1/e of V, for Eight HOFS
Systems (1 Through 8) Described in Table 13
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Figure 139. Charge Time of HOFS Capacitor vs. LD
Output Optical Power for 100 and 220 mJ of Charge
for Eight HOFS Systems (1 Through 8) Described in
Table 13
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Figure 140. Charge Time of HOFS Capacitor vs. LD
Output Optical Power for 90% of V,, for Eight HOFS
Systems (1 Through 8) Descﬁbed in Table 18
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For 1/e (Figure 138), HOFS 4 and 5 have almost
the same T, value (0.45 and 0.49 s, respectively); and
HOFS 6 and 7 have almost the same T, value (0.98 s
and 1.01 s, respectively) at the maximu:~ Py, As the
charge level increases, both these times separate, as
shown in Figures 139 and 140. It should be noted that
HOFS 5 and 7 have not leveled off at the maximum
input Py onto the cell, and that T, could stiil decrease
if more Py were available.

90% vs. 100-mJ Chargs

For HOFS 4 and 6, the abrupt leveling off of T, for
the 90% charge level at the low Py, of 600 mW is
believed to be co:nverter-relsied. It is expected that,
had HOFS 8 been operated at larger-input Py, levels,
it would have produced shorter T.,s, maybe even
shorter than for H('¥3 4 and 58 at the 100-mJ charge
level. On the other hang, HORS 2 illustrates a leveling
off at large Py, for all chargs ievels. This leveling off
does not allow for any large recuction in the T,s with
increasing Py,

6.3.2 Second-Generation HOFS, 6-14
and 14’

The T, curves for the capacitor of the second-
generation components of HOFS 9 through 14 are
shown in Figures 141 through 143 for 1/e of V_, 100 or
220 md, and 90% of V,. The higher E, values for
HOFS 12 through 14 compared to HOFS 9 and 10 in
Figures 134 and 136 lead us initially to expect lower T,
values for HOFS 12 through 14 than observed for
HOFS 9 and 10 (HOFS 9 compared to 12 and 14, and
HOFS 10 compared to 13) at the same P, level.
However, this does not occur. The reason is that we
are plotting against LD output optical power and not
input power LD used in HOFS 9 and 10 (A840) is less
efficient than the LDs used in HOFS 12 through 14
(BM498 and RB883). Plotting vs. input power would
move curves 9 and 10 to the right.

The T, becomes smaller at the large P, value of
3.4 W for HOFS 12 and 13 than for the maximum Py
values of HOFS 9 and 10. The T, for HOFS 9 and 10 is
unknown at Py, = 34 W. HOFS 12 exhibits the
smallest T, value at all capacitor charge levels mea-
sured for any HOFS system for maximum Py, (0.26 s
for the 1/e level, 0.35 s for the 100-mJ level, and 0.73 s
for the 90% level).

For all charge levels, the slope for HOFS 9 indi-
cates that, had more P;; had been available, the T,
would have continued to decrease. HOFS 4 and 9
share common components, except for the dc-dc con-
verter and the LD. For 1/e of V,,, 100-mdJ charge level,
and 90% of V,, the minimum T, values are 0.34, 0.56,
and 1.07 s for HOFS 9 compared to 0.46, 0.62, and 2.28
s for HOFS 4, respectively (Figures 138 to 140).
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Systems (9 Through 14) Described in Table 13
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Figure 142. Charge Time of HOFS Capacitor vs. LD
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for Six HOFS Systems (9 Through 14) Described in
Table 13
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Figure 143. Charge Time of HOFS Capacitor vs. LD
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Systems (9 Through 14) Described in Table 13

For HOFS 9 and 12, the decreases in T, over
HOFS 4 are attributed to the improved performance
of Gamma Model MC25/M143 over the Model
MC-10N-M dc-dc converter. For HOFS 12, another
improved component is the LD, which has a smaller
divergence than the NA of the 200-um FO, #1. This
smaller LD divergence allows more P, to be coupled
into the FO than is possible with other LDs. This
decrease in divergence produces an increase in E, and
also causes T, to decrease even further than observed
for HOFS 9 compared to HOF'S 4 where only the de-de
converter is different.

For HOFS 14, 1L.D RB883 is similar to LD BM493
used in HOFS 12 but is slightly more efficient. The
smaller divergence of LD RB883 allows better cou-
pling into FO, #1 than LD BM498. These produce
larger E,’s for HOFS 14 than for HOFS 12, and also
cause the T, for HOFS 14 to be less than the T, for
HOFS 12 at the Eyj, values tested. It is expected that,
had HOFS 14 been operated at the 3.4-W level, the T,
values measured would have been less than the those
observed for HOF'S 12.

Similar arguments can be made for HOFS 10 and
13 (capacitor is 0.1089 uF), which differ from HOFS 9
and 12 only in their capacitor values (capacitor is
0.0524 uF).

HOFS 10 vs. HOFS 9

As expected, the T, values essentially doubled for
HOFS 10 relative to HOFS 9. The minimum T, values
for HOFS 10 compared to HOFS 9 are:

0.72 s vs. 0.34 s for the 1/e level
1.19 s vs. 0.56 s for the 100-mdJ level
2.29 s vs. 1.07 s for the 90% level.

HOFS 13 vs. HOFS 12

As expected, the T, values essentially doubled for
HOFS 13 relative to HOFS 12. The minimum T,
values for HOFS 13 compared to HOFS 12 are:

0.51 s vs. 0.26 s for the 1/e level
0.74 s vs. 0.35 s for the 100 mdJ ievel
1.52 s vs. 0.73 s for the 90% level.

HOFS 11

The T, values for HOFS 11 are a constant of
about:

1.06 s for the 1/e of V, level
3.70 s for the 90% of V,, level.

At the 100-md charge level, a slight decrease from 1.5
to 1.06 s is observed, with an ir~rease in Py, from
~800 to 2000 mW.

HOFS 14’ ,

The T, for the capacitor of HOFS 14’ with LD
emitting 1 W is shown in Figure 144, which illustrates
how the 100-mdJ charge changes as D, changes. The
normal operation distance D, = 0.188 in. is the first
data point to the left in the figure. The minimum
charge tirae of 1.88 s is measured at D, = 0.226 in.
This value is 6.9% smaller than the 1.75 s measured
for the normai D, = 0.188-in. distance used in HOFS
14. The 2.24 s of HOFS 14 is larger than the 1.75 s
observed for HOFS 14 (Figure 142) for LD RB883
emitting 1.0 W at D, = 0.188 in. The implication is
that the T, of 1.75 s of HOFS 14 at the 1-W LD power
would be reduced to 1.47 s. Some decrease would occur
at the larger LD power, but the amount would be less
due to the leveling off of the HOFS 14 T, curve.
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6.4 Summary of HOFS 1/, 1-14,

and 14’

Table 14, which summarizes the 16 HOFS sys-
tems, lists the HOFS system number; laser diode
number; HOFS E_, in percent; HOFS E, in percent
measured and predicted; and HOFS T, in percent for
100- and 220-mJ charge levels. The predicted values
are for all components optimized.

All listings are for the largest-input P, listed in
Table 13. The two system-performance identifiers are
system efficiency, E,, and system charge time, T..

6.4.1 First-Generation HOFS 1/, 1-8

HOFS 3 is the most efficient system in the first
generation, although it is not the fastest charger.
HOFS 4, charging to 100 mJ, is the fastest at 0.62 s.

The high E_,; values for the 1-V cell at the low
input, P,y (Figure 110), along with the increasing E;;,
values at low Py, values (Figure 30), helped make the
HOFS 3 E, the largest, even though E_ is decreasing
with increasing P;;, as shown in Figures 125 through
127.

For the larger capacitor storing about twice more

energy (220 mJ), HOFS 7 charged in ~1.6 s. For the
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maximum P, value of 1.9 W, the E, values for HOFS
4 through 7 vary from 1.5% to 2%, since E;p and E_,
are different for these HOFS systems.

6.4.2 Second-Generation HOFS 9-14

and 14/

HOFS 14 is the most efficient of the second-
generation systems tested for 100-mJ charge; it is also
the most efficient 100-mdJ-charged HOFS system test-
ed. The E, of 3.4% is certain to increase if the distance
between the cell and the FO is increased from 4.78 to
5.74 mm as for HOFS 14’. HOFS 12 charges to 100 mJ
in 0.35 s. It is the fastest second-generation HOFS
system tested and the fastest HOFS system tested.

The high E_. and P;p of HOFS 12 relative to
HOFS 14 helps make HOFS 12 charge faster. IF
HOFS 14 could be charged with comparable P, = 3.4
W, it is expected that it would charge faster.

HOFS 13 is the most efficient and the fastest of
the second generation systems tested for the 220-mJ
charge; it is also the most efficient and fastest 220-mJ-
charged HOFS system tested. The E, is 3.0% and the
T, is 0.74 s. The E, could increase and the T, could
decrease if the cell-to-FQ distance were increased
from 4.78 to 5.74 mm as was done for the HOFS 14’

6.4.3 Best HOFS System Efficiency

The projected best HOFS system efficiency for
100-mdJ charge on HOFS capacitors (listed in the last
column of Table 14) is calculated using the following
assumptions:

e E.p could be increased to 50%, as is true for the
MDAC/OEC LDs.

o The reflection losses at the end of the FO could
be eliminated. This would increase the trans-
mission for the 600-, 200-, and 100-pm FOs to
96%.

e Transmission for the 0.23-pitch GRINs would
be ~95% , whereas coupling of the GRIN to the
cells would be about 82% for HOFS 1’ and 1,
and ~93.6% for HOFS 2 and 3.

» E.. could be increased to 40% by increasing the

E., to 50% and increasing the E . ex.. to 80%.

The calculated E, is between 15.6% and 19.2% for
HOFS 1’ through 14.



Table 14. Performance Characteristics of the Hybrid Optical Firing Set Systems

HOFS ___ILASER DIODE HOFS SYSTEM PARAMETERS MEASURED PROJECT

SN PR E, Eg (%) Tg (s) Eg*
(#) (#) (W) (%) 100 mJ 220 mJ 100 mJ 220 mJ (%)

1st GENERATION

1’  A194,A200 0.34 - 0.39 - 5.5%% - 15.6

1 Al194,A200 0.35 7.6 0.31 - 5.1 - 15.6

2  A321,B126 0.64 4.5 0.88 - 4.7 - 17.8

3 A321,B126 0.81 9.1 2.1 - 1.7 - 17.8

4 A841" 1.9 10.7 2.0 - 0.62 - 19.2

5 A841 1.9 9.0 1.5 - 0.78 - 19.2

6 A841 1.9 9.3 - 1.9 - 1.4 19.2

7 A841 1.9 9.3 - 1.5 - 1.6 19.2

8 as40" 1.9 2.6 0.51 - 2.6 - 19.2

2nd GENERATION

9 A840 2.0 10.8 2.34 - .56 - 19.2

10 A840 2.0 11.1 - 2.4 - 1.2 19.2

11 A840 2.0 6.1 1.25 - 1.04 - 19.2

12 BM498+ 3.4 11.0 3.1 - .35 - 19.2

13 BM498 3.4 10.8 - 3.0 - 6.74 19.2

14 RB883++ 2.0 10.0 3.4 - .64 - 19.2

147 RB883 1.0 - 1.87 - 2.4 - 19.2

* If B = 50 % Eqe = 40 % (E_gy; = 50 % and B 4o = 80 %)
** MEAS. 77 mJ IDs: " 500 mW, ++ 2 W, + 4 W, OTHERS 100 m¥
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7. Conclusions

The performance of the HOFS systems and their
respective components have been studied in this
report. The components include:

 The laser driver. The laser driver is capable of
delivering up to 8 A of current.

e Laser diodes. SDL-2410-H1, SDL-2450-H1,
SDL-2430-H1, SDL-2460-H1, SDL-S7081, and
SDL-87086 laser diodes delivered from 0.4 to 3.4
W of output optical power; their best efficiencies
were 33%, 26%, 40%, 38%, 40%, and 37.9%,
respectively.

MDAC/OEC LDs produced efficiencies of up to
50% at the 5-W optical power level, but were
unreliable.

See Summary Section 4.1.5

» Couplers. These include SELFOC GRIN lenses,
a P-C lens, and Ensign-Bickford FOs. Their best
transmissions were greater than 95%, 92.9%,
and 904% of the power incident on them,
respectively.

See Summary Section 4.2.4

* GaAs cells. The 1-, 2-, 10-, and 16-V GaAs cells
had maximum efficiencies of converting optical
to electrical energy of 49%, 37%, 28.5%, and
18%, respectively, when they were illuminated
with a 600-pm-dia FO, #1 butt-coupled to an
SDL-2450-H1 500-mW laser diode that emitted
up to 2 W of optical power.

See Summary Section 4.4.6.

7.1 Efficiencies of Dc-Dc
Converters and GaAs Cell
Combination

The efficiencies of the de-dc converters were not
measured directly but were evaluated in combination
with GaAs cells; they were measured -.hile charging
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the HOFS capacitor. The best cell/converter combina-
tion efficiencies (E,.) for the HOFS capacitor charged
to

e 100 mJ was 10.7% for HOFS 4 and 11% for
HOFS 12 in the first- and second-generation
HOFS systems, respectively

e 220 mJ was 9.3% for HOFS 6 and 7 and 11.1%

for HOFS 10 in the first- and second-generation
HOFS systems, respectively.

HOFS System Efficiency
The best total HOFS system efficiency (E,) for the
HOFS capacitor charged te:

e 100 mJ was 2.1% for HOFS 3 and 34% for
HOFS 14 in the first- and second-generation
HOFS systems, respectively

* 220 mJ was 1.9% for HOFS 6 and 3.0% for
HOFS 13 in the first- and second-generation
HOFS systems, respectively.

E, for HOFS 13 and 14 would increase if the cell-

10-FO distance were to be increased from 4.78 to 5.72
mm as was done for HOFS 14",

7.2 HOFS System Charge Time

The shortest charge times (T,) for the HOFS

capacitor charged to

e 100 mJ was 0.62 s for HOFS 4 and 0.35 s for
HOFS 12 in the first- and second-generation
HOFS systems, respectively.

e 220 mJ was 1.4 s for HOFS 6 and 0.74 ¢ for
HOFS 13 in the first- and second-generation
HOFS syvstems, respectively.

T, for HOFS 12 and 13 would decrease if the cell-

to-FO distance were to be increased from 4.78 to 5.77
mm as was done for HOFS 14"



Figure 145 summarizes the best efficiencies mea-

sured in a system. The figure also summarizes what
should be possible to achieve in the near future. The
predicted best HOFS system efficiency can be in-
creased to 19.2% if

« the LD efficiency is increased to 50%

e the 200-um FO transmission is increased to 96 %
by Ar-coating the ends

* the hybrid solar cell efficiency is increased to
50% by developing and tailoring it to LD-type
illumination

e the de-dc converter efficiency is increased to

80% by matching its input impedance to that of
the hybrid cell.

These improvements are all realistic and achiev-
able.

3.5%

10%

v 34% 84% *31%

LASER ™1 GaAs pc-pc [T
{mvsn L“SE"H COUPLER K ch.K CONVERTER | --CAPACITOR
) 5% 9% ’5095 80% }
40% e
EFFICIENCY

19.2%

Figure 145. Block Diagram Summarizing HOFS Sys-
tem and Component Efficiencies for the Best HOFS
System (14), Measured and Predicted HOFS System,
and Component Efficiencies Achievable in tk~ Near
Future
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