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Evaluation of Systems and Components 
for Hybrid Optical Firing Sets 

1. Introduction 

1A E Safety in 
Abnormal Envirmmmts 

is enhand by the 



1.6 TheXanom Am 

1.8 Tramdewof UotMaWd 
OptiCalEnergy 
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2. Des3=riptionoitheComponents 
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W e  tested fourteen MDAC/OEC experimental 
LDS: 

*TwOE%MATypel-WLDs 
Two - A m  1-W LDS 

~TwoEmlQType2-WLDS 
TWO E170R 2-W LDS 
FOUI ElW" Type 2-W LDS 
TtRo ElmT Type 5w Lik. 



Al94 
A195 
A196 
A198 

A2m 

A321 
A322 
m3 

241 51 
245 54 
239 55 
242 55 
243 51 

253 51 

250 56 

237 60 

0.87 

0.82 

0-84 

0.84 

0.79 
0.79 
0.85 

0.91 

32-1' 
ll.9' 
12.8' 
l3.0' 
13.5' 

20.7 
23.6 
17.2' 

10 x 35 
10 x 35 
10 x 35 
10 x 35 
10 x 35 
10 x 35 
10 x 35 
10 x 35 

351 
367 
357 
361 
370 
376 
367 
348 

807 
8a7 

807 
85 
807 
806 

806 
83.3 

100 
100 
100 
uw) 

180 
10c- 

3m 

100 

m 4  220 51 0-78 17.8' 10 x 35 349 - 816 100 
&L26 205 54 0.83 33.2 10 x 35 325 657 806 100 

A840 816 57 0.86 26.2 10 x 35 l399 3386 817 400 
A861 826 54 0.82 25.8 10 x 35 1438 3380 816 400 

~!~~ 

s x r ~ 5 o o a i l  
1 e347 203 660 808 

!m+6Q.H11v 
816 200 a38 42% 51 0.99 38.0 10 x 40 1741 l417 





~-~~ - 

24IllSaYmm 
E204A-Q 64K450 1.654 58 1.4 2.287 1.626 1.674 40 48.5 
Ezm-3 50 1.658 63 1.5 1,968 0.752 0.708 80 48.0 
E22QA-2 -5Q 1,637 79 1.9 1,969 0,895 0,599 80 48.0 
E22OA-1 6W450 1.687 49 1.3 2.03.l 1,029 1.044 80 50-0 

1,661 

1.497 
1.452 
1. m 
1.536 
1.517 
1.516 

1.534 
1,520 

200 
- 

137 
70 

354 
351 
374 
372 

443 
449 

3.8 
- 
3.4 
1.1 

72.0 
85.0 
67.0 

65.0 

105. 0 

108.0 

2.440 
- 

2,126 
1.990 
2.102 
1.971 
1.697 
1.784 

3.216 - 
2.843 
2.741 
3.402 
3,230 
2.- 

2.770 

1.801* 2-318 
2.l37 5.552 

1.748 
- 

1.694 
1.590 
28040 

2.100 
1.065 
1.218 

2.m 

5.030 

80 
- 
80 

80 

80 
70 
80 

140 

240 
240 

26.0 
- 

30.0 

31.5 
30.0 
38.0 

30.0 
30.0 

49.0 
50.0 



2.3 Optical Couplers 
Tbe whiehtramml -is optical ener- 

Wfrorn 

1. It must have a bigb-aca#mce angle or nu- 
- (The - or aperture 
tbe iarge divergent LD 

3. 

1 

I 



where 

24 

1 1 1  
-+-¶6- 

s, s, p’ 

n 

(e) 

N(d--N.( 1 - 9 A  )? 



where 

r , = ~ r a d i l L s o f ~ G R I N l e r z s , w h i e h i s O . 9 m m  
for all GRIN lenses tested 

A* = 0.332 for &e O S ,  0.29- and 0.5A-pitch GRIN 
lenses and 0-432 for the 0.23- and 0.5B-pitch 
GRINlenae9. 

The NA of- GRIN lenses for adal rays is given 
hY 



cone dinmeter at 102 and 51 mm from its output 
as the sphericai leas bemuse Fc ia much 

IntryingtodeterminetpitchofaGlUNhm 
tbat its focal length is equal to that ofthe spberieal 
lens, we caasidered the Ray Trace Matrix for GRIN 
lenses," These equatitms rem& in at least h d u -  
ti0m 

*One solution is for incident-converging rays. 
This requires ahat the image or object be inside 
the GRIN. Since this w d  require another lenrs 
in the optical braic, this solution offers no par- 
ticular advantage to us at present 
A second solution is fcvr ineidentdiwrging rays. 
This results in a Z=1.71 mm and a pitch ofO.09 
for FG=3.5 mm. S i  this is about &e physical 
size of the spherical lens, it offers no obvious 
advantages. 

For loo-, 200-, and 6UO-m-dia POS, the diameter 
of the GRIN lens ma& be at. least 286,296, and 3-30 
mm, respectively* in order to produce the same m e  
diameters as the spherical lens. These diameters are 
on the limitss of practical sizes for the GFWU lenses 
currentlyproduc;ed. . 

. d r t h a n t h e 3 . 5 - m m f d h g t h , F w  

. 
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l___l- 

PVA FACTOR m s h  = - -  QGIdc 

t # lllA V v d/d voc vRax It= I- 'A 
SEI? SEG Fs 

lo+ 1 103 1.08 -95 330.0 312.0 632 -830 -520 25-4 22.8 46.6* -126 

3.2 2 19.6 2-08  1.53 36.6 36.6 167 -695 -245 17-8 18.2 34-3. -117 
3+ 10 8.1 9.24 6.08 10.0 9.0 46 -502 -030 2.6 7 - 2  14.w -785 

39 16 16.7 16.00 11.20 96.4 13.9 590 -593 -078 1-7 12.2 26-4 565 

f MEASURED AT s m  *l¶AxwuxJE 

Mv = n 



3. Techniques Used to Measure 
Component Characteristics 
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F i  11. Photqpph of Emqy Meter in Front of SDL 1oQ-rnW LD 
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F m  12 Phatmgmph of E n e w  Meter in Front of fB0-m Po 
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F p e  17. Photqraph of Safety Boa With High-Voltage Component9. These 
cornpanems are the de-to-dc converter. the HV capacitor. and mistor divider 
network. 
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FWLDRBs83,LtcASTddabad 
*usbotsLLto-i5w 
* 5 6 s b o t s a t l W  

1 2 ~ a t l . 5 W  
1 2 s h d s a t 2 W  

Asing cawies LD RB883 at a current d 2 2  A to 
produce -22% Pm than earlier in its life tTRI). 

For LD BN96& late data had 
14%&0b&0.5 W 

* ! M & o b a t l W  
17 shots at 1.5 W 
98 b b a t 2  W 
l4shdsat2SW 

* 6 2 s h o b a t 3 W  
At a current of44  & aging c a d  LD BN968 EO 

Both LDs, RBs83 and BN968, hame a cM68over 
region where the same amount of current before and 
after aging produces the same? LD optical power. For 
LD RB833, the emasover is at 0.3 W for a current of 1 
A For LD BIN968 the cmswver is at 1.3 W for a 
ament of2.8A. For currents below themmover, less 
amentproducesmoreLD opW power after the LD 
ages (pigure 4%. 

Figure 48shows the efficiency ps. optical polDer 
for LDS Rs883,wm and BNmL The aged LD is 
rnoreefii&ntbaOwthecmssovm~~bedearlier. 
Abowe the crmmrer for RB883 operaeingat 1.2 W, the 
ef€%ency is deaeasled 4 143% ; for BN968 at 2.64 W, 
the effkiemy is decmmed by 53% 

p r o d ~ 6 %  rctgSPu,thantBeearlJsASTdata 
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0.47 
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1-0 
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0.49 

0.49 
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1.1 
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8-87 
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8-87 

8-87 
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8-87 
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8-81 
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4.47 1-42 
5.10 1-76 
4-16 1.87 
4-74 2.33 
4.18 1.99 

3.75 1.57 
4.53 2.68 
- - 
- 8-39 
- 3-29 

2*66 1-28 
4-56 1-41 
5-26; L89 
4.31 2.05 
4.197 2.37 

12-2-528 2.0 8-87 4 . u  2.20 - - ..999798 .ml9 !52III,54= 
u-2- 2-0 m*81 5.m 2.86 10.8 9.4 *.999756 -- 52 =, 54 

+2-2-526 2.8 %A7 4.30 2.60 - - .999797.995862 52m 
32-242? 2.8 la87 4.93 3.24 9.0 9.1 -999666 ,992936 = ftII+ 
EHt-S3 1-0 8.87 4-29 1-30 - - ,999881,998308 SIII 
l2-8-54 Is0 10.87 5-17 1.97 l2.4 3-9 .999738 -- 53 v n  
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Wlia&nsh.rhgr?nYlwaCt&m 
The M) is then pasithed at the X determined in 

F i g u r e ' J 3 f o r t m x i m l l m F O o u e p u l ; ~ ~ X  = 
0.3022 in. in F m  76- For 0-5 W of FO input optical 
power, the FYI is scanned in the Y direction to deter- 
m i n e a d u m  Tbpdure i smpeatedfor  FO 
input optid power levels of0-96 and 2 W, generating 
the curves in Figure "96. 

For segnning in the Y dkxtion with 1 and 2 W of 
LD oatput optical power incident onto the FO, the M) 
trarrsrmsslon is maximum when the FO is at the same 
Y position d a h  totheLD mirror. at tho-5-W LD 
k 4 t h e F O t  is maximum at a Y pasition 
relative tothe LD cavitymirror, which isO.ooo3 in. or 
15- away fromthemnrimum traursrmsru - 'onpasition 
when the incident LDopt id  powrtr is 1 and 2 W. It 
apperus that tbe LD beam steered about 15 pm 
betumn when tBe LD emitted optical 0u-b of 0.5 
and 1 w- 

. -  
- *  

74 
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Figure 78- "'r? - n of P-C Lens vs. Optid 
Power Level Using Four M)s Coupled to SDL 4TN LD 
RPW2 as Swrces, With the LD Operating at 0.5,1. 
and 1.8 W of Output op&ical Power 

Transmission of FO, ##1 Using Four MDAC/ 
OEC LDs as Source - -  Fii79ShOWSlthetXZUWlW on vs. input LD 
optical paater for Fo, #ls a 10a-r;Lm-dia M) butt- 
coupled to four 6O-pm apeiture MDAWOEC LDs. 
The V ~ t i o n s  in t - ion for the same MJ, but 
Merit LDS are attributed to diEerent LD diver- 
g e ~ . ~ s  and W b I y  to the Fo and LD alignments. 

TheGQ-pm-wideemittbgapertuFeofLDE204A-6 
atlows -60% of the maximum autpue optical power 
of 1.5 W e d d  bytheLI3tobetmmm1 'ttedthrough 
the Fo. Ti& c c m s p d s  it0 a power density (p) of 
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Table 8. Beam Specifications for 2 W ~ m  FOq #2 of Different Lengths 

1-15-Sll 
1-15412 
1-19-S5 
1-19-S8 
1 -19-s9 
1-19-s10 
1-19-S27 
1-19-S28 
1-19-529 
1-19-S30 
1-20-S5 
1-20-S6 
1-20-47 
1-2048 
1-20-S16 
1-20-s21 
1-20-s22 
1-21-S6 
1-21-S7 
1-21-s8 
1-21-S16 
1-21417 
1-21-S18 
1-20-517 
1-20-S18 
1-20-Sl.9 
1-20-s20 

7.00 
9.00 
5.74 
7.13 
9.13 

11.13 
5.74 
7.13 
9.13 

11 . 13 
5.74 
7.13 
9.13 

11.13 

7-13 
9.13 

11.u 
7.13 
9.13 

11.13 
7.13 
9.13 

11.13 
7.13 
7.13 
7.13 
7.3.3 
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101.2 
101.2 
101.2 
101.2 
101.2 
49.4 
49.4 
49.4 
49.4 
24.8 
24.8 
24.8 
24.8 
12.2 
12.2 
12.2 
6.8 
6.8 
6.8 
4.2 
4.2 
4.2 

l2.2 
12.2 
12.2 
12.2 

2.65 2.68 
3.32 3.35 
2.50 2.45 
3.18 3.06 
4.29 3.71 
5.58 4.43 
3.16 2.83 
4.09 3.07 
6.72 6.61 
7.36 7.47 
2.48 2.54 
2.00 2.08 
3.50 3.72 
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2.01 2.63 
3.40 3.43 
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2.75 2.76 
3.62 3.25 
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Figure 96. Contours and Profiles of Intensity Distri- 
bution of the Output of 9.04-mm-long SDL 100-pm 
FO Stub Recorded at Varying Distances From FO 
Output End 5.74 mm (I), 7.13 mm (11), 9.13 mm (III), 
and 11.13 mm (IV) 
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Table 9. Beam Specifications for 8.6mm-long, lOO-pm FO Stub at 
Different Distances From Its Output End 

~~~ ~ 

1-25-537 5.74 3.84 3.72 ,997499 ,995572 96 I 
1-25-S39 7.13 5.32 5.11 28.0 26.5 .997168 -994898 96 I1 
1-25-S41 9.13 5.68 5.97 5.1 12.1 .995628 .994010 96 I11 
1-25-542 11.13 7.36 7.75 22.8 24.0 .994610 .993158 96 IV 

For a 200-pm FO, ##1 butt-coupled to within 25 

LD BM498 emitting 0.2, 1, and 3.4 W, the 
transmissions are 85%, 87.4%, and 80%, re- 
spectively 
LD RB883 emitting 0.2 and 1.6 W, the transrnis- 
sions are 85% and 81.8%, respectively 
LD BN968 emitting 1 and 2 W, the transmis- 
sions are 82% and 79%, respectively. 

pm of the output mirror of 

FO, X I ,  MDAWOEC as Sources 
With MDAC/OEC LDs E204A-3, E204A-6, 

E220A-1, and E220A-2 as sources, t he  transmissions 
of a 100-pm-diaF0, #l 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-pm aperture LD 

BN968 emitting 1 and 2 W is monitored by measuring 
the transmission of a 200-pm FO, #l. The beam 
steered 15 gm in the Y direction perpendicular to the 
200-pm LD aperture, and 50 prn in the X direction 
along the 200-pm 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-pm FOs are 92% k 0.1%,91.6% k 0.3 %, 
91.5% k 0.8 %, and 91.9% k 196, 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-jm-di FOs, a dip in the 
center of the intensity distribution is observed. Struc- 
ture i i ~  the beam varies as to whether the FO is 
straight or in a 15.2-cm X 21.6-em 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 LI9 profile. 

With LD RB883 as source, the beam transmitted 
through 200-pm-dia F02 #1: 

Has less structure 
Is more uniform 
Fits a Gaussian better 

0 Has smaller divergence (between 1 2 O  and 18O 
fuli l/e2 widkh at  7.1 and 9.1 mm) than the 600- 
,UBI FO, #1. 



Divergence 
With LD A840 emitting 0.6 W of power into 

1-m-long, 600-pm 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-pm-dia F03 #7 is 
cut shorter, the full-width angle to l/e2 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-pm 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-lie 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 FOs 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? 
w' 
- 

I = Ioe , 

where 

I, = intensity at r = 0 
r = radial dimemion 

w = LD beam waist through Lens P-C. 

The r a W  dimensior; is given as: 

r=w[-  (Inn&) ] 
(33) 

Figure 97. X Dimension of LD &?am Emitting 0.5 W 
Tran~mitted Through 600-, 4OO-, ZOO-, and 100-run 
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Figure 98. Y kension of LD Beam Emitting 0.5 W 
Transmitted Through 6W-, 400-, !BO-, ancl lOO-pm 
FOs vs. Distance From the P-C Lens 
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Figure 99. X Dimension of LD Beam Emitting 1 W 
Transmitted Through 600-, 400-, 200-, and 100-Mm 
FOs vs. Distance From the P-C Lens 
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Figure 100. Y Dimension of LD Beam Emitting 1 W 
Transmitted Through 600-, 4 0 - ,  ZOO-, and 100-pm 
FOs vs. Distance From the P-C Lens 
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Figure 101. X Dimension of LD Beam Fmitting 1.8 
W Transmitted Through 600-, 4 0 - ,  200-, and 1OO-pm 
FOs vs. Distance From the P-C Lens 
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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 profiie 
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 pm/pixel. For the camera at dU minimum, its 
response is adjusted using neutral-density fiiters in 
front of the camera until its response is 100%. As d, 
increases, the intensity Io(dU) decreases; this causes a 
bias in the X or Y dimension. Since I,, decreases with 
increasing dLc, the first pixels to record zero on either 
side of Io(dw) are at larger intensities relative to 
Io(dW) taken at a closer position. The bias is removed 
by determining r(dLc) at each dLc and ratioing r(dLc) 
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-pm 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 (CntS) 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 3.3O 
for the 100- and 200-pm FOs. The corrected values for 
X are larger for the 200-pm FO than for the 100-pm 
FO, especially at Points 1 and 2. 

The solid lines in Figure 99 are for 0, of 12.8' and 
13.7' [obtained from d, = 0 in Eq (17)] out of the 
100- and 200-pm FOs at an X of 1.79 and 2.05 mm for 
dw = 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 5% smaller divergence for 
the 100- and the 200-pm FOs, respectively. The main 
difference in the results is that there is more disagree- 
ment in the X dimension at the largest dLc measured 
for the 200-pm FO than for the 100-pm 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 dm 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 PO for the cell to collect 
all the energy increases with the decrease in FO d im-  
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eter as follows: from nominally 2!5,35,68, and 110 mm 
for the 600-, m-, 200-, and 100-pm-dia M)s, respec- 
tively. . 

Through Aperture 4.3.2 Transmmmn 
as Prism Rotates 

. .  

Figure 103 shows the percent of LD optical pwer 
transmission through a 3.8-mm-dia aperture for three 
distances du 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 du = 52.0 mm. A 
rotation of 85 min or 1.42' reduces the power by 
16.896, 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 
dLA = 67.8 mm. A rotation of 32 min or 0.53O reduces 
the power by 12.8%, or to 80% (see AST data in 
Figure 103). 

X TMNSHISSIDW 



With the prism aligned, the aperture transmits 
47.8% of the LD power at the longest distance dLA = 
97.2 mm. A rotation of 32 min or 0.53O reduces thc 
power by 3.3%, or to 46.2% (see TRI data in Figure 
103). A rotation of -50 min or 0.83O reduces the 
power by 16.8%, to 39.8%. A larger rotational toler- 
ance exists for the shortest distance dLA from the lens 
= 52 mm (SQS data in Ftyre 103). 700 

600 4.4 PVA GaAs Cells 
The data of the 1-V monolithic cell and the 2-, 

lo-, and 16-V hybrid PVA GaAs cells to be presented 
in this section include: 

Electrical power vs. resistance curves for differ- 

I vs. V curves for different LD optical power 
Optimum Rp vs. LD optical power 
Efficiency vs. LD optical power 
Fill factor vs. LD optical power. 

The measurements are made with a 600-pm-dia 
F03 #1, butt-coupled to an SDL-2450-H1 500-mW 
LD. The cell is positioned at a distance dl from the FO 
output end. The distance dl 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. 

ent LD optical power 

1 0 WS CELL 110 
- 

*ki. 1500 WW * 
1 . .  !@%so 

. .  . .  r 

4.4.1 Electrical Power 
The electrical power generated by 1-, 2-, lo-, and 

16-V PVA GaAs cells as a function of load resistance 
wil l  be described for different LD optical power trans- 
mitted through 600-pm FOs #1 incident on the cells. 

1 4  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 
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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 5oo-mW LD A841 
Coupled to 600-pm F03 #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. Simila~ 
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 Rp value is larger at 
each input LD optical power for the 2-V cell, com- 
pmed to the 1-V cell. 
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Figure 105. Electrical Power Generated by 2-V PVA 
GaAs Cell #12 vs. Load Resistance for 300,500, €90, 
800,1OOO, 1250, and 1500 m W  of Optical Power Inci- 
dent on the Cell Using SDL 500-mW LD A841 Cou- 
pled to 6oO-pm F03 #1 as Source 

10-v Cell #3 
Figure 106 shows the electrical power generated 

by the 10-V hybrid ceil e 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 
l-V cells. A decrease in RP and a narrowing of the 
width at the 90% point of each curve is observed as 
the input LD o p t i d  power increases. The P, generat- 
ed by the 10-V cell at each optical power level is less 
than for the 2- and l-V cellis. Rp 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, 
500,600,800,1030,1250, and 1500 mW of Optical 
Power Incident on the Cell Using SDL 500-mW LD 
A841 Coupled to 600-pm F03 #1 as Source 

16-V Cell #3 
Figure 107 shows the electrid 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 &e 90% 
point of each m e  is observed as the input LD optical 
power increases. The P, generated by the 16-V cell at 
each input LD optical power iY about half that gener- 
ated by the IO-V cell. Rp 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 rt, 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 
PVA GaAs Cell 339 vs. Load Resistance for 100,850, 
and 1500 mW of Cl2:ticd Power Incident on the Cell 
Using SDL 5C3-m'Y LD A841 Coupled to 600-pm F03 
##I as Source 

The decrease in Rp 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 hss an Rp of 4.1 s1, 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 diffkult to fat ricate '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. 

104 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 800,1OOO, 
1250, and 1650 mW of Optical Power Incident on the 
Cell Using SDL 500-mW LD As41 Coupled to m - p m  
F03 #1 as Source 

4.4.2 Optimum I?,, 
For the 1-, 2-, lo-, and 16-V cells the optimum 

resistance (FtJ, 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 
P, for the 1-, 2-, lo-, and 16-V cells as a fundion of 
input LD optical power. The data points for each cell 
lie on a power curve that adheres to: 

RP = aPk.  (34) 

The constants, a and b, are different for the 
different cells. Tablt: 10 gives the a and b for each cell. 
At constant LD power, Rp increases with the increase 
in cell voltage rating, i.e., Rp value is the smallest for 
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 Rp value. Equation (34) is used 
to predict Rp values for larger-incident LD powers 
than those measured. These predicted Rp values are 
listed in Table 11. 

At  1.5 W of incident power, 
0 The P, generated by 1-, 2-, lo-, and 16-V cells is 
0.58, 0.49, 0.40, and 0.22 W, respectively. 
The voltage is 0.799, 1.62, 8.26, and 12.35 V, 
respectively. 
The current is 720,298,50, and 17.7 mA through 
IIp of 1.11, 5.47, 160, and 699 8, respectively. 
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Figure 109. Optimum Load Resistance for 1-, 2-, lo-, 
and 16-V PVA GaAs Cells vs. Incident LD Optical 
Power Using SDL 500-mW LD A841 Coupled to 600- 
pm FO, #1 as Source 

Table 10. a and b Coefficients for Equation 
34 

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 RP Values of Four GaAs C d k  for Different 
Optical Powers 

LASER R, FOR- 

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 
50 0.033 0.231 4.4 31.5 
20 0.084 0 . 539 11.2 71.3 

100 0.016 0.121 2.1 17.0 

4.4.3 Efficiency 
The efficiency for the maximum power generated 

by 1-, 2-, lo-, and 16-V cells is described for different 
LD optical powers. 

Figure 110 is a plot of the maximum efficiency 
(E,) of the 1-, 2-, lo-, and 16-V GaAs cells as a 
function of input LD optical power (PLD). The actual 
efficiency in percentage is given by the following 
relationship: 

E, = ($) 100, 135) 

where P, is the cell output electrical power for maxi- 
mum power transferred to Rp. The value of E, is not 
corrected for contact area masking, reflection losses, 
series, and shunt resistance. 

1-V Cell 
As shown, E, is largest for the 1-V cell. For this 

cell, E, is essentially a constant value of 49% for Pm 
5 500 mW. For larger LD power, E, decreases mono- 
tonically with increasing PLD. E, varies from 49% to 
38% as Pm varies from 100 to 1500 mW. wI(ER WJ) 

Figure 110. Maximum Efficiency for 1-, 2-, lo-, and 
16-V PVA GaAs Cells vs. Incident LD Optical Power 
Using SDL 5oo-mW LD A841 Coupled to 6OO-fim FO, 
##1 as source 



2-V Cell 
The hybrid 2-, lo-, and 16-V cella have lower 

efficiencies. The higher the cell voltage rating, the 
lower the E, for all Pm values. The 2-V cell behaves 
similarly to the 1-V cell except that Pm = 100 m W  
has a reduced efficiency. For Pm values between 200 
and 500 mW, E, is -37%, which is -76% of the 1-V 
cell's E, values. E, varies from 37% to 30% as Pm 
varies from 100 to 1500 mW. 
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For the 10-V cell, E, is almost constant. It varies 

from 25.5% to 28.5% as Pm varies from 100 to 1500 
mW. 

1 6 4  Cell 
There are only three data points for the 16-V cell. 

E, decreases monotonically from 18% to 14% as Pm 
varies from 100 to 1500 mW. 

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

Series cell resistance increases with increasing 
cell voltage rating. 
Cell performance is limited by the segment with 
the worst response. As cell voltage rating in- 
creases, the probability of perfectly matching ail 
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 I vs. V Curves 
Figures 111-114 show the family of current vs. 

voltage (I to V) curves, tested at different P, levels, 
for the 1-, 2-, lo-, and 16-V cells, respectively. 

I,, Values 
At the maximum LD power of 1500 mW, the 

short-circuit current (I,,.) decreases with the increase 
in cell voltage rating. The I, 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 11 1. 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 6Oo-pm FO, #l 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-pm FO, #I as 
Source 
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Figure 113. Current for LO-V PVA GaAs Cell #3 vs. 
Voltage for 100, 300,400, 500, em, 800, 1O00, 1250, 
and 1500 mW of Optical Power Incident on the Cell 
Using SDL 500-mW LD A841 Coupled to 600-pm FOB 
#1 as Source 
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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-pm FO, #1 as Source 

vw 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 Pm 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 YO and 
the cell. Our operational distance of 4.78 mm or power 
density of 49.9 W/cm2 (the common point to -both 
curves) is close to the opthum, 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/cm2. The optical 
power density, p, is calculated using: 

(36) pFO 

lr 
p = - (rFo + d tan a),, 

where 
d = the distance between the FO and the cell 
a = the divergence out of the FO given by Ekj 

The divergence value to calculate p is taken from 
Table 7 for FO, #1 l/e2 points. It is the average X 
direction divergence 7.45O (the last three divergences 
are used). 

The implication of Figure 115 is that the I-V 
curves of Figures 111 to 114 would change 8s t&e 
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,  vas not uniform but, 
rather, approached a Gaussian. The optical power 
density for the same LD optical power onto the 2-V 
cell #12 using F03 #l was about 18.0 W/cm2, less than 
half that produced by FO, #l. The reduced power 
density for FO, 81 (600 p m  FO) was due to slightly 
larger divergence (average 12O from Table 7) and the 
larger-diameter FO, #I. The short-circuit current 
produced by FO, #1 (600 prn FO) for 800 mW of 
incident LD power was -210 mA ( F i e  112), where- 
as for F02 #1(200 p m  FO) it was 187 mA. The larger 
optical power density incident onto cell #12 by FO, 
#1 produced slightly less short-circuit current than 
F03 #1. 

(31). 
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Figure 115. Short-circuit Current for 2-V Cell #12 
vs. Incident Optical Power Density and Distance 
Between 200-pm FOz #1 and Cell, With LD RB883 
Emitting 1 W Into the FO and FO Transmitting 0.83 
W Onto the Cell 

4.4.5 Fill Factor 
The f i i  factor (FF) [defied in Eq (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 I lo-, and 
16-V cells are 0.854,0.743,0.773, and 0.594, and occur 
at 0.3,0.2,0.1, 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 beiig designed for different 
incident optical 
pawer density. 

Large bridges in the grid pattern lead to low cell 
series resistances (&), which lead to high FF values.% 
The obscuration caused by the large bridges decrease 
the E,,, value. A low obscur;rtion produces large Isc 
values and possibly large E, values if & 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 >I-V cells36 at we-incident LD opti- 
cal power are under consideration by Org. 6224 at 
SNLA. 

FILL WItl$ 
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Figure 116. Fill Factor for 1-, 2-, lo-, and 16-V GaAs 
Cells vs. Incident Optical Power Using SDL 5OO-mW 
LD A841 Coupled to 6OO-pm F03 #1 as Source 

The decrease in the FF for the hybrid 2-, lo-, and 
16-V cells compared to the monolithic 1-V cell a t  the 
low illuminating optical power could be caused b y  

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 sog- 
men&. 

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 

Electrical power vs. cell resistance for different 
incident LD power (Pm) 



Current vs. voltage for different Pm 
Optimum resistance vs. PLD 
Efficiency vs. P, 
Fill factor vs. PLD. 

Characteristics of PVA GaAs Cells 
Measured With LO Optical Power 

Table 12 summarizes the characteristics of the 
cells measured using LD light transmitted through 
600-pm F03 #l. 

Cell Electrical Power 
For a specific cell, the electrical output power 

increases with increasing Pm The P, and I, listed in 
Table 12 decrease with increasing cell voltage rating, 
whereas Rp 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-, lo-, and 16-V cells decreases 11.6,10.8,14.3, 
and 9.5 times, respectively. 

Optimum R, 
When Pm decreases from 1.5 to 0.1 W, RP values 

increase to 17.5, 55.6,2000, and 7000 fl for the 1-, 2-, 
lo-, and 16-V cells, respectively. 

CV 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 Pm 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-, lo-, 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 fii 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 Pm increases 
from 1 to 1.5 W, the 1-, 2-, and 16-V cell FF (nominally 
0.7, 0.6, and 0.5 W for 1 W of LD light) Gecreases 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 

~ ~~ 

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 1.61 .4a6 298.0 5.47 1.63 410.0 2.16 30 .743/.548 5.26 0.73 

39 16 1.96 1.57 .218 17.7 690.0 12.34 30.6 16.7 14 .595/.426 547.0 0.58 
3 10 1.97 1.58 .400 50.0 160.0 8.26 67.2 10.5 26 .773/.585 156.0 0.74 

5 io 1-59 1.27 -298 40.7 180.0 7.32 52.5 10.5 19 .534/ 199.0 0.78 
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3. nOFS Systems Configurations 

Fifteen different HOFS systems were tested. The 
first generation of testing included nine HOFS sys- 
tems (HOFS l’, 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 dc-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 ccnverter, 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 dc-dc 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. 

108 

T h  cells are connected in series and are then input to 
the converter. 

HOFS Test Setup 

used to test HOFS 1 t?xough 14 and 14’: 
The following equipment is common to the setup 

The LD current driver described in Section 2.1 
A resistor network, which indudes resistors: 
& = 10 gigaohrns 
& = l m e g a o h  

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

OSC 2 (TeJ&ronics Model 7633). OSC 2 mea- 
sures the voltage across the calibrated resistor 
divider network, and &, that is used to 
determine the capacitor charge time. 
An electrostatic voltmeter, Sensitivity k a r c h  
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 l’, 
1,2, and 3 use two of the same type of SDL lW-mW 
LDs, optically coupled through GRIN lenses onto two 
l-V PVA GaAs cells. These cells are connected in 
series to a dc-dc voltage converter to charge a 0.0524- 
pF capacitor. HOFS l’, 1, and 2 use the m e  dc-dc: 
voltage converter; HOFS 3 uses a different converter. 
HOFS 4 through 8 use different LDs, FO couplers, 
cells, converters, and capacitors than do HOFS l’, 1 
through 3. HOFS 6 and 7 are the same as HOPS 4 and 
5, respectively, except that their capacitors are larger. 
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FW98 @ 3.4 W 
RB883 @ 2 W 0ttK;rS at 100 rdw 
* measur& w i t h  A198 & GRIN at 0.17 W 5 =  
+ l=asur& with FD3 co'ctpler __ ~~~ 
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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 breadboard-mounted 
circuit with 10-V input and is capable 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-1ON. 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-pF capacitor, rated 
at 4 kV, is charged to -2.0 kV. 

Figure 118. Block Diagram of Setup Used to Test 
HOFS System 1’ Using %he Breadboard LD Driver 

HOFS 1 
The diagram of the components used in HOFS 1 is 

shown in Figure 119. The components of HOFS 1 are 
the same as those of H O B  1’ except that the LDs, 
GRIN lenses, and ceils 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 
F--------- 

I 20v 1ov 

CONVERTER 

Figure 119. Block Diagram of Setup Used to Test 
HOFS System 1 
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HOFS 2 
HOFS 2 uses the same type components (the LDs, 

coupler, cell, dc-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 dc-dc voltage 
converter is changed to a Gamma High-Voltage Ee- 
search, fnc. Model MC-1ON-MOD. For this modified 
converter, a 1.75- to 12-V dc input produces negative 
1- to 10-kV output; a limited $00-mA input current 
yizlds a 100-pA output current. The converter was 

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 cella used in HOFS l’, 1 
through 3. The GRIN lens couplers are replaced by 
600-pm-dia FO, #l. 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 a t  a 
distance d, = 4.27 mm from the 4-mm-dia cell. The 
de-dc converter a d  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. 

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

The 2-V cell is replaced by a 10-V PVA GaAs 
cell. 
The Gamma dc-dc converter is replaced by an 
off-the-shelf Venus Model Q-30 converter. 
The 0.0524-pF capacitor is replaced by a Dear- 
born 0.0353-pF capacitor rated at 3.2 kV. 
The coupling is optimized by making dl = 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. 

. 

- follows: 

HOFS 6 and 7 
HOW 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-pF capacitor, rated at  6 kV, is used in HOFS 6; 
a 0.0859-pF capacitor, rated at 3.2 kV, is used in 
HOFS 7. 

HOFS 8 

and 7. The remaining components are changed: 
HOF’S 8 uses the same dc-dc converter as HOFS 5 

The SDL 500-mW LD A841 is replaced by 
another SDL 5oo-mW LD A M .  
The 10-V cell is replaced by a 16-V cell. 
The capacitor is replaced by a 0.0231-pF capaci- 
tor rated at 3.2 kV. The diameters of the 10- and 
16-V cells are the same; therefore, dl is still 9.91 
mm. 

5.3 SecondGeneration HOFS, 
9-14and 14’ 

The second generation of new components for the 

improved dc-dc converters for 1- and 2-V GaAs 
HOFS system includes: 

cells 
4- a d  8-W LDS 
200-pm core-diameter FOs. 

HOFS98nd 10 
HOFS 9 and 10 use the same components as 

HOFS 4 and 6 except that the Gamma Model 
MC-1ON-M dc-dc converter is replaced by a Gamma 
Model MC25fM143 and LD A841 is replaced with 
A840. 

HOFS 11 
HOFS 11 uses the same components as H O B  9 

except that the 2-V cell is replaced with the l-V GaAs 
cell, and the Gamma Model MC25/M143 dc-dc con- 
verter is replaced with Model MC25/M142. 

HOFS 12and 13 
HOFS 12 and 13 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-pm FO, #l is replaced by 200-pm FO, #l. 
The distance, dl, is also changed to 4.78 mm. 

HOFS 14 

except that LD BM498 is replaced by LD R33883. 
HOFS 14 uses the same componentb as HOFS 12 

HQFS 14’ 

The distance, d,, is varied from 4.78 to 12 111~. 
HOFS 14’ uses the same components as HOFS 14. 
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Figure 122. Photograph of HOFS System 4 Showing Components Mounted Onto Kinematic Mounts, 
Allowing for X, Y, and 2 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 l/e of maximum voltage (Vm), 100- or 220-mJ 
charge, and 90% of V, of the HOFS capacitor: 

The efficiency of the combination PVA CaAs 

The overaii system efficiency (F+) 
System charge time (TJ. 

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

cell and dc-dc converter (E,) 

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 acrcss af 
the resistor network, which is across the capacitor. 
This record is for HOFS 1 with a total of 203 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 123 Voltage Trace Recorded by OSC #2 of 
the Voltage Across of the Resistor Network Across 
the HV Capacitor of HOFS System 1. Each LD emits 
100 mW onto the surface of the cell;. 

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. 
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6.1 Cell and Converter 
Efficiencies 

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

E, = (2) 100, (37) 

where efap is the energy stored in the capacitor a id  is 
given by: 

1 e,,=--CV*, 
2 

where C is the capacitance and V is the voltage at the 
specific charge level of l/e of V,, 100 or 220 mJ, or 
90 96 of V,. The energy incident on the cell is given by: 

where PLD is the LD optical power collected by the cell 
and Tc 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 l/e of V,, about 100 mJ 
(104 mJ) or 220 mJ (217.7 mJ), and 90% of V,. 

HOFS Systems 1-4, and 6 
As expected, E, decreases as the level of charge 

increases from l/e, 100 mJ, or 220 mJ 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 
differznt converter is used in HOFS 3. E, changed 
drastically for the different charge levels 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 MOFS 6 over that of HOFS 3 is probably because: 

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

0 The FO provides more uniform illumination to 
the cell than do the GRIN lenses. 

14 - 

12 - 

10 - 

8 -  

l/e HOE SYSI€Y6 

0 ' " . ' . " . " . . . ' . * * - '  
0 500 1000 1500 2000 

wI(ER (nls) 

Figure 125 Efficiency of the Combination PVA GaAs 
Cell and dc-to-dc Converter vs. LD Output Optical 
Power for l/e of V, for Eight HOFS Systems (1 
Through 8) Described in Table 13 
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Figure 126. Efficiency of the combination PVA 
GaAs Cell and dc-to-dc Converter vs. LD Output 
Optical Power for 100 and 220 mJ of Energy Charge 
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-dc 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 
lev&, except for HOFS 4 and 6 at the 90% level where 
they are more peaked at the lower LD power. 

. 

Argument for Better Impedance Match 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-1ON-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-dc converter. The area, 
geometry, grid pattern, series resistance, and in par- 
ticular the Rp values of the two c e h  are different. 

The Rp of a 1-V cell is -1.2 Q. The Rp of two 1-V 
cells connected in series, though not measured, would 

probably be slightly larger than two times the of a 
single cell due to line and contact resistance of the 
cells in aeries. However, the two cells would probably 
still be less than the 5.24 & of the 2-V cell. The larger 
Rp 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-dc 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 8-30] and to the cells (to 
10-V cells for HOFS 5 and 7 and to a 16-V cell for 
HOFS 8). 

The reduced eEciency E, of the 16-V cell com- 
pared with the id-V cell (Figure 110) could almost 
account €or 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 thtrugh 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 Pm level In 
all cases, the peak E, for HOFS 9 and 10 is larger 
than for HOFS 4 and 6. The difterences in E, are 
attributed to the convert&. 

The E, of HOFS 9 and 10 is greater than for 
HOFS 12 through 14 for any specifk Pm. The lower 
E, for HOFS 12 through 14 is attributed to the 
200-pm-dia F03 #l used in the systems. The smaller- 
diameter FO illuminates a d e r  diameter on the 
2-V cell than the larger-diameter 600-pm F03 #l used 
in HOFS 9 and 10. The 1,arger optical power density 
incident on the cell causes increased local currents 
that, in turn, cause a decrease in the convemion effi- 
ciency due to the i n c r d  voltage drop across the 
internal resistance of the cell. 
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Figure 128. Efficiency of the Combination PVA 
GaAs Cell and dc-to-dc Converter vs. LD Output 
Optical Power for l le of V, for Six HOFS Systems (9 
Through 14) Described in Table 13 
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Figure 129. Efficiency of the Combination PVA 
GaAs Cell and dc-toac Conveter vs. LD Output Opti- 
cal Power for 100 tind 220 mJ of Energy Charge for Six 
HOFS Systems (9 Through 14) Described in Table 13 
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Figure 130. Efficiency of the Combination PVA 
GaAs Cell and dc-to-& Converter va. LD Output 
Optical Power for 9G % of V, for Six HOFS Systems (9 
Through 14) Described in Table 13 

HOFS 11 cannot be compared to any other system 
because it is the only system that uses a single I-V cell. 
The converter built 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 dc-dc 
converter after the oscillator turns on. The decrease in 
Em with increasing PLD is attributed to the reduction 
in performance of the dc-dc converter. This reduction 
in performance is caused by the mismatch in imped- 
ance between the cell and the dc-dc converter at larger 
P,. Figure 189 shows, and l3q (34) predicts, a 
decrease in Rp with increasing Pm values; therefore, 
the mismatch incrwses with increasing Pm values. 
The E,,, of HOFS 11 does not decrease significantly 
with increasing Pm to cause the noted decrease in E,. 

6.2 HOFS System Efficiencies 
The total HOFS system efficiency (&}-which 

includes the efficiency of the 15), the coupler, the PVA 
cell, the dc-dc converter, and capacitor-is given by: 

E,=(?) 100, 



_ _ _ _ ~  ~____ 

where e,, the electrical input LD energy, is given by: 

(41) e, = Vm X Im X T,, 2.5 

2 -  

1s 

1 -  

0.5 

where Vm is the voltage acrcss the LD, Im is the 
current through the LD, and T, is the time to the 
specific capacitor charge level. 

- I 

- 

- 

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 l/e of V,, 100 or 220 mJ, and 90% of 
V,, differ from the E,, curves of Figures 125 through 
127 because the Em of the LDs and the transmission 
of the couplers must be folded into the ECc 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 
to the change in the converter, since ELD for the LDs 
used in HOFS 2 and 3 is comparable (24% vs. 29%). 

Figure 131. Total System Efficiency vs. LD Output 
Optical Power for l/e of V, for Eight HOFS Systems 
(1 Through 8) Described in Table 13 
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Figure 132. Total System Efficiency 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 133. Total System Efficiency vs. LD Output 
Optical Power for 90% of V, for Eight HOFS Systems 
(1 Through 8) Described in Table 13 
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HOF§ 4 Through 7 
The large increase in E, observed for HOFS 4 and 

6, compared to HGFS 3, is reduced for the E. because 
E L D  for LD A841, which is used in HOFS 4 and 6, is 
less than the E L D  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 Pm (-500 mW) is related to the 
increase in E L D  of LD A841 (Figure 32) at the low P L D  

and the increase in the efficiency of the cell and dc-dc 
converter combination at low PLD shown in Figures 
125 through 127. The decrease in the slope of HOFS 4 
through 7 at higher P L D  is controlled by the leveling- 
off of Em at the higher P L D  seen in Figure 32. 

The difference in E, for HOFS 5,7, and 8 for the 
l/e and the 100- or 220-mJ charge curves of Figures 
131 and 132 is about 2.4 times at P L D  of 1500 mW, 
which is about the same difference in the E, cmves 
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,. Qf dl 
the HOFS systems tested, only HOFS 5,7, and 8 show 
a continuing increase in E, at large PLD, even though 
HOFS 5 and 7 are beginning to exhibit saturation at 
the 220-mJ and the 90% levels for P L D  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 l/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 Ecc 
curves only after & and the transmission of the 
couplers have been considwed. 

The peaks in E, observed for HOFS 4 and 6 at PLD 
of -700 mW for the 90% level, 1100 mW for the 100- 
or 220-mJ level, and 1300 mW for the l/e level are not 
observed for HOFS 9 and 10, or for HOFS 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. 

0 500 1000 1500 2000 2560 3000 3540 
w(631 (d l  

Figure 134. Total System Efficiency vs. LD Output 
Optical Power for l/e of V, for Six HOFS Systems (9 
Through 14) Described in Table 13 
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Figure 135. Total System Efficiency vs. LD Output 
Optical Power for 100 end 220 d of Charge on Six 
HOFS Systems (9 Through 14) Described in Table 13 
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Figure 136. Total System Efficiency vs. LD Output 
Optical Power for 90% of V, for Six HOFS Systems (9 
Through 14) Described in Table 13 

The slopes of the E, curve3 for HOFS 13 ehrough 
14 are less than the s!opes of the corFespondirg E, 
curves due to the sEg& &crew in Em (Figure 35) 
and the decrease in transmkion of the 200-WI FOz 
#l (Figure 70) as Pm increases. Both these factors 
muse 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 & of LD RB883 over LD BM498 
and the increase in transmission of F8, #l when LD 
RB883 is used instead of BM498. 

For HOPS I2 and 13, the at E, at l/e and 90% 
level of full charge (Figures 134 and 136) appear to 
have peaked at a Pm of -2700 mW. The & of Lp3 
BM498 Segins 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 Pm of 3400 mW. HOFS 14 
has E, values of 3.69%, 3.48% , and 2.45% for the lle, 
100-mJ, and 90 % level of full charge. These values are 
larger than for any other HOFS system at these & 
levels. E, for HOFS 14 has also not peaked up to the 
Pm value of 1950 mW. 

The in E,for HOFS 11 with increase in 
Pm shown in pigures 134 through 136 follow the 
general trends of the corresponding E, curves of 
F i  128 through 130. This correspondence is due 
to the converter and cell mntrolling the HOFS system 
p ? l f O r m a I l c e .  

The E, values for H O B  14' are &own in Figure 
137 for 100-mJ charge as the ?&%nee between the FO 
and the PVA cell (Dt: ig WI%& The 2OO-m FO, #l 
used in HOFS 14' was repoiished before if was used in 
HOFS 14. For Is) RE9383 emitting 1 W, the tranamis- 
sion increased from 80.3% to 83.7% after polishing. 
The n o d  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 RBs83 emitting 
1 W. This value is 19.9% larger than the 1.57% 
measured for the normal De = 0.18&in. distance. The 
E, of 1.57 % for HOW 14' is lower than E, of 2.01 % for 
HOFS 14 due to the different FO transmission. The 
implication is that the 1E, of HOFS 14 at the 1-W LD 
power would increme to 2.5% if the cell were in 
position at 0.226 in. (5.74 mm) instead of at 0.188 in. 
(4.78 mm). .%me 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- 
'cion. 

100 

Figure 137. Total System Efficiency vs. FO to Cell 
Distance From 0.19 in. (4.78 mm) to 0.48 in. (12.14 
mm) for 100 mJ of Charge for HOFS 14' Described in 
Table 13 



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: 

12 

10 

a -  

6 -  

4 -  

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

- 

- 

(Fy or for 220 mJ is - (OFT 
(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 l/e of V,, 100 or 220 mJ, and 90% of V,. 
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100 i: 220 J llopt SRIClllC 
4 

l / e  ws. 1UU-mJ Charge 
For l/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 l/e of V, far 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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Figuro 140. Charge Time a€ WOFS Capacitor vs. LD 
Output Optical Power for 90% of V, for Eight HOFS 
Systems (1 Through 8) Ilewz-ihrf in Table 13 



For lle (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 maximw Pm 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 Pm onto the cell, and that T, could still decrease 
if more P, were available. 

3 -  

2 -  

90% vs. lOO-mJ Charg;s 
For HOFS 4 and 6, the abrupl leveling off of T, for 

the 90% charge level at the !aw P, of 600 mW is 
believed to be cwYerter-:eE5ried. It is expected that, 
had HOFS 8 been operatkd at larger-input P, levels, 
it would have ~ r e d u z d  ~ I O F ~ ~ Z  T,s, maybe even 
shorter than fer EWS 4 spzd 8 a; the 100-mJ charge 
level. On the other h m d ,  HOPS 2 illustrates a leveling 
off at  large P L D  f d x  ail :haw revels. This leveling off 
does not &ow for any large seduction in the T,s with 
increasing Pm 

I, i 
10 

6.3.2 Second-Generation HOFS, 9-14 
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 l/e of V,, 100 or 
220 mJ, and 90% of V,. The higher Ea 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 RB888). Plotting vs. input, power would 
move curves 9 and 10 to the right. 

The T, becomes smaller at the large Pm value of 
3.4 W for HOFS 12 and 13 than for the maximum P, 
values of HOFS 9 and 10. The T, for HClFS 9 and 10 is 
unknown at Pm = 3.4 W. HOFS 12 exhibits the 
smallest T, value at all capacitor charge levels mea- 
sured for any HOFS system for maximum Pm (0.26 s 
for the l/e level, 0.35 s for the 100-mJ level, and 0.73 s 
€or 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 l/e of V,, 100-nrJ charge level, 
and 90% of V,, the minimum T, values are 0.34,0.56, 
and 1.07 s for HOFS 9 cornpared to 0.46,0.62, and 2.28 
s for HOFS 4, respectively (Figures 138 to 140). 
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Figure 141. Charge Time of HOFS Capacitor vs. LD 
Output Optical Power for l/e of V, for Six HOFS 
Systems (9 Through 14) Described in Table 13 
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Figure 143. Charge Time of HOFS Capacitor vs. LD 
Output O p t i d  Power for 90% of V, for Six HOFS 
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-1ON-M dc-dc converter. For HOFS 12, another 
improved component is the LD, which has a smaller 
divergence than the NA of the 200-pm FO, #l. This 
smaller LD divergence allows more Pm to be coupled 
into the FO than is possible with other LDs. This 
decrease in divergence produces an increase in E, and 
also muses T, to decrease even further than observed 
for HOFS 9 compared to HOFS 4 where only the dc-dc 
converter is different. 

For HOFS 14, LD RB883 is similar to LD BM498 
used in HOFS 12 but is slightly more efficient. The 
smaller divergence of LD RBs83 allows better cou- 
pling into FO, #l than LD BM498. These produce 
larger l&'s for HOFS 14 than for HOFS 12, and also 
cause the T, for KOFS 14 to be less than the T, for 
HOFS 12 at the 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 HOFS 12. 

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

HOFS 10 vs. HOFS 9 
As expected, the T, values essentially doubled for 

HOFS 10 relative to HOFS 9. The minimum Ts values 
for HOFS 10 compared to HOFS 9 are: 

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

HOFS 13 YS. 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 KOFS 12 are: 

0.51 s vs. 0.26 s for the l/e level 
0.74 s vs. 0.35 s for the 100 mJ level 
1.52 s vs. 0.73 s €or the 90% level. 

HOFS 11 

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

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

At  the 100-mJ charge level, a slight decrease from 1.5 
to 1.06 s is observed, with an irerease in Pm from 
-800 to 2000 mW. 

HOFS 14' 
The T, for the capacitor of KOFS 14' with LD 

emitting 1 W is shown in Figure 144, which illustrates 
how the 100-mJ charge changes as D, changes. The 
normal operation distance D, = 0.188 in. is the first 
data ;mint to the left in the figure. The minimum 
charge tk7e 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 normal E, = 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 RBs83 
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 OCCUT 

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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Figure 144. Charge Time of HOFS Capacitor vs. FO 
to Cell Distance From 0.188 in. (4.78 mm) to 0.478 in. 
(12.14 mm) for 100 mJ of Charge on HOFS System 14' 
Described in Table 13 

6.4 Summary of HOFS l', 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 l', 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 a t  0.62 s. 

The high Ed values for the l-V cell at the low 
input, P, (Figure 110), along with the increasing ELD 
values at low P, 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 Pm value of 1.9 W, the E, values for HOFS 
4 through 7 vary from 1.5% to 2%, since 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-m3 charge; it is also 
the most efficient 100-mJ-charged HOFS system test- 
ed. The & 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 Pm of HOFS 12 relative to 
HOFS 14 helps make HOFS 12 charge faster. IF 
HOFS 14 could be charged with comparable PLD = 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-d- 
charged HOFS system tested. The E, is 3.0% and the 
T, is 0.74 s. The E. could increase m d  the T,, could 
decrease if the cell-to-FO 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-mJ charge on HOFS capacitors (listed in the last 
column of Table 14) is calculated using the following 
assumptions: 

& could be increased to 50%, as is true for the 
MDAC/OEC LDs. 
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%. 
Transmission for the 0.23-pitch GRINS would 
be --95%, whereas coupling of the GRIN to the 
cells would be about 82% for HOFS 'I' and 1, 
and -93.6% for HOFS 2 and 3. 
E, could be increased to 40% by increasing the 

The calculated E, is between 15.6 % and 19.2 % for 
E," to 50% and increasing the E,- to 80%. 

HOFS 1' through 14. 



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

HOFS LASER DIODE HOFS SYSTEM PARAMETERS NEASURED PROJECT 

E, (%I  T, (SI *,* 
( # I  (W) (%) 100 mJ 220 mJ 100 mJ 220 mJ (%) 

SYS PWR 

1st G-TION 
1' A194,A200 
1 A194,A200 
2 A321,B126 
3 A321,B126 
4 A841" 
5 A841 
6 A841 
7 A841 
8 A840" 

2nd GENERATION 

9 A840 
10 A840 
11 A840 
12 BM498+ 
13 BM498 
14 RB883++ 
14 ' RB883 

0.34 

0.35 
0.64 
0.81 
1.9 
1.9 
1.9 
1.9 
1.9 

2.0 
2.0 
2.0 
3.4 
3.4 
2 . 0  

1.0 

- 
7.6 
4.5 
9.1 

10.7 

9.0 
9.3 
9.3 
2.6 

10.8 
11.1 
6.1 
11ao 
10.8 
10.0 

- 

0.39 
0.31 
0.88 
2.1 
2.0 
1.5 - 
- 
0.51 

2.34 
- 
1.25 
3.1 - 
3.4 
1.87 

* If ELD = 50 % ECC = 40 ( E c e l l  = ' 0  ' a*d Econverter = 80 %) 

** MEAS. 77 mJ LDs: 500 mW, ++ 2 w, + 4 W, OTHER5 100 mF 



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 

Laser diodes. SDL-2410-H1, SDL-2450-H1, 

SDL-S7086 laser diodes delivered from 0.4 to 3.4 
W of output optical power; their best efficiencies 
were 33%, 26%, 4096, 3896, 40%, and 37.996, 
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 95’36, 92.9’36, 
and 90.4% of the power incident on them, 
respectively. 
See Summary Section 4.2.4 
GaAs cells. The 1-, 2-, IO-, and 16-V GaAs cells 
had maximum efficiencies of converting optical 
to electrical energy of 49%, 3796, 28.5%, and 
18 5% , respectively, when they were illuminated 
with a 600-pm-dia FO, #l butt-coupled to an 
SDL-2450-Hl500-mW laser diode that emitted 
up to 2 W of o p t i d  power. 
See Summary Section 4.4.6. 

delivering up to 8 A of current. 

SDL-2430-fI1, SDL-2460-Ii1, SDL-S7081, and 

7.1 Efficiencies of Dc-Dc 
Converters and GaAs Cell 
Combination 

The efficiencies of the dc-dc converters were not 
measured directly but were evaluated in combination 
with GaAs cells; they were measured chile charging 

the HOFS capacitor, The best celvconverter combina- 
tion efficiencies (EA for the HOFS capacitor charged 
to 

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

HOFS capacitor charged to: 

100 mJ was 2.1% for HOFS 3 and 3.4% 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 h t -  and second-generation 
HOFS systems, respectively. 

E, for HOFS 13 and 14 would increase if the cell- 
to-FO distance were to be increased from 4.78 to 5.?2 
mm as was done for HOFS 14’. 

7.2 HOFS System Charge Tine 
The shortest charge times (TJ for the HOFS 

100 mJ was 0.62 s for HOFS 4 and 0.35 s for 
HOFS 12 in the f i t -  and second-generation 
HOFS systems, respectively. 
220 mJ was 1.4 s for HOFS 6 and 0.74 SI for 
HOFS 13 in the first- and second-generation 
HOFS systems, 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’. 

capacitor charged to 

126 



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% 
the 200-pan 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 
the dc-de 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. 

Figure 145. Block Diagram Summarizing HOFS Sys- 
tem and Component Efficiencies for the Best HOFS 
System (141, Measured and Predicted HOFS System, 
and Component Efficiencies Achievable in t b  Near 
Future 
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