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DARPA Workshop 

Micro-Thruster Technology for Military Applications 
Dulles, VA; May 6-7,2003 

Sponsor: Dr. John D. Evans 
Program Manager 

Microsystems Technology Office 

Background/Motivation 

Evolving military doctrine continues to impose ever-more-stressing requirements for 
greater range and enhanced maneuverability of miniature satellites (picosats, 1-10 kg), micro- 
unmanned air vehicles (UAVs), sensor systems, projectiles, and missiles. To meet these 
requirements, continuing advances in micro-thruster technology are needed to increase thrust, 
fuel efficiency, thruster/system controllability, system deployability, and to reduce system 
weight. Flexible/adaptable micro-thruster technologies that enable on-mission trade-offs 
between features (e.g., fuel efficiency and thrust) are also of growing interest. 

Potential space applications for micro-thrasters include picosat station-keeping and 
formation flying for communications and radar applications, rapid (days) or slow (weeks) on- 
orbit satellite inspection and repair, strike-from-orbit weapons, satellite active protection, and 
satellite decoys. Potential terrestrial application for micro-thrusters include precise 
emplacement of unattended ground sensors (UGS); precise emplacement of "tags on mobile 
enemy platforms; sensor field reconfiguration; decoy deployment; active protection systems 
for ground combat vehicles; void suppression for supersonic projectiles; subsonic, non-lethal, 
and decelerating projectiles; lofted and other smart/brilliant munitions; and UAV propulsion 
and control. Potential marine applications for micro-thrusters include ship self-defense, decoy 
deployment, super-cavitating projectiles and sensors, and micro-unmanned underwater vehicle 
(UUV) propulsion and control. 

Relevant thruster technologies include but are not necessarily limited to solid 
propellant, liquid propellant, hybrid liquid/solid systems, cold gas thrusters, pulsed plasma 
thruster, laser sublimation thrusters, ion drives, and other types that may be identified. Such 
thrusters may be used either as the primary system or component propulsion source, or for 
guidance. Total propulsion system masses (exclusive of propellants) are envisioned to range 
from several tens of grams to several kilograms, with comparably sized payloads. 

Workshop Objectives: (1) To review and discuss recent developments and current state-of- 
the ait with respect to micro-thruster technologies; (2) To assess prospects for accelerated 
advances in the area given an intensified focus and appropriate resources; and (3) To identify, 
the most promising potential applications of the technology in both military and non-military 
systems. 

I 

Approved for public release; distribution unlimited. 



Specific Goals 

• To discuss key mission requirements for current and potential future military 
applications of micro-thrusters, and to define micro thruster performance 
parameters critical to meeting these requirements f 

• To assess the ability of current micro-thruster technologies to meet current and 
projected future military requirements, and to identify important applications 
and missions that might be significantly enhanced or enabled by further 
developments in the areaf 

• To identify critical technical challenges associated with the development of 
advanced high-performance micro thrusters, and the most plausible approaches 
for overcoming recognized challengesi- 

• To define suitable performance metrics and establish realistic goals for next- 
generation micro thrusters that must be achieved for new developmental efforts 
in this area to be considered successful!' 

• To identify the most essential elements of a possible focused new effort to 
develop high-performance micro-thrusters able to establish the feasibiHty of 
new or significantly improved micro-thruster technologies in the near term (12- 
18 months), and leading to significant laboratory demonstrations of militarily 
important components/systems within the next 3-5 years. 

As part of this workshop, participants will be expected to directly contribute to 
collective realization of these goals by either (1) developing a brief mission requirements 
analysis for a potential micro-thruster mission, or (2) developing a brief micro-thruster 
capabilities analysis for a current or potential micro-thruster technology. Further details 
regarding these analyses will be included in the workshop letter of invitation. 

JDE/WES 
April 7, 2003 

,3 



o 
c o 
O LL 

3  < a o 
Q. ^ 
O   (0 

= 0 

u 
0 

E 
> 

O 

< 

o 
(0 

(/} 

O 

3 a o 
0. 

O ^ 

O 0 
■s ■- 

0) 
0 

CO o o 
CM 

(0 

I 
to 

O 

CL 

UL 

15 

> 

< 

■ ■■■ 

> 

Q 

"55 
to 

Q 

0$ 

3 
C 
_o 

(0 

I- 

Q 

"B 
3 a 
o 



(0 u 
a a 
< w 
o o 

EQ 
ao 
OQ 

^"^^i^ 

•4 r 

o 

E 
o 
Q 



o o o 
CO 

o o 
1/5 
CM 

O 
O 
O 
CM 

3. 

O      Q. 
O       C in    i 
"^    o 

'5 
Q. 

o o o 

o o 



0 

0) 

(A 

o 
(0 

-s—> 

(N 

CD 
Q 

M 
0 

X/1 

00 

I 

o 

2 

CO 

2 
H 

QO 

d 
•S 
-I—> 

Q o 

Q 

Q 

in 

N O 

© I- 

13 E 
2 m 
o >, 

j £ 
u o 
— >» 
2 E 

% £ 
c c 
"- w 
c ® 
o -S 
^ c 

o w 

o o 

o _ 
0^ m 

o i= 

u 

m o 
1 
O 

o 
< 

^ — -   o c 
Z u a. _i if 

— © 3 

D^ m   O 

E 
o © — c 

(1$ 
3 

CO 

0 
> 

0 . 
W   >     " 
^ £ ^  o 

_   © fl)   o 
2 w .E 5 

7^ ^ *"   "JI5» 3 **■   eft 

X E < Q £ £ a 



c 
o 
(/) 

3 y) 

o c 
o 

Q. E 
o 0 

'HH' 
■^^ ■ ■■■ 
■— 3 
0) O" 
ns Q) 
(A £L o 

(1) 
^M 

L. c 
O 0 
m 
3 

O 3 
k. 0 

QL 0 
Q:: 

u 
0 

o 

Q 
O 
Q 

0 

g 
(A 

P
ro

p.
 T

e
ch

n
o

lo
g

ie
s 

B
ei

ng
 I

n
ve

st
ig

a
te

d
 

liH
E

T
 

C
o

llo
id

 T
h
ru

st
e
r 

A
rr

a
ys

* 
E

D
T

 0.1- i < 
Q. a. 2 > 

M
IC

R
O
 C

H
E

M
IC

A
L 

T
H

R
U

S
T

E
R

S
 

P
ro

p.
 S

ys
te

m
 

C
h

a
ra

ct
e

ri
st

ic
s 

ir 

CD 

1 ® g 

■D 

(0 

1- 

P
ro

p
u

ls
io

n
 

R
eq

ui
re

m
en

t 

5 

F
in

e 
A

C
S

, 
F

in
e 

P
o
si

tio
n
in

g
 

R
ap

id
 A

C
S

, 
R

ap
id

 
M

an
eu

ve
rin

g 

o 
m 
M 
'%Z 
3 

5 
"E 

© 
m 
1 
o 
Q. 

© 
m 
© 
Si- 

© 

o 



€ 

c 3 
o s 
:^ o 

lo
p

 
o 
'3 

vU   ^ 3 >co Q. 
<1>Q^ Q O 

QQ. Q.          < 

On ^ ^ < 

ch
no

l 
by

 A
 "3 

ea
de

r,
 E

 
F

R
L/

P
R

 
d
w

a
rd

s 

0)-O —3 -J   <   LU 
H <U 

="£ o 2 
■■7 Q- W   Q. 
3 3 
aco 
o 
IM 

a. 
o 
o 



■ 

LU 
X 

to 
3 

O 

LU ■ 

15 

o 
o 







0) 
to 
3 

(0 

CO 3 
O 

OT 

03 

m & u o 

o fl o o 
1 WD 

Q 
PC 

IN 

m 
e3 

m 
m 

o 

m 

5S 

O 

p-N 

pfi 
m 
u 
m 

o 

o 

O 
u 

N   ^ 

b !» 
0^ ^ 
A 

p£! o 
»5 •PM 

4^ 
s^ m u OlD 
M ;« 

"3 s 
s & 
4*N !^ 
0^ 5 
d w 
o ;/: 

>^ 
m O 
N Ck 
m 
o B 

u 
m 

U 

5C 

m 
5C 

> 

3^    5« 

53 m 
o a -I 

^ o 
^ cs e»^ -^ IT) 

o 
• 1—( 

d 
•1—1 

U 

i3 
< 



0) 

3 

i 

m 

H 

E 
v> 
w 
Q. 
"O 
0) 

3 
Q. 
O 
O 



I.. 

B 

m 
E 
m 

T3 

O 
O 

< 

--2:^" 
<v CM 

T~ 

•V,!   "*' 

i',' 0 
■*, _ 

0) 
Q 

i^ d. 
05 

|| 00 fc 1 

.p^ 
0 

m 
E 

U 

H 

O 

E 

-/ 
■a o 

® 

(A ^ ^^ 
3 m 
0 > 

0) £ m 
4^ m •*•» <» 
^ b m 0 c o> 0 cs c 's". m E 

m 

0 
-1 
■0 0 

0 

m m 
%m 

iiC 
w 
s 

0 

■0 e 
P

e 
W

at
t 

^ l_ ^ 
0$ g z 

1 
0 
E 
0) 0 

-1 Q • • <   • 

-f- CM « 

©   >* 1    ii Q.>4^                t— 
0^ 

UJ C 

0} 
h- 



0) 

® 
Q m a. 
m 
w 
w 
m 
U 
m m o 

o 
(0 

w 
m 

< 

(5 

m 

(0 
CO 

!A 
if) 

"O « 
o 0) 

5 
3 c 
O" o w 
o 

< 

O -o 
W c 

ra 

V) 

< Q. 
» QL 
> O 
« 
3 
a S 
o 

o> cs 

ssBiAl »aM 

o 
o 
o 

CNJ f- 

o 
o 

o 
o 

o o 
in 

o o o 
CM 

o 
o 

o 
o 
o 

o 
o 

o 

Q. 
V) 

(B>|) ssByy SOV 

m 
m 
m 
£ 
(A 
m 
m 

I 

o 
< 

> 

3 

O 

o 

§2 
TO     •*•* 

O 
UJ 

o 
m 

o 
■ 11^ 

■D 
■o 
< 

m m 
E 

o *- 

.E    Q 
c .12 
o   IS 

Q 

13 

S 5 ^ 
o  fe 

Q 

0 

3 

6 X ^ 
o o 5 
T-   -^   Q 



19 

# 

Q. 

0) 
CO 
3 

E 
TO 

Q. 

(/) 

TO 



tn   1 © m 
w> m 

nt
ra

c 

IR
P

h
a

 
R

L/
P

R
 

OQ LL 
w < 
1^ wo: is 

^ LL. 

Co6 

U- 1- 

(A IE 
(0 
*i% 3 

1 
oa 

k. 
CD O 
(/} 
<0< 
J O 

c 
o 
o 

JC 
Q. 

m 

o 
Ql 

O 

m 

CA 

M 
m 

13 
o 

'"B 

QL 

Q 
C 

"5 
h 

O 

o 
II 

m 

m 

o   = 

■   M 

(A 
C 
o O} c *rf m c o o 
Q. ♦* 

O. w 
< W o 
Q C^ 

4-1 
< 

© 0) <tlrf 
*j > c (0 ■ HH 

W (A o 
o 3 Q. 

Q. m 
O c 

S u. 
Q • • 
O 
Q 

E (A 
o 0 

•a c o 
> o 

0)" 
T5 

o 
a 0) 



Q) 

3 

O 

o 
o 

4 



<".*^ 

3 

_o 
o 
o 

3 
O" 

CD 

c 
m 

,0-^ E w 
m 
SI i m 

X 
0} 

< 
03 in 

>* 

03 
< z CA m > 3 

E y. 
4-1 

o m 3 
3 

O 
■D 

< 

o 
m 

.5* 
Q 
-1 
< 

3 

o m 
m 
o 
c 

£ 
Q. 

O 
Q. 

> 

o 

o c 
iS 
© a. 
o 

TO 

s (A >** 
0 

m 
UJ 
m 
m 
■o 
o 

o 
o o 

m 

Q. s 3 
O o liq

u
id

 p
r 

rm
an

ce
 

4-> u 

UJ 

O o 
-1 

m 
3 

QQ 

15 > 
• 

ii 
• 

> 
• 

Io
n
ic

 
p
e
rf

o
 k-g^ 

I    I    i    I 
o 



5 o 
o 
CO 
a. 
m s o 

o 
o 

X3 

E 

t; 
CO 

LU 

o 
_i 

E 
o 
o 
IT) 

CO 

o 
0) o 
CO 
Q. 
CO     c 
® g 

11 

o "o 

0) o 
.t Cfl 
3 -— 
CT C 
P   O 

2  CO 
E  E 
CO 

c 
o 

CSJ CD CO _^ 

® r- 

o ^ *^ ,_ 
iS CO 

JZ o 
CD 

W E 4= 

E 
CD 

cr 

> o v> 
5 

E 
-5 

To 
o 

o 
CO 
D. 
CO 

D. 

s 
E 

E 
z 

m 

tn 

1 

II 

CD 
O 

1 
CO 

r 
b 

CM 

o o CO 
E 

oo 

CO 
m 

11 

® o 
a 

-  w 

B>| 'sseyy pBoiAej 



a) X 
Cl) E _j 

H- i^ rj 3 i_ 
^^ ID w m o 

2 o CO D 
(ft u 

CO n. 
V) 

c o 
CO 

0) 

0) 
ID s 

■0 

c 
CO 
CD 

8 3 U ■3 
^ 0 E 

o Q. x: CT OT i- 
E ? s -c £ C r 

D) Q_ CO 
11.1 

ra 
<0 Ji 

o 5 3 c 0 
E 

en 
o o o iZ E 0 
•?— OJ _i (- << 

0) 
■ ■■■ 

mmam 

6 
o 
LU 

*■* 

c 

pe
lla

 
la

n
t 

la
n

t 

3 
£ S ® a. S- a- 

1- 

0 2 8 ® 
SB 1- 

m S 

® 5 0 £ F M 
S       c V) H f^ 3 
a, I  0 SI 0 

s 
UJ 

Q. 

d
ra

zi
 

0
4
/M

 
-3

15
 

■D » 2 
0 

>.ci Q: 
g 

« s 0 
X z < I CL 0 

♦   E   ■< © £1 ® 

SJB0A 'SHTIWO 



c 
o 

J3 

6 
c 
O 

0) 
.■*-* 

+J" F 
f^ n w 

0) 
>4-f d o ID 

4-: 
CO ID 1— 

0) o 0) 
n O O n CO y' O 

ft 
^ x: ID 

Q. 
SO CO 15 o 

m C t s_ >» ^ c 
n o CO w CO > 3 
CO 
e v> UJ t3 U c ■<ti <1 JO 

3 5 
s 

<y <l) 0) 
CO 

CO o a. a. *k- :D 
•cr o to H— TD o r 
tit. 

Q. E .t: CD 
O 

C 
o 0) 

ID 

£ 

5 o 
js: O) j*: W & CO c o J»; o 3 (0 V 
o o 

If} 
o 
ID 2 to 2 3 

o 
CM 

X 
0) 

'^ >, ® <] 
JD 
*- CO 
CO > 

O CD 

CD E 

?! 

*                     1  E                     1                •<     El ♦              1         C«             1 
\             IB             1           <   m ♦               1         €«              1 
\             <    m             <            -4   K ♦              1         €*            ' 
\         1    E                    ■<   g; « »#>       1 

♦              , 
•         1       E         1           <   m ♦              1 
•            1            E            1                 ■«     Bi ♦              ' 

♦              1 

111      ^1 
C   CL  Q. -jr. i_    tS   tf o a O S £  g « 

%      1                  El                 -^     K ♦              1 . 
%   1             El           <   m 
\ <              E >           <   m 

♦ 
♦              ' 

\]                       El                 -^     ^ 
¥                          iai                  -4     m, 

♦ .; 
♦ , 

h                       E                 ■*     El ♦       1 
l\                          i!                 ■«      iJ ♦       1 
; \            1E       "«   ij ♦        ; 

C   S S   J   g   Q.  1- 
N S m a: i ^ ^ 

ll^lSli 
>. N K S  es   3  O 
X Z <  § X  Q. O 

;    *             ; m       ■4   m, ♦        , 
1        \                1     E'         ■<     B 
1          %              1       B       -"I     Bi 
;       \       >      B   -4   w; 

♦ 1 
♦ 1 
♦ ' 
♦ 

- 

,          \    1        E<   m ♦        , 
1                   \   1               E<     El ♦        1 
1              \ 1           e   E" ♦        1 ♦  B  ■«  e>  E  » 1 - 1              \1          ■*" m ♦        ' 
1                 *          < EE; ♦         ; 
1                  i\        << ^1 
1                              1  \           ■<     E 
1                  ! X    "*   Bp 

♦         1 
.A.                                 f 

♦          <      ©           ' m 
\     -^     E B ♦           1      ©           1 • 

1                            1          \   •<     E|    F ♦           it-          •, ® 
1                 1       X-*   ^' E*               ,         %                .    « 
1                              1                >M     Bi r*           1       ©            1    e 
1                              1                  ^   K' «          '       «            '    « 

1                   ^l\S ♦E       ;     ©         ;    « 
1                                1                    <     K ♦   E         1         S5                1       ® 
1                  1           -4   mt ♦     IE       1         ©                1        # 
1                  '           -4   m\ ♦     El©           1      e 
!                     1             -<    E^ ^ k ♦          B 1         ©                1          • 
i               ;         ^  ^ T^             E         ©                1          • 
1                               ,                  -4     WJ ^            lE      ©                1           • 
1                          1                •«     B ♦ X         '  E    ©                •            « 
1                  ]           <   m' ♦ X   1   Bs©         ;       « 

]           <   s, *     X       Bs           1         e 
1                            1                 •<     B ♦       X     es          1          # 
1                          1                -^     E ♦          X   * B        1           e 
:                  ;           ■«   E; ♦          ' X e   B      1           m 

^     E ♦            1     X      E    I             « 
!                ;          -<   E' ♦        ;     ©fe    M ;          «    . 
1                            1                 ■<     El ♦        1     e X   El          • 
1                            1                 ><     El ♦          1      e   X   6           # 
1                1          "«   B; ♦               '         €•         X'   S!              ® 

-<     E ♦                  e         X B         • 
1                !          •<   ci ♦           1       e          iX E       e 
I                            1                 ■<     B ♦           1        ©         1    XB     ® 
1                            1                 •<     E ♦           1          »        1       XE    e 
i               ;         -«  E; ♦           1            e     ;         Xi » 
1               !         ■<  EI ♦         i               c=;            >::€ 

 1 -H =*-«|— —-* 1 1 m—ife 

o 
C3» 

o 
to 

in 

in >, 
w 
■a 

SB 
3 
O > 
N 

c 
« 

o 
to 

lO 

o o o O o 
o o o o o 
in o m o in 
CM CM T" ^ 

s/ui 'A-Bj|aa snoAzapuay 



0) 

o 
E a o 
> 

0 
Q 
T3 

o 
o 

0 
m 
m 

b £ 
o y c m 
1- *rf 
o to 

J2 3 
JS : 

c (A 
^^ m 
15 
5 

> 

*■» 

O) m 
c 3 

■ ■■■ ^ 

1_ 

(0 

o 
© -* to 
^Z  to 

C c   o 

lu o   c 

m 0)   ^ ^ > to 
to tu s 

.E1ol 

"O -S   Ol 
0 "^5 1 j 2 
8 iz 

o i- Q> 

< i O 

E 
o ,^ 

X o 

o g 

m 
^ 
m 
m 

CM 
£ X 
%Z 0 
Q. c 

0 

Q-.S 

m 
I. c 

■■■■ 

O 

tc 
QJ 
to 
to 
to 

O   t5 

0^   ^ 

© c 
> "P 

1^ 
o 2 

X5   O 

2.2 
_ to 
CO ■= 

H H 

^ 1. 
m m 
> >* 

o o 

to 
E 

ti^ 
m 
u. 

> 

U- 
< 

CO 

t: 
o 

UJ 
c 
.2   w 
m   m 

1   o 

0)    C 

■E   ® 

CD 

CM 

E 
CD 

o 

(D 
D) 
C 
CQ 

u 

CD 
3 

5   c 
to 
o T5    «   '€ 

o 

to 
o 

(D .2 -s OJ   ^^  -^ 

0)     c 

2    Q. ^  1 
©    O .£    © 
1  15 ^  »- 

m m 
"D = 
CS Q> 

CD %f. 

CO 



CM 

Q^ 

If) 
o 

O 
o 

m 

M 
o 

0) 
LL 



O (/) 
■ ■■■   ■■■■i 

2 o 

co" 

LU 

■*-■ 
■-*■>'- 

"«-: CM 

   ., 'ist^f-    - ,  ., . 

r—^ 

> 

> 

m 
O   "^ 

VI 
CD 

t/3 

d 
ON 

o 

00 

4^ 
d 

50 
03 
i-i 
O 
+J   -^ 

ti    cd 

O    O 

o   in, 
» o 

4>   45 

I-I =^ 
o 

o 

> 

t > 
2   top 
CL   o3 

c 
O 

m    S 
g    g S -B 

W 

CD 

s !D 

M     (D 

al 8 
^  9 w    o3 

•S J ^ 
^ "^ 
O    O 

w 

p^ O 

!D 

03 

a sD 
O e^ 

o o 

CD 
CD 
too a 
03 00 

00 
O <D 

^   too '"^ 

O    cn    O 

^    S  'd 

£ 
h- 

cs \ 
— £ \ 

op
e 

P
at

 

\ 

^ * 
"■ 3 
m 0 c « 
Q. O 

d o 
03 

00 
fl 
O 

• ?~< 
■4r-i 

CD 

• 1—* 
c« 
d 
o o 
CO 

(0 

Pi 
Q 
d 
o 
Q 

m 

d o 
CD 

cd 

d 
toX) 

• 1—1 

CD 

OH 
W 

CD 
+-» 
CD 

a 
03 

s S 
a  CO 

>- -2 CD   2* 

CZ! 

CD 
O 
d 
03 IS 

m 

CD 
> 
CD 

OT 

i Q- 



1r' 

Q 
LU 

H 
o 

■ ■■■ 

E 
(0 
c 

"O 
o 
o 

LU 



42 
(/) 
o 
b 

o 

0) 

m 

m 
sz 

-J 

U. 
< 

0 u   - «    E 
c: 
D 
m 

m 
c 

O   i5J 

o 
JJ 
m 

T3 
O 

O 
o 

w 

H 
o 

m c 

O 

T3 

0^ 

o 

SI 
o 

m 

3 
E 

13 

Q 

o 
u 

m    — 

0 
3 "D = 

c  « 

< "D   E 

a> 

0 

E 
csi 

Q 3 

O   (A 

^1 
m m 

,ys -sai 0) 

o
ty

p
e
 M

 
ro

p
e
ifa

n
 

E ■> 
m m o 

13 
O 0. 

OD- is o 
CL © o 

m E 



to 
CM 

r- 

^ JJ 
ZLO 

•^^ n 
0) s 
% c 
3 a> 

O) 
f- 

Q 
I 3 
Q 
1^ 

< J2 
r C 
3 o 
o 13 m 
> c 

d) o (^ 

o 0 
■^■1 

S Q. 
0) 
0) 
CD 



!* 

(A 

o 
C5 

o 

Q 

_o 
O 
c 

0) 
H 

Q. 
3 
O 
^ 

0 
m 
5 o 

LL 
= 

1- 3 
m 
> ^ 
m ■ HH 

(A 3 
*■* O" m u 
^ 1 c 
5 o o z 

■c c ^ 
< "O 

cs 
^ 0 
Q -J 

< u 
OQ 

< UL 
(fi < 

Q: m 
a. -a 

^ 
^ m 
Q: § u. t3 
< U 



c 

E 

c 
2*- 

CM 

i 

OS 
CM 

i ^ 

ir> .- -^ 

"o 5 'o 

5 4i 5 

2L   W N 
C*5 

CM o a 

— -o ^- X 

tfJ "^ =  s 
© (8 J> w 

g 2 85 

£ o o 

¥> 
O   3  o 

if" 
M E 
LU 

M 
o 

^ m . XL 

N E 
4»> o 

E 
o o ♦* c 

3 o 
(5 C 

In © •>*^ 

o o 3 

o O 
i 

3 

o 1 e" CO 

o & 
m 
E 
o 

o 

1 
m 
o 

1 

m 
o 

"3 
c 

a m 
E 
o 

4114 

o 

o 

1 
C/5 ■o |W in m Q. Q. > 



o 
B 

CM 

O 
0 

OS 
CM 



o 

X 

u_ 
< 

00 

c 

O 

(A 
t5 

U 

o u 

c 
_g 
"-t—• o 
0) 
CL 
CO 
C 

C/3 

O 
E 
o 
o -»—» 

cc 

::3  CD 
o  CO 
I— -I-' 
CO   w 

0) 8 

Z5 
o 

CM   DO   Q 
0) Q 

O 

iti 

CM 

0 

0) 

Q. 
< 
LU 
_l 

E 
o 

0 
> 

0) 
•o 
c 
m 
15 
CL 
o 
Q. 

x:  o 
O)   CL 
0   CD 

% - 

.. o 
i 1 
M o 
^ CL 

CO 

cm 

u 

cs 

0 

Q o 

q 



CO 
X 

< 
m 

o   o o   o 

■D 
0)     CO 

O 
(13 

^ w 1- 

4 (A 
o 

.# S u 

>^ 
CD 
O 
O c 
sz o 
<D +-* 

m 
o 
> 
N 
0) 
T3 

(D 

to 

o 
E 
o 
o 

B 
P   m 

sz 

o 
E 

o 
E 

B ^ 
.o   o 

c   2   w 
.2 .1   = 

i !^ £: 

O 
I 

Q.   <     ^ 

H 
Q 
LU 

CM 

m 



u 
< 
Its 

e-2 
m o 
c 
re 3 

@ 
o 
m 
t: 
3} ** 
c 
« 

=5    £ «- 

<   o 
>    « 

1    i 
l| 

a. q OT 

m 

z 

g 

m o 
c 

E 
o 

ii 
«- o 
®    Q. 

|i 

0) 

O 

© CO 

o w 

.2 o 

= t 

Q- I 
© Q 

2 £ 

i E 
E < 
oj u. 
Q < 
. W 

Z5 

O 

CO o 
< 

(A 

w 
3 

3 
s 

E   o ^ o ~ «o 
5 o 
2 >■ 

O   S St 
*- 1 9 o   i > 

re    tf, o 
XI   E 
©   © 

"^   '*» re 

re © 

© 

3 
©    © 

E 
® 

% 

o 
o 
■D I- 

i2 

c 
re 

u 
< 
© 
> 

3 E 

o .a 
I- -^ 

« re 
© i 
re o 

4-< sL 
w © 
c '♦-• 

i| 
© £ 

IE 
o 

© 

LU © I? 
.£< 

CM 
O 

tf5 

00 

4^ re 

O .ti 

c Q: © 

Di < J> 

re 

> £ 
© © 

O > 

O re 

£ <« 
.2 -fe 
S E 
o S 

■^ 5 s CO ^ 

CO 

© 

3 

o u 

3 

il 
re 
© 

re   c 
■o .= 
c — n s 



0) o 

if 2 
MHI   ■■■■ 

3' a o 

(0 

m 

3 
u 
o 
o 

0) 

.1 

CO 
c g 

m 
c 
o 
E 
Q 

x: 

la 
O 
CO •** 
«5 

«5 
i_ 
a» 
c 
o o 

x: 
H 

m z ^ 
O.S 
^1 
< i. 

m 

JZ 

c 

m   '~ u 

w    o    > 
i2 
C0 
> 

UJ 

0) 

u 

m 

>» 

O 

1 
o 
5 

c 
"0 
O 

E 

CO o 

15 

O 
£2 
3 

^-s fl) 

m 
Q 
m 

3 

w 
0) 
Q 
U 

E 

a  „   =   ^ 
ra   = 13    © 

ui 

^ 3   « 

LU J= 1 
-I H > 

«8 

x: 

<0 

o 
o 

> « 

3      ® 

W    W 

I >-    UJ    lU 
•-   2   S u 
CO    •     • 
ID 

c 
3 
m 

w 
o 
c 
m 

ID 

< 

& 
m 
UI 
m •+* 
.E E 

= w 
3 > 

U.  (0 

> 
3 

c 
(3 
E 

(0 

il 
61 



a. 
O 

0 
5 o 

■* 
M 

0) 

(0 
0 
(A 
0 

(0 

E 
I-     3 

>    £ 
O   1= 

s §■ 
^   Hi 

< 

o 

V 
■a 
V 

< 
O 
m 

< ^ 

^   m 

IJ   m 
LL.   IS 
< m 







0) 

C 
(0 a 
X 
o 

3.0 

>o 
Q 
N 
N 
O 

o 

A 
0 0 

—1 

'—A 

A 
H 

• • 
0 

• • 
0 

• « 

0 

V A 
Q 
^ 

Q 
^ 

■^•^ -^— ~^— 

<   <   < 

o   r- 

^   ?~ 

2 < 
a o 

r- 
MD 11 

0    < 

>_ 

1- OA 
j o-\ 

hiH 

tS:^ 
- 

RH 

^ 

*. 

%M      ,                             ;                             ; 

o o 
10 

o 
o 

o 
o 

o 
o 

o 
o 

& 

d 
so 
d d 

CM 

d 

KfcM 

KM 

KH 

l-CH 

KH 

1-01 

00 
d 

to 
d d 

"1/"1 

C^ 

^ 

o 

< 

^ 
0 

3 3 cd d W) 
•1—1 

d 0 
• 1—( 

0 
Q S 

0 
0 ^ 

+-> cd 

ni
ng

 d 
0 

0 iH 
•1—1 0 
•1—1 ^ 

d 0 
•1-H 

IS 
^ ^ 

o o 

o o 

o o 
CO 

o o 
CM 

o o 

i 

CM 

d 

o 
d s 

^  o 
^   o 
Q     d 
w) 2  ^ o '4:2 •-^ 

d 

cd 

(D 

OJJUi 



o o 

c 
.S2 Q) 
"D *^ 
■- (0 

2(0 

(A 

m 
SI. 

y 

o 

m 

m 
m 
m 

m 

u 

o 
13 
k. 

m 
B 
3 
O 
> 

© 
3 
O 
© 
o 
E 
© 

c 
m 

© 
k. 
o 
E 
m 
© 

tn 

o 

© 

CQ 
y 

u o 
© «^ 
o © 

© © 

O  © 
Q. 3 

Sis ■E © 

£» 
« re 

s« 
(A (^ 

ws 
c y 
Of 

o'l k.  D) 
y c 

o © 
® .£ 

*^ JS! © 

^ y 4-> 
© © (A 

© £   w E £ © 

y 

> 

m 

M 

© 

m 
m 
© 

tn 
o 

y 

© 
■y 

© 

c E 
o © 

■i ii 
m P 

© 
y 
© 

m 

O 
»*- o 

o 

y 

© 

y 
w 

>»Q.    -^ 

m E   -s 

' Q 

© 
y 

E 
o 
t: 
© 
Q. 
O) 
C 

© 
© 
Q 

y 

© 
■y 

© 

N 

X 

M 
'iT 
k. 
3 

k. 
© 

E 
© 

© 
y 
m 

3 
W 

2 >» 

k. c 
© © 

So 
m I 
o !2 
li^ 
■Q y 
■> J 
m o 
3 E 
y *- 
© c 
oil 
E © 

SI. 

y 2 

5  © 

lA.   > 
I-  C 
o o u. y 

OS 

O 
© 

o 
;E 
c 
o 

■■■■I 

M 
3 
E 
55 
y 
© 

^ o 
•i- 

© 
^ 
+* 

© 
N 
k. 
© 

*i» 

© 
E m 
k. c^- (^ 

>» a 
•** 

© 
o 

y © 
$: (A 
© 3 

1 (f> 
o6 

X m 
I    I 



a if 

Z (/) 

t 

■ 
V) 

0 

(A 

CO 

m 
O 
m 

■*^ c 
o 

g 

E 
55 

'   '   '   'i 

Q.  o  ^ 
OOP 
10 <o   3^ 

11 II   o 
o     5 O 

Q.   h-   ^ 
1—I—I—I—I—I—I—r 

03 m 
D 

rr: !l= 
Q 

X _i m _i 
k O 

it i 
1 

f 

c5 

o 

CO 

CD 
O 

O 

-I—I—I—I—I—I—I—I—I—I—I—I—I I I I I i_I I I I I   I   »<■   I   I   I   I   I   I   I   "^ 

q lo 
ai CO CO 

O 1X5 

CO CD id 

09S '9S|nduj| ojipads 



(A 
c 
o 

-a: 
(0 
t 

I 

O 
m 

*•» 
c 
o 

o 

E 

m 

JS 
15 

i       Q- o "5 

i 7 ■" «° i 
<   ^   Q.   H   ° 

O 

O 

CO 

o 
ID 
O 
CO 

o 
o o 
CO 

in 
a> 
csi 

t o 
■r— 

o 
Oi 
c^ 

o 

CO 

CM 

o 

C3 

CO 
d 

d CO 

CO 
d 

d 

o 
o 
CO 
csi 

d 

UJ/M>I '>^n|-| iBaH 



a. 
3 
O 
o 
(A 

O 

(A 

0 

O 
3 

> 

3 

5 
0 

o z 

*=^   1 .     re 
w.     CD 

< o 

m < 
ft  w 

<   UJ 



■a 
c 
(0 

(/> 

o 

z 
I o 
c 

^ 
0 ^ 
3 

^ (A 
£ (0 w 
3 Q 3 
(A E k. 

0) >i 
£ +* 

E 1 
>s 2 

5 
3 

O 

o 0) w 
m (0 T3 

o 
Z 

> 
■+J o O 
^ o 3 
m ^P" D- z 
6 

o 'E 
c c o 
(^ •s o 
c o 1- 

00 ■13 c 
00 (^ o 
o 

0 

■ ■■■ 

IS 
c E n 
5 mmmm 

0^ m o k. 

■D 3 O m 
(A t\ ** 

W C9 M c 
% E E| 

(A ^2 *^ 3 « 
3 
lu 

3 

E CO 2 
0 E 

K 
—T 1—  T        1            1            1 

-^    \ 
(N \ 
41 \ 

-   c 
\                                                           ^ 

, \                                            CD 

'NT \                                      "H 
\                                 Z - \                               ^     " 

\                  od 
« \                oo 

5 
i E 
.-9 .2 
'm "5 
O X 

\ 

* 
■\" 

1 r           1            1           1           1           1 \ 

o o o 
d 

o o o 
d 

o o 
§     I c 

3 

CO o o o 
d 

o o o 

o o o 

< 
c o 

Q 

o 

<x> 

o ■ 

X> ■* « 

(N) IsnJMi 

o 

O  ^Q 

«   1^ 

E 
m 

m 
c 

o 

4= .2 

E I E  2 
m  o 





<f> 

-1 1 ! 1 1 1 1 1 1 1 i 1 1 1 1- -|—I—!—I—r—I—1—I—1—r- 

0^ 
O 
OS 

in 
oo 

GO 

0 
o   ^ ^ 

§ O 

o  M > 
Q      Q O 

^ M 
.1-1 <D 

uoipagaQ paztiBuuoj^ 

d 
o 

GO 

a B 

>^ p 
0 

'i—i 

T3 

d o 
■f-4 

o 
l-l 

CO 

d o 

o ^ 

gn d 

s a 
'd   ^ s a 
o   S? 

2 g lid   o "d "^ 

el 
o 

^ 2 
C/3   •=! 

d o 

o 
oo 

P^   4> 

(D 

IT) 

O 

m 

in 

o 

o 
in 

o 
m 

O 

in o 

d 
o 
o 
d 

f2 W) &. 
eu 

u 
l-l T^ M +J d 3 

2 
::3 
o 

PM ^ &f> 
■a <-l-l ^ 

^ 
bO 

• 1—( 41i 
-:4 o >> 
Ki <u +j 

m a 
O 
n1 

O 

1 

CO 

d 

1> 

d 
CO 

a" 
CO 

O 

O 

l-l 


