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ELECTROOPTIC DEFLECTOR DESIGN CONSIDERATIONS FOR USE 
IN THE CRYSTAL STREAK CAMERA* 

S . W. THOMAS 
Lawrence L iver Bote L a b o r a t o r y , U n i v e r s i t y o f C a l i f o r n i a 

L i v e r m o r e , C a l i f o r n i a 94550 

F i g u r e - o f - m e r i t e q u a t i o n s Tor m a t e r i a l s e l e c t i o n and d e t a i l e d d e s i g n 
e q u a t i o n s have been d e v e l o p e d t o a i d i n t h e d e s i g n o f a l i n e a r e l e c t r o o p t i c 
d e f l e c t o r e l e m e n t for use i n a 1 0 - p s s t r e a k camera. The f i g u r e o f m e r i t i n ­
d i c a t e s t h a t B a T i 0 3 , KTN, and ammonium o x a l a t e (AMO) arc s u i t a b l e m a t e ­
r i a l s . P o s s i b l e d e f l e c t o r d e s i g n s , i n c l u d i n g t h a t . o f a c u r r e n t AMO p r o t o ­
t y p e deve lopment program, are d i s c u s s e d . Q u a d r a t i c ( K e r r - e f f c c t ) o p e r a t i o n 
and m a t e r i a l s are d i s c u s s e d a l o n g w i t h the p o s s i b i l i t y for 1 0 . 6 - u m -
w a v e l e n g t h u s e . 

I n t r o d u c t i o n 

Good d i a g n o s t i c s a t e v i t a l t o t h e 
s u c c e s s o f l a s e r - f u s i o n r e s e a r c h . One o f 
t h e most important d i a g n o s t i c t o o l s i s t h e 
u l t r a f a s t s t r e a k camera* A 1 0 - p s s t r e a k 
camera was d e r i g n e d a t Lawrence Livermore 
L a b o r a t o r y (LLL) i n 1 9 7 1 . U T h i s and 
l a t e r v e r s i o n s a r e now i n use a t LLL. 
A v a i l a b l e p h o t o c a t n o d e s p e r m i t subnano­
s e c o n d d i a g n o s t i c s o f photon w a v e l e n g t h s 
from x r a y s t o the i n f r a r e d l i m i t of the 
S - l c a t h o d e . Though x - t a y and v i s i b l e 
(S -20 ) p h o t o c a t h o d e s appear t o be w e l l 
u n d e r s t o o d and can b e r e l i a b l y produced 
w i t h s t a b l e r e s p o n s e s , t h e 5 - 1 c a t h o d e has 
f o r many y e a r s had u n s t a b l e r e s p o n s e near 
t h e l o n g - w a v e l e n g t h c u t o f f , 2 ) w h i c h , 
u n f o r t u n a t e l y , i s c u r r e n t l y a r e g i o n o f 
much i n t e r e s t ( p a r t i c u l a r l y 1 . 0 6 um). 
At t h i s w r i t i n g t h e problem o f S - l c a t h o d e 
s t a b i l i t y remains u n s o l v e d , though i n t e r ­
e s t i n i t i s g r o w i n g . F u r t h e r m o r e , t h e r e 
i s no photocafchode for u s e a t w a v e l e n g t h s 
l o n g e r than t h o s e c o v e r e d by t h e S - l 
( l o n g e r than 2 t o 3 um), f o r example a t 
1 0 . 6 um f o r the C 0 2 l a s e r . For t h e s e 
r e a s o n s , and t o d e s i g n a p r o b a b l y l e s s 
e x p e n s i v e s t r e a k camera, we have i n v e s t i ­
g a t e d d i r e c t d e f l e c t i o n o f a photon beam 
by u s e o f an e l e c t r o o p t i c (EO) d e f l e c ­
t o r . 3 ^ ) Such d e f l e c t o r s were c h o s e n 
o v e r o t h e r methods ( such a s a c o u s t i c and 
m a g n e t i c ) f o r t h e r e a s o n s c i t e d i n 
Ref . 5 . In 1 9 7 6 , we r e p o r t e d on a p r o t o ­
t y p e s t r e a k camera t h a t was c o n s t r u c t e d 
u s i n g a c o m m e r c i a l l y a v a i l a b l e ADp d e f l e c ­
t o r . ' ) R e s u l t s were c l o s e t o t h o s e p r e ­
d i c t e d . Temporal r e s o l u t i o n was 1 . 2 5 ns 

per s p o t for 18 s p o t s a t 532-nm w a v e ­
l e n g t h . S i n c e then we have more com­
p l e t e l y a n a l y z e d the p r i n c i p l e s i n v o l v e d 
and, u s i n g ammonium o x a l a t e , a r e b u i l d i n g 
a p r o t o t y p e d e f l e c t o r d e s i g n e d t o have 
over 1 0 0 - s p o t s p a t i a l and 5 - p s tempora l 
r e s o l u t i o n a t w a v e l e n g t h s o f 1 . 0 6 um. 

E l e c t r o o p t i c - D e f l e c t o r d e s i g n 

The e q u a t i J i s d e s c r i b i n g sn e l e c t r o ­
o p t i c c r y s t a l d e f l e c t o r are g i v e n i n 
R e f s . 5 and 6 . C o n s i d e r an i t e r a t e d p r i s m 
d e f l e c t o r , shown i n F i g . 1 , where n+ and 
n - r e f e r t o the i n c r e a s e and d e c r e a s e , 
r e s p e c t i v e l y , in the r e f r a c t i v e i n d e x , 
r e s u l t i n g from a p p l i c a t i o n o f a t r a n s v e r s e 
e l e c t r i c f i e l d . The a n g u l a r d e f l e c t i o n 
8 = 6 Q - 6^ (Output minus i n p u t beam 
d i r e c t i o n ) i s g i v e n by 5 , 6 ) 

I 3 ~ — n„ 0) 0 r E (1) 

where nn is the refractive index with 
zero electric field, r is the EO coeffi­
cient, E z is the electric field in the 
z direction, and B, and w are the length 
and aperture of the deflector. Spatial 
resolution R, the total number of resolv­
able spots, is defined here as R • 6/a, 
where a is the angular resolution, under 
the Rayleigh criterion, a is given by a -
1.22 V'J}, where X is the wavelength and OJ 
i s the deflector usable aperture (Fig. 1) . 
Combining the above equations with Eq. (1) 
given 

R . v ! L • (2. 
R 1 .22Xz 

"Hock performed under the auspices of the U.S. Department of Energy by the Lawrence 
^Livermore Laboratory under contract number W-7405-Eng-4B. 
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Piq . l . Six-crystal iterated-prism def lector. 

Here E 2 i s replaced by v /z , where z, re­
lated to u) by some constant (say z - Jew), 
i s the actual crystal thickness in the z 
direction and V i s the applied deflection 
voltage. Thus, we see by Eq. (2) that 
spatial resolution is proportional to R,/u). 

Temporal Resolution 
The temporal resolution T i s 

defined as ct/9, with units o f seconds 
per spot, where « i s the angular rate of 
chanqe. A deflector havina a square cross 
sect ion, paral le l -plate electrode has ca­
pacitance C equal to e 0 e r £ , where e 0 

and e r are, respectively, the d ie l ec ­
t r i c constant of free space and the rela­
t ive d i e l ec t r i c constant of the crystal 
material. Tf V, the time rate of chanqe 
of the driving or sweep voltage V, i s con­
stant , then the driving current i s given by 
I « CV; hence, V = i / e 0 e r l . Dif­
ferentiating Eq. (1) and combining the 
resul t with the above and the def init ion 
of T qives 

1.22Xee_ 
Or 

3 T V 1 
(3) 

So from Eq. (3) we see that temporal reso­
lution is proportional to 2 and thus to for 
9 square-cross-section def lector. 

Vignetting 
Deflecting the beam wil l cause v i ­

gnetting at the output aperture of a 
sgurre-cross-section deflector. This 
problem i s best solved by placing a pre-
focus lens before the deflector to reduce 
the size of the beam at the ex i t aper­
ture. This allows the best temporal reso­
lution to be realized and can also make 
the deflector aperture ID appear larger to 
an input beam, an advantage because prac­
t i c a l considerations require the aperture 
to be « a l l . 

Figure 2 (which i s not drawn to 
scale) shows that pos i t ive lens I causes 

the bean to narrow as i t passes through 
the deflector. The undetected path with­
in the deflector is shown by the dashed 
extensions of the rays. The most that 
ray A can be deflected before the beast i s 
apertured is the distance d/2 , as indi­
cated in Fig. 2. Thus the maximum def lec­
tion for ray C is a lso d/2. Foe ease in 
analys i s , we assume that the entire de­
f lect ion occurs abruptly at the canter of 
the deflector, i t follows that tan 8 V2 » 
d/2 and tan $' • a /2*. Using the small-
angle approximation and Sne l l ' s law and 
solving for $, the entrance angle for 
ray A or B, we get 4> * B/4. The £ number 
of lens I i s eas i ly found: 

E, = 2 tan 4) 
1_ 
2* (4) 

Although the aperture u of the de­
flector will probably be quite small, the 
system aperture can be increased to D 
(Fig. 2) by selecting lens I to have focal 
distance 

_ , 2m 2D 
L + a- - 5- (5) 

where L i s defined in Fig. 2. The V 
ifcr*gth L i s then 2(D - w) /8 . The focal ;' 
length of lens II i s given by Fjj_ = w*/ 
1.22X, where 22, (the Rayleigh focal -
spot waist s ize) i s the spot s i ze desired 
on the detector. For example, for a 
charge-coupled device (CCD) array with « 
25-pm element s i z e , one would most l ike ly 
want the spot s i z e to be 75 m, covering 
three elements, so that the detector would 
not s ign i f i cant ly l imit the system reso­
lut ion. 

Number of Prisms 
The number of prisma; M, needed in 

the deflector can eas i l y be found by 
referring to Fig. 1: 

} 9. * f o t t a n ii»l + (W - 1) tan W2l . (6] 



Lent I EO deflector . Leni l l Detector 

Pig. 2. Schematic of deflector aystew. Leno 1 prevents vignetting of bean} lens II 
£ocutea beam onto detector. 

For N> 10, tan M « (N - 1) tan ty/2, and 
we find that 

_l N * 1 + io tan i!'/2 (7) 

Because, for this type of deflector, 
the deflection .occurs onlv when the beam 
passes an interface at an angle different 
from nornai, cuttina the crystal entrance 
and exit surface at an angle il'l from the 
normal, as shown in Piq. 1, provides two 
more interfaces and increases the deflec­
tion bv some factor related to N. This 
factor increases with '''1, but so does 
deflection nonlinearity with applied volt­
age. Calculations indicate that if 
i!>l * 0.5 sin - 1 3/no, there is little 
effect on linearitv (^2%). 

Design values of aperture size, de­
flector length, and deflection anqle can 
easily be found from the crystal proper­
ties and design-requirement parameters hy 
solving Eq. (3) for ?. and Eq. (2) for B.: 

n't IT 

n 0 C V 

• 2 i T 

Containing Eqs. (1) and (9) gives B • 
1.22XR/W. 

Resolution Figures of Merit 
The spatial resolution figure of 

merit MR can be found by rearranging 
Kq\ (2) such that a l l of the crystal mate­
r ia l properties are on one side and the 
c ircui t or external parameters are on the 
other: 

M 3 1.22\Rt 
** " n o r w~ • 

Similarly, from Eq. (3), the temporal 
resolution figure of merit «t i s found: 

nlc 1.22XZ e f t 

(10) 

(11) 

Design Example 

For lowest temporal resolution, 
Eq. (3) indicates that the crystal cross 
section should be minimized. Handling 
considerations l imit z to about 0.6 mm and 
more pract ica l ly to about 1 or 2 an. 
Equation (2) indicates that spat ia l reso­
lut ion i s maximized when t / z i s maxi­
mized. This figure can be made as large 
as desired and i s limited only by the fab­
rication effort of the builder. We have 
selected 60 as a reasonable upper l i m i t . 
The larger the apex angle ty, t h e fewer 
the number cf prisms required, but han­
dling problems grow with the two extremely 
sharp edges at the other two corners of 
the prisms. For th is reason, we have 
chosen ij) to be about 2 rad, making the 
maximum N about 40 prisms. Using these 
guidel ines for crystal s i z e , and assuming 
4000 V at 120 A for def lect ion drive , for 
a design-goal resolution of 200 spots at 
1.06-um wavelength and 10 ps per spot , 
we can calculate from Bqs. (10) and ( U ) 
the figure-of-merit minimum* required foe 
se lec t ion of a material . The resul ts are 
M^i,, - 1.08 x 10" 9 and HT f̂n - 9-5 
x 1 0 ~ 1 2 . 

Table 1 iTStn a f«w popular 
e lectroopt ic materials and their pert inent 



Summary of sow 
Walues for t , 

possible Material)* for linear deflector use. 
C , and n_ axe from Refa. 6-12.) 

R e l a t i v e F i g u r e o f m e r i t 
EO d i e l e c t r i c MR, MT, 

c o e f f i c i e n t ( r ) , c o n s t a n t r 1 0 - V 1 0 - 1 2 m / V 
M a t e r i a l «r 1 2n/v E r o r V H no >1.0B > 9 . 5 Comment 

AOP 2 4 . 5 5 6 , 15 1 . 5 0 . 0 8 3 1 .5 
KDP 1 0 . 3 4 4 , 21 1 . 5 0 . 0 3 5 0 . 7 9 
KD«P 2 6 . 4 5 8 , 50 1 . 5 0 . 0 8 9 1 . 5 
L i K b 0 3 3 O . 8 U 3 3 ! 8U, 30 2 . 2 0 . 3 2 8 4 . 1 
L l T a 0 3 3 0 . 3 ( r 3 3 ) 4 2 . 8 2 . 1 4 0 . 2 9 7 6 . 9 
B » T 1 0 3 8 4 0 { r 4 2 ) 1 9 7 0 , 11 2 . 4 1 1 . 6 5 . 9 Very d i f f i c u l t 
c o n s t . t o iMke s t a b l e 1 
s t r a i n g o o d - q u a l i t y 
( c l i p p e d ) p i e c e s 

*H0 3 2 7 ( r 5 2 l 17 1 . 5 1 . 1 65 
KTN 1 4 0 0 0 < r , 2 > V e i ; h i g h , 

- 5 5 0 0 
2 . 3 170 31 Cantiot now be 

r e l i a b l y made. 
U I 0 3 ? 2 0 , 11 2 7 7 Very l i t t l e 

known 

properties. Only BaTi03 , ammonium 
oxalate (AMO), and KTN appear to be 
usable. Materials 1 aTi0 3 and KTN are 
very d i f f i c u l t to Manufacture in stable 
form and with good optical quality at the 
present time. However a 1-mm-aperture 
BaTiOj deflector (u « 1 am, z * 
1.2 MM) that i s 6.6 MM long and uses s ix 
prisms (or at least five) wi l l produce 
200 spots and have 19.4-ps temporal 
resolution. Using KTN, a 2-mm aperture, 
2-mm-long deflector would produce 
527 spots and have a 6-ps temporal 
tevolution. 

I t appears that AMO can be eas i ly 
grown with good optical quality by 
evaporating a water s o l u t i o n . 8 ' 
Currently, we are sponsoring a prototype 
project that aims to grow enough to 
produce a def lector. The aperture w i l l be 
2 mm for ease of fabrication, and the 
length w i l l be o0 mm. The deflector w i l l 
use about a 2-rad ¥ and 20 prisms. For 
a 6000-V drive, 153-spot spatial and 
2.9-ps temporal resolutions are expected. 
The transit time through th i s deflector 
w i l l be 300 ps, so a s t r ip - l ine or 
possibly a traveling-wave def lect ion 
electrode str icture w i l l have to be used 
to prevent distort ion resulting from 
transit-t ime dispersion within the 
def lector . 

Quadratic Operation and Longer Wavelengths 

Some crys ta l s displaying no l inear 
e lectroopt ic e f fec t and some, such as KTN, 
that change from linear to quadratic when 

operated above the Curie temperature can 
be used for deflectors by taking advantage 
of the quadratic electrooptic e f f e c t . Re­
tardation V, the angular phase d i f f e r ­
ence created by an e l e c t r i c f i e l d , ia 
given by 

itn„r E S. 

for the' l inear case^J and by 

(12) 

(13) 

for the quadratic case. Here ( g ^ - g ^ ) 
i s a common quadratic e lectrooptic c o e f f i ­
c i e n t . To find an e f fec t ive figure of merit 
for the quadratic case, we can assume 
T L - TQ and solve for n^r. This g ives 

m . f f ' V e f f ' £ 0 ( E r " l l 2 n 0 

x eg - g >E , (14) 

and the temporal figure of merit i s 

MT eff '0 V V l l (15) 

The units for the above are usually 
mks. For polar liquids that have a qua­
dratic or Kerr effect, the Kerr constants 
are used, and these are generally given in 



e lec tros ta t i c units (esu). The phase re­
tardation in this case i s given b y 1 5 J 

r Q • 2irU(E§, where K i s the Kerr constant. 
Again solving th is equation and Eq. (12) 
foe an ef fect ive figure of merit and using 
Mks units <K in esu divided by 9 x 10 6 

gives K in mks units) gives MR f̂f • 2XsKX and 
Mt>ff - 2XEzK/er. 

Calculations indicate that a simple 
decay!ng-exponential voltage waveform used 
as a sweep wi l l make the deflection of a 
quadratic material linear to within about 
20% over a reasonably large part of the 
def lect ion . A deflector using l iquids 
could be bui l t with a container having a 
quadripole electrode configuration l ike 
the one used on the Coherent Associates 
Model 12 def lector .* 

Unfortunately* common quadratic e l e c -
trooptic materials produce rather low f i g ­
ures of merit for our design goals for a 
def lector . As an example, for BaTiOj, 
*9ll ~ 912* " 0.13 at 632.8 nm***, pro­
ducing an MRcff of 2.18 x 10" 9 and an 
MTefj of 1.108 x 1 0 ~ 1 2 , both of which 
are lower than for the linear case-at 1.06 urn. 
For the polar liquid nitrobenzene, X i s 
326 x 1 0 - 9 esu at 589 nm, 1 5> 
yielding an MR f̂f of 0.017 x 10" 9 and an 
M T e f f o t ° * 4 7 4 x 1 ° ~ 1 2 . The required 
figures of merit are even larger at 
greater wavelengths, making these mater­
i a l s not very useful at 10.6 urn, for 
example. 

Similarly other materials (quadratic 
and linear) that transmit at 10.6 urn, 
such as CdTe, 2nTe, inAs, and Te, appear 
to have figures of merit too low to be 
useful , at l eas t for our requirements 
{though accurate and re l iable BO c o e f f i ­
c ients have been d i f f i c u l t to find in the 
l i t e r a t u r e ) . As an example, GaAs at 
10.6 um 1 6) y ie lds MR - 59.6 x 1 0 - 1 2 

and MT » 5.18 x 1 0 ~ 1 2 , adequate for 
only about an 11-spot deflector with a 
temporal resolution of about 180 ps. Hope­
fu l ly , some new materials w i l l be found 
from which to make a deflector that i s 
more practical at longer wavelengths. 

*Coherent Associates Model 12 E-0 Beam 
Deflector; Coherent Associates , 42 Shelter 
Rock Road, Danbury, Conn. 06810. Refer­
ence to a company or product name does not 
imply approval or recommendation of the 
product by the University of California or 
the U.S. Department of Energy to the ex­
clusion of others that may be su i table . 
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