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h LASER DRIES GaXTIlIG LINAC . 

Robert 8.  Palmer 

Srookhaven National La'ooratory, Upton, NY, USA. 

ABSTRACT 

The f i e l d s  induced over a  g ra t ing  exposed t o  plane p a r a l l e l  l i g h t  
a r e  explored. It is  shown t h t  a c c e l e r a t i o n  is possible  If e i t h e r  
t h e  p a r t i c l e s  t r a v e l  skew .to t h e  g ra t ing  l i n e s ,  o r  ff t h e  rad ia r ion  
is f a l l i n g  a t  a  skew angle  o n t o ' t h e  g ra t ing .  A general  theory of 
d i f f r a c t i o n  in t h i s  skew case  Is given. In  one p a r t i c u l a r  c a s e  
numerical so lu t ions  a r e  mrked  out  f o r  sume deep g r a t i n g .  It is 
found that acce le ra t ing  f i e l d s  l a r g e r  even than the  i n i t i a l  f i e l d s  
can be obtained,  t h e  l i m i t ,  being s e t  by r e s i s t i v e  l o s s e s  on the  
gra t ing  surface.  Simple c a l c u l a t i o n s  a r e  made to see  what  acce le r -  
a t i n g  f i e l d s  might be obtained u s i t ~ g  C02 l a s e r s .  Accdera t ions  of 
2 o r  20 GeV per meter s e a  poss ib le  depending on whether t h e  g ra t ing  
is  allowed t o  be destroyed o r  no t .  Power requirements, i n j e c t i o n  
and focussing a r e  b r i e f l y  discussed and no obvious d i f f i c u l t i e s  a r e  
seen. It is concluded, there fore ,  t h a t  t h e  proposed mechanism should 
be considered a s  a  good candidate  f o r  t h e  next generat ion of p a r t i c l e  
acce le ra tors .  

1. ACCELE-UTION THEORY 

The use of a  l a s e r  to  a c c e l e r a t e  p a r t i c l e s  was f i r s t  proposed by K. shimodaL1 i n  1962. 

Re noted t h a t  high values of acce le ra t ion  per n e t e r  could be obtained i f  v e l o c i t y  matching 

and mode s e l e c t i o n  were achieved. These requirements a r e ,  however, not easy to  ob ta in .  

Fields  i n  f r e e  space. f a r  from a l l  sources,  c o n s i s t  of a  sum of a l l  poss ib le  t r a v e l -  

ing electromagnetic mves .  Provided t h e  p a r t i c l e s  to  be accelerated a r e  t rave l ing  l e s s  

than t h e  ve loc i ty  of l i g h t ,  acce le ra t ion2]  can occur. Once t h e  v e l o c i t y  approaches t h a t  of 

, l i g h t  only waves t rave l ing  in t h e  same d i r e c t i o n  a s  t h e  p a r t i c l e s  remain i n  phase with the  

p a r t i c l e s .  Unfortunately, s ince  f r e e  r a d i a t i o n  i s  t ransverse ly  polar ized,  no continuous 

acce le ra t ion  is  possible .  Despite claims3],  no juggling with holograms, phase p l a t a s  a t  

i o c i i  can change t h i s .  I n  t h e  presence of a  magnetic f i e l d ,  t h e  p a r t i c l e ' s  d i r e c t i o n  can 

be perturbed i n  such a  m y  a s  to al low continuous acce le ra t ion4]  but t h i s  too decreases a s  

t h e  p a r t i c l e '  s  momentum increases and s ign i f  i c a n t  per turbat  ions become i m p r a c ~ i c a l  . 1n5] 

o r  near6]  a  d i e l e c t r i c ,  t h e  inverse Czrenbv  e f f e c t  w i l l  acce le ra te ,  but t h e  f i e l d  t h a t  can 

be used is l imited s ince  t h e  d i e l e c t r i c  cannot be allowed to break down. A t  high f i e l d s  

any d i e l e c t r i c  becomes a plasma and t h e  s i t u a t i o n  becomes very complicated. Acceleration 

v i t h l n  such a  plasma is c e r t a i n l y  poss ib le7]  but t h e  magnitude of such a c c e l e r a t i o n  remains . 

to  be determined. 

Acceleration M s , a l s o  been proposed i n  a  vacuum c l o s e  to  a periodic  s t r u c t u r e .  In  

p a r t i c u l a r ,  t & ~  paperr have at tanpted81 t o  employ t h e  inverse ? u r c e l l  e f f e c t 9 ]  by illumin- 

a t i n g  a  g ra t ing  with plane p a r a l l e l  l i g h t  and passing t h e  p a r t i c l e s  over t h e  sur face  of t h e  

g,rating a.t r i g h t  angles  to  t h e  l i n e s  (Fig. l a ) .  itn,fortunately, i t  'has been shown by 

Lawsoni1 ;hit these geometries a l s o  f a i l  2 0  a c c e l e r a t e  re1ativis; ' ic p a r t i c l e s . .  In  Lawson's 

paper considerat ion is a l s o  given to t h e  f i s l d  between t ? .  p a r a l l e l  plane s t ruccures .  It is 

shown i n  t h i s  case  f i n i t e  acce le ra t ion  of  r e l a ' t i v i s t i c  p a r t i c l e s  i s  possible .  Such a  

a t r y  seems to be Lits le  more p r a c t i c a l  than a  scaled down conventional Linac. I t  does, 



however, show that t h e r e  is  no fundamental r eason  why a  s o l u t i o n  cannot  be found. Indeed 

i f  we simply r o t a t e  :he a r a t b g  by an a n g l e  3) w i th  r e s p e c t  t o  t h e  beam ( s e e  F ig ,  l b )  , t hen  

a c c e l e r a t i o n  is indeed poss ib l e .  I n  t h i s  c a s e  s u r f a c e  waves may be induced whose v e l o c i t y  

c / K  w i l l  be lower than  t h e  v e l o c i t y  of l i g h t ,  but  t h e s e  waves can remain in phase w i t h  a  

h igh ly  r e l a t i v i s t i c  p a r t i c l e  because of  t h e  a n g l e  6 between t h e  wave and p a r t i c l e  d i r e c -  

t ions .  

;\n a l t e r n a t i v e  t o  a  skev  g r a t i n g  i s  t o  anploy a  skew i n i t i a l  wave ( F i g . . 2 c ) .  I n  t h i s  

c a s e  a lchough t h e  g r a t i n g  l i n e s  a r e  pe rpend icu la r  t o  t h e  p a r t i c l e  beam, n e v e r t h e l e s s  t h e  

induced s u r f a c e  waves can s t i l l  be a t  a n  a n g l e  t o  t h e  beam and a c c e l e r a t i o n  can  a g a i n  be 

obtained. 

I n  o r d e r  t o  cons ide r  d i f f r a c t i o n  in t h i s  skew c o n d i t i o n ,  it w i l l  be convenient  t o  

i n t r o d u c e  t h e  fo l lowing  modif i ed  v e c t o r  n o t a t i o n .  Three-dimensional  v e c t o r s  (&, -3, +) 

w i l l  be desc r ibed  by t h e  two-dimensional v e c t o r  (A,,%) t o g e t h e r  v i t h  t h e  Z component A,. 
'L 

The two-dimensional v e c t o r s  w l l l  be shown A, t h e  corresponding z  component would then  be 

shown a s  A,. We w i l l  be consider ' ing t h e  f i e l d s  above a  g r a t i n g  placed nominal ly  a t  z  0. 

. b y  such f i e l d s  can be parameter ized by: 

where 

1, 
The n  is t h e  o r d e r  of t h e  d i f f r a c t &  waves. An is  a  set of tm d i s e n s i o n a l  complex v e c t o r s  

1, (4, $) d e s c r i b i n g  t h e  ampl i tudes  of t h e  modes po la r i zed  i n  t h e  two d i r e c t i o n s .  G is a  

v e c t o r  po in t ing  a long t h e  sur.face perpendicular  t o  t h e  g r a t i n g  l i n e s ,  and vhose ampl i tude  

is a s  g iven.  '?n is a  v e c t o r  a long t h e  s u r f a c e  pe rpend icu la r  t o  t h e  wave f r o n t s  of t h e  

node. i s  t h i s  v e c t o r  f o r  . the  incoming wave. 
% 

Wthen lgnl < ko, then p  is  real and che mode is a f r e e  propagaclng w v e  e i t h e r  ap- 

proaching (pn nega t ive )  o r  l eav ing  (pn p o s i t i v e )  t h e  s u r f a c e .  Only t h e  initial wave wi th  

n = 0 is incoming wi th  pn nega t ive .  A l l  o t h e r s  have pn p o s i t i v e  and a r e  t h e  v a r i o u s  d i f -  

f r a c t e d  modes. To d i s t i n g u i s h  between t h e  ampl i tude of t h e  ' s i n g l e  incoming ( p  nega t ive )  

and outgoing (po p o s i t i v e )  wave, t h e  f o r n e r  w i l l  be g iven  wi thout  s u b s c r i p t  (2)  and t h e  
'L 

l a t t e r  v i t h  s u b s c r i p t  2 . The s u m  in equa t ion  ( I )  cove r s  both t h e  incoming A and t h e  s e t  

of ou tao ing  waves An (n  5 -pr ro += ) . When jznn/ . ko, then p  is p o s i t i v e  and c o m p l ~ x  and 

t h e  mode is a  s u r f a c e  o r  +vanescent w v e  that f a l l s  'of f  expon:ntially from !he s u r f a c e .  

The s u r f a c e  v e l o c i t y  of t h e s e  waves bave magnitude c  k /? and d i r e c t i o n  2 . I f  t h e  ? a r t i -  . o n  
c l e  + a s  a d i r e c t i o n  and v e l o c i t y  :'c, then t h e  c o n d i t i o n  t h a t  t h e  p a r t i c l e s  remain i n  phase 

wi th  a  ? a r t i c u l a r  mode n  i s  



The c a s e  i l l u s t r a t e d  in Fig .  l c  is when 3 11 2,  i . e ;  when t h e  p a r t i c l e s  a r e  t r a v e l i n g  

p e r p e n d i c k a r  t o  t h e ' g r a t i n g  l i n e s .  t o r  8 3 1 t h i s  impl i e s  that t h e  p r o j e c t i o n  of t h e  ?n 
v e c t o r  on to  t h e  v e c t o r  'G have t h e  l e n g t h  ko. Th i s  condftio:n i s  shown in F ig .  2 f o r  n  = + l .  

rrle nay now n o t e  t h a t  t h e r e  is a n  i n f i n i t e  set of i n i t i a l  waves 2' whose f i r s t  mode wFll  

s a t i s f y  t h e  c o n d i t i o n  ( 2 ) .  It can then  be shown t h a t  t h e  a n g l e  : between such initial r a y s  

and t h e  beam a x i s  is g iven  by 

n2 . '2 3 cost 1 -- . 
ko 

The s e t  of a l l  such r a y s  form a  ha l f  cone about  t h e  beam a x i s  analogous  w i t h  a  Cerenkov . 

cone ( s e e  Fig. 3 ) .  This  f a c t  t u r n s  o u t  t o  be ve ry  'advantageous s i n c e  t h e  sum of  a l l  such 

waves w i l l  form a  line image on t h e  grating such t h a t  t h e  d i r e c t i o n  of t h e  l i n e  p o i n t s  

along. t h e  p a r t i c l e  d i r e c t i o n .  The narrowness of such a  l i n e  image (%A) w i l l  t hen  a s s u r e  

t h e  maximum l o c a l  f i e l d  f o r  a  g iven  e l ec t romagne t i c  energy,  and t h u s  r e p r e s e n t s  an  e f f  i- 

c i e n t  l a s e r  accelerates . 

I t  should be noted t h a t  t h e  one initial ray  t h a t  is pe rpend icu la r  t o  t h e  g r a t i n g  Lines  

(xO i n  Fig.  3 )  cannot ,  by Lawson's argument,  induce a c c e l e r a t i o n .  I n  p r a c t i c e  r a y s  near  t o  
. . 

t h i s  c a s e  would probably be omi t t ed .  

It rwaiiis now t o  de te rmine  t h e  a c t u a l  nagn i tude  of t h e  a c c e l e r a t i o n  f o r  g iven  i n c i -  

d e n t  e l ec t romagne t i c  energy. Th i s  I w i l l  do f o r  a  p a r t i c u l a r  c a s e .  

There a r e  two fundamental ly  d i f f e r e n t  approacnes  t o  o b t a i n i n g  numerical  Eigen solu-  

t i o n s  t o  t h e  f i e l d s  above a  s u r f a c e  boundary cond i t ion .  The f i r s t  and more common is t o  

d e f i n e  t h e  boundary and then  a d j u s t  t h e  ampl i tudes  of a i l  p o s s i b l e  modes u n t i l  ' the boundary 

c o n d i t i o n  is s a t i s f i e d .  A n  a l t e r n a t i v e  that I w i l l  f o l l o w  h e r e  is t o  p i c k  a  s u i t a b l e  com- 

b i n a t i o n  of modes and then f i n d  t h e  boundary c o n d i t i o n  (1 .e .  g r a t i n g  shape) t h a t  is con- 

s i s t e n t  w i th  t h e  r e s u l t i n g  f i e l d s .  Th i s  approach is p a r t i c u l a r l y  easy i f  i n c i d e n t  *naves 

a r e  chosen such that a l l  r e s u l t i n g  modes form s t and ing  waves. The f i e l d  l i n e s  f o r  t h e s e  

waves can then  be drawn and any s u r f a c e  t h a t  is pe rpend icu la r  t o  t h e s e  l i n e s  is an  accep t -  

a b l e  shape f o r  t h e  g r a t i n g .  

t o r  s i m p l i c i t y ,  I w i l l  r e s t r i c t  myself t o  s p e c i a l  c a s e s  wi th  t h e  fo l lowing  c h a r a c t e r :  

t h e  incoming r a y s  w i l l  be chosen t o  be pe rpend icu la r  t o  t h e  beam a x i s .  I n  a d d i t i o n .  t h e  

beam a x i s  w i l l  be chosen t o  l i e  pe rpend icu la r  t o  t h e  g r a t i n g  lines. Such a  c a s e  is i l l u s -  

t r a t e d  in Figs .  4 and 5 .  The o n l y  v a r i a b l e s  in d e s c r i b i n g  t h e  incoming .nave a r e  its a n g l e  

Q t o  t h e  normal and its s t a t e  of  p o l a r i z a t i o n ,  which w i l l  be taken t o  be  i n  t h e  beam d i r e c -  

t i o n  ( x ) .  1.e .  

?! . ' & = o  . 2 . ' Z P O  

I f  we f u r t h e r  r e q u i r e  t b a t  t h e  g r a t i n g  shape by symmetric wi th  r e s p e c t  t o  a r e v e r s a l  s f  t h e  

beam d i r e c t i o n  :hen 
, "r 

% - ( L O )  

and t h e  number of f r e e  p a r m e t e r s  i s  reduced by two. I f  ve c o n s i d e r  3 = 1 and r e q u i r e  



acce le ra t ion  f o r  n  = 1 ,  then t h e  condit ion for  acceleracfon (ea-n. 2) reduces co: 

n [ ? / 3  = ko 

o r  S = X3n (kc) 

but 8 = 1, n = 1, so S - X where S i s  t h e  g ra t ing  spacing. FFnally, I v i l l  consider f i e l d s  

induced by t7m equal and simultaneous incoming waves, A and A ' ,  whose angles  to  t h e  nonnal 

3 and 9 '  a r e  equal and opposi te .  Two s e t s  of induced waves w i l l  then be present  denoted 
'% 

by zn and A: with t h e  condit ion t h a t :  

", 1, 
A = A; (6d) 

Condition 4c assures  t h a t  a l l  modes o ther  tSan n = 0 a t e  sur face  waves. Znergy conserva- 

t i o n  thus requ i res  t h a t  t h e  amplitudes of t h e  outgoing r e f l e c t e d  waves (n = 0) be equal and 

opposi te  to  the  incoming waves: 

With a l l  these condit ions (&a-e) , the  r e s u l r h g  f i e l d s  a r e  assured to be standing waves and 

t h e  only var iab les  a r e  t h e  s e t  of s c a l a r  amplitudes An f o r  n  = 1 t o  =. 

The f i e l d s  a r e  now.given by: 

where 

Wote ql = K. 

B and a a r e  now r e a l  numbers. .411 waves vary in t h e  same way with both time and y posi- 

t ion .  Clearly maximum acce le ra t ion  is obtained a t  y  = 0 and a t  values of y spaced a t  i n t e r -  

v a l s  of 27/K. The f i r s t  term i n s i d e  t h e  c u r l y  bracket is  t h t  due t o  t h e  incoming and out-  

going waves. i t  is only in t h e  x d i r e c t i o n ,  v a r i e s  s inuso ida l ly  with d i s t a n c e  above t h e  

gra t inq ,  and is constant  along t h e  d i r e c t i o n  of acce le ra t ion .  The second term Fn t h e  brack- 

e t s  includes a l l  t h e  sur face  waves t h a t  f a l l  o f f  exponentially with height above the  g r a t -  

ing and vary per iod ica l ly  with pos i t ion  in  x .  The average a c c e l e r a t i o n  of a  p a r t i c l e  t rav-  

e l ing  i n  the x d i r e c t i o n  a t  a  height (h) above t h e  sur face  depends only on t h e  mode n = 1 

and is  

I t  is convenient to  express t h i s  mean acce le rac ins  f i e l d  a s  a f r a c t i o n  (:) of t h e  f i e l d  

(812) chat vould be present in  t h e  absence of :he gracing.  Thus 



A l l  f i e l d s  va ry  in t h e  same ? a y  wi th  y.  Thus, if a  l i n e  is found t h a t  is  perpendicu- 

l a r  t o  t h e  f i e l d s  a t  one  y ,  t h e  same l i n e  w i l l  be  pe rpend icu la r  a t  a l l  o t h e r  v a l u e s  of y.  

I n  o t h e r  words, we w i l l  have found a  s u r f a c e  wi th  a  c r o s s  s e c t i o n  independent of y,  i . e .  a  

g r a t i n g .  It remains then t o  cons ide r  some i n d i v i d u a l  c a s e s ,  examine t h e  p a t t e r n  of x . z  

f r e l d s  a t  y  = 0 and f i n d  l i n e s  pe rpend icu la r  t o  t h e s e  f i e l d s ,  thws d e f i n i n g  Eigen s o l u t i o n s  

to  t h e  problem. 

;le a r e  sea rch ing  f o r  a  s o l u t i o n  in which t h e  r a t i o  of t h e  a c c e l e r a t i n g  mode t o  t h e  

incoming mode is  a s  l a r g e  a s  p o s s i b l e .  I t  is r e l e v a n t ,  t h e r e f o r e ,  t o  a s k  why t h i s  

r a t i o  cannoe be  i n f i n i t e .  I n  o t h e r  words, a s k  whether t h e r e  is a n  Eigen s o l u t i o n  wi th  s u r -  

f a c e  modes, i nc lud ing  a n  a c c e l e r a t i n g  mode, and no f r e e  propagat ing waves a t  a l l .  I n  such 

a  a o l u t l o n  t h e  g r a t i n g  is be'having l f k e  a  c a v i t y  con ta in ing  a c c e l e r a t i n g  F i e l d s  which would, 

i f  t h e r e  were no l o s s e s ,  remain f n d e f i n i t e l y  wi thout  t h e  a p p l i c a t i o n  of  any e x t e r n a l  E ie ld .  

F i r s t  we can  examine t h e  a c c e l e r a t i n g  mode ( n  1 )  a lone .  T h i s  is  shown in Zig. 5b. .Any 

s u r f a c e  pe rpend icu la r  t o  t h e s e  f i e l d  l i n e s  c o n t a i n  c u t s  t h a t  extend to  i n f i n i t e  dep th ;  

c l e a r l y  no t  a  p r a c t i c a l  s o l u t i o n .  I f ,  however, we add t h e  mode ( n  = 3 )  wi th  o p p o s i t e  phase,  

tnen a t  once  a  s o l u t i o n  becomes poss ib l e .  Consider f o r  i n s t a n c e  i( = 0.2 ko, B 3  a -0.025 al.  
The Eie ld  p a t t e r n  ob ta ined  i s  shown in Fig. 6c where a  s u r i a c e  pe rpend icu la r  t o  a l l  l i n e s  

is  ind ica t ed .  Th i s  then  is a  s o l u t i o n  which, i f  e x c i t e d ,  m u l d  a c c e l e r a t e  and would remain 

without r a d i a t i n g  a m y '  i ts  energy. ifowever, s i n c e  it is not  coupled t o  t h e  incoming wave, 

i t  would i n  f a c t  not  be = c i t e d  in t h e  f i r s t  p l ace .  What is r e q u i r e d  is a  s o l u t i o n  s i m i l a r  

t o  t h e  above but w i th  a  3-11 admixture  of  t h e  incoming mode. For i n s t a n c e  K = 0.2 ko, S j  

= -0.025 B1, B = -0.5 B1, which g i v e s  t h e  f i e l d  p a t t e r n  of  Fig.  4d. It may be noted that 

t h e  uncoupled g r a t i n g ,  Fig.  6c, had p e r i o d i c i t y  wi th  ha l f  t h e  wave l e n g t h ,  and it can  be 

shown that such a  p e r i o d i c i t y  cannot  coup le  t o  t h e  incoming ;raves. Th i s  new s o l u t i o n  is 

s i m i l a r  but ;has a  smal l  component of  one wave l e n g t h  p e r i o d i c i t y .  It is t h i s  component 

t h a t  p rov ides  t h e  coup l ing .  

The a c c e l e r a t i o n  a t  t h e  s u r f a c e  of  t h i s  g r a t i n g  is g iven  by E = 5.0 and is  t h u s  con- 

s i d e r a b l y  l a r g e r  than t h e  peak E ie ld  p resen t  v i t h o u t  t h e  g r a t i n g !  Th i s  r e s u l t  is n o t . s u r -  

p r i s i n g  when compared t o  a  conven t iona l  a c c e l e r a t i n g  RF c a v i t y .  I f  t h e  "Q" of t h e  c a v i t y  is  

higher ,  t hen  t h e  a c c e l e r a t i n g  f i e l d s  f o r  g iven  RF power a r e  a l s o  h ighe r .  The r e a l i z a b l e  

a c c e l e r a t i n g  f i e l d  is s e t  when t h e  l o s s e s  in t h e  c a v i t y  approach t h e  RF power a p p l i e d .  

I n  t h e  g r a t i n g  c a s e  t h e  l o s s e s  a t  t h e  s u r f a c e  can be c a l c u l a t e d  i f  t hey  a r e  due pu re ly  

t o  r e s i s t i v e  e f f e c t s .  They a r e  then  g iven  approximately  by 

and c = 5.0, ve  o b t a i n  t h e  f r a c t i o n a l  l o s s  f  100%. Tbus t h e  va lue  of 1 = 5 r e p r e s e n t s  

t h e  h ighes t  va lue  poss ib l a .  It m u l d  be nor2 r e a l i s t i c  co l L - i t  t h e  f r a c t i o n a l  i o s s  to  

approx ina te ly  7 5 %  and thus  E t o  2 . 5 .  This  v a l u e  v i l l  be used f o r  t h e  fo l lowing exanp les  



2 .  ?RXCTICAL CONSIDERATIONS 

2 .1  , Grat inq s u r v i v a l  . . 

Two q u i t e  d i f f e z e n t  l i m i t s  must be considered here .  F i r s t l y :  up t o  what power l s v e l  

w i l l  t h e  g r a t i n g  su rv ive  such that it can be used f o r  subsequent pu l ses .  Secondly: up t o  

w h a t  power l e v e l  w i l l  t h e  g r a t i n g  s u r v i v e  in t h e  sense  t h a t  a c c e l e r a t i o n  w i l l  s t i l l  occur  

above i t s  su r face .  Ttre second l i m i t  is q u i t e  a p p r o p r i a t e  f o r  a g r a t i n g  (whereas q u i t e  in- 

a p p r o p r i a t e  f o r  a conven t iona l  LINAC) s i n c e  o n l y  a narrow band ( ~ 2 5 ~  wide) would b e  de- 

s t royed  and t h e  g r a t i n g  could  be d i s p l a c e d  between p u l s e s  and e v e n t u a l l y  r e p l a c e d .  A l t e r -  

n a t i v e l y ,  i t  is p o s s i b l e  t h a t  one could  u s e  r i p p l e s  on a l i q u i d  s e t a l  s u r f a c e  such a s  

s e r c u r y  o r  potassium. 

The l i m i t s  c l e a r l y  depend, and t h o  p u l s e  d u r a t i o n  a s  w e l l ,  on t h e  in s t an taneous  power 

l e v e l  and frequency. I f  a C02 M E R  were employed, t hen  t h e  s h o r t e s t  p u l s e  o b t a i n a b l e  

would be about 30 psec and f o r  such a p u l s e  t h e  f i r s t  "few pulse"  l i m i t  is about  10  11 

2 
watts per cm . This  f i g u r e  is ex t r apo la t ed  from exper iments  wi th  copper g r a t i n g s  a t  b s  

.llanos. The second "one pulse"  l i m i t  is f a r  harder  t o  e s t i m a t e  but  could  be a s  h igh  a s  
2 loL3 watts/cm . Experiment is r e q u i r e d  t o  d e t e r n i n e  t h i s ,  bu t  I w i l l  u s e  t h e s e  numbers 

l o r  t h e  subsequent d i s c u s s i o n .  

The r e l a t i o n  between l o c a l  power d e n s i t y  in space  and t h e  l o c a l  f i e l d  is  g iven  by t h e  

Ooynting Vector:  

E = 27.5 /P (9 )  
2 

where E is  t h e  maximum l o c a l  f i e l d  in vo l t s / cm and P is t h e  power d e n s i t y  in watts pe r  cm . 
The v a l u e  of t h e  a c c e l e r a t i n g  f i e l d  can ,  a s  we have seen,  be h igher  than t h i s  by a f a c t o r  

c depending on t h e  l o s s e s  i n  t h e  g r a t i n g .  Th i s  f a c t o r  I w i l l  t a k e  t o  be 2.5.  The a c c e l -  

e r a t i o n s  ob ta ined  a r e  then 2 GeVIm and 20 CeV/m, f o r  t h e  "few pulse"  and "one pulse"  l i m i t s  

r e s p e c t i v e l y  ( s e e  Tab le  I )  . We may compare t h e s e  f i g u r e s  wi th  t h o s e  ob ta ined  a t  S W C  (10 

XeV/m) o r  with t h e  h ighes t  ob ta ined  in t e s t  c a v i t i e s  (about L O O  YeV/m). I t  appea r s  that 

t h e  g r a t i n g  has  t h e  p o t e n t e l  f o r  f a r  h igher  a c c e l e r a t i o n s  than is  p o s s i b l e  wi th  conven- 

t i o n a l  LINACS. I n  a l e n g t h  of 1 'an e n e r g i e s  of 2 o r  20 TeV would be ob ta ined .  

2.2 Power requirements  

I w F l l  now a d d r e s s  t h e  q u e s t i o n  of t h e  power requirements  of t h e  d r i v i n g  LASER. A s  

M S  been shown above, t h e  c o n d i t i o n s  f o r  a c c e l e r a t i o n  can be met a t  a line image from a 

c y l i n d r i c a l  l e n s  system ( s e e  Fig .  4 ) .  The a p e r t u r e  vould c o n s i s t  of two bands, one e i t h e r  

s i d e  of  t h e  v e r t i c a l  s i n c e . b y  Lawson'3 argument t h e  v e r t i c a l  l i g h t  cannot  c o n t r i b u t e .  The 

width  of t h e  image w i l l  be g iven  approximataly  by X/2@ where @ is t h e  ha l f  a n g l e  between 

t h e  two s t r i p s .  Thus f o r  s o l u t i o n s  s i m i l a r  t o  t h a t  shown in Fig.  4d, t h e  width,  w, of t h e  

l i n e  image w i l l  be of  t h e  o r d e r  of  25u. For t h e  two c a s e s  ve  have been cons ide r ing  t h e  

t o t a l  power f o r  a l e n g t h  of  1 kin would then be 2.5 1013 and 2.5 1015 wa t t s .  r e s p e c t i v e l y .  

The e n e r g i e s  in a 30 picosecond pu l se  would be 750 and 75,000 j o u l e s ,  r e s p e c t i v e l y .  The 

f i r s t  s p e c i f i c a t i o n  is  r e a l l y  q u i t e  modest by today ' s  l a r g e  CO, T S E R  s t a n d a r d s l 2 ]  and t h e  - 
second could probably be b u i l t  f o r  a r easonab le  c o s t  i f  nany s e p a r a t e  beams v e r e  passed 

through t h e  a m p l i f i e r s ,  each delayed wi th  r e s p e c t  t o  t h e  f o n e r  (mu1 t i p l e u e d  o p e r a t  ion) . 

2 .3  I n j e c t i o n  



One of t h e  o b j e c t i o n s  r a i s e d  t o  such Laser  d r i v e n  a c c e l e r a t o r s  was c k i t  t h e  phase 

space  accepted was so mall that a  n e g l i g i b l e  number of p a r t i c l e s  could  be a c c e l e r a t e d .  

This  appea r s  no t ,  in f a c t ,  t o  be t h e  c a s e  when t h e  phase space  d e n s i t y  of t h e  proposed SLAC 

s i n g l e  pass  c o l l i d e r 1 3 '  is cons ide red .  The beams in t h a t  proposal  would c o n t a i n  loL1] par- 

t i c l e s  in a  L O  picosecond bunch t h a t  would be focussed t o  about  2u d iame te r  f o r  a  l e n g t h  of  

1 cm. The accep tance  of t h e  LASER a c c e l e r a t o r  proposed h e r e  would be approximately  25u 

wide and 6u high. I f  s u i t a b l y  matched, t h e  proposed SWC beam m u l d  be a  s u i t a b l e  i n j e c t o r .  

2.4 S t a b i l i t y  and Eocussinq 

It is found tbat v e r t i c a l  and h o r i z o n t a l  s t a b i l i t y  a r e  ob ta ined  i f  t h e  bunches a r e  

s l i g h t l y  behind t h e  phase  of maximum a c c e l e r a t i o n .  Vhat is needed is a  b r i z o n t a l  f ixed  

magnetic f i e l d  t o  c o u n t e r a c t  t h e  RF e l e c t r o s t a t i c  and magnetic f o r c e s  'ending t o  push t h e  

p a r t i c l e s  away from t h e  su r face .  .Us0 requ i red  i s  t h e  u s e  of some i n i t i a l  r a d i a t i o n  wi th  

p o l a r i z a t i o n  pe rpend icu la r  t o  t h e  p a r t i c l e  d i r e c t i o n  a p p l i e d  wi th  a p p r o p r i a t e  phase.  An 

example has been worked out14' that a t  20 GeV/c provided a  v e r t i c a l  b e t a t r o n  r a v e  l e n g t h  of  

1 6  cm and a  h o r i z o n t a l  wave l e n g t h  of 8 0  cm. These v a l u e s  a r e  e n t i r e l y  compa t ib l e  wi th  t h e  

m i t t a n c e  of t h e  StXC beam d i scussed  above. 

Longi tudinal  s t a b i l i t y  is  n o t  ob ta ined  i n  t h i s  example but is found no t  t o  be needed 

s i n c e  t h e  synchrotron wave Length is s e v e r a l  k i l l o m e t e r s .  A s j e c i a l  buncher would, however, 

be r equ i red  a t  t h e  f r o n t  end t h a t  would employ magnetic f i e l d s  to  lower t h e  synchrotron 

irave l e n g ~ h .  

I conclude t h a t  acceleration in f i e l d s  gene ra t ed  ove r  a  g r a t i n g  s u r f a c e  is p o s s i b l e  

and t h a t  ve ry  high g r a d i e n t s  may be f e a s i b l e .  Yore d e t a i l e d  s tudy  inc lud ing  exper imenta l  

t e s t s  should be c a r r i e d  o u t ,  but  u n l e s s  such work r e v e a l s  a  major f low t h e  proposed scheme 

s'hould be taken a s  a  s e r i o u s  c a n d i d a t e  f o r  t h e  next g e n e r a t i o n  of a c c e l e r a t o r s .  

I w u l d  l i k e  t o  thank 3a ro ld  Xab, John Lawson, a i l 1  W f l l i s  and Jim ~ l l i o t '  f o r  t h e i r  

important  he lp  and d i s c u s s i o n  of  t h e s e  ideas .  Th i s  work was suppor ted by t h e  US Department 

of Energy under c o n t r a c t  Xo . DE-AC02-7 6CH00016. 

Table  1 

Parameters  of cwo s p e c u l a t i v e  a c c e l e r a t o r s :  a )  in which t h e  g r a t -  
ing  is no t  des t royed ,  and b) i n  which a  d i s p o s a b l e  g r a t i n g  Is used.  

Example S 2 V J &/a t  &? 

[~a t t s l c rn '  - Kn Watts j o u l e s  - GeV/m - TeV - 
a  1 011 1 . 2.5 loL3 750 2 2  

b) 1 oL3 1 2.5 loL5 75,000 2  0  20 
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1.' Geometries of Grating Accelerators:, a) A s  proposed by Takeda and Matsui; 
b) with skew gra t ing  t o  allow acce l e ra t ion  of r e l a t i v i s t i c  p a r t i c l e s  ; 
c) with skew i n i t i a l  wave as alternative to  b ) .  



PARTICLES 

INITIAL WAVE 
K 

I DIST = k, FOR ACCELERATION I 

2. Graphical representation of diffracted waves (K ) induced by a skew initial , . n wave K. 



' A X I C O ~ J  FOCUS 

3.  General geometry of i n i t i a l  waves inducing acceleration oE part ic les  over 
a grating. 



GRATING LINES 

4 .  Special case of the geometry shown in Figure 3 where 8 = 90'. 
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5. Graphical representation of first d i f f r a c e e d  waves (K ) induced by 
i n i t i a l .  waves in the geoilietry oE Figure 4. 
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6. The z l e c t r i c  f i z l d  p a t t e r n s  produced by d i f f e r e n t  combinations of modes, 
toge ther  v i t h  t h e  shape of the  g r a t i n g  s u r f a c e s  chat  v i l l  support these 
combinations: a )  Case with i n i t i a l  wave (n = O) and che a c c e l e r a t i n g  
modes (n = 21) only; b) F ie ld  l i n e s  f o r  the  a c c e l e r a t i n g  (n = 21) modes 
a lone ,  There is no g r a t i n g  sur face  t h a t  w i l l  support  t h i s  mode a lone ;  
c )  Czse wicn a c c e l e r a t i n g  node ( 2  2 = I )  and a  s n a l l  add i t ion  of the  
t h i r d  mode (n = = 3 ) ;  t h i s  s o l u t i o n  does not  couple to  any i n i t i a l  vave; 
d) Case with a  small i n i t i a l  rave  (n = o ) ,  a  s:ro?g acce l s rac ing  aode 
(n = ? l )  and a  s s a l l  add i t ion  of t h e  t h i r d  code (n = f3), t h i s  s o l u t i o n  
couples  to  the  i n i c i a i  aave acd provides good a c c e l e r a t i o n .  




