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A new concept m accelerating electrons by a hagh power laser beam as discussed The acceleration takes place m the field 
patterns produced by the superposlhon of four waves an the focus of a lens The matching of the pamcle veloeaty as done by a 
barefrmgent crystal outside the focus 

I. Introduction 

Since several years there have been discussions on how to use the high electrical fields o f  laser beams for 
accelerat ing electrons The p rob lem is to find e lec t romagnet ic  field conf igurat ions  in which the electron is accel- 
erated Several approaches  to that  p rob lem were tried. There  exist two schools of  th inking on how to use the 
electric field o f  a laser beam for accelerat ion 

a) Use o f  e lec t romagnet ic  fields near  the b o u n d a r y  of  a dielectric mater ia l  The ideas were influenced by 
exper iments  done by Smith  and Purcell  in 19531) The authors  discovered that  electrons travell ing a long an 
opt ical  grat ing emit  rad ia t ion  The wavelength o f  this rad ia t ion  depends  on the energy o f  the electrons and 
the angle between electron t ra jec tory  and the light ray A general  theory  of  these effects was given by D1 
F ranc l a  2) DI F ranc l a  pointed out  that  waves exist with phase velocities less than c, which he called evanes- 
cent waves, near  the surface o f  an opt ical  gra t ing under  certain circumstances These waves exist only 
within a distance o f  one wavelength f rom the surface o f  the grat ing 
Several au thors  discussed how to use the inversion of  the Smi th-Purce l l  effect for accelerat ion particles a-5) 
Takeda  and Matsu l  a) s tar ted exper iments  but  failed in demons t ra t ing  this accelerat ion principle 6) The 
problems in the Matsul  and  T a k e d a  suggestion were the matching  of  phase and part icle velocity and the 
compl ica ted  field configurat ions  with bo th  evanescent  and travell ing waves 

b) The  second set of  suggestions is based on a paper  by McMl l l an  in 19507) McMl l l an  discussed the generat ion 
of  cosmic rays and s tudied the accelerat ion o f  part icles in the interstel lar  e lec t romagnet ic  fields The idea is 
very simple: an electron is injected perpendicular  to a travell ing wave Since the field of  the travell ing wave is 
of  T E M  type, the electric field accelerates the part icles and  the magnet ic  field bends the par t ic le  towards  the 
p ropaga t ion  direct ion o f  the wave Thus  the par t ic le  is accelerated not  only by one half-wave o f  the electro- 
magnet ic  field but  is r iding on the wave gaining energy until  it is out  o f  phase When  the part icle  is out  o f  
phase,  decelerat ion begins Several  papers  discuss these proposa ls  8-14) Chiao  and F e l d m a n  i 5) discussed 
this accelerat ion mechanism for high power  lasers and  calculated that  under  certain c i rcumstances a net 
energy gain o f  the electron is possible when the electron passes th rough  the laser focus But it seems that  
these calculat ions are too  opt imist ic  for  real laser beams Beside these two main  schools there exists a paper  
by Sh lmoda  p ropos ing  the use o f  a cavi ty similar  to an rf  cavi ty ~7) Both schools of  th inking come to 
results which are a lmost  imprac t icab le  

In this paper  a new concept  is discussed which seems to be more  realistic than prewous  proposals .  The 
suggestion IS based on the use o f  s tanding waves instead of  t ravelhng waves superposed  in the focus o f  a lens 
In s tanding waves the electric and the magnet ic  fields are separa ted  by a quar ter  wavelength Match ing  
between waves and part ic le  velocity is done far away from the interact ion po in t  by a blrefr lngent  crystal ,  
so that  p roblems  with d imensions  in the order  of  one wavelength o f  p roposa l  (a) do not  exist anymore  

The accelerat ing o f  electrons by opt ical  fields is interest ing for the fol lowing reasons convent iona l  l inear  
accelerarators  accelerate part icles by using TM-fields  in the microwave frequency range The TM-fields  are 
generated in metalhc wave guides sur rounding  the beam The max imum field strength is l imited by electrical 
b reakdowns  in the vacuum chamber  Convent iona l  hnacs work  between 7 and 15 MV/m In a laser focus, 2 GV/cm 
is achieved, but It seems to be difficult to accelerate part icles in thls field. The main interest  in th~s article is in the 
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search for field conf iguratmns and not  in calculat ing max imum currents  and related topics Th~s a m c l e  describes 
the pr incipal  direct ion in which to proceed and not  the u l t imate  so lu tmn of  this p rob lem 

2. Field configuration in the focus of  a laser beam 

The idea to use the field m the focus o f  a lens was first concewcd by Bolvln and W o l f  16) The authors  discussed 
the field configurat ions  m a focus under  several c o n d m o n s  and poin ted  out  tha t  some o f  these conf igura tmns must  
be able to accelerate charged part icles  Theoret ica l  research on fields in the focus o f  a laser beam were done by 
several au thors  18-20), but  the basic idea  o f  Boivin and W o l f  o f  part icle accelerat ion was not  discussed anymore  

Independent ly  f rom each other,  Csonka  2 l) and the au thor  22) p roposed  to use mul t ibeam interference pat terns  
for paruc le  accelerat ion In  thls pape r  bo th  ideas are combined  and it is shown that  this p roposa l  leads to a 
prac t icable  techmcal  solutmn o f  the p rob lem 

The d iameter  o f  a focus Is gwen by 

D = 2 f  tgqS, (1) 

where q~ is the beam davergence This fo rmula  holds when the beam dmmeter  is much more  smal ler  than the lens 
&amete r  and errors o f  the lens can be neglected Wi th  the beam diameter  small compared  to the d iameter  of  
the lens, this condi t ion  is always fulfilled In the words  of  geometr ical  optics in the focus rays with ldenUcal 
inc imat lon are superposed on one po in t  Assuming  two hnear ly  polar ized beams [one coming  from the r ight -hand 
side and the other  f rom the lef t -hand side (fig. 1)] m the focus, s tanding waves are p roduced  with electric and 
magnet ic  fields given by 

E = Eo cos~ot s inK~,  (2) 

H = Ho smogt c o s K z ,  

with Kz = 2n~/2, E and H electric and  magnet ic  field Thus electric and  magnet ic  fields are separa ted  by a quar te r  
wavelength ~Assummg tha t  the dmmeter  o f  a focus is less than  ha l f  a wavelength 0.e both  the emit tance and  the 
focal length o f  the lens are small), p amc le s  injected m the local  m a x i m u m  of  the electric field can be accelerated 
When  the decelerat ing half-wave comes the part icle  is beyond  the region o f  the focus But nature  does not  
behave that  way Usual ly  the focus is extended over  several wavelengths.  The  par t ic le  is accelerated by one half- 
wave, deacelerated by the next half-wave and so on. A net accelerat ion is not  achieved 
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3. Accelerating field configurations in the focus of a laser beam 

The simplest way to overcome the problem of  deaceleratlng half-waves is to produce local maxima and 
minima along the particle trajectory The local minima must be at points where the decelerating half-wave can 
decelerate the particle Such a field configuration can be produced, e g ,  by spht tmg the laser beam in to two 
parallel beams and superposmg both beams m the focus (fig 2) The diameter o f  the focus is not  influenced by the 
superposlhon Inside the focus the two beams superpose in the following manner  (fig 2b) In the interaction 
region of  the two beams local maxima and minima are produced The distance between two maxima is given by 

;~' = ; , / cos  ~, (3)  

The angle ~ is defined in fig 2b 
Instead of  two beams, several beams may be superposed Superposlng beams with 

2' 2' 2' 
, , , - ( 4 )  

2 3 n 

leads to a sharpemng of  the local maximum and an extension of  a region with low electric field strength The 
intensity distribution along the y-axis is 

Sln 2 21rny/2 
= , ( s )  

sm 2 2 7~y/2 

where n ~s the number  o f  partial waves It is easy to imagine without calculations that such a superposltlOn must 
lead to an accelerating structure 

In the following considerations the accelerating condit ion will be derived Assuming a field configuration 

Ey = Eo sm(e)t+q~) cos(2~y/2'),  (6) 

with q~ the phase describing the point of  time the partmle is rejected into the field, the field seen by the partmle 
as given by 

w~th Vp the particle velocity 
The energy change of  a particle along the y-axas as p r o p o m o n a l  to 

12 = Epartlcle e -rz/'z dy (8) 
- - o o  

The term e x p ( - y 2 / a  2) describes the extension of  the focus In this formula the assumption is made that the field 
dlstrlbutmn in the focus has a Gaussmn shape Thas assumption is vahd when both the beam dlmensmns are small 
compared with the lens dimensions and the laser cross section has a Gausslan shape tr can be derived from eq. (1) 
Integrating along the particle trajectory eq (7), eq. (8) yields 

{ [ c;] [ c;] / Iz ½ x/Ttr s i n ( -  qS) exp --0"27172 1 
= _ + ~ v  ° 

~vp + exp - a 2 rc 2 , (9) 

c is the velocity of  hght 
When only one wave of  fig 2 interacts with the particle, the integration along the particle trajectory is given 

by 

11 = a \/:z sm(-qS)  exp -7[  .2 (10) -5 
Up 

Compar ing  eqs (9) and (10) one finds that in the case o f  a two-beam focus [eq (9)] the particle can accumulate 
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F ~ g  3 Superposmon of four beams m the focus 

energy similar to a resonance effect At  resonance 

Vp = c 2 ' / 2 ,  

the total increase of  energy is about  

12 ~ ½W/a:O " sln(--q~) 

(11) 

(12) 

In these calculations the change of  velocity wxth energy was neglected This case will be discussed later 
Eq (6) does not exactly describe the field components  of  fig 2 The electric field component  of  the beam m the 

z-direction has been ignored and the magnetic fields o f  both beams were totally neglected To find fields obeying 
eq (6) exactly four  waves have to interact (fig 3) The electric fields produced by the four waves are 

Etota I = Ey exp{l( tot-k=)} + Ey exp{l(tot+k~)} + (Ey+/Tz) e x p { i ( t o t - k :  s m ~ - k y  cos ~9)} + 

+ (/Ty-/~=) exp{l( tot+k~ sin $ - k y  cos $)} (13) 

Ey describes the electric field of  beams A1 and A2,/~y and/~= the field component  of  the beams B~ and B 2 ( f ig  3) 

The coordinates are defined m fig 3 The electric field strength m the y-dxrectlon is, after some simple calcula- 

tions, 

Eytot~l = 2Ey sin tot cos k= + 2/2y cos(k= sin ~) [ s i n ( t o t -  ky sm ~9)] (14) 

Fo r  
Ey cosk :  = Ey cos(k:  s ln~) = Ey,  (15) 

eq (14) yields 

Eytot. l = 4Ey cos(½ky cos $) sin(tot - ½ky cos ~9) (16) 

Now the same conclusmns arrived at for eqs (7)-(9) can be repeated Resonance acceleration takes pmce when 

½ky cos~t = tot - ½ky c o s ~ ,  (17) 

o r  

c 2 c2' (18) 
Up - -  - -  - -  

2 cos ~, ;. 

Eq (18) IS identical with the previously derived eq (11) Similar calculations can be done with the z-components  
o f  the electric field o f  eq (13), yielding 

E:tot.j = 2 /~  sln(k~ sin ~t) c o s ( t o t - k y  cos ~) (19) 

The y- and the z-components  are separated locally by a quarter  wavelength. At  resonance the z-component  of  
the electric fields vamshes along the acceleration channel Similar to the E= fields the H-fields can be calculated 

The H-fields are 

H:,,ot~ , = H ~ [ e x p { l ( t o t - k = ) }  - exp{l(tot+k=)}] + / ~ [ - e x p { ~ ( t o t - k :  s ln~ - k~, cos ~b)} - 

- exp {1(tot + k~ sin 4J - ky cos ~)}] (20) 
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Using the same arguments given In eqs (13) and (19) and eq (2), it can be demonstrated that the magnetic field 
vamshes along the acceleration channels Thus eq (16) describes the total field, and resonance acceleration is 
possible Unfortunately the acceleration condition (18) can not be used for real particles 2'  cannot  become less 
than 2, meaning that particles with velocities less than c cannot  be accepted In the following section a modifica- 
tion o f  this system is described allowing the acceleration of  particles with velocities less than c 

4 .  A c c e l e r a t i o n  o f  p a r t i c l e s  w i t h  v e l o c i t i e s  l e s s  t h a n  c 

For particles with velocities less than c, 2 '  must become smaller than 2 or cos ~ must become greater than 1 
In the calculation o f  eq (l 1) the assumption was made that the lines of  equal phases are perpendicular to the 
direction of  propagat ion in both overlapping beams Assuming that the lines of  equal phases have an angle ~b to 
the normal  of  the direction o f  propogat lon (fig 4), 2 '  becomes 

2 cos 
2' = (21) 

cos(  - ) 

Before discussing how to produce such fields technically it should be demonstrated that the fields fulfill the 
acceleration condition of  a resonance channel accelerator described m the previous section 

As mentioned above rays with equal inclination to the optical axis are superposed m the focus Fields with 2'  
less than 2 can be generated by delaying each ray o f  one beam lndlvldually one of  the two superposed beams 
must pass an element with an angle-dependent index of  refraction. N o w  the superpositlon o f  the Ez-fields can be 
written by modifying eq (19) 

Ez,ot,V = - 2/~  sin (k~ snn ogt) cos (cot + ~oA t -  k r cos ~) ,  (22) 

where A t denotes the time delay o f  the individual ray As seen m eq. (22) the term describing the local dependence 
vanishes along the particle trajectory in the same way it has done before The same argument  leads to an extrac- 
tion of  the magnetic field when the particle trajectory is parallel to the y-axis 

As mentioned above, matching of  the particle velocity can be done by an element wlth an angle-dependent 
index of  refraction, for instance a blrefrlngent crystal one o f  the laser beams enters the crystal as the e-beam This 
is possible since the laser beam must be linearly polarized for the acceleration The energy of  the electron being 
accepted for acceleration by the channel depends both on the angle ~p (fig 3) and the index of  refraction o f  the 
blrefrmgent modula tor  For  a spheric lens (focal length 2 5 cm) and a beam divergence o f  10 mrad the accepted 
particle energy as function o f  the length o f  the modula tor  is calculated in fig. 5 The modula tor  medium is calcite 
The index of  refraction varies within the 10 mrad from 1 590719 to 1 591639 As seen from fig 5 the accepted 
energy is less than 100 keV with the modula tor  10 cm long 10 cm seems to be something of  a technical limitation. 
Since 100 keV electrostatic preaccelerators are no technical problem It seems to be possibly to study channel 
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Fig  7 E n e r g y  ga in  vs p h a s e  p o s m o n  o f  a n  r e j ec t ed  e l e c t r o n  a t  

& f f e r e n t  ene rg ie s  C h a n n e l  p a r a m e t e r s  a r e  e q u a l  to  t h o s e  m fig 6 

acceleration experimentally in the laboratory.  Injecting 100 keV electrons into the channel the electrons gain 
energy and change their veloctty, thus leading to a mismatch between the channel acceptance and the particle 
velocity Fig 6 shows the maximum energy gain o f  a particle travelhng through a 100 kV (a = 2/~m, 2 = 1 06/~m) 
channel versus the energy of  the injected electron The channel accepts between 85 and 120 keV The maximum 
transferred energy does not  exceed 77 keV In fig 7 the energy gain of  the particle versus the phase position o f  the 
incoming particle is plotted The channel parameters are the same as in fig 6 At 85 keV the accepted electrons 
are very small in phase, which explams the asymmetry of  fig 6 At 110 keV there is a broad phase acceptance The 
wide range of  phase in which the output  energy is independent with the phase of  the incoming electron is well 
known at linear accelerators In linear accelerators this is known as the longitudmal focussing effect 

This simple example should demonstrate  that the particle trajectory is stable under certain circumstances in the 
longitudinal direction. Now there is only one problem left the stablhsatlon of  the particle trajectory m the trans- 
verse direction For  transverse stability fields must be produced which are able to focus the particle beam 

5. Transverse focussing field configurations 

For  the product ion o f  focussing fields two field components  can be used the E:  and/or  the H x components  
o f  the field [eqs (19) and (20)] Both fields generate a transverse force on the particle travelling outside the channel 
and both fields act in the same direction 

Generalizing the superpositlon of  four waves in the focus of  a laser beam similar to eq (13) but with all four 
waves having an lnchnatlon to the optical axts 

E_. exp{ l (mt -k~  s in~  - ky cos ~)} - e~ exp{l(COt+ k: sin ~ - k ~  cos ~)} + E:  exp{,(~ot-l% sin O , - k , ,  cos ~9,} - 

- E: exp{l(mt+k~ sin01 - ky c o s ~ l ) ) ,  (23) 

and 

E x exp{l (eo t -kz  s i n O - k y  c o s O ) } +  ey e x p { o t + k ~  s l n ~ 9 - k  x cosO} + E x exp{l (Cot-k  z s l n ~ l - / , y  s I n ~ 0 }  + 

+ E x exp {oJt + kz sin ~91 - ky cos ~a} (24) 

yields after simple calculations for the E: and Ey-fields 

E:tot.i -- 2E~ sln(k~ s in~)  c o s ( ~ o t - k  x cos~9) - 2Ez sin(k: s m O 0  cos(tot-ky cosOl ) ,  (25) 

and 

Ey ,ot.l = 2 E x cos (k~ sin ~) sin (ot - ky cos ~) + 2 Ey cos (k~ sin ~ ~) sin (o t  - k x cos ~91) (26) 

Fulfilhng the condmons  derived in the previous section, accelerating channels are produced along the y-&rec- 
tlon Left and right o f  this channel, the E:-field has &fferent stgns m the y-&rectlon [eq (25)] But now the 
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E ~ - c o m p o n e n t  can  p roduce  a channe l  t oo  F o r  a g iven z -pos i t ion  the  E ~ - c o m p o n e n t  v a n e s  wi th  

cos [oJt -- ½(ky cos ~ + ky cos ~bl) ] cos  [½( - ky cos ~b + ky cos ~bl)], (27) 

whi le  the  E~.-component  v a n e s  wi th  

sin [ogt -- ½ (k v cos  ~ q- ky cos ~tl) ] cos  [½ ( -- ky cos ~ -+- ky cos if/l)] (28) 

Both channe l s  h a v e  the  s a m e  r e sonance  c o n d m o n ,  bu t  ope ra t e  at d i f ferent  phases  w h e n  the channe l  is m the  
phase  o f  acce le ra t ing  no  focuss ing  effect exists and wce  versa  T h e  focuss ing  effect exists since the  fields left  and  
r ight  o f  the  channe l  have  oppos i t e  signs So the  system works  like a c o n v e n t i o n a l  q u a d r u p o l e  in c o n v e n t i o n a l  

acce le ra to rs  

6. Conclus ions  

In this pape r  the  possibi l i ty  o f  acce le ra t ing  e lec t rons  m the  focus  o f  a laser  b e a m  IS discussed Fie ld  pa t te rns  

ab le  to acce lera te  and  focus  e l ec t ron  b e a m s  are  ana lysed .  T h e  fields are  p r o d u c e d  with  the help  o f  a b l r e f rmgen t  
crystal  ou t s ide  the focus  This  seems to  be a m o r e  p rac t i cab le  sugges t ion  t h a n  ear l ier  ones  on laser  acce le ra tors  

But this is stdl the  first phase  m th ink ing  on laser  hnacs  B e a m  dynamics ,  m a x i m u m  cur ren ts  and  re la ted  topics  

must  be cons ide red  in next  
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