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ABSTRACT

The recently developed Nonlinear Amp}ificationt gf
Inverse Bremsstrahlung Electron Agce}eratlon Concep is
given adetailed qualitative description here.

INTRODUCTION

in a recent paperl, M.P. Pato and I have developeg
the NAIBEA concept of accelerating ?elativistic c:i:gerin
particle to Gev or Tev? energies u§i2%n2asers as prin
i lier of energy, and an a
i??ilfigﬁg as a modulator of the transverse moti??. aE?Zr
resulting machines were found more Fhanzafactor2 sm "
than conventional ones. Generalization of the %dea§181d
Ref.l) to the use of alternating_static magnetic Lo e
" and arbitrary state of polagizatlon of the lasegiwa me
by Hussein, Pato and Kerman®. In this communici on
supply the qualitative considerations of NAIBEA®.

GENERAL CONSIDERATION

The motivation for seeking alternatives tg c?nve?—c
tional acceleration concepts is clear. The ava}lab e elegc
tric field usually employed to accelerate particles ?s4
about 10 Mev/m, Thus to reach e.g. the CEBAF gneigy on
Gev) one needs a tube of abogt :F ggg)meters in leng

using superconductlvi .
(r8du§idighg?ear t%at 20 reach higher energies big%ertznd
bigger machines are required and one naturally . star
seeking alternatives to the conventlonalzconcep . an

A laser with a power of say P (W/cm® ) supplies

electric field intensity of

2 1/2
aser c

1f we take for P, say, 1016 w/em® , we obtain

= S = 0.2 Tev/m (2)
€Ejgger = 2,0x 107 Mev/m

If one were to utilize even as jittle as 1% of the elec-

orkshop, Fort

ting static elec-

tric field intensity of the laser, one would end up with
an accelerator which is 100 times smaller than the conven
tional ones. The problem one faces here in that direction
of the electric field, %o which the particle velocity must
couple, is perpendicular to the direction of propagation
of both the laser (the Poynting vector} and eventually
the particle,

To be able to accelerate “he particle along the laser
Poynting vector, one must have a very small component of
the particle velocity along the laser electric field and
be sure to have the particle motion transverse to the
laser Poynting vector well contained: oscillatory. The
applied alternating static electric or magnetic field 1is
the needed degree of freedor to guarantee a transverse
oscillatory motion of the particle which must be within
the transverse extention of the laser pulse,

The above consideraticons allow us to make some useful
estimates.

Let me call the wavelength of the laser i,. The wave
length seen in the particle rest frame is obtained from
Doppler shift argument to be

1 1/2
A=A0(1+Zo) / . BO-_-..E.Q (3)
~Po

where v, 1s the initlal velocity of the particle. The ve-
locity of the particle in the laboratory is yv,, v = /1- 82+

Thus the distance in the Lab. traveled by the particle
during a time lapse of } 1is
c

. by g
= - =
AZ = Vo 7\0—9——1__80 (4)

Therefore if A, is several microns, A4Z could be macroscopic
{several tens of cm's) if 8, is close enough to unity
{relativistic injected particles). The above observations
allow the laser accelerator to be macroscopic.

If, for simplicity, we take AZ to be n A, where n is
the number of cycles within the laser pulse (in fact, be-
cause of the acceleration, AZ > n i), and call the diameter
of the laser dg {(which is not Doppler shifted), then after
n X encounters with the laser, the particle will have trav-
ersed (through the action of the applied alternating
static field) the laser n times. The gain inenergy, e,
of the particle after traveling a distance of n x» is then
given by

be ¥ e Eygeep (ndo)

To be able to make sensible comparison with conven-
tional accelerators, it is useful to introduce? an effec-
tive laser electric field intensity Egrf, , such that



Ae = e Egppin i) (8)

We therefore obtain

d
eEerr = €Elager AO

or

eEerr = € Elaser (-—---%u (,n) (7)

If we take e.g. do = 1 mm, = 10°° mm , 8 = 0.9999,

then, for the laser of Eq.l1), we fing
eEsrp = 2 Gev/m

More realistic calculation, to be described bel ow,
gives a smaller value for e Eeff.

Thus, we can say that Eq.(7) supplies an upper limit
to the effective laser electric field intensity. MNulti-
plying this intensity by the tube length supplies us with
an upper limit to the gain in energy. It is anupper limit
since: a) the distance n i is much smaller than the actual
distance traveled by the particle during n encounters
with the laser, and b) the laser field intensity Ejaser
has its maximum value in the center of the laser beam. It
decays in the transversal plane, usually, as
exp[ - |x* + yzllq}] , where w is the spot size of the
presumed Gau551an beam®, We now turn to a general formula
tion of NAIBEAS3,

FORMAL DEVELOPMENT

To simplify the presentation, we consider the units
of mass in mc?, the vector potential A in me/e, the dis-
tance x in 1/k, where k is the wave number and time, t in
1/ ; being the frequency. We take the direction of wave
propagation and particle, acceleration to be along z. The
Hamiltonian of the system, particle + laser + applied field
is (note that we are working in the temporal gauge)

= [1+Pz2 +(Px —Ax)z + (P’r —Ay)a]l'lz =y (8)
in our units. N + + .
. In EqQ.(8) A=AY(t-2) + Ay (t,2). Then Egp = -Ag and
B = VxA are the external appli fields which add to
app a0p ? (

those of the traveling laser pulse A t-z).
Hamiltons equations follow from Eq.({8), i.e.

Pi=-ﬁ;Px:O ,i):o
. _P- A m” aaap
b= 2= [ "]

{9)

(10}

. _P-A . aAto) Bﬁa
P? ¥ o+ 2”]

Combining ¥ and f’z we obtain

. : I - x -
¥ - E& = -?[(A B“FF).; + A-EQW] (11)

which, when integrated yields
-

'b':f%-,-u 5 U= +j[(AxB“”;?2+A aprr Jg’
-0 (12)

-1 Y2
SEASORIEEEY

At this point, we remark, as done in Ref. 1), that since
A©® 4111 be the dominant field, it is more convenient to
use the phase ¢ = t-z as an integration variable. Then,
sice ¢ = 1-2 and 3 =3vdP, = B, /v and from (6), 1-2=u/v,
we have d@/u = dt/y. Further, since 4 = (1-Z)du/dg= (uk)
du/deg, we obtain from Eq.{(12) the following

e = u:-+zJ L@AxE,,) + AEny] de’ o)

and from 82 =(f2’+l{)l = i-l-P;-l'ﬁl

-t a2
_|+A+“1'-0_ dz _ 1+ A —u? (14)
Y= 2u ’,‘li—ua';“ au

2 ut

4 ’6(4’,} _ d (15)
?(9):&[""'* —u” 0‘4’ j[ T3 1]de

The x and y coordinates of the particle are determined
from the equations B =0 and Isy= 0, which yield for the

canonical momenta, B =0 and Py= 0, and thus the physical



momenta are given by

P}(:B’i =-AX 9 %:53:_%\3 (16)

cr

¢ ,
A, ! (17)
- Nxr2
X(¢) = — Ty d¢
A Cg’) / (18)
Y = ALY k- SV
¥ 5 Tuce) ¥

The set of equations (13-15) constitutes the Gener-
alized NAIBEA equations of Ref.3. These equations are
important generalizations of the NAIBEA equations of Ref.
1 in that: 1) the laser could be in any state of pelariza
tion, and have any pulse shape, and 2) the applied EM
field E,,, and B, app 18 quite general. Note that since A is
defined to within an arbitrary constant, we have here full
freedom in giving the electron non zero initial value of
B, and/or Py (Eq. 16). The trajectory parameter, Q, which
was Iintroduced in Ref. 1 is here generalized to be avector
in the x-y plane and is defined by the eguation

é_éz_A (19)
de A

It is a simple matter to show that the second derivative
of Q can be written as

o 2 0) -
dQ - c‘lﬂ +EE
n a

dg* ~ de¢ Fr

and the.rate of.change of v with respect to ?

-
+ [____1] B“Pr (20)

d¥ ?E p- AQ E (21)
de ~ "W “uHE—“ de

Note that Eq.{20) is a nonlinear second-order differential
equation for §, since u and y depend on dd and di® . The

i¢ 9

solution of this equation completely determines the tra-
jectory of the particle.
For ¥ to increase with ¢, dQ E(q!) must always be

positive {notice that ule¢) > 0)

JQ E >O (22)

The above is the condition that guarantees that when

Ei(q’j):O, Pi(%) _ dQ;i is also zero, then dy (®5) _ -0 and
a9 dg

2 .
d_\‘dg.i_} = 0. Having such an inflection pointiny at q’j(in-

stead of a maximum)} guarantees that v keeps increasing

for‘cy)‘?s If B is taken to be zero as Ref. 1, then
b.E = p.E{ p . If E is taken }:h y-direction,
then we have py Zﬁ + p,,Eapp > 0. since E( is the dominant

field except when passing through zero, the above condi-
tion says that we use Ey to "fine tune" the sign of Py
so that it is always the same as that of E{¥). The funda-
mental role of the applied field is to guarantee the va-
lldlty of Eq.(22). This can happen even if Ea /E o or

/B or both are much smaller than unity. The inject-
1on of electrons with a non-zero Px(0) or Py(0), albeit
very small, is very important to set the machine to work.
This is so since in the x-y plane the motion of the elec-
tron must be oscillatory in accordance with Eq.(28). The
idea behind the NAIBEA acceleration is to optimally deter-
mine the applied field so that: a) the transversal motion
of the particle is well confined to be within the trans-
versal dimension of the laser beam, and b) the acceler-
ation coefficient u (Eq.(13)}) is made as close to zero as
possible.

SPECIFIC CHCICES

We turn now to specific choices of the accelerator.
We consider a linearly polarized pulse with A taken to be
along the y directicon. We first consider a constant
applied electric field, E,, , then

A =[A:%°P) Ea,,P ‘%‘0)]3 (23)

With the X above used inEqgs. (20) and (21) we recover the
NAIBEA equation of Ref. 1. Inversions of Eup are made at



appropriate values of z to assure the validity of Eq.(22),
namely py(nf} = 0. This means that the applied field is
inverted’ at qﬁ's such that dpy(®) =0,

de '
g =

We now replace E by a constant magnetic™field aleong x.

Then *rf

= (r) A
A =[Ay @~ Bz —Fo] 4 (24)

The resulting NAIBEA equations are almost identical
to those of Ref. 1 except for a change in sign of the
second term in Eq.(8) of that reference(thhE replaced
by Bg, ). Further, Eg.(13)reduces to e

“rp
2-‘- —
u,..u‘ ZB“‘H"Q (25)
The y-component of the momentum is given by (Eg. 18).
P (o) — C (26)
Py (@) =Rt A ?)+B“PF

The continuous acceleration of the particle results if
Bagpis chosen so that Py(nn) = Q. This requires changing
the sign of B“”, at appropriate places (@ ¥ 2+l T)-

We consider the following numerical example. The
initial value of v,y =70, P = 5 v 10" W/em® for i =107

cm. The parameter v = 1 refers to the maximum value of
electric field of the pulse in our units, We also take
nine cycles within the pulse. The shape of the pulse is
taken to be a Gaussian, A® = exp(-4°/4 ), with a = 3x .
The applied field 1nten51ty is taken to be 2.34 teslas
which corresponds to ~5x 10 ° that of the laser. The elec
trons are injected at an angle of 0.6% with respect to ~
the z-axis. (p (0)=0:.84y ). We consider, as an example

y 180 ¢ nine changes in the sign of
the modulated applied magnetic
field. Since we have not self
consistently chosen the posi-
tion of the field reversal we
have not actually optimized
the decrease of u in Eq.(13).
In figure ! we show the change
of ¥ vs. z obtained by solving
Egs.21,20 and 15, The gain in
energy is a factor of 35 over
a distance ( accelerator
length) of seven meters! The
.accelerator length could be

made smaller if full optimization is accomplished, It is
interesting to calculate the effective field for this case.
From Egqs. 1,5 and 6 we obtain the value e Egffs 150 Mev/m.

The correspomding trajectory of the particle, con-
fined in the (z,y}-plane is shown in figure &,

0OS——T——T T T T T

0.04
0,03

Z (m) Fig:2

The arrows indicate the positions where the applied mag-
netic field is inverted, These positions (in meters) are
given in table 1.

1| 24| 3| a4 | s | s 7 1 8 | o

0.15( 0.24 | 0.51 1.0 1.75| 2.75 4.0 5.4 6.9

Table 1

As a second example, we consider proton acceleration
using our concept. We thus take for the initial energy of
the protons, the value 0.5 Tev. This corresponds to an
initial velocity of Vo =0. 999998 ¢. The laser power is
taken here to be P=6,6 x 1020 W/em® with a- 5%X10-3 em.-
The laser electric field intensity is e Ejgsep =49 Tev/m.
T initial injection angle is @,= 0.02°. AGaussian laser
pulse with the above maximum intensity is considered with
a width of 3F¥. The applied magnetic field intensity was
taken to be 10 teslas, which is 5.14 x 10~7 Ejgger. During

the acceleration the sign of the applied fieldwas changed



11 times. The result are shown
in figure 3. The proton
reaches an energy of 20 Tev,
within a length of 3 km. The
effective laser electric field
- . intensity is found here to be
-] eEgrr=6.6 Gev/m. The tra-
jectory of the proton in the
y-z plane is shown in fig.4.
] The arrows indicate the posi-
L 4 tions where the last seven

' I O e e inversions of the field are
0O 100 200 300 400 500 €00 o mMmade
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These positions as well as the first six of themare given
in the table 2 below {(in km).

1 2 3 4 5 & 7 8 9 10 11

0.031] 0.05 |0.085| 0.18]|0.375|0.66511.045 |1.5152.052 | 2.63] 3.23

Table 2

It is clear from Table 2 that there is ample space along
the tube to further fine tune the particle trajectory.

As a final remark we mention that our NAIBEA accel-
erator can be further optimized by better determining the
values of the available fine tune variables: g , Bap »
and the inversion positions. The final aim 1is to have a
rather "small", very high energy accelerator with the
lowest possible value of B,, for a given laser power.

This work was done in collaboration with M.P. Pate
and A.K. Kerman. The CNPg-Brasil and IBM do Brasil sup-
plied a partial support.
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