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Abstract

Laser acceleration of electrons is considered. A general formulation of the problem
is developed which would allow the recently proposed NAIBEA accelerator to function
with any state of polarization and shape of the laser pulse, and any kind of applied field.
"Analytical estimates as well as numerical analysis for the case of an applied magnetic field
are made. It is found that electrons, injected with few tens of MeV's, can be accelerated to

GeV cnergies using a NAIBEA accelerator of a length of few meters.
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. Laser acceleration of particles, has been the focus of significant attention in the lagt
few years. Recently, two of us?) have proposed a method of linearly accelerating electrons
with the aid of a powerful laser coupled to an optimally determined Static electric field
which is made to change sign at appropriate places along the accelerator. With initial
electron energy of 35 MeV, a laser power of 10'® W/em? for a wavelength of 10 pm - and
an applied field intensity of ~ 10 that of the laser intensity, we predicted a final electron
energy of, say, ~400MeV il three inversions of the static field are made along an
accelerator tube of a length of about 3 meters! The advantages of such a machine
obviously calls for a more general discussion concerning how optimum the set up i5 and the
dependence on the laser parameters as well as the nature of the applied field.

In the present paper we develop a very general formulation of the problemn that
allows both semi—analytical and numerical answers to the above questions. Before entering
into details, we first give some general remarks concerning the new acceleration principle
which we called non—linear amplification of inverse bremsstrahlung electron aéceleration
(NAIBEA) in ref. 1). First, the new machine is meant to be a very high energy booster;
the initial particle energy should already be highly relativistic. The reason is verj} simple.
What sets the macroscopic scale of the machine is basically the Doppler shift of the laser
wavelength as seen in the particle rest frame. Calling the laser wavelength X, and, the
velocity of the lpa‘rticle Vo then the shifted wavelength obtained with the appropriate

Lorentz transformation is

1+ )2
A=A [—7’;"1 = Z} , By =volc . (1a)

Whereas A, is microscopic {¢gm's), A becomes macroscopic (cm's) if f, is close to unity.

The distance Az travelled by the electron in the laboratory during a one eycle encounter



with the lager is then

B . '
Az = vy{Afo)y = /\01——0,35 . (1b)

- Clearly Az is one of the quantities that would decide the size of the accelerator.

Secondly, the rate of change of the particle energy is determined by $.E and thus
to keep the particle gaining energy from the laser, #-£ should be made always positive.
This calls for another degree of freedom to couple to the system. A possible simple form
for this extra degree of frecdom, was found in Ref. 1) to be an array of applied static
electric field with interchanging signs placed at appropriate positions along the accelerator,
Clearly a more general form for this degree of freedom can be found that would make the
machine more cfficient. A combination of electric and magnetic fields, not necessarily
static couid be one of the choiées. To better determine the nature of the applied field, one
nceds an equation, which we now turn our attention to its derivation.

To simplify the presentation, we consider the units of mass in me? , the vector
potential A in mc/e, the distance x in 1/k , where k is the wave number and time, t
in 1/w; w 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

tield is (note that we are working in the temporal gauge)

H:J1+P§+(PX—AX)2+(Py—Ay)25'y (2)

in our units.

In Eq.(2) A= A(D)(t—z) + f\apl,(t,z) . Then E@—Aapp and B, =VxA,,

are the external applied fields which add to those of the traveling laser pulse A(D){tmz) .

Hamiltons equations follow from Eq.(1), Le

(3)
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Futher reduction of P, gives
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b= Bod |0 ] @
Combining % and P, we obtain
. . 1 + + +
7=P, = S((Axiy,) +A-8,,) )
which, when integrated yields
t -+ + + =+
A xB + A -E
y = P2+u g = 110+f (( app)z app) di! , (6)
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Af this point, we remark, as was done in Ref. 1), that since A@ will be the dominant
field, it is more convenient to use the phase w=1—2z as an integration variable. Then,

since  p=1-2 and i=3ay/dP,=P,/y and from (6), 1-3= u/y, we have
defu=dt/y. Further, since i = (I—2) du/de = (u/7) du/dy, we obtain from Eq.(6)



the Tollowing

>

u ) = ud + 2f ((7\ x ﬁapp)z + A gaPP) & : @)
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and from 7* = (P, + u) =1+ P2+ A? (Iiq. 2),

1+ A% 4 g2 dz 1 + A? — 2

o) = =g ¢ Pa=ugg = Sy (8)
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The x and y coordinates of the particle are determined from the equations P, =0 and
I"y =0, which yield for the cangnical momenta, P, =190 and Py =0, and thus the

physical momenta are given hy

p, = ¥ = —A_  anud py = v = —Ay {10)
or
¥ A (o' )y
xg) = ﬁf A (11}
' ? AL (p' My )
¥lg) = —f T (12)

The set of equations (7—11) constitutes the Free Wave Accelerator {(FWA)
equations. These equations are important generalizations of the NAIBEA equations of
Ref. 1 in that: 1) the laser could be in any state of polarization, and have any pulse shape,

and 2) the applied EM field E,,, and B,pp 18 quite general. Note that since A s

* defined to within an arbitrary constant, we have here full freedom in giving the electron

non zero initial value of p, andfor Dy (Eq. 10). The trajectory parameter, @ , which
was introduced in Ref. 1 is here generalized to be a vector in the x—y plane ard is defined

by the equation

Ii. is & simple matter to show that the second derivative of Q can be written as

428 gi(o , ,
I'%z —(igo_(ﬂ+§Eapp+[g_l]Bapp (14)
¥

and the rate change of ¢ with respect to ¢

- B (15)
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For 7 to increase with ¢, - E(#)} must always be positive {notice that uyp) > 0)

—S%-E>0 . (16}

The above is the condition that guarantees that when Ei(p) =0, pilg)) = g% is also

) 2ol i . .
zero, then Ql&%l =0 and d—'rifll = (. Having such an inflection point in ¢ at ¥
dip
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taken to be zero as Ref. 1, then fﬁ-fu‘ :p-ﬁ(”) + ﬁ-ﬁapp. If B is taken in the

(instead of a maximum) guarantees that v keeps increasing for ¢ > @ . If B

y—direction, then we have Dy E}(,O) + Dy Eapp > 0. Since El(,u) is the dominant fieid,

except when passing through zero, the above condition says that we use Eupp to "fine

P
tune” the sign of py 50 that it is always the same as that of Eg,o) . The fundamental role
of the applied field is to guarantee the validity of Eq.(16). ‘Fhis can happen even if
Eapp/ EQ or Bapp/B(U) or both are much smaller than unity. The injection of electrons
with a non—zero p,{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 electron must e oscillatory
in accordance with Eq.(16).

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

A= [a9) By - 0,0 T (17)

With the A above used in the FWA equations we recover the NAIBEA equation of Ref. 1.

Inversions of Iippp are made at appropriate values of z to assure the validity of Eq. (16),

namely py(mr) = 0. This means that the applicd field is inverted at @'s such that
_u =%

dg‘f’ @ =
172

We now replace E

app DY & constant magnetic ficld along x . Then

A= [A§G)(¢)—Bappz—py(o}]j . (18)

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 (with Eapp Teplaced by

B,pp). Further, Eq.(7) reduces to
v = uf-2B,Q . ' (19)
The y—component of the momentum is given by (Eq. 10}

py(¢) = py(0) - AW + B, 2 . (20)

The continuous acceleration of the particle results if B,pp Is chosen so that py{nm)=10.
This requires changing the sign of B,pp at appropriate places (¢ f:-l% 7).

We consider the following numerical example, The initial value of 4, 9, =70 ,.
P= % p210"° Wjem? for Ao =107 cm . The parameter », =1 refers to the maximum
value of electric field of the pulse in our uniis. We also take nine eycles within the pulse.
The shape of the pulse is taken to be a Gaussian, A} = exp (—p?/A?), Fig. 1, with
A =3r. The applied field intensity is taken to be 2.34 teslas whick corresponds to
~ 5 x 1079 that of the laser. The electrons are injected at an angle of 0.6° with respect to
the z—axis (py(ﬂ} 2 %;tﬁj T 70) - We consider, as an example nine changes in the sign of the
modulated applied magnetic field. Since we have not self consistently chosen the position
of the field reversal we have not actually optimized the decrease of u in Eq.(6). In
figure 2 we show the change of 4 vs. z. 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 fuill optimization is accomplished. The corresponding trajectory of the particle,
confined in the (z,y)—plane is shown in figure 3. The undulation in y(z) is a consequence
of the changes in the sign of B, and it guarantees that the particle remains in the path

of the laser if one insists that



P
_ A(U) 1 de'

is contained within the laser transversal extension. As we see from figure 2, at the end of
the acceleration the dispersion in y is ~ 2mm which could be within available laser
2)

transversal dimensions™’.

Before ending we comment briefly on the case of circularty polarized laser pulse,
A - Alyp) {I o8 ¢ + ] sin @, (22)
Alp) = vy exp{~y*/24%)

Thus, clearly A? is just A2(y), which does not oscillate. Then we get

apprdximately for the accelefator length

1—ud vi
Az = T+—T=x 2901+ T (23)

2 2
2u; 2u;

0
where T is Ay of the pulse defined as f Aldy' = 1A T=27v3n, where n is the

—m

number of oscillations in the pulse. Thus Az is determined by three large factors
{73, ¥3, n) which can easily make it macroscopic even though it is in units of é\——ﬁ . This
generalizes the simple Doppler shift argument concerning the size of the accelerator.

In conclusion, we have developed here a general formalism for Free Wave
Acceleration. A combined powerful laser pulse plus an optimally determined EM field,

which could be time—dependent, was found to be able to accelerate electrons to very high

10

encrgies with relatively small accelerator dimensions, Radiation damping has not been
included in our theory and it may modify some of our conclusions, even in setting a limit to
the final energy of the pa,rticlea'l'). After the completion of this paper we léarned of related
work done in Refs. 4) and §).



i1

REFERENCES

1) M.S. Hussein and M.P. Pato, Phys. Rev. Lett. 68, 1136 {1992} and references there

2)

3)

in; M.S. Hussein and M.P. Pato, to be published.

P.W. Milonni and J.H. Eberly, "Lasers”, (John Wiley & Sons, New York, 1988)
pg. 484.

LD. Landau and E.M. Lifshitz, "The Classical Theory of Fields",
(Addison—Wesley, Reading, Massachusetts, 1962).

M.5. Hussein, M.P. Pato and A.K. Kerman, to be published.

P Kaw and .M. Kulsrud, Physics of Fluids 16, 321 (1973).

A.A. Chernikov, G. Schimidt and AL Neishtadt, Phys. Rev. Lett. 68, 1507 (1992).

Figure 1.

Figure 2.

Figure 3.
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FIGURE CAPTIONS

The laser pulse vs. o used in our calculation the width A = 37,

The energy of the particle in units of me? vs. the traveled distance z .

The trajectory of the particle in the y—z plane. Inset: scaleof y in mm.
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