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Sumnary 

The equations of motion for a free electron laser 
with an electromagnetic pump field are presented. A 
scalar potential representing an external static axial 
electric field for gain enhancement has been included 
in the model. Equations governing gain and phase shift 
for each of the electromagnetic. fields are given. The 
equation for the separatrix has been derived using the 
resonant particle concept and found to contain new 
terms. These expressions have been incorporated into a 
computer code which has been used to simulate several 
amplifier designs. The results of these designs and, 
in particular, the z-dependence of the accelerating 
voltage are discussed. 

Introduction 

Considerable interest has been generated recently 
in free electron lasers utilizing tapered wiggler mag- 
nets to provide the pump field (MW FEL),' and deriva- 
tions of the equations of motion for the MW FEL assum- 
ing a classical, one-dimensional, single-particle model 
have been oublished.'*'U3 In this paper, we list the 
equations of motion for the EM FEL'with-an external 
accelerating field, which we have presented in detail 
in an earlier paper.4 

Gain Enhancement 

It has been shown' that trapping electrons in 
"buckets" allows continuous extraction of energy from 
the trapped electrons. For the variable MW FEL, one 
maintains the electrons near resonance by decelerating 
the bucket with respect to the electrons. This is 
accomplished by variation with z of the periodic wave- 
length and/or magnetic field strength of the wiggler 
magnet in various combinations. For the EM FEL, accel- 
eration of the electrons by means of an axial electric 
field to maintain them in resonance with a constant 
velocity ponderomotive wave appears to be the best 
method of enhancing laser gain. 

Model Assumptions 

The classical, one-dimensional, single-particle 
Hamiltonian framework is adopted here. It is assumed 
that the circularly polarized pump and laser fields 
have only transverse components, although the magni- 
tudes are allowed to be functions of the axial coordi- 
nate, z. The scalar potential is assumed to be a 
function of z only. Electrostatic effects due to the 
Coulomb forces of the electrons are included in this 
potential. The evolution of the amplitudes and phases 
of the fields is determined from linearized forms of 
Maxwell's equations. The electron beam is assumed to 
be infinitelv lono, with an initiallv uniform phase- 
space density and-energy spread, hy.- We assume that 
the cross-sections of the optical and electron beams 
are equal (filling factor = 1). 

Theory 

The classical, one-dimensional, single particle 
Hamiltonian is written in the cgs system 

H=mcz[l+02+(~~~+e$(z) (1) 

where 

,-=& and i-i, +iP. (2) 

mc 2 

The transverse momentum is a constant of the motion and 
it has been assumed that one can arrange the initial 
conditions such that both Px = 0 and Py = 0. The sub- 

script L refers to the laser field and P, to the pump 
field. 

The vector potentials are given by 

iL = AL(z)['?cos (eL -wLt+oL)-$sin (BL-wLt+~L)] (3) 

~p=-Ap(z)[$cos (ept~pt+$p)+C‘sin (Bp+wpt+op)](4) 

where $, $ are unit vectors, and BL, BP are defined by 

z Z 

eL = s 
0 

kL(z)dz and BP = s 
0 

kp(z)dz (536) 

Using dimensionless variables: 
i -+ 

eA + eAP 
a =+ and 

L- 
2 z 

p 2' 
(798) 

mc 

Then 
2 2 a=a +a 2 

L P 
- 2aLap cos $ (9) 

where 

J, =[' (kL+kpW (uL-up)t+@L+Qp. (10) 

Equations of Motion 

From eq. (1) and (lo), the equations of motion are 
obtained: 

and 

‘(w -w 
f=- L P) * 

Y 
aLap sin+-q 

mc 

4 = (kL + kp)cBz - bL - up) + 6, + i, 

(11) 

(12) 

(13) 

These are the exact equations of motion in (y,@) 
space and, with WP = 0 and '$p = 0, apply equally to the 

MW FEL. It can be seen that with an accelerating po- 
tential, even a fixed-period, fixed-field MW FEL can be 
made to provide enhanced gain. 

Relative Equations of Motion 

Eqs. (11) and (12) may be written for the resonant 
particle and the phases and energies of the other Par- 
ticles relative to the resonant particle are then 
obtained by subtracting: 
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Fig. 1. Phase-space evolution of particles for an FEL amplifier with an electromagnetic pump field and enhanced 
gain provided by an axial accelerating field. The three cases shown differ in their initial conditions 
and in the z dependence of the programmed resonant phase. 
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