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The nonlinear evolution of free-electron lasers in the presence of an axial guide field is in-
vestigated numerically. A set of coupled nonlinear differential equations is derived which
governs the self-consistent evolution of the wave fields and particle trajectories in an ampli-
fier configuration. The nonlinear currents which mediate the interaction are computed by
means of an average over particle phases, and the inclusion of fluctuating space-charge
fields in the formulation permits the investigation of both the stimulated Raman and Comp-
ton scattering regimes. The initial conditions are chosen to describe the injection of a cold,
axially propagating electron beam into the interaction region which consists of a uniform
axial guide field and a helical wiggler field which increases to a constant level adiabatically
over a distance of ten wiggler periods. After an initial transient phase, the results show a re-
gion of exponential growth of the radiation field which is in excellent agreement with linear
theory. Saturation occurs by means of particle trapping. The efficiency of the interaction
has been studied for a wide range of axial guide fields, and substantial enhancements have
been found relative to the zero-guide-field limit.
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I. INTRODUCTION

The use of axial guide magnetic fields in free-
electron-laser (FEL) experiments has generally been
restricted to low-energy (~1 MeV) and high-current
(~1kA) devices in which the axial field is necessary
in order to confine the electron beam. As a conse-
quence, a great deal of theoretical work has been de-
voted to the calculation of electron orbits,"? spon-
taneous radiation (i.e., noise) spectra,3 and the linear
growth rate’~° in the presence of an axial guide
field. As shown in these works, a fortuitous conse-
quence of the presence of the guide field is that both
the noise spectrum and the linear growth rate are
enhanced. Such enhancements are due to an in-
crease in the transverse electron velocities and a de-
crease in the natural response frequency of the elec-
trons. In the latter case, the natural frequency can
become comparable to the frequency of the ponder-
motive force which results from the beating of the
radiation and wiggler fields. When this occurs the
linear gain can become very large, and the interac-
tion is analogous to that of driving an oscillator at
its natural frequency. In view of the possible
enhancements in the gain, the study of the nonlinear
phase of the interaction assumes an added impor-
tance with a primary focus on possible enhance-
ments in the saturation levels of the instability and
the efficiency of the interaction.
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The motivation for the present work is to investi-
gate the effects of the guide field on the nonlinear
regime of both the stimulated Raman and stimulat-
ed Compton scattering regimes of FEL operation.
To this end, a set of coupled nonlinear differential
equations is derived which describes the evolution of
both particle orbits and the electrostatic and elec-
tromagnetic fields. The nonlinear currents which
mediate the interaction are computed from the mi-
croscopic behavior of an ensemble of electrons by
means of an average of the electron phases relative
to the ponderomotive wave. This is equivalent to a
time average over the electron orbits which, in turn,
is equivalent to an ensemble average over the micro-
scopic electron distribution. Thus although the
macroscopic electron distribution does not explicitly
appear, the formulation is equivalent to a fully ki-
netic treatment of the interaction and is capable of
describing effects such as particle trapping in the
ponderomotive wave. This is in contrast to the non-
linear analysis described recently by Friedland and
Bernstein'® which is based on the cold-fluid model.

These equations are solved numerically for a con-
figuration in which a uniform, monoenergetic elec-
tron beam is injected with purely axial velocities into
the interaction region which consists of a uniform
axial guide field and a helical wiggler field which in-
creases adiabatically from zero in ten wiggler
periods. The analysis is performed in one spatial di-
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mension, although the electron trajectories are in-
tegrated for three dimensions in the velocity. In ad-
dition, since the problem of interest is that of an
FEL amplifier, only a single electromagnetic and
electrostatic wave is included corresponding to the
choice of the fastest growing mode. Thus the
analysis self-consistently describes the linear and
nonlinear phases of the interaction of a uniform
electron beam with a helical wiggler field in one di-
mension. The results of the simulation show, after
an initial transient phase, a region of exponential
growth of the radiation and space-charge fields
which is in excellent agreement with the linear
theory®~° over the entire range of parameters stud-
ied. The onset of the nonlinear phase of the interac-
tion appears quite suddenly, and saturation occurs
by means of particle trapping. Most significantly,
substantial enhancements in the interaction efficien-
cy are found to occur.

The organization of the paper is as follows. The
general equations are derived in Sec. II. Since the
actual adiabatic entry of the electron beam into the
wiggler is included in the analysis, we digress in Sec.
III to describe the types of orbit which result in the
absence of a radiation field. The numerical solu-
tions to the complete set of coupled particle-field

equations are given in Sec. IV, and the conditions
under which efficiency enhancements occur are
described. A summary and discussion is given in
Sec. V.

II. GENERAL EQUATIONS

The physical configuration we employ is one di-
mensional in that spatial variations are restricted to
the z direction. The static magnetic field is taken to
be of the form

B(z) =By, + B, (2)[é;cos(k,2) +&,sin(k,z2)] ,
(1)

where B, and B, are the amplitudes of the axial
guide field and the wiggler field, respectively, k,
(=2m/A,, where A, is the wiggler period) denotes
the wiggler wave vector, and it is assumed that
dInB,, /dz <<k,. Thus we allow the wiggler ampli-
tude to vary slowly in z while holding the period
constant. In practice, we shall allow B, (z) to vary
only over 0<z < 10A,, after which it shall be held
constant, so that d InB,, /dz~0.1k,. The variable
amplitudes and periods of the radiation and space-
charge fields are included by means of the vector
and scalar potentials

8K (z,1) =54 (2) [é}cos [ fozdz'k+(z')—wt]—-é‘ysin [ fozdz’k+(z')—wt” , @)

8(z,1) =5®(z)cos [ fozdz’k(z’)—wt] ;

where o is the wave frequency, 84 (z) and 6P(z) are
the amplitudes of the vector and scalar potentials,
and k , (z) and k(z) are the wave vectors. Note that
by the choice of parameters (i.e., primarily the pump
strength, beam density, and axial field) the ampli-
tudes and wave vectors will be slowly varying func-
tions of z; however, no such assumption is made
a priori.

The microscopic current density can be written as
the following sum over individual particle trajec-
tories:

2 ( 8([ —Ti(Z,tio))
v;(2,1, ,0 —_—

SJ(z,t)———en
"Nr Nr /2 | v;i(z,ti0) |

(4)

where N is the total number of electrons within the
interaction region of length L, n, is the average elec-
tron density, V;(z,t;) is the velocity of the ith elec-
tron at position z which entered the interaction re-
gion (i.e., crossed the z =0 plane) at time ¢;,, and

z g7
7:(2,t;0) =t —_—. (5)
x( 240 io+ 0 vz.-(Z ’tm)
The system is assumed to be quasistatic (i.e., in a
temporal steady state) so that particles which enter
the interaction region at times ?, separated by in-
tegral multiples of a wave period will execute identi-
cal orbits."! As a result V;(z,t;0) =V,(z,,), where
tio =tjo+27N /o for integer N.
Substitution of the microscopic fields and current
density into Maxwell’s equation yields

dz? _‘kz
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2 N,
d? 2 ) cosy; 1
— — 8 =— (12)
- kJ8¢2 sz< v}), (8) =537
5 i represents a phase average where N, denotes the
2129 (g1, J— L0 siny; © number of electrons in a single wave period. Thus
d ( ¢ - 2 Uz0 ’ ) . 11 . .
z c U3 following Sprangle et al.’’ the quasistatic assump-

where an average over a wave period has been per-
formed. In Egs. (6)—(9), w} =4me’n, /m, v,q is the

initial axial velocity of the electrons, 8a =e 84 /mc?,
Sp=e 6P /mc 2,

(10)
(11)

z
Y=o+ fo dz'(k , +k,—w/v3),
hi=vo+ [ dz'k—w/v;),

o= —wt, is the initial phase, and (v,v,,v3) are the
components of the electron velocity in the wiggler
frame defined by the basis vectors &,
=8, cos(ky,z)+&,sin(k,,z2), &, = —é,sin(k,z)
+éycos(k,z), &3=¢,. Observe that it has been im-
plicitly assumed that the electron beam is monoener-
getic and that all electrons have the same initial axi-

tion has permitted the reduction of the problem to
the consideration of the initial beam segments for
which steady-state orbits of the beam electrons are
described by particles which enter the wiggler region
within a wave period. The actual length of these
segments is 27v,o/® so that N, =27Nrv,o/0wL. For
sufficiently large N,, the discrete nature of the
phase average (12) can be replaced by an integral
over the initial phases ¥ as follows:
7 1 7
(Fr=5- [ dbo . (13)
In this form the field equations are identical to those
derived by Sprangle et al.!!
In order to complete the formulation, the electron
orbit equations in the presence of the static and fluc-
tuating fields must be specified. These equations are

al velocity. In addition, of the form
|
Q
:zpl—— 70—kwv3 22 4 me ——k, 8asinw+cos¢%8a , (14)
d Qo P ., d
=p,=|—— —_— — —3&
dzp2 » kwv3]U3 mQ,, +mc da cosy smd;dz a |, (15)
where p; , =ymv, 5, Qo,, = | eBg,,/mc |, y=(1—v2/c?)~12
d Qy, vy ¢ 8a U3 .
= 3=—y“’—;—3— 0 7 k+——w;—2— (vysiny+v,cosy)
c d c? .
- —&a (v cosypy—v,siny) — k 8¢ siny; — cosdr, qS (16)
Yv3 dz }’Yiva

and ¥2=(1—v}/c¢?)~'. Both the linear and non-
linear evolution of the FEL amplifier, therefore, are
included in Egs. (6)—(9) for the field quantities and
(14)—(16) for the orbits of an ensemble of electrons
having initial phases —7 <¥y< 7.

III. SINGLE-PARTICLE ORBITS

Since an adiabatic entry region into the wiggler is
included in the analysis, it is useful to consider the
form which the single-particle orbits take as they
emerge into the constant-B,, region as a function of
By. It should be remarked here that the radially

f

homogeneous wiggler under consideration is neither
curl nor divergence free and is a reasonable approxi-
mation for a realizable wiggler field only as long as
kyr <<1 and dInB(z)/dz << k,,, where r measures
the radial displacement of the electron trajectories
from the axis of symmetry. The question we exam-
ine in this section, therefore, is the effect of the adia-
batic increase in B, (z) on the trajectories of elec-
trons which enter the wiggler with purely axial
motion.

The appropriate equations of motion follow im-
mediately from (14)—(16) in the absence of fluctuat-
ing fields,
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d Qo U2

A o N A 17
dzvl v wV3 vs (17)
d Qo Uy Q’w

L = —_ _——, 18
dz 2 y wV3 V3 y ( )
d ‘Qw Uy

Loy =— = 19
dzv3 Y U3 (19)

where 7 is now a constant of the motion, and Q,, is
a function of z. The steady-state (or helical) orbits"2
are obtained by requiring the derivatives to vanish in
the constant-B,, region and results in solutions
vy =0, =Q,v /(Qo—vk,v)), v,=0, and v3=Vj),
where v is a constant determined by conservation
of energy, i.e., v1+v” =(1—y"%)c? This equation
is quartic in )| and describes at most four distinct
classes of trajectory, of which one is characterized
by motion antlparallel to Bo and will be ignored. Of
the remaining three classes of trajectory, one is un-
stable. It is, therefore, difficult to propagate a
coherent beam on these orbits, and it is of interest to
determine whether, by adiabatic tapering of B,,
these orbits can be avoided. The three types of orbit
propagating parallel to BO are shown in Fig. 1, in
which we plot v|| vs Qy/vk,c (i.e., the axial field
strength) for y=3.5 and Q,,/vk,c=0.05. Observe
that of the two classes of stable orbits, one is charac-
terized by high axial velocities (denoted by group I)
for low B, and decreases monotonically with the ax-
ial field up to a critical B, (Q¢/yk,c ~0.76 for the
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FIG. 1. Graph of the axial velocities corresponding to
the steady-state trajectories as a function of the axial
guide field.
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FIG. 2. Plot of the single-particle trajectories vs axial
position of Qy/vk,c =0.0, Q, /vk,c =0.05, and y=3.5.

case illustrated) at which point there is a transition
to the unstable orbits. The second class of stable
trajectory (denoted by group II) is characterized by a
monotonically increasing axial velocity with By,.

In the integration of the orbit equations it shall be
assumed that

+B,[1—cos(k,z/20)], 0<z<10A,

B,(z)=
B,, z>104, (20

which provides for a smooth, adiabatic transition to
the constant-B, region over ten wiggler periods.
The results of the integration of the orbits with
B, (z) characterized by (20) are shown in Figs. 2 and
3, where we plot the components of the velocity
versus k,z for y=3.5 and Q,/vk,c =0.05. Note
that the initial conditions on the velocity were
chosen to be v; =v,=0 and vy =(1—y"2)""%. Fig-
ure 2 corresponds to parameters consistent with
group-I steady-state orbits, and we find that the tra-
jectories in the constant-B,, region differ only slight-
ly from the steady-state case. As is evident in the
figures, the bulk values for the magnitude of v, in-
crease with the adiabatic rise in B,, after which
small oscillations about mean values corresponding
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FIG. 3. Plot of the single-particle trajectories vs axial
position for Q,/yk,c =1.0, Q,,/vk,c =0.05, and y=3.5.
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to the group-I trajectories are found in the constant-
B, region. Note that yk,v;> Qg for these orbits
and, hence, v;<0. In addition, v,=0 for the
steady-state orbits, and the electron trajectories in
the constant-B,, region exhibit small oscillations
about this value. The behavior of v;, while not
shown explicitly, also exhibits small oscillations (of
less than 1% of the mean value) about the appropri-
ate value for the group-I orbit. Thus we conclude
that it is possible to adiabatically inject electrons
into the interaction region on near-steady-state or-
bits. However, it should be observed that as
Qy/vk,c increases from 0 to 0.76 (corresponding to
an increase in B;), the magnitude of the fluctuation
relative to the steady-state bulk value increases.
This trend is characteristic of group-I-type injection
and is indicative of the fact that it becomes increas-
ingly difficult to obtain near-steady-state trajectories
as the transition to orbital instability is approached,
at which point (Qy/vk,c~0.76) the orbits differ
widely from the steady-state trajectories and exhibit
large fluctuations in the velocity. As a result, it be-
comes impossible to either inject or propagate a
coherent beam through the system.

Injection corresponding to near-steady-state orbits
of the group-1I type is illustrated in Fig. 3 for
Qo/vk,c =1.0. Observe that yk,v; < Qg for these
orbits and v; >0 in this regime. Although orbital
instability does not occur for group-II trajectories in
one dimension, the orbits are characterized by low
axial velocities for sufficiently small B,. As a
consequence, it is possible for axially injected elec-
trons with relativistic energies to be characterized by
initial axial velocities much greater than that of the
steady-state orbit. This is the case which corre-
sponds to the orbit shown in Fig. 3, which is charac-
teristic of the resulting trajectories for Qy/vk,c < 1.
The orbits in this regime may still be described as a
perturbation about the steady-state orbits, but the
perturbations are large. It is only when B, has in-
creased along with the steady-state axial velocity
that the perturbations about the helical orbits again
become small (i.e., Qy/yk,c>1.3). As in the case
of injection into near-group-I type of orbits in the
vicinity of the orbital stability transition, large fluc-
tuations in the equilibrium electron velocity results
in a degradation of the FEL interaction.

In view of the preceding results regarding the adi-
abatic injection of relativistic electron beams into a
combined axial guide field and helical wiggler field,
we conclude that large-scale fluctuations in the elec-
tron velocity may be expected whenever
0.76 < Qy/vk,c <1.0 for y=3.5 and Q,/yk,c
=0.5. Within this range, the transverse components
of the electron velocity may become sufficiently
large that the radial excursions of the electron beam

make it difficult for the beam to propagate. In ad-
dition, the fluctuations in the axial velocity can
cause a breakdown in the FEL wave particle reso-
nance condition which, even if beam propagation is
possible, will result in a substantial decrease in the
gain.

IV. NUMERICAL SOLUTION

The set of coupled differential equations derived
in Sec. II is solved numerically for an amplifier con-
figuration in which a wave (w,k ) of arbitrary am-
plitude is injected into the system in concert with a
monoenergetic electron beam. The initial conditions
(at z=0) imposed on the electron beam are chosen
such that the particles are uniformly distributed in
phase for —m <9y <7 in order to model the case of
a continuous beam (i.e., the beam is not pre-
bunched). Difficulties which arise from the in-
clusion of a necessarily finite number of electrons in
the phase averages (12) were found to be overcome
by the use of a Simpson’s rule integrator for 61 par-
ticles per wave period. The use of larger numbers of
electrons was found to result in discrepancies of
considerably less than 1%. As in the integration of
single-particle orbits in Sec. III, the wiggler field is
assumed to increase adiabatically to a constant level
over ten wiggler periods (20). The electromagnetic
mode was chosen to correspond to the wave charac-
terized by the highest linear growth rate. Thus if
the equilibrium orbits are characterized by the
steady-state trajectories described in Sec. III in the
constant-B,, region, then the frequency and wave
vector are determined by the intersection of the elec-
trostatic beam mode

w=(k -—-K)U“ (21)
and the transverse electromagnetic mode

w%(w—k+v|l)
Yo—Qo/y—kv)))

o' —k%cl— =0, (22)

where

k=k,+ky, k=0p®2 /7" y0),

_ QoBu7z

T (1+B)Qe— vk

(23)

and B, =v, /v||. Finally, the initial level of fluctua-
tions in the space-charge field is assumed to be zero.

Insofar as the electron orbits approximate the
steady-state trajectories, it can be expected that the
radiation field will experience a period of exponen-
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tial growth (at a rate consistent with the linear
theory) prior to saturation. As a consequence, a
brief discussion of the linear dispersion equation is

[(@—kvy 2 —k%f 1k —k, —K )k —k, —K _)

of interest. The linear dispersion equation can be re-
duced to the following quartic equation in k. (>0)
(Ref. 9):

where £= (ob /y‘/ %k 1s the beam strength parame-

ter, K?=(w? —a),,/‘y)/c ,
o—Q/y

40"

K_t':—
il

1
2

(AK)2+2§2k 2 | (25)
vk |

and AK =K —(w—Q¢/y)/v). If the beam strength
parameter is sufficiently small that £<<v,
X(B,/By)*® and y(B,/By)**®'/?, then (24)
reduces still further to a more familiar cubic disper-
sion equation’

8k (8k +2K)(8k — Ak)~ — =2 P

§2ka“ lp—2

ravy
26)

where 8k=k —w/v||—k, B=v|/c, and Ak=k,
+K -0 /v —K is the frequency mismatch parame-
ter.

The “strong-pump” (or Compton scattering) re-
gime is obtained when |8k | >> | 2« |. In this limit,
(26) can be approximated as

BZ

(8k)*(8k — Ak)~ gzka, [ , @7
vz

zY||
and peak growth occurs when Ak ~O0 at which point
(8K)max=5 (121V3N T BLEBT @) Ky, . (28)

As a consequence, the requirement for Compton
scattering to be valid becomes

BLv:By k. - (29)

1
K<< 7g
The opposite (Raman scattering) regime occurs

when |2« | >> |8k |, and (26) can be represented in
the form

(8k)*— Ak 8k + %2'f—y§3||ka ~0. (30)

Peak growth is again found for Ak ~0, where
(8K max==71Bu¥zku (B /)2 . (31)

I
Therefore the Raman regime is found when

k>> 3B V2B)kw - (32)

It should be observed that the criterion defining
the Raman and Compton scattering regimes is
dependent upon B, as well as on the beam and
pump strengths. As a result, it is possible to make a
transition from one to the other regime as a function
solely of axial guide field. Since the principal objec-
tive of this paper is to examine the efficiency
enhancement of an FEL amplifier in the presence of
an axial guide field, the results of the simulation will
be compared with the more complete form of the
dispersion given by Eq. (24), and not by the idealized
Raman and Compton regime approximations. It
will be shown at a later stage of the discussion that
the agreement between the linear theory as
represented by Eq. (24) and the numerical simula-
tion is excellent.

An example of the simulation results is shown in
Fig. 4 in which the radiation-field amplitude 8a (z)
and the growth rate I'(z) (=d Inda /dz) are plotted
as functions of axial position for Q,/yk,c=0.0

102 T T T T T T
(a)

103 |- Q0/ykwe = 0.0
Qu/rkwe = 005
10-4 |- y = 35
£ = 01
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2w
T T T T T T
004l (b) —
0012 |- 4
[ ooof w I cky = 216 7
— 0008 | 4
 0os
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21w

FIG. 4. Graphs of (a) the radiation-field strength and
(b) growth rate, vs axial position for Q¢/yk,c=0.0,
Q,, /vk,c =0.05, y=3.5, and £=0.1.
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(i.e., no axial guide field), Q, /yk,c =0.05, y=3.5,
and 8a(z=0)=10"". As such, the illustrated calcu-
lation corresponds to the orbit calculation shown in
Fig. 2. It is evident from the figure that, after an in-
itial transient phase (z/A, <29.1), an extended re-
gion of linear (or exponential) growth occurs as evi-
denced by the constancy of the growth rate. During
this phase of the interaction, the growth rate as
computed by the simulation is I /k,~0.0146,
which is in good agreement with the linear theory
(24)  which predicts a growth rate of
Iin/k,~0.0145. Note that this corresponds to
peak growth at a frequency w/ck,~21.6.

Fluctuations in the growth rate found in the
simulation are AT /k,,~10.0002, which is to be ex-
pected on the basis of the orbit calculation (Fig. 2)
due to the relatively small fluctuation about the
steady-state trajectory. Saturation begins to occur at
z/Ay~114.1, after which the growth rate rapidly
decreases to zero at z/A,~127.3. At saturation, the
radiation-field amplitude is (8a)g~2.56X 1073
which corresponds to an efficiency of 3.65%. Sa-
turation occurs by means of particle trapping, and
this will be discussed in detail later in this section.

As shown in Sec. II, increases in the axial guide
field initially result in increasing fluctuations in the
electron orbits about the steady-state trajectories. In
addition, it has been shown that the linear growth
rate also increases with B, for the group-I class of
orbits.*° Therefore in order to determine the non-
linear effects the axial guide field and the adiabatic
increase in the wiggler field, a series of calculations
has been performed over a wide range of B,. The
results of the simulation for Q,/vk,c=0.5 show
the average growth rate during the linear phase of
the interaction to be I' /k,~0.030 with a fluctua-
tion of AT /k,~+0.003, which remains in good
agreement with the linear-theory result (24) of
Iin/ky,~0.029. The increased growth rate leads to
a decrease in the distance to saturation, which now
occurs at zg /A,~67.5 at a field level of
(8a)s~3.30x 1073, The wave frequency for this
case (at peak growth) was w/ck,~19.4, and the ef-
ficiency at saturation has increased to 4.92%. The
decrease in frequency for this case resulted from a
decrease in the axial velocity of the beam (see Fig.
1).

Increases in the axial guide field above this level
(but still corresponding to group-I orbits) lead to
larger fluctuations in both the orbits and the growth
rate in the linear regime which culminates in a
chaotic interaction at the transition to orbital insta-
bility at Q,/vk,c~0.76. A transitional case is illus-
trated in Fig. 5 for which Qy/vk,c =0.7 and a fre-
quency corresponding to peak growth of
®/k,c~14.2, in which the magnitude of the fluc-

10-2 T T T T T T
(a)
10-3 Q! ykwe = 0.7

Qu ! Ykwe = 0.06
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FIG. 5. Graphs of (a) the radiation-field strength and
(b) growth rate, vs axial position for Q¢/yk,c=0.7,
Q, /vkyc =0.05, y=3.5, and £=0.1.

tuations in the growth rate is apparent. It should be
noted, though, that for 20<z /A, <30 the growth
rate is relatively constant and has an average value
of I' /k,,~0.063, which is comparable to the result
of the linear theory of I'y;,/k,~0.060. The increase
in the growth rate results in a still further decline in
the distance to saturation which now occurs at
Zg/Ay~~32.6; however, while (8a)s,~4.09% 1073
represents a continuing increase in the radiation
field, the efficiency at saturation has decreased to
4.02%. The decline in the efficiency is attributable
to the decrease in the wave frequency.
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FIG. 6. Graphs of (a) the radiation-field strength and
(b) growth rate, vs axial position for Q¢/vk,c=1.1,
Q,, /vkyc =0.05, y=3.5, and £=0.1.
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For levels of By such that Qy/vk,c>0.76 the
electron trajectories correspond to perturbations
about group-II-type orbits. However, as seen in Fig.
3, large divergences from the steady-state orbits
occur for Qy/yk,c=1.0 and are characteristic of
the low-bulk axial velocities in this regime. The im-
plication of such orbit behavior is that since (1) the
growth rate must also exhibit large-scale oscillations
and (2) the resonant frequency is relatively low, the
interaction efficiency can be expected to be small.
Such an expectation is borne out by the simulation
results as shown in Fig. 6 for Qq/yk,c~1.1 and a
frequency at peak growth of w/ck, =11.4. The sys-
tem evidently shows the expected large-scale fluc-
tuations in the growth rate (AT"/k,~+0.036) about
a mean value of I'/k,~0.072 after the transients
have decayed (z/A,>20). Note that the linear
theory predicts a growth rate of I'};,/k,~0.056 on
the basis of the steady-state orbits, which is well
within this range.  Saturation occurs at
Zgi /Ap~41.1 for (8a)y=~4.91Xx107% however,
while the field amplitude is relatively high, the low
frequency of the mode results in an efficiency of
3.88% which is comparable to the zero-axial-field
limit. It should be remarked here that the case in
which Qy/yk,c =1.0 (corresponding to Fig. 3) is
not shown here since it represents a still more ex-
treme example of the results of the large oscillations
in the single-particle orbits and has a still lower effi-
ciency.

Further increases in the axial guide field corre-
spond with increases in the resonant frequency and
decreases in the departure from the steady-state
single-particle trajectories. As a consequence, the
evolution of the radiation fields becomes more regu-
lar as well. For Q,/yk,c =1.5 and a frequency at
peak growth of w/ck,=20.3, the simulation gives
I' /k,~0.021 with a variation in the growth rate of
less than 1%. It should be noted here that we also
recover a growth rate of T',/k,~0.021 from
the linear theory (24). Saturation occurs at
Zoi/Ap=93.1 for a field level of (8a)g,
~3.19% 1073 and an efficiency of 5.02%.

A summary of the frequencies and growth rates
for the various simulations is given in Fig. 7 in
which we plot @/ck,, and T /k, vs Qy/vk,c. The
curves for the frequency represent the variation in
the resonant frequency at peak growth found from
the intersection of the dispersion relations in Egs.
(21) and (22) for the appropriate value of v) from
the steady-state trajectory. These values represent
the frequencies used in the simulations. The solid
line in the plot of T /k,, represents the results of the
linear theory (24), again, for the appropriate steady-
state trajectory while circles are used to denote the
results found from the simulation in the linear re-
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Y 35
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1
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Qo / ykwe
FIG. 7. Plots of (a) the peak growth rate and (b) the
corresponding resonant frequency, vs axial field strength.
Circles indicate the growth rates obtained from the nu-
merical simulation.

gime. As seen in the figure, the agreement between
the simulation and the linear theory is excellent.
For the cases shown, it is only when Q,/yk,c =1.1
that the growth rates differ by more than about 2%,
and this is due to the relatively large divergence of
the single-particle orbits from the steady state.
However, this problem no longer appears for
Qo/vk,c=1.2, and we conclude that (for the
parameters under study) difficulties resulting from
nonsteady-state single-particle orbits are important
only for 0.76 < Qy/yk,c <1.1, where both the fre-
quency and efficiency are low. Consequently, this
regime will be ignored in the discussion of the
overall radiation efficiency and saturation mecha-
nism.

The energy-conversion efficiency and the distance
to saturation are shown in Fig. 8 as functions of the
axial magnetic field. The efficiency is defined to be
the ratio of the total energy lost by the electrons
through the interaction to the initial energy and may
be shown by computation of the Poynting flux to be

Ev(y—DB,

®
ck,,

(8a)a (33)

n
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FIG. 8. Graphs of (a) the distance to saturation and (b)
saturation efficiency, vs axial field strength.

It is evident from the figure that substantial
enhancements of the efficiency are possible over that
found in the absence of an axial guide field. For
parameters corresponding to the group-I orbits, the
peak efficiency is approximately 5% and occurs at
Qo/vk,c~0.5 for the chosen parameters and consti-
tutes a 37% enhancement over the efficiency found
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FIG. 9. Plot of the phase-space distribution for
Qo/vkyc =0.5 and z /A, =47.7 in the linear regime.
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FIG. 10. Graph of the phase-space distribution for
Qo/vkyc =0.5 and z /A, =67.5 at saturation.

when no guide field is present. Note also that sa-
turation occurs over a much shorter interaction
length. However, the greatest enhancements in the
efficiency are found for the group-II class of trajec-
tories, for which a peak efficiency of approximately
8.09% is found for Qy/yk,c~1.2 and corresponds
to an efficiency enhancement of 122% relative to
the B,—0 limit. It is important to bear in mind,
however, that these enhancements in the efficiency
occur at the expense of decreases in the resonant fre-
quency of the interaction (see Fig. 7). Finally, the
low efficiency found for Qy/yk,c~1.25 corre-
sponds to parameters for which |®| << 1. In this
regime (which is discussed in detail in Refs. 3 and 9)
the ponderomotive potential and, hence, the linear
growth rate vanish (Fig. 7).

As mentioned previously, saturation occurs by
means of particle trapping in the ponderomotive po-
tential which results from the beating of the wiggler
and radiation fields. An example of this is shown in
Figs. 9 and 10 in which the positions of the particles
(represented by the dots) in phase space (,dv/dz)
are plotted for Qq/vk,c~0.5 (i.e., group-1 type of
orbits) and z/A,=47.7 and 67.5, respectively. The
solid lines in the figures represent the separatrix
which encloses trapped (i.e., bounded) phase-space
trajectories. It should be noted, however, that while
the positions of the particles represent the results of
the simulation, the separatrix represents an approxi-
mation as it is derived from a perturbation about the
exact steady-state orbits described in Sec. II. As
such the separatrix is strictly valid only insofar as
the particle velocities are close to those for the heli-
cal trajectories, for which'?

2 2 4
4y M—l—@—d) 8a siny . (34)
dz? et ¢
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The separatrix, therefore, is given by

172
(k +ky,)?* | vy
Aoy 18T 1% s | sin | L,
dz V0 ye 2
(35)
when v, ® >0, and
172
(k +k,)?
4 =i2£—+—— v—wd>8a cos ¥y ,
dz 0] ye 2
(36)

when v, ® <0. Because of this, the phase-space evo-
lution of the particle distribution is dependent upon
the signs of both v, and ®. For the group-I class of
orbits (which includes the zero-guide-field limit)
v, <0 and ® >0 and the separatrix is determined by
Eq. (36). However, the situation is more complicat-
ed for the group-II class of trajectories. In this case,
while v, >0 for all the trajectories, ® is less than
zero for Qq/yk,c<1.25 (for the parameters
chosen), and greater than zero for axial field
strengths above this critical value. Thus one must
distinguish between these two regimes in the
analysis of the phase-space structure of the interac-
tion. Since the single-particle trajectories are seen to
be close to the steady-state orbits, it is expected that
the separatrix shown in the figures [given by Eq.
(36)] is a reasonable approximation.

The initial phase-space electron distribution (at
z=0) is uniform in that dy/dz =k +k,—w /v,
over —m <y <w for all the particles. Figure 9
represents the phase-space distribution at a relatively
late point in the linear phase of the interaction. It is
evident, therefore, that the phase-space bunching of
the particles has begun but that the trapping of the
electrons has not yet occurred as the trajectories
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FIG. 11. Plot of the phase-space distribution for
Qo/vky,c =1.1and z/A,=31.8 in the linear regime.
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FIG. 12. Graph of the phase-space distribution for
Qo/vk,c =1.1and z/A,=39.8 at saturation.

remain unbounded. In contrast, Fig. 10 represents
the phase-space distribution at saturation, and it is
clear that while two particles remain on unbounded
orbits outside the separatrix, the bulk of the elec-
trons has been trapped. The results shown here are
in agreement with those found by Sprangle et al.!!

It was pointed out previously that the phase-space
behavior of the electron beam is somewhat different
when ® <0. This discrepancy arises from the fact
that the electron velocity is greater than the phase
velocity of the ponderomotive wave [equal to
o/(k, +k,)] at peak growth (dy/dz>0) when
® >0, but less than the phase velocity of the pon-
deromotive wave when ® <0. This can be illustrat-
ed by consideration of the small-signal gain in the
single-particle regime,* 2

_ BuE
168

where 6= — %L di/dz. Therefore when ® >0 peak
gain occurs for 6~—1.3 and dv/dz >0. However,
in the opposite case when & <0, the peak gain
occurs at 6~1.3 and dy/dz <0. This type of
phase-space behavior is, indeed, found in the simula-
tion and is evident in Figs. 11 and 12 in which we
plot the phase-space distributions for Qy/vk,c =1.1
and z/A,=31.8 (in the linear regime) and
z/A,=39.8 (at saturation). The separatrix in these
figures was calculated from Eq. (36). Note that
while the bulk of the particles is trapped on bounded
phase-space trajectories at saturation (and that ex-
treme phase bunching has occurred), a greater pro-
portion of the particles appears to be outside the
separatrix on unbounded orbits than in the other
cases shown. However, this observation must be
made in view of the fact that the single-particle or-
bits resemble those shown in Fig. 3, and the orbits

d
37,2
Lokgko—>

sin@

2
0 ) (37)
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are widely divergent from the steady-state case.
Thus the separatrix is difficult to determine precise-
ly, and may differ greatly from that shown.

V. SUMMARY AND DISCUSSION

The principal objective of the study described in
this paper is to examine the effect of an axial guide
field on the nonlinear stage of the FEL interaction.
Previous studies of the linear regime®~® have re-
vealed that large enhancements in the growth rate
are possible, and the primary focus of this work is
directed toward the question of whether enhance-
ments in the nonlinear efficiency are possible as
well. To this end, a self-consistent set of field and
particle orbit equations is derived for a FEL ampli-
fier which describes the evolution of both the wave
amplitudes and trajectories for an ensemble of parti-
cles. It is important to observe that although no
particle distribution function is explicitly included
in the analysis, the source currents used in
Maxwell’s equations constitute time averages over
the microscopic electron currents, and the level of
the formulation is kinetic. The equations are then
integrated numerically as functions of axial position
subject to initial conditions which describe the in-
teraction of a uniform electron beam with the guide
and wiggler system. In fact, entry of the beam into
the interaction region is effected by means of an adi-
abatically increasing wiggler amplitude which
reaches a constant level after ten wiggler periods.
Finally, inclusion of fluctuating space-charge fields
in the formulation permits analysis of both the
single-particle (Compton) and collective (Raman) re-
gimes of operation.

The effect of the initial adiabatic increase of the
wiggler field on the single-particle orbits was con-
sidered by numerical integration of the orbit equa-
tions in the absence of electromagnetic and electro-
static fields. The purpose of this phase of the
analysis is the determination of the types of orbit
which result; in particular, whether the electron or-
bits resemble the steady-state (helical) trajectories
upon which the linear theories of the interaction are
based. As such, the question of the relevance of the
linear theories to both the simulation and to actual
experiments'® is addressed. On the basis of this

work it was concluded that, for the configuration
used, the electron orbits deviate only slightly from
the helical trajectories except when Qy~ yk,c, where
the orbits are seen to execute large-scale oscillations
about the steady-state trajectories. As a result, the
linear theories are expected to be relevant over a
wide range of parameters.

In fact, the numerical integration of the coupled
particle-field equations bears out this conjecture.
The results shown in Figs. 4—6 show that (except
when Qg ~ yk,c¢), after an initial transient phase, an
extended region of linear (i.e., exponential) growth
occurs with growth rates which are in excellent
agreement with the linear theory (see Fig. 7). Even
in cases where substantial deviations from the
steady-state trajectories occur, the growth rate is
seen to oscillate about the predicted linear result
(Fig. 6). Saturation is found to occur by means of
particle trapping in the ponderomotive potential,
and substantial enhancements of more than 100%
are observed over the efficiency in the absence of an
axial guide field. The greatest enhancements occur
for parameters consistent with the group-II type of
orbit and relatively large axial guide fields
(Qo~1.2yk,c) which is consistent with the results
found in the experiment at the Naval Research Lab-
oratory using the VEBA accelerator.”> It should be
noted, however, that such enhancements in the effi-
ciency correspond to decreases in the axial velocity
of the electrons (and to increases in the transverse
velocity) due to the presence of the axial guide field
and, therefore, also correspond to decreases in the
resonant frequency of the interaction.

Finally, it should also be remarked that these re-
sults have been obtained for a monoenergetic elec-
tron beam. Introduction of a finite energy spread
can have important consequences on the growth
rates and saturation levels. In fact, recent results'*
using a full-scale particle simulation indicate that
decreases in the efficiency are to be expected when a
finite energy spread occurs.

ACKNOWLEDGMENTS

This work was supported under NAVSEA Con-
tract No. SF68-342-602. The author would like to
thank Dr. P. Sprangle, Dr. C. M. Tang, and Dr. 1.
B. Bernstein for helpful and stimulating discussions.

*Permanent address: Science Applications, Inc., 1710
Goodridge Drive, P.O. Box 1303, McLean, VA 22102.

IL. Friedland, Phys. Fluids 23, 2376 (1980).

2H. P. Freund and A. T. Drobot, Phys. Fluids 25, 736
(1982).

3H. P. Freund, P. Sprangle, D. Dillenburg, E. H. da Jor-
nada, B. Liberman, and R. S. Schneider, Phys. Rev. A
24, 1965 (1981).

4P. Sprangle, V. L. Granatstein, and L. Baker, Phys. Rev.
A 12, 1697 (1975).



1988 H. P. FREUND 27

5T. Kwan and J. M. Dawson, Phys. Fluids 22, 1089
(1979).

L. Friedland and J. L. Hirshfield, Phys. Rev. Lett. 44,
1456 (1980).

L. B. Bernstein and L. Friedland, Phys. Rev. A 23, 816
(1981).

8L. Friedland and A. Fruchtman, Phys. Rev. A 25, 2693
(1982).

SH. P. Freund, P. Sprangle, D. Dillenburg, E. H. da Jor-
nada, R. S. Schneider, and B. Liberman, Phys. Rev. A
26, 2004 (1982).

10L. Friedland and I. B. Bernstein, Phys. Rev. A 26, 2778
(1982).

11p, Sprangle, C. M. Tang, and W. M. Manheimer, Phys.
Rev. A 21, 302 (1980).

12§, H. Gold, R. H. Jackson, R. K. Parker, H. P. Freund,
V. L. Granatstein, P. C. Efthimion, M. Herndon, and
A. K. Kinkead, in Physics of Quantum Electronics:
Free-Electron Generators of Coherent Radiation, edited
by S. F. Jacobs, G. T. Moore, H. S. Pilloff, M. Sargent,
M. O. Scully, and R. Spitzer (Addison-Wesley, Read-
ing, Mass., 1982), Vol. 9, p. 741.

BR. K. Parker, R. H. Jackson, S. H. Gold, H. P. Freund,
V. L. Granatstein, P. C. Efthimion, M. Herndon, and
A. K. Kinkead, Phys. Rev. Lett. 48, 238 (1982).

14T J. T. Kwan and C. M. Snell (unpublished).



