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ABSTRACT

The nonlinear evolution of a helical wiggler free electron laser is investigated within
the framework of a macroclump model for the trapped electrons. The model de-
scribes the nonlinear evolution of a right-circularly polarized eléctromagnetic wave
with frequency w, and wavenumber k,, and slowly varying amplitude a,(z,t) and
phase 6,(z,t) (eikonal approximation). The model further assumes that the trapped
electrons can be treated as tightly bunched macroclumps that interact coherently
with the radiation field. The analysis is carried out in the ponderomotive frame,
which leads to a substantial simplification in both the analytical and numerical stud-
ies. As a first application, the nonlinear evolution of the primary signal is examined
when 8/0l' = 0 (no spatial variation of the wave amplitude and phase). The evolu-
tion equations are reduced to quadrature, and the maximum excursion of the wave
amplitude G, max is calculated analytically. Subsequently, the nonlinear evolution of
the sideband instability is investigated, making use of the equations describing the
self-consistent evolution of the wave amplitude @, and phase §,, which vary slowly
with both space and time, together with the macroclump orbit equation. In the
present analysis, the sideband signals are treated as perturbations (not necessarily
small) about a constant-amplitude (@2 = const) primary electromagnetic wave with
slowly varying phase 62(2’). The coupled orbit and field equations are investigated
analytically and numerically over a wide range of system parameters to determine
detailed scaling properties of the sideband instability. The results of the present
analysis suggest that free electron lasers operating with system parameters corre-
sponding to the strong-pump regime [(25/I'5)%/4 > 1] are least vulnerable to the
sideband instability. Moreover, the nonlinear evolution of the sideband instability is
investigated numerically for system parameters corresponding to the Los Alamos free
electron laser experiment. In several aspects, the numerical results are found to be
in good qualitative agreement with the experimental results.



I. Introduction

There is growing experimental' =2 and theoretical?! =7 evidence that free-electron
lasers (FEL’s)™~% are effective sources of coherent radiation generation by intense
relativistic electron beams. Recent theoretical studies have included investigations
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of nonlinear effects and saturation mechanisms, the influence of finite radial

geometry on linear stability properties,’®~%5 novel magnetic field geometries for ra-

diation generation,30:56-60

and fundamental studies of stability behavior.6*~72 Since
it is often desirable to operate an FEL as a high power radiation source in the high
gain regime, the nonlinear effects?! ~*° and saturation mechanisms are of considerable
practical interest. In circurnstance' where a sufficiently broad spectrum of waves is
excited, a quasilinear model has been developed by Dimos and Davidson?? to describe
the nonlinear evolution and saturation of the free electron laser instability. On the
other hand, when the spectrum of the excited signal wave is relatively narrow, a

t has been used to estimate the saturation level. Another

simple trapping argumen
topic of considerable practical importance is the sideband instability®—®%?21-28:30-49
which results from the bounce motion of electrons trapped in the (finite-amplitude)
ponderomotive potential. It was first predicted theoretically by Kroll, Morton and
Rosenbluth® that the bounce motion of the trapped electrons can lead to the un-
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stable development. of sideband signals. Numerical simulations and experimen-
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tal observations subsequently demonstrated that sideband signals can grow to

a significant level. In analytical investigations of the sideband instability, both ki-

21-23,84 24,25,39

netic and single-particle models have been developed. Making use of the
Vlasov-Maxwell equations in the ponderomotive frame, Davidson®' investigated the
sideband instability for perturbations about a self-consistent kinetic equilibrium state.
In circumstances where the trapped electrons are localized near the bottom of the
ponderomotive potential, it was found that the detailed stability properties are rela-
tively insensitive to the form of the distribution of trapped electrons. In a subsequent
analysis,?? the detailed dependence of the sideband instability on system parameters
was examined. Moreover, Davidson and Wurtele?* have developed a single-particle
model (with appropriate statistical averages) to analyze the sideband instability in

the ponderomotive frame. The effects of the untrapped electrons have also been con-



sidered.?® Riyopoulos and Tang?® recently developed a kinetic model to study the
sideband instability for general distribution of trapped electrons. The influence of
the sideband signal on the electron dynamics has also been investigated.?” Further-
more, Sharp and Yu?8 have developed a kinetic model of the sideband instability in
which the transverse variations of the wave fields are calculated self-consistently from
Maxwell’s equations. Recent studies of the sideband instability have also included a
self-consistent one-dimensional kinetic analysis by Yang and Davidson® in which the
detailed influence of the trapped-electron distribution on the sideband instability is
determined.

Due to the complicated evolution of the electron distribution, most studies of
nonlinear FEL behavior rely on numerical simulations. For the sideband instability,
which involves both spatial and temporal variations, many periods of the ponderomo-
tive potential need to be included. Consequently, the CPU time required in numerical
simulations can be very long. In this paper, we present a simplified nonlinear model
of the sideband instability in which all of the beam electrons are trapped in the pon-
deromotive potential. Furthermore, the trapped electrons are assumed to be tightly
bunched into coherent macroclumps. Although, the “macroclump” model is ideal-
ized, the field evolution and the nonlinear motion of the macroclumps are determined
self-consistently [Eqs. (40), (41) and (43)] within the model. Moreover, within the
framework of the macroclump model, several analytical results are accessible, and the
numerical analysis can be carried out in a straightforward manner to determine the
nonlinear evolution of the system. |

The present analysis is carried out in the ponderomotive frame, which leads to
considerable simplification in the orbit equations [Eqs. (14) and (15)] and in the
detailed investigation of the sideband instability.?' ~2*7%7484 Moreover, the model has
a conservation relation [Eq. (20)] which, when transformed to the laboratory frame,
corresponds to energy conservation.

" The theoretical model and assumptions are described in Sec. II. A tenuous,
relativistic electron beam propagates through a constant-amplitude helical wiggler
magnetic field with wavelength A\, = 2m/ky =const, and normalized amplitude

a, = eB,/mc?ky =const [Eq. (1)]. The model neglects longitudinal perturba-



tions (Compton-regime approximation with §¢ ~ 0) and transverse spatial varia-
tions (0/0z = 0 = 8/0y). Moreover, the analysis is carried out for the case of a
finite-amplitude primary electromagnetic wave (w,, k,) with circular polarization and
slowly varying normalized amplitude d,(z,t) and wave phase §(z,t) in the eikonal
approximation [Eq. (2)]. A detailed investigation of the sideband instability simpli-
fies considerably if the analysis is carried out in the ponderomotive frame?! 23737484
moving with axial velocity v, = w,/(k, + ko). In the ponderomotive frame (“primed”
variables), the nonlinear evolution of a,(z’,t') and §/(2’,t) is described by Egs. (5)
and (6), and the electron orbits evolve according to Eq. (14). A conservation relation
[Eq. (20)] associated with the self-consistent evolution of the electromagnetic field and
the electron motion is readily derived from Eqs. (5) and (14). It is shown in Sec. II B
that the conservation relation in Eq. (20) implies energy conservation [Eqgs. (31) and
(38)] in the laboratory frame. In Sec. II C, the macroclump model is introduced.
In this model, all of the beam electrons are trapped in the ponderomotive potential.
Furthermore, the trapped electrons are assumed to be tightly bunched into coherent
macroclumps. The nonlinear evolution equations (5) and (6) for the amplitude and
the phase of the electromagnetic wave are thereby simplified and reduce to Eqs. (40)
and (41).

In Sec. III, the nonlinear evolution of the primary signal when 8/6l' = 0 (no
spatial variation in wave amplitude and phase) is investigated within the framework
of the macroclump model. The assumption /0!’ = 0 readily reduces the evolution
equations (40), (41) and (43) to the ordinary differential eqﬁations (46)-(48), which
can be further reduced to quadrature [Eq. (60)]. Assuming A, = 0 and 6, = 0
in Eq. (62), the maximum amplitude excursion A, ., is calculated analytically from
Eq. (60). Except for a constant scale factor of order unity, the maximum amplitude so
obtained is the same as the estimate of the nonlinear saturation amplitude obtained
in the high-gain Compton regime’ using a simple trapping argument.

The basic framework for studying the sideband instability is established in Sec. IV.
In Sec. IV A, the self-consistent quasi-steady equilibrium state is described by Eqgs. (68)
and (69). The evolution equations (77)-(79) for the sideband signals, which are treated

as perturbations about the quasi-steady equilibrium state, are derived in Sec. IV B.



In deriving Egs. (77)-(79), no a priori assumption is made that the perturbations
have small amplitudes compared to equilibrium quantities. The linear stability prop-
erties for small-amplitude perturbations about the primary signal are summarized in
Sec. IV C, and the nonlinear saturation of a single sideband is estimated analytically
in Sec. IV D.

The nonlinear evolution of the sideband instability is investigated in Sec. V. Fol-
lowing a general description of the numerical approach (Sec. V A), the evolution equa-
tion (77)-(79) are solved numerically for three sets of illustrative parameters [Cases I,
Il and III in Secs. V B and V C]. Two situations with different initial conditions are
considered in Secs. V B and V C. In Sec. V B, the nonlinear evolution is determined
numerically for small-amplitude initial conditions with wavenumber equal to that of
the fastest growing mode. It is found in the numerical calculations for the three cases
that the fastest growing mode, after an initial transient stage, grows exponentially
with growth rate predicted by the analytical estimate in Sec. IV C. Moreover, the
saturation amplitude is found to agree with the lower bound estimated in Sec. IV D.
Cascade processes are examined in Sec. V C for the situation where the initial pertur-
bations consist of sideband modes with wavenumber AK[, = AK},/2. Here, AK}, is
the normalized wavenumber of the fastest growing mode. During the evolution, the
nonlinear terms in Eqgs. (101)-(103) generate harmonics of the initial perturbations.
Included in these harmonics is the fastest growing sideband mode. For Cases I and
III, which correspond to the strong-pump regime and the weak-pump regime, respec-
tively, it is found in the early stage of evolution that the initial perturbations with
wavenumber AK’ = AK},/2 grow exponentially. However, before the sideband mode
with AK’ = AK,,;/2 can experience a significant growth, the fastest growing mode,
which is excited by harmonic generation, has achieved a large amplitude. The fastest
growing mode eventually causes the saturation of the sideband instability and dom-
inates the long-term evolution of the system. On the other hand, for Case II, which
corresponds to intermediate pump strength with (Q5/I'5)%/4 = 1, the initial pertur-
bations with wavenumber AK’ = AK),/2 grow without interference from the fastest
growing mode, until they saturate at an amplitude comparable to the equilibrium
amplitude &9 of the primary signal wave. Moreover, the fastest growing mode with

AK' = AKj,, which started with very small amplitude, evolves through harmonic
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generation due to the strong influence of the large-amplitude sideband mode with
AK' = AK};/2. It is also found that the long-term evolution for Case II involves

many modes with comparable amplitudes interacting with one another.

In Sec. V D, the nonlinear evolution of the sideband instability is examined nu-
merically for system parameters corresponding to the Los Alamos free electron laser.®
The dimensionless pump strength in this case is (Q5/T5)8/4 = 21, and the maxi-
mum growth rate occurs at normalized wavenumber AK}, = 1.195 x 102 ~ 1/84.
The initial conditions in the numerical calculation correspond to small-amplitude
perturbations consisting of the first six Fourier components, i.e., AK' = m/252,
m = 1,---,6. Following the time evolution of both the upper sideband signals and
the lower sideband signals for the first six Fourier components, it is found that the
lower sideband signal with wavenumber AK’ = 1/84 corresponds to the wavenum-
ber AKj, of the fastest growing mode. This mode experiences a large growth and
achieves a power level comparable to the initial power in the primary signal. The
power level of the primary signal, however, decreases from its initial value when the
sideband signals grow to an appreciable level. Furthermore, the relative power spec-
trum P(Aw), which is proportional to the amplitude-squared of the Fourier transform
of a7 (zo,t) defined in Eq. (112) at z = z, in the laboratory frame, is obtained numer-
ically in Sec. V D. It is found that a large peak in the sideband spectrum develops
at a frequency which is downshifted by 2.2% from the frequency w, of the primary
signal. This agrees qualitatively with the spectrum observed in the Los Alamos free
electron laser experiment.? The numerical calculation also shows, in good agreement
with what has been observed in other numerical simulations,>** that the presence of
the sideband signals increases the efficiency of radiation generation for a untapered

wiggler field.



II. Theoretical Model and Assumptions

A. Basic Equations and Assumptions

The model consists of a tenuous relativistic electron beam propagating in the z

direction through a constant-amplitude helical magnetic field with vector potential
Au(x) = —(mc®/e)ay(cos kozé, + sin kozé,). (1)

Here, —e is the electron charge, mc? is the electron rest energy, A, = 2r/ko =const
is the wiggler wavelength, the wiggler magnetic field is B, = V x A, and a, =
eB, /mc*kq is the normalized wiggler amplitude. The present analysis neglects longi-
tudinal perturbations (Compton-regime approximation with §¢ ~ 0), and transverse
spatial variation (8/0z = 0 = 0/0y). In addition to the static wiggler field in Eq.(1),
it is assumed that a primary electromagnetic wave signal with right-circular polariza-

tion has developed with vector potential

A,(x,t) = (mc?/e)a,(z,t){cos[k,z — w,t + 8,(2,t)]e,
— sinfk,z — w,st + 6,(z, t)]&,}, ‘ (2)

where the normalized amplitude G,(z,t) and wave phase §,(z,t) are treated as slowly
varying (eikonal approximation), and the corresponding electromagnetic fields are
given by B, =V x A,, and E; = —(1/¢c)0A,/0t. The present analysis is carried out

in the ponderomotive frame moving with axial velocity

relative to the laboratory frame. In the ponderomotive frame it is found that the
transformed energy +;(t’) is approximately constant, with dv;/dt' ~ 0 in the eikonal
approximation. This simplifies considerably the treatment of the electron orbits in the
combined wiggler field and the finite-amplitude primary electromagnetic wave.?! ~23.73:74.84
The ponderomotive-frame variables (z',t',7’) are related to the laboratory-frame vari-

ables (z,t,7) by the Lorentz transformation

2 = y(z —vpt),
t = ypt- vpz/cz),
'7’ = '7p('7 - vppz/mcz)’ (4)
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where v, = (1 — v?/c?)7/2 is the relativistic mass factor associated with the trans-
formation, v'mc® = (m?c* + p2 + *p + ¢*p?)'/? is the mechanical energy, and
the components of momentum (p;, p;,p;) are related to the velocity v/ = dx'/dt’ by
p = ymv.

In the ponderomotive frame, the slow nonlinear evolution of 4,(2’,t') and &(2',t')
is described by?*

0 KoY. 4re’a, 1 sin(8} + 6.)
(B - ey,

j R
,. [0 K8\, 4mwea,, 1 cos(6; + &)
20.),0:, (5{; + w; 8—2;) 5, = -y E <; -'—T— , (6)

where the real oscillation frequency w, and wavenumber k/ are related by the disper-

sion relation*

4me? 1 1
w_’f = czk./‘2 + %:[7 <Z > . (7)

7%
In Eqs.(5)-(7), <Z_,- . > denotes a statistical average, and the axial orbit §’,(t") =
k;z;(t') and energy 7;(t') of the jth electron solve?*

d2 c2k/2aw R ] .
E;;O;, + 722 Im[a, exp(i8, +i6})]
kjay & 1dZ, 8
_ P N = Pl S - ¥
= 7§2 Re {exp(zGJ,) (32} + 2 &,) [a, exp(z&,)]} ) (8)
and 5
d , ay . o
7 a? Y Re{at,[a, exp(zS,)]} , (9)

In Eqs.(8) and (9), the wavenumber k; of the ponderomotive potential is defined by

ky = (ks + ko) /o, (10)
and the relativistic mass factor v is defined by

2 =1+ (p/m*c®) + al, + a2 — 2a,Re[a, exp(i6), +i6)] (11)

~ in the ponderomotive frame. In obtaining Eqs.(8) and (9) from dp,;/dt' = —mc?8v;/0z;
and dv}/dt' = 8v}/6t', we have neglected @} < 1 + a2 in Eq.(11). Moreover, it is
assumed that all electrons have zero transverse canonical momentum, i.e., P}; =0 =

/
P



There is some latitude in specifying the precise opefational meaning® of the sta-
tistical averages < 3°;--- > occurring in Eqs.(5)-(7). For present purposes, let us
assume that the orbits 2)(t') and v}(t') have been calculated from Egs.(8) and (9)
in terms of the initial values 2;(0) and v}(0). Then the simplest definition of the
statistical average < 3_;--- > over some phase function ¥(67,(0),7;(0)) is given by

]' / / ~ 1 21rd91 * ! / ! / /
F(Zve0500) =5 [T [" e e, 02

Here, 1}, is the average density of the beam electrons in the ponderomotive frame, and
G(65,75) is the (probability) distribution of electrons in initial phase 6} and energy
Yo- Moreover, L’ = 2m [k, is the basic periodicity length in the ponderomotive frame.

Equations (5)-(9) constitute a closed description of the nonlinear evolution of the
system. In this regard further simplification of Eqgs.(8) and (9) is possible by virtue of

the assumption of slowly varying wave amplitude and phase (eikonal approximation),

i.e.,
il > |[asexp(i8))] ! o [as exp(if)]
Kl > flaexp8)] oo lasexplis))]. (13)

In particular, to lowest order, it is valid to neglect the local temporal and spatial
derivatives on the right-hand sides of Eqs.(8) and (9). This gives the approximate

dynamical equations?*

d2 czklzaw A ' ]
(‘12',5993 + —ﬁyzz—lm[‘a, exp(i8}, +18,)] = 0, (14)
é—it—,'y;- =0. (15)

The major benefit of carrying out the analysis in the ponderomotive frame is evident
from Eqs.(14) and (15). To lowest order, the particle energy 7; can be treated as
constant in Egs.(5)-(9) and (14).

In circumstances where perturbations are about a primary electromagnetic wave
with amplitude 42 =const (independent of z’ and t'), it is useful in analyzing the orbit

equation (14) to introduce the bounce frequency wp(7;) defined by*!
wp(v;) = (Kl ayad /v ) 2. (16)
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~ Here, a,, > 0 and 4% > 0 are assumed without loss of generality, and wp(7;) is
the effective bounce frequency of deeply trapped electrons with energy ¥;- A detailed
analysis®! of Egs. (11) and (14) shows that the zero-order electron motion is untrapped

for energies v} satisfying (Fig.1)
v >4, =1+ (aw + a3)2 (17)

That is, when Eq. (17) is satisfied, the particle motion is modulated by the pdn-
deromotive potential, but the normalized velocity df;,/dt’ does not change polarity
(Fig.1). On the other hand, for 4} < 4%, the electrons are trapped, and the zero-order
motion described by Eq. (14) is cyclic, corresponding to periodic motion in the pon-
deromotive potential. From Eqgs. (11) and (14), it is readily shown that the minimum

allowable energy of a trapped electron is?!
L= [1+ (aw — )72, (18)

Because a2 < a,, in the regimes of practical interest, we note from Eqs. (17) and (18)

that the characteristic energy of a trapped electron is approximately
¥ = (14 a2)2 (19)

B. Conservation Relation

The evolution equation (5) for the wave amplitude a,(z’,t’) and the orbit equation

(14), together with the definition 87,(t') = kjz;(t’), readily give

6, +k;c2_?_ g 4me? 1 ’f—z’ (20)
ot W, 0z % = muw,ctkl, L' Tigge©is |-

It will be shown in this section that Eq. (20) implies the conservation of energy in

the laboratory frame.
Making use of the Lorentz transformation (4), the left-hand side of Eq.(20) can

be expressed as

8 kKo, VU, 8 8\ .
(G2 an (o) G

s
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where v} = kjc?/w, is the group velocity of the electromagnetic wave in the pondero-
motive frame, and
vy + vp

vV, = —
9 / 2
1 +viv,/c

(22)
is the group velocity in the laboratory frame. The energy of the jth electron v;mc?

in the laborétory frame is related to the ponderomotive frame variables v} and pi,; by

_ ’ valzj _ ' Up dZ;
V=" (7j + me? ) = "7; (1 + 2 | (23)

Operating on Eq.(23) with d/dt’ gives

d YoUpY; d?
&N e @ 9

In obtaining Eq.(24), use has been made of dv;/dt’ = 0 [Eq.(15)]. The characteristic
velocity of an electron interacting with the ponderomotive potential can be estimated
from the equation of motion (14). This gives |d6’/dt'| ~ Lp(v;), where the bounce
frequency wg(7;) is defined in Eq. (16). Therefore, |d2}/dt!| ~ c(a,,al)*/? /v K€ cin
the regime of practical interest, where a,, is of order unity and a2 <« 1. That is to say
the ponderomotive frame can be viewed (in an approximate sense) as the rest frame
of the jth electron. Due to time dilation, the time derivative in the laboratory frame
is related to the time derivative in the rest frame of the electron by d/dt' = ~,d/dt.

Therefore, Eq.(24) can be expressed in the equivalent form

d

, ctd
Tigm

ot 1

zh =
| =

(25)

The wave frequency and wavenumber (w’,k’) in the ponderomotive frame are

related to the wave frequency and wavenumber (w, k) in the laboratory frame by

W= yp(w — kyy),

K= vk —wyup/c?), (26)

2

2/c*)71/2. As a special case, for (w, k) =

where v, is defined in Eq.(3) and v, = (1 —v

wy, k,) we obtain w! = v,(w, — kyv,) from Eq.(26), which gives
3 P 14
W, = YpkoUp. (27)

11



This is the familiar resonance condition for the free electron laser interaction.

Making use of (3), (10) (25) and (26), the right-hand side of .Eq.(20) can be
expressed as
drer 1 [/, &%, 4mre? 1 /d
mw,ck;, L <7j dt’? zj’> - —m'ypw,(w, — vpk,) L <E‘Yj> ’ (28)

where the statistical average < 3_;--- > in the laboratory frame is related to that in

the ponderomotive frame [Eq.(12)] by

1 1
E<Zj:...>=‘ypz}-<2"‘>. (29)

2

In Eq.(29) L' = ~,L'""!, where the factor v, is due to the Lorentz contraction.
Making use of Eqs. (26) and the definition v, = kjc?/w,, it can be shown that

vpv; _ Wy
I+ = T — k) (30)

It is evident from Eqs.(21) (28) and (30) that the conservation relation (20) is equiv-

alent to the relation

0 0\ ., _ 4me? 1 [ d
(a +a“) T Tl <m> (31)

in the laboratory frame.

To show that Eq. (31) implies energy conservation in the laboratory frame, we

first define the average kinematic energy density of the beam electrons by
1
Upart = mczz <Z ’)’J> . (32)
J

The energy of an electromagnetic wave in a dispersive dielectric medium is given by®’

B? 1o} E?
Uem - 8—71"- aw’ [w:Kem(knws)] 8_7r
OK (kg w,)] fmc)\? &2
_ 21,2 2 3 18] _ pat &
= |c*k] + wiKem(ky,ws) + wy B, ] < . > o’ (33)

for a wave with slowly varying amplitude a, and phase §,. Here, Kom(ks,w,) is the
transverse dielectric function for the medium. From Egs. (7) and (26), it can be

shown in the laboratory frame that the dispersion relation is

w? =Pk + wl. (34)

12
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Here, K. (k,,w,) is defined by (see Appendix A)

2k2 w:
=1- ~5
w.l

Kem(ksyw,) = (35)

.!

where the relativistic plasma frequency-squared ""3 is defined by

4me? 1 1
wy = — <Z—,>. (36)

i i
Substituting Eqgs. (34) and (35) into Eq. (33) readily gives
wymc\? a2
Ve = ( e ) 4n’ (37)
Making use of Egs. (32) and (37), the conservation relation (31) can be expressed as
o} o} d
Etem+ £ =—Sem + dtUpm = 0, (38)

where Sem = YgUem is the power flow density of the electromagnetic wave.

To summarize, Eq. (20) is equivalent to the energy conservation relation (38) in
the laboratory frame. Furthermore, in the ponderomotive frame, Eq.(20) constitutes

a powerful constraint condition in both analytical and numerical analyses.

C. Macroclump Model

To make the analytical investigation of the sideband instability tractable, we con-
sider a simple model in which all of the beam electrons are trapped in the ponderomo-
tive potential. Furthermore, the trapped electrons are assumed to be tightly bunched
into coherent macroclumps. Under the assumptions of the macroclump model, the

statistical average [Eq.(12)] over some phase function ¥(8},(0),v;(0)) is replaced by

7 <ZW L(0),%( 0») — UG- (39)

Here, 7}, is the average density of the beam electrons in the ponderomotive frame, and
the subscript I' = k2’ (on 6, and v,) is a label indicating that these variables are
evaluated at the macroclump located in the ponderomotive potential at z’. Making

use of Eq.(39), the field evolution equations (5) and (6) reduce to
0 8\, . _ , ,
(3 + g7) 87 = sildu() 50 ()
~ / ! a 8 ! / 1 (11 /
(T g + g ) S T) = geoslfu(r) + 6, 7)), (41)

13



where l’ = k/z' and 7’ = ck;t' are dimensionless space and time variables, respectively,

and the dimensionless constant ¢, is related to the system parameters by

aw&fb

’ogd
epckp =

Qwﬁ’ : (42)

Here, &} = 4mnije?/m is the nonrelativistic plasma frequency-squared in the pon-
deromotive frame. In obtaining Eqgs. (40) and (41), it has been assumed that the
electron beam has sufficiently low density that we can neglect beam dielectric ef-
fects and approximate w, = ck. Furthermore, the energy v} of the jth electron has
been approximated by the characteristic energy 4’ = (1 + a2)'/? defined in Eq. (19).
Consistent with the eikonal approximation, the wave amplitude &, and phase & in
Egs. (40) and (41) change slowly with I’ and 7’ provided |e,/d,| < 1.
With regard to the evolution of 8, ,,, it follows readily from Eq. (14) that

2

Fra () + au(l, ) sinlf () + 6,1, 7] = 0, (43)

where the dimensionless parameter €, is defined by
€, = —. (44)

Here, we have approximated the energy «; of the jth electron by the characteristic
energy 4’ = (1 + a,,)'/? defined in Eq.(19). Making use of Eqs. (40) and (43), the

following conservation relation is readily verified, i.e.,

0 0\ .o 2, d*
>+ 75 = — 22—, (). 4
(37" + 8[’) a,(t,7) e, dT’ze"l (™) (45)

The coupled particle orbit equation (43) and field evolution equations (40) and
(41), together with the conservation relation (45) will be used in subsequent sections
to investigate the nonlinear dynamics of the sideband instability within the framework

of the macroclump model.
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- III. Nonlinear Evolution of Primary Signal When §/8l' = 0

In this section we consider the evolution of the primary signal in circumstances
where 8/0l' = 0. This is the simplest application of the macroclump model to the

nonlinear evolution of the free electron laser.

A. Basic Equations and Conservation Relations

When the evolution of the system is independent of I’ (8/0l' = 0), Eqgs. (40), (41)
and (43) become

Zar) = <sinff(r) + 8] (46)
)4 BUA) = epconlt(r) + (), ()
T = () snltl () + (), (48)

which describe the nonlinear evolution of &,(’), §/(7’) and #,(7'). The conservation

relation (45) reduces to

d {. 2! d
2 (az + ?"Feg) ~0 (49)
or /
d ley le,
379: 3% . al =0+ 5;5 2, = const, (50)

where a4 and é:o denote initial values. In addition, it readily follows from Eqs. (46)

and (47) that
d 2 4 \?
(F&,) + (&,Fﬂ) = eg = const, (51)

which is another useful conservation relation, valid when §/0l' = 0. Calculating

d%a,/dr"? from Egs. (46) and (47), we obtain

d? . ’ v 1 de./v d&:
c_l;-_’ia’ = epcos(9,+5,) (d'r’ F)
dé! (d¢, dé!
2. 52
b (d-r +d'r') (52)

Making use of Egs. (50) and (51) to eliminate df’,/dr’ and d§,/dr’, it is readily
shown that Eq.(52) reduces to
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d2

a‘;z&, = i[e;,z—(dfl.,/dT')z]l/2
v} 16:‘, - - 1 / ~ /
{lot 2@ - £ L - @afarr) (o
D L]

If we assume d, > 0, then the plus (minus) signs in Eq. (53) correspond to
ds,/dr’ > 0 (db),/dr’ < 0). Equation (53) is a closed nonlinear differential equation
for the evolution of a,(7’) which can be solved subject to specified initial conditions

a, (" =0) = a, and da,/dr'| =0 = €, sin(6, + &,)-

B. Reduction to Quadrature

Equation (53), or equivalently, Egs. (46)-(48) can be reduced to quadrature. Com-
bining Egs. (47) and (50) to form the combination a,(d8)/dr’' + d@,/7’), it readily
follows that

. d ) le, .,
a,,I’_—;(B:l +68) = Awla, ~ 5—6-;-0., + €, cos(0, + &), (54)
where
b A 1 6:1, ~2
Aw, =6, + 5;’—&‘0' (55)
p

For convenience, we introduce the rescaled variables A,, ¥/, and ¢, defined by

€
— w -
A, = —,a,,
€p

¥ o= 6 +8,
a2 1/2
6; = e{ue;, = (m‘%) . (56)
s
Then, Egs. (46) and (54) can be expressed as
d /o /
(—i-;A, = ¢, sin ¥, (57)
d ! / 1 2 / ’
A, -(1—1:7‘11, - Aw, + §A, =€, cos ¥. (58)

Nonlinear coupled amplitude-phase equations of the form (57) and (58) arise in

81-83

several physical problems and have a number of interesting properties. For exam-

ple, it can be shown that dC/dr’ = 0, where the constant of the motion C is defined
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C = €, A,cos ¥, + lAw'A2 - -;—Af

1
= €, A,pcos ¥+ Aw, 2 — =A%

8
= const. (59)

Here, A,o and ¥/, denote initial values. Combining Eqs. (57) and (59), we readily

obtain a closed first-order equation for the evolution of A%(7), i.e.,

! ( dd,A2> +V(42%) =0, (60)

where the effective potential V(A?) is defined by

1

V(42 = 2(e;A,ocos\1:',o+-;-A A% - Al
1 1
—§Aw;A3+§A‘5) — 26242, (61)

That is, use of the constant of the motion C defined in Eq.(59) has reduced the
evolution of A2 to quadrature in Eq. (60).

Equation (60) can be solved for a variety of initial conditions A,, ¥ “and ¢/,
q 30 s0

For purposes of illustration, we assume
Ao =0, 6&,=0. (62)

so that Aw/ —9,0+2 ,a =0, and

1
V(A?) = =A% - 2242 (63)
32
It is evident from Eq. (60) that the maximum amplitude excursion A, m.x satisfies

V(A2 ax) = 0. Making use of Egs. (60), (62) and (63), we obtain

As.max = 2(62)1/3’ (64)

or equivalently [see Egs. (42), (44) and (56)]

¢! )2/3 Qa0 A/4 1/3
a’:“"”‘:Q(zp)la- 2.2 /2 . (65)
(e, )/ w22k
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Note that d,max scales as (7,)*3al/3, and except for a constant scale factor of order
unity, the estimate of G, mac in (65) is the same as the estimate of the nonlinear
saturation amplitude obtained in the high-gain Compton regime™ using a simple
trapping argument. To further illustrate this point, we introduce the dimensionless
parameter I'y < 1 and the normalized (with respect to ck;) bounce frequency Qp of

a deeply trapped macroclump defined by

1t 2 ~12
e - €wép _ _ Bupb (66)
~ 3 b}
2 4w, ¥cky,
50
. a,a
B = ad=—3" (67)

In Eq. (66), (3'/2/2)Tyck,, is the familiar small-signal gain (temporal growth rate)
calculated in the ponderomotive frame. In the nonlinear regime, the saturation of
the signal occurs when the characteristic bounce time 1/Q% of a trapped particle is
comparable to the exponential-growth time 1/T’j. Therefore, the condition I'y >~ Qf
gives an estimate of the amplitude at saturation. The saturation amplitude G, max so
estimated is the same as that obtained in Eq. (65), except for a constant scale factor

of order unity.
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IV. Sideband Instability for Primary Signal with Slowly
Varying Phase

The basic framework for studying the sideband instability is established in this
section. In Sec. IV A, we introduce an equilibrium model in which it is assumed
that a primary wave signal with finite amplitude a2 =const and slowly varying phase
83(l') is present in quasi-steady state. In Sec. IV B, use is made of Eqs. (40), (41) and
~ (43) to derive the equations describing the nonlinear evolution of the sideband signal.
In this regard, the sidebands are treated as perturbations about the quasi-steady
state described in Sec. IV A. In deriving the equations for the nonlinear evolution
of the sidebands, no a priori assumption is made that the perturbations have small
amplitudes compared to equilibrium quantities. Linear stability properties of the
primary signal are reviewed briefly in Sec. IV C, and the nonlinear saturation of
a single sideband is estimated analytically in Sec. IV D. The dependence of the
sideband saturation on the system parameters is found to scale differently in regimes

characterized by the dimensionless pump parameter (0/I'5)%/4 [Egs. (66) and (67)].

A. Equilibrium Model

For deeply trapped electrons, an appropriate quasi-steady equilibrium state con-

sistent with Eqs. (40), (41) and (43) is described by

9’ G + 52 = 2n7l',
0 . o)
50 =0 = gpde (68)
and 5
—8° = — 5% = 9
&J&;’ 0, a,al,é*’ 6 (69)

where n is an integer. That is, the equilibrium wave amplitude a2 is constant (in-
dependent of I and 7'), whereas there is a slow variation of wave phase §2 with /'
described by Eq. (69). Making use of the dimensionless parameters I'y and QO defined

n (66) and (67), respectively, Eq. (69) can then be expressed as
I ¢
ﬁzs" = 25,-2 = Z% (70)
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~ Note that 2I'5/QF = €,/ < 1 is required in the present analysis in order that
the change in 62 is small over the scale length of the ponderomotive potential (Ap =
2m/k;). Therefore, when we examine the stability properties in the weak-pump regime
[(Q5/T4)%/4 < 1], it should be kept in mind that the limiting case where a° ap-
proaches zero at finite value of the electron density is excluded in the subsequent

analysis.

B. Evolution Equations for the Sideband Signals

In order to investigate the nonlinear evolution of the sideband signals, it is con-

venient to introduce the complex wave amplitude a, defined by
a,(U',7') = a,(l', ") exp[e8,(V', 7')). (71)

It follows directly from Eqs. (40) and (41) that

3} 0 . .

(& + ) ults) = iy -8, )
Moreover, the orbit equation (43) for the macroclumps can be expressed in the equiv-
alent form

d2 / ! / N / [

L6,0() + I, explit ()]} = 0. (79)

We now express each dynamical variable as its equilibrium value plus a perturba-

tion, i.e.,

:,ll = 62,15 + 59:,11,

a, = a,exp(i8)) = (ad+ 6A,)exp(i82). (74)

Here, the equilibrium quantities a2, §; and 69, are described by Eqs. (68) and (69) in
Sec. IV A. Also note that the perturbed complex amplitude § A, of the electromag-
netic wave is related to the perturbed real amplitude 6@, = a, — a2 and the perturbed
phase & = &/ — 6° by

§A, = (&° + 8a,) exp(:8) — &°. (75)

When the perturbations are small, Eq. (75) reduces to
§A, = &, +ia%,. (76)
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The equations of evolution for the perturbed quantities §4, and 66, can be obtained
by substituting the definitions in Eq. (74) into Eqgs. (72) and (73), and making use of
Egs. (68) and (69) to eliminate equilibrium quantities. This gives

o8 0 ) Eo e o
ad (8 y dl’) Re(64,) = ¢, [ag sin(66, ) + Im(&A,)] , (77)
~ 0 8 ! fa /
ag (@ + 7) Im(§4,) = ¢, {@l[cos(68,,) — 1] — Re(64,)}, (78)
2
L6, = —c,{[a+ Re(64,)]sin(60,,)
+Im(6A,) cos(66, 1) }. (79)

In obtaining Eqgs. (77)-(79), no a priori assumption has been made that the pertur-
bations 4, and 86, are small. Therefore, Eqgs. (77)-(79) can be used to study the

nonlinear evolution of the sidebands within the framework of the macroclump model.

C. Linearized Equations for the Sideband Instability

The linear stability properties of the equilibrium state described in Sec. IV A
have been studied by Davidson and Wurtele? in considerable detail. Here, we briefly
review some of the key results which are relevant to the present analysis.

When the perturbations 64, and 66, are small, Eqgs. (77)-(79) can be approxi-

mated by the linearized equations

i (B?T_J,(_f_) Re(54,) = a%.(66),) + €, Im(54,), (80)
_a__+_a_ Im(64,) = -—e¢,Re(64,), (81)
5 "o v

& oo 2056, + Im(8 A 82
Ly = -l [a%68L, + Tm(54)] &)

Examining normal-mode solutions to Egs. (80)-(82), we assume that the v’ and /
dependence of the perturbations is proportional to exp[i(AK'l'! — AQ't’)], where
Im(A€Y) > 0 corresponds to instability (temporal growth). However, the pertur-
bations Re(64,), Im(64,) and 66, in Eqgs. (80)-(82) are all real-valued. Therefore,
the solutions to Eqs. (80)-(82) should be the sum of the complex normal-mode solu-
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tions and their complex conjugates, i.e.,

Re(64,) = ojexpli(AK'V —AQ7T)] + ecc, (83)
Im(64,) = oiexpi(AKT - AQF)] + coe, (84)
66,y = 66iexpi(AK'V — AQ'T)] + e e, (85)

where c. c. stands for complex conjugate, and o7, o and 68 are complex amplitudes.
Substituting Eqs. (83)-(85) into Egs. (80)-(82) gives the equations relating the

amplitudes of, o and §6¢

—iad(AQY - AK')o = €, (a2665 +a), (86)
—iad(AQ — AK)dl, = —éal, (87)
—(AQ)260° = —é (a%6° + o). (88)

For the perturbation amplitudes o], o} and §6¢ in Eqs. (86)-(88) not to vanish, the

frequency A{Y and wavenumber A K’ must satisfy the dispersion relation
0 03(r5/2)"

(AfY)?  (AQ - AK')?’

1= (89)

which is the familiar dispersion relation obtained by Davidson and Wurtele?* for the

sideband instability assuming slowly varying equilibrium phase §° and deeply trapped

electrons. Here, the parameters Q5 and I'y are defined in Eqs. (66) and (67).
Equation (89) has the familiar form of the dispersion relation for the two-stream

85,88

instability. In the following special cases, the maximum growth rate Im(AQ')y,

and the corresponding real frequency shift Re(AQ')sr and wavenumber AK}, at max-

imum growth can be estimated analytically.?*
1. Strong-pump regime [(Q5/T5)%/4 > 1]
Im(AQYy = (3V3/2/%)T(Th/Rp),
Re(AQ)w = R + (1/2/%)TH(Ts/Rp),
AK), = Q. (90)
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2. Weak-pump regime [(Q5/T5)%/4 < 1]

(A, = (377/2)%,

Re(AQ)y = (1/2)T%,
AKjy = 2T5(To/Qp)% (91)

3. Intermediate pump strength [(Q5/T4)%/4 = 1]

Im(AQ )y = (1/2)Q3,
Re(AQ ) = (3'2/2)Q%,
CAKy = 3% (92)

For three different values of the dimensionless pump parameter (Q5/'%)%/4, Fig. 2
shows the plots versus normalized wavenumber AK'/Q% of the normalized growth
rate Im(AQ)/Q. The maximum growth rate and the corresponding wavenumber

for each pump parameter agree with those predicted in Egs. (90)-(92).

D. Saturation Amplitude of the Fastest Growing Sideband

| The unstable sideband modes obtained in Sec. IV C will grow exponentially until
the assumptions used to derive the linearized equations (80)-(82) are violated. When
linear theory breaks down, the nonlinear equations (77)-(79) should be used to deter-
mine the long-term evolution of the sideband modes. In Sec. V, Eqs. (77)-(79) will
be solved numerically to determine the nonlinear evolution of the sideband instability
within the framework of the macroclump model. In this section, we estimate analyti-
cally a lower bound on the saturation amplitude of the unstable sideband mode in the
case where only the fastest growing mode is present. Although the fastest growing
mode may generate harmonics, it is found from the growth rate curves in Fig. 2 that
these harmonic modes are linearly stable with ReAQ’ = 0. Therefore, the harmonics
do not experience significant growth before the breakdown of the linear theory.
The conditions for the breakdown of the linearized macroclump equations (80)-
(82), as well as an estimate of the lower bound on the saturation amplitude are

obtained from the following arguments.
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(a) The nonlinear terms in the evolution equations (77)-(79) are: sin(88, ) in
Eq. (77); cos(66, )—1in Eq. (78); and sin(66}, ;,), Re(§4,) sin(68/, ;) and Im(6A,) cos(86", »)
in Eq. (79). When sin(86; ;) and cos(66; /) are expanded as power series in 6, the
terms cos(80; ) — 1 and Re(6A,)sin(68,,) contain only products of even powers
of perturbed quantities, and contribute only to the generation of even harmonics.
Under the assumption that the linear growth rate of the fast growing mode is not
affected by its own harmonics, as mentioned in the previous paragraph,vwe ignore
the cos(86;,) — 1 and Re(8A,)sin(86,,) terms in the saturation estimate. How-
ever, the other two terms, sin(66, ;1) and Im(6A,) cos(88’ ), contain triple products
of the perturbed quaritities, and the expansion procedure [e.g., sin(68, ;) >~ 66/, and
Im(64,) cos(86, ;1) ~ Im(6A,)] breaks down when 66", , is of order unity.

(b) When |46, ;| is of order unity, nonlinear effects become important in the equa-
tion of motion (14) for a particle trapped in the ponderomotive potential. One such
effect is that the bounce frequency of a trapped particle depends upon the amplitude

of its bounce motion.
(c) In the regime where the linearized equations (80)-(82) are valid, the perturba-
tions grow exponentially with relative amplitude obtained from Egs. (83)-(88)

1

Im(84,)| = i (AQN)? — ¢,a2| - 166, ], (93)
Ao .

Re(84,)] = —|(AQ = AK)[(AQ)? - €] [66,1- (94)
wp

When |88, ;| is of order unity, the linear theory breaks down. Hence the corresponding
amplitude of the sideband can be estimated by setting |66, ;| ~ 1 in Eqgs. (93) and
(94). This gives

1

(/e = =l - oal, (95)

Re(84.)/8%] =~ ——|(AQ' - AK)(AQ) - &4l (96)
wCp

as the conditions for the linear theory to break down. Since the amplitude of the
unstable sideband grows exponentially until the linear theory breaks down, the am-
plitudes in Eqgs. (95) and (96) determine a lower bound on the saturation amplitude.

The lowest estimate in Egs. (95) and (96) is the one of physical interest. Furthermore,
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it will become evident in Sec. V, that the amplitudes Re(§A,) and Im(64,) are closely
related to the amplitudes of the upper and lower sideband signals [Egs. (107), (108),
(114) and (115)].

To examine the scaling of the saturation amplitude, we now substitute the complex
frequency and real wavenumber estimated analytically in Eqs. (90)-(92) for the fastest
growing mode into Egs. (95) and (96). This gives the following estimates:

1. Strong-pump regime [(Q5/T5)%/4 > 1]

/2

1/3 2
R € I
Tn(64,) /6% 2 273 [————~— )3] =g (—) ,

e,(a5 Qp
1/8 ,

|Re(64,)/@ e 2 23 % (Lo (97)
* €,(a3)° 0

2. Weak-pump regime [(¥5/T5)%/4 < 1]

R 1 2\ /3 T\ 2
A e 2 i (2) = (F2)

€, B
1 6,2 1/3 I\l 2
bA)ale 2 g \o) = l\qr)
|Re(6A,)/d,eat 92/350 (e') ( 35) )

3. Intermediate pump strength [(Vg/T5)%/4 = 1]

Im(64,)/a%: 2 1,
|Re(8A,)/alle X 1. (99)

It is evident from Eq. (97) in the strong-pump regime [(Q5/I5)%/4 > 1], that the
sideband signal may saturate at an amplitude smaller than that of the primary signal
a%. However, when the pump strength (Q5/I'})8/4 is of order unity in Eq. (99), the
sideband signal may grow to an amplitude at least comparable to a2.

In the weak-pump regime, Eq. (98) gives a saturation amplitude larger than a9. It
is interesting to note, apart from a factor of order unity, that the saturation amplitude
in (98) is equal to @, max in Eq. (65) obtained for the nonlinear evolution of the primary
signal when 8/8l' = 0. As mentioned in Sec, III, the amplitude @, max is the same
as the nonlinear saturation amplitude of primary signal in the high-gain Compton
regime using simple trapping arguments.” It should also be pointed out that the

maximum growth rate (normalized with respect to ck;) in the weak-pump regime,
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(v/3/2)I'% from Eq. (91), is the familiar small-signal gain (temporal growth rate)’
calculated in the ponderomotive frame.

Assuming that an unstable sideband is present, it is important to note that the
excursion of a macroclump about its equilibrium unperturbed position will grow to a
significant amplitude, i.e., |66, ;| ~ 1, no matter how small the initial amplitude of the
unstable sideband. This should be compared with the result obtained by Riyopoulos
and Tang,?” who have shown, when only a single sideband with constant amplitude
(independent of z and t) is present, that the motion of the particles becomes highly
irregular only if the amplitude of the sideband is greater than some threshold value.

It should be reiterated that the estimate of the saturation amplitude carried out
in this section is valid only for single-mode sideband excitation. When many side-
band modes are present simultaneously, coupling between sideband modes becomes
important, which renders the present estimate of the saturation amplitude invalid.
Also the present estimates of the saturation amplitude are restricted to the fastest
growing mode. For modes with smaller growth rates, cascade processes (Sec. V) may
generate harmonics which grow faster than the fundamental mode.

As a final point, the lower bounds on the saturation amplitude in Egs. (97)-
(99) have been estimated earlier in this section by taking the maximum excursion of
the macroclump in Egs. (93) and (94) to be |66, | ~ 1. The numerical results in
Sec. V B, however‘,.suggest that the maximum excursion |88 ;i|max is comparable to m
[see Figs. 3(c), 4(c) and 5(c)]. Moreover, the field amplitudes [Re(8a,)| and |Im(8a,)|
are observed to saturate at amplitudes larger than the lower bounds in Egs. (97)-(99)

by a factor between unity and 7 (see Figs. 3-5).
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V. Nonlinear Evolution of the Sideband Instability

A. General Description

Equations (77)-(79) are solved numerically in this section in order to examine the
nonlinear evolution of the sideband instability. First, a few key points are described

regarding the procedure used to analyse the coupled nonlinear differential equations
(77)-(79).
By making the change of variable

¢ =1_r, (100)

the partial differential equations (77) and (78) reduce to the ordinary differential

equations
&S%Re[m.(é’, ™) = ¢ {alsin[68,, ()] + Im{64,(¢', )]}, (101)
aga‘-i—llm[m,(g',r')] = ¢ {@%{cos[80, ,(7")] — 1} — Re[64,(¢, 7))} . (102)

Moreover, the macroclump equation of motion (79) becomes

d2
—68,0(r) = —e, ({8 + RelSAL(€,7")]}sinf68} ()]

+Im[5A,(E',T')]cos[69:,,,('r’)]>. (103)

In Egs. (101)-(103), the subscript I’ on 66, ; indicates that the corresponding macro-
clump is located at I' = kj2’. It is evident from Eqs. (68) and (69) that I' is a
discrete label with incremental value 27/(1 + €, /&), where €,/a3 < 1 is assumed to
be consistent with the assumption that the wave phase §) varies slowly [see Eq. (70)).
Furthermore, the field perturbation §A, is a function of ' and €. In the present
analysis, the fast spatial variation on the length scale L' = 27/k, has been elimi-
nated by averaging over an interval of length L’. Therefore, at given 7/, the change
‘in 8A, is small when £’ changes by an amount of order unity. Furthermore, it is
an appropriate approximation to consider £’ as a discrete label. For present pur-
poses, we chose the incremental value of ¢’ to be the same as that of the label I', i.e.,
A¢' = Al' =2 /(1 + €,/a3). To evaluate the right-hand side of Egs. (101) and (102)

for a particular value of ¢, the corresponding value of I’ in 66, is determined by
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minimizing the difference |’ — (' — 7')|. Note that |¢' — (I’ — 7)| is generally nonzero,
because £’ and I’ are both discrete labels. Similarly, to evaluate the right-hand side
of Eq. (103) for a particular value of /', the same condition is used to determine the

value of £ in §A4,(¢',7').

For convenience in the numerical calculations, we also assume the periodic bound-

ary conditions

50’I'+LP = 69,[/,
§A,(¢ + L, ') = 8A,(€,7), (104)

where the spatial periodicity length L, is defined by
L, = 2 Npot /(1 + €,,/@3), (105)

and N, is the number of ponderomotive potentials in each period. For the periodic
boundary conditions in Eq. (104), the sideband modes allowed in the system are
those with wavenumber AK’ = 2rm/L, (m = 1,2,3,--.). That is, the resolution in
wavenumber (A K’-space) is sacrificed by assuming the periodic boundary conditions
in Eq. (104). Nevertheless, the present calculation is still a multimode analysis, so
that nonlinear effects such as harmonic generation and the coupling between allowed
discrete modes are taken into account.

It is useful to express the dynamics variables 68, ,(7') and §A4,(¢',7’) in terms of

the Fourier series

60, ,(7") = 860(T') + 3 80asc (T’ ) cos[AK' (L — ) + ok (7')], (106)

AK'

Re[6A,(¢,7)] = 8ALT) + 3 6ALk(7") cos[AK'E + Wy pr(7)], (107)
AK'

mSAEL Y] = SAN(r) + 3 6 (r) coslAKE + Tage (), (108)
AK!

where the wavenumber AK' is restricted by the periodic boundary conditions in
Eq. (104) to be AK’ = 2mm/L, (m = 1,2,3,--:). The Fourier coefficients in
Eqgs. (106)-(108) are related to the real-valued variables 66, ,(7’') and §A4,(¢, ') by

m=1,...,Npot
N2 Z 59;,1,(7") exp[—iAK'(lI' = 7')],
P

ot l'=mL,/Np°.

§0akci(T) exp['i\IloAK, ()] =
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N g ™=l Near , .
§AL ko (7) expli¥ g (T)] = Y. Re[6A,(¢, )] exp(—iAK'E"),
pot &=m LP / Npot

=

2 m=1)"'|Npol

§ Ao () expli¥i ()] = N Y. Im6A,(¢, )] exp(—iAK'E"),
POt ¢1=mLy/Npot

(109)

and

1 M=1’""NP°‘

80o(7') = Z 59; (),

POt ['=m[,/Npo
1 m:l,...,Npot

SAY(T) = - Z Re[6A,(¢',7")],
ot €'=7HLp/Npot
. m=1»"'anot
§Ay(T") = Z Im[6A,(¢',T')]. (110)

pot elszP/Npo‘

2

o

=

Making use of Eqs. (69) and (71), and substituting £’ = I’ — 7' into Eqs. (107) and
(108), the complex amplitude a, defined in Eq. (71) can be expressed in the equivalent
form
a(l',7) = [6. 4'( ') + a3 +i6A}(7")] exp(i€,l’ /al)
+ 2{51‘1“(' ) expli®h o (7)) + i AL o (') expli W g ()]}
2 5%
x exp[iAK'(I' — 7')] exp(ie,l'/a3)
+ > {6A% o (7) exp(—i%h o (7')] + 16 A, o (7') exp[~i W (7')]}

2,50
x exp[—iAK'(I' — 7')] exp(ie,l'/&]). (111)

For the right-circularly polarized electromagnetic wave with vector potential defined

in Eq. (2), we introduce the complex representation of the vector potential
a; (z,t) = az4(2,t) — ta,.(2t). (112)

Making use of Eq. (2) and the inverse of the Lorentz transformation (4), it is readily

shown that

a; (Z,t") = a,(Z,t)expli(kz’ — wit') +18,(2',t')]
= O'S(zl’tl) expli(k,z’' - w./stl)]’ (113)
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~ where (w/,k!) in the ponderomotive frame is related to (wsyky) in the laboratory

frame by Eq. (26). For convenience, we introduce the definitions

Ang (T) expliape (7)) = “{5AAK'(T ) expli®y oo (7')]
+i6Ap g (') expli® 5 (7))}, (114)
Ao (7) expligia e (7)) = 5{5AZK'( ) exp[~i ¥} g (7')]
+i6 A} o (') exp[—i W g (7)1}, (115)
Ap(t)) explivp(T)] = [6A5(T") + a7 + AL (7)), (116)

where A%y, ALxr, Yig and Yl are real-valued functions. It is evident from
Egs. (111)-(115) and the definitions I’ = k2’ and 7' = ck[t, that A% (') is the am-
plitude of the upper sideband with wavenumber &’ upshifted from the wavenumber
k, of the primary wave by Ak’ = AK'ky, and that the corresponding real frequency
' is upshifted from the frequency w; of the primary wave by Re(Aw') = ck [AK' —
(dpig /dr’)]. Similarly, the amplitude of the lower sideband with wavenumber k’
downshifted from the wavenumber &; of the primary wave by Ak’ = AK'k], is AL (')
defined in Eq. (115), and the corresponding real frequency ' is downshifted from the
frequency w) of the primary wave by Re(Aw') = ckj[AK' + (dip} g /d7’)]. Further-
more, the quantity A4,(7') defined in Eq. (116) is the amplitude of the primary wave,
and cky(—di,/dr’) is the real frequency shift of the primary wave from the frequency

!
s°

w

As a final remark on the numerical approach used to investigate the sideband
instability, the conservation relation in Eq. (45) is a useful constraint condition, which
can be used to test the accuracy of numerical calculations. Integrating Eq. (45) with

respect to I’ over a periodicity length L, readily gives

d rir %' d m=1,,Npot d
o ), dal,T)=——F =0 ("), 117
) = - T gt) )

or equivalently,

/ m=1»"‘anot d

/ aal, )+ 5 Tl (r) =const.  (118)

€w =mLy/Npor
during the nonlinear evolution of the sideband instability. In subsequent sections, the

constraint condition in Eq. (118) is used as a check on numerical accuracy.
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B. Exponential Growth and Saturation

The nonlinear evolution of the sideband instabﬂity has been investigated by solv-
ing Eqgs. (101)-(103) numerically over a wide range of system parameters, subject to
the periodic boundary conditions in Eq. (104). It is evident from Egs. (101)-(103)
that the nonlinear evolution of the free electron laser depends on the three dimen-
sionless parameters e, ¢,, and 4} defined in Eqgs. (42), (44) and (68). In this regard,
it should be kept in mind that ¢, < & is required in order to be consistent with
the assumption that the amplitude 4, and phase &, of the electromagnetic wave vary
slowly in comparison with the fast temporal scale 1/ ck, and the fast spatial scale
1/k,. Moreover, the variables I’ and ¢’ are discretized as described in Sec. V A.

For purposes of illustration, we choose three sets of illustrative parameters, corre-
sponding the strong-pump, intermediate-pump and weak-pump regimes.

Case I: ¢, = 3.1623 x 1077, ¢, = 0.1 and &2 = 1073

In this case, the pump strength [(Q5/T)/4]® = €,(a2)®/e2 = 10°, which corre-
sponds to the strong-pump regime. The growth rate, real frequency shift and the
wavenumber of the fastest growing mode obtained from Egs. (66), (67) and (90) are -

Im(AQ)p = 6.87 x 107%, Re(AQ)pr = 1072, AK),=10"2.  (119)
The lower bound on the saturation amplitude obtained from Eq. (97) gives

|tm(64,) /a8 23.98 x 1077, (120)

sat

_ 2159 x 107!, |Re(84,)/a]

Case II: ¢, = 5.807 x 107%, ¢, = 3.37 x 107% and &) = 107°

In this section, the pump strength [(Qp/T;)/4]® = €,(a3)*/€? = 1.0, which corre-
sponds to the intermediate-pump regime. The growth rate, real frequency shift and
the wavenumber of the fastest growing mode obtained from Eqgs. (66), (67) and (92)

are
Im(AQ)ar = 2.9 x 1073, Re(AQ)ar = 5.0 x 1073, AKj, = 1072 (121)
The lower bound on the saturation amplitude obtained from Eq. (99) gives

|Im(64,)/43 21.0. (122)

210, |Re(54,)/a]

sat
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Case III: ¢, = 107%, ¢, = 1072 and &% = 107,
In this case, the pump strength [(Qp/I5)/4]° = €,(a3)*/e = 1072, which cor-

responds to the weak-pump regime. The growth rate, real frequency shift and the

/
w

wavenumber of the fastest growing mode obtained from Egs. (66), (67) and (91) are
Im(AQ)p = 6.87 x 107!, Re(AN)p =3.97 x 107, AKj, =10"2.  (123)
The lower bound on the saturation amplitude obtained from Eq. (98) gives

|Im(64,)/a?

26.3, |Re(64,)/a

26.3. (124)

sat sat

The nonlinear evolution is determined numerically for small-amplitude initial con-
ditions with wavenumber equal to that of the fastest growing mode. That is, the
wavenumber of the initial perturbation is equal to AK}, defined in Egs. (119), (121)
and (123) for Cases I, II and III, respectively. For the three cases considered here,
the wavenumber A K}, is equal to 1072. For specified AK’, note that the dispersion
“relation (89) has four roots. Therefore, initial perturbations with wavenumber AK’
are generally linear combinations of these modes. Figures 3-5 show the time evolution
of the Fourier amplitudes with AK’ = AK}, = 1072, The Fourier decompositions
defined in Egs. (106)-(109) are used to obtain the Fourier amplitudes §A7 i1, § A% g
and 60,k from the variables §A4,(£',7') and 66, ;,(7’), which are obtained directly by
solving Eqs. (101)-(103). It is evident form Figs. 3-5 that the perturbations, after an
initial transient stage, grow exponentially with growth rates predicted by Eqgs. (119),
(121) and (123), until the linear theory breaks down. Moreover, the saturation ampli-
tudes in Figs. 3-5 are found to agree with the lower bounds estimated in Egs. (120),
(122) and (124), within a factor of three. In addition, the following features are found
in the numerical calculations.

(a) During exponential growth, the real frequency shift of the fastest growing
sideband modes agrees with that given in Eqgs. (119), (121) and (123).

(b) Before saturation, the higher harmonics of the initial perturbations have am-
plitudes much smaller than the amplitude of the fastest growing mode, as anticipated
from the linear theory.

(c) After the fastest growing mode saturates, it is found in the numerical cal-

culation for Case II with dimensionless pump strength (Q5/T5)/4 = 1 that the
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harmonics with AK’ = 2AK}; and AK’ = 3AK}; can grow to an amplitude com-
parable to that of the fastest growing mode (approximately a2). In contrast, the
fastest growing modes in Cases I and III remain the only dominant sidebands in the

long-term evolution of the system.

In summary, the time evolution of the fastest growing sideband mode has been
studied for three choices of system parameters. The three stages observed in the
evolution correspond to an initial transient followed by exponential growth and sat-
uration. The numerical examples presented in this section confirm the validity of the
analytical estimates of the growth rate and saturation amplitude in Secs. IV C and

IV D over a wide range of system parameters.

C. Cascade Processes

In this section, we examine a situ;xtion where the initial perturbations consist of
sideband modes with wavenumber AK}, = AK},/2. Here, AK}, is the wavenumber
of the fastest growing mode. During the evolution, harmonics of the initial pertur-
bations are generated by the nonlinear terms in Eqgs. (101)-(103). Included in these
harmonics is the fastest growing sideband mode. In the situation examined in this sec-
tion, the long-term evolution of the instability behaves differently for different choices
of system parameters. To demonstrate this, we present three examples with system
parameters €, €, and a? identical to Cases I, II and III in Sec. V B. It follows from
Egs. (119), (121) and (123) that the wavenumber A K/, of the initial perturbations is
equal to 0.5 x 1072, and that of the fastest growing mode is AK}, = 1072 in all three
cases. Figures 6-8 show the evolution of the Fourier amplitudes §A7 ;. and §A% &
for the sideband signals with wavenumbers AK/ = AK},/2 and AK),, and system
parameters corresponding to Cases I, II and III, respectively.

For Case I with system parameters ¢, = 3.1623 x 1077, ¢, = 0.1 and &) = 1073,
which corresponds to the strong-pump regime, the results displayed in Figs. 6(a)
and 6(b) show that the initial perturbations with wavenumber AKj, = AK),/2 grow
exponentially, after a short transient stage. The observed growth rate agrees with that
obtained from the dispersion relation in Eq. (89). However, the exponential growth

of the initial perturbations saturates at an amplitude much smaller than what would
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be predicted, had we assumed single-mode evolution and applied Eqs. (95) and (96)
to estimate the saturation amplitude in the present case. The failure of the single-
mode assumption is evident from Figs. 6(c) and 6(d), which show that the fastest
growing mode, after being excited by harmonic generation, grows with the growth
rate given in Eq. (119) and eventually causes the breakdown of the linear theory.
The evolution of the fastest growing mode in Figs. 6(c) and 6(d) is similar to that
shown in Figs. 4(a) and 4(b), except for a time delay, which is a consequence of the
different initial conditions used in the two calculations. The amplitudes of the higher
harmonics, which are not shown here, are small compared to the amplitude of the
fastest growing mode. Therefore, in this case, which corresponds to the strong-pump
regime, the evolution of the system is dominated by the fastest growing mode with
wavenumber AK' = AK),.

Figures 7(a)-7(d) show the evolution of the system for Case II with parameters
€, = 5.807x107%, €/, = 3.37x107? and 4] = 107>, The dimensionless pump parameter
(Q5/T%)8/4 is equal to unity in this case. It is evident from Fig. 2(b) that the unstable
sideband mode with AK’ = AK], = AK};/2 has growth rate comparable to that of
the fastest growing mode with AK’ = AK},. It is observed in Figs. 7(a) and 7(b)
that the initial perturbations grow expohentially with a growth rate which agrees with
that obtained from the dispersion relation in Eq. (89). Moreover, before saturation at
an amplitude of the same order as the equilibrium amplitude a2 of the primary signal
wave, the exponential growth continues without interference from the fastest growing
mode. On the other hand, the fastest growing mode with AK' = AK),, which
started with very small amplitude, evolves through harmonic generation due to the
strong influence of the large-amplitude sideband mode with AK’ = AKj},/2. In the
present situation, it is evident from Figs. 7(c) and 7(d) that the fastest growing mode
behaves very differently from the single-dominant-mode case shown in Figs. 4(a) and
4(b). Although, within certain time intervals, the evolution in Figs 7(c) and 7(d) does
behave like exponential growth, the growth rate does not agree with that obtained
from the dispersion relation in Eq. (89). It is also found during the exponential growth
of the sideband mode with AK’ = AK},/2 that all of the higher harmonics (not shown
in Fig. 7) have amplitudes small compared to the amplitude of the sideband mode with

AK' = AK};/2. In the long-term evolution, however, many of the higher harmonics
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eventually grow to amplitudes comparable to that of the sideband mode with AK’ =
AK},/2. Therefore, in this case, which corresponds to the intermediate-pump regime,
the long-term evolution involves many modes with comparable amplitudés interacting
with one another.

Displayed in Figs. 8(a)-8(d) is the evolution for Case III with system parameters
€, = 107%, ¢, = 1072 and a2 = 107, which corresponds to the weak-pump regime.
Comparing Figs. 2(a) and 2(c), it is evident that the growth rate curve for this case has
the same shape as that for Case I. Therefore, it is not surprising to find in Figs. 8(a)-
8(d) that the fastest growing mode dominates the evolution. The amplitudes of the
higher harmonics, which are not shown here, remain small compared to the amplitude
of the fastest growing mode during the evolution. In the present calculation, the time
evolution of the fastest growing mode shown in Figs. 8(c) and 8(d) is similar to the
single-dominant-mode case shown in Figs. 5(a) and 5(b), except for a time delay due
to the difference in initial conditions. The oscillatory behavior observed in Figs. 8(a)
and 8(b) is attributed to the interference between different sideband modes in the
initial perturbations. As discussed in Sec. V B, for each wavenumber AK’, there are
four modes corresponding to the four roots obtained from the dispersion relation in
Eq. (89). The initial perturbations chosen for the case in Fig. 8 happen to contain
large contributions from two oscillatory modes. The interference between these modes
generates the oscillatory pattern in Figs. 8(a) and 8(b). A similar pattern is also
observed in Figs. 5(a) and 5(b) during the transient stage. Depending on the initial
conditions, this interference can also occur in the strong-pump and intermediate-pump

regimes.

D. Nonlinear Evolution for System Parameters Correspond-
ing to the Los Alamos Free Electron Laser

The first experimental investigation of the free electron laser sideband instability
was carried out by Warren, et al® at Los Alamos using an L-band RF linear accelerator
operating at 20MeV, peak current of 40A, and micropulse width of ~35ps. The
electron beam has radius » = 1mm, which gives an estimated density n = 2.65 x

10 cm™3 in the laboratory frame. The wiggler magnets generate a transverse planar
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wiggler field with constant wavelength A,, = 2.73cm and constant amplitude B, =
3kG which corresponds to a normalized wigglef amplitude a,, = 0.76. The total
length of the wiggler is L=1m.

The laser oscillator operates at an output wavelength of A, = 10.35um.5 The
peak laser output power inferred from the micropulse width is about 5SMW from the
coupler (or 100MW in the cavity).? The radius of the optical beam at the center of
the.wiggler is 1.45mm, which gives the estimate @, = 2.4 x 10~ for the normalized

amplitude of the radiation field.

The velocity v, = fB,c of the ponderomotive potential defined in Eq. (3) is deter-
mined from B, = A, /(Aw + A,) = 0.99962 (or equivalently 1 — 8, = 3.8 x 10~%), and
the relativistic mass factor v, = (1 — 82)~'/2 associated with the Lorentz transforma-
tion is v, = 36.2. The value of the wavenumber &, of the ponderomotive potential
defined in Eq. (10) is readily determined to be k, = 1.68 x 10°cm™'. Making use
of Eq. (27), the frequency w/ of the primary signal in the ponderomotive frame is
w! = 2.5 x 10'?rad/sec. The nonrelativistic plasma frequency-squared is defined by
W = 4wnye?/m, where 7 = 7/, is the electron density in the ponderomotive
3

frame. In this experiment, the electron density is 7, ~ 2.65 x 10*cm™

@2 =233 x 10'9%ec™2.

, which gives

To determine the dimensionless parameters ¢, and ¢, corresponding to the Los
Alamos free electron laser,® we make use of the definitions in Egs. (19), (42) and (44).
Making use of the values of the system parameters calculated earlier in this section,
this gives ¢, = 5.6 x 1077 and €|, = 0.48. Furthermore, we take the normalized ampli-
tude of the radiation field to be the equilibrium amplitude of the primary signal, i.e.,
a? = 2.4 x 10~*. Substituting the calculated values of the dimensionless parameters

¢, €/, and a? into the definitions in Eqgs. (66) and (67), readily gives the dimensionless

P €w
pump strength (Q%5/I'3)8/4 = 21 for the parameters corresponding to the Los Alamos
free electron laser.

The dispersion relation in Eq. (89) has been solved for the set of system parameters
corresponding to €, = 5.6 x 1077, ¢/, = 0.48 and a% = 2.4 x 10~*. This gives the plots
versus real wavenumber AK’ of the growth rate Im{AQ)) and real frequency shift

Re(AQ!) displayed in Fig.9. The maximum normalized growth rate is approximately
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2.3 x 1073, which occurs at wavenumber AK}, = 1.195 x 102,

Equations (77)-(79) have been solved numerically to determine nonlinear evolution
of the sideband instability for the choice of system parameters €& = 5.6 x 1077,
¢, = 0.48 and a9 = 2.4 x 10™*, using 252 periods of the ponderomotive potential
(Npot = 252) and the boundary conditions in Eq. (104). The allowed wavenumbers are
AK' = m/252, wherem = 1,2, - - -. Moreover, m = 3 or AK’' = 1/84 is approximately
equal to the wavenumber AK},; = 1.195x 1072 of the fastest growing mode. The initial
conditions in the numerical calculation correspond to small-amplitude perturbations
consisting of the first six Fourier components, i.e., m = 1,---,6, which are assumed
to have equal amplitudes at 7/ = 0.

Figures 10(a)-10(f) show the time evolution of the normalized power Pag+ of the
upper sideband signal (dotted curve) and lower sideband signal (solid curve) for the
first six Fourier components with wavenumbers AK' = m/252, m = 1,-.-,6. Here,

the normalized power Pag: is defined by

Prwr = [A% ki (7)/a3)?, upper sideband,
AKT = [ALxi(7)/4%]%, lower sideband,

where A% . (7') and Al 4. (') are defined in Eqgs. (114) and (115). It is evident from
Figs. 10(a)-10(f) that both the upper sideband and the lower sideband for all six

(125)

Fourier components experience significant growth in amplitude. Most remarkable is
the lower sideband for AK' = 1/84, which corresponds to the fastest growing mode
and achieves a power level comparable to the initial power in the primary signal.
Another sideband signal which also distinguishes itself from the other sideband signals
by growing to a large power level (more then one tenth of the power of the primary
signal) is the lower sideband for AK' = 1/42. Figures 11(a) and 11(b) show the real
frequency shifts (—di/ g /dr’ — AK') [see the paragraph following Egs. (114)-(116)]
of the lower sideband signals for both AK’ = 1/84 and AK' = 1/42. It is found from
Fig. 11(a) that the real frequency shift of the lower sideband signal for AK’ = 1/84 is
approximately Re(AQ') = 0.01 (in units normalized with respect to ck;). Making use
of the inverse transform of Eq. (26), the real frequency shift in the laboratory frame
(in real unit) is determined from ReAw, = *y,,(ReAQ’ +BpAK")ck;, = 4 x 10'*rad/sec,
which is approximately 2.2 percent of the primary signal frequency w, = 2mc/A, =

1.82x 10%rad/sec. As a final remark on the results displayed in Figs. (10) and (11), it

37



e

is found in the present calculation that a large peak in the sideband spectrum develops
at a frequency which is downshifted by 2.2% from that of the primary signal. This is
in qualitative agreement with what is observed in the experiment.®

Figures 12(a) and 12(b) show the evolution of the normalized power A2/(a2)? for
the primary signal [see Eq. (116) and the paragraph following Eq. (116)] and the
normalized spatially averaged power < a? > /(a%)?, respectively. Here, the spatial
average < a? > of the field amplitude-squared is defined by

1

L
“2¢ 1 - P oaory gy
<ai(t)y> = —Lp/o a;(l',r")dl

m=1,. [N anot

= A+ Y {4k + A}, (126)

U=mLy/Npor
which includes the contributions from the primary signal and the sideband signals.
In obtaining Eq. (126), use has been made of Eqgs. (71), (111) and (114)-(116).

It is evident from Fig. 12(a) that the power level of the primary signal decreases
from its initial value when the sideband signals grow to an appreciable level. How-
ever, it is found from Fig. 12(b) that the total radiated power, which includes the
contributions from the primary signal as well as the sideband signals, becomes larger
than its initial value, during the long-term evolution. This implies, in good agreement
with what has been observed in other numerical simulations,®** that the presence of
the sideband signals increases the efficiency of radiation generation for a unté,pered
wiggler field.

It is interesting to examine the power spectrum in the laboratory frame of the
electromagnetic field obtained in the numerical calculation modeling the Los Alamos
free electron laser. Making use of Eqs. (4) and (113), the complex amplitude a; (2, )
defined in Eq. (112) in the laboratory frame is readily obtained from a,(z’,t') cal-
culated numerically. At a point z; in the laboratory frame, the power spectrum is
proportional to the amplitude-squared of the Fourier transform of aj(zo,t). Fig-
ures 13(a) and 13(b) show the relative power P(Aw) plotted versus the normalized
frequency shift Aw/w, from the frequency w, of the primary signal. The vertical axes
in Figs. 13(a) and 13(b) have been rescaled so that the maximum of P(Aw) is equal
to unity. The difference between Figs. 13(a) and 13(b) is the following. In taking the

Fourier transform to obtain the plot in Fig. 13(a), the data for the entire evolution
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from 7 = 0 to 7' = 6000 are used. On the other hand, in obtaining the plot in
Fig. 13(b), only the data from 7' = 4000 to v/ = 6000 are used. It is evident from
Figs. 13(a) and 13(b) that a strong sideband signal develops at a frequency which
is downshifted by approximately 2.2% from the frequency w, of the primary signal.
During the later stages of evolution (from 7/ = 4000 to ' = 6000), it is found in
Fig. 13(b) that the lower sideband signal at Aw/w, = —2.2% has a larger power
output than the primary signal. Moreover, the primary signal experiences a small
frequency shift to somewhat higher frequency.

In summary, there are several areas of qualitative agreement between the results
of the Los Alamos free electron laser experiment® and those of the present macro-
clump model. Nevertheless, it should be kept in mind, when making the comparison,
that there are significant differences between the present model and the experimental
situation. Besides the simplifications associated with neglecting space charge effects
and transverse spatial variations, the present model differs from the experiment in
the following aspects.

(a) The present model assumes a helical wiggler field, whereas the experiment
uses a planar wiggler field.

(b) The present model assumes that the interaction region is infinite in the z direc-
tion and satisfies the periodic boundary conditions in Eq. (104). In the experiment,
however, the wiggler field, electron pulses and optical pulses have finite length.

(c) In the ponderomotive frame, the wiggler field of length L, (measured in the
laboratory frame) passes by a beam electron in a time interval T, = L, /(7Vp), which
is approximately T, = 9.2 x 10~ !'sec for L,, = Im, v, >~ ¢ and v, = 36.2. The total
evolution time 7/ = 6000 (o;‘ t' = 7//ck} = 1.2 x 107%sec) in the numerical calculation
corresponds to 130 passes of electrons pulses (or 130 bounces in the cavity of the
optical pulse). In the experiment, the electrons are distributed uniformly within the
pulse at the beginning of each pass. The present model, however, assumes that the
electrons are tightly bunched into macroclumps during the entire evolution of the

system.
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- VI. Conclusions

In this paper, we have investigated the nonlinear evolution of the sideband insta-
bility within the framework of a simple macroclump model. The model is based on
the field evolution equations (5) and (6), and the particle orbit equations (14) and
(15). A conservation relation [Eq. (20)], associated with the self-consistent evolution
of the electromagnetic field and the particles orbits, was obtained in the ponderomo-
tive frame, and shown to be equivalent to energy conservation in the laboratory frame
(Sec. II B). In the macroclump model, the beam electrons are assumed to be trapped
and tightly bunched into coherent macroclumps. This leads to a simplification in the
evolution equations (Sec. II C).

Within the framework of the macroclump model, assuming 8/8!' = 0 in the
ponderomotive frame, the nonlinear evolution of the primary signal was examined
in Sec. IIl. It was found that the evolution equations (46)-(48) can be reduced to
quadrature [Eq. (60)]. The maximum excursion A, ., wWas determined analytically -
for the choice of initial conditions A,; = 0 and ¢’ = 0 in Eq. (62). This gives a max-
imum amplitude of the primary signal &, max = 2(,)?/3/(el,)!/® = [2au,@} /w2213
(Eq. (65)], which is the same (within a factor of order unity) as the estimate of the
nonlinear saturation amplitude obtained in the high-gain Compton regime using a |
simple trapping argun;ent. _

The coupled differential equations (77)-(79) were derived, which describe the non-
linear evolution of the sideband signals. In obtaining Eqs. (77)-(79), no a priori
assumption was made that the sideband signals have small amplitudes compared
to equilibrium quantities. Linear stability properties were summarized for small-
amplitude perturbations about the equilibrium state described by Eqs. (68) and (69)
(Sec. IV C), and the saturation amplitude of the fastest growing sideband was esti-
mated analytically (Sec. IV D).

For three sets of illustrative parameters [see Cases I, II and III in Secs. V B and
V (], a detailed investigation of the nonlinear evolution of the sideband instability
was carried out by solving Egs. (77)-(79) numerically. Moreover, the nonlinear evo-
lution of the sideband instability was investigated numerically for system parameters

corresponding to the Los Alamos free electron laser experiment (Sec. V D). In several
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aspects, the numerical results were found to be in good qualitative agreement with

the experimental results.

In conclusion, the nonlinear evolutions equations (77)-(79) were investigated ana-
lytically and numerically over a wide range of system parameters to determine detailed
scaling properties of the sideband stability within the framework of the macroclump |
model. The present analysis suggests that a free electron laser operating with system
parameters corresponding to the strong-pump regime [(2p/T5)%/4 = €,(a2)/? > 1]
is less vulnerable to the sideband instability than a free electron laser operating in
the weak-pump regime or in the intermediate-pump regime. Furthermore, it has been
shown in a recent kinetic analysis of the sideband instability by Yang and Davidson®*
that a sufficiently large energy spread in the trapped-electron distribution can reduce
significantly the growth rate of the unstable sidebands for system parameters corre-
sponding to the strong-pump regime [(Q5/T5)8/4 > 1]. Therefore, we conclude by
suggesting that the strong-pump regime is the most favorable regime for free electron

laser operation, as far as amelioration of the sideband instability is concerned.
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Appendix A. Derivation of the Dielectric Function in the
Laboratory Frame

From Egq. (7), the transverse dielectric function K/ (k!,w!) in the ponderomotive

frame for an electromagnetic wave propagating in the z direction is

2k2 w2
Kom(kppw)) = —- =1- =%, (A1)

where the relativistic plasma frequency—squared w? is defined by

=l (z). (A2)

"
i Vi

Equation (A1) is the familiar dielectric function for a transverse electromagnetic wave
propagating in an unmagnetized plasma including relativistic effects. The electric field
E; of the electromagnetic wave is related to the perturbed current density J’ of the
beam electrons by

4rJ, = —iw,[K. (k) ,w.) — 1]E.. (A3)
Here, both the current density J, and the electric field E/ are perpendicular to the z
direction. Therefore, the current density J/ and the electric field E/ in the pondero-

motive frame are related to the laboratory-frame variables J, and E, by®8
J = 1, (A4)
E = 4, (E + %, x B,) . (A5)
c

Making use of the Faraday’s law

W,

ik,e; x E, = —B,, (A6)
c
Eq. (A5) can be expressed as
ks
Ela = (1 - b ) Eas (AT)
W,

where k, and w, are the wavenumber and frequency, respectively, of the electromag-

netic wave in the laboratory frame.

Substituting Eqgs. (A4) and (A7) into Eq. (A3) readily gives

s
s

= —iwn[Kcm(kn wa) - I]E-” (AS)

ard, = —iw[K. (K, w.) =1}, (1-%@‘-) E,

42



where the dielectric function K m(k,,w,) in the laboratory frame is defined by

Kanlli) = 14 1K () = 1y (1 - 222). (49)

Making use of Eqs. (A1) and (A9) and the transformation (26) between (w,, k,) and

(w), k.), we obtain

w2

Kom(ksyw,) =1~ -2 (A10)

2
Wi

in the laboratory frame.
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FIGURE CAPTIONS

Fig.1 In the equilibrium state (8/8t' = 0), electron motion in the phase space (z’, p,)
occurs on surfaces with ¥/ = const.

Fig.2 Plots of the normalized growth rate Im(AQ’)/Q; versus normalized wavenum-
ber AK'/{V obtained from Eq. (89) for the choices of pump parameter corre-
sponding to (a) (/T5)%/4 = 103, (b) (R5/T4)%/4 = 1.0 and (c) (Qp/T%)%/4 =
1073,

Fig.3 Time evolution of the fastest growing sideband mode with AK’' = AK}, =
1072 for the choice of system parameters ¢, = 3.1623 x 10~7, ¢/, = 0.1 and
a9 = 1073 (Case I in Sec.V B). Shown here are plots of the Fourier amplitudes
(a) A% k1/@3, (b) A% /a0 and 66/, ¢+ obtained from Eq. (109). The variables
6A,(¢',7') and 86 ;(7') in Eq. (109) are obtained directly by solving Egs. (101)-
(103) for the case of small-amplitude initial conditions with wavenumber AK' =
AKj), =102

Fig.4 Time evolution of the fastest growing sideband mode with AK’' = AK}, =
10~2 for the choice of system parameters €, = 5.807 x 1078 ¢, = 3.37x1072? and
a3 = 1072 (Case IL in Sec.V B). Shown here are plots of the Fourier amplitudes
(a) §A ki /a0, (b) 8AL & /a2 and 66, k. obtained from Eq. (109). The variables
8A,(¢',7') and 66, (') in Eq. (109) are obtained directly by solving Eqs. (101)-
(103) for the case of small-amplitude initial conditions with wavenumber AK' =
AKY, =102,

Fig.5 Time evolution of the fastest growing sideband mode with AK' = AK), =

1072 for the choice of system parameters €, = 107%, ¢, = 1072 and &) =

10~* (Case III in Sec.V B). Shown here are plots of the Fourier amplitudes

(a) §AT /a0, (b) 8AY &/ and 66/, g, obtained from Eq. (109). The variables

6A,(¢',7') and 86, (') in Eq. (109) are obtained directly by solving Eqs. (101)-

(103) for the case of small-amplitude initial conditions with wavenumber AK' =
AKj, =102

Fig.6 Time evolution of the Fourier amplitudes §A47, z, and §A% z, for Case I with the
choice of system parameters ¢, = 3.1623 x 1077, ¢/, = 0.1 and 4 = 10~>. Shown
in (a) and (b) are the amplitudes of the sideband signals with wavenumber
AK' = AK};/2 = 5 x 1073, Shown in (c) and (d) are the amplitudes of the
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sideband signals with wavenumber AK’ = AK}, = 1072, The initial conditions

in this figure correspond to small-amplitude perturbations with wavenumber

AK'= AK} /2 =5 x 1072,

Fig.7 Time evolution of the Fourier amplitudes §A7 ;. and §A% ., for Case II with
the choice of system parameters ¢, = 5.807 x 1072, ¢/, = 3.37 x 1072 and
@) = 107%. Shown in (a) and (b) are the amplitudes of the sideband signals
with wavenumber AK' = AK},/2 = 5 x 1073, Shown in (c) and (d) are
the amplitudes of the sideband signals with wavenumber AK’ = AK}, = 1072
The initial conditions in this figure correspond to small-amplitude perturbations
with wavenumber AK' = AK},/2 =5 x 1073.

Fig.8 Time evolution of the Fourier amplitudes §A} z» and § A% & for Case III with
the choice of system parameters ¢, = 107%, ¢, = 1072 and a2 = 10~*. Shown
in (a) and (b) are the amplitudes of the sideband signals with wavenumber
AK' = AKj};/2 = 5 x 1073, Shown in (c) and (d) are the amplitudes of the
sideband signals with wavenumber AK’ = AK}; = 1072. The initial conditions
in this figure correspond to small-amplitude perturbations with wavenumber
AK'=AK}/2=5x 1073

Fig.9 Plots versus real wavenumber AK’ of (a) the growth rate Im(AQ’) and (b)
the real frequency shift Re(A€') obtained from the dispersion relation (89) for
the choice of system parameters ¢, = 5.6 x 1077, €/, = 0.48 and &% = 2.4 x 10™*

corresponding to the Los Alamos free electron laser.?

Fig.10 Time evolution of the sideband instability for the choice of system parameters
€, = 5.6 x 1077, ¢, = 0.48 and &) = 2.4 x 107*. The normalized power P,
defined in Eq. (125) is plotted versus ' for first six Fourier components, i.e.,
AK' = m/252, m = 1,.-.,6. The lower sidebands correspond to the solid
curves, and the upper sidebands correspond to the dotted curves. The curves

in Figs. 10-12 are obtained in the same numerical calculation.

Fig.11 Plots versus 7/ of the real frequency shift (—dy/y g+ /d7’ — AK') [see the para-
graph following Eqs. (114)-(116)] corresponding to the lower sideband signals
for (a) AK’ =1/84 and (b) AK’ = 1/42. The curves in Figs. 10-12 are obtained

in the same numerical calculation.

Fig.12 Plots versus 7' of (a) the normalized power A2/(a)? for the primary signal
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[see Eq. (116) and the paragraph following Eq. (116)] and (b) the normalized
spatially averaged power < a2 > /(a2)? defined in Eq. (126). The curves in

Figs. 10-12 are obtained in the same numerical calculation.

Fig.13 Plots versus frequency shift Aw/w, of the relative power spectrum P(Aw),
which is proportional to the amplitude-squared of the Fourier transform of
a; (z0,t) defined in Eq. (112) at z = 2 in the laboratory frame. Here, a] (z,t)
is obtained from a,(z’,t') calculated in Sec.V D. In obtaining the Fourier trans-
form plot in (a), the data for the entire evolution from 7/ = 0 to 7 = 6000 are
used. In contrast, only the data from 7/ = 4000 to 7' = 6000 are used to obtain
the plot in (b).
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