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We consider the sideband instabilities that can occur in free-electron lasers which
operate in the regime where the bulk of the energetic electron beam is trapped in the pon-
deromotive potential generated by the beating of the electromagnetic pulse with the static
wiggler field. The general dynamical equations which govern the evolution of the system
in the presence of sideband modes are derived for modes propagating along the axis of
symmetry. All space-charge effects are included in a self-consistent manner, and the
gains for both the primary signal and the upper and lower sidebands are computed. We
find the lower sideband to be excited, and discuss the consequences for operation of both
free-electron-laser amplifiers and oscillators. The effect of the space-charge waves on the
gain depends upon the number of bounces undergone by the trapped electrons in the
length of the system, and can act either to enhance or reduce the gain of the sideband.

I. INTRODUCTION

Several recently proposed free-electron-laser con-
cepts' ~* involve sufficiently large amplitude signal
strengths that electron trapping in the ponderomo-
tive wave, which results from the beating of the
electromagnetic pulse and the static helical mag-
netic pump field, can have a significant effect on
the operation of the device. Trapped electrons will
execute periodic oscillations in the pondermotive
potential which can give rise to excitation of side-
bands of the primary electromagnetic spectrum at
harmonics of the electron bounce frequency. The
trapped electron bounce frequency is anharmonic,
and depends upon the amplitude of both the static
magnetic field and the radiation spectrum. There-
fore, system response may be quite sensitive to the
radiation amplitude.

Our purpose in this work is to examine the gain
of the sideband modes which result from the
trapped electron motion under a variety of operat-
ing conditions, and subject to the inclusion of a
fluctuating space-charge field. In this sense our
work represents an extension over a previous
analysis of sideband instabilities by Kroll and

Rosenbluth,’ in which the space-charge effect was
ignored. We find, typically, that the space-charge
effect can be important when the beam density is
sufficiently high that the invariant plasma frequen-
cy is comparable to the bounce frequency of the
energetic electrons in the ponderomotive potential.

The organization of this paper is as follows. In
Sec. II, we derive the general dynamical equations
which govern the evolution of the primary and
sideband signals in a system in which an energetic
electron beam is propagating along the axis of a
static helical magnetic field. The electron beam is
assumed to be cold, and electrostatic (i.e., space-
charge) effects are included in a self-consistent
manner. The equation governing the electron tra-
jectories is derived in Sec. III, and solved for the
case in which both space-charge contributions and
a tapered wiggler (i.e., helical pump) field are in-
cluded. Anharmonic effects on the bounce motion
of electrons in the ponderomotive potential are in-
cluded to lowest order. The gain for both the pri-
mary and sideband signals are computed in Sec.
IV. A summary and discussion is provided in Sec.
V, and the consequences for the operation of both
free-electron-laser amplifiers and oscillators are
discussed.

II. GENERAL EQUATIONS

The physical configuration we study consists of a relativistic electron beam interacting with a static, heli-
cal magnetic field which can be represented by the vector potential

Kw(Z):———Aw(Z) [é\x (o] [ fozdzlkw

+aysin | [ dz'k, H : (1)
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as well as scattered electromagnetic and electrostatic fields of the form®

— z z
A(z,t)=A(2) [é; cos [ fo dz'k——a)t]—é}, sin [ fo dz’k—wt] ] y

(2)

- z z
A (z,t)=A,(2) [é} cos [ fo dz’'k; —awgt +6 ] —&,sin [ fO dz'ks —agt +0] ] ,

and
2z
®(z,t) =D(z) cos [ fo dz’k—ot +a ] ,
(3)
2z
D, (z,t)=D,(z) cos [ fo dz'ks —wst +ay ] ,

where the amplitudes of the scalar and vector po-
tentials ®(z), ®,(z), 4,(2), A(z), and A,(z) and the
wave vectors of these potentials &, (z), k(z), k,(z),
k(z), and k,(z) are assumed to be slowly varying
functions of z. The frequencies w and w, as well
as the relative phases 9, a, and a, of the wave
fields are taken to be independent of z. It should
be noted that our assumption that the spatial varia-
tion of the fields depends solely on z is valid,
strictly speaking, only near the axis of a realizable
free-electron laser. In the interests of computation-
al simplicity, we choose to write the electrostatic
fields in the alternate form

P(z,t)= Py(z) cosy(z,t)
+®y(z) siny(z,1) ,
D, (z,t)= Dy (2) cosyh(z,t)

4)

+ Dy ,(2) siny(2,8) ,
where

Wzt)= fozdz’(kw+k)—wt
|

T/2
2 252y 4
(0*—c“k“)A = —2cdw f_T/2

[

and
z
b(zn= [ dz'le, +k,)—ot +6.

In this form, A and @ represent the primary ra-
diation spectrum which may result either from
coherent Raman scattering of low-frequency noise
on the electron beam or from a coherent external
source of radiation. For a sufficiently large ampli-
tude primary spectrum, electron trapping in the
ponderomotive wave produced by the beating of
the static pump and primary radiation fields can
give rise to the excitation of sidebands of the pri-
mary spectrum at harmonics of the electron
bounce frequency. As a result, in the subsequent
analysis we shall assume that |w;—o | << and
adopt the ordering |4, | << |4 | << |4, ]|.

The fields satisfy Maxwell’s equations

(37 —c22)Ar=4mc T,
and
9,0, O =4nJ,

where KT and ®; represent the total vector and
scalar potentials of the wave fields, and J (z,¢)
denotes the driving current. After substituting the
potentials from Eqgs. (2) and (4) and averaging over
the long-time scale T =27 /8w, where
dw=|w—wy |, we obtain

dt [J,, cos [fozdz’k —wt ] —J, sin [ fozdz’k —wtl ] ,

T/2 z
(0} —c* DA, = —2cbw f-T/zdt [Jx cos l fo dz’k; —wst +6 ] —J, sin [ fozdz’k, —wgt +9} ] )

28w T/2 . z ., z .,
2k1/28,(k1/2A)=T f—r/zdt [Jx sm[fo dzk—wt]+Jy oos[fo dzk—wt” R

28 T/2
2ksl/zaz(ksl/2As)=Tw o

and

(6)

. z ., z
dt [Jx sin [ fo dz'ky — gt +6]+Jy cos [ fo dz'k; — o4t +6] } ,
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(Dl _ cosy

(ky+k) 4— I8 mdtJ [Sm %)
Q1| 8w 772 costy

(kw+ks) ® =w—x —T/Zdth Sil’lips (8)

In the above, it has been assumed that the frequency shift between the primary and sideband fields satisfies
the conditions 27 /8w =27N/w =2m(N +m)/w,;, where N and m are integers (N >> 1 and N >>m), and
that the gradients of the scalar potentials may be ignored.

The nonlinear driving current is derived under the assumption that the initial velocities of all the electrons
are identical, and that only the initial phases vary. Therefore, the electron distribution can be written in the
form’

F@B0=nyug [ digW(t)8lz —E(t0,018[B —(t0,] ©)

where W (t,) is a weighting function which describes the distribution of initial phases, n, and v,, are the ini-
tial beam density and axial velocity, £(¢o,t) and 77(z¢,t) are the axial position and momentum of a particle at
time ¢ which entered the interaction region (i.e., z >0) at time t,. The driving current associated with such
a distribution is

S[I -—T(to,Z)]

T =—enyu [~ dtogW (t0)(t0,2) o)
Z b

(10)

where 7(ty,2z) =to+ f dz’' /v,(ty,z') is the time required for a particle which entered the interaction region
at time ¢, to travel an ax1a1 distance z, and v,(¢y,2) is the axial velocity of a particle at position z which en-
tered the interaction region at time ¢,.

If the beam electrons initially have negligible transverse momentum, then we may approximate

n,z—(eAw/c)cos[ fozdz'kw(z’)] )

1y=~—(ed, /c)sin [ fozdz’kw(z')

and the nonlinear current

[t —T(to,Z)]
nz(thZ)

2ho(2) [ digWto)

_asz dtoW(to)B[t—T(to,Z)] . (11)
4 —®

j(z,t)zen,, Uz0

Substitution of (11) into Maxwell’s equations (5)—(8) yields the following set of equations:

(0 — kA = — a)bvzko fmv cosy(1g,z) W (1)
2N —wN Yo Y(o,2)v, (g, 2) (12)
(w?—Czksz)Asz _ wbvz()Aw f”N o COSllls(llio,Z)W(lﬁo)
e Y(¥0,2)v, (1o, 2)
204w T inyg(¢,2) W (¢y)
2k 1723 (k1724 “’b” od N s1n1/1 :
k= e e 0 D)
(13)
2
20w ™ s (Y0,2) W ()
2% (kA ) = wpU; 04 N siny,
( s S) 21TNC2 f_"N 7“”072)”2(1/}0’ ’
and
@, 4enyu,g cosy(1g,z)
(ki +K) ¢2] — o J™ duoW (o) Sind(Yo2) (14)
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q’sl _ 4enbvzo f‘)TN
D, | Noy —aN

where o= —wt, is the initial phase, i =4me’n, /m,

cosy; (1,2)

(ks sing, (10,2)

dy W) , (15)

(16)

WD) =do+ [, dz’ [ky-+k -

o
vz('l'O)z')
and

ks

¥ (Y0,2) = —¢(¢o,z)+ N [ldzky to, [ dzf +6. (17

k
©

S

The problem, therefore, reduces to solution of the axial orbit equation for v,(1,2z) or, alternately, for

W(o,2).

It will be evident in Sec. III that the equation describing the evolution of ¢ is invariant under the
transformation Y—¢+2m,0—6 +2m(w—o,)/w. As a consequence, we have the symmetry
¢(¢o+2ﬂ,9+2ﬂ(w—ws)/ﬂ),z)=¢(l/fo,9,2)+2ﬂ' ’ (18)
which is also possessed by 9. If it is A?lso required that W (yy+2m) =W (1)), then the integrals in Egs.
(12) —(15) are of the general form f - dtlloF (10,0,2), where F (1,,0,2) satisfies (18). The decomposition of
these source integrals into a sum of N mtegrals over intervals of 21 is possible, and we find that for large N

1 TN
P _,Nd¢w<¢o,9,z>=(2—ﬂ; IS

27N
-
Thus, for sufficiently large N (i.e., for sufficiently o1=— _Z‘Eb_UL (cospp) ,
small 8w /w) Egs. (12)—(15) can be written as : wcHky,+ 1)
s as ) _ __M( in®)
(@2 —c*k?)a = —wiv,0a,  cos/yv,) , $2== wcXky,+k) sing)
(19) 20} v,0
(0} —c*k}a; = —wiv,a,  cosys /yv,) ¢s1=*—‘—‘——wscz(kw+ks) (cosys) , -
_ 2&)12,020 < sin¢ )
2k 1723, (k ‘/Za)—co,,——aw( sing/yv, ) , b= ey +h) o

(20)

v,
stl/Zaz(ksl/2as )=(012, L;)aw< sim/}s /sz > ’
c

and

where the averaging operation is defined by
(- y=m2 [Tao [ dvw )
- 0 - 0 07>

and we have defined the a’s and ¢’s as the normal-
ized amplitudes a =ed /mc? and p=e®/mc’.

III. AXIAL ELECTRON TRAJECTORIES

Since the vector and scalar potentials are independent of the transverse coordinates, these coordinates are
cyclic and the corresponding canonical momenta are constants of the motion. In view of this, the axial

momentum equation takes the form

Epz

mc2 d 2
T THo M
2y dz

= —me? | (g, sin— @y cosp) + Aty Sind, — @y 088,

2
- ’—"f—[(kw +k)aya sind+(k, +k, daya, sind, ], (23)
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where u?=1+a2, and terms of second order in the wave fields and in the gradient of the amplitudes of the
wave fields have been neglected. The variation in total electron energy is given by

d d . ) . 1 . .
-;;y: —, [aw(wl siny— @, cosy) + glﬁ,((pﬂ siny, — @, cosy) ] - ;(wawa siny +w,a,,a, sinyy) .
(24)
Combination of (23) and (24) yields
2,2
g?v, = — iy‘%—[(k +ky )@y sing — @, cosy) + (kg + &y, M@y g singg — @y, cosyhg ) ]
2 2 v v,
_;7% 2_% kw—{—k—% a,a siny+ kw+ks—w:—2 a,a, sing; | , (25)

where terms in the product of (o —w;)/w and either 15, or ¥, have been ignored.

Substitution of the axial position for the time as the independent variable and the phase for the axial velo-
city can be made by noting that d /dt =v,d /dz and dy/dz =k, +k —w/v,. Therefore, Eq. (25) can be cast
into the form

(kw+k)czi 2 preXky, +k)?

d? d
;?lliz E(kw+k)—

. s
2707 dz’u o aya |siny+e > siny;
2“’12)“2"’10 . . (0] . .
——5— | sing( cosyp) — cosy( siny) + w—( siny, { cosy; ) — cosy, ( sinyf, )) |, (26)
r¥r s
where €=a,/a, v, =w/(k,, +k) is the velocity of the ponderomotive wave so that y, =u(1—v?/c?)~'? is

the relativistic factor corresponding to the ponderomotive frame. In the derivation of (26) terms of order
(ky +k)~'dy/dz have been ignored. Equation (26) reduces to that found by Kroll and Rosenbluth® in the
limit in which space-charge effects can be ignored, i.e., w3 << 2y a,ak2c?/v,, where y,0=(1—v2% /c?) =72

We include the space-charge effect for a diffuse beam limit in which we may approximate w~ck and
ws~ck;. Therefore, under the assumptions that k,, << k,k, and dk /kz~0 we find

2

d? " . ) ws
Y~ — sSiny —Ssin €—SsIn
P cosv, Y—siny, + . Yy

+68K?

siny(cosy) —cosy(siny) + %sim/:, (costp, ) — %cos:/;, (sinyy ) |, 27

where K 2=4kza,,a cosy, /u* measures the strength of the ponderomotive potential, 8K 2=2u%w? /yac? mea-
sures the electrostatic potential, ¢, ~(w,/w)Y+Akz +60, Ak =k, (0 —w;)/w, and

. -1 |% d p d
= |——a,— —k 28
sing, 2a,a |k, dz o 2kl dz ” 28
describes the effects of the gradients in the wiggler amplitude and period (hence, the acceleration or de-
celeration of the ponderomotive frame). Solution to (27) is found by expansion of i about the resonant
phase, and we assume =1, + 8y, where |8y | <<m. As a consequence,
d 2 2 1 2 2 1 2¢.413 ek 2 . (2F 2
= _S¢Y~— — = — — Akz +60 | +8K“(8yp—(8¢)) . (29)
5 S~ — K¢+ 2K tany, 5y + 6K Sy cost, sin | — ¥, +Akz 46 | +8K* 8y —(8¢Y)

Observe that upon linearization of (27) 27 /K is the bounce period in the ponderomotive potential, and
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27 /8K is the oscillation period (i.e., the invariant plasma period) in the space-charge wave.
If we write 8yp=>81'"'+8¢'!), where 8¢/ and 8¢'" denote the contribution to the phase to zeroth and
first order in the effects due to the sideband modes and the space-charge fluctuations, then it follows that

o?
—tany,cos2K,z (30)

2
8¢‘°’z%—tan¢, +acosK,z — 3

for small deviations from ¢,. In Eq. (30)
a’K
16

is the anharmonic bounce period in the ponderomotive wells, and « is a constant fixed by the initial condi-
tion ¥®(z =0)=1), which implies that ¥y—¢, =a +a’tany, /6 for a << 1. The first-order correction is

given by

K,=K — “>(1+ ~tan’y,) (31)

azK 5 2
1+ 1+
* 16 +(-{-3tan1,b,)

1/)(1) € K
2cosy, AK,

2
x| [1+-2 LS (1+§tan2¢,) [cos(AK .z +¢,)—cosd, ]sinKz
8AK =
F[sin(AK ;z +¢,)—sing, ]JcosKz + 3 AK (1+ tanzt/f, )Kz sing,sinKz
+
2?2 a—(a))KzsinKz , (32)

where ¢, =y, /o+0, AK, =Ak+K, and 8¢'"(z =0)=9,8¢'"(z =0)=0. It is important to recognize that
this solution requires a” < AK , /K, which implies that all electrons are deeply trapped and have phases close

to ¢,.

IV. SMALL-SIGNAL GAIN

The gain per pass of the primary and sideband waves in a system of length L follows from (20):

~2cocy a f dz {sing)) (33)
and
ol
8~ 20,070 @ f dz(siny; ) , (34)

where the radiation wave vectors, electron energy, and wave amplitudes have been assumed to be slowly
varying functions of z. These expressions may be readily evaluated using the solutions for the phase

described in (30) and (32).
In the case of the gain per pass of the primary wave, we have to lowest nontrivial order

(siny) ~siny, (1 — % (5¢(0)2> _ (1/1(”811;‘0)) ).

Because of the average over the relative phase between the primary and sideband signals, this implies that
only those components of ¢!’ due to the space-charge potential can contribute to g to this order. Specifical-
ly, the coupling between the primary and sideband waves cannot affect the gain of the primary wave to first
order in €. In addition, the space-charge effect is manifested by means of a beating between the bounce
motion of electrons in the ponderomotive potential and the space-charge wave itself. In evaluating these
averages, we shall assume a distribution of initial phases of the form
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W(¢0)=%H(¢o—¢r+A)H(1/’r +A—1p),

(35)

in the range —m <y <, where A << 1 measures the spread in phases, and H is the Heaviside function.
This distribution describes a tight, uniform bunching of electrons about the resonant phase and is depicted
schematically in Fig. 1. As a consequence, g can be written in the form

AZ

cos2KL — si2KL

2
a)bL a, .
o~ e 1+2-
§ 20Y,c a singy )1+

12 | KL T 3KL

sinKL  2sin2KL N 8K?
2

K’ 2KL ’ (36

which vanishes when siny, =0 (i.e., for untapered wigglers). Evidently, the space-charge contribution to the
gain vanishes in the limit in which A—0. This conclusion is quite general and not dependent on the partic-
ular choice of W (). It can be shown from (32) that the contribution to the gain from the space-charge
potential must vanish whenever the spread in 1, vanishes. Finally, we observe that the space-charge tends
to reduce the gain whenever sin2KL > 2KL cos2KL. This inequality holds for KL < /4 (when the bounce
length of electrons in the ponderomotive well is longer than the system) but not in general and, for proper
choices of the parameters, the space-charge effect could be made to enhance the gain.

In computing the gain of the sideband signal, we note that {siny, ) ~(«w,/@){¢' cos {0’} and the space-
charge effect does not contribute. Gain, therefore, arises because the presence of the sideband induces an os-

cillation in the electron bounce motion. We find that

w,KL?  a, KA?
gG~F T |1+ ———
16aw,yc cosy, a 48AK .

KLA?

(1+%tan2¢,)$

d
dx

sinz | (37

5 (1+ = tany,)

X+

where x . =AK L /2, and it is the lower sideband which is excited (i.e., AK~K).

The preceding applies to operation of a free-electron-laser amplifier. However, when operation is in the
oscillator mode it is the relative gain G (=g, /g) which is the significant quantity in determining whether the
sideband signal will grow from noise. The close frequencies of these modes ensure nearly equal loss rates;
hence, the relative gain must be near unity in the steady state and greater than unity if the sideband is ex-
pected to grow from noise. Comparison of Egs. (36) and (37) shows that since K > | AK, | the space-charge
contribution to the relative gain will be important only when 6K > K, and in this case

A2

K
1+—
T 24

20K,

G wKL
=% 4o,sin2y,

5 2 ___5K
(1+ 5tan 1/),)+—-—K2

2 sin2KL sinx

2KL

cos2KL —

X+

(38)

and the effect of the space-charge field is to enhance the relative gain of the lower sideband when KL <7 /4.
Note that the only constraint on the magnitude of 8K imposed by the analysis is that A28K? < K2,

V. SUMMARY AND DISCUSSION

In this paper, we have investigated the question
of free-electron-laser operation in the trapped par-
ticle regime from the standpoint of the excitation
of sidebands shifted from the primary spectrum by
the bounce frequency of the electrons trapped in
the ponderomotive potential. The analysis
described the interaction of a bunched cold elec-
tron beam with the static wiggler, the radiation
fields of the primary and sideband modes, and
with fluctuating space-charge fields. Gradients in
the wiggler field have been included as well. Fur-
ther, in order to make the problem analytically

I
tractable, we have included the anharmonic contri-
butions to the trapped electron trajectories only to
lowest order. This necessitates the assumption of
tightly bunched electrons about the resonant phase.
It was found in the computation of the gain per
pass that the coupling of the electron orbits to the
fields of the sideband modes had no effect on the
gain of the primary spectrum to lowest order in a,.
It should be remarked here that the space-charge
components of the sideband waves were found to
be unimportant to the gain of either radiation
mode for the parameter regimes under considera-
tion. However, the space-charge fluctuations
which couple to the primary radiation spectrum
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dy/dZ

UNTRAPPED

FIG. 1. Schematic representation of phase-space dis-
tribution about the resonant phase, showing the separa-
trix for a tapered wiggler.

are found to provide a contribution of order
A8K?*/K?, where A measures the trapped electron
spread about the resonant phase. Since A’<1 in
the present analysis, we conclude that the space-
charge contribution to the gain of the primary
wave can be important only if 8K>> K2 It is in-
structive, therefore, to consider specific examples
of experiments (either in current operation or pro-
posed) to determine whether space-charge effects
will be important in the trapped particle regime.

The first example is the experiment being con-
ducted at Los Alamos National Laboratory® which
is intended to operate in the infrared (at 10.6 pm).
In this case a constant amplitude linear wiggler of
about 2.4 kG is allowed to vary in period from 2.7
to 2.4 cm over a length of 1 m. As a consequence,
the resonant phase is such that cosy, ~0.94. The
experiment employs an electron beam of 20-MeV
energy (Ay/y~0.01) with a radius of 0.5 mm, and
the maximum anticipated current is 25 A. Finally,
the input signal intended to bunch the electron
beam is to provide between 0.5 and 1 GW at 10.6
um into an optical system with a 56-cm Rayleigh
length. It is readily apparent, therefore, that for
an equivalent system using a helical wiggler
8K?/K?*<0.009 and the space-charge effect is like-
ly to be negligible. Indeed, this appears to be the
case for all present or future free-electron-laser ex-
periments which are to operate in the infrared due
to the high-energy, low-current electron beams em-
ployed in such experiments.

In contrast, however, the space-charge effects
may be important in free-electron lasers intended
to operate in the millimeter or submillimeter range
of wavelengths. Such devices operate at much

lower energies and are thus able to achieve higher
beam currents. One example of such an experi-
ment is to be conducted using a Van de Graaff-
accelerator* capable of producing a 2-A beam of
3-MeV electrons (with effective Ay/y~0.005) with
a radius of approximately 2 mm. The wiggler
field to be employed is uniform and of approxi-
mately 4 m in length with a 2-cm period and an
amplitude of between 400 and 500 G. The radia-
tion field amplitude required to trap the beam is
about 1.6 10~ (at approximately a 0.2-mm
wavelength). Using these parameters it follows
that 8K2/K? < 1.2 and, therefore, this experiment
constitutes an intermediate case in which the
space-charge fields may have an effect on the emis-
sion.

For still higher currents, the space-charge effect
becomes still more important. A free-electron-laser
experiment is being planned® which makes use of
the Experimental Test Accelerator at Lawrence
Livermore National Laboratory to test efficiency
enhancement schemes with a tapered wiggler.
Typical beam properties are a 4-MeV energy at a
current density of greater than 500 A cm~2. Beam
densities, therefore, are expected to reach about
10! electrons/cm®. The projected wiggler field is
linear and of 3-kG maximum amplitude with a
period of 10 cm, and an input radiation pulse of
about 930 kW/cm? (at a wavelength of 3 mm) is to
be used to trap the beam with an effective
Ay/y~9%. As a consequence,
8K%/K*~4.1/cosy, (where 9, is variable,

0.5 <cosy, < 1), and it is clear that space-charge
effects are important for such an experiment.

In conclusion, space-charge effects are important
only when 8K*>K? (i.e., the electron bounce
period in the ponderomotive potential is longer
than the invariant plasma period). Such a condi-
tion is not generally satisfied for free-electron-laser
experiments which operate at infrared wavelengths
where beam currents and energies are of the order
of several tens of amperes and MeV’s. However,
experiments operating at submillimeter wave-
lengths employ beams of much lower energy
(several MeV) and higher current (1 kA) and col-
lective space-charge effects are important.
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