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ABSTRACT
Calculations of the dispersion characteristics of a free electron laser
with a linearly polarized wiggler magnetic field and an axial guide magnetic
field have been carried out in the collective (Raman) regime for a cold, rela-
tivistic electron beam passing through a parallel-plate waveguide. The Tinear
growth rate and efficiency of the TE and TEM waveguide modes have been computed

for radiation in the centimeter and millimeter wavelength ranges.
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| I. INTRODUCTION

i Many theoretical studies®=® have been devoted to free electron lasers (FEL)

co¢prised of an electron stream traversing a periodic, circularly polarized
maénetic (wiggler) field, as can be generated®-7 with bifilar, helical, current-
caﬁrying wires. The electron dynamics in these systems exhibit simple proper-

tiés‘that have considerable theoretical appeal. However, from the experimental

point of view large amplitude, circularly polarized wiggler fields are diffi-

cuﬂt to attain because of the large currents that are required in their wind-
in#s; and for long pulse or steady-state operation, bifilar conductors may be

enﬁire]y out of the question. In view of the above, studies of free electron

1a§ers have begun®~'! in which the electron beam is subjected to a periodic,

114ear1y polarized transverse magnetic field such as can be produced, for ex-
am#]e, by an assembly of permanent magnets illustrated in Fig. la. .Indeed,
thé use of samarium-cobalt as the magnet material has lead to a new generation
ofimagnetic wiggler systems.2,13

| In this paper we calculate from appropriate fluid equations dispersion
ch%racteristics of the FEL instability in the collective (Raman) regime for
the case of a cold monoenergetic electron beam. The geometry is illustrated
in%Fig. la. An electron beam of velocity v, traverses a parallel-plate wave-
guide immersed in a static magnetic field which in our one dimensional model
(applicable to sufficiently small transverse quiver motions of the electrons)
can be approximated by

B = 2B, + 8B cos(k z) (1)

Here B, is the amplitude of the guide field; and Bw and kw=2n/2 are the ampli-
tude and wavenumber of the wiggler field, respectively (2 is the spatial peri-
odicity). The axial guide field B, has a two-fold purpose. First, it con-

fines** the electrons against the radial space-charge forces and thereby permits

the propagation of high current-density beams. And secondly, it can enhance'®,'€,17
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thb growth rate of the FEL instability by exploiting the resonance between
the electron cyclotron frequency eB"/mOcYéin guide field B,, and the frequency

. . . . _%
kwyo associated with the wiggler field Bw (yo=(1-3%) , Bo=Vo/C).

In our model the electron beam is allowed to fill uniformly the parallel
p1éte waveguide shown in Fig. la. The electromagnetic perturbations, taken to
vary in the propagation direction z as exp(ikz-iwt), are assumed to be short
.wa0e1ength such that spatial variations transverse to z can be neglected; that
is} 3/9x, 3/9y<<d/3z. Subject to these conditions we shall derive dispersion
eq@ations for two modes of polarizations. (i) .A transverse electric (TE)
moée with €=§Ey, §=§BX+EBZ and (ii) a transverse electromagnetic (TEM) mode with
E=$EX, ﬁiny. We will show that the two modes have different growth rates.
Indeed the FEL instability associated with the TEM mode exists only by virtue
of the presence of the axial guide field B, which couples the cyclotron motion
of%the electrons to their quiver motion in the wiggler field Bw.

| In section II we discuss the steady state beam dynamics in the wiggler
an& guide fields. In sectionlIlIwe derive the dispersion equations for the
FE@ instability for the two modes of polarization stated above. Finally,
sedtion IV will be devoted to giving numerical examples of the radiation fre-
quéncy,phase velocity and the instability growth rate. Estimates of the free
e]éctron laser efficiency will also be given. The FEL parameters have been
chésen to yield radiation in the centimeter and millimeter wavelength regions
using both Tow and high velocity electron beams. Table 1 gives a summary of
the FEL parameters. At low, essentially nonrelativistic velocities (y,=1),
thé radiation wavelength is roughly equal to the wiggler period 2, as is typi-
cal of UBITRONS!® Here the efficiency is large and operation is possible with
10W current density beams that can be obtained from electron guns using therm-
iodic cathodes. At high velocities, the radiation wavelength is approximately

equal to 2/2vy5; now the efficiency is small and the system must be operated
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using high current density beams (see Table 1) Tike those generated by field

emission cathodes.'®:2%°

II. ELECTRON MOTION IN THE WIGGLER AND GUIDE FIELDS
Because of the discreteness of the magnets shown in Fig la, the wiggler
magnetic field exhibits harmonics of the fundamental period 2 having consider-
able amplitude. In practice,* the magnet arrangement illustrated in Fig. 1b
removes the third harmonic and all even harmonics, with the result that the

field approaches closely the periodic vacuum field

0 =
By = B, cosh(k x)cos (k z)

0 =
By =0 (2)
B) = - B,sinh(k x)sin(k z)

which satisfies vxg = V-§ = 0. As a result the equations of motion of an

electron of charge -e and rest mass m are,

dv, 0 4 o g0 e :

T T vy Ve sinh(k x)sin(k,z)

qoo = vy - V0 s1nh(kwx)s1n(sz) - Qwvzcosh(kwx)cos(sz) (3)
dv; .

I - Qwvy cosh(kwx)cos(sz),

Here @, = eB,/yomoc and Q, = eBw/yOmoc are the cyclotron frequencies in the

guide magnetic field B, and wiggler magnetic field Bw’ respectively (y,=

(1-6%) -%; Bo=Vo/C) .

Equations (3) has been solved numerically by the variable-step method of
Adam?' using the facilities of the MIT Computer Information Processing Center.
Figure 2a shows the projection onto the x-y plane of an electron trajectory
for the case of an electron starting on axis x,=y¢=z¢=0 with velocity 3=£vo

equal to 2.33x10%°cm/s (beam voltage V=300kV). It is guided by an axial mag-

netic field B, equal to 5kG and perturbed by a wiggler field having a periodic~
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ity 2=1.0cm and amplitude of 0.5kG. Figure 2b shows a plot of electron dis-
placement r=(x2+y2)% as a function of axial position. The motion is quasi-
periodic. When the initial electron position is displaced from the center,
the quasi-periodic oscillations are accompanied by a drift. This §XV§/|82|
drift results from the combined presence of the uniform axial magnetic field
‘Eu énd the nonuniform wiggler field gw. Figure 3 illustrates the situation
for the case when the initial electron position is given by x,=0.lcm, y,=z,=0;
the drift along the negative y direction is now clearly discernible. We note
that the drift represents a major drawback when a linearly polarized wiggler
and a guide field act simultaneously on a beam electron.22 Moreover, the
drift exhibits a resonance similar to that which occurs in the quiver motion!s:
16517 of the electrons. This problem is not encountered with helical wigglers.
However, when the inequality
q = |a/ (@ - k Vo) <<l (4)

is satisfied, the drift and the oscillatory amplitudes are reasonably small.
Figure 4 shows plots as a function of Bw and B, of the combined drift plus
quiver motion after an electron traverses a one meter long section of wiggler
field and guide field. At a distance z~100cm the maximumexcursion for the
cases shown in Fig. 4 is ymax=1cm. The corresponding value q of Eq. (4) equals
0.3. Thus, even though q is quite substantial, the electron excursion from the
axis is not excessively large.

Subject to the above inequality, §Q of Eq. (2)becomes§w=i8w cos(sz] +
ZB., and the equations of motion of an electron whose initial velocity at z=0

is v=R(0) + §(0) +2v, are then given by

> = vicos(k z) - vlcosﬁgﬁ z)

vy =
v; = vpsin(k 2} - vlsin(%ﬁ-z) (5)
V0=Vo




Vi . Vi o4 Sy
= - == 3sin {2 z
X T s1n(sz] o [Vo )
_ v s Sy, (6)
Y2k (ky2) * g cos (5 2)
Z = Vot
where
2
15— , V2
Q2 - k;v% Qi - k;V%

Henceforth, we shall assume that inequality (4) is applicable, and that the

steady state motion of the electrons (in the absence of the RF fields) are

given by Egs. (5) and (6).

ITI. DISPERSION RELATIONS
The dispersion equations for a cold electron beam will be obtained by

solving the relativistic equation of motion of the electrons

dV_ e —\7 2 20 7 >
"y E+;x<B+B)-;—(v-E) (7)

together with the equation of continuity

> oN _ '
V‘(NV) + 3’{' - Os (8)

and the wave equation

> 2—> +
Vx(VxE) + LLE— + ﬂ —g%

0. (9)
c? at?2  ¢?

Here v=v°+V is the sum of the steady state and RF components of the particle

velocity; N=n0+n is the sum of the steady state and RF components of the parti-

cle number density; 3=-e(no+n](70+7) is the sum of the steady state and RF cur-

rent density; y= (1*({VO+V!/C)2)_%; and E and § are the RF electric and magnet-




ic fields respectively, associated with the radiation and space-charge fields.
The sought-after dispersion equations are derived by linearizing the above

equations and allowing all perturbed parameters to take the general form,

n=w
F = n=§w f exp 1(knz - wt)] (10)
with kn=k+nkw, n=0, +1, +2 +.... . Here y is the radiation frequency, k the

radiation wavenumber, and kw=2n/g the wave number of the wiggler with period 2.

1. TE Mode of Polarization

> >
For the TE mode of polarization, the RF field components are E=yEy and B=
in+iBZ. Linearizing Eq. (7) and assuming that all transverse oscillations

are small such that 98/9x, 9/3y<<3/3z, we obtain,

5 by )y e Mgy 1 0p 1 o0
{55 Vo 32} x T T Ym [; Buvy + T VB2 - 3 VOVXEQ}

o 0 C
2 3y - e 1 1 1 g o 1 0 Y3 2.0 -
[at v, aszy Y Ey ¢ Buvyt SV B - o VB, > VoVyEz' Z;-VOBXVZ (11)
2 2y =& [ Lgo, _Lyeg_ 1o +—LE]
{55 v, az) 'z v ¢ vay ¢ Vy°x 2 oYY 2k

0

where iEl is the axial electric field associated with the RF space charge on
the electron beam, and where v of Eq. (7) has been approximated by
~ 270 ."" 2 12
v =y, (14 v2v0ev/c?). (12)

Substituting Eq. (10) in Egs. (11) and using the orthogonality relation

g fo n#m
J exp (ik z)exp (-ik z) dz = (13)
0 ll n=m

leads to the following expressions for the spatial harmonics of the perturbed

velocities:




. e ’b" Ve V V1
Van T 71 Y M 9 IR [an—l B an+l] T e [Ezn-l ¥ E2n+l}
_ e r B 'R Vi
Yyn = 71 Y 8 Eyn T Van YT B C ?E'[an-l * an+1] *
} 242
vV V, ( v<v<B
. O 0 oW
i —E;;-LERn_l + Egn+1] " s [vzn—l + Vzn+1]J (14)
e Bw VY,
Yzn T 71 T M2 | ?E'[vyn-l ¥ vyn+1] t ?E'(an-l'an+1] ¥
\/Vz[ 1
o]
i—|E - E ] + —E
- + 2
202 yn-1 yn+l Yoz n
where
Qn =w - vokn' (15)

From the Maxwell equation fo4(1/c)a§/at=0 we have, an=—(ckn/w)Eyn. Neglect-

ing small quantities, Eq. (14) simplifies as follows:

Qu "9
v, = =-1ixty
xn Q, yn
. Q . e
v, =ity - E (16)
yn Qn Xn Yomow yn
Q ev, vV w
. e .1 Yw 0
v, = - i E, +i5% (v, ,+tv, .}+ { -k _ ] E,. 4 _
zn ngogn 2n 2o ‘yn-1 yn+l ZYO"EPQn[_CZ n-1 yn 1

Vow
t;;- ) kn+1]Eyn+1 .

Solving for the velocity components, Eqs. (16) then become
_ Q||/Qr| e

v E
M1 - (ane)? Yoot YT

. 1 e
v, = - E (17)
yn 1 - (Q"/Qn)z YOmOw yn )
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e 1"w e 1 1 1 1
v, = -1 E + 55— — E — E
zZn 3 i 2w yMm _ 2 2. yn-1 _ 2 Q. yn+l
yam 2, oo |1 (Qn/nn_l) n 1 (Q“/Qn+1) n
ev, Vo vV w
¥ [ Z B kn-l} Eyn-1 - [ 02 B kn+1] Eyn+l
ZYOmOan c c

The linearized current density J=-e(n7°+n07) js obtained from Eqs. (8) and

(10) with the result that,

Vi {kn-lvzn—l kn+1vzn+ll :

JoL,=-env -en — +
xn .0 XN o 2 201 241
va (ko oV k 1V
Jyg = -eny,, + den 5 n&l zn-1 n;l znt+l (18)
y oY n-1 n+l
P = _w
In =7 & e Vzn

Inserting Eqs. (17) and (18) in the wave Eq. (2) yields the dispersion relation,

242 262 4 2
Q
w?- c2k? - “p’n = Yogn'l EE Xi l:___Qan -
n N2 L a2 262 - 2 L2 2 _ a2
Qn Qn Yan_l (Dp YO 4 Qn Q"
v Tk v2q2 w* vy [ o 02
0 n-1 n+1
- Vo [—' (.U"kn] N - - 20 - __E —_ __z_lv_n_._z_ + (19)

c2 n QY

v 1 ok
+V2{""O—w‘ k __n.-.l.l
/ n+l

1
where wp=(4nnoe2/moyo]2 is the plasma frequency. We are interested only in

the Towest mode, n=0 and upshifted frequencies w(k+k,)v . In this case Eq. (19)

reduces to the sought-after dispersion equation,

+
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2(,. _ 2
2 gt wp(m Vok)
(v - Vok)2 - 04

E» - v (k+ kw)]z-

. ot

(20)

sp B Voky [ - vk vek, (v° k] (k + k)

= e -_n -

Yoz - v (0w -vKk)?2-0% ob-vik2ic? W
ow o oW

This sixth order equation inw has been solved on a computer for real k and

complex w, and detailed results will be discussed in section IV. However,

when one makes the approximations wsck, w*(k+k )v_, one finds the following
results for the real and imaginary parts of the complex frequency:

(1 + 8, )v2k,c8, | (21a)

[ K

w
r

1
9] w 1 +8,41°
0, = Wo { P°]{ 0 X (21b)
i 4Y03/a ll _ Rzl kwc Bo

Here W, is the approximate radiation frequency at maximum growth rate, wys of

the FEL instabi]ity;S%wfeBw/moc andSNh;eB"/moc are now the nonrelativistic elec-
tron cyclotron frequencies in the wiggler and guide fields respectively; wpo=
(4nne2/mo]% is the nonrelativistic plasma frequency; and R=(Q"o/yokwcso). We
see that the real part of the frequency exhibits the familiar yz upshift and
that the imaginary part exhibits the familiar resonance® at R=1. We point out,
however, that our result is only applicable when inequality (4) is satisfied,

so that R must not be too close to unity.

2. TEM Mode of Polarization

-
For the TEM mode of polarization, the RF field components are E=>?EX and §
=yB . Proceeding the same way as wc did in the above section, we obtain the

following expression for the dispersion egquation:
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wz(w -V k)z ) : 2 wz
w? - c2k?2- —P " : ; {,.w - Vo(k + kw)] - —g
(w - Vo ) - Qi J - YO ( )
22
2652
_ 3;_ ST w-vk ) vk (k + kw)
4 2 _ y2p2 _ 2 _ o2 2 _ y2p2
ah - vikE -(w vok) o af - vikh

Detailed solutions of this equation for real k and complex w are presented in

section IV. An approximate result subject to the assumptions w=ck, w=(k+ko)vo

is
o * (148 )v2k, B, (23a)
) 3
n +
w. = QWOQ 0 wpo [ BO] (23b)
1 3/v11 _ R2 3 3
4y %1 - R?| [ (kc)® 82

Comparison of Eq. (23b) with Eq. (21b) shows that whereas the growth rate of the
TE mode varies as Bw’ that of the TEM mode varies as the product BwB“ and is zero
in the absence of the guide magnetic field. This is readily understood. When B,
is zero, the oscillatory -e?QX§WCos(sz) force is in the y direction (see Fig. 1)
and the RF electric field of the electromagnetic wave is therefore also polarized
totally in the y direction. When B, isfinite, the helical motion of the elec-
trons in the guide field is coupled to the y-directed quiver motion in the wig-
gler field. Hence, the RF electric field acquires a component in the x direction
and thus excites a TEM mode. This is of considerable practical interest since
the TEM mode has no low frequency cutoff, and the waveguide walls can be brought
(arbitrarily) close together. This allows one to bring the wiggler magnets

close together, increase Bw and thus increase the instability growth rate. We
hote that the same reasoning used for the parallel plate waveguide also applies

to the lowest mode of a rectangular waveguide that would be used in practice.
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IV. RESULTS AND DISCUSSION
The FEL instability discussed in the previous section comes about as a re-
sult of the coupling of the negative energy space charge wave on the electron
beam
o= (k+kJv - (op/v) (24)
and the linearly polarized electromagnetic wave,

20 _ 2
k2c2 = 42 ml»"(‘u kvo) (25)

w* - .
(w - kvo)2 - Q3

This is readily seen by setting the coupling term on the right-hand side of Egs.
(20) and (22) equal to zero. There are two unstable waves, one at high frequen-
cy which is of primary interest and whose frequency is approximately given by
Eqs. (21a) or (23a), and one at low frequency._ The high frequency\wave propa-
gates along the positive z axis and is associated with positive wave numbers k.
The low frequency wave propagates along the negative z axis in the absence of a
guiding magnetic field (k<0). However, if B, is sufficiently large, k for this
wave can also be positive.23 This happens when

[[k v - fﬁ]z - wzr < Qu < {:[kwvo - 39]2 - iﬂ-éJz -~ (26)

Wo v,

a result which is obtained by eliminating w from Eqs. (24) and (25) and solving
for k.

The dispersioncharacteristics (wi versus k) are illustrated in Fig. 5 for
a high voltage, high current beam for which V=1.275MV, J=4.3kA/cm?; yo=3.50; Wy
=2.93x10'%sec™t; B,=9.8kG, B,=0.4kG, 2=3cm (kw=2.09cm‘1). They were computed
by solving Eqs. {20) and {22) on a computer. The TE and TEM modes each exhibit

two maxima corrasponding tc tha lcw and high freguency waves discusse? abovz.

Their dispersion charactoriztics arc scon to overlap. Both waves propagate in
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the positive z direction since inequality (26) is satisfied (the smallest value
of B, given by Eq. (26) is 8.84kG, for the above values of Kyy? v, and wp). The
maximum growth rates shown in Fig. 5 for the high frequency TE and TEM modes
agree very well with those obtained from the approximate Eqs. (21b) and (23b),
respectively.

Growth rate curves like those shown in Fig. 5 have been obtained for a
number of guide magnetic fields B,, with all other parameters held constant.

The respective maximum growthrates are illustrated in Fig. 6. We note that at
low magnetic fields the growth rate of the TE mode s larger than that of the
TEM mode, but the situation reverses at higher magnetic fields. Resonance oc-
curs when RE(Q"/kwvo)=1 which corresponds to B,=12kG. However, near this res-
onance our calculations become inapplicable and are not shown; only those re-
sults are graphed for which inequality (4) is well-satisfied. Figure 7 shows

the corresponding real parts of the dispersion characteristics, namely W and
the phase velocity Vp=wr/k’ as a function of B,. We see that for magnetic
fields above the resonance, both waves are subluminous (vp<c], but below the res-
onance the TE wave is superluminous but the TEM wave sub]uminbus.

The remainder of this section is devoted to free electron laser operation
using almost nonrelativistic,'® low current beams with 300kV, 160A/cm? and 30kV,
22.3A/cm?, respectively. The 300kV, 160A/cm? results are qualitatively similar
to those shown in Figs. 5 through 7 and are not graphed. Instead, the results
are summarized in Table 2. 1

For the 30kV, 22.3A/cm? beam®"* we have v,=1.059, wp=6.SZXI095ec'1; we al- |
so take B,=1kG, B, =0.2kG, g=2cm (kw=3.14cm‘1). The imaginary part of the dis-
persion characteristic is shown plotted in Fig. 8. For the magnetic field B,
which we have chosen, inequality (26) is not satisfied, and therefore there are
only two high frequency waves (TE and TEM) with positive k, rather than the four

waves shown in Fig. 5. Figure 9 illustrates how the maximum growth rate varies
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with the axial guide magnetic field B,, with all remaining parameters being fixed
at their previously stated values. The resonance RE(Q"/kwvo)=1 occurs at B,=1.86
kG. We knote that for Tow velocity but fairly high density beams such that kwvO
is comparable with wp/yo, the radiation frequency is considerably less than that
given by the familiar result, wr=(1+so]y§kwvo (Eqs. (21a), (23a)). Solving Egs.
(24) and (25) yields a more accurate value of the radiation frequency (in the

1imit of weak coupling, Qw+0):

L_OR 2 j “’S 'I%
w, = (k V0 - » ]Yo 1+ {1 - ’ s - (kao > wp/Yo] (27)

0 (Yokwvo - mp)z - yiﬂﬁ

For a cold, dense electron beam, the growth rate w; of the FEL instability
increases almost Tinearly with increasing wiggler magnetic field Bw (cf Egs.
(21b), (23b). However, when B, is very large (or wp is correspondingly small)
departures from linearity become more and more pronounced. Here the electron
susceptibility wéy;z(w-kvo)-z approaches zero, the collective bunching force

becomes small relative to the ponderomotive force and one enters!»2 the single

particle, noncollective, high-gain FEL region of operation. This is illustrated
in Fig. 11 where we see departures from linearity at the higher values of Bw'

To observe this, we purposely reduced the value of«wp from that used in an ear-
lier examp]eb(see Table 2).

In calculating the growth rate, we have assumed implicitly that the paral-
tel-plate waveguide is filled uniformly with electrons. In practice, the cross
sectional area of the beam is not uniform and the beam does not fill the wave-
guide. To obtain a more realistic growth rate, the values given should be mul-
tiplied by a semiempirical factor? 5 where f is the ratio of the cross sec-
tional area of the electron beam to the cross sectional area of the waveguide.

In order for the electromagnetic wave to grow, the electron velocity v,

must be slightly larger than the phase velocity of the space charge wave Vg As
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the electrons lose energy to the wave, the difference V.V becomes zero and
growth ceases. This represents a nonlinear saturation which Timits the maximum

achievable efficiency n of the free electron laser. Its value can be estimated

from the expression?

n (28)
mc?(y, - 1) :
where Ae is the change in kinetic energy at saturation when the particles are

deeply trapped. Computing Ae yields

28 y? w
n=q4—22llg - —L (29)

vy - U1 % clk+k)

where W, and k are obtained from solving dispersion Eqs. (20) and (22). The com-
puted efficiencies are listed in Table 1.

In coﬁc1usion, we have discussed the real and imaginary components of the
free electron laser dispersion equations for the case of a cold electron beam
propagating in a parallel-plate waveguide and subjected simultaneously to a
Tinearly polarized wiggler magnetic field, and an axial guide magnetic field.

We have computed the growth rates of the FEL instability for two modes of polar-
jzation of the electromagnetic wave. One in which the RF e1ectricvfie1d is
polarized at right angles to the wiggler magnetic field (TE waveguide mode),

and the other in which the electric field is polarized along the direction of
the wiggler field (TEM mode). At sufficiently high guide magnetic fields the
parallel-polarized (TEM) component can dominate the conventional cross-polar-
ized (TE) mode. These effects have not been examined previously in a detailed
manner and are directly relevant to ongoing experiments.22>2"

Calculations show that the effects of the Exv§/|§|2 drift inherent in a

system comprised of a Tinearly polarized wiggler and guide magnetic field may
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not be too damaging to the operation of the FEL. An electron injected into the
wiggler exactly on axis xo=yo=0 exhibits no net drift, and electrons that are
almost paraxial exhibit but small drifts. Thus, a pencil beam of small radius
will propagate down the wiggler with relatively little deviation, as is illus-
trated in Figs. 3 and 4.

~ At Tow voltages, free electron lasers exhibits good efficiencies and
growth rates even for beams with moderate currents (see Table 1). Their per-
formance compares very favorably with that of gyrotrons.2> We have also seen
that the application of an axial guide magnetic field increases the linear
growth rate of the FEL instability even when the magnetic field is quite far
from the resonant condition, R=9"/kwvo=1. This aspect of the problem has not

been exploited in the UBITRON® which was operated without a guide field.
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CAPTIONS TO FIGURES
(a) Schematic of an electron beam in a linearly polarized wiggler gen-
erated by a periodic system of bar magnets. (b) Practical version of

the wiggler showing computer generated magnetic field lines.

(a) Projection onto the x-y plane of the electron displacements after

traversing a distance z=15.5cm. Initial positions xo=yo=0 at z=0.

(b) Radial displacement r=(x2+y2]% as a function of the axial position

z. V=300kV; B,=5kG; Bw=0.5kG; 2=1.0cm.

Same as Fig. 2 except that initially the electron is positioned off
axis with xo=0.1cm, yo=0 at z=0; electron drift occurs along -y direc-
tion. In (b) are shown only the maxima and minima of the electron

displacements.

Electron drift plus oscillatory displacement Ymax 25 2 function of

the strength of (a) the wiggler field and (b) the guide magnetic field

after traversing a distance z=100cm. V=300kV; 2=1cm; x0=0.1cm; yo=0.

Normalized growth rate of the FEL instabilities as a function of
the normalized wave number for two modes of polarization of the elec-
tromagnetic wave. V=1.275MV; J=4.3kA/cm?; wp=2.93x101°sec'1; B,=9.8kG;

BW=O.4kG, 2=3cm.

Normalized growth rate as a function of the guide magnetic field. The
dashed Tline corresponds to the resonance R=9"/kwvo=1. V=1.275MV; J=

4.3kA/cm?; wp=2.93x101°sec'1, Bw=0.4kG, 2=3cm.

Frequency and phase velocities of the TE and TEM modes as a function
of the axial guide magnetic field. V=1.275MV; J=4.3kA/cm?; vp =
2.93x10%%sec™t; B,=0.4KkG; 2=3cm.

Real and imaginary parts of the frequency as a function of the wave

number for two modes of polarization. The curves for the real parts




Fig. 9.
Fig. 10.
Fig. 11.
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of the two modes are too close to one another to be distinguishable
V=30kV; J=22.3A/cm?; wp=6.SZXI095ec‘1; B.=1kG; B, =0.2kG; £=2cm.
Normalized growth rate as a function of the axial guide magnetic field
for two modes of polarization. The dashed portions of the curves
correspond to regions where inequality (4) is not well-satisfied. V=30

kV; J=22.3A/cm?; wp=6.52x1095ec‘1; Bw=0.2kG; g=2cm.

Frequency and phase velocity as a function of the axial guide magnetic
field. The dashed portions of the curves correspond to regions where
jnequality (4) is not well-satisfied. The curve for the TE and TEM

modes are too close to be distinguished from one another. V=30kV; J=

22.3A/cm?; wp=6.52x1095ec”1;Bw=0.2kG; 2=2cm.

Growth rate as a function of the strength of the wiggler magnetic
field, showing departures from linearity (dashed straight lines). V=

300kV; J=16A/cm?; mp=2192%109sec‘1; B,=5kG; 2=1cm.




- 21 -

Table 1. Summary of FEL parameters

Beam voltage (kV)

Beam current density (Acm™?)

Axial magnetic field (kG)

Wiggler field (kG)

Period of wiggler (cm)

Radiation wavelength (cm)

Spatial growth rate of TE mode (dB/m)
Spatial growth rate ofTEM mode (dB/m)
Efficiency TE mode (%)
Efficiency TEM mode (%)

30 300
22.3 160

1.0 5.0

0.20 0.50
2.0 1.0

5.17 0.30
20.0 19.7

12.2 11.8

63 7.6

63 7.6

1275
4300
5.5
0.55
3.0
0.15
45.7
69.1
21
21
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Table 2. FEL parameters for a 300kV, 160A/cm? beam; yo=1.59; wp=9.25x109sec"1;
B.=5kG; BW=0.5kG; g=lcm (kw=6.28cm'1).

PARAMETER TE MODE TEM MODE
wi/“P ' 0.074 0.044
wr/wp 638.1 68.1

vp/C 1.00010 1.00012
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