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Abstract helical (wiggler) magnetic field, which is periodic along

A relativistic theory for Raman backscatteing in thethe guide axis. In the beam frame of reference, the wig-

beam frame of electrons is used to find the growth rate of%ller field Comprises a prop_agatlng electromagnetic (p“"_‘p)
wave, which undergoes stimulated Raman backscattering.

free-electron laser (FEL), in the Raman regime. First, a MFhis process is characterized by the parametric decay of the

dimensional helical wiggler and an axial magnetic field are .
. . . ) . ump wave(ws, k1) into a forward-scattered space-charge
considered. The wiggler effects on the linear dispersion re- .
. - . wave (ws, k2) and a backscattered electromagnetic wave
lations of the space-charge wave and radiation are |n<:|ud($n

in the analysis. A numerical computation is conducted t ws, k). The transverse and longitudinal components of

study the the growth rate of the excited waves. It was foundte vglocny are freated as relat|V|st_|c. The unperturbed
. State in the beam frame is characterizediy) = 1o/

that the wiggler effects on the growth rate decreases t%% d

growth rate on both group I and group Il orbits. Next, the

growth rate under an ion-channel guiding, instead of an ax-g(0) _ =1V} Buw
ial magnetic field, under similar condition is calculated and o 2¢
is studied numerically. )

(X —iY)expli(k1z + wit)] + c.c.,

—1 Bw = oS .
B® = ( #(X —i)expli(k1z + wit)] + c.c.)
+2BO7 (2)

INTRODUCTION

Lab-frame analysis of a FEL with a one dimensional he-
lical wiggler and an axial magnetic field was first presented )
by Kwan and Dawson [1] using fluid model. In linearizing VvV© = M(i —iy)expli(k1z + wit)] + c.c.,(3)
the relativistic factor, they included the energy exchange 2
between the beam and the space-charge wave but neglected
the exchange of energy between the beam and the radia- Qury))
tion. The fully relativistic treatment of this problem, in the Vw = m
lab-frame, was first presented by Bernstein and Friedland
[2] but they did not analyze the wiggler effect on the dis- Perturbation composed of a longitudinal plasma wave
persion relations of the growing waves. Mehdaml. [3] (w2,k2) and a transverse backscattered electromagnetic
derived a nonlinear dispersion relation, with the wiggleivave (ws, k3) are considered. The frequencies and wave
effects on the dispersion relation of the excited waves iraumbers satisfy the phase matching conditians+= w; —
cluded, but they did not find the growth rate. lon-channeb: andks = k2 — k;. These waves are assumed to vary as
guiding of the electron beam in a FEL has been proposetp[i(k2z + wot)], andezpli(ksz + wst)]. The amplitudes
as an alternative to guiding by a solenoid (or quadrupold)f the longitudinal space-charge wave dig V>, andn;
magnetic field [4]. This type of guiding involves the forma-and the x and y components of the radiation &ke Bs,
tion of a positive ion core by expulsion of electrons from a@andVs.
preionized plasma channel into which the electron beam is The relativistic momentum equation in the beam frame
injected. Jha and Kumar [5] have calculated the growth rate

with the higher order relativistic terms neglected.
g g mAdV [dt +mVdy /dt — —cE — eV x B, (4)

BEAM-FRAME ANALYSISWITH AXIAL with dv/dt = —e/(mc?)V.E and with the use of the lin-
MAGNETIC FIELD earized relativistic factor, can be linearized as follows

1
A relativistic and cold electron beam is passed through Moyt [8V( ) + (V“’)AVV(I) + V(D.VV(O))]
a uniform static axial guide magnetic field, and a static I ot

s 5 VO L
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+V(0).V(1)V(0).VV(O>) — ec2 (V<O)V(0>.E(1)
+VOEWO) 1) V(O).E(O)V(l)) - —e(E(l)
+¢7 VO x BW 4 cmv ) BO), (5)

After substituting the first order quantities in Eq. (5),
and making use of the phase matching-conditions in the =
coupling terms, the terms corresponding(i®, k2) and

(ws, k3) phases will give equations for the longitudinal
space-charge wave and the transverse wave (radiation), re-

spectively. The fluid-Maxwell equations will be

mﬂyo'yilwzvg =ieby — ec_lfyHVng + ec_leng
(6)

mAo) (23 Vs — Ky Vi Va) — me™2wryiy
XVaVs — ec *(4iVi B3 — ¢ '3 V] Vi By V3)

= —2eE3 — 2ec ' ByVs + e By Va, 7
wang + kangVa =0, (8)

471'677/0‘/2 = '[:CUQEQ, (9)

kchg = —w:;Bg., (10)

—kscBg = 4dmengV3 — 2mey) | Viyne + w3 E3. (112)

Equations (6)-(11) form a system of linear homogenious
algebraic equations. The necessary and sufficient condition

for a nontrivial solution is the dispersion relation

2

2 2 2 2 2 Wps
<w2 — wp<1>> <k3(z — w3 + oot + \Il)
_ W?UkZWlWZ [ k3w1 k1w3(l *(141) :|

ng) (Wl _Wc> W] — We We + W3 — a1a2
k .
x[r- e o B (12)
kow (we + ws)  we+ws

0.8

0.6

~—~
o

~04

q_I

0.2

1 1 2
0 5 10 15 20

B, (KG)

N
3]

Figure 1: Lab-frame spatial growth rate;, as a function of
axial magnetic fieldBy. With wiggler effects (solid line);
without wiggler effects (dotted line).

the wiggler and guide magnetic fields included. The imag-
inary parts of the complex frequencies and wave numbers
of the growing waves may be expressed in terms of the lab-
frame growth rate\ ;. This will give the lab-frame spatial
growth rate of the space-charge wave and radiation with the
lab-frame temporal growth rate taken to be zero;

2 2
wkaWp k3“-"1

8k <w1 — wc> [wl — We

kiws(l—a
AQL: 13( 1)]

We + w3 — a1az

o [1 _ kiwaw, _ map } [k 2w
]{22(4)1 (wc + wg) We + w3 3° l1%3
wgvuwc(l —a) B arasksc®  a10awewe)|
2(we + w3)2 wetws  2(we +ws)?
ajasv) (k2c? + w?) -1
T R
c

D) (we — w1 — azasg) ]*

13
2w (w3 + we — araz)? (13)

The wiggler effects, througt and¥, on A, are shown

The wiggler effects on the linear dispersion relations of théh Fig. 1 (solid lines). Dotted lines showx; when the

space-charge wave and radiation are containddand ¥,

wiggler effects are neglected. Lab-frame values for the

respectively. For zero wiggler, they reduce to an ordinaryinperturbed electron density, wiggler wavelength(period),

longitudinal plasma oscillations and a transverse electrgmd Lorentz factor were taken to bg = 10!2 em =3

magnetic wave in a magnetized plasma. If coupling to thg , = 2 ¢m, and~, = 2.5, respectively. The wiggler is
radiation is remove@ becomes unity and the wiggler has agssumed to b&,, = 1500 G. It can be observed that the

no effect on the space-charge wave. On the other hand.ifiggler effects on the growth rate decreases the growth rate
coupling to the space-charge wave is remo¥etecomes on both group | and group Il orbits.
nonzero, which shows the direct effect of wiggler on the

radiation.

FEL WITH ION-CHANNEL GUIDING

The real parts of the frequencies and wave numbers sat-
isfy the linear dispersion relations for the space-charge As an alternative to guiding by an axial magnetic field,
wave and radiation, respectively, with all of the effects ofocusing of the electron beam can be accomplished by an

FEL Theory
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Figure 2: Lab-frame spatial growth rate; as a function
of ion-channel frequency; / k., ¢ with wiggler effects in-
cluded.

(wf — kfvﬁ) (wg + alaz)

2k%v| \4 (wg - u1a2)2
(11(12’UH
2w3

]_1 [k3c2 — wsy||

-1
(wz + alag)] .
(7)

Variation of the growth rate\; with the ion-channel
guiding frequency; /k,,c is shown in Fig. 2 with wiggler
effects on the excited waves included. Growth rate in both
group | and group Il orbits increase sharply as the reso-
nance is approached.

REFERENCES

[1] T. Kawn and J. M. Dawson, Phys. Flui@g, 1089 (1979).
[2] 1. B. Bernstein and L. Friedland, Phys. Rev28, 816 (1981).

[3] H.Mehdian, J. E. Willett, and Y. Aktas, Phys. Plas§&079
(1998).

[4] K. Takayamaand S. Hiramatsu, Phys. Rev3A,730 (1988).
[5] P.Jhaand P. Kumar, Phys. Rev.5, 2256 (1998).

ion-channel. The transverse electrostatic field generated by

the ion-channel is

E; = 2men; (Xz +9y), (14)

and the wiggler induced velocity will be given by Eg. (3)

with v,, given by

QwL kw’l}ﬁ

(wF = kg 0f)’

wH|

(15)

Uy =

wherew? = 27n;e? /m is the betatron frequency squared.

With similar procedure as in the axial magnetic field case,

the dispersion relation can be found as

(v -

ﬁ@@%7@+ﬁ+ﬂ

Y [k ws(1—ay) (wg - k%vﬁ)
=z |y —
2(%2 — k?uuﬁ) kyv), <W3 - alaz)
2
aias Waw7
1-— - . 16
{ w3 klkgw;g/l)ﬁ] ( )

Expressing imaginary parts of the complex frequencies
and wave numbers of the growing waves in terms of the

lab-frame growth rate\; will give the lab-frame spatial

growth rate of the space-charge wave and radiation

2 2, 2.3
AQL _ k2k7wwwwpvu { _aiap wgw% ]
= 2 2
S’yﬁwg <w12 - kivﬁ) “s Fakaws v
ws(1— al)(w? - k%uﬁ)
X [kgv” ] [wg + alwfc2

klvH <w3 — alag)
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