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Abstract—A theory for self-fields in a free—electron laser with
three-dimensional (realistic) helical wiggler and axial magnetic
field is presented. It is shown that the transverse-velocity—
induced self-magnetic field has a diamagnetic effect for group I
orbits, while for group II orbits it has a paramagnetic effect.

I. INTRODUCTION ANp BACKGROUND

The free-electron laser (FEL) is a device in which a
relativistic electron beam radiates as a result of oscillations
induced by its passage through a wiggler magnetic field [1].
High-density relativistic electron beams employed in FELs
produce strong collective effects associated with the self—
electric and self—magnetic fields of the beams. Self-fields can
induce chaos in a helical wiggler FEL [1]. Recently, some
theoretical studies of self—fields in a helical wiggler with axial
magnetic field or ion—channel guiding have been carried out
[2-4]. All of the above cited studies are based on a helical
wiggler in an idealized (one-dimensional) approximation.

The purpose of the present paper is to study the self—
fields in a FEL with three-dimensional helical wiggler and
axial magnetic field.

II. SELE-FIELDS

The self-electric field induced by the steady-—state
charge density of the non—neutral electron beam can be
obtained by solving Poisson’s equation

V-E, =-4nen,(r), (D
where —e is the electron charge and n,is the electron

number density. Solving Eq. (1) for an electron beam with
uniform density profile, we obtain

E, = 27en,(x€, + yéy). @)

The self—magnetic field generated by the steady-—state
current density of the beam may be determined by
Ampere’s law

VxB, = §— _azen,p, 3)
C

where c is the speed of light in vacuum and B =v/c is the

normalized electron velocity. The lowest—order
representation for the self-magnetic field is determined
under the assumption that the electron beam propagates
with constant velocity v=v,e_. In this case, the solution

of Eq. (3) may be expressed in the form
BS EBS” =27Z’enbﬂ”(yéx_.xé),), (4)
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where [, =v,/c is the normalized electron axial velocity.

The above equation represents the self-magnetic field
generated by the axial velocity. The relativistic motion of
an electron in a FEL with helical wiggler and axial
magnetic filed in the presence of self—electric field and
self—magnetic filed induced by electron axial velocity will
be based on equation of motion

d(’Zt?'V) = —e{E‘Y +lv><(Bw +Bge, +BX”)} NG))
c

Here 7 is the Lorentz relativistic factor,
B, =2B,[I'(k,r)cos &,

(6)

sin y . A
zeg —sin ye,
k,r

—Il(kwr)(

is the three-dimensional helical wiggler magnetic field in
cylindrical coordinates, where B, is the amplitude of the
wiggler field, y=6—-k,z, A,(=27/k,) is the wiggler wave
length and I; , I'; are the modified Bessel function of the first
kind (of order 1) and its derivative, respectively.

The steady—state solution of Eq. (5) for the normalized
electron velocity can be obtained as

B =pY (€, cosy+&siny )+ B¢, @)
where B = 8 = const. and
20, BE1(Ag) 1 A
QB — 0y A=) =B £2Q,8, 1, (A)

ﬂ(O) =
w

€))
is the magnitude of the normalized electron transverse
velocity induced by the wiggler magnetic field in the
presence of the self—electric field and axial velocity—

induced self-magnetic filed. In Eq. (8) Q, =eB,,/ m}/kwc2
is the field,
Q,=eB,/ m}/kwc2 is the normalized axial magnetic filed,

A=FpV /B andw, =2me’n,/mykicH)* is  the
normalized electron beam frequency.

The transverse electron velocity induced by the wiggler
magnetic field generates another self-magnetic filed
known as wiggler—induced self-magnetic field.
Substituting Eq. (7) into Ampere’s law [Eq. (3)] and using
self-consistent method and after some algebra the
wiggler—induced or transverse-velocity induced self-
magnetic field can be obtained as

normalized  wiggler = magnetic



4o, BIL(A ) A 5
QB - B - af L+ ) £2Q, BT (D)

where A=%p, /5 and S, is the magnitude of transverse

B €0, (D)

electron velocity in the presence of total self-fields
(E; +Bg, +B, ). The effects of total self-field on electron

velocity can be obtained by solving Lorentz equation
using Egs. (2), (4) and (9). This yields

B =P, (E.cosy+eysiny)+p,e., (10)
where
5 = 20,81 (y) ! g Can
UQuf —op (L B - B 29,6 1, (D)
Equation (11) shows resonant enhancement in the
magnitude of the transverse velocity when
QB —wp 1+ B - BE£2Q, B 1,(AH)=0  (12)

which separates the electron orbits into two groups,
namely group I and group II, that are defined by

Q< [w; 1+ B+ B F2Q,8, 1,1, (13)
and

Q> [wy 1+ B0+ B 729, 5, 1,(D], (14)
respectively.

III. RESULTS AND DISCUSSION

Figure 1 shows the graph of the normalized transverse—
velocity—induced self-magnetic field B, (=B,, /B,) as a
function of the normalized axial magnetic field €, for

parameters shown in the figure. As shown in Fig. 1 the
normalized transverse—velocity—induced self-magnetic field is
negative for group I orbits and is positive for group II orbits.
Therefore, the transverse—velocity—induced self-magnetic field
decreases the effective wiggler magnetic field and has a
diamagnetic effect for group I orbits, while for group II orbits
it increases the effective wiggler magnetic field and has a
paramagnetic effect. Figure 2 shows the normalized axial
velocity 5, in the presence and absence of self-fields. The

normalized axial velocity B, for may be obtained from the

conservation of energy (7> =1- 2 — B7) using Eq. (11). As

Fig. 2 shows, self-fields can significantly affect the electron
orbits.
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Fig. 1 Graph of the normalized transverse-velocity-induced self-magnetic
field BS | as a function of the normalized axial magnetic field

Q,, for parameters shown in the figure.
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Fig. 2 Graphs of the normalized electron axial velocity £ in the presence and

absence of self-fields as a function of the normalized axial magnetic field
Q, . The dashed lines indicate unstable orbits.
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