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ABSTRACT- Due to sensitive and important
applications of free-electron laser in industry
and medicine, improvement of the power and
efficiency of laser has always been emphasized.
Therefore, understanding the created field and
examining the properties of the field in
waveguides with different shapes and studying
the sustainability of electrons movement are
particularly important. In this study, the
behavior of electrons in free-electron laser in
the wiggler field by square waveguide with
central core is examined which is a new
research. Due to the complexity of cross section,
the equations governing the field are solved
numerically, and magnetostatic fields are
calculated and then the changes of Wiggler
magnetic field are displayed. Finally, the
properties of balanced electron circuits for the
first and third harmonics are studied and the
strong effect of the third space harmonic on the
field is observed in the second magnetic
resonance and the obtained results indicate
greater volatility of transverse components of
velocity.

Since the field intensity on the sides and center
of the waveguide and the order of electrons
motion are important in determining the laser
power and efficiency, studying the behavior of
electrons in this research indicates that in the
empty space between the two walls, Wiggler
magnetic field is minimized and leads to the
focus of electron beam. Therefore, the closer is
the starting point of the movement of electron to
the center of waveguide, the better will be the
movement order.

Keywords: free electron laser, wiggler field,
square waveguide
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I. INTRODUCTION

Free electron laser, is a source of radiation of
electromagnetic radiation that can produce a
coherent radiation with very high potential in a
wide range of electromagnetic spectrum [1].
The most important principle of free electron
laser is rotating magnetic field that gives an
oscillatory motion to the electron beam, and
consequently leads to the acceleration of
electrons and development of incident waves.
In 1951, Hans Mots from Stanford University
calculated the emission spectrum of a beam of
electron in a sinuous magnetic field for the
first time [2]. This sinuous magnetic field is
called Wiggler field. There are many varieties
of Wiggler field such as flat, torsion, and
coaxial Wiggler field [3-5]. Wiggler field
studied in this article like coaxial field is
composed of ferrite and dielectric parts that
are arranged alternately[6,7]. The presence of
a uniform and axial magnetic field also
prevents electrostatic repulsion of electrons
[8-10].

I1. MAGNETIC STRUCTURE

The waveguide device under study with square
cross section has a central cavity (Fig. 1).Like
coaxial Wiggler field, the waveguide is
composed of ferrite and dielectric parts that
are arranged alternately. Uniform magnetic
field around the waveguide leads to the
development of desirable Wiggler field. The
sizes of internal and external walls of the
waveguide are assumed to be 2a and 2b. In
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order to create appropriate Wiggler field,
solenoid is used which provides uniform
magnetic field of By,

To obtain the created magneto-static field,
Maxwell's equations are used and appropriate
boundary conditions are applied.

Solenoid

Fig. 1Cross-section of the Waveguide understudy

Since there is no current source inside the
waveguide, according to [9] and [12], in
addition to the divergence, the curl of
magnetic field is also zero (V-B=0 and
VxB=0).

The magnetic field can be written as follows,
based on magnetic potential ¢ [11-12]:

B=-Vo, V’p(x,y,z)=0 (1)
System aligned with the z-axis is intermittent
with A, period; consequently, the magnetic
field of B. can be expanded as the Fourier
series.

B (x,y,z) =/ (x,y)+

i[fn (x, y)cos(nsz) +g, (x, y) sin(nsz)] )

n=l1

where k, =27/ A,

—(o(x, y,z) =1 (x,y)z +8, (x,y) +

ST (st 21, 5)os (o 2) | ©

n

n= w
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=

0p(x,,2) [og, _of,
B.(xy.2)=- (ax ):[8)6()+Z('3)(c)+
y
sin

SREEACY)N 9, (%)
nz—:‘l:nkw [ Ox (nk, 2) P Cos(nsz)

X
0
o(x0.2) [0, o],
oy Oy oy

} “4)

By (x,y,z) =—
5
d 1 af;1 (xsy) . ag"(x’y) ( )

Z T TSln(nka)_Tcos(nsz)

nk,, y Y

n=l1

where f'and g are related to Fourier transform,
and 4,, is the periodicity.

On the other hand, because B; and B, are

alternating with period of 4,,, we can conclude

from Eqgs. (4)-(5) that%:%zo. Therefore,
ox Oy

fo 1s a numerical constant. By placing (3) in

(1), we will have:

2 2 © : k
0 g20 +8 g20 "‘Z s1n(n Wz)x
ox oy = nk,
0° 0°
( axJ} " éyé _nzszf”}
-n’k’g, ﬂ =0

cos(nk,z)( &g,
nk, ox’?
The above statement is a Fourier series;
therefore, from the uniqueness of expansion
coefficients we conclude that:

(6)
g,
a._yZ

+

2 2
%ﬁo + aafzo =0,  f,=Const (7)
o’f, &,
a_;+#_n2szf":0 nx1 (8)
X
o’g, 0O'g
axz” +?2n_”2szgn =0 ©)

The sets of Egs. (7)-(9) are the equations of
unknown functions f,(x,y) and gu(x,y). By
solving these equations, the magnetic field can
be obtained through the Egs. (2), (4), and (5).



International Journal of Optics and Photonics (IJOP)

III. DYNAMIC MOVEMENT OF
ELECTRONS
In this Section, the orbital motion of electrons
in square Wiggler and axial magnetic field are

examined. The components of magnetostatic
field are as follows (for odd ns):

& (vy)sinlokz) oy

B}C = BW
n=1 ox nkw (10)

5 - Bwi o, (x.y) sin(nk,z) _ B/ (x.7)
n=1 ay I’lkw ( 1 1 )

B =B+ Bwifn (x,y)cos(nsz) =

n=1

B,+B,f. (x,y) (12)
whereB, 1s the constant axial field and B,, is
the Wiggler field. f,(x, y) can be calculated by
numerical solution of equation (Append X).

The orbital motion of electrons in the static
magnetic field of B is investigated by solving
Lorentz force equation [4].

—e

ﬂ:—va (13)
dt  ymc
where v is the velocity, -e and m are the
electron charge and rest mass, respectively.
Given that the vxB is perpendicular to the
velocity v, the Lorentz factor y, is the motion
constant factor: dy/dt=0 where

5 \V2
1% .
7:(1——2J and V=|v| is the electron
c

velocity. Moreover, for the electrons path it

) dr
can be written: —=1vV.
dt

The normalized variables ﬁo, ﬁw, Q.. v, R,

and T required for calculations are defined as
following:

QYL Mo QUL
kWCa k.c>

w

\%
V=—’
C >
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R =kyr T=kct

eB

and Q =—
ymc ymc

cyclotron frequencies. By defining above
variables, the components of motion equation

will be as the following:

eB,

in which Q,=—- are

dav, — — —
dT - _LQOVy - "Qwafz + “Qszf;z (14)
dv. — — —

. = “QOI/X + “le/xf; = _“le/zf;c
dT (15)
dVZ - _w yfr _Q_erf;/
dT (16)
dR,
dar ° (17)
dRy _
dTr 7 (18)
dR,
dTr : (19)

Equations (14)-(19) are the set of coupled
differential equations that are solved
numerically using Runge-Kutta algorithm. By
solving the equations, the movement path and
properties of equilibrium orbits of electrons
are obtained.

IV. ELECTRON ORBITAL THEORY

If the initial condition is chosen so that the
transverse motion of electrons in the field By
(and at B,—0) is zero, then in the first
approximation of Wiggler field and regardless
of the statements of the second order B,,V, and
B,V, in Egs. (14)-(16), the equations of
electron motion will be as follows:

av. -
==-Q¥,+2V.f,

v
LGy -orf, 2o

dT : dT (20)
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From Eq. (20) we conclude that V,= V; and
therefore R,=z=V, T.

If we assume that Wiggler field is uniform in
the transverse direction, in other words if we
ignore the changes of f., and f,,, with respect
to x and y, by considering the third harmonic
we will have:

a’v, —a = — : —
W"'Qo V.=8QV.1., Sln(V]T)“QO +
QY f.ssin(3VT) 2, +

Q_WVHZ i cos(KT)+ @l

3Q_WV]2 3 cos(3V]T)
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£ (V2 —Eoz)cos(3Vt)+

fy,lgo(goz_gl/z)"' (23)

sin (V) + fyﬁﬁo(ﬁoz —Vz)sin(3VT)+
oves, v 302, -8 138, 1, Jsin(S)|

The above equations are stable solution related
to the motion of a single electron. In these
equations, the normalized frequencies of

(_20, V., and 3V are respectively related to the

constant magnetic field By, first harmonic
(n=1), and third harmonic (n=3) of Wiggler

Inhomogeneous Eq. (26) can be solved analytically,f%ﬁ}g'

the answer to the first condition:
V{(T=0)=V(T=0)=0

is as follows:

_ )V,
W, D
(VLA =G S35 1 sin( Gt

fx,lgo(ﬁo2 -9’ )Sin (I/[t)+ﬂc,3§o

V.(T)

X

(502 2 )sin (¥1)+7.
—2 —2
(9szfy,1 +3V[2fy 3 _Qo fy 1 _3!20 fy ,3)

cos(ﬁot) +Vof (502 -9y’ )cos(VDt) +

V., (5 - Vf)cos(%f)} (22)

Moreover, using the above equation and the
Eq. (20) we have:

QV.
v (T ) - Mz—z E—e
W10V 82, +4,

V(99302 B 1 4381, oos (Bt +

V.fi (9VD2 —502 )cos(V[z‘) +
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V. RESULTS AND DISCUSSION

Figure 2 shows longitudinal velocity changes
of electrons in normalized cyclotron frequency
for three groups.

1

G.2 G.3
08t —7 —
08} yd
o7t #

‘} i 4
06} ; {
’;' "_:

vy/c D5} ’ )

04}

o03f
02Ff
0.1 \;
D 1 1 ' '} L
1] 0.5 1 L 2 25 3
QoS

Fig. 2 Variations of normalized axial velocity based
on normalized cyclotron frequency.

The orbits of Group I are marked with the
condition 0 <Qy<k, V), orbits of group II with
the condition k V <, <3k V, and orbits of

group III with the condition €, >3k V. The

third group has appeared due to the presence
of the third spatial harmonic for Wiggler field
and causes the second resonance in Q, ~ 3k, V.

The first magneto resonance due to the
fundamental component of the wiggler field

occurs at Q,~0.58, whereas the second
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magneto resistance originated from the third
harmonic is around Q, ~2.7 In ¥V, the Space

period is equal to wavelength of wiggler and
spatial periodicity in 3V is a third wavelength

of wiggler. The second resonance width is less
than the first resonance. It can be concluded
that the third harmonic is weaker than first
harmonic. Third harmonic more affected on I11
group and the unaffected on I and II groups.
The resonance point transverse velocity
reaches its maximum value.

0.06

0.04

0.02

=] e 0.00
-0.02
-0.04
-0.06

15 20 25 30

z (cm)

00 05 10

Fig. 3 ¥, variations versus Z for O, =0.58

Figures 3 and 4 respectively show the
transverse speed of V, and V), in a period of
Wiggler field depending on the distance z-
axis. Periodic changes of speed transverse Vy

and ¥, to Q, =0.58 (the point where the first

magnetic resonance occurs) is equal to one
wiggler wavelength (wavelength of main
wiggler harmonics). And strong effect on the
two groups I and II in the first harmonic
resonance magnetic first show.

Figure 5 displays the transverse movement of
electrons in two dimensions normalized

frequency ﬁo =0.58 (first resonator) with

initial conditions x,=3cm, y,=0, and

z,=0.

As can be seen a period is equal to a third
wavelength of Wiggler and electrons that enter
the space between the two walls of the
waveguide will be movement regular and
stable.

73

Vol. 10, No. 2, Summer-Fall, 2016

0.10
0.05:
o 0.00
-0.05
-0.10:
00 05 10 15 20 25 30
Z (cm)

Fig. 4 V, variations versus Z for Q, =0.58

0.08
0.06.
0.04.
0.02
0.00

-0.02.

-0.04.

-0.06.

y (cm)

2.94 2.96 3.00

X (cm)

2.98

Fig. 5 Transverse direction of electron movement
for ©, =0.58

Fig. 6 Three-dimensional direction of electron
movement for Q; =0.58.

Figure 6 shows the three-dimensional
movement of the electrons in terms of the
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normalized frequency f_lo =0.58. It can be

seen that the electron orbits in an almost spiral
path is limited. As in the prior period equal to
the length of the original wiggler harmonic
wave and electrons that enter the space
between the two walls of the waveguide are
moving will be more orderly and stable.

If the initial condition is chosen to move away
from the axis of the electron oscillation
amplitude is larger and it is possible that the
beam is deflected to the side wall.

0.10 i \
0.05 \\
o 000 e
-0.05
-0.10

e

-006 -0.04 -002 000 002 004 006

Yy

¢
Fig. 7 Transversal speeds of electrons for

0, =0.58.

0.15
0.10 / N\
0.05 | / \
o 000 A
005 \ | .
010 \J/ )

-0.15 \/
0.0 05 1.0 15 2.0
Z (cm)

25 30

Fig. 8 V, variations versus Z for 5_20 =27

The parameters used to draw these figures are
as follows:

Q,=058 Q =04, y=237

a=2cm, b=4cm, A,=3cm

74
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x,=3cm, y,=0, z,=0

Veo=0, v,,=0.11 v, ;=0.899

where 2a is the size of the inner wall side
(core),2b is the size of the outer wall side, f_lo
is Cyclotron frequency normalized axial
magnetic field. Q  is Normalized cyclotron

frequency  magnetic  field  wiggler.Ayis
wavelength of wiggler and y is Lorentz factor.
Xo, Yo, and zo are the initial conditions for the
movement of electrons.

Figure 10 shows the transverse motion of the
electrons in two dimensions normalized

frequency ﬁo =2.7 (second resonator) with
initial conditionsx, =3cm,y, =0, andz,=0.
As can be seen a period is equal to a third
wavelength of Wiggler and electrons that enter
the space between the two walls of the

waveguide will be movement regular and
stable.

Figure 7 displays the transverse velocity curve
to the first exacerbation.

0.10 /\ /
\
0.05 / \ /
\ /
> 0.00 \ S
\ \ J,f
-0.05 \ \
-0.10 Y
\u \/
00 05 10 15 20 25 30
z (cm)

Fig. 9 V, variations versus Z for §_20 =27.

Figure 11 shows the three-dimensional motion
of the electrons in terms of the normalized

frequency €2 =2.7. It can be seen that the

electron orbits in an almost spiral path is
limited. As in the prior period equal to a third
wavelength of original wiggler harmonic and
electrons that enter the space between the two
walls of the waveguide are moving will be
more orderly and stable. If the initial condition
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i1s chosen to move away from the axis of the
electron oscillation amplitude is larger and it is
possible that the beam is deflected to the side
wall.

0.02
0.01
§ 000
>
-0.01
-0.02
296 297 298 299 300 301 302
X {cm)

Fig. 10 Transverse direction of electron movement
for Q,=2.7.

Fig. 11 Three-dimensional direction of electron

Figure 12 displays transverse velocity curve
for second resonance Q,=2.7. In addition,

Figs. (8) and (9), respectively show the
transverse velocity of vy, v, in a period of
Wiggler field and Figs. (10)-(11) display the
movement of electrons in the transverse
direction and three dimensions.

It can be concluded from the comparison
between Figs. 7 and 12 have large size cannot
be changed so it can be considered
approximately constant axial velocity.

75

Vol. 10, No. 2, Summer-Fall, 2016

By comparing all figures, it is obvious that
when ﬁo =0.58 the spatial period time equals

to Wiggler wavelength while when Q,=2.7.

the spatial period time equals to one-third of
Wiggler wavelength and indicates the strong
effect of the third space harmonic on the field
in the second magnetic resonance. It also
shows that transverse components of velocity
have larger amplitudes.

0.10

0.05

> o 0.00
-0.05

-0.10:

-0.15 -010 =005 0.00

Yy

005 010 0415

c

Fig. 12 Transversal speeds of electrons for
Q,=2.7.

Given the figures of transverse velocity curve
it can be found that the transverse velocity
cannot change a lot and axial velocity can be
considered as nearly constant.

VI. CONCLUSION

The movement of electrons in free-electron
laser in the wiggler field by square waveguide
with central core was examined. According to
the charts of magnetic fields found that the
changes of Wiggler magnetic field at the
corners of waveguide are more than those
around the waveguide. Moreover, the field
components in the empty space between the
shell and core have their lowest amount and
lead to the concentration of electron beam.
Consequently, the closer is the starting point of
the movement of electron to the center and the
empty space between the two walls, the better
will be the movement order.

Examining the results of numerical equations
and the related graphs indicate that the spatial
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rotation of the transverse speeds with regard to
the normalized frequency for the first
resonance is one Wiggler wavelength and for
the second resonance is one-third of Wiggler
wavelength. Moreover, transverse velocity
cannot change a lot and axial velocity can be
considered to be constant.

VII. APPENDIX

Boundary conditions related to the problem
can be obtained. To do so, different areas will
be examined separately.

For example for area x>0, y>0 the problem is
solved.

For 0<x<b, y = b, from Eq. (2) we have:
Ay b b

[dz [dx B. (x,y =b,z)=4, [dx £, (x.b)
0 0 0

+i|:,b[dxfn (x,b) sz cos(nk,z)+

n=1

b A,
[dx g, (x.b) [dz sin(nsz)} = A bf,
0 0 (1)

For Ferrite parts B,=0 and for dielectric parts,
the average Bz on X or Y equals B, or B,

la
—|dx B ) =
a.([x Z(va) o

O<z<%, 3jW<z</1W

(2)
lJ-dsz(a,y,z)zBm , &<z<:Mw
as 4 4 3)
b
ljc:’)ch(x,l),z):o ,ﬁ<z<3i
by 4 4 )

lb
Ej‘dy Bz (bay ’Z):Bout
0
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34,

A
O<z<—2, —<z <A,
4 4 A

()

Through the combination of the above
equations, we have:

B, =2f, (6)
b

lj-dxfn (x,b)= ﬁsin [Mj
by nw 2 )
b
degn(x,b)zo for0<x<a,y=a
0 (8)
B, = 2ﬁ),lfdxﬁ, (x,a)= _28, sin(ﬂ)

as nrw 2 )
Idxg,1(x,a):0 for 0<y<b,x=b
0 (10)
Bout :2f0

b

)= 2 2
b+ nr 2 (11)
b
Idygn(b,y):O for 0<y<a, x=a
0 (12)
B, =2f, ,ljdxfn(x,a) :-ﬂsm(ﬂj

ay nrw 2 (13)
fav g, (a.y)=0
0 (14)

Similarly, the boundary conditions of other
areas can be obtained.

According to the above equations, it is clear
that the response g,(x,y), which is true in all
circumstances, equals zero then forn=>0we

have: g, (x,y)zO and n>1, on(x,y):O.

Assuming B, =B, = B, then:
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Bout_Binzzf(‘) (15)
Thus, the filed components are obtained as
follows:

- 8fn ) sin (nk, z
5 =nz ’Skw | (16)
5. iaf" y) sin(nk, z)
< nk, an
B <

B. = 7+an (x,y)cos(nk,z)

n=1

(18)

y=y5=0.

Fig. 2 B, component of the magnetié field for
y=y=0.

From Eq. (8) and the obtained boundary
conditions for different areas we will have:
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o1 (0) 7L ()

axz ayz = nzszfn (x’y)

(19)
The average f,(x,y) on the outer surfaces is:

£, (%) —%sm(’f}

And the average f,(x,y) on the inner surfaces is

2B,
f;z(xay):_ (nﬂ-)
For x=0, a£|y|£b:M:O
ox 21)
For y=0, a£|x|£b:M:0
> (22)

Equation (19) with above boundary conditions
is the basic equation governing the system and
by solving it and finding fu(x,y) the
components of the magnetic field can be
calculated through relations (16-18).

Now assume that function f,(x,y) in the

By g (Ej and in
nr 2
2B, (nﬂj

In
2 .

this case, its average will be equal to the given
values and therefore it satisfies the boundary
conditions. With this assumption, since it is
not possible to solve Eq. (19) analytically due
to the presence of core in the cross-section of
the waveguide (see Fig. 1), the solution to the
question can be obtained numerically. In this
paper, to solve the Eq. (19) numerically, the
flex PDE software is used. Then, the obtained
numerical solution is called on Mathematica
software. Through data interpolation, the
magnetic field at any point of the waveguide
can be calculated.

niw

Figures 1-3 show different components of the
field derived from the numerical method for
the constant value of y=y, in terms of x and
during the release of z. As it can be seen, the
radial component of the field in the empty
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space between the two walls is minimized and
leads to the focus of the electron beam. The
numerical values of the parameters used in the
charts are as a=2cm, b=4cm, and A,=3cm. As
shown in Fig. (2), since B, behavior is
minimum at the point x=3, y=0 and z=0, if the
electrons enters the waveguide from this
region lateral deviations will lower and
electrons do not hit the walls. The electrons
that enter the waveguide from this area will
have more regular and consistent movement.

Fig. 3 B, component of the magnetic field for
y=10=0
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