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Abstract

In this paper, the operating behavior and optimization in the TMy, mode of an free electron laser amplifier (FELA) has been discussed
using the eigen mode analysis and the simulation techniques and their results has been also analyzed with 3-D particle-in-cell (PIC)
codes “CST particle studio”. To understand the performance analysis and sensitivity of the FEL amplifier using an intense relativistic
electron beams (REBS) on various parameter effects such as power, gain, efficiency, beam current, beam voltage and operating frequen-
cies has been explained. In the modeling of an FEL amplifier, the pattern of the magnetic and electric field in TMy mode has been
showed and performed their RF simulation results in the absent case of electron beams i.e., the cold simulation. The reading of the meas-
urement values has been showed for the large radiation growth rate 2dB/cm approximately with 231 GHz instantaneous band width. The
good agreement of the simulation results has been found as reported experimental values with predicted theory of operation in the Col-
lective Raman Regime. Additionally, the result to extraction of the kinetic energy from the electron beams to beat-wave has been ob-
served the power and efficiency largely increases experimentally with the linear tapering of the strong axial magnetic field that produces
20% experimental efficiency in the FEL amplifier.

Keywords: FEL Amplifier, Beam wave interaction chamber, Relativistic electron beams (REBs), Wiggler, Whistler, PIC simulation and Tapered magnetic

field operation.

1. Introduction

The device, free electron laser amplifier (FELA) has been devel-
oped using a relativistic electron beams (REBs) with zero percent
velocity spreading and 1—2MeV moderating energy [1]-[4]. It is
demonstrated for extremely high power, continuous tunable radia-
tion and moderated efficiency of the source in millimeter wave to
sub millimeter ranges and the potential application in the field of
communication system, nuclear fusion, radio astronomy, military
applications, atmospheric studies, chemical and isotope separation,
inertial confinement fusion, remote sensing and security identifi-
cation, plasma accelerator diagnostics, medicine and molecular
spectroscopy, biological imaging (general test, measurement and
diagnosis), room temperature THz imaging, materials characteri-
zation (spectroscopy of solids and liquids), build computer chips
and to clean up toxic waste, electronic material processing, nano-
tubes synthesis and many other curriculums. The operating radia-
tion frequency of FEL amplifier ; scales with wiggler period

2, and beam Lorentz factor or the relativistic gamma factor (5 )of
the electron beam, y,=1+E, Imc? 84, = 4 /257 where E, is the

beam kinetic energy, mis the rest mass of electrons and cis the
light velocity in vacuum and the synchronous bunching and phase
matching phenomenon to be satisfied as ¢ = oy _woand k =k, +k,-

The primary importance of the device is essential for operating
behavior and optimization in the TM¢; and extraction of the RF
output from the electron beams. Although the radiated could be
tuned by very small wiggler period and/or higher electron beams

energy or ambient magnetic fields, however, in practically, it is
not accessible more easily for high beams energy as well as short-
ening the wiggler periods and also typically, not all, the magnetic
wiggler field are not easily accessible for very small wiggler
wavelengths [5]-[9].

The typical layout and 3-D schematic diagram of the FEL amplifi-
er is shown in below Fig.1, which consists electron gun and accel-
erator, bitter magnets/axial field coils, wiggler magnets/undulator,
depressed collector for beam dumped, beam interaction chamber,
electron beams and optical mirror for radiated output of the FEL
amplifiers. An electron gun is the first component. The accelerator,
which generated a suitable voltage >500kV (it should become
very high asiGV ) and current (>1Ato100kA) for the electron
beams but it should have some limitations. It is approximated
17kA [10] [11]. Normally the pulse duration can be used
<100nsec for the beams while ~1msec are also used in some
other experiments. The hot or cold cathode provided electrons
acceleration through the diode structure together with the strong
axial guided magnetic field and/or focusing elements. Here the
FEL amplifier frequency radiation underlets on ,° (relativistic

gamma factor) while, approximate 0.1% spreaded energy of the
electron beams and the radius of the beams 1cm with~1—2mm
beams thickness. Typically, the approximate values of the wiggler
strengths is ~1kG and the magnetic wiggler wavelengths

~3cm [11]. The tapered wiggler with magnitude B_and the period
of the wiggler 27 /k have adiabatically changes along the FEL
amplifier structure with slowing down the beat-wave, hence, the
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linear tapered axial magnetic fields leading to improve the effi-
ciency of the amplifier also.
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Fig. 1: Typical layout (a) and 3-D Schematic diagram of free electron laser amplifier (FELA) (b & c).

An FEL amplifier would have a high broad band reflecting mirror
at output. The recovery of energy is another important issue of the
beams spent into the interaction chamber and collected at the out-
put port through the depressed collectors and ignoring here,
boundary effects for FEL amplifier growth rate radiated into the
interaction chamber [12]-[14].

The facilities of the designation of FEL amplifier (FELA) device
and the description of the mechanism between beam-wave interac-
tions, there are several modeling and simulation techniques has
been reported. The MAGY, ARGUS and CHICPIC, there are
many numerical technique based simulation codes are employed
successfully for the electromagnetic behavior of the amplifier,
commercially, it is not easily available but only can use for the
design optimization and their validation of the device [15]-[17].
The MAGIC, “particle-in-cell (PIC) simulation codes” has been
envansigated to examine the FEL amplifier successfully and also
applicable to use for commercially [18] [19]. The CST particle
studio, PIC simulation codes is another technique to study the
finite integration methods and exhibition of the possibilities of
main mode temporal growth along with the various competing
modes simultaneously [20]-[25].

In the recent and presented work, the simulation and design meth-
odology through particle-in-cell (PIC) simulation codes of the
FEL amplifier by emissions of electrons, comprehensive are not
reported. Here we examine an explosive derivation to start the

amplifier oscillation and derived the design methodology of the
device. The emission process in the FEL amplifier interaction
chamber is simulated through the commercially 3-D PIC simula-
tion codes “CST Particle Studio”. To find out the excitation of
electromagnetic modes, frequencies and EM field patterns inside
the interaction region of an amplifier is carried out through the
eigen mode simulation (i.e., cold simulation or beams absent sim-
ulations). To observed the overall performance of an FEL amplifi-
er, such as frequency of operations, gain, power, efficiency, RF
output and the beams present PIC simulation is carried out.

In the present paper, Section Il gives an analysis of FEL amplifier
to start oscillation. The description of the design methodology of
an FEL amplifier is in section Ill. The device simulation using
PIC simulation in “CST Particle Studio” is briefly discussed in
section IV and the conclusion is drawn in section V.

2. Analysis of FEL amplifier

In a free electron laser, consider the interaction
gion0<z <L and it comprises an electron plasma density ng

immersed into a static magnetic field B,(2)- Since the magnetic
field has a linear taper, therefore,
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B, =B,(1-z/L)

and,

B, = B, (R+i§)e™"
o o( y) (1)

The propagation of a circularly polarized whistler wave through

the plasma along — Z direction and using the WKB approxima-
tion and an electric field is as,

= PN 7i(n)ﬂt+_|.k0dz)
E, = A (X+if)e @)
D z eB ng.e?
Where, ko :—081/2 "o, :wco(l_i) " @y = os o, :( op )1/2
c L mc g,m
2 -
,
and c=[1 I Here @, and @, is electron cyclotron

@, (wo - a)c)

frequency and initial electron cyclotron frequency, @), is wiggler

wave frequency and the wiggler wave number k0 @, 18 plasma

frequency of an electron cyclotron and ngp is the plasma electron

density of the medium, —€ s the charge of electrons andm is the
electrons rest mass, C is the light speed in vacuum, L is the mag-

netic field scale length, ¢ and & are free space and relative per-
mittivity respectively. An electromagnetic wave frequency that
produces by wiggler fields is yf,’bkovg’b and the guided axial field
gives the motion of electrons cyclotron at ¢, (cyclotron frequen-

cy). It acquires an oscillatory velocity in transverse direction due
to the whistler wave. Therefore, the relativistic equation of motion
one obtains,

eE, (1+k\V5, / @,)

— 0"ob (3)
P imeyg, (@, +kVa, — o, 1 75,)
Here,
Voo =l=(vg 1)’'T™ . B _k(=2xE) g, =% and
@, k,
IZO =—k,Z . Where, }/gb is relativistic gamma factor.

We launch a circularly polarized FEL radiation through the length
of z =0 end with electric field,

E, = A(R+ig)e (o) 4

Where wave number of FEL radiation, k, = @, / cand frequency
of radiation, W >> @, O - If radiated electrons move with a

whistler wave, then the phase matching condition to be satisfied
on synchronism state as @ = @, — @, andk =K, +K;, hence,

0 -0,
Voo =7 =

k  k +Kk,
or, ()

h=2127%

Furthermore, the wiggler magnetic field (B )as wiggler wave-

length (A4,)and electric field (E,) is an important parameter to

start oscillation and confirmation of the stability of an amplifier
and phase bunching should be proper to compute the operating

wavelengths ﬂ,l of the FEL amplifiers. The operating radiation

frequency of FEL amplifier 4, scales with wiggler period 4 and
beam Lorentz factor or the relativistic gamma factor (y ) of the
electron beam, 7,=1+E, / mc?, where E, is the beam kinetic

energy, m is the rest mass of electrons and C is the light velocity
in vacuum . The whistler wave and the FEL radiation wave im-

parts oscillatory velocities vlb,and,vlp to beam and plasma

electrons, then wusing equation of motion, one obtain
v, = eE, andy _ €E, . Since the Ponderomotive force on
imyg,@; P ime,

electrons beam at (e, k;) exerted by whistler wave and FEL
beat signal, assuming here, @ =, —e, and k=|ko|—i—k1

and c?)l >> E[)c , therefore the total Ponderomotive force is as,

k (@, +K,Vy,)
(0)0 + kngb — /ygb)

__EAA

_ - J2e™ (6)
imca,m,75,

pb 0

Under the influence of these Ponderomotive wave, an electric field

pr can be written as,

Ky (0, +K,Voy)
(0)0 + kovt?b — @ lyt?b)

£, (DA

=(- J2e™ (1)
P |ma)10)0}/8b °

Where,y,:a;t_j(ko +k,)dz, 0=, and,k :|k0|+k1' and the z-
component of single particle beam momentum equation under the

beat Ponderomotive force can be written as,
dP, _,, Py _ 207, or e = 1 £ Here y, de-
Loy, —2=mc"—==F = ' €
dt ® dz @z ™ dz mc2 ™

notes the relativistic energy of an electron at any point. Hence
from Eq. (6) and taking real part, we have,

eA
ar. _ ——2 cosy ®)
dz mc

Where Apb = —ipr ,

c k, (@, +K,V5,) e
£y =Rk, + AR TNw) g g - A
DY ob (wo + kovob — & /70b) Ma,C
This equation represent that the wiggler is in uniform state, means
no resonance is possible here. Now from Eq. (8), the momentum
of thewaveie., p_ dy one obtains,
dg

dy __aldy, ©)
dé  2c(y,” -1

Therefore the constitute the phase momentum and energy evolu-
tion equations and can be rewritten as,

d—F’——Acos

dé v (10)
dy _ p

dé

eA, L
2mC3 (}/rZ _1)3/2
tion of single pass amplification, it is worthwhile solving Eq. (10),
i.e., an electron can lose the energy to the wave with phase y is

between —z /2 tor /2.

Where A is constant i.e., A= . For the small radia-
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3. Design methodology

There are major rigorous to design of free electron laser amplifier
(FELA) at higher frequencies for the various parameters. The
process of proper designing of FELA is required to ensure the RF
interaction structure with desired operating mode, mode of extrac-
tion, frequency operation, electron beam parameter, high output
power, moderate efficiency and so on. The beam current and volt-
age chosen initially through the selection procedure of the desired
power output, extraction efficiency and the beams electron space

Defined input parameters: operating mode, wiggler frequency, operating
frequency, cathode voltage and current, DC magnetic field and input power

[
b

Select the TMUH mode for the value n=1 i.e., TMU]

!

Calculate the FEL amplifier wall radius ( beiwa]]radus) for the interaction

chamber and the beam radius (7, ) using eqns. (11) and (12) and choose the

chamber lengths as per wiggler wavelengths and radiation wavelengths

charge effect. Typically, theTM ;, mode is selected for the operat-

ing behavior of an amplifier and their dimensions of RF interac- T

tion structure, the beam parameters (i.e., velocity ratio< 0.1% and !

the guiding radius), modulating interaction radius and strong axial Solve the coupled phase momentum and energy evolution eqns. (9) and (10) for
magnetic field are estimated to established analysis [22]-[24]. the electron rajectory

J

Examine whether the beam particles have find the separatrix for the trapped
electrons i.e. solve the coupled equations for all the z-steps

No

If the FEL amplifier is operating in the TM __ mode and the radius

of an interaction chamber wall is R . , then the expression l
elwallradus
[24] is as- Is the phase momentum and energy evolution of all the modes are determined for
FEL amplifier? -
Rfelwallradus = Zmn('; (11) Yes
274

Calculate the FEL amplifier efficiency and RF output power for the selected mode

Where ., is the eigen value of the cylindrical waveguide sys- 1

Start the PIC Simulation

tem and the values are 2.405 for the TM ;, mode as the root of the ‘
Bessel for TM, mode dispersion relation, c is the light speed in

the vacuum and fcy is the cut off frequency of the cylindrical Ne

waveguide.

Is

P,,m 2 Desired
power

Now the guiding beam radius of an electron [24] is given as-

iR IC List the selected parameters

' felwallradus !
[ = (g —alradusy _ () 1
i o e 2ﬂf°) @
op

Where the radius of the electron beams is I}, i is the beam radial

positions (i.e., 1 or 2) and the harmonic number ish, always h>1.
In the amplifier interaction chamber, the RF wave is extracted out
from the beams electron of slow wave space charge through the
forward propagation with group velocities in positive direction

Fig. 2: Flow chart and design procedure of the FEL Amplifier.

TABLE |
Design parameters of the FEL Amplifier (231 GHz)
[Gold et al. (1984), Pant and Tripathi (1994)]

and leaving out the RF signal at the output port, however, the neg- FEL amplifier parameters T

ative group velocities are also available here with backward waves
propagation into the interaction region. To foreclose the negative

. . h . Magnetics wiggler parameters
group velocities propagate in the backward wave direction, the

oscillation frequency of the device should be greater than the cut  wiggler wavelengths (; 30mm
off fr_eguency of thg cyllnd_rlcal wave guide which is used into the Wiggler magnets size 3531 Amm®
amplifier. The detailed design procedure and flow chart of the free Gap size 12mm
electron laser amplifier (FELA) is given below fig. 2 and the listed  yjgger frequency (1 ) 10GHz
data given in Table I. - )
Wiggler fields (B ) 3KG
No. of poles () 21
Interaction Lengths (L) 630mm

Electron beams parameters

Wave guide type Uniform cylindrical

5.5mm (outer)
5.4mm (inner)
Transverse mode ™,

Wave guide radius (R

felwallradus)

Wave guide cut off frequency (f.) 21.27GHz
Beam radius (r,) 3mm
Bunch energy (g, ) 1.25MeV
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Beam current (1) KA o

Pulse duration ( 50nsec l

Radiated output parameters &t

Radiation wavelengths (A4) 1.2796mm A

Radiation frequency ( f,) 231.2GHz o

Relativistic Gamma Factor (7’31)) 3.4

Axial guide fields (B,) up 0 20kG

Longitudinal momentum

spreadin Lk .
preading ) -

Output Power (p 50MW

4. Device simulation

The fig. 1 (a) shown a typical lay out in 2-D and fig. 1 (b & c)
represented 3-D design schematics of a FEL amplifier which con-
sist of e-gun, cathode, cylindrical waveguide, modulating interac-
tion chamber, undulator/wiggler as magnetic arrangement, axial
magnetic fields, depressed collector for beam collection and final-
ly optical mirror to collect the FEL amplifier radiated output. The
interaction chamber is mainly used to phase bunching phenome-
non and implementation of beam modulation techniques between
wiggler magnetic fields to electron beams which produces beat-
wave excitation as ponderomotive waves. In order to understand-
ing the mechanism of beam-wave interaction and performance
analysis of the FEL amplifier is designed and simulated through
the commercial PIC simulation using “CST particle studio” [21]
[22]. The FEL amplifier is modeled as fig. 1, as per the material
property, magnetic field, electric field and designed parameters as
listed in Table I.

The performance analysis of EM simulation in eigen mode (i.e.,
beam-absent analysis or cold analysis) is examined to secure the
operating mode field stimulation and oscillating frequency and so
on. In the last the device is excited in the supervision of beams
electron (i.e., hot analysis) to examine the frequency of operation,
extraction efficiency, RF power output and gain. The amplifier
design methodology and simulation techniques using PIC simula-
tion codes “CST particle studio” is given below in details.

A. RF interaction modeling

The FEL amplifier is designed undulator/wiggler to performing
wiggle array of the RF interaction behavior in CST particle studio
for particle-in-cell (PIC) simulation as shown in fig. 2, (flow
chart), as designed parameters described in Table I. The modeling
and designing of RF interaction chamber, there are various param-
eters used as undulator/wiggler and their dimensions, cylindrical
waveguide with specific radius, drift tube, beams and beams radi-
us, undulator/wiggler magnetic fields, gap size between magnets
of undulator/wiggler, lengths of interaction chamber, wiggler pe-
riods, operating frequency and S-parameters and so on. The undu-
lator/wiggler structure is modeled with iron magnetic materials
(NdFeB) and vacuum background set. The drift tube of the inter-
action chamber is loaded with lossy dielectric materials to achiev-
ing the optimized s-parameters and allows adjusting of the ampli-
fier behavior. Also the electric field (E-field) monitor is adjusting
to ensure the electric fields into the interaction chamber through
the input port and the observation of desired mode and their oper-
ating frequency is examined. On other hand, the magnetic field
(H-field) monitor is set to observe the calculation of s-parameters
which provide the complete isolation between the interactions
chambers of both ends by observing the field leaked inside the
interaction chamber. The phenomenon of the energy transferred
from electrons to beat-wave ensured by setting the bunch for-
mation of electrons through the phase space monitor.

(b)

(d)

©

Fig. 3: Fields pattern of the FEL Amplifier for the desired mode TMm(i)

Electric field patterns at the input port (a) contour plot (b) vector plot (c)
Magnetic field patterns at the input port, contour plot, and (ii) Magnetic
field patterns at the output port (d) contour plot and (e) vector plot.

B. Eigen mode simulation

The eigen mode simulation (i.e., beam absent simulation) is per-
formed to assure the observation of the device in the desired mode
and frequency using listed data in Table 1. The eigen mode solver
in “CST particle studio” is used for the cold simulation to carried
out its EM behavior between input into the RF interaction region
and their both input and output ports. At boundary condition into
the interaction chamber, the tangential compound should become

null (i.e., El =0). Fig. 3 (a, b, ¢, d & €) shows the contour plot
and vector plot of the magnetic fields and electric fields inside the
input port and out port into the interaction chamber of the FEL
amplifier, which clarify that there is zero variation in azimuthal
and radial direction that is defined the operation of TM, confir-

mation into the interaction chamber and same operating mode (i.e.,
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TM,,) is coming out at the output port for linear amplification in

the FEL amplifier. In the Fig. 4 (a, b & c), the dielectric loss, im-
pedances, power accepted and s-parameters (the standard values
of the s-parameters magnitude is varies between —30dB
to—180dB ) calculation is readily available through the 3-D/2-D -

field processing and as a results shown in the given figure for the
specific parameters and dominant mode S,, — $2(3),1(3), which

is shows the availability of the device. And also sustain the ac-
cepted power in Watts.

S-Parameter [Magntude n d]

-180

182
-184 {--
-186
-188
190 4o
-192 1--
LT ) R
T o L1
-198
St sl o
202

0.23 0.2302 0.2304 0.2306 0.2308

0.231 0.2312 0.2314 0.2316 0.2318 0.232

Frequency / THz

(CY

Impedance in Ohm [Real Part)

375.085

375.08 -+

— ZRef 1(3)

375.075 +--

375.07

375.065

375.06

375.055

375.05

0.23

0.231 0.232

Frequency / THz
(b)
Power in Watt [Real Part]

1.2e-005

1e-005

80006 - -eereeeeen

6e-006

4¢-006 1

3 20006

-2e-006

4e-006 f--ceneenneen

6€:006 -+-eeneeenraen

-8e-006

0.23 0.2302 0.2304 0.2306 0.2308 0,231 02312 0.2314 0.2316 0.2318

Frequency / THz

(©

Fig. 4: FEL amplifier simulated and desired observation for (a) S-parameters (b) Impedance in ohm (c) Power accepted

C. Parametric Analysis

The parametric analysis of the free electron laser amplifier is esti-
mated by using the particle-in-cell (PIC) simulation in “CST Par-
ticle studio” to study the device sensitivity for the various parame-
ters of the beams. The efficiency variation and RF output power
has been estimated to the different frequencies radiation. Fig. 5
shown the RF power output of the FEL amplifier is increases after
increasing the taper axial magnetic fields (B, ). The overall the

phenomenon of the extraction efficiency is increases of the device.

10
TAPERED B,
z
5
E UNIFORM B,
g
g 1w
=
=
[=%
£
=
Q
w0
85 70 75 ] B 90
Frequency (GHz)

Fig. 5: FEL amplifier output power vs radiated frequencies
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5. Conclusion

The detailed description of the design methodology and simulation
study of the highly radiated power microwave (HPM) device-Free
Electron Laser Amplifier (FELA) has been presented. The FEL
amplifier shows the simulated results as somMw RF power output
and 20% increases with extraction efficiency with linear axial
taper strong guided magnetic fields. Therefore the device has been
found a good agreement presented with ~5% experimental val-
ues as reported as previous paper and the overall performance of
the FEL amplifier has been spread, hence, the parametric analysis
behavior through the particle-in-cell (PIC) simulation in “CST
Particle studio” has been performed and validate.
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