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Abstract

The dispersion relation of the FEL Amplifiers is sensitive to the linear tapered strong axial magnetic fields, electron cyclotron frequency
and plasma frequency of electrons. For the synchronism of the pumped frequency, it should be closed to electron cyclotron frequency
which is resonantly enhanced the wiggler wave number that produces the amplifier radiation for higher frequency from sub millimeter
wave to optical ranges. The guiding of radiation signal into the waveguide and charge neutralization phenomenon, the beam density
should be greater than the background plasma density with tapered strong axial magnetic field. It is quite considerable that radiation sig-
nal slowed down at much higher background plasma density comparable to the density of beams and enhanced the instability growth rate
also. In Raman Regime operation, the growth rate decreases as increases with operation frequency of the amplifier, however, the growth
rate is larger in this regime. It is noted that as increases with background plasma density, the beat wave frequency of the Ponderomotive
waves is increases thus the mechanism of background plasma density can serve for tenability of the higher frequencies. The tapering of
the strong guided magnetic field is a crucial role for enhancing the efficiency of the net transfer energy as well as reduction of interaction
region along the axis. It is observed that, an efficiency of the transfer energy enhanced by while the reduction along the interaction region

of about with the variation of tapering in a strong axial guided magnetic fields.

Keywords: FEL Amplifier; Linear Tapered Axial Magnetic Field; Magnetic Wiggler and Whistler.

1. Introduction

The free electron laser amplifier (FELA) is an attractive device to
employment of an electrostatic and electromagnetic wiggler for
the production of tunable and coherent high power radiated signal
using with mildly relativistic electron beams (REBS) to the higher
frequencies from sub millimetre wave to optical ranges. In the
interaction region, the synchronism of the pumped frequency with
strong magnetized plasma, it should be closed to electron cyclo-
tron frequency which is resonantly enhanced the wiggler wave
number that produces the amplifier radiation in slow whistler
mode, however, below the electron cyclotron frequency, the fre-
quency emission of radiation is limited [1] [2]. The operating radi-
ation frequency of FEL Amplifier A scales with wiggler period

4, and beam Lorentz factor or the relativistic gamma factor (y,)
of the electron beam, y, =1 + E,/mc® as 4 =4 /2y, where E, is

the beam kinetic energy, m is the rest mass of electrons and c is
the light velocity in vacuum [3]. Typically not all, the science of
the free electron lasers studied in many areas as classical physics,
engineering physics, applied mathematics, material science, biolo-
gy, medicine, life science, nuclear physics and engineering, elec-
trical engineering, electronics engineering, mechanical engineer-
ing and many other curriculums. The free electron laser is the
tunable and fascinating device which have distinguishing feature
and their properties is determined by the relativistic electron
beams (REBS) or a short pulse laser. It is based on radiation from
“free” electrons or unbound electrons rather than electrons bound
in atomic and molecular systems [4]-[8]. The HUMAN BODY is

the best example of free electron lasers that produces radiated
energy after gyrated foods (seed-signal) into the human body
chamber interact with water as e-beams and finally dumped it
through depressed collector.

Sharma et al. [9] examined the operation of the electromagnetic
and electrostatic wiggler with whistler pumped free electron laser
for the higher frequencies. They have also studied the feasibility
of the FELs in the low-current Compton Regime (CR), however
practically, in the Compton regime, the whistler wave does not
exist as suitable wiggler for FEL Amplifier operation due to re-
quirements of extremely high pump power density (10-15 Tesla
for operating frequencies scaled upto 200-250 GHz) for reasona-
ble growth rate, hence including the effect of finite space charged
mode, Raman Regime operation plays an important role in whis-
tler-pumped FEL only [10] [11]. In the FEL Amplifier, the nonlin-
ear state of Raman Regime (RR), amplitude of the beat wave (i.e.,
free space charge wave) is growing with trapped electrons; how-
ever, the trapped electrons could not be decelerated with the beat
wave continuously. Pant and Tripathi [12] have proposed a non-
local theory and studied their operation in whistler mode. In whis-
tler pumped free electron laser, they had also examined the operat-
ing possibilities using a strong axial guided magnetic field and a
static magnetic wiggler.

First time, in 1984, S. H. Gold et al. experimentally demonstrated
a high power FEL Amplifier (FELA) using relativistic electron
beams (REBs) at 35GHz for 1.2dB /cm growth rates and experi-
mental efficiency >3% with 50dB gain. They have also examined
an effect of strong axial magnetic field tapering on both ends of
the device to enhancement of the efficiency and power for the
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generation of >75MW at 75GHz with 6% experimental efficien-
cy to the device [13]-[15]. Orzechowski et al. [16] [17] examined
the operation of a FEL Amplifier at 35GHz with 180MW peak
output power and electron beams energy governed by
3.6MeV /850A and find out an extraction efficiency of 6% with
operating bandwidth of approximately 10% to 1.4m wiggler
lengths. An efficiency of FEL Amplifiers (FELA) was 35% for
8mm wavelength with tapered wiggler [18] and it is about 1% at
800nm wavelengths [19].

Freund et al. [20] have introduced a nonlinear theory and simula-
tion techniques for high-power in collective regime free electron
laser with an efficiency of 27% at 33.4GHz frequency using a
uniform wiggler while tapered wiggler experiment achieved 35%
efficiency for same frequency using an electron beams of
3.5MeV /850A . In Darmstadt, FELs at electron beam energy of
31MeV  with  7um  wavelengths was investigated by
Khodyachykh and their groups for tapered undulator on the main
parameters of FELs [21]. Chung et al. [22] have proposed nonline-
ar theory and numerical simulation techniques of a FEL Amplifier
(FELA) with the axial guided magnetic field and the tapered mag-
netic wiggler in one dimensional to amplification of 14kw signal
and radiation wavelengths 10.6um to a 2GW power. Gardelle et
al. [23] explored the effects of space charge and quality of electron
beams to improve the efficiency of FEL Amplifiers. They have
also examined the collective effect on super radiant free electron
laser amplifiers for a given interaction region and 2.5% efficiency
is estimated to 35MW at 4mm lengths [24] [25].

In this paper, we examined and study the tapering effects of an
axial magnetic field on whistler-Pumped FEL Amplifier in Collec-
tive Raman Regime operation. The tapering of the strong axial
guided magnetic field is a crucial role for enhancing the efficiency
and output power of the net transfer energy as well as reduction of
interaction region along the axis. Now an electrostatic perturbation,
ie., E,p=-VD,,®, ~e is subjected for the consideration of

the electron beam density n:, and the beam velocityv:7 , in a uni-

form cold electron beams for the free space charge waves, here is
the consideration only of (w,k)and real part of the forces, where

w=w,—n,~o, ad k=K, +k,. Apart from the Ponderomotive

potential, the self-consistent of free space charge potential
® ~ e %) js also experienced on electrons to the high relativ-

istic beam current as E, > 40KA [1]. Since the beam current is
very high, the susceptibility (, ) is greater than unity to the medi-
um, i.e., (r, >>1) hence, therefore the self-consistent of free
space charge potential (@) is considered comparatively as Pon-
deromotive potential (@ ) Jde, (@>>a,). In Eq. (27), the one

with the lower sign has wos /6w, <0, i.e., mode of negative energy

is subjected, means, in this regime, the production of amplifier
radiation (a,k,) is estimated through the coupling of whistler

pumped (0,k,) with negative energy mode (w,k) . Therefore, for

the leading to the growth of radiation mode and beam space
charge mode simultaneously, the free space charge mode feeding
more and more negative energy to the amplifier mode.

In section 2, we study the Raman Regime operation and their rele-
vant equations included with effect of beam space charge and
neglecting boundary conditions. In section 3, an evaluation of the
FEL Amplifier Gain is explained. The summary of results is brief-
ly discussed in section 4 and their conclusion given in section 5.

2. Raman regime operation
In this regime, we seek k_(z)to be an increasing function of 'z ',

hence a negative taper in the axial guided magnetic field is con-
sidered with an interaction region 0<z < L . Since the guided

magnetic field has a negative linear taper comprises with plasma
electron density n; immersed in a static magnetic field BS(Z),

therefore,

B, =B, (1-z/L)
and, )
B, =B, (X +iy)e""

A circularly polarized whistler wave is propagating through the
plasma along — 2 direction, hence, the electric field one obtains,

E =A (X +iy)e ™ (2)
o’ z
Where, k, =2 | s=fl-— =" ] and o =0,0-2) ,
¢ o, (@, - ,) L
eB n:pez 2 H
w, = mé‘ a)pz(—m) . Here o and o, is electron cyclotron

o

frequency and initial electron cyclotron frequency, o, is wiggler

wave frequency and the wiggler wave numberk_, @ is plasma

o! p

frequency of an electron cyclotron and n; is the back ground
plasma density of an electron in the medium, m and —e are the
rest mass and the charge of the electron, L is the magnetic field
scale length and C is the light velocity in vacuum, & and & are

the relative and the free space permittivity respectively.

A relativistic beam density of electron n¢, and beam velocity v¢7
that propagates through back ground plasma with interaction re-
gion. It acquires an oscillatory velocity in transverse mode due to
the whistler pumped with frequency 52k v and the axial magnetic

ob

field gives to the cyclotron motion of electrons at a frequency ¢, .
Therefore, the relativistic motion of equation can be obtained as,

wl®)

- eE, (L+ky:
imC}/:h (wo +ch:n — o, /y:h)

®

ob

Here, B, =

0 0

LEER) K —iez, v, =% and 72 =-0 /o)
, k,

7o is the electron beams relativistic gamma factor. The plasma
electrons also acquires a drift velocity, hence using Maxwell’s 3™
equation and the motion of equation, the total velocity of the elec-
tron cyclotron is,

V=B o )

Tim(o, -,)

Now for launching a circularly polarized FEL Amplifier radiation
through the length of 7z =0 end with electric field,

E, = A(R+ig)e ®)

Where wave number of amplifier radiation, k,=wm,/c and fre-
quency of radiation, 4, > g - If radiated electrons move with
pr~c

a whistler wave, then the phase matching condition to be satisfied
ow=0,—aandk =k, +k, , hence,

@ =y, o,0+v, Ic)L+ey, Ic) (6)
The whistler wave and the FEL Amplifier radiation wave gives
oscillatory velocities v, and V;, t0 beam and plasma electrons,

. R eE R eE
ie., Vv, = — andv,, =——*

b H
imy, o, ime,

. If the whistler wave and amplifier
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signal beat to exert a Ponderomotive force on beam electrons
at (w,k,) , assuming here, k =[k,|+k,

and @, >> @, , therefore the total Ponderomotive force is as,

w=0-r, and

= e . 5 B =
F,=evo, == Ve xBlfzvm xB, (7)

On solving the above equation (7), one obtains,

prb:_( e’A’A K, + K (o, +ky.)

(o, +kyg, —a ly)

1Ze (8)

imcww,y;,

Again we know that, F, =eVd, or F, =iek®,7 =ie(k, +k,)D 7 ,
hence we have,

(pr [ eA)DEu k0 + (wo +0kovob)k1 ~ ] (9)
mC@,@,7, (K, +Ky) (@ +KoVo, = @ 75)

Similarly the Ponderomotive potential for electron plasma can be
written as,

o, = AE oy

- mea,o,k, +k,)

a}ukl

10
(wo—wc)] (10)
Now the Ponderomotive force F, =eE, ie. @  ~e ™ pro-

duces z-velocity, v, and density, n, perturbation of the electron

beam in z-direction, therefore, the electrons acquire an axial ve-
locity as,

__ ek q)pn (11)
My, (o, —kv,,)

22

And the resultant perturbation density can be obtained by,

ek ’ng @
Ny, :7% (12)
my, (w1 _kvub)

Now for the generation of the nonlinear forces —%[vzz (ZxB,)], the

axial oscillatory velocity v,, interacts together with the magnetic
wiggler field B, and the transverse velocity due to wiggler as,
~ eB, n, (@, —kv:)

=- 2 2 13
2y,me(w -, 17,) kn,, 9

220

In  the
i8,E, =-VO
of the electron beam density n, and the beam velocityv®7 , in a

uniform cold electron beams for the free space charge waves, here
is the consideration only of (w,k) and real part of the forces,

Raman Regime, an electrostatic perturbation,

o0 @ ~ e (@) is subjected for the consideration

where o=@, —, ~ w, and K =K, +K,. Apart from the Pon-
deromotive potential, the self-consistent of free space charge po-
tential @ ~e ™) is also experienced on electrons to the high
relativistic beam current as E, > 40KA [1]. Therefore, after replac-

ing ®, by (®+®,) from equation (11) and equation (12) one

can gets,
& _(pr0)
m?’:ng(aﬁ_k\’;) ’

and, (14)

200
- usek L o 2((D+CD%)
my,, (wl_kvob)

2z

n2b -

The nonlinear current density at (e, k,) can be written as,

1 o\7 1 s
J, =-env, ——en,v, —en

ob" 1b 2 20" ob

0.

\"

oY 220
200 E 2], 2 0\7"

_e nubEu +£ e’k MooV o
Im}/:ba)l zm}/:ns(w1_kvgb)2

(15)

= (@+D,)
L e (0 k)8,
ZJ’:bkmC(a’l -, /}/Dab)

Now from the above equation (15), putting the values of
7, =1v, =0 and shifting n;,and,n, byn?,and,n, , the nonlinear

ob ?

current density of the plasma in the medium is written as,

2.0 F 31,"0 B
e Ey, e’kng, B, (@+®,) (16)

71
imo, 2m’ec(o,-o,)

pl

Also here n, and ®_ can be written from equation (10) and equa-
tion (14), we have,

ek?ng,
Mop ==z (P+Pp),
' A7)
and,
eA:Eu .k,

® __mcwowl(ko +k1) ° ((00 _wc)
Hence the total transverse nonlinear current density of the beams
(J;, =33 +J") due to the contribution of the background plasma

at (@, k,) and radiated by the whistler pumped is as,

S R

200 =
79 nunEu

imy; e,

+1_ : eak;n:b(a)u +k0:/§h)((1>+(bpb)Eﬂ (18)

2im a)oy:b (a)l_kv:b) (a}n +koV;n -, /7;)

Lo R

S e’kn: B, @+ D)

27:b cm (a)l_wc /}/;)(C()l—kV:b)

en’E. e*kn? B,
- op —1 - ) (q)+q)pp)

imo, 2m’co(v,-,)

Since the beam current is very high, the susceptibility (y,) is

greater than unity to the medium, i.e. hence, therefore the

(2 >>1)
self-consistent of free space charge potential (@) is considerable

comparatively as Ponderomotive potential (q ) e, (@>>d),
p

therefore, rearranging equation (18) can be written as,

- @’ @’ .
RO L fk, + 25y,
Artiyso, io 2mooc(o-w,) (0,—w,) -
) )E,
8r imwo}/:na(aﬂ —kV:D)Z(a)D + k()v:b -, /7:7)

2 A
ew oA, . o,k

1 ek ’w; (o, +k Vv,

o ob

(19)

1 k), o
87 73 (o~ Iy, )@ —kvy)

1 koo,
87 (e, - )
Now using the total current density (J?, ) into the wave equation,

one obtains,
(@ —k/C*)E, =-4zi 0]}, (20)

Comparing equation (19) and equation (20), we have,
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el oA,

2 ma,oc (o, -o,)
.k = k o®

(0, -@,) T2

vo)E,

o

ek ), (o, +k

21
ma}o}/:nA(w17kv:n)z(wu+koV;b7@/7:b) ( )

H 2 H 2
o, o, oo,

]

Vo (@017, )0 -kv;) o-o)
ie.,
RE, =0.B

Where,

2 2 H 2 *
oy, o, 1 ieo,oh,

reo @ 2mo,o(e-o,)

ok, (22)

R=aw’ -k’ -

[k, + 1

((00 - a)c)
And,

ke ekafy (@, +k,vg,)E, i}, i0lo, (23)

B= .

2t o4 032 0y ot 0 oy :
Moy, (0 -KG) (0, +kVe -, 17%) 78 (@-0l75)@-k) ala-o)

Now for free space and using Poisson’s equation V’®=4zen i.e.,
(ik)’® =en /¢ that yields,

EkbA;Eu (@2, +koVay )k,

mea, a7 (ko +k) (@, +koVg — o, 175)

ekp A:Eu Tk luokl 1 (24)

meo,a(k, +k) (@, -,)

2 w 2

K =& and k,=————>—— and

b ! P 2 b

@, yoﬂn3(w1 —kV:D)Z
e=1+y,, ¢ is the permittivity and y, is the susceptibility of the

medium of the wave. Hence from equation (21) and equation (24)
can be written as,

Where, s=1+k, +k

Re—B[— KA
meaw,a,7;, (K, +k,)
{ko + (wn +kovon)k1 }
(o, +kys, - 7))
k A"
b SR g, ook oy (25)
mca,o, (K, +k,) (0, —®,)
ie,
R.e=Q
Where,
ko, ek @, (@, +kV5)E,
Q=—+2=

2 ma)u}/:hA(w1_kV:b)z(wu+kov;_wc/y:n)

H 2 H 2
i, 0, i v,

i@ lr) -k oo -o)
ek,A; (@, +ky )k,

Tmewopl Kk, +k) (0, kv —a 175)
ek A"

b HA g, ek oy

meo,ak, +k) (0, -o)

o ©

}

>,
[a]

i

o I I 1
u] 05 1 1.5 2 245 3 36

kv, kv

ob

(JP (QP

Fig. 1: Dispersion Relation Curve to the Beam MOdeS(ml/a)vskvb/w)
P o p
and Radiation Modes (@] 0Nk, | @,) - Curve | (Solid Line) and Il

(Dotted Line Validation) Represent the Beam Modes and Curve 11l Repre-
sent the Radiation Modes. Parameters are as:

wy, =020, 0, =40,,V,, =04c,k, =3m™, o, =2x10°r/s

Hence, therefore for the operation of frequency in FEL Amplifier,
there are the two factors are simultaneously zero on the LHS of
the above equation (25) and the equation (25), called the disper-
sion relation equation of FEL Amplifier. Here equation (25) plays
an important role in whistler-pumped FEL Amplifier for Raman
Regime operation, which gives the operation of the device i.e.,

R=0,£=0 (26)

V, = (V) B

Fig. 2: Radiation Frequency (w,) versus Beam Voltage (,) for the Giv-

en Parameters: ,, _ 024, o, = 4a,,v, =0.4c,k, =3cm, @, =2x10°r /s

The one with the lower sign has wds/de, <0, i.e., mode of nega-

tive energy is subjected, means, in this regime, the production of
amplifier radiation (e, k,) is estimated through the coupling of

whistler pumped (0,k,) with negative energy mode (w,k) . There-

fore, for the leading to the growth of radiation mode and beam
space charge mode simultaneously, the free space charge mode
feeding more and more negative energy to the amplifier mode.
Therefore the growth rate of the FEL Amplifier in this regime [1]
is defined as,
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oe oR|' dp, _, dP, _ .dz icti

- A I, =v =mc’—*==F_ . Here denotes the relativistic
I=R5 0] ! @0 g TV ™ 7

Where o, is the solution of equation (25).

549 1 1 1 1 1 1 1

1 15 2 25 3 35 4 4.5 5
7, — (V) 10
Fig. 3: Growth Rate (I") versus Beam Voltage {,) for the Given Param-

Blers: o, =020, @, = 4w,,V,, = 04c,k, =3cm ™, 0, =2x10°r/s

x 10
9 T T T T T T
gl P
.//
il // 7
= 5
o Bt QA 10,
=1 o @ =59x10"r/s
5 Lt
S 51 e 3
E i
3 4T 4
T
i
0”’
0”‘.
2+ .nun"'" 4
’.0000”"’ @ =62x10°r/s
1 ..oo"”’““
B JORRRSR atd 1
‘.0000"".
D > 1 1 1 1 1 1
0.1 02 03 0.4 045 06 07 08
—z/L

Fig. 4: Growth Rate (I') versus Normalized Lengths (7 /L) for the Given
Parameters: w,, =0.2w,, , = 4w, ,Vy, = 0.4¢,k, =3cm™, @, =1.9x10°r /s,
w, =2x10°r/s,0, =5.9x10°r/s,, =6.2x10"r /s, L =40cm

3. FEL amplifier gain

In the FEL Amplifier, the nonlinear state of Raman Regime (RR),
amplitude of the beat wave is growing with trapped electrons; the
instability may be saturated in the Ponderomotive wave. Therefore
the electric field EW of the Ponderomotive wave,

eAA, K@ +kyl) -

E,= k - 28
o @ kvt o ) @)
Where, y=at —[(k, +k,)dz,0=a@,and k =|k |+k, , and the z-

component of single particle beam momentum equation under the

. . d 1
beat Ponderomotive force can be written as, di/e :mczF“‘” or

energy of an electron at any point. Hence from equation (8) and
taking real part, we have,

dy, _ €A,

=— cos 29
dz mc’ v (29)
Where
A, =€, E, =Rk + K@FKVL) g ang 5o A
’ ’ ’ o ;Jn (wo +kov;b -0, /}/oub) magc

This equation represent that wiggler is in uniform state, means no
resonance is possible here. In the FEL Amplifier, the nonlinear
state of Raman Regime (RR), amplitude of the beat wave (i.e.,
free space charge wave) are growing with trapped electrons, how-
ever, the trapped electrons could not be decelerated with the beat
wave continuously. Therefore neglecting the effects of free space
charge, the single particle motion of equation in the Ponderomo-
tive waves can be written as,

eA
dr. _ % cos(at —kz)

dz mc’ (30)

Now defining the variables », —, _, andy=kz -t , where,

7. denotes the relativistic energy of an electron at any point z and

7, is the resonant energy for a uniform wiggler which is constant.

PL jPZ )1/2 :(1_h_\%) v and Ep —k ‘¢p
C

Cz

Considering here, y, = (1+

2 ’

P is the momentum of the electrons and has written

dP dP, mcidy,
as —L=v, —t= e
dt ‘dz dz

and resonant gamma factor (y,) due to
v o

¢’ ki
energy, Ay, =y, —y, are also effective in resonant case, hence,

phase velocity i.e., y, =(1- )** . Since the deviation of

day, _dy, _dy,

= 31
dz dz dz (31)
LetA;,e =y, -y, W=k —at to write,
dAy. eA
—le ——_ " cos 32
dz mc? v (32)

Now the equation w =t —[(k, +k,)dz is governingy , then dif-
ferentiate w. r. toz dimensionalizing z by £=z /L, we have,

dl: oL Ay, 33)
d § 2 (}/,2 _1)312

This is called momentum of the wave i.e., P =3—‘g. Now from

equation (32) and equation (33), we have,

aP eAphLZa)1

—=————————C0S
de ameGi-n= Y

(34)

The equation (33) and equation (34) constitute the phase momen-
tum and energy evolution equations and can be rewritten as,

j—i:—Acosw
35
aw_, (35)

d¢
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4. Results and discussion
. . A L? .
Where A is constant i.e., A =%. For the small radia-
2me’(y,* -1 The  Normalized  dispersion curve for the beam

tion of single pass amplification, it is worthwhile solving equation
(35) i.e., an electron can lose the energy to the wave with phase

is between -z /2 toz /2. Now after integration of equation (35)
w.r.toly , we have an interesting result as,

P?=-2Asiny +P? +2Asiny, (36)

Where, the values of electron momentum (P ) and phase (y ) at
the entry pointz =0, are P, =P_, and w, =, respectively. Ini-

£=0

tially, atz =0 electron lies uniformly with P =P, i.e., horizontal

line for all times in the (P,y) plane. Therefore, the separatrix of
electrons are trapped. Ifz >0, means passing electrons are outside
the separatrix i.e., electrons are some gain energy or lose energy,
hence, the energy passing through interaction region and lost by
an electron is AP =P, —P(¢,=1)or AP =—(P,+P,),, .

0.6 T T T T T T T

04t N N

02f f \-. z

06 b

08
-8

Fig. 5: Gain (G) Versus Electron Momentum P, for the Given Param-

eters: o =6.2x10"r/s, L =40cm -

Now the average values of < AP > over the initial phases yields,

A? d sin’x
AP >=——" — 38
AT 8 dx( x? ) (38)
Where, x = F; , hence the Fig. 5, shows the gain function as,
zfi(S'QZX)with initial values of P, or y, —y, . Fory, >y, ,

therefore, the net energy is transfer from electrons to the waves [1]
[3]. Hence the trapped electrons efficiency radiated as,

Ag

- 39
mc* (7, (0)-1) 39

7.

Since an electrons, which can lose the energy to the wave for a
phase () is between -z/2 toz/2, i.e., = with a given length

of interaction region at the exit point, therefore the total efficiency
of the energy conversion in FEL amplifier is [3],

_n(E=0)—y(£=0) @0)

T =01

modes (4, I uskvy, | @,) and radiation modes (,, | sk, | @,) 8T
shown in Fig. 1, for the given parameters:

0y =020, 0, =4w,,V,, =0.4c,k, =3cm™, 0, =2x10°r/s-

The curves | (solid line) and Il (dotted line) represent the beam
modes and curve 11 represent the radiation modes in Raman Re-
gime operation of the device. The dispersion relation of the FEL
Amplifier is sensitive to the tapered strong axial magnetic fields,
electron cyclotron frequency and plasma frequency of electrons,
which plays an important role in this configuration. For the syn-
chronism of the pumped frequency, it should be closed to electron
cyclotron frequency which is resonantly enhanced the wiggler
wave number that produces the amplifier radiation for higher fre-
quency from sub millimeter wave to optical ranges.

An emission of the FEL Amplifier frequency (e, ) with the func-

tion of beam voltage (v, ) has been showed in Figure 2. An ex-

planation of this figure, the guiding of radiation signal into the
waveguide and charge neutralization phenomenon, the beam den-
sity should be greater than the background plasma density with
tapered strong axial magnetic field, however, the device behaves
similar as vacuum FEL Amplifier at very high density of electron
beams. It is quite considerable that radiation signal slowed down
at much higher background plasma density comparable to the
density of beams and enhanced the instability growth rate also. In
this device, we study the operation of Raman Regime to the gen-
eration of @ =6.2x10"rad/sec frequency for radiation mode

using with mildly REBs. It is clear that the growth rate is inversely
proportional to the radiation frequency of the device, means, in-
creasing of higher radiation frequency, the growth rate decreases
and vice versa, however, in the Raman Regime operation, the
growth rate is larger (e.g. Figure 3) while occurrences of radiation
is quite possible at higher frequency increasing with beam volt-
age(v,)-

In Figure 4, Raman Regime operation, the growth rate decreases
as increases with frequency of operation of the amplifier while it
is unaffected in Compton Regime [1]. It is noted that as increases
with background plasma density, the beat wave frequency of the
Ponderomotive waves is increases thus the background plasma
density can be help for enhanced the tuning of higher frequency in
FEL Amplifier also. Hence the mechanism of background plasma
density can serve for tenability of the higher frequency of the de-
vice. Although the frequency of radiation can be tuned by very
small wiggler period and/or higher electron beams energy, howev-
er, in practically, it is not accessible more easily for high beams
energy as well as shortening the wiggler periods and also typically,
not all, the magnetic wiggler field are not easily accessible for
very small wiggler wavelengths.

Figure 5, shows the gain function'G' , which is varying with the
variation of electron momentum (p y and the net transfer energy

from electron beams to the beat wave is quite considerable
aty, > 40KV , however, along the interaction region, an efficiency

of the net transfer energy to the wave is enhanced adiabatically
with slowing down the Ponderomotive waves also. The tapering
of the strong axial guided magnetic field is a crucial role for en-
hancing the efficiency of the net transfer energy as well as reduc-
tion of interaction region along the axis. It is observed that, an
efficiency of the transfer energy enhanced by 20 % [3] while the
reduction along the interaction region of about 10 % [1] with the
variation of tapering in a strong axial guided magnetic fields. On
other hand an enhancement of efficiency is brought about 5% as
resultant 20% change of background plasma density with presence
of tapered strong axial guided magnetic field however, an intensity
of an FEL Amplifier can be influenced little with dynamics of
beams by tapering but it might not be detrimental to the instability
in FEL Amplifier.
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5. Conclusion

This paper observed the tapering effects of an axial magnetic field
on whistler-Pumped FEL Amplifier in Collective Raman Regime
operation. The tapering of the strong axial guided magnetic field is
a crucial role for enhancing the efficiency and output power of the
net transfer energy as well as reduction of interaction region along
the axis and also we study the operation of Raman Regime to the
generation of @ =62 =x10°rad /sec frequency for radiation

mode using with mildly REBs. It is clear that the growth rate is
inversely proportional to the radiation frequency of the device,
means, increasing of higher radiation frequency, the growth rate
decreases and vice versa, however, in the Raman Regime opera-
tion, the growth rate is larger (e.g. Figure 3) while occurrences of
radiation is quite possible at higher frequency increasing with
beam voltage (v, ) . There are many applications in different areas,

typically not all, the science of the free electron lasers studied in
many areas as classical physics, engineering physics, applied
mathematics, material science, biology, medicine, life science,
nuclear physics and engineering, electrical engineering, electron-
ics engineering, mechanical engineering and many other curricu-
lums.
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