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Abstract. We develop an analytical formalism for tunable coherent terahertz (THz) radiation
generation from bunched relativistic electron beam (REB) counter -propagating to the surface wave
in the vacuum region Compton backscatters the surface wave. Plasma supports the surface wave
that acquires a large wave number around pump wave frequency. The surface wave extends into
vacuum region that can be employed as a wiggler for the generation of terahertz radiation. As the
beam bunches pass through the surface plasma wave wiggler, they acquire a transverse velocity,
constituting a transverse current producing coherent THz radiation. It was found that the terahertz
power increases with electric field as well as with the thermal velocity of electrons. It was also found
that the growth rate and efficiency of the instability both increases with the modulation index of the
density modulated beam.
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1. Introduction

Recently, there has been a great deal of interest in generation of high power terahertz radiation
due to its non-ionizing behavior and good penetrating power and hence its applications in wide
areas including medical imaging, chemical and security identification, spectroscopy analysis,
remote sensing [143]. The main aspects of generating terahertz radiation of high power lies in
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using a prebunched or a modulated electron beam interacting with the wiggler in a free electron
laser where it exchanges the energy with the electromagnetic radiation. The beam transfers the
energy to the radiation wave and the wave gets amplified [4-11]. The kind of the wave excited
due to beam-plasma interaction depends on the parameters of beam and plasma, mainly the
three parameters: wiggler period, beam velocity and the phase velocity of the radiation [6].

Chen et al. [7] investigated the generation of the radiation by the interaction of relativistic
circularly polarized laser pulse with overdense plasma which allows large plasma density and
high pump laser intensity.

Kumar and Tripathi [8] have studied the coupling of a relativistic electron beam, modulated
by two laser beams with a magnetic wiggler. They observed that THz power increases with
the beam velocity and varies linearly with the bunch length and scales as square of the bunch
radius.

Neumann et al. [9] have experimentally demonstrated the generation of multiple sub
picoseconds pulses repeated at the terahertz frequencies with a modified drive laser by creating
the highly modulated electron beams at the photocathode.

Sharma et al. [10] have examined the growth rate, efficiency of the radiation by employing
an interaction of an energy modulated electron beam with the surface plasma wave as wiggler
at vacuum plasma interface. They observed that the phase velocity of the radiation can be
reduced by plasma which helps in the decrease of beam energy required for generating the
radiation.

Yugami et al. [11]] have experimentally demonstrated the generation of the radiation by the
coupling of the wake field with the magnetic field and observed that the relative power of the
radiation varied with the square of the applied magnetic field strength and increases with the
increase of the density. They also suggested that the frequency can be tuned by varying the
pressure of the supersonic gas, used to create the vacuum-plasma interface.

Singh et al. [[12] observed the coupling of an oscillatory velocity of electron beam produced
by the laser beam incident on the metal surface with the density perturbation produced by
the surface plasma wave propagating along a metal-free space boundary via the generation of
nonlinear current and observed that power of the radiated beam increases monotonically with
the frequency of the probing laser and the SPW field.

Kraft et al. [13] have studied the generation of the wave by injecting the beam at an angle to
the magnetic field and concluded that the emission is very weak in case if parallel propagation
and is not affected by the beam modulation where as the emission is improved upto 50% if
incident obliquely.

For the generation of the radiation by the upper hybrid wave FEL, the plasma density
must be greater than the beam density, otherwise the frequency of the upper hybrid wave will
approach the cyclotron frequency and hence it will lead to cyclotron damping, investigated by
Sharma and Tripathi [14].

Pathak et al. [15] have reported the generation of terahertz radiation using free electron
laser in rippled density plasma and observed that the growth rate is affected by the plasma
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density, amplitude, depth of density ripple and the transverse component of the ripple wave
vector.

Liu and Tripathi [16] employed a layered dielectric with periodic permittivity in space as a
wiggler for the generation of the radiation and observed that the beam energy requirement is
considerably less as compared to one without dielectric.

Sharma and Singh [17] investigated that the two cross focused lasers in the presence of
collisional plasma were able to produce nonlinear current at the terahertz frequency. They
observed that the amplitude and power of the wave increases with the amplitude of the static
electric field.

Leemans et al. [18]] observed that the radiation is emitted at the plasma boundary when
the pre-bunched beam is highly dense and scales quadratically with the density for larger
wavelengths as compared to the bunch length.

In this paper, we study the Terahertz radiation emission from the surface wave pumped
FEL and examine the growth rate and efficiency of the generated terahertz radiation by a
density modulated relativistic electron beam counter-propagating surface plasma wave. The
surface wave degrades as it moves away from the surface (k,, < k,,) and hence they have large
amplitude at low powers. The SPW is a guided electromagnetic wave which propagates between
the two media with different conductivities and dielectric properties along the boundary [19,20].
We have considered the vacuum-plasma interface and calculated the growth rate, power and
efficiency of the generated wave in the later section.

2. Theoretical Dispersion Relation

We consider a relativistic pre-bunched electron beam which is density modulated traveling in
the z-direction and a vacuum-plasma interface with a surface plasma wave (SPW) propagating
above the interface. The interface is taken at y=0, with vacuum present above x = 0 and plasma

below x = 0, both occupying half of the spaces. The vacuum has permittivity unity i.e. ¢g =1

2 2

and plasma with effective permittivity, e =1— Z—’z’, where (u% = 4”%, wp being the plasma
0 e

frequency, ° is the SPW frequency. The plasma is characterized by lattice dielectric constant

npe

mew?

ez, and a.c conductivity o, where o = (ng is the plasma density, e is the electronic charge

and m, is the mass of the electron).

The electric field of the SPW propagating along the interface is given as
E = E(x)e /@0t Fus), 2.1)
Electric field is polarized in the x-z plane. Using the Maxwell’s IIT and IV equations, we obtain
V2E + w82/02€E =0 (2.2)
which can be written as

0%E ,/0x? — kpE.=0 for plasma (2.3)
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and

62EZ/0x2 —ky,E, =0 for vacuum (2.4)

02
2 _72 _% 2_72 _ W :
where k7, =k, — —r€ and ky =ky,, — —, kp, ky is the plasma wave vector and vacuum wave
vector respectively.

The solutions of above equations can be given as
E,= Ape(kpx)e_i(“'gt_szz) for plasma (2.5)
and

20
E, = A e F¥) e i Wot"Ru)  for vacuum. (2.6)

The dispersion relation for SPW can be obtained by applying the boundary conditions at x =0
for E, and eE ,continuous at the boundary

kS =w?elc*(1+e), 2.7

where e =k,/k, .

In order to ensure that the surface wave is spatially damped away from the interface, we
require kg <0ie 1+e<0or w<w,/V(l+e)orw< wp/\/§ such that k,,k, — 0o as 1+ €< 0.
Thus the waves are strongly localized near the surface.

(e°.k)
X
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Spacecharg e L’
o i wave
(e - ) (e . k1) g
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Density mod ulated beam .  x=0
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Figure 1. Schematic diagram of SPW-pumped FEL.

3. Beam Wiggler Interaction

The density modulated pre bunched electron beam interacts with the surface plasma wave
which acts as a wiggler in the present case. The initial parameters of the beam are ng as the
beam density, velocity 172. In the free electron laser, we have considered the propagation of
surface wave over a wiggler with wave vector %,,, and frequency w°. The electron beam when
interacts with the SPW, acting as a wiggler acquires an oscillatory velocity 58. This velocity can
be obtained by using the equation of motion for an electromagnetic wave as

o(yTY)
el "o

- 1 .
+(@) - V)(yTp) :—e(E+ZD’8xB) (3.1)
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On solving this equation with B= ﬁ(/}' » x E) and taking different components of velocity,

0
we obtain the x-component of oscillatory velocity as

0
sz kOvvb

kOv (wg_szvg)

0 _ eEOZ
Voy = 0
mewgYo

) 3.2)

where m., e are the electronic mass and charge, respectively, ¢ is the speed of light and %, wg
being the SPW wave vector and frequency, respectively.

The equilibrium can be perturbed by applying the electromagnetic perturbation with
perturbed values as

: . - E
Epe=Age @ithea) B - io(kl xE1), 0= -e—(;l'
w] imwiYo
Pondermotive force is exerted by the FEL radiation and the surface wave on the beam
electrons with the equation of motion as

-

ov o o 1
ma =—eE+F, - ;V(nTe), (3.3)

where I_f'p =-m(0-V)o - £(0 x B) is the pondermotive force. The z-component of the pondermotive
force is

F, =eV¢,

The pondermotive force produces perturbed oscillatory velocity vgb of the electrons in the axial
direction with density perturbation as ngp, obtained using the equation of motion and continuity

respectively.
ek,
Vop =" v 34
meYo(w—k.v,)
2
nop = —— , 3.5
2b de Xobp (3.5)
where k, = ky, +k1,, 0° = 0) + 0 are the wave number and frequency of the space charge wave,
respectively.
m
¢p = 2—mv(1)xvgx is the pondermotive potential
e
and
wi 5
Ao = is the beam susceptibiliiy.

(- k0%

In case of Compton regime, the potential of the beam mode is much less than the

pondermotive potential and hence can be neglected (¢ < ¢,). The beam density is ng =
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0 0

nop TNyt nb , Where n(b) is the modulated beam density such that nb =An? op» A being the

modulation index. The phase of the perturbed beam as e -iw"t-k:2) ganq that of the modulated
beam is e {@otFuz?)

On solving the equation of continuity, we get

nOb lb

(@0 = %205,

nip = [B.(1+A)+Ey,Al. (3.6)

The perturbed non-linear current density can be given as
FNL _ 0 -0 0 =0 0 =0
J7 —eng, Uy, —enypUo, —enp, U1 - 3.7

On substituting the values, we obtain

N 0

i o2 OkvOA 0 —i(wOt—(ky+ =Lz
GNL _ 0x*1 (1+A)+—(k (1+A)+ky M| [e o= “0b ))] (3.8)
2m wlyo(w v pk2) (w— v pk2)

In using Maxwell’s III and IV equations

. 10B
xlb=-——
c Ot
. 4m. 10E
VxH=2J,+-21
c c Ot
47[(1)0 2 O k UO 0
@9 -2, )0’ —vd, k)% = 0:%0B 17, (14 A) B

2mew1y0

On assuming that ° = kzvgb +6 and w(l) =ki,c+ 6 we obtain

1
T[e n k vgx 8b 3 2inn
= 5 (kB (L+A)+Eky,A)| e 3 . (3.9)
m (1)1)/0

The growth rate is obtained by taking the imaginary part of § i.e. ' =Im§, where I is the
growth rate of the generated wave instability.

Hence, the growth rate is given as

1
2 .0 .0 0 3
w3 Vo U 3
r=|-22%0 (1+A)—+kw2A £, (3.10)
cyg 2
g _ dmng,e?
where v, = — >—
14 me
The power of the wave generated can be calculated using
deo E2
P:wga—w(())sjgvgnr%, (38.11)
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where vg ~ vy, = \/2—2 is the group velocity of the beam, v, is the electron thermal velocity. T,
is the temperature of the plasma, m, is the mass of the electron. nr% is the area of the beam.

The efficiency of the beam is given as

n= L—Yg
®1 V3(yo—1)’

on substituting the value of growth rate, efficiency is obtained as

1
3

2 .0 ,0 0 2
W, V4 U w
= [ G D ]| (3.12)
c c 201(yo—1)

4. Results and Discussions

Standard parameters of THz radiation have been used for calculating the required parameters
of the radiation which is obtained from the surface plasma wave pumped FEL. In Figure 2
the variation of the growth rate of the unstable wave instability has been plotted against
the modulation index using the typical parameters: beam energy E; = 0.12 MeV, beam
current I, = 1.4 A, beam radius rp = 2.4 cm, electric field Eg = 100 esu, radiation frequency
01° rad/sec. From Figure 2 we can see
that the growth rate increases with the increase in the modulation index A and has reached the
largest value when A — 1 and when the frequency and wave number of the generated radiation
wave is of the order of the pre-bunched modulated electron beam. For the largest value of A
i.e., A =1, the growth rate comes out to be I' = 2.87 x 10? (rad/sec). When A =0 i.e., without

pre-modulated beam, the growth rate of the THz radiation is ' = 1.85 x 10? (rad/sec).

w? =3 x 1012 rad/sec, and modulation frequency o' =2.5x 1

_ x10°

25 T T T T

Growth rate (rad/sec)

L ' ! s ! i L
01 0.2 03 0.4 05 0.6 0.7 0.8 09

Modulation index A

Figure 2. The figure shows the variation of growth rate (rad/sec) as a function of the modulation index

for E, =0.12Mev, I, =14A, w? =3 x 1019 (rad/sec).
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In Figure 3, we have plotted the effect of electric field E( (esu) on the radiated power Py (in
Watt) of the radiation obtained using electron thermal velocity vg =5.9 x 107 (cm/sec), wg% =1
and the other parameters are same as taken for the Figure 2. It was observed that the power
increases as we increase the electric field and comes out to be the order of kilo watt. Hence
by providing the suitable magnetic field, we can obtain an electric field of optimum value and

therefore can be able to obtain the radiation of more high power, which is our motive.

x10*

45 T T T
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Figure 3. The figure shows the variation of the power (erg/sec) with the electric field (esu) with the
parameters vy = 5.9 x 107 (cm/sec) and rp = 2.4 cm.

Figure 4 shows that the power Pj (in Watt) of the beam increases as the electron thermal
velocity v, (cm/sec) of electrons increases with Eg = 100 esu. The plot shows that the power
increases linearly with the electron thermal velocity.

%x10*

Power (watt)

ta
T

oo

=]

I L L ' I . I
0.4 0.6 08 1 13 14 1.6 18

Group Velocity (cm/sec)

Figure 4. The figure shows the variation of the power (erg/sec) with the group velocity (cm/sec) i.e.
electron thermal velocity with Ey =100 esu.
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Figure 5 shows the variation of the efficiency of the SPW-pumped FEL instability with
respect to the modulation index. From Figure 5 it can be seen that the efficiency increases with
the modulation index. The growth rate and efficiency scales as two-third power of the plasma
frequency. Hence, it improves with an increase in plasma frequency, thus the plasma density.

x 10~
7.6 T T T T T

741 P

6.8 Fal
66} /

Efficiency
%

64| b

I 1 L L L I I
0.1 02 03 0.4 0.5 0.6 0.7 0.8 0%

Modulation index A

Figure 5. The figure shows the effect of modulation index on the efficiency radiation with o’ =
2.5 x 1019 (rad/sec), E, =0.12Mev, I, = 1.4 A.

5. Conclusion

It can be concluded that the SPW are driven to instability by pre-bunched relativistic beam,
which is density modulated leading to the increase in growth rate, amplitude and efficiency of
the radiation wave with the modulation index and attained the largest value when A approached
unity. The beam and plasma interaction leads to the growth of the radiation beam and the
growth rate increases with the increase in plasma density. Using the SPW as a wiggler, it
has been possible to generate high power radiation even at lower beam current. The density
modulation has led to an improvement in the radiation generation of FEL instability and
the radiation of desired frequency and power can be obtained by varying the frequency and
modulation index of the incident relativistic beam. Further plasma can help in reducing the
phase velocity of the radiation wave significantly, thus helping in the decrease of beam energy
required for generating THz radiation.

Competing Interests

The authors declare that they have no competing interests.
Authors’ Contributions

All the authors contributed equally and significantly in writing this article. All the authors read
and approved the final manuscript.

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 6, No. 3, pp.|169 , 2015



178 Terahertz Radiation Emission from A Surface Wave Pumped. . . . : J. Panwar, S. C. Sharma and R. Sharma

References

11 M. Singh, S. Kumar and R.P. Sharma, Phys. Plasmas 18 (2011), 022304-1.
[21 v, B. Pathak, D. Dahiya and V. K. Tripathi, /. Appl. Phys. 105 (2009), 013315-1.
[31 T M. Antonsen, Jr., J. Palastro and H. M. Milchberg, Phys Plasmas 14 (2007), 033107-1.

(41 M. Cohen, A. Kugel, D. Chairman, M. Arbel, H. Kleinman, D. Ben-Haim, A. Eichenbaum, M. Draznin,
Y. Pinhasi, I. Yakover and A. Grover, Nucl. Instr. & Meth. in Phys. Res. A (1995), 358.

151 ©. Kraft, G. Matthieussent, P. Thevenet and S. Bresson, Phys. Plasmas 1 (1994), 2163.
[61 V. Beniwal, S. C. Sharma and M. K. Sharma, Phys. Plasmas 11 (2004), 5716 .

[71 7 -Y. Chen, X.-Y. Li and W. Yu, Phys. Plasmas 20 (2013), 103115.

81 M. Kumar and V. K. Tripathi, Phys. Plasmas 19 (2012), 073109-1.

91 J. G. Neumann, R. B. Fiorito, P. G. S’Ohea, H. Loos, B. Sheehy, Y. Shen and Z. Wu, JJ. Appl. Phys. 105
(2009), 053304.

101 5 (. Sharma, J. Sharma, A. Bhasin and R. Walia, J. Plasma Physics 78 (2012), 635.

(1l N, Yugami, T. Higashiguchi, H. Gao, S. Sakai, K. Takahashi, H. Ito, Y. Nishida and T. Katsouleas,
Phys. Rev. Letter 89 (2002), 065003-1.

121 D B. Singh, G. Kumar and V. K. Tripathi, J. Appl. Phys. 101 (2007), 043306-1.
(8] ¢, Kraft, G. Matthiuessent and B. Lembege, Phys. Plasmas 1 (1994), 4082.

1141 S C. Sharma and V. K. Tripathi, IEEE Trans. Plasma Sci. 23 (1995), 792.

151 'y B. Pathak, D. Dahiya and V. K. Tripathi, . Appl. Pays. 105 (2009), 013315-1.
161 . S. Liu and V. K. Tripathi, IEEE Trans. Plasma Sci. 23 (1995), 459.

171 R. P. Sharma and R. K. Singh, Phys. Plasmas 21 (2014), 073101-1.

(181 W. P. Leemans, J. van Tilborg, J. Faure, C. G. R. Geddes, Cs. Toth, C. B. Schroeder, E. Esarey,
G. Fubiani and G. Dugan, Phys. Plasmas 11 (2004), 2899.

191 ¢, S. Liu and V. K. Tripathi, Electromagnetic Theory for Telecommunications, Foundation (Delhi,
2007).

[201 ¢, S. Liu and V. K. Tripathi, Interaction of Electromagnetic waves with Electron Beams and Plasmas
(World Scientific Singapore, 1994).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 6, No. 3, pp.|169 , 2015



	Introduction
	Theoretical Dispersion Relation
	Beam Wiggler Interaction
	Results and Discussions
	Conclusion
	References

