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Abstract

The acceleration of an electron beam by surface plasma waves (SPW), in the presence of external magnetic field parallel to
surface and perpendicular to direction of propagation of SPW has been studied. This wave propagating along the ẑ-axis is
excited usingKretschmann geometry, havingmaximum amplitude at themetal–vacuum interface. Equations ofmotion have
been solved for electron energy and trajectory. The electron gains and retains energy in the form of cyclotron oscillations due
to the combined effect of the static magnetic field and SPW field. The energy gained by the beam increases with the strength
of magnetic field and laser intensity. In the present scheme, electron beams can achieve ∼15 KeV energy for the SPW
amplitude A1= 1.6 × 1011 V/m, plasma frequency ωp= 1.3 × 1016 rad/s and cyclotron frequency ωc/ωp= 0.003.
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1. INTRODUCTION

Over the last two decades, there has been significant research ac-
tivity in the area of acceleration of particles by plasma waves
using high-power lasers (Faure et al., 2004; Esirkepov et al.,
2006; Faure et al., 2006; Gupta et al., 2014). The immense ac-
celerating fields, exceeding those yielded by standard high-
frequency accelerators; make it possible to design compact
charged-particle accelerators for different applications in funda-
mental science andmedicine (Geddes et al., 2004;Gupta&Suk,
2007; Hoffmann et al., 2007). The laser intensities involved in
these acceleration schemes are very high, which results in the
high-energy gain of the accelerated particle. For some applica-
tions one requires beams of lowenergy. The low-energy particle
beams are expected to be useful for a wide range of contexts, in-
cluding proton therapy for the treatment of cancers, materials
characterization, radiation driven chemistry, and in security ap-
plication through the detection of explosives and narcotics.
For these applications low-energy electron beams are obtained
by using surface plasma wave (SPW). Significant research
work has been reported on electron acceleration by a SPW.
SPW can be excited by laser overdense plasma coupling

over a wide range of laser intensity (from 1015 to

1020 W cm−2) (Bigongiari et al., 2011a, b) and by prism cou-
pled configuration using low-intensity laser beams (Kretsch-
mann&Raether, 1968). The SPWis a guided electromagnetic
mode that propagates along the interface of metal and dielec-
tric, its amplitude falls off exponentially with distance away
from the interface in either medium. In the present study,
SPW is excited by using p-polarized laser incident on the
base of high-refractive index prism at an angle equal to or
greater than the critical angle (Fig. 1). The base of the prism
is coated with metal layer. The evanescent wave arises at
the prism–metal interface due to attenuated total reflection.
An evanescent wave is an exponentially decaying wave prop-
agating along the prism–metal interface due to the occurrence
of attenuated internal reflection. The evanescent field through
the metal film couples to the SPWat the resonance conditions
given byKs = ω/c

���
ε0

√
sin θ = Ksp, where θ is the angle of in-

cidence of the laser at the prism–metal interface, ε0 is the di-
electric constant of the prism. Ks and Ksp are the
wavenumber of the laser and the SPW respectively. When
the reflected intensity of the laser is measured as a function
of incident angle, a sharp dip is observed at a particular
angle due to the transfer of laser energy to SPW. The laser
energy couples to the SPW through evanescent wave at the
metal–free space interface with almost 100% efficiency
(Kretschmann & Raether, 1968). Hence, the material heating
is being neglected in the SPW excitation through Kretsch-
mann treatment. Also, The SPW field gets enhanced over
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the laser field due to localization of the wave to the small spa-
tial region resulting in increased energy density. This en-
hancement and exponential decay of the SPW electric field
provides a large electromagnetic field gradient that is suitable
for ponderomotive acceleration of electrons (Irvine et al.,
2004). Zawadzka et al. (2001) discussed electron acceleration
experimentally as well as theoretically by SPW excited by a
laser of intensity 1013 W/cm2 over the single metal surface
and obtained electrons of energy 0.39 KeV. Liu et al.
(2007) theoretically studied electron acceleration by SPW
over the single and double metal surfaces and obtained elec-
tron beams of tens of KeV energy. However over the single
metal surface as the electron gains energy the field gradient
normal to the interface pushes the electrons away from the
high-field region, limiting the acceleration process. The
energy of electrons can be modified by applying external
magnetic field (Hur et al., 2008; Vieira et al., 2011). For a dif-
ferent geometry, Singh (2004) studied electron acceleration in
the presence of static magnetic field using Gaussian and tem-
poral profile lasers. The electron can gain and retain a signifi-
cant energy in the form of cyclotron oscillations in the
presence of a static magnetic field (Dieckmann et al., 2002;
Gupta & Ryu, 2005).
In this paper, we have studied the enhancement of the elec-

tron beam energy by SPW in the presence of external mag-
netic field. SPW (propagating in ẑ direction) are excited
over the metal–vacuum interface using prism coupled config-
uration having maximum amplitude at the interface. The ex-
citation is based on total internal reflection when a
p-polarized light beam strikes the metal–vacuum interface
(Kretschmann & Raether, 1968). The direction of static mag-
netic field along ŷ direction that is parallel to surface and per-
pendicular to direction of propagation. The applied magnetic
field may be useful for accelerating electrons to achieve de-
sired energies of moderate range. The dispersion relation of
the SPW in the presence of magnetic field and electron accel-
eration by a SPWhas been established in Section 2. In Section
3, we have discussed results and conclusions in Section 4.

2. ELECTRON ACCELERATION IN THE
PRESENCE OF MAGETIC FIELD

Consider the interface of metal (x< 0) and free space (x> 0)
at x= 0. The SPW propagates along ẑ direction, having

components in x̂ and ẑ directions. The external magnetic field
(�Bs) is applied parallel to the surface and perpendicular to the
SPW propagation that is in ŷ-direction. In this work, we have
assumed that the SPW is excited at the metal–free space in-
terface using Kretschmann geometry.

The dispersion relation is obtained for this configuration
by using Maxwell’s equations, as follows

�∇ × �B = 1
c2

∂
∂t
(ε̃�E), (1)

�∇ × �E = − ∂�B
∂t

, (2)

where ε̃ is the dielectric tensor. The effective permittivity of
metal in the presence of magnetic field is given by

ε̃ =

εL 1− ω2
p

(ω2 − ω2
c)

( )
0

−iωc

ω
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,

(3)

where εL is the lattice permittivity ω2
p = 4πne2/εLm and ωc=

eBs/m are the plasma and cyclotron frequency respectively.
Here,−e and m are the charge and effective mass of electron.
n is the electron density at the metal surface. On eliminating
�B from Eqs. (1) and (2), the wave equation can be found as

�∇ × �∇ × �E = ω2

c2
(ε̃.�E). (4)

Equation 4 can be expanded as follows

�∇(�∇·�E) −∇2�E = ω2

c2
(ε̃.�E) 5(a)

Separating x̂ and ẑ components of Eq. 5(a), we get

∂2Ex

∂x∂z
− ∂2Ez

∂x2
= ω2

c2
(−εxzEx + εxxEz), 5(b)

∂2Ez

∂x∂z
− ∂2Ex

∂z2
= ω2

c2
(εxzEz + εxxEx), 5(c)

where εxx = εL(1− ω2
p/(ω2 − ω2

c) for x< 0 and εxx= 1 for
x> 0 and εxz = −iεLωcω2

p/ω(ω2 − ω2
c) for x< 0 and εxz=

1 for x> 0. The well behaved solution of Eq. (5), satisfying
∇.ε̃E = 0 in each region are

E1 = ikz
α1

x̂+ ẑ

[ ]
Ae−α1 x.e−i(ωt−kzz) for x> 0, 6(a)

Fig. 1. Schematic of SPW propagating on metal–free space interface.
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E2 = − ikzεxx + α2εxz
α2εxx − ikzεxz

( )
x̂+ ẑ

[ ]
A1e

α2 xe−i(ωt−kzz) for x< 0, 6(b)

where α1 = (k2z − ω2/c2)1/2, α2 = (k2z − ω2ε′/c2)1/2 and ε′ =
εxx + ε2xz/εxx is the Voigt dielectric constant. A and A1 are
constants. Applying conditions of continuity Ez and ε′Ex at
x= 0, the dispersion relation of SPW in the presence of ex-
ternal magnetic field is given by (Brion et al., 1974)

α2 + α1ε
′ = ikz

εxz
εxx

( )
. (7)

The dispersion curve between the wavenumber and frequen-
cy of the SPW consists of two parts with separation between
them due to the presence of external magnetic field. For large
values of kz, one of the branches occurs at a higher frequency
and other at a lower frequency as compared with the zero
field value of the SPW. In the lower portion, frequency
rises linearly with the wavenumber and saturates at higher
values as observed by Deepika et al. (2015).
The motion of electron beam launched parallel to the metal

surface is goverened by two fields, electric field due to SPW
[Eq. 6(a)] and externally applied static magnetic field. The
equation of motion is given by Prasad et al. (2009)

d�p

dt
= −e �E +�v × �B

( )+ �v × Bs( )[ ]
, (8)

where v is the velocity of electron. We can replace magnetic
field of SPW by

�B = ∇ × �E

iω
.

Here A=−A1 that is Ex is symmetric about x= 0. The equa-
tions governing electron momentum and energy are the
following:

dpx
dz

= A1
−emγ

pz

kz
α1

( )
+ e

ω

k2z
α1

− α1

( )[ ]
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(9)

dpz
dz
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(10)

dx

dz
= px

pz
, (11)

dt

dz
= γm

pz
, (12)

where γ2 = 1+ ( p2x + p2y + p2z )/m2c2 is the energy gained
by the particle and f is the initial phase of the wave.
The set of Eqs. (9)–(12) are normalized by introducing di-

mensionless quantities, X→ ωpx/c, Z→ ωpz/c, Px→ px/
mc, Pz→ pz/mc, T→ ωpt, Ω→ ω/ωp, Ωc→ ωc/ωp, q→
kzc/ωp, and A′′

1 � eA1/mωpc are solved numerically for
electron energy and electron trajectory. Variation of SPW
phase velocity with kzc/ωp on varying normalized cyclotron
frequency is shown in Figure 2. The kinetic energy gained by
electron beam with normalized distance has been ploted in
Figures 3, 4, and 8 with and without magnetic field. Figure 5
shows effect of amplitude variation on electron energy. Tra-
jectory of the electron beam has been plotted in Figures 6, 7,
and 9 respectively on varying magnetic field and amplitude
of the wave.

Fig. 2. Plot of SPW phase velocity with kzc/ωp on varying normalized cy-
clotron frequency.

Fig. 3. Plot of kinetic energy (γ− 1)mc2 in KeV gained by electron versus
normalized distance (zωp/c) on varying strength of magnetic field. The pa-
rameters are A′′

1 = 0.00181, kzc/ωp = 0.1, kzc/ωp = 0.1 and ω/ωp=
0.09655.
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3. RESULTS AND DISCUSSION

The electron energy as a function of z and the corresponding
electron trajectories in the x–z plane are studied by varying
the amplitude of SPW and applied magnetic field. The initial
parameters at z= 0 are px= 0.0, pz= 0.09, x= 0.0, t= 0.0,
f= π, εL = 1, A′′

1 = 0.00181 (the corresponding value is
4 × 1010 V/m). The frequency ωp= 1.3 × 1016 rad/s corre-
sponds to silver metal having free electron density n0=
5.85 × 1028 /m3. The parameters used for this numerical
analysis, are in agreement with the parameters used in the ex-
perimental and analytical studies by Zawadzka et al. (2001)
and Liu et al. (2007). The values of the magnetic field corre-
sponding to (ωc/ωp)= 0.001, 0.003 and 0.005 are 0.73, 2.19
and 3.65 MG respectively. Lagutin et al. (2003) and

Zherlitsyn et al. (2010) observed experimentally the magnet-
ic field strength of the order of 100 T by using pulsed magnet
technology.

Figure 2 shows the plot of SPW phase velocity with kzc/
ωp on varying normalized cyclotron frequency. For smaller
values of kzc/ωp, there is no change in the phase velocity
with the cyclotron frequency. The change in the phase veloc-
ity with the increase in cyclotron frequency is negligible even
at higher values of kzc/ωp. In Figure 3, we have plotted the
energy (in KeV) gained by the electrons versus normalized
distance (zωp/c) for different values of normalized cyclotron
frequency (ωc/ωp) for kzc/ωp= 0.1 and ω/ωp= 0.09655. It
is observed that the energy gained by the electron increases
with applied magnetic field. In the absence of the magnetic
field, the electron gains energy during the rising part of the elec-
tric field of the SPW but cannot retain it sufficiently as the

Fig. 4. Plot of kinetic energy (γ− 1)mc2 in KeV gained by electron verses
normalized distance (zωp/c) on varying wavenumber of SPW for (ωc/ωp)=
0.003 and A′′

1 = .00181.

Fig. 5. Plot of kinetic energy (γ− 1)mc2 in KeV gained by electron versus
normalized distance (zωp/c) on varying amplitude of SPW for (ωc/ωp)=
0.003, kzc/ωp= 0.2 and ω/ωp= 0.1958.

Fig. 6. Trajectory of the accelerated electron on varying strength of mag-
netic field. The parameters are A′′

1 = 0.00181, kzc/ωp = 0.1 and ω/ωp=
0.09655.

Fig. 7. Trajectory of the accelerated electron on increasing amplitude of
SPW when (ωc/ωp)= 0.003, kzc/ωp= 0.2 and ω/ωp= 0.1958.
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electron loses most of its energy during interaction with the
trailing part of the SPW and moves with small amount of
energy. In the presence of external magnetic field, the electron
moves under the influence of Lorentz force given byEq. (8). Its
motion will be the sum of two motions: The usual circular
Larmor gyration and the drift of the guiding center
vE = �E × �Bs/B2

s that is themotion of the electron is like a slant-
ed helix with changing pitch. In heuristic view, the motion can
be represented by vx= v⊥e

iωct− Ez/Bs and vz=±iv⊥e
iωct+

Ex/Bs, where v⊥ is the positive constant denoting the speed
in the perpendicular direction to Bs. During the first half
cycle of the electron orbit, it gains energy from the electric
field and increases in v⊥and hence in Larmor radius (rL=
mv⊥/eBs). In the second half cycle, it loses energy and decreas-
es in rL. The difference in rL on the left and right sides of the

orbit causes the drift vE and gains energy. As observed from
Figure 2, the change in the phase velocity with the magnetic
field is negligible; hence the electron gains and retains
energy in the form of cyclotron oscillations due to the com-
bined effect of the static magnetic field and SPW field. Singh
(2004) discussed the electron acceleration by an intense short
pulse laser on applying the static magnetic field of tens of
tesla, parallel to the magnetic field of the laser pulse.
Figure 4 shows the kinetic energy gained by the electron

versus normalized distance for different wavenumber of the
SPW at ωc/ωp= 0.003 (Bs= 2.19 MG). Rest of the parame-
ters is same as Figure 3. The increase in wavenumber of the
SPW results in decrease of electron acceleration, due to de-
crease in phase velocity of the SPW (Figure 2).
In Figure 5, we have plotted energy (in KeV) gained by the

electrons versus normalized distance (zωp/c) for different
values of SPW amplitude at ωc/ωp= 0.003 (Bs= 2.19 MG),
kzc/ωp= 0.2 and ω/ωp= 0.1958. Rest of the parameters is
same as Figure 3. As the laser intensity increases, evanescent
wave provides higher oscillatory velocity to the electrons and
excites the SPW of higher amplitude (Raether, 1988). The in-
creased SPW amplitude assists in increment of the electron
energy gain during acceleration as observed in Figure 5. In
the present scheme, electron beams can achieve maximum of
15 KeV energy for the SPWamplitudeA′′

1 = 0.00721 (the cor-
responding value is A1= 1.6 × 1011 V/m) and normalized cy-
clotron frequency ωc/ωp= 0.003 (Bs= 2.19 MG).
The trajectories of the accelerated electrons are plotted in

Figures 6 and 7 on varying the applied magnetic field and am-
plitude of the SPWwave respectively. The initial parameters in
Figures 6 and 7 are same as in Figures 3 and 5 respectively. It is
observed fromFigures 6 and 7 that divergence of electron beam
increaseswith increase in staticmagnetic field and amplitude of
the SPW. These observations regarding the electronmovement
are corresponding to drift of the guiding center vE = �E × �Bs/B2

s
under the influence of crossed electric field and magnetic
fields. The trajctory of the electron beam can be controlled
by changing the direction and strength of applied magnetic
field. Figures 8 and 9 shows the electron energy and trajectory
in the x–z plane for higher values of magnetic field. The initial
parameters are same as in Figure 3. It is observed from Figure 8
that the electron energy gain increases with increase in applied
magnetic field upto particular value (ωc/ωp= 0.01). For higher
values of the magnetic field, the electron propagation becomes
out of phase with the SPW or damped towards the metal
(Figure 9) resulting in decrease of electron energy.

4. CONCLUSIONS

We have studied the enhanced electron acceleration by SPW
over single metal surface on applying external magnetic
field. SPW are electromagnetic oscillations at the metal–vac-
uum interface that are excited by low-intensity lasers. Irvine
& Elezzabi (2005) used surface plasma electric field of the
order of 2.83 × 109 V/cm and 2.4 × 109 V/cm (using
30 GW/cm2, 30 fs pulses from a Ti: Sapphire laser amplifier

Fig. 9. Trajectory of the accelerated electron for higher values of magnetic
field. The parameters are A′′

1 = .00181, kzc/ωp = 0.1 and ω/ωp= 0.09655.

Fig. 8. Plot of kinetic energy (γ− 1)mc2 in KeV gained by electron versus
normalized distance (zωp/c) for higher values of magnetic field. The param-
eters are A′′

1 = 0.00181, kzc/ωp = 0.1 and ω/ωp= 0.09655.
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and the corresponding electric field strength of the order of
4.8 × 106 V/cm) for silver and gold metal films respectively
and reported acceleration of the electrons upto 2 KeV. While
Liu et al., 2007 reported electron acceleration of the range
0.4 KeV by the SPW (ESP= 1.2 × 109 V/cm) using laser
of amplitude 2.9 × 105 V/cm. In our analysis, we have ob-
tained the electron beam of 10–15 KeV by using SPW of
electric field amplitude of the order of 109 V/m.
In the presence of external magnetic field, the electron

gains higher energy due to the combined effect of the static
magnetic field and SPW field. On increasing the amplitude
of SPW, energy gain and trajectory of accelerated electrons
are further improved.
In conclusion, the external magnetic field shows a signifi-

cant effect on the energy gain and trajectory of electrons accel-
erated by SPW propagating in the presence of static magnetic
field. This scheme is viable to achieve beams of KeV energy
for optimum values of magnetic field and SPW amplitude.
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