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Inverse-Bremsstrahlung Electron Acceleration
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A single-particle computation, simple analysis, and a particle simulation show that energy gain of an
electron in a vacuum is possible using a laser and a weak perpendicular static electric field (E pp). This
simple system does not need any structure to accelerate the electron. If E,. pp 0, an electron will just os-
cillate, with no net acceleration, because of the symmetry of the laser's electromagnetic wave in space
and time. The static electric field breaks the symmetry of the wave so that the electron is accelerated in

both half wavelengths of the wave.

PACS numbers: 41.70.+t, 29.15.Dt, 41.80.Ee

Various new ideas for particle accelerators with plas-
ma or without plasma have been proposed' ' in order to
break through the limitation of the acceleration gradient
of the current linear accelerators. Laser accelera-
tors' ' without plasma and any structure use a strong
laser field directly for the particle acceleration and are
free from the ambiguity or difhculty of plasma control.
In this paper, we present a new mechanism for electron
acceleration using a laser and a weak perpendicular stat-
ic electric field. This means that a plane electromagnetic
(EM) wave travels across a static electric field. If the
system has no static electric field, the electron just os-
cillates, with no net acceleration: When a laser wave

passes through an electron by a half wavelength, the
electron can absorb laser energy. However, in the re-
maining half wavelength, the electron loses the energy
gained. As a result, the electron cannot be accelerated.
This is a result of the symmetry of the EM wave in space
and time. Our idea is to remove this symmetry by apply-
ing a static electric field E,~p so that the electron is ac-
celerated in both half wavelengths of the wave. Previ-
ously we proposed another mechanism' ' for electron
acceleration using a laser and a perpendicular static
magnetic field, which also has the role of removing this
wave symmetry. This paper proposes a new mechanism
using a laser and a static electric field, under a similar
idea.

Figure 1 shows the mechanism proposed for electron
acceleration. A plane EM wave propagates at the speed
of light c in the +x direction. The magnetic component
(B,) of the wave is in the x-z plane and the electric one
(E~) is in the x-y plane. The static electric field (E,~~)
is applied in the +y direction. The electron speed is less
than c. Therefore the EM wave propagating with c in a
vacuum catches up with the electron and leaves it be-
hind. The electron equation of motion and the energy
equation are

dP, /dt =F = —ePyB, = —ePyEy,

dJ, , /dt =F, = e[(E,+E„,) —P,B,]-
=- —e[(l —P„)L,+E,.„l,

and d(mc y)/dt = —eEJvy. Here p„=c,/c, p~ =U~/c,
E& =B = E&p sin [k(ct —x)], and Eyo is the amplitude
of the EM wave. From the energy equation, it is clear
that the speed v~ parallel to E~ is important for the elec-
tron acceleration and vJ is determined by the y com-
ponent of the above equation of motion. In order to ac-
celerate an electron in both half wavelengths in one
period of the laser wave, we choose an appropriate value
of E,. ~„so that t~ becomes zero at k(ct —x) =tr; this
means that in the half wavelength of 0 & k(ct —x) & tr,

v~ )0, and in the remaining half wavelength, v~ & 0. As
a result, in the half wavelength of 0 & k(ct —x) & tr, the
electron is accelerated in the +y direction and can ab-
sorb wave energy. Then v~ decreases according to the
force F~ and becomes zero at k(ct —x)=tr. In the
remaining half wavelength the electron has the velocity
v~ &0 and can again absorb wave energy. In addition,
the electron is accelerated in the +x direction by the
force F & 0 in both half wavelengths and the interaction
between the electron and the EM wave becomes longer.
Consequently, the electron can absorb wave energy
efticiently by this mechanism.

First, we numerically perform a single-particle
analysis in order to demonstrate the viability of this
mechanism. In this case the plane EM wave is infinitely

I.IG. 1. The system of inverse-bremsstrahlung electron ac-
celeration. The electron is efhciently accelerated in a vacuum
by applying a weak static electric field E„».
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continuous in the x direction. Figure 2 shows electron
energy versus time t (solid line). The initial electron
speed vo is 0.9999c. The electron has the optimal initial
velocity Lyo in the +y direction and equivalently the op-
timal incident angle, that is, 0.608 with respect to the
laser axis for this specified case. The amplitude of the
EM wave is Eyo=AEo=0. IEo, where En=me /(eX/32)
=1.636&10 /A. V/cm, A, is the wavelength in cm, and
E,pp/Eyo =4.28 x 10 which is the optimal value of E,. pp

for this specified parameter set. It should be noted that
the optimal E.,pp is quite small compared with the laser
amplitude. The laser power employed is 3.54 x 10 '

W/cm for A, =10 pm. In the figure the time t is normal-
ized by 1.01x10 Io/c, that is, the time interval during
which the laser passes through the electron by one wave-
length, where lo=k/32. Figure 2 shows clearly that the
electron is accelerated in both half wavelengths. The
final electron energy becomes about 5.91 times as large
as the initial energy and the final relativistic factor y is
418. Here the final values are evaluated at k(ct —x)
=2tr. The acceleration gradient is 0.564 GeV/m.
(When E,. „p =0, the electron can be accelerated only in a
half cycle of the wave. In this case y/yo is 2.64 at the
half cycle with the same initial conditions as employed in
the above example, except E ~ pp. Here yo is the initial
y.

' ) Figure 2 also shows an oscillation of y after the
first period because of the eff'ect of the continuous wave

Ey pk mcfQPy Q E hippoE. = +~PP
KCZ

Here r' is the time at k(ct —x) =tr. In order to find the
final y we integrate the energy equation by introducing
an eff'ective P„, which is defined by fo(1 —P )dt'
=(I -P., )t "

2e EyoEapp

trm'c' &(I —P~, )

2eE gpp eEyok
foPy 0+

mc 2%me

2 2

m c
(2)

Here r is the time at k(ct —x) =2tr and can be estimat-
ed by A,/c(1 —P„,). When we assume r'=r/2 and use
Eq. (1), only the first term depends upon r. Assuming

field, though the lowest value of y is rather high com-
pared with the initial yo. This fact suggests letting the
electrons leave the laser beam appropriately after one
period of acceleration. Figure 3 shows an electron tra-
jectory in the x-y coordinates, normalized by )t/32; it
should be noted that the trajectory does not bend much
and is rather straight along the x coordinate because of
the relativistic speed of the electron.

We also perform a simple analytical estimation for the
final y, the optimal E,, pp, and the optimal Pyo. By in-

tegrating the equation of motion in the y direction, first
we find the optimal E,. pp with the condition that vy

should be zero at k(ct —x) =tr as described above:
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FIG. 2. The electron relativistic factor y vs time t (solid
line) from a numerical single-particle analysis. The electron
initial speed is 0.9999'. An arrow shows the time at which the
EM wave passes through the electron by a half wavelength.
After the first period, indicated in the upper part in the figure,

y oscillates because of the continuous wave field. However, the
electron does not couple so well with the wave field after the
first period. Therefore the lowest y is rather high compared
with the initial yo after the first period. This figure suggests
letting the electrons leave the wave field after the acceleration.
The dashed line shows x (x coordinate of the electron) vs t
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FIG. 3. An electron trajectory. The electron initial speed is

0.9999c. It should be noted that the electron trajectory does
not bend much and is rather straight along the x coordinate
because of the relativistic speed of the electron. An arrow
shows the time at which the EM wave passes through the elec-
tron by a half wavelength.
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further P„=P„that is, the final value at k(ct —x) =2m,
and using the relation 1/(1 —P, ) =2y /(1+ y P~), we
obtain the following expression:

rI' —2rI(ypPyp+ a/2) + yp
2

3
1
—(4 oP o +4 )/[1+( oP o+2 ) ]

Here a =e) E~p/nmc and tI =2eE,.'pvp/mc. In deriving
(3) we also use the relation yp~

= —
ypp~p

—2a, which is
derived from the equation of motion in the y direction
with r'=r/2 in a similar way to the integration deriving
Eq. (I). In addition, the condition dy/dip =0 leads to
the expression for the optimal P~p, when yp&&a, yp&&1,
and P o«I: P p= [(I+a')'/ —tr]/yp.

Figure 4 shows y versus the amplitude factor A of the
EM wave; the solid line and the dashed line are obtained
by single-particle computations for vo =0.999c and
0.99c, respectively. Circles besides these lines are ob-
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tained by the relation (2) and Eq. (I) with r'=r/2, and
by the use of the numerical values for r and P~p obtained
by the sing1e-particle computations for vo=0.999c and
0.99c. In Fig. 4 the crosses show y estimated by the re-
lation (3) with the expression for the optimal P~p. This
figure shows that the analytical estimation can reproduce
the general tendency of the numerical results, though
there is some discrepancy between the numerical value
and the analytical one by the relation (3). W'e believe
that the expressions derived above present the scaling
laws for this mechanism.

A 1.5-dimensional (x, v„v~) particle ' (PIC) simula-
tion is also performed with the following initial and
boundary conditions: The averaged electron speed is
0.95c, the averaged incident angle with respect to the x
axis is 13.83', which is the optimal one obtained by the
above single-particle analysis, the electron temperature is
100 keV, the electron number density is 7.96x10 /k
cm, the amplitude factor 2 of the EM wave is 0.1,
E,~~/E~p =2. .23x10, which is also optimal, and we
take a cyclic boundary condition in the x direction. Fig-
ure 5 presents an electron map in x-y space and shows
that some electrons are accelerated well by this mecha-
nism; the y for electrons accelerated is about 18, which
coincides well with the value of 18.28 obtained from the
single-particle analysis presented above. In addition,
22.5% of the electrons are accelerated beyond y =17.6 in
this case. This simulation result also confirms that the
mechanism proposed in this paper storks well.

The essential physics involved in the present mecha-
nism is as follows.

(I) The applied field breaks the symmetry of the laser
field in space and time. This idea provides a rather high
acceleration gradient, that is, possibly about I GeV/m or
more, depending on the laser power, though this is a
one-kick acceleration. This acceleration mechanism
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F'IG. 4. The final electron relativistic factor y vs the ampli-
tude factor 8 of the EM wave. Solid and dashed lines are ob-
tained by results of single-particle computations for v0=0.999c
and v0=0.99', respectively. Circles besides these lines are ob-
tained by the relation (2) and Eq. (I) with the assumption
r'=r/2, and by the use of the values of r and P, p obtained by
the numerical computations. The values for r and P~p em-

ployed are as follows: For 2 =0.1, r =9980 and P,, p =0.105 for
vp=0. 99c and r=l. 1 0lxOand p, p=0.0335 for vp=0. 999c.
For A =0.05, r =4340 and P,, p =0.155 for vp =0.99c, and
r=4.31x10 and P,p=0.0497 for vp=0. 999c. For A =0.03,
T=3130 and PJp=0. 181 for vp=0. 99c, and r=3. Oxl10 and

P,.p=0.0581 for vp=0. 999c. The normalization factor for r is
k/32c. In addition, crosses show the results by the relation (3).
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FIG. 5. A particle map by a particle (PIC) simulation in a
space of the final electron relativistic factor y vs x, which is
normalized by X/32.
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might be called inverse-bremsstrahlung electron accel-
eration, because of its configuration, that is, the applied
static electric field and the absorption of the EM wave

energy by a particle.
(2) The interaction time between electron and laser is

also essential for eScient acceleration and, because of
F )0, becomes long in this system, compared with X/c
&&(I —P,o) which is the roughly estimated interaction
time evaluated by the initial v 0. This means that the
slight increase in v is important.

Another characteristic feature of this system is the
simplicity: neither a plasma nor any structure is needed.
The system only requires a high-power laser, a weak
static electric field, and a preaccelerated electron in a
vacuum. Another important feature is that the trajecto-
ry does not bend much and is rather straight along the x
coordinate because of the relativistic speed of the elec-
tron, as shown in Fig. 3.
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