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Abstract

Bifurcation phenomenon in the energy-angular correlation spectrum of the vacuum laser acceleration has been observed
with computer simulation. Concerning a focused laser pulse, the classical single-valued energy-angular correlation
spectrum for a plane wave is, besides broadened to a band, bifurcated with the classical value in between the two
branches. Analytic expression to describe the correlation has been derived and physical explanations based on the
ponderomotive potential model and Lorentz-Newton force analyses are presented. The theoretical results are supported
by numerical simulations which have been compared with the experimental results. This study is helpful in designing

vacuum laser acceleration experiments.
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1. INTRODUCTION

Rapid development of laser technology has excited a lot of
interest in studying the interactions of ultra intense lasers
with matters (Fuchs er al., 2006; Leemans et al., 2006;
Mourou et al., 2006). Laser acceleration of charged particles
is one of these research subjects (Pang et al., 2002;
Shorokhov & Pukhov, 2004; Glinec et al., 2005; Roth
et al., 2005; Brambrink et al., 2006; Lifschitz et al., 2006;
Mangles et al., 2006; Yin et al., 2006). Among the plenty
of proposed acceleration schemes, ponderomotive accelera-
tion (Quesnel & Mora, 1998; Badziak et al., 2005) is one
which has been demonstrated by the experiments producing
MeV electrons in a vacuum (Malka ef al., 1997). Normally,
the ponderomotive acceleration refers to an interaction scen-
ario where an intense laser pulse catches non-relativistic free
electrons in the focal region, then interacts, and accelerates
the electrons. According to the theoretical predictions as
well as the experimental results (Malka et al., 1997), there
exists a strong energy-angular correlation for the accelerated
electrons.

In this paper, we present an interesting phenomenon
observed with computer simulation in the vacuum laser
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ponderomotive acceleration, where the energy-angular corre-
lation spectrum is bifurcated at high energy, while for plane
wave acceleration, the correlation reduces to single-valued
function. Physical explanation will also be addressed. This
study may provide useful information for better understanding
of the physics behind the ponderomotive acceleration, and for
designing vacuum laser acceleration experiments.

2. THEORETICAL ANALYSES

From the ponderomotive potential model (Kibble, 1966), when
a free electron moves in a laser pulse, the electron experiences
a time-averaged force, namely the ponderomotive force which
is given by F,ong = =V Vyona(r:2,1), where V,,,,, is the pon-

deromotive potential Vg = (/1 + |a(r,z,0)*/2 — 1)m,c?,

and a(r,z,1) = eE/mwc is a dimensionless parameter measur-
ing the laser intensity. Accordingly, the transverse and longi-
tudinal ponderomotive forces of a TEM (0, 0) mode laser
propagating along the z axis can be derived as below
(Kawata et al., 2005):
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where r=/x2+y?, m=z—ct, and w,=wo[l + (2z/
kwd)*1"/%. The spot size, the wave number and the pulse
duration are wy, k, and T, respectively.

The transverse ponderomotive force F, is always positive,
it means the off-axis electrons can be accelerated and
scattered transversely by the ponderomotive potential. As
for the longitudinal ponderomotive force F,, there are two
components which represent two different sources for the
electron energy change. The former term (1 — 277 / wf)Zz/
wiw? comes from the radial gradient of the laser intensity,
namely the diffraction effect of the focused laser. The latter
one n/ 7 comes from the intensity gradient of the laser
pulse, namely the effect of the finite pulse duration. Here 1
represents the relative distance between the electron and the
laser pulse center. A schematic explanation of the pondero-
motive acceleration is that interaction with the laser ascend-
ing front (climbing hill) corresponds to acceleration,
whereas with the laser descending part (downhill) for
deceleration. When a laser pulse catches an electron in the
focal region, the intensity experienced by the electron in
the ascending front is higher than that in the descending
part owing to the diffraction effect of the focused laser. As
a result, the electron can gain net energy in the interaction
process.

The ponderomotive acceleration scheme has been demon-
strated by experiments producing electrons of MeV energies
in a vacuum (Malka ez al., 1997). The spectrometer is set at
certain observation angles. Hence, it is of interest to study the
properties of the vacuum laser ponderomotive acceleration,
especially the correlation between the outgoing energy, and
the scattering angle of the accelerated electrons.

The energy-momentum transfer equations are written:

dOB) _ —¢ g g B, 3)
dt moc
dy_ —¢q.
q o B-E, “)

where e, mg, and 3 are, respectively, the charge, mass, and
normalized velocity of the electron, 7y is the Lorentz factor,
E and B are the electric and magnetic field.

Considering a planar electromagnetic wave propagating
along the z axis, the z component of Eq. (3) can be written as:

d(VBz) o ;e )
d mocB E. )

Combining Egs. (4) and (5), one can get the invariant

d[y(1 = B,)]/dt = 0, (6)
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thus, y(1 — B,) = v(l — B,o), where the subscript zero
refers to the initial value, and we get the single-valued func-
tion of the energy-angular correlation (Salamin & Faisal,
1997; Hartemann & Kerman, 2001):

B V201~ By~ %1 - By — 1
B 7= 1(1 = Bo) |

@)

tan 6, =

However, as for a focused laser pulse, the above single-
valued function is no longer applicable. Assuming the laser
pulse can be described by using the paraxial approximation
to a Gaussian beam (Moore et al., 2001), the z component
of Eq. (3) is changed to (Chen et al., 2004):

avB) _ —e . )
At moc [(1—BIE.+B-E]L ®)
Thus we get:
d|y(1 - B.
t myc

Comparing Eq. (9) with Eq. (6), we can find the difference
between the focused laser pulse and the plane wave consists
in the item of E_. For a laser pulse with finite width, y(1 —
B.) will not be invariant since E, # 0.

3. SIMULATION RESULTS AND DISCUSSIONS

Then we resort to numerical analyses based on Lorentz-
Newton Egs. (3) and (4). We present a typical case for a
non-relativistic electron bunch accelerated by a Hermite—
Gaussian (0, 0)-mode laser pulse. The cylinder bunch of
electrons is injected from minus z direction with the initial
velocity of 8, = 0.1, while B,y = B,0 = 0, and the electrons
are assumed to distribute uniformly. The transverse size of
the bunch is the same as the laser beam width at focus wy,
and the longitudinal size is the Rayleigh length Zg = kw} /
2. Without losing generality, we assume that the laser pulse
center reaches the point x =y =z7=0 at time =0, and
that the center of the electron bunch is incident with a
certain initial position z, chosen so as to arrive at x =y =
z=0 at time =0 under the condition of free motion.
Also, we define the relative initial longitudinal position
AZ, of an electron as the distance between the initial position
of the electron and that of the bunch center.

Figure 1 presents a comparison of the theoretical
calculations based on Eq. (9) and the simulations for the
correlation between the outgoing energy and the scattering
angle. One can see that the classical single-valued
energy-angular correlation for plane wave is, not only
broadened to a band which means electrons with the same
outgoing energy will have an angular spread, but bifurcated
at high energy with the classical value in between the two
branches as well.
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Fig. 1. The correlation between the outgoing energy and the scattering angle at different laser intensities. A linear polarized TEM,
Gaussian laser pulse with pulse duration w7 = 550 is used. The initial momentum of the electrons is p,o = pyo =0, and po = 0.1
which are normalized by mgc. The black spot is for the simulation result, while the red solid line is for the calculated energy-angular cor-

relation under the plane wave condition. (a) For ao = 2, and (b), (¢), (d) for ag = 3, 5, 10, respectively.

Now we go on to explain the interesting splitting phenom-
enon in the energy-angular correlation observed from the
simulations. From Eq. (9) we get:

1l —=B)= J i(1 — BE.dt + yy(1 — By) = Ar+ N, (10)
o0 Moc
where
! e
Ar= J (1 = BE.d1
o MopcC
and
N = (1 - 310)7
thus
2yy(1 —B)— (1 - B2 -1
g B V-Bo-ya-pRo1

B. Y= Yol = By) — Ar

Comparing with the correlation of the plane wave tan 0,,

we get:
y—N
tan O — tan® 0, = (tan2 0, +1) (m) 1:| . (12)
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From Eq. (12), one may find that when
- N 2
(Y7> —1 > O,tan2 0 — tan’ 6, >0,
Yy—N—Ar
whereas
ﬂ 2—l < 0,tan’> § —tan? 6, < 0
y—N-A4r ' P

Also, we have Ar<2(y— N), accordingly we get that
whether the value of tan” 6 is lager than tan29p depends on
the sign of Ap In fact, Ayz=vy(1 — B,) —N=Ay— Ap,
which means that A; measures the transverse momentum
change of the electron. The simulation results for the correlation
between the scattering angle and A is presented in Figures 2a
and 2b, which is consistent with the above analysis, that when
A7 >0, tan 6 > tan 6,, whereas Ay < 0, tan 6 < tan 6.
Still, we investigate a typical case with laser intensity
ap = 5. Figure 2c gives the output energy vy, versus the rela-
tive initial longitudinal position AZ, of the electrons.
Comparing the simulated energy—angular correlation of the
laser pulse with the calculated value of the plane wave
(Fig. 2d), one may find that the two bifurcated branches at
high energy stem from electrons with different initial longi-
tudinal positions. An electron which initially locates ahead
of the center of the electron bunch (AZ, > 0) will have a
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Fig. 2. Simulation results of electrons accelerated by vacuum laser pulse with intensity a, = 5. The other parameters used are the same as
those in Figure 1. (a) Scattering angle as a function of Az; (b) The difference between the scattering angle and the plane-wave value Af as a
function of Az; (¢) Simulation results on the correlation between the outgoing energy and the electron relative initial longitudinal position
AZy; (d) The difference between the scattering angle and the plane-wave value A6 as a function of AZ.

scattering angle smaller than the calculated plane wave value;
while an electron behind the electron bunch center (AZ, < 0)
will have a scattering angle larger than that of the plane wave.
Here we define the former as leading electrons, while the
latter as trailing electrons.

Figure 3 presents the detailed dynamics for two electrons
selected respectively from the two branches with the same
outgoing energy <= 2.25. The scattering angles for the
corresponding plane wave, the trailing electron, and the
leading electron are 48.1°, 51.6°, and 44.6°, respectively.
From Figure 3, one may find that the transverse momentum
p, of the trailing electron is larger than that of the leading
one, while the longitudinal momentum p, of the trailing
electron is less than that of the leading one. Therefore, the
branch with larger scattering angle corresponds to the trailing
electrons, while the branch with smaller scattering angle is
for the leading electrons.

From the ponderomotive force model, the electron scatter-
ing angle is

tan 6 = 27 —

13)

7 2 2 :
wo r n 2z 2r n
fizen () oo () [l —22) <2

The interaction feature of the trailing electrons with the laser
pulse is quite different from that of the leading ones. The
strong interaction for the trailing electron takes place
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mainly in the tapered region prior to the laser focus,
whereas that for the leading electron is behind the focus in
the inversely-tapered region. Thus the mean value of w, for
the trailing electron is less than that of the leading electron.
Since the item w, plays an important role in the numerator
of Eq. (13), we can make a judgment that the transverse
momentum p, of the trailing electron will be larger than
that of the leading one. As for the longitudinal momentum
P the “downhill” process of the trailing electron in the
tapered interaction region will be stronger compared with
that of the leading electron, therefore p, of the trailing
electron will be less than that of the leading one. In
conclusion, the scattering angle of the trailing electron is
larger than that of the leading one, which causes the bifurcat-
ing phenomenon and is consistent with the simulation results.

To make a comparison with experimental data, it should be
noted that though the occurrence of the bifurcation is in
common for any kind of laser beam profiles, however the
detailed value of the scattering angle is related to the beam
profile in someway. For instance, the scattering angle by flat-
tened Gaussian beam will be smaller than that with relevant
standard Gaussian beam. This point can easily be understood
from the ponderomotive potential model. We simulated the
parameters of Malka et al. (1997), which is the only exper-
imental data available now on vacuum laser acceleration
(ap =12, and 3; vo = 0.1c, and 0.2c). A general agreement
has been found in terms of the maximum energies. The
data presented in Malka et al. (1997) is not sufficient to
make any judgment on whether or not there is bifurcation.
And the calculated scattering angle based on the standard
Gaussian model (Egs. (1) and (2)) is somewhat larger than
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Fig. 3. The electron dynamics of a leading electron (the solid line) and a trailing electron (the dash dot line). These two electrons are
selected from the electron bunch of Figure 2 with the same outgoing energy y,= 2.25 but different scattering angles (51.6” and 44.6°,
respectively), therefore belong to different bifurcated branches. The parameters used are the same as in Figure 2. (a) The electron
dynamic trajectories in x-z plane. The dashed lines denote the laser beam width w(z). (b) The electron final energy 7 vs. . (¢) and (d)
The electron momentum in the x and z direction, respectively as functions of time. (e) and (f) The ponderomotive force experienced
by the electron in the x and z direction, respectively, as functions of time.

the experimental data, it seems to mean that the profile of the
laser beam utilized in the experiments of Malka et al. (1997)
is close to a flattened Gaussian one.

4. SUMMARY

The energy-angular correlation of the outgoing electrons in
laser-driven electron acceleration has been studied both
analytically and numerically. For the first time, this paper
reported the bifurcating phenomenon in the energy-angular
correlation spectrum of the accelerated electrons for
focused laser pulse. The physics underlying the bifurcating
phenomenon is that both the leading electrons (the
electrons ahead the electron bunch center) and the trailing
electrons (behind the bunch center) can be accelerated to
higher energies by intense laser pulse but with different
scattering angles. These predictions have to be verified
experimentally (because the presently available data are
not sufficient to make such a judgment), and are of signifi-
cance for further laser driven electron acceleration
experiments.
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