Characteristics of Betatron Radiation from Direct-Laser Accelerated Electrons
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Betatron radiation from direct-laser accelerated electrons is characterized analytically and numer-
ically. It is shown here that the electron dynamics is strongly dependent on a self-similar parameter
S(= n”—;ﬂ) Both the electron transverse momentum and energy are proportional to the normalized

amplitude of laser field (ao) for a fixed value of S. As a result, the total number of radiated photons
scales as a2 /+/S and the energy conversion efficiency of photons from the accelerated electrons scales
as ap /S. The particle-in-cell simulations agree well with the analytical scalings. It is suggested that
a tunable high-energy and high-flux radiation source can be achieved by exploiting this regime.

PACS numbers: 52.38.Kd, 41.75.Jv, 52.38.Ph, 52.59.-f

I. INTRODUCTION

The generation of compact radiation sources has at-
tracted great attention because of its significance in many
research communities and industrial applications [1, 2].
With the rapid development of high power lasers, laser-
based radiation sources have become an important com-
plement to the conventional synchrotron light sources
[3]. Laser-based radiation sources could, potentially, be
much smaller and cost-effective compared with conven-
tional light sources. For a high power laser beam prop-
agating into the under-dense plasma, its ponderomotive
force expels the electrons from the high-intensity regions
to form an ion channel or cavity, in which the electrons
experience transverse betatron oscillations under the self-
generated magnetic and electrostatic fields of the plasma
channel. As a result, broadband and synchrotron-like ra-
diation can be generated from the oscillating electrons
[3-24]. The synchrotron radiation is strongly dependent
on the betatron strength parameter ag = yrgwg/c, which
is proportional to the Lorentz factor of the electron -y
and the transverse oscillation amplitude of betatron mo-
tion rg, as well as the betatron frequency wg [3-5]. It
is noted that both the radiated photon energy and num-
ber are proportional to the betatron strength parameter.
The production of a high flux and high energy radiation
source requires the enhancement of both the energy and
betatron amplitude of the electrons in the plasma chan-
nel.

In order to enhance both the energy and betatron am-
plitude of the electron, one promising way is the reso-
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nance between the betatron oscillation of the electron in
a plasma channel and the laser field. This can be easily
achieved in the direct laser acceleration (DLA) regime
[25-31] and high brightness synchrotron X-rays and ~-
rays can be produced [15-17]. In the laser wakefield
acceleration (LWFA) regime, this can also be achieved
by interacting the injected electrons with the tail of the
driving laser pulse when the laser pulse duration is com-
parable to the plasma period [18-24]. In this situation,
the interaction of the laser pulse with the accelerated
electrons can enhance the transverse amplitude of the
electron motion along the polarization direction, thus the
number and energy of the emitted photons can be much
increased and v-ray photons have been observed in the
experiment [24]. However, the number of the high energy
electrons generated in the LWFA regime is still relative-
ly low, which would impose restrictions on the number
of emitted photons and thus the brightness of the radi-
ation source. In the DLA regime of ultra-intense laser
pulses interacting with the near-critical dense plasmas, a
high-energy and high-current electron beam with a large
betatron amplitude can be easily produced [30, 31]. This
would be promising for the production of a high flux
and high energy radiation source. However, to date the
fundamental scalings of the electron dynamics and the
emitted photons have not been studied for the case of
direct-laser accelerated electrons. Understanding the un-
derlying dependence of the radiation properties on some
controllable parameters such as the plasma density, the
laser intensity, and the interaction length is necessary for
the development and optimization of the X-ray or y-ray
sources.

In this work, the underlying scalings of the direct-laser
accelerated electrons and the radiated photons are inves-
tigated in the DLA regime of an ultra-intense laser pulse
interacting with an uniform near-critical dense plasma



for the first time. The dependence of the radiation prop-
erties on the plasma density and laser intensity is given
analytically. It is shown that the electron dynamics and
the emitted photons are strongly dependent on a self-
similar parameter S = % This controls the energy
gain and the transverse betatron amplitude of the elec-
trons, so as to the radiated photon number and photon
energy. In addition, the model indicates that the to-
tal number of the photons is proportional to a3 and the
energy conversion efficiency of the photons from the ac-
celerated electrons is proportional to aj for a fixed value
of S. These non-linear scalings on the laser amplitude
suggest that a high flux and high energy radiation source
can be easily achieved by increasing the laser amplitude
in the DLA regime.

The paper is organised as follows. In Section II, the
electron acceleration process in the DLA regime is ex-
plored analytically. The resulting betatron radiation e-
mission and its optimisation are described in Section III.
The parameters and results of supporting two and three
dimensional Particle-in-Cell simulations are described in
Section IV. In Section V, the limitations imposed by the
experimental parameters on the source brightness are dis-
cussed, including dephasing and depletion effects. The
work is then summarised in Section VI.

II. ELECTRON ACCELERATION

In the interaction of an ultra-intense short laser pulse
n

with under-critical plasma (rfzo < 1), electrons are ac-
celerated to a highly relativistic energy with relatively
good efficiency. Here n, is the plasma density, n. is the
critical plasma density, and ag is the normalized ampli-
tude of the laser beam. The electron acceleration mech-
anisms strongly depend on the laser and plasma parame-
ters [25-42]. For a short laser pulse with the duration(7)
shorter than or comparable to 1/wy, i.e. 7 < 1/w,,, where
wp is the plasma frequency, the laser wakefield acceler-
ation would play the dominant role [32-37]. When the
pulse duration is longer than 1/w, and ag = 1, the laser
envelop is self-modulated by the plasma wave and the
electrons are accelerated by self-modulated laser wake-
field [38-40]. However, for the laser pulse with 7 > 1/w,,
with the increase of the laser intensity the plasma wave-
breaking destroys the periodic structure and the laser
ponderomotive force expels the electrons from the cen-
tral regions to form a plasma channel. In this case the
electron can be directly accelerated by the laser pulse
when its oscillation frequency in the fields of the plas-
ma channel is close to the doppler-shifted laser frequency
[25-31]. In this regime of direct laser acceleration, elec-
trons gain their energy mainly from the transverse laser
field, in contrast to the longitudinal charge separation
field in the laser wakefield regime. In addition, the trans-
verse oscillation amplitude can also be enhanced and a
large betatron strength parameter can be realised in this
regime [15-24].

In order to investigate the characteristics of the direct-
laser accelerated electrons, the dynamics of a single elec-
tron interacting with the laser filed and the self-generated
fields of the plasma channel is considered. Omne can
first assume a linearly polarized plane wave with the
transverse electromagnetic fields as Er,, = Ej cos(¢) and
Br. = Ery/vpn, where Ej is the amplitude of the laser
field, ¢ = kx — wpt is the laser phase, x is the laser
propagation direction, wy is the laser frequency, k is the
wave number, and v,, = wy/k is the phase velocity. The
transverse self-generated fields in the plasma channel are
assumed to be Fg,, Es., Bgy, and Bg,. For the electron
interacted with a linearly polarized laser pulse, the elec-
tron are preferentially accelerated along the laser polar-
ization direction [42]. In this case, the electron dynamics
can be described by the momentum equation along the
laser polarization direction coupled with the energy e-
quation:

dpy
dt

d
mECQd—Z = —evy Fycos(¢) — ev,Eg. — evyEgy, (2)
where n =

mass,

= —enEycos(¢) — eEgy + evy;Bs., (1)

1 — v$/vph, me is the rest electron
c is the light speed in vacuum, and v =

\/1 + (52)2 + (;2%)% + (;5%;)? is the Lorentz factor of

mec

the electron. The longitudinal momentum of the elec-
tron is obtained from the integral of motion for the elec-
tron, which can be expressed as I = ymec? — vppps +
e(kp + vpnkp)r?/2, where kg = 0Es, /0y = 0FEs,/0z,
kp = 0Bgy/0z = —0Bg, /0y, 1> = y* + 2%, and [ is a
constant decided by the initial condition of the electron.
For an uniform plasma channel, one can easily show that
ekg = (1 — f)mewg/Q and exg = fmewgvz/%z, where
0 < f < 1 refers to the percentage of electrons in the
plasma channel [43, 44]. It is noted that the model de-
scribed here is similar to the previous ones[28, 30, 42].
These models describe the similar electron acceleration
process, i.e., the so-called direct laser acceleration or Be-
tatron resonance acceleration. The direct laser accelera-
tion is first proposed by Pukhov, et al [28] and the basic
condition for this mechanism is also explored. Recently,
the self-matching resonant acceleration model [30] is pro-
posed, which describes the acceleration process of elec-
trons interacting with a circularly polarized laser pulse in
a plasma channel. In addition, the parametric amplifica-
tion process of electrons along the direction transverse to
the laser polarization direction is also explored recently
[42]. Here we are concentrated on the scaling properties
of electron dynamics in the plasma channel, which is cru-
cial to exploit the scaling properties of Betatron radiation
in the DLA regime. This is an essential step to develop
and optimize the radiation source in this regime.

For resonant electrons, whose velocity would be close
to ¢, one assumes that dv,/dt ~ 0 and dn/dt ~ 0 as
v, 18 a slow variable compared with the fast variables
of y and py,. In this case, the phase witnessed by the
relativistic electron is written as ¢ = kxr — wot = wrt,



where wy, = (1 — vy /vpn)wo = nwp is the doppler-shifted
laser frequency. Under these assumptions, Eqs.(1-2) are
simplified to [45]:

d? :
df?y + w%py = mecagw} sin(wrt), (3)
P)/E = —wOpy(ZO COS(th)/mecy (4)

where wg = \/e(/iE +vgkp)/yme is the betatron fre-
quency and ag = eEy/mewoc is the normalized amplitude
of the laser field. For the resonant electrons with v, =~ ¢,
e(kptvghp) = (1= f)mew? /24 frmew2v? /2¢* = mew? /2
and wg = w,/+/27. It is noted here that the value of f
does not affect the electron dynamics. The above equa-
tions clearly reveal the scheme of electron acceleration.
In this case, when the betatron frequency varies rough-
ly twice the laser frequency, the classical betatron reso-
nance is extended to the non-linear parametric resonance
regime [42, 45] in which the electron transverse momen-
tum grows nonlinearly with time and grows faster than
the classical linear resonance [45].

One can further employ the dimensionless variables
Q = ;4 and G = . Equations (3) and (4) are

ao

rewritten as ‘fg + wiQ = wisin(wrt) and G4 =
—wp@ cos(wrt). This shows that the electron dynam-
ics are determined by a single parameter of wjy or
7. For an ultra-intense laser pulse propagating in the
under-dense plasma, n./agn. < 1, then one has v,, =

i
C/ - ’YLw[Z]
n/v/2ag, where v, = /1 + a2 /2 =~ ap/+/2 is the averaged
Lorentz factor and n = w?/w§ = ne/nc is the normal-
ized plasma density. Clearly, the electron dynamics is
strongly dependent on the self-similar parameter of n/ag
[45, 46]. Once the value of n/ag is fixed, the electron
dynamics is determined and the normalized parameters
of ao’:j’lec and L are also fixed.

For direct-laser accelerated electrons, their maximum
energy is determined by the resonance condition with
wg R Wy, = Nwy ~ won/\/ﬁao. From this one can obtain
the energy of the resonant electrons as v =~ a3/n. For
the betatron oscillation, the electron transverse momen-
tum is expressed as pg/mec ~ ywgrg/c. Here rg is the
excursion of the electron, which reaches a maximum value
comparable to the radius of the laser beam as the reso-
nant electrons only locate in the laser region. For the self-
matched propagation of relativistic laser pulse in under-
dense plasma, the radius of laser beam is about twice the
relativistically-corrected plasma skin depth 2,/yrc/w,
[47-49]. Then the maximum electron transverse momen-
tum can be written as pg/mec ~ 2'/4ag /% This shows

that the normalized parameter 22 scales as %2 and —22
ag n apgmecC

~c(l4+55) and n = 1—vg /vpn = n/27p &

scales as /%,

In addition, an electron only gains energy from the
laser pulse when it stays in phase with the laser elec-
tric field. The acceleration length for the DLA elec-
trons is determined by the dephasing length when the

laser pulse is long enough so that the depletion length
of the laser pulse is larger than the dephasing length.
In this case, the electrons resonantly interact with the
laser pulse adequately and gain the energy continuous-
ly until the dephasing occurs. The dephasing rate be-
tween the electrons and the laser filed can be expressed

as 408 — Yo ) where ¢g refers to the rela-

dt Uph
tive phase between the glectron oscillation and the laser
field. It is noted that when the betatron frequency wg
gets close to the doppler-shifted laser frequency, the de-
phasing phase changes slowly so that the electrons stay
in phase with the laser pulse for a long time and gain sig-
nificant energy. However, the damping effect caused by
the increase of the Lorentz factor will shift the resonance
condition to be wg = (1 —J)wy,, where § refers to the fre-
quency deviation and is proportional to the damping rate

d%/dt [45]. In this case, the acceleration time of the elec-

wg —wo(l —

tron is expressed as Ty, ~ m ~ \/%6‘ 20, which is

inversely proportional to the value of a% Here T}, refers
to the period of the laser pulse. This model now indi-
cates that the self-similar parameter n/ag controls both
the energy gain and the transverse oscillation amplitude
of the electron, as well as the acceleration length.

III. BETATRON RADIATION

Betatron radiation can be generated when the rela-
tivistic electrons experience transverse betatron oscilla-
tions in the plasma channel. The theoretical properties
of betatron radiation are well known [3—7]. The betatron
radiation is characterized by a betatron strength param-
eter with ag = yrgwg/c. Both the emitted photon en-
ergy and number are proportional to ag. In the wiggler
limit of ag > 1, the radiation spectrum becomes quasi-
continuous and consists of a series of harmonics with a
critical energy of E, = 3hagy*wg and the number of pho-
tons emitted by the electron scales as Ng ~ Nag, where
h is the planck constant and N denotes the number of
betatron oscillations [3-7]. The generated radiation is
confined into a narrow cone with opening angle about
0~ ag/y.

The radiation properties are strongly dependent on
the electron dynamics, which in turn depends on the
choice of different laser and plasma parameters. It is
noted here that the betatron strength parameter ag al-
so represents the transverse momentum of the electron
pg/mec. For direct-laser accelerated electrons, the val-
ue of ag is ag ~ pg/mec &~ 2Y/*ag,/%. This shows
that an extremely large betatron strength parameter is
achieved for a small value of n/ap with a large laser
amplitude ag. One can further express the critical en-
ergy of the photon as E. = 2.5hw0a3(%0)3/2 and the
number of photons emitted by the resonant electrons s-
cales as Ng ~ wgTapag ~ ag/%2w. The divergence an-
gle of the radiation is about # ~ 2'/%\/n/ag. The to-
tal radiation energy is written as Wy, ~ N.NgFE,. and
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FIG. 1. (Color online) 2D particle-in-cell simulation results for ap = 60 and n. = 1.8n. at "= 1007,. (a) The distribution
of the normalized transverse laser field (eEy/mewoc); (b) The corresponding azimuthal static magnetic field (eBg./mewo)
generated by the fast electrons confined in the plasma channel, where the red line shows the transverse profile of the static
magnetic field at = 76pm; (c) The distribution of normalized electron density (ne/no), where ng refers to the initial plasma
density; (d) The distribution of the normalized electron energy density (n.FE./n.m.c?) in the white rectangle region shown in

(c), where E. is the averaged electron energy on each grid.

the total number of photons is N,, ~ N.Ng, where
N, is the total number of resonant electrons. For a
laser beam with a matched radius of R =~ 2,/yrc/wp,
a stable plasma channel is then formed. One estimates
the number of resonant electrons confined in the plas-
ma channel to be N, ~ n.mR%*ct ~ agn.\%crt, where
7 is the duration of the laser pulse and Aj is the laser
wavelength. Then the total energy of accelerated elec-
trons can be estimated as W ~ ym.c?N,.. Based on
these assumptions, the total number of photons scales
as Npn o ag(/%2 and the conversion efficiency of direct-
laser accelerated electrons into high energy photons scales
as Wpn/Weie = E.Ng/v ag%’. Thereby, for direct-
laser accelerated electrons, the dependence of the cor-
responding radiation on the laser intensity and plasma
density can be described as

ago ag n
Ecocag(—)3/2,Nphocag(—)l/Q,Goc (—)1/2, (5)
n n ag

th 3,Q0

e o af(20) ®

It is noted that these scalings are quite different from
that in the laser wakefield acceleration regime. For laser-
wakefield accelerated electrons, if the possible interaction
between the electron beam and the laser pulse is not con-

sidered, the generated radiation displays scalings as [3]

Ecocao(a—s)?’/Q,Nph ocao(%)‘gﬂ,ﬁﬁxnlﬂ7 (7)
W, a
WPZ x ao(f)g/z- (8)

This shows that for a fixed value of n/ag, radiation from
the direct-laser accelerated electrons reveals nonlinear s-
calings on the laser amplitude as E. « aj, Npp o a3,
and Wpp,/Wee ag, in contrast to the linear scalings
for the laser-wakefield accelerated electrons as E. x ag,
Ny, o ag, and Wy, /Weie < ag. This indicates that it is
much easier to produce a high energy and high flux radi-
ation source by employing an ultra-intense laser pulse in-
teracting with the underdense plasma in the DLA regime.
Exploiting these scalings is significant for the develop-
ment and optimization of a high energy and brightness
radiation source.

IV. PARTICLE-IN-CELL SIMULATIONS

In order to test the analytical scalings predicted in
the above section, two-dimensional (2D) and three-
dimensional (3D) particle-in-cell (PIC) simulations were
carried out using the code EPOCH [50]. In the simu-
lations, a p-polarized Gaussian laser beam with a self-
matched radius of 2,/yrc/w, was irradiated into an uni-
form near-critical dense plasma. The central laser wave-



length is A = 1lpym and the duration of the laser pulse
is initially fixed as 1007;,. The depletion length of such
a long laser pulse is ensured to be larger than the de-
phasing length between the electron oscillation and laser
field. The grid size is set as 1/40um along the propaga-
tion direction and 1/20pm in transverse place. 25 par-
ticles of each species (electron and ion) are put in each
cell. The initial electron temperature is assumed to be
1keV. Different laser intensities and plasma densities are
considered to characterize the scaling properties of the
electron dynamics and the generated radiation. In the
simulations, the radiation recoil effect is self-consistently
considered.

Figs. 1-3 show the simulation results for a laser pulse
with the peak intensity of 4.9 x 102!W /cm? propagating
through a near-critical dense plasma with n, = 1.8n..
The initial radius of the laser beam is set as 2.2um, which
is about twice the relativistically corrected plasma skin
depth, this ensures that the laser beam can match well
with the plasma and stably propagate into the plasma
[47], as shown in Fig. 1(a), no obvious self-focusing and
filamentation instability are observed. The normalized
amplitude of the laser pulse is close to its initial val-
ue with a9 = 60. Fig. 1(c) shows that a stable plasma
channel is formed by the laser ponderomotive force and a
regularly modulated electron beam is located in the cen-
tral region. The density of this electron beam is about
the initial plasma density with n. = 1.8n.. Along the
channel walls, it is noted that surface waves are excit-
ed. The electrons can be pre-accelerated and then be
injected into the plasma channel by these surface waves
[61, 52]. In the plasma channel, the injected electron-
s resonantly interact with the laser pulse and gain the
energy continuously until dephasing occurs. Fig. 1(d) in-
dicates that the high energy electrons are only those lo-
cated in the plasma channel and they are micro-bunched
with the laser wavelength. The transverse radius of the
accelerated electron beam is about 2.2pm, which is con-
sistent with the laser beam size. For the DLA electrons
their maximum transverse oscillation amplitude is limit-
ed by the laser beam radius. The magnetic field gen-
erated by the fast electrons in the plasma channel is
shown in Fig. 1(b). The transverse profile shows that
the static magnetic field varies linearly with the chan-
nel radius, suggesting that the assumptions in Sections
II and III are reasonable. The slope of the magnetic
field is kp = epgnec/2 =~ mewg/%e, corresponding to
f = 1. This gives a maximum value of the magnetic
field as Bg.maz ~ eponecR/2 ~ 3.5 x 10* x e Rlpm] ~
1.38 x 10°T. This corresponds to a normalized value
about 13.2, which agrees well with the simulation result
shown in Fig. 1(b). The fast electrons are confined by
this strong magnetic field and experience transverse os-
cillations in the plasma channel.

Particle tracking was also performed to have an insight
on the acceleration process of the high energy electron-
s. Fig. 2(a) shows the typical trajectories of high energy
electrons, which are mainly injected from the front sur-
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FIG. 2. (a) The trajectories of the electrons with a high en-
ergy above 700MeV at T' = 1207%; (b) The corresponding
evolutions of the transverse momentum of the tracing elec-
trons; (b) The corresponding evolutions of the energy of the
tracing electrons; (d) The energy gain of the tracing electrons
in longitudinal direction ¢ = — fot ev, F,dt and perpendicu-
lar direction €, = — fot e(vyEy + v, E.)dt.

(b)  10"F

photons / 0.1%BW

6 (degree)

|
al
(=]

200 400 600 800 1000 4 6
E (MeV) log, , (E, (€V)

FIG. 3. (Color online) (a) The energy spectrum of the elec-
trons at two different times; (b) The corresponding spectrum
of photon number calculated in 0.1% bandwidth (BW). The
inset figure in (a) shows the evolution of the maximum en-
ergy of the electrons and the inset figure in (b) shows the
evolution of the total radiation power P, = Wy, /Tr, which
is defined as the emitted photon energy per laser period. (c)
and (d) show the angular-spectral distribution of the electrons
and the emitted photons, respectively. Here 6 is defined as
0 = arctan(py/pz)-

face of the plasma [31]. They experience betatron oscil-
lations in the plasma channel. These electrons directly
interact with the laser pulse in the plasma channel and
both the transverse momentum and energy experience a
growing process, as shown in Figs. 2(b) and (c). To clar-
ify the source of energy gain of these high energy elec-
trons, the energy gain of each electron is separated into
two parts, i.e., € = €| + €1, where ¢ = — fot ev, E,dt and
€L = ffot e(vyEy + v,E,)dt. Fig. 2(d) clearly demon-
strates that DLA is the main acceleration mechanism
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FIG. 4. (Color online) The electron dynamics at 7' = 10077,
for a fixed value of n/ap = 0.03 but with different laser in-
tensities. (a), (c), and (e) The normalized density (n./no)
distribution of the electrons. (b), (d), and (f) The corre-
sponding normalized energy (E./aomec?) distribution of the
electrons in the red rectangle region shown in (e). (a) and (b)
The simulation result for agp = 20 and n. = 0.6n.. (c) and (d)
The simulation result for ap = 40 and n. = 1.2n.. (e) and (f)
The simulation result for ag = 60 and n. = 1.8n..

for these high energy electrons. That is, the electron-
s in the plasma channel are mainly accelerated by the
transverse laser electric field. Figs. 3(a) and (b) show
the energy spectra of electrons and radiated photon-
s. The maxwellian spectrum shown in Fig. 3(a) is also
a characteristic of the direct-laser accelerated electron-
s [25-30]. The inset figure in Fig. 3(a) shows the time
evolution of the maximum electron energy. The elec-
tron energy increases dramatically at the beginning then
gradually becomes saturated at about 7' = 1807,. The
corresponding maximum energy of the electron is about

Foar = fymazme(:Q ~ 1.08%?’771502 = 1.1GeV. which cor-
responds to a resonance condition as wg/wr, &~ 0.96. This
indicates that the betatron frequency of the electron is
very close to the doppler-shifted laser frequency, ensuring
that the electron can resonantly interact with the laser
field in the plasma channel. As the electrons are acceler-
ated, both the energy and number of the emitted photons
are increased, as shown in Fig. 3(b). The photon spectra
display as synchrotron-like spectra. The inset figure in
Fig. 3(b) shows that the radiation power becomes satu-
rated when the electron acceleration process is terminat-
ed. In this case, the photon spectrum can be extended
into the region of «-rays. The maximum photon energy
approach about 100MeV. Figs. 3(c) and (d) show the
angular-spectral distribution of the electrons and emit-
ted photons. These indicate that both the high energy
electrons and photons are collimated within an emission
angle below 20 degrees (7/9).

To study the parameter dependence of betatron radia-
tion, different laser intensities and plasma densities were
input into the simulations. The simulation results are
shown in Figs. 4-9. Fig. 4 shows the density distribu-
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FIG. 5. (Color online) The evolutions of the maximum elec-
tron energy (a), the maximum electron transverse momentum
(b), the total number of radiated photons (c), and the energy
conversion efficiency of the photons from the electrons (d) for
a fixed value of n/ag = 0.03.
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FIG. 6. (Color online) The energy spectra of the electrons (a)
and radiated photons (b) at 7' = 18077 for a fixed value of
n/ag = 0.03.

tions of the electrons for a fixed parameter n/ag = 0.03
but with different laser amplitudes. Figs. 4(a), (c), and
(e) show that the normalized density distribution and the
channel length are almost the same for three different cas-
es. Figs. 4(b), (d), and (f) show that the accelerated elec-
tron beam exhibits collective motion in the plasma chan-
nel, which is micro-bunched with the laser wavelength.
The normalized energy distribution and transverse beam
sizes are also the same in these three cases. This in-
dicates that the electrons dynamics are self-similar for a
fixed value of n/ag, which agrees well with our theoretical
predictions. Once the parameter n/ag is fixed, the phase
velocity of the laser pulse, the electron beam radius, and
the betatron frequency of the resonant electron are all de-
termined. The time evolutions of the electron dynamics
and radiated photons for a fixed parameter n/ag = 0.03
also display similar behavior, as shown in Fig. 5. Fig.
5(a) shows that the electron acceleration processes for
different laser intensities become saturated at the same
time because the acceleration time is only dependent on
the value of n/ag, as predicted by the theory. In addi-
tion, Fig. 5(b) indicates that an extremely large betatron
strength parameter can be achieved in the DLA regime.



It is noted from Figs. 5(a) and (b) that both the elec-
tron transverse momentum and energy are proportional
to the laser amplitude. As a result, the betatron radi-
ation displays a nonlinear correlation on the laser am-
plitude, as demonstrated in Figs. 5(c) and (d). Fig. 6
shows the corresponding energy spectra of electrons and
radiated photons. It is shown from Fig. 6(a) the electron
temperature is increased with the increase of the laser
amplitude. This is strongly indicative of DLA. Fig. 6(b)
shows that the photon energy spectra are very sensitive
to the laser intensity and can be tunable by increasing
the laser amplitude.
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FIG. 7. (Color online) The scaling properties of the electron
dynamics and radiated photons for a fixed value of n/ag =
0.03 and n/ap = 0.05.
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FIG. 8. (Color online) The time evolutions of the maximum
electron energy (a) and the total radiation power of the pho-
tons (b) for a fixed laser amplitude of ag = 60. (c) and (d)
show the corresponding energy spectra of the electrons and
radiated photons at the acceleration time.

The scaling properties of the electron dynamics and
radiated photons are shown in Fig. 7. For a fixed value
of n/ag, both the electron energy and transverse mo-
mentum are proportional to the laser amplitude. From
Fig. 7(a) one can give an estimation of the maximum
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FIG. 9. (Color online) The scaling properties of the electron
dynamics and radiated photons at different acceleration times
for a fixed laser amplitude of ag = 60.

electron energy that can be accelerated in the plasma

channel as E,,,. ~ 1.17%771@02. For a fixed value of

n/ap = 0.03, this indicates that GeV electron beams
can be easily achieved by using a laser pulse with the
intensity above 3 x 102!W/em?2. Fig. 7(b) shows that
the betatron strength can be enhanced dramatically in
the DLA regime, which is crucial to produce a radia-
tion source with high photon energies and high photon
flux. As the betatron radiation is strongly dependent
on both the electron energy and transverse momentum,
the total number and energy of the radiated photons dis-
play nonlinear scalings on the laser amplitude, as shown
in Figs. 7(c) and (d). Particularly, the total number of
photons scales as Ny, o a? and the energy conversion
efficiency of photons scale as Wy, /Weie a3 when the
parameter n/ag is fixed. This is in good agreement with
the theoretical scalings and these nonlinear scalings are
quite different from that in the laser-wakefield acceler-
ation regime [3]. The fitted scaling shown in Fig. 7(d)
suggests that 10% of the electron energy can be convert-
ed into the high-energy photons when the laser intensi-
ty is above 5 x 102'W/em?2. Fig. 7 also indicates that
the efficiencies of electron acceleration process and the
emitted radiation would be decreased for a lager value of
n/ag. For the parameters considered here, the simula-
tion results can agree well with the theoretical scalings.
However, with the increase of the laser intensity, the radi-
ation recoil effect [53] would gradually have an influence
on the properties of the Betatron radiation. Our further
simulation results demonstrate that for a fixed value of
S = 0.03, when the laser amplitude (ag) is lager than
100, i.e., ag > 100, the simulation results would deviate
from the theoretical scalings. This indicates that the ra-
diation recoil effect begins to affect the electron dynamics
significantly. In the radiation reaction dominant regime,
the scalings would become different from that shown in
Egs.(5) and (6). This will be investigated in detail in a
future work.
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Figs. 8-9 show simulation results for a fixed laser am-
plitude ag = 60 but with different plasma densities. Fig.
8(a) shows that the maximum electron energy that can
be accelerated is decreased with the increase of the plas-
ma density. The acceleration length, which is depen-
dent on the value of n/ag, is also decreased when the
plasma density is increased. The radiation power also
falls when the electron acceleration process is terminat-
ed, as shown in Fig. 8(b). The radiation power reaches
the maximum value when the electron achieves its max-
imum energy. Figs. 8(c) and (d) show that when the
plasma density is increased, the electron temperature is
decreased, as well as the number and energy of the ra-
diated photons. But it is noted that the photon ener-
gy spectra do not change significantly, which indicates
that the radiated photons are not sensitively dependen-
t on the plasma density as the laser amplitude. Fig. 9
shows the corresponding scaling properties of the elec-
tron dynamics and radiated photons. It is shown that
for a fixed laser intensity, both the electron and radiation
properties are inversely proportional to the plasma densi-
ty. The maximum electron energy scales as Fyqz < 92,
the maximum electron transverse momentum scales as
DPmaz X (%0)0'5, the total number of photons scale as
Npp o (22)%5, and the energy conversion efficiency of
photons scale as Wy, /Wee o %’ These scalings agree
well with the theoretical predictions. It is noted from Fig.

9 that the presented simulations have verified the scaling
properties in the range of 0.02 < S < 0.08. Our further
simulation results show that the scalings in Eq. (5) are
still applicable for 0.005 < S < 0.1. In principle, the
scalings are valid for a wide range of S. However, when
the value of S is very small, it is noted that the electron
acceleration length would be very large. In this case, the
laser hosing instability would occur for a very long dis-
tance propagation [54]. In addition, when the value of
S is very small, for a short-duration (7) laser pulse, the
plasma wavelength (\, ~ A, /v/S) can be larger than the
pulse length, i.e., A\, > c7, in this case, the laser wake-
field acceleration would become the dominant process.
On the other hand, when the value of S is very large, the
plasma would become opaque, in this case, the electron
acceleration would become inefficient. Thus, in the ex-
periments, in order to efficiently exploit the DLA regime,
the value of S should be in a suitable region.

Based on the scaling properties, one can conclude that
by exploiting the DLA regime, it would be much easier to
obtain an electron beam with high energy and high densi-
ty, and also a radiation source with high photon energies
and high photon flux by increasing the laser amplitude or
decreasing the plasma density. To demonstrate the fea-
sibility of producing high-energy and high-flux radiation
source in the DLA regime, three dimensional particle-
in-cell simulations were also performed. The simula-



tion box has dimensions 160 x 20 x 20um with a grid of
1920 x 200 x 200 cells and eight particles of each species
per cell. The laser and plasma parameters are the same
as that in Fig. 1. The simulation result is shown in Fig.
10. Fig. 10(a) indicates that the high energy electron-
s are micro-bunched with the laser wavelength. These
electrons can directly gain the energy from the laser field.
The corresponding energy spectrum of emitted photon-
s is shown in Fig. 10(b). The photon energy can reach
about 100MeV, which is similar to the spectrum in 2D
case, as show in Fig. 3(b). In this case, the total emit-
ted photon energy is about 1.12J and the total energy
of photons above 1MeV is about 0.69J. It is indicated
that about one percent of the laser energy (125J) is con-
verted into the radiation and 0.6% of the laser energy
is converted into the gamma photons. The total num-
ber of high energy photons above 1MeV can reach about
1.23 x 10'2. In addition, the angular distribution of emit-
ted photons shown in Fig. 10(c) demonstrates that the
high energy photons (> 1MeV) are collimated within an
emission angle between /18 and 7/9.

V. DISCUSSION

It is possible to enormously amplify the energy and
transverse momentum of the electron in the DLA regime
for a relatively small value of n/ag with a large laser am-
plitude. Exploiting this regime can produce a tunable ra-
diation source with high photon energy and high photon
flux simply by adjusting the laser amplitude. However,
experimental results demonstrate that the divergence an-
gle and transverse size of the radiation source generated
in this regime are very large compared with that in the
laser wakefield acceleration regime [15]. As a result, the
observed brightness of such a radiation source is much
decreased. The radiation source size is dependent on the
transverse size of the accelerated electron beam, which
could be affected by the nonlinear laser propagation pro-
cess in plasmas, such as the filamentation instability and
hosing instability. In the matched propagation scheme,
the laser pulse can stably propagate into the plasma. In
this case, it is emphasized that the transverse size of the
accelerated electron beam strongly depends on the accel-
eration length of the electrons. In the experiment, the
interaction length between the laser pulse and plasma
should also be optimized to obtain a high-brilliance radi-
ation source.

The acceleration length of DLA electron in the plasma
channel is determined by the dephasing length between
the electron and the laser field, and also the depletion
length of the laser pulse. For the laser pulse propagat-
ing in underdense plasma, the laser energy will be de-
pleted after a distance (depletion length) Leten =~ §2cT
[36, 46], where T is the duration of the laser pulse. The
depletion length depends strongly on the choice of the
pulse duration and is inversely proportional to the plas-
ma density. On the other hand, the dephasing length
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FIG. 11. (Color online) The simulation result for ag = 20
and ne = 1.2n. at T' = 1007;. The duration of the laser
pulse is set as 1007r. (a) The distribution of the normalized
transverse laser field (eE,/mewoc). (b) The corresponding
transverse static magnetic field (eBs./mewo). (¢) The dis-
tribution of the averaged electron energy (F.) on the grids,
where the unit is MeV. The white dash lines indicate the
position of the wavefront of the laser pulse.

between the electron and the laser field can be written as

Lap = Ty = \g‘%‘ 20, The desired acceleration length
for DLA electron is the dephasing length as the electron

can reach its maximum energy. This requires the laser

pulse having the duration 7 > f/TiLé, here the frequency

deviation is estimated to be § = |1 — 2| ~ |1 — S|

L Vm
For the parameters in Fig. 11, this gives a value about
d ~ 0.16. In this case, Lesen (/= 417um) > Lg,, the accel-
eration length for the electron is determined by the de-
phasing length with Lg, ~ 74um, which agrees well with
the simulation result shown in Fig. 11. After this dis-
tance, the high energy electrons overtake the laser pulse
and leave the plasma channel. Those electrons with a
large transverse momentum then cannot be confined in
the background plasma without the channel field and
they would spread away quickly in the background plas-
ma, as shown in Fig. 11(c). As a result, the transverse
size of the electron beam is expanded and the energy is
also dissipated when the interaction length is larger than
the dephasing length [55]. In this case, the radiation
power would be much reduced.

When the depletion length for a short laser pulse is
comparable to the dephasing length, pulse depletion has
an important influence on the electron dynamics. Fig. 12
shows the simulation result with the same parameters as
in Fig. 11 but with a short pulse duration of 7 = 2577,
It is noted that as the laser pulse is gradually depleted
in the plasma, the longitudinal length of the high energy
electron beam is also reduced. Fig. 12(c¢) shows that the
laser pulse is completely depleted at T' = 1107y,. At this
moment, the electron acceleration process is terminated
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FIG. 12. (Color online) The simulation result for ap = 20 and n. = 1.2n. at T' = 407[(a), (d), and (g)], T' = T70TL[(b), (e),
and (h)], and T' = 1107 [(c), (f), and (i)], respectively. The duration of the laser pulse is set as 2577,. (a-c) The distribution of
the normalized transverse laser field (eEy/mc.woc) at three different times. (d-f) The corresponding transverse static magnetic
field (eBs:/mewo). (g-1) The distribution of the averaged electron energy (E.) on the grids.

and the electron beam is not micro-bunched, as shown
in Fig. 12(1). In addition, channel propagation ceases
and the strength of the channel field is also reduced, as
shown in Fig. 12(f). In this case, the relativistic elec-
tron beam would deviate from the plasma channel and
these electrons with large transverse momenta can not be
confined in the plasma. Figs. 12(g), (h), and (i) indicate
that the energy of the electron beam is quickly dissipated
in the plasma and the transverse beam size is also much
increased. This broad electron beam would result in a
radiation source with a large transverse size and diver-
gence angle. The corresponding brightness would also be
reduced.

Thus, there should be an optimized interaction length
in the experiment. In this case, the electron beam can be
accelerated adequately and the radiation can also be effi-
ciently emitted. This optimized interaction length is con-
sistent with the electron acceleration length, which is de-
termined by the dephasing length and also the pump de-
pletion length. When the laser plasma interaction length
is less than the electron acceleration length, the electron
beam can not be accelerated adequately. On the other
hand, when the laser plasma interaction length is larger
than the electron acceleration length, the electron beam
would spread away and dissipate in the plasma. There-
fore, when the interaction length is deviated from the
optimization length, the quality of the radiation source
would be reduced. However, considering the high effi-
ciency in radiation generation in DLA regime, in the ex-
periment, one can still get a bright radiation source by
choosing a shorter interaction length at the expense of
decreasing the electron energy.

VI. SUMMARY

In summary, we have investigated the scaling proper-
ties of the direct-laser accelerated electrons and the radi-
ated photons in the DLA regime for the first time. The
dependence of the radiation properties on some control-
lable parameters, such as the plasma density and laser
intensity, as well as the interaction length, has been s-
tudied both analytically and numerically. Results have
been presented confirming that the electron dynamics
and the betatron radiation are strongly dependent on a
self-similar parameter S = n”—; This controls the energy
gain and the transverse betatron amplitude of the elec-
trons, as well as the radiated photon number and photon
energy. In addition, the total number and energy of the
photons display nonlinear scalings on the laser amplitude
for a fixed value of S. It is suggested that by exploiting
the DLA regime, a tunable high-energy and high-flux ra-
diation source can be achieved by employing a relatively
small value of S with a large laser amplitude. The in-
teraction length between the laser pulse and the plasma
is also suggested to be an important parameter to affect
the properties of the electron beams and the radiation
source.
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