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We show that a high current quasi-monoenergetic electron beam and a peaked brilliant gamma-ray

beam can be generated by irradiating an ultra-intense laser pulse on uniform near critical density

plasma, with a laser spot radius RL � ðk=pÞ
ffiffiffiffiffiffiffiffiffiffi
2a=n

p
, here k is the laser wave length, a denotes the

normalized laser intensity, and n denotes the normalized plasma density. Due to a relativistic reso-

nant phase locking mechanism, high energy oscillating electrons are trapped to ride on the laser

electric field, and an unprecedented ultra-fast ultra-brilliant gamma-ray pulse is emitted from the

electrons. Both the high energy electrons and gamma-ray photons are emitted in a small polar angle

range. It is similar to a conventional wiggler synchrotron, except that the curvature radius of elec-

tron orbits in the laboratory coordinate frame measures in microns rather than in meters. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929848]

With the rapid development of ultra-intense laser tech-

nology, laser driven electron acceleration in plasma has

made great achievements. GeV level collimated monoener-

getic electron beams are generated from underdense plasma

driven by ultra-short relativistic laser pulses.1–4 One of the

most important applications of high energy electron beams is

to produce X-ray or gamma-ray pulses. Recently, all-optical

controllable high energy photon sources have attracted much

attentions.5–10 By propagating hundreds of MeV electron

beams, up to 100 MeV photons are produced via the brems-

strahlung approach.6 By interacting high energy electrons in

laser driven bubble with the driven laser pulse, MeV

synchrotron-like photons can be generated.8 By scattering

500 MeV electron beam with relativistic laser pulse, up to

18 MeV and brightness 1021 photons/s/mm2/mrad2/0.1%

bandwidth have been produced.10 However, the number of

high energy electrons per shot from underdense plasma is

usually very small (<1010), which limits the photon number

and the brightness of the radiation.

By irradiating an ultra-intense laser pulse on a near criti-

cal density plasma, high current high energy electrons and

photons can be generated.11–14 In a self-formed plasma chan-

nel,15 after a pre-acceleration process, a great amount of

electrons can interact with the driven laser pulse and directly

get energy from the laser pulse.11,16 A broad spectrum X-ray

radiation with a large number of photons and very high

energy conversion efficiency from the driven laser to the

radiation is demonstrated in experiment.12,13 However, ex-

perimental results show that the electron spectrum is

thermal-like and the radiation divergence angle is very large,

about p/3 rad,13 which surely limits the brightness of high

energy photons.

In a previous work,16 we have shown that more elec-

trons can match resonance conditions via a self-matching

mechanism during pre-acceleration process when using a cir-

cularly polarized (CP) laser pulse. In this paper, we first

show that the resonance conditions can be kept throughout

the whole acceleration process due to a novel relativistic res-

onant phase locking mechanism, and predict that both the

output electron beam and radiation can exhibit peaked spec-

tra, provided a stable near critical density plasma channel is

formed. Due to phase locking, high energy oscillating elec-

trons are trapped to ride on the laser electric field, and emit

high energy photons continuously, eventually a stable

bunched quasi-monoenergetic electron beam, as well as a

collimated, peaked, brilliant gamma-ray beam can be

generated.

Now we consider the electron motion driven by a CP

laser pulse in a stable self-formed plasma channel. For a line-

arly polarized (LP) laser pulse, although there exists para-

metric amplification effect,17 and there are less electrons

caught during the pre-acceleration process, most of the argu-

ments during the acceleration process that follow can be

approximately applied to the LP case, by geometrically con-

sidering the LP case as a two-dimensional projection of the

CP case. The reason for choosing a CP laser is that the model

is more simple, and the calculations are somewhat more

straightforward. A schematic figure of the distribution of the

laser electric field, electrons and emitted radiation is shown

in Fig. 1. With the CP laser pulse, electrons tend to rotate

transversely in the channel. It is very difficult to analyze the

complete complex nonlinear electron dynamics. Here, we

focus on the evolution of the relative phase between the
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electron rotation and the periodic laser field. Depending on

the relative phase w, electrons can gain or lose energy. The

relative motion is schematically shown in the inset figure.

Let w denote the relative angle from EL to r, where EL

denotes the electric field of the laser pulse at r, and r denotes

the distance from the center of the channel to the electron

position. The phase evolution of the electron can be illus-

trated by a simple Hamiltonian system. By ignoring the fast

radial oscillation, we can write the equations of the trans-

verse momentum and the energy in normalized form

dðcbÞ=ds ¼ ja sin w; (1)

dc=ds ¼ ba sin w; (2)

where a¼ eEL/mecx0, s¼x0t, b¼ v?/c, c is the Lorentz fac-

tor, j¼ 1� vz/vph, vz is the longitudinal velocity, vph denotes

the phase velocity of the laser pulse, e, me is the charge and

mass of electron, �0 is the vacuum permittivity, x0, c is the

laser frequency and laser velocity in vacuum, respectively.

The relative phase can be separated into two parts, an accel-

eration phase, 0<w< p, and a deceleration phase,

�p<w< 0. Due to the self-matching mechanism, only at

w� 0, electrons can be resonant with the laser pulse and get

energy to escape the trapping of the axial magnetic field;16

thus, we consider that a relativistic electron is initially

injected into the acceleration phase from w� 0, c� 1. The

derivation of the relative phase is equal to the difference

between the betatron frequency xB and the laser frequency

in the electron frame xL¼jx0. The betatron frequency can

be estimated as18 xB ¼ xp=
ffiffiffi
c
p

, where xp is the plasma fre-

quency. Then, we have

dw=ds ¼ v=
ffiffiffi
c
p � j; (3)

where v¼xp/x0. Here, by considering the electron betatron

frequency, the confinement effect of the self-generated field

in the channel is included. At first, the electron rotates very

fast, i.e., _w > 0. Due to the electron relativistic effect, the

betatron frequency decreases with energy increasing, i.e.,
€w < 0. If the transverse rotation velocity is not very large, so

that _w reaches 0 before w reaches p, then the phase w will

decrease, and the electron is caught by the laser electric field,

as illustrated by an arrowed dashed blue line in the inset fig-

ure. When the electron passes the point w¼ 0 again, it has

the maximum energy. Since the relative phase evolves very

slow compared with the laser frequency, the phase of the

electron motion and the phase of the laser field are locked

for a prolonged intervals. The phase locking is caused due to

the combination of the resonance and the electron relativistic

effect. It is noticed that the high energy transversely oscillat-

ing electrons have a relative phase w� 0. It is different with

the case of electrons simply driven by a laser pulse.

For relativistic electrons, i.e., c� 1, we have

b!
ffiffiffi
j
p
! const. Then, from Eqs. (2) and (3), we can get a

closed dynamical system with variables w and c. The phase

space spanned by the canonical variables c and w is con-

served, and a Hamiltonian can be derived

H ¼ 2v
ffiffiffi
c
p � jcþ ba cos w: (4)

The phase portrait is shown in Fig. 2(a) by black dotted

lines. There are two fixed points: a stable one is at w¼ 0 and

an unstable one is at w¼6p. There is a separatrix between

the oscillating region and the running away region, denoted

by a red dashed line. It is similar to the phase stability

motion in both conventional accelerators19,20 and inverse

free electron laser accelerators.21 The relative phase w varies

very slow compared with the laser phase. This means, in the

laboratory frame of reference, the electron spends too much

time in the acceleration phase. Above analysis is valid for all

resonance electrons at different laser phase. Thus, high

energy electrons are trapped to ride on the laser electric field

and exhibit helical distribution. Finally, a high current quasi-

monoenergetic electron beam peaked at several hundreds of

MeV, and an ultra-short collimated brilliant gamma-ray

pulse peaked at multi-MeV are emitted, along a fixed emis-

sion angle h, with a small divergency.

In order to form long stable channel, near critical density

plasma is required. In dilute plasma, since xp�x0, the

length of the plasma cavity is limited to the plasma wave-

length. In near critical density plasma, although xp�x0, an

ultraintense laser pulse (a� n) can propagate in the plasma

in relativistic transparent regime, and the length of the

plasma channel can be far beyond the plasma wavelength. In

the relativistic transparent regime, from the dispersion rela-

tionship v2
ph ¼ c2ð1� x2

p=x
2
0Þ and x2

p=x
2
0 ¼ n

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2
p

, we

have vph ¼ cð1� n=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2
p

Þ�1=2
, here n¼ ne/nc, ne denotes

the plasma density, and nc ¼ mex2
0�0=e2 is the critical

plasma density. At the limit of a � 1 and vz! c, we find

j ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n=a

p
¼ n=2a. Then, we can get the transverse

radius of motion of trapped electrons, Rt ¼ bc=xb

¼ k=2p
ffiffiffi
j
p
¼ ðk=2pÞ

ffiffiffiffiffiffiffiffiffiffi
2a=n

p
, here k¼ 2pc/x0 is the laser

wavelength in vacuum. In order to form a stable plasma

channel, it is required that the laser spot radius RL is large

enough to contain the transverse oscillation of high energy

FIG. 1. Schematic figure of the distribution of the laser electric field (a yel-

low curve), the resonance electrons (a blue curve), the emitted radiation (a

gray annular area), and the motion (a black curve) and radiation (two dark

red spots on the gray annular area) of a sample electron (a dark blue dot).

Inset figure: schematic plot of electron acceleration and motion.
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electrons and not too large to stimulate strong self-focusing.

Then, we rederived the condition for stable plasma channel

formation in near critical density plasma

RL � 2Rt ¼ ðk=pÞ
ffiffiffiffiffiffiffiffiffiffi
2a=n

p
: (5)

In order to show the details of the gamma-ray radiation,

we have run three-dimensional (3D) particle in cell (PIC)

simulations. A CP laser pulse with laser intensity

1022 W/cm2, central wavelength k¼ 1 lm, wave period

T0¼ k0/c, duration time 20T0, spot radius RL¼ 7 lm,

and a transverse (X,Y) Gaussian envelope with ar

¼ a0 expð�ðx2 þ y2Þ=4R2
LÞ is normally incident on the left

boundary (z¼ 0) of a 100� 50� 50 lm3 simulation box with

a grid of 1200� 600� 600 cells. Since Rt¼RL/2, we have

a� a0¼ 60 for resonance electrons. In this condition, the

nonlinear QED effect can be neglected,22,23 the motion of

electrons can be calculated from the Lorentz-Abraham-Dirac

(LAD) equation, and the electromagnetic radiation is domi-

nated by the synchrotron-like radiation regime. We extend a

fully relativistic 3D PIC code (KLAP)24 to consistently

include the radiation process and the recoil force by using

the method outlined in Ref. 25. A near-critical density

plasma target consisting of electrons and protons is located

in 6 lm< z< 71 lm. In the laser propagation direction, the

plasma density rises linearly from 0 to n0¼ 1.115� 1021/cm3

over a distance of 5 lm and then remains constant. In the ra-

dial direction, the density is uniform. The number of super-

particles used in the simulation is about 2.2� 109 for each

species (eight particles per cell for each species correspond

to n0). The initial temperature of electrons and ions are Te of

150 keV and Ti¼ 10 eV, respectively.

When irradiating the ultra-intense laser pulse on the

plasma, after an unstable filamentary stage, electrons are

expelled and an ion channel is self-formed. With the reso-

nance acceleration gradually being dominant, a great amount

of high energy electrons are accelerated and propagate along

forward direction. A snapshot of the distribution of electrons

in the w–c phase space at 230 fs is illustrated in Fig. 2(a). It

is shown that most of the high energy electrons are located

around the fixed point at w¼ 0. A snapshot of the distribution

of electron density and the laser electric field at t¼ 230 fs is

shown in Fig. 2(b). It is verified that most of the electrons in

the channel are phase synchronized with the laser electric

field.

The final angular-spectral distribution and spectrum of

electrons and radiation are shown in Fig. 3. The results are

calculated by accumulating the forward electrons and pho-

tons, respectively, at z¼ 90 lm over the entire simulation

time. Both the high energy electrons and the high energy

radiation are mainly located around an emission angle

h� p/12 rad, with a full divergence angle about p/18 rad.

The angular-spectral distribution and the corresponding

energy spectrum of electrons at the emission angle is shown

in Fig. 3(a). The upper panel shows that electrons are sepa-

rated into two parts, high energy part distributed within an

emission angle p/18< h< p/9, and low energy part

(<200 MeV) spread over all polar angle. The lower panel

shows that more than 1011 high energy electrons exhibit a

quasi-monoenergetic spectrum, peaked at about 400 MeV. It

is very different from the thermal spectrum shown in previ-

ous works on laser plasma interaction with similar parame-

ters.11–13 The photon number distribution is shown in Fig.

3(b). In the upper panel, it is shown that most of the high

energy photons are distributed within the emission angle. In

the lower panel, the photon number exhibits a broad spec-

trum, similar to the conventional synchrotron wiggler, but

covers higher energy range, from keV to 50 MeV, peaked at

about 3 MeV. The number of photons with energy greater

than MeV is about 1012. The corresponding radiation energy

is about 3 J, which is about 2% of the incident laser energy.

The duration time of the gamma-ray pulse is close to the

length of the electron beam, which is about 20 fs. The radius

of the radiation source is about 1 lm. From this, we can get

the brightness of the gamma-ray emission in the order of

1024 photons/s/mm2/mrad2/0.1% bandwidth. By using a LP

laser pulse with the same laser energy, a weaker radiation

with similar spectrum profile is emitted, as shown by a blue

dashed line in the lower panel of Fig. 3(b). Although the

number of accelerated electrons in LP case is less than that

in CP case, since the radiation is emitted during the accelera-

tion process, the superiority of CP laser is not as strong as

that in the case of extreme power laser collision.27

For a laser pulse with a smaller spot radius, RL�Rt, res-

onance electron cannot be contained in the laser area. For a

greater spot radius, RL> 3Rt, the plasma channel is unstable

due to the strong laser self-focusing effect. For either of the

two cases, it is very difficult to realize self-synchronization

between the electron motion and the laser electric field, there

is no monoenergetic electron beam, and the radiation is

FIG. 2. (a) Snapshot of electrons (pha-

sespace density in arbitrary unit) and

phase portrait (solid lines) of the

Hamiltonian of Eq. (4) in the phase

space spanned by w and c and (b) snap-

shot distribution of electron density

ne/nc (upper panel) and transverse elec-

tric field eEy/mecx0 (lower panel) in

y–z section at simulation time 230 fs.

The phase portrait in (a) is plotted by

assuming j¼ 0.05 and v¼ 1.
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weakened. As an example, the final electron spectrum for

RL¼Rt¼ 3.5 lm is thermal-like, as shown in the lower panel

of Fig. 3(a) by a red dashed line.

The advantages of this radiation regime can be more

obvious when the laser intensity is higher. Currently achieva-

ble laser intensity is up to 1022 W/cm2.26 Higher intensity

laser can produce brighter radiation. Especially, when the

radiation reaction is important for the betatron oscillation

electrons, the maximum energy gained by a single electron

will be suppressed due to the radiation reaction; however,

the number of high energy electrons will increase, with the

laser intensity increases. It is noticed that the radiation mech-

anism we discussed here is different from that discussed in

many works in radiation reaction dominant conditions. Our

discussion can be extended to lower laser intensity condition,

in which lower energy electron beam and radiation can be

generated, provided Eq. (5) is satisfied. Furthermore, in

many of those works, e.g., in Ref. 28, the radiation emitted

mainly due to electron quiver motion. However, in our case,

most of the radiation energy is emitted by high energy phase

locking electrons. The phase locking mechanism depends on

a stable plasma channel, which can be produced in the rela-

tivistic self-transparent regime, by irradiating a focused

ultra-intense laser pulse on a uniform near critical density

plasma. Strong X-ray radiation from electrons performing

direct laser radiation in a cavitated channel has been meas-

ured with linear polarization laser pulse. Recently, various

techniques have been demonstrated to produce near-critical-

density plasma targets, including cluster-gas targets,29

foam,30 nanotube,31 and diamond-like carbon targets,32 indi-

cating that experiments for gamma-ray radiation from near

critical dense targets become feasible.

We have investigated high current quasi-monoenergetic

and peaked ultra-brilliant gamma-ray generation by propa-

gating an ultra-intense CP laser pulse in a near critical den-

sity plasma target. Our proposed emission regime is

promising to build compact, brilliant, and adjustable gamma-

ray pulse sources, which may change the gamma-ray appli-

cations in many areas, including material detection, radiogra-

phy, medical treatment, high energy physics, etc.
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