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Abstract

We demonstrate an all-optical method for controlling the transverse motion of an ionization injected electron beam in a

laser plasma accelerator by using the transversely asymmetrical plasma wakefield. The laser focus shape can control the

distribution of a transversal wakefield. When the laser focus shape is changed from circular to slanted elliptical in the

experiment, the electron beam profiles change from an ellipse to three typical shapes. The three-dimensional particle-

in-cell simulation result agrees well with the experiment, and it shows that the trajectories of these accelerated electrons

change from undulating to helical. Such an all-optical method could be useful for convenient control of the transverse

motion of an electron beam, which results in synchrotron radiation from orbit angular momentum.
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1. Introduction

The concept of laser plasma wakefield accelerators (LWFAs)

was first proposed by Tajima and Dawson[1]. Over the past

few decades, LWFAs have become increasingly mature and

have recently exhibited stable[2], low divergence (milliradi-

ans)[3] and energy tunable[4] electron bunches with a charge

at the picocoulomb level[5]. An electron beam is most effi-

ciently produced in the ‘bubble’ regime[6], which requires

laser pulses that are both intense (normalized vector potential

a0 > 1) and short (pulse duration τ ≤ 2πc/ωp, where ωp

is the plasma frequency). The ponderomotive force of these

laser pulses propagating in an underdense plasma pushes the

background electrons away from the high-intensity regions

and drives a relativistic plasma wave. The wave consists

of a string of ion cavities (also referred to as ‘bubbles’),
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and the electrons trapped inside can be accelerated by the

electrostatic field set up by the separation of electrons and

ions. Moreover, these accelerated electrons will also oscil-

late in the plasma wakefield with betatron frequency ωβ =
ωp/

√
2γ and emit synchrotron radiation[7]. There are several

methods of electron capture, including ponderomotive force

injection[8], colliding laser pulse injection[9], plasma den-

sity gradient injection[10] and transverse self-injection[11–13].

With these methods, the injected direction of electrons

is hard to control, and these injection processes are not

easy to achieve in experiment. In contrast, another method

is ionization-induced injection[14–16], which is used in this

study. Owing to the different ionization potential levels of

high Z atoms[15,17–19] (such as nitrogen), the outer shell

electrons can be ionized instantaneously by the rising edge

of the laser pulses (98 eV for N+5 requires an intensity of

~2×1016 W/cm2) and pushed away. The inner shell electrons

(552 eV for N+6 requires an intensity of ~1×1019 W/cm2)

are ionized close to the peak of the laser intensity enve-

lope. These ionized electrons will appear at rest and slip

backward relative to the laser pulses and the wake. The

electrons are trapped after gaining enough energy from the
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longitudinal electric field of the first period of the wake

to move at the phase velocity of the wake and will gain

additional energy[15]. Ionization injection is a more control-

lable method, regarded particularly for its stability[14,20,21].

Moreover, these trapped electrons mainly oscillate along the

direction of laser polarization in the ion cavity.

Owing to the fact that the plasma wakefield has a trans-

verse electric field of tens of gigavolts per metre and the

radius of a plasma bubble is limited to several microme-

tres[22], it is difficult to find a strong enough external electric

field or magnetic field for controlling the transverse motion

of an electron beam in a bubble, especially helical motion.

Moreover, Luo et al.[23] simulated and acquired the heli-

cal motion of an electron beam and elliptically polarized

radiation by laser pulses incident at a skew angle to the

axis of the plasma waveguide, but this method was hard

to achieve in experiment. Thaury et al.[24] used one laser

pulse to drive an asymmetrical plasma wakefield and another

pulse of colliding injection to achieve the helical motion of

an electron beam, but the process of colliding injection is

not easy to control and has low repetition probability. In

addition, Chang et al.[25] also generated the helical motion of

an electron beam and circularly polarized radiation by using

a petawatt-class circularly polarized laser pulse interaction

with near-critical density plasma, but the divergences of the

electron beam and radiation were very large.

In this paper, we propose a simple all-optical method

to control the transverse motion of the ionization injected

electron beam by changing the evolution of the plasma wake-

field transversal distribution. We also use three-dimensional

particle-in-cell (3D-PIC) simulation to verify our experi-

mental results and analyze the dynamics of electron trans-

verse motion.

2. Experimental setup and results

The experiment was performed at the Key Laboratory for

Laser Plasmas at Shanghai Jiao Tong University using the

100 TW laser system: a Ti:sapphire laser operating at 10 Hz

repetition rate with a central wavelength λ0 of 795 nm.

In the experiment, the system delivered 3 J p-polarized

pulses with duration of 30 fs in FWHM. The experimental

setup is shown in Figure 1. The laser pulse was focused

by an f /20 off-axis parabolic (OAP) mirror to a vacuum

spot size close to a Gaussian intensity distribution with

FWHM diameter of 30 µm and containing 30% energy. By

adjusting the OAP mirror posture to the optimal position,

the intensity distributions and spot shapes on, in front

of and behind the focal plane were all approximately

circular, as shown in Figure 1(a). The vacuum-focused

laser intensity can reach up to 6.5×1018 W/cm2, for which

the corresponding normalized vector potential a0 is ~1.7.

The plasma target was formed using a 1.2 mm × 4 mm

supersonic gas jet, which can generate well-defined uniform

gas density profiles in the range of 1×1017 cm−3 to 3×
1019 cm−3, as the gas stagnation pressure is changed[26–28].

The laser focal plane was located at the front edge of

the gas jet. The experimental results were obtained using

pure nitrogen for ionization-induced injection, and the gas

stagnation pressure was set at 1.2 bar (1 bar = 105 Pa),

corresponding to the background plasma density of 6×
1018 cm−3, considering the outer shell electrons of nitrogen

were fully ionized. A top-view[29] system, consisting of a

14-bit charge-coupled device (CCD) and a low-pass filter,

was used to monitor the interaction position and the length

of time-integrated plasma channel, as shown in Figure 1(c).

The electron beams emitted from the plasma channel were

Figure 1. Experimental setup. (a) Laser intensity distribution measured in front of, at and behind, respectively, the focal spot in the case of a perfect focus

situation. (b) Laser intensity distribution measured after adjusting the posture of the OAP mirror. (c) The top-view image of the plasma channel.
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detected by a DRZ fluorescent screen coupled with a 16-

bit electron-multiplying CCD (EM-CCD). The laser pulses

were blocked by a beryllium window with a thickness of

350 µm. However, in order to control the transverse motion

of the electron beam by using an asymmetrical transverse

wakefield, we adjusted the OAP mirror postures of yaw,

pitch and roll to generate the laser intensity distribution

of a slanted 45◦ ellipse and a 135◦ ellipse in front of and

behind the focal spot, respectively, as shown in Figure 1(b).

Here, 45◦ and 135◦ refer to the included angle between the

elliptical long axis and the horizontal axis.

The experimental results of the electron beam spots driven

by laser pulses for the two kinds of focus shape are shown

in Figure 2. When the posture of the OAP mirror is in the

optimal position, the typical shape of these electron beam

spots is an ellipse with its long axis in the horizontal direc-

tion (y-direction), as shown in the fourth column (0◦). As in

Figure 1(b), the experimental results are shown in the first

three columns of Figure 2, which demonstrate three different

types of ellipse with the long axis in the directions of 45◦,

90◦ and 135◦, respectively. To explain the results and analyze

the dynamics of the electron beam in the plasma wakefield,

we also carried out 3D-PIC simulations, as described in the

following sections.

To acquire the energy spectrum and charge of the electron

beam, a rectangle dipole magnet and an imaging plate

(Fujifilm IP-SR series) were used. The magnet, of 8 cm ×
8 cm with a magnetic field intensity of 0.98 T, was placed

50 cm away from the gas target to deflect the electron

beam. The imaging plate was placed 7 cm from the exit of

the magnet to record the deflected electron beam, and the

imaging plate was calibrated for charge calculation[30]. The

deflected electron distributions and calculated charges for

five consecutive shots are shown in Figure 3. The electron

beam in the case of symmetrical focus has higher maximum

electron energy and charge (~360±8 MeV, ~129±12 pC)

than in the case of asymmetrical focus (~327±23 MeV,

~91±13 pC). In this experiment, although the laser pulses

with asymmetrical focus can drive the process of the LWFA,

the electron beam parameters and stability have been sacri-

ficed to a certain extent.

3. 3D-PIC simulation and results

The 3D-PIC simulations were carried out using KLAPS

code[31,32], and the tunnel-ionization model was adopted

for field ionization. The simulation box size was 50 µm ×
60 µm ×60 µm with 1500×450×450 cells in the x-, y- and

z-directions, respectively, and one cell contained two macro

particles. In addition, a third-order time interpolation for the

magnetic field was used in the simulation. P-polarized (y-

direction) 800 nm laser pulses with a0 = 1.7 were focused to

a radius of 15 µm at x = 50 µm behind the front edge of the

nitrogen gas. The pulse had a Gaussian transverse profile and

sine-squared longitudinal shape with pulse duration of 30 fs

(FWHM). The neutral nitrogen longitudinal profile had a 100

µm up-ramp followed by a 2 mm long plateau with uniform

density of 6×1017 cm−3.

If a laser pulse with the focus situation shown in Figure

1(b) is propagating and self-focusing in the plasma, the shape

of the laser spot will change from a slanted 45◦ ellipse to a

circle and then to a slanted 135◦ ellipse. The process of laser

spot shape change will continue until the laser pulses cannot

sustain self-focusing in the plasma. Therefore, in order to

Figure 2. Electron beam spatial distribution. The first three columns are driven by the asymmetrical focus, showing three different typical shapes. All of

these electron beam profiles were acquired under the same experimental conditions. The last column is driven by the symmetrical focus. All of the angles

refer to the included angle between the elliptical long axis and the horizontal axis.
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Figure 3. Deflected electron distributions and charges for five consecutive shots. The red numbers are the total charges for electron energy above 80 MeV.

(a) Asymmetrical focus. (b) Symmetrical focus.

Figure 4. Laser plasma wakefield acceleration in 3D-PIC simulations. (a), (b) The cross-sections of the plasma bubble in the XY and XZ planes, respectively,

driven by the symmetrical laser spot. (c), (d) The cross-sections driven by the asymmetrical laser spot. (e)–(g) The cross-sections (in the YZ plane) of the

plasma bubble at different propagation positions, corresponding to the case of the symmetrical spot. (h)–(j) The cross-sections corresponding to the case of

the asymmetrical focal spot at different propagation positions.

study the process of this laser pulse propagation and self-

focusing in the plasma, and the influence of the asymmetrical

laser focus on the plasma wakefield acceleration, the asym-

metrical laser intensity distribution in front of the focal plane

was set according to the intensity distribution measured in

the experiments (as shown in Figure 1(b)), and the electric-

field intensity distribution is expressed as

E (x,y,z) = E0 ·
√

w0/rs(x) · exp

{

−

[

(y · cosθ − z · sinθ)2

2

+
(y · cosθ + z · sinθ)2

0.5

]/

rs(x)2

}

, (1)

where rs(x) = w0 ·
√

1− (x− x0)
2/z2

R, x0 is the longitudinal

position of the focal plane and zR is the Rayleigh length.

θ = 45◦ is the rotation angle (clockwise direction) of the

long axis of the ellipse shape.

The simulation results are shown in Figure 4. In the case

of the symmetrical laser spot, the electron beam in the

plasma bubble has a bigger transversal size (FWHM) in

the y-direction (~3 µm) than in the z-direction (~0.5 µm),

owing to the ionization injection, as shown in Figures 4(a)

and 4(b). The simulation results also demonstrate the cross-

sections (YZ plane) of the bubble, and that the electron

beam oscillates mainly in the XY plane, as shown in Figures

4(e) and 4(f). However, in the case of the asymmetrical
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laser spot, the transversal size of the electron beam in the

y-direction (~2 µm) is reduced but increasing noticeably in

the z-direction (~2 µm), as shown in Figures 4(c) and 4(d).

Moreover, the shape evolution of the cross-section is similar

to the laser spot, owing to the ponderomotive force expelling

electrons from the intense region of the laser pulses and

exciting the plasma bubble. In addition, the electron beam

transverse motion is different from that in the case of the

symmetrical laser spot, as shown in Figures 4(h)–4(j), and it

no longer oscillates mainly in the XY plane.

The simulated electron beam profiles are shown in Figures

5(a)–5(d). Figures 5(a)–5(c) are the electron beam profiles

at different propagation distances, corresponding to Figures

4(h)–4(j), respectively. These electron beam profile shapes

are similar to the cross-section shapes of the plasma bubble,

and the three typical simulated electron beam profiles also

agree well with the experimental results. In addition, accord-

ing to the simulation, the laser propagation distance at which

the electron beam profile changes from one shape to another

is about 200 µm, as shown in Figures 4(h)–(j). In other

words, the electron beam profiles appear as three different

kinds of shape, depending on injection positions or acceler-

ation distances. Actually, in our experiment, the processes

of injection and acceleration of the electron beam were

unstable owing to the fluctuation of laser parameters (energy,

duration, contrast, and others) and target parameters (gas

density distribution). However, in the case of symmetrical

focus, the shape of the electron beam in the experiment and

in the simulation was always an ellipse, with the long axis in

the laser polarization direction, as shown in Figure 5(d).

To compare the influence of the asymmetrical plasma

wakefield on the transverse motion of the accelerated elec-

tron beam in the plasma bubble, the phase spaces of Py-z and

Pz-y corresponding to the electrons of Figures 5(c) and 5(d)

are shown in Figures 5(e) and 5(f) and Figures 5(g) and 5(h),

respectively. Electrons in the symmetrical plasma wakefield

have more momentum in the y-direction than in the z-

direction, as shown in Figures 5(g) and 5(h), resulting in the

shape of the electron beam tending to be an ellipse, as shown

in Figure 5(d). However, for the asymmetrical plasma wake-

field, the maximum momentum in the y-direction is approx-

imately equal to that in the z-direction, as shown in Figures

5(e) and 5(f), and a majority of electrons have momentum

in the z-direction larger than that in the case of the

symmetrical plasma wakefield, as show in Figures 5(e) and

5(g). Therefore, a majority of electrons have experienced a

strong force in the z-direction in the asymmetrical transversal

wakefield.

4. Discussion

To discuss the transverse motion of the accelerated electron

beam in the plasma bubble, the transverse forces experienced

by the electrons on a cross-section are analyzed. Figures 6(a)

and 6(d) show the cross-section of the plasma bubble corre-

sponding to the cases of Figures 5(d) and 5(a), respectively,

and Figures 6(b) and 6(e) and Figures 6(c) and 6(f) show the

corresponding force distribution of fy/|q|and fz/|q| expressed

as

fy (y,z)/ |q| = −Ey (y,z)− vx ·Bz (y,z), (2)

fz (y,z)/ |q| = −Ez (y,z)+ vx ·By (y,z), (3)

where Ey and Bz are the self-generated fields in the plasma

bubble and vx is the speed of an electron in the direction of

Figure 5. Electron beam spots in 3D-PIC simulations. (a)–(c) Electron beam spots driven by a 45◦ slanted elliptical laser focus at different laser propagation

distances (~485 µm, 685 µm and 885 µm) in nitrogen. (d) Corresponding to the case of the circular laser spot at a distance of ~885 µm. (e), (f) The phase

spaces of the Py-z and Pz-y distributions, respectively, corresponding to the electrons in Figure 4(c). (g), (h) The phase spaces corresponding to the case of

Figure 4(d).
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laser propagation. For the symmetrical laser spot, the trans-

verse plasma wakefield is also geometrically symmetrical, as

shown in Figures 6(b) and 6(c). The force in the z-direction

experienced by the electron beam is almost equal to zero in

the polarized plane of the maximum laser intensity, as shown

in Figure 6(c). Generally, ionization injected electrons will

have residual momentum in the electric-field direction of

laser pulses. Thus, the injected electrons mainly oscillate in

the y-direction, driven by the force of fy, and the transverse

field gradient can reach 100 GV/m, as shown in Figure 6(b).

Meanwhile, the slanted elliptical laser spot will destroy the

symmetries of the transverse wakefield, as shown in Figures

6(e) and 6(f). Although the ionization injected electron

beam initially oscillates in the plane of laser polarization,

it will gradually deviate from this direction, as shown in

Figure 6(d). This is because the electron beam experiences

a strong force of fz and the field gradient can be up to

50 GV/m. Moreover, the direction of the resultant force tends

to be along the long axis of the cross-section of the bubble,

resulting in an electron beam shape that is similar to that

of the cross-section of the bubble. Also, owing to the laser

pulses self-focusing in the plasma channel, the direction of

the resultant force will also change with the evolution of

the laser intensity distribution and the cross-section of the

wakefield.

To compare the motion of the electron beam for the

two cases, we tracked 20 electrons individually,and their

trajectories are shown in Figures 7(a) and 7(b). In the case of

the symmetrical laser spot, these electrons mainly oscillate

in the XY plane with maximum amplitude of ~5 µm, with

Figure 6. Analysis of transverse force for the electrons in the plasma wakefield. (a), (d) The cross-sections of the plasma bubble corresponding to the

circular spot and the elliptical spot, respectively. (b), (c) The transverse force in the directions of y and z, respectively, corresponding to (a). (e), (f) The

transverse force in the directions of y and z, respectively, corresponding to (d).

Figure 7. Trajectories of the electrons driven by (a) circular laser focus and (b) elliptical laser focus.
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the amplitude in the XZ plane about 0.5 µm. However, in the

case of the asymmetrical laser spot, these electrons display

helical motion, and their oscillation amplitudes are about

3 µm in both the XY and XZ planes. This kind of rotary

motion favors the generation of synchrotron radiation from

the orbit angular momentum[19,24].

5. Conclusion

In conclusion, a simple method of controlling the transverse

motion of an electron beam in a plasma bubble is presented.

Laser pulses with a power of 100 TW drive a plasma

wakefield and accelerate an electron beam in the regime of

ionization injection. The transverse motion of the accelerated

electron beam can be controlled by changing the intensity

distribution of the laser focus by adjusting the posture of the

OAP mirror. When the shape of the laser focus changes from

circular to slanted elliptical, the geometrical symmetry of the

transverse force in the plasma bubble is changed, resulting in

the motion of the electron beam changing from undulating

to helical. Moreover, the profile of the electron beam also

changes with the laser focal spot’s shape. The experimental

results were verified by 3D-PIC simulations.

This method is expected to conveniently control the trans-

verse motion of an electron beam in a plasma wakefield

and to generate synchrotron radiation with orbit angular

momentum.
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