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A new scheme is proposed to improve the electron beam quality of ionization-induced injection by tailoring gas profile
in laser wakefield acceleration. Two-dimensional particle-in-cell simulations show that the ionization-induced injection
mainly occurs in high-density stage and automatically truncates in low-density stage due to the decrease of the wakefield
potential difference. The beam loading can be compensated by the elongated beam resulting from the density transition
stage. The beam quality can be improved by shorter injection distance and beam loading effect. A quasi-monoenergetic
electron beam with a central energy of 258 MeV and an energy spread of 5.1% is obtained under certain laser—plasma

conditions.
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1. Introduction

Charged particle beams have potential applications in the
areas of exploring microscopic material and the basic com-
ponents of nature and universe, which are mainly produced
by large-scale conventional radio-frequency (RF) accelerators
under the current scientific and technological conditions.!!!
But the material breakdown threshold limits the achievable
acceleration gradient of RF accelerators to a few tens of
MeV/m. The laser wakefield acceleration (LWFA) may be-
come a promising technology for the next generation table-top
accelerators in the future due to the tremendous acceleration
gradient which usually can be as large as one thousand times
of that of the traditional RF accelerators.?! With the devel-
opment of the chirped pulse amplification technology,?! the
laser intensity rapidly increases to the relativistic level, and
provides favorable opportunities for LWFA.[4-%] In the nonlin-
ear case, the laser excites cavitation regime, and this is so-
called “bubble”, which is benefical to obtaining monoener-
getic electron beams.!”! Recently, the electron beams with
monoenergetic peak up to 7.8 GeV have been demonstrated
experimentally. (1%

Although the LWFA has ultrahigh acceleration gradi-
ent, the beam quality obtained from LWFA is not as good

as that from RF accelerators. In LWFA, controlled elec-
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tron injection is a key factor to improve electron beam qual-
ity. The electron injection means that the moving electrons
locate at the accelerating phase of wakefield and are ac-
celerated to high energy.!!l Many effective injection meth-
ods have been proposed to achieve this goal, e.g., collid-
ing pulses injection, !> density gradient injection,>%! and
ionization-induced injection.!'>1%1 The ionization-induced in-
jection is a typical longitudinal injection, which has been
widely used in experiments due to the advantages of simple

I7.18] The monoenergetic elec-

operation and controllability.!
tron beams with GeV energy by using this method have been
obtained in recent years.!!”?% Such compact high quality
electron sources have many applications in betatron radiation

[21,22 [23.24] and free elec-

source, 1 ultrafast electron diffraction,
tron laser.”>) When an ultra-intense laser propagates through
the mixture gas of high-Z and low-Z, the outer-shell electrons
are ionized instantaneously and form plasma wakefield. The
electrons in the inner-shell of high-Z atoms with higher ion-
ization potential are released near the peak electric field of the
laser pulse, and then they are preliminarily accelerated during
the backward slippage. If the longitudinal velocity of these
electrons exceeds the phase velocity of the wakefield, they
could be trapped by the wakefield and accelerated to higher

energy.[?027] In the current experiments of LWFA, the laser
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intensity is usually greater than the ionization threshold of
the inner-shell electrons during the whole acceleration pro-
cess due to the self-focusing effect, which leads to the con-
tinuous injection.?”-?8) This phenomenon increases the dif-
ference of the ionized electrons not only in phase space, but
also in actual acceleration distance, which results in high en-
ergy spread. In order to overcome these disadvantages, many
schemes have been proposed to improve the beam quality of
ionization injection.>*=3!1 However, more simple and efficient
schemes of ionization injection are still necessary.

In this paper, we propose a scheme to improve the elec-
tron beam quality by tailoring the gas profile in ionization in-
jection. We find that the ionization injection mainly occurs
in high-density stage and truncates in low-density stage due
to the decrease of the wakefield potential difference. Two-
dimensional (2D) particle-in-cell (PIC) simulations reveal that
the effective injection distance is controlled by the length of
the high-density stage. Meanwhile, the longitudinal density
profile of the injected electron beams can be modulated by the
density transition stage, which can compensate for the beam
loading effect.[*?! Finally, the quality of the electron beam is
improved. A quasi-monoenergetic electron beam with central
energy of 258 MeV and energy spread of 5.1% is obtained un-
der the simulated parameter conditions.

2. Simulation model

To analyze the process of the ionization-induced injec-
tion in multi-staged gas, 2D PIC simulations were performed
in cartesian coordinates by using the LAPINE code.3334 A
linearly polarized Gaussian laser propagates along z-axis from
the left boundary of the simulation box with a wavelength of
Ao = 0.8 pum, the spot radius of wy = 15 pm, the pulse du-
ration of 7, = 33 fs. The normalized vector potential of the
laser pulse is ag = eEyro/mepc = 1.8 where e is the electron
charge, Eyy is the peak electric field, m. is the rest electron
mass, @y = 27c/ Ay is the laser frequency, and c is the speed
of light, which corresponds to the pulse energy of 2.25 J. The
simulation box with a size of 60 wm x 100 wm is employed and
moves along z-axis at the speed of light in vacuum. The sim-
ulation box is divided into 3000 x 1000 cells, and the size of
each cell is 0.02 umx0.1 um. The time step is Ar = 0.05 fs to
satisfy the courant condition. The on-axis electron density dis-
tribution is shown in Fig. 1. The background electrons come
from the fully ionized hydrogen and the outer shell of neutral
nitrogen. Because these electrons are bounded with low ion-
ization potential and could be released near the leading edge
of the laser. The main pulse directly interacts with N°* ions
rather than neutral nitrogen atoms. The density of nitrogen
jons N°T is ny = 1.4 x 10'® ¢m™3, which are considered as
the injection source. According to the density distribution of
the background electrons, the mixed plasma is divided into the

high-density stage L, the density transition stage L,, and the
low-density stage L3 respectively. There is also a density ramp
from vacuum to uniform plasma with a length of 50 um and
the laser focuses at the front of the mixed plasma. It is worth
mentioning that such density profile can be generated via dou-

ble gas jets with different pressure in experiments. 3]
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Fig. 1. Sketch of electron density n. (red line) and neutral nitrogen
ions ny (blue line). The lengths of high-density stage, density transition
stage, and low-density stage are represented by L » 3 respectively.

3. Results and discussion

To illustrate the validity of our scheme, we firstly choose
a group of typical parameters with the high-density stage of
Ly =450 um, the density transition stage of L, = 100 um, and
the low-density stage of n3 = 2.3 x 10'® cm™3. In our scheme,
the laser intensity cannot trigger self-injection of the back-
ground electrons. Besides, the density gradient injection can-
not occur due to small density gradient in the density transition
stage. Therefore, the ionization-induced injection dominates
and all trapped electrons come from the inner shell of nitrogen
ions N°*, which has been verified by the electron trajectories.
The ionization injected electrons are accelerated to the dephas-
ing position. Meanwhile, the case without density transition
is also presented for comparison. Figure 2 shows the energy
spectra of the accelerated electron beams with (red line) and
without (blue line) the tailored profile at# = 15.2 ps. The elec-
tron beams have reached the dephasing position at this mo-
ment. We can see that the energy spectra without the density
transition is platform-like. However, a quasi-monoenergetic
electron beam with central energy of 258 MeV, maximum en-
ergy of 295 MeV, and energy spread of 5.1% is finally obtained
for the case with the tailored profile.

In the ionization injection, the wakefield potential is a key
factor to determine the ionization injection. In previous stud-
ies, the ionization injection condition has been presented and
the potential difference between the initial ionization position
and the minimum value satisfies A¥Y = 1. Figures 3(a) and 3(c)
show that the electron density distributions of the background
plasma and ionized electrons at different time. t = 1.5 ps cor-
responds to the moment of the laser in the high-density stage
and t = 2.1 ps corresponds to the moment of the laser in the
low-density stage. We can see that the size of bubble and
the length of the electron beam are a little elongated longi-
tudinally, which are attributed to the fact that when the laser
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propagates through the density transition regime, the plasma
wavelength gets longer according to the equation A,[um] =
3.3%10'%/,/ne[cm—3] since the electron density 7, decreases.
Figures 3(b) and 3(d) show the corresponding laser electric
field and the wakefield potential difference between the initial
ionization position and the minimum value. It can be seen that
the laser has almost the same intensity profile at = 1.5 ps and
t = 2.1 ps. The change of the wakefield potential is mainly
determined by the plasma density rather than the laser inten-
sity. The minimum potential increases as the plasma density
increases, which results in smaller potential difference. The
potential difference decreases from A¥Y = 1.05at¢r =1.5psto
AY¥Y =0.95 att = 2.1 ps. The injection condition A¥ > 1 is no

longer satisfied and truncates the ionization injection. The ef-
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Fig. 2. Energy spectra of the accelerated electron beams with (red line)
and without (blue line) tailored profile at # = 15.2 ps.
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Fig. 3. Electron density distribution of background plasma and ionized electrons at = 1.5 ps (a) and # = 2.1 ps (c). Panels (b) and (d) are the
corresponding laser field (red line) and wakefield potential (blue line) along y = 0. The arrow represents the potential difference between the

initial ionization position of the electrons and the minimum value.

In addition to the shorter injection distance, the density
profile of the injected electron beam can compensate for the
beam loading effect, which could affect the final beam qual-
ity. To study the effect of the electron injection process on
the beam density profile, the transverse focusing field distribu-
tion and the injected electron trajectories are shown in Fig. 4.
We can see that the shape of the transverse focusing field is
almost identical to each other due to the small density dif-
ference. The injected electron trajectory in Fig. 4(a) comes
from the high-density stage, while the one in Fig. 4(b) comes
from the density transition stage. Along the laser propagation,
plenty of off-axis electrons can be ionized and released. Al-
though they satisfy the longitudinal ionization injection con-
ditions AW > 1, they cannot be trapped and accelerated due to
the large transverse velocity, as shown in Fig. 4(a). However,

when the drive laser propagates through the density transition
stage, as shown in Fig. 4(b), the size of the bubble gradually
increases, e.g., o< ni/ 2, and the electrons have more time to
decelerate transversely, which means relaxing the transverse
trapping condition. Therefore, a large number of off-axis elec-
trons are injected at the density transition stage, which signifi-
cantly changes the density distribution of the injected electron
beams. Figure 5 shows the density profile of the injected elec-
tron beams (red line) and the longitudinal accelerating field
(blue line) at y = 0. In the density transition region, the inten-
sity of the longitudinal acceleration field decreases while the
plasma wavelength increases due to the reduced plasma den-
sity. As shown in Fig. 5(b), the optimized trapezoidal-shaped
profile has a significant modulation on the wakefield due to the
beam loading.!*?! The longitudinal electric field E, becomes
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smooth. The whole electron beams get the same energy gain
under the modulated wakefield. Therefore, the absolute en-
ergy spread would not increase due to excessive acceleration

distance.
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Fig. 4. Spatial distribution of the transverse focusing field E, at t =
1.5 ps (a) and r = 2.1 ps (b). Panel (a) is located in high-density stage
and (b) is located in low-density stage. The red lines represent the in-
jection electron trajectories in the wake rest frame z — ct.
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Fig. 5. The density profile of the injected electron beam (red line) and
the longitudinal accelerating field (blue line) at y =0: (a) = 1.5 ps and
(b) = 2.1 ps. The black-dash line is the slope approximation of the
accelerating field near the injected electron beams.

In view of the influence of the plasma density profile on
the quality of the ionization injection electron beams, a se-
ries of simulations have been performed. The evolution of
the injected charge is shown in Fig. 6(a). It could be seen
that the injected charge increases at the same rate before z =
500 um. When the laser propagates through the low-density
stage L3 (z > 500 pum), the ionization-induced injection trun-
cates earlier as the density n3 decreases and meanwhile the
injected charge gets fewer. The injected charge in the case of
ny =2.54 x 10'8 cm—3 (black-circle line) is larger than that in
the case of 1.70 x 10'8 cm—3 (red-triangle line). Figure 6(b)
shows the evolution of the peak energy and energy spread as
a function of the density n3 (L; = 650 um and L, = 100 um
are fixed). The density n3 is related to the minimum poten-
tial ¥in. The lower density would lift the minimum poten-
tial ¥, more obviously and cause smaller potential differ-
ence A¥. We can see that the peak energy Epeak is larger with
the increasing density n3 due to the stronger acceleration field.
Although the ionization-induced injection truncates earlier, the
electron beams gain more energy. However, if the density n3
is too low (e.g., n3 = 1.70 x 10'® cm™3), the density profile
of the electron beam cannot smooth the wakefield effectively,
which would increase the energy spread. It is worth noting
that the short effective injection distance is the direct reason
of beam quality improvement for the low density n3. If the
density n3 is much higher, the reason for the beam quality im-
provement is the beam loading rather than the shorter distance.
Figure 6(c) shows the influence of the length of the high den-
sity stage Ly (L, = 100 pm and n3 = 2.26 X 10'® cm™3 are
fixed). If the length L; is too short (e.g., L; = 150 pm or
300 pm), the electron beam has lower charge, and the accel-
eration field could not be modulated to a trapezoidal-shaped
profile in this case. Only when the injected charge in tran-
sition and high-density stages is approximately equal, the en-
ergy spread is obviously decreased via the beam loading effect.
Figure 6(d) shows the evolution of the beam quality as a func-
tion of the length of the density transition stage (L; = 450 pm
and n3 = 2.26 x 10'® cm™3 are fixed). The difference of the
electron energy is small with the change of L,. The density
gradient (n| —n3) /L, determines the velocity of bubble elon-
gation. As the length L, gets shorter, the velocity of the bubble
bottom moves faster. More and more off-axis electrons can be
injected. We can see that when the length of the density transi-
tion stage is between 100 um and 200 pum, the energy spread
of the electron beam is only about 5%. The electron energy

would further increase with longer acceleration distance L3.
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Fig. 6. (a) The evolution of injected charge as a function of the laser propagation. The peak energy and energy spread of the electron beam
with tailored density profile at 7 = 15.2 ps as a function of the density n3 (b); the length of high density stage L; (c); the length of the density

transition stage L, (d).

It is mentioned that the ionization induced injection oc-
curs in high-density stage L; and the density transition stage
L. Then the injection truncates and the beams are accelerated
to high energy in low-density stage L3. The injected charge
would increase if the length of L and L, is increased. Besides,
the charge and energy spread could be balanced by adjusting
the lengths of different stages. The beam loading effect modu-
lates the beam density distribution and smooths the wakefield,
to make sure that the energy spread would not increase as the
acceleration distance increases.

4. Conclusion

In this paper, we propose a new scheme to improve
the electron beam quality of ionization-induced injection in
laser wakefield acceleration. With tailored gas profile, the
ionization-induced injection mainly occurs in the high-density
stage and automatically truncates in the low-density stage due
to the decrease of the wakefield potential difference, which ef-
fectively shortens the injection distance. What is more, the
beam loading is compensated by the elongated electron beam
from the off-axis electron injection in the density transition
regime, and further improves the quality of the electron beam.
As aresult, a monoenergetic electron beam with central energy
of 258 MeV and energy spread of 5.1% is finally obtained in
two-dimensional simulations.
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