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Electron Acceleration in the Bubble Regime with Dense-Plasma Wall Driven by
an Ultraintense Laser Pulse *
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An optimizing scheme for electron acceleration in the wake bubble with dense-plasma wall driven by an ultrain-
tense laser pulse is presented and investigated by particle-in-cell simulation. The wall has an inner diameter
matching the expected lateral bubble size. The bubble shape can be transversely controlled and longitudinally
shrunk. The accelerated electrons as a bunch have a high quality because the electrons almost stay close to the
bottom of the bubble and are accelerated to much high energy with narrow energy spread.
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Driven by a short laser pulse or particle beam
propagating in a tenuous plasma, a wake wave would
be excited strongly that can be used to accelerate a
charged particle due to its high acceleration gradi-
ent. The laser wakefield acceleration[1,2] and plasma
wakefield acceleration[3] are promising to be substi-
tuted for traditional accelerators with greater accel-
eration rates and more compact facilities. Recent
experiments have extended accelerated electron en-
ergy from around 100 MeV[4] to GeV or higher[5] in
the wakefield acceleration regime. The other involv-
ing acceleration schemes are also proposed, e.g., pro-
ton driven acceleration[6] and comparable results are
given for electrons and positrons accelerations.[7] The-
oretically these wakefield electron acceleration experi-
ments can be reasonably described in the blowout[8] or
bubble[9] regime, in which the bulk plasma electrons
are expelled by laser pulse and form an electron cavity
which contains strong and almost linear[10−12] space-
charge field. Certainly these accelerated electrons
are trapped and self-injected at the bottom of the
bubble due to wave breaking.[13,14] There have been
many schemes proposed to improve the electron self-
injection in wakefield acceleration, including optical
injection,[15] downward plasma density transition,[16]
parabolic plasma density profile,[17] tightly focused in-
tense laser beam,[18] nanowire,[19] but few are pre-
sented for optimizing the acceleration process in the
bubble regime. To obtain higher electron energy,
we usually use lower plasma density and longer ac-
celeration distance.[20] However continuous electron
self-injection would result in poor quality of electron
beams than single self-injection because of the beam
loading.[21]

In this Letter, we present a way to optimize the
electron acceleration in the wake bubble by adding a
dense-plasma wall in the tenuous plasma. This wall

has an inner diameter matching the expected lateral
bubble size and forms the wall of a rarefied-plasma
channel along the path of the driving source. The
electron accelerations in the laser-plasma wake bubble
with and without the wall are compared in the two-
dimensional (2D) particle-in-cell (PIC) simulation.[22]
We find that with the wall, the self-injected electron
bunch is accelerated to much higher energy with nar-
rower energy spread, and the rear part of the continu-
ous self-injected electron bunch does good to enhance
the acceleration field and to increase the energy of ac-
celerated electrons.

We perform our investigation by using the 2D3V
PIC simulation.[22] In order to carry out continuous
electron self-injection, we use the simulation param-
eters similar to the previous investigation.[23] The
incident laser pulse, propagating along the 𝑥-axis,
has a Gaussian envelope 𝑎 ∼ 𝐴0 exp[−0.5(𝑦/𝑅𝐿)

2 −
0.5(𝑡/𝑇𝐿)

2], where 𝑅𝐿 = 6.72µm, 𝑐𝑇𝐿 = 3.2µm, and
the laser wavelength is 𝜆 = 800nm. The laser ampli-
tude is 𝑎0 = 𝑒𝐴0/𝑚𝑐2 = 20 (with the corresponding
intensity 𝐼 = 8.6 × 1020 W/cm2), where −𝑒 and 𝑚
are the electron charge and mass respectively, and 𝑐
is the speed of light in vacuum. The simulation cell is
constituted by longitudinal grid scale with 1/32 laser
wavelength and transverse grid scale with 1/64 plasma
wavelength. In addition, 8 particles are placed in each
cell for background plasma and 800 particles for high-
density wall region. The pulse enters a 1 mm long
plasma slab with the density 𝑛0 = 0.01𝑛𝑐, where 𝑛0 is
the bulk plasma density, 𝑛𝑐 = 𝑚𝜔2/4𝜋𝑒2 is the criti-
cal density, 𝜔 is the laser frequency. The left vacuum
is initially about 24µm, and the preformed tenuous
plasma has a density rising linearly from 0 to 𝑛0 in
a distance of 8µm. To study how the dense-plasma
wall affects the electron self-injection and acceleration,
we carry out the simulations with and without the
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wall with the plasma density 𝑛𝑤 = 𝑛𝑐, wall thickness
𝑑𝑤 = 2.4µm and inner radius 𝑅𝑤 close to the expected
lateral bubble radius in the uniform tenuous plasmas.
It should be noted that because of laser skin depth for
wall is about 𝑎𝜆𝑝,𝑤𝑎𝑙𝑙/

√
2 < 𝑑𝑤 and moreover the laser

focus size is smaller than 𝑅𝑤, the longitudinal propa-
gating laser is hardly transparent transversely to the
wall.
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Fig. 1. (Color online) The simulation with a Z-LP laser
pulse in uniform tenuous plasmas. Electron density dis-
tribution at (a) 𝑡 = 0.8ps, (b) 𝑡 = 2 ps, and (c) 𝑡 = 3.5ps.
(d) Electron energy spectrum at 𝑡 = 2, 3.5 ps.

To approach the real three-dimensional (3D) situa-
tion, we also demonstrate the investigation with differ-
ent laser polarizations: 𝑦-directionally linear-polarized
(Y-LP), 𝑧-directionally linear-polarized (Z-LP) and
circular-polarized (CP) in 𝑦 − 𝑧 plane. For conve-
nience, the dimensionless time, length, velocity, and
momentum are given by 𝜔𝑝𝑡, 𝜔𝑝𝑥/𝑐, 𝑣/𝑐, and 𝑝/𝑚𝑐,
respectively, where 𝜔𝑝 is the plasma frequency. The
dimensionless electron density and electric field are
given by 𝑛/𝑛0 and 𝑒𝐸/𝑚𝑐𝜔𝑝, respectively. In addi-
tion, because our simulations are 2D spatial, when we
count the electron numbers, we assume that the length
along 𝑧-direction is 1µm, and the electron numbers
will be given with an unit of 1/µm.

In Fig. 1, we demonstrate the continuous electron
self-injection in the bubble regime with a Z-LP laser
pulse propagating in an uniform tenuous plasmas with
the parameters mentioned above. In our investigation,
𝑎20/2 ≫ 8/𝑅2

𝐿 or 𝑃≫𝑃𝑐, where 𝑃 is the peak power
of the pulse and 𝑃𝑐 is the critical power for relativis-
tic self-focusing,[24] the pulse will be self-guided. In
Fig. 1(a) at 𝑡 = 0.8ps, the pulse has been self-focused
to an smaller spot size. The injected bunch has a
length of about 14𝑐/𝜔𝑝, and contains about 3 × 109

self-injected electrons, where 𝑐/𝜔𝑝 ≈ 1.27µm. Then
the pulse propagates another length of about 𝑍𝑅 at
𝑡 = 2ps in Fig. 1(b), where 𝑍𝑅 = 2𝜋𝑅2

𝐿/𝜆 ≈ 353.8µm
is the Rayleigh length, i.e. ∼ 278.6 normalized dis-
tance in units of 𝑐/𝜔𝑝 ≈ 1.27. The pulse is compressed

along the propagation direction, since the rear part of
the pulse propagates faster than the front part. Even
part of the rear part of the pulse overtakes the front
part, and is diffracted to lateral sides of the bubble
front since it is not guided in the ion channel. This
leads to two small electron cavities beside the bubble
front, or a ring in real 3D space, as can be seen in
Fig. 1(b). The self-injections have occurred continu-
ously, and the injected bunch has a length of about
48 with about 1010 injected electrons. Finally, af-
ter another 1.2𝑍𝑅 distance, we obtain a 40𝑐/𝜔𝑝 long
accelerated bunch with about 1010 electrons, shown
in Fig. 1(c). As we can see from Fig. 1(d), the en-
ergy spread of the electron bunch is broad and the
energy spectrum is multi-peak, since the accelerated
electrons are spread in broad space in the continu-
ous self-injection, some have passed the bubble center
after 𝑡 = 2ps and the large amount of self-injected
electrons significantly impair the acceleration field.
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Fig. 2. (Color online) The simulation with the Z-LP
laser pulse and a dense-plasma wall with inner radius
𝑅𝑤 = 11.31. Electron density distribution at (a) 𝑡 = 1 ps,
(b) 𝑡 = 1.5ps, (c) 𝑡 = 2 ps, and (d) 𝑡 = 3.5 ps.

We can estimate the 2D lateral bubble size by
comparing the potential energy of the expelled elec-
trons at the bubble edge with the ponderomotive
potential,[10,12,25] 1

4𝑦
2
𝑏 − 𝜎𝑦𝑏 ∼ 𝛿𝑎√

2
, where 𝑦𝑏 is the

lateral radius of the bubble, 𝜎 =
∫︀ 𝑦0

0
𝑛𝑏𝑑𝑦 is due to

the electrostatic force from the injected bunch, 𝑦0 and
𝑛𝑏 are the lateral radius and density of the injected
bunch respectively, 𝛿𝑎 is the real-time pulse amplitude
varying with time. In Fig. 1(a) at 𝑡 = 0.8 ps, we take
𝛿𝑎 =

√
2𝑎0 as the pulse is self-focused more intensely,

and take 𝜎 = 0 since the injected bunch is not so long
or close to the bubble center to affect the lateral bub-
ble size significantly. Then we obtain the estimated
lateral bubble radius at 𝑡 = 0.8ps to be 8.94, which
is close to the PIC data 9.1. In Fig. 1(b) at 𝑡 = 2ps,
we take 𝛿𝑎 = 2𝑎0 due to the effects of self-focus and
longitudinal compression, and take 𝜎 = 2.18, which
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is half the average value of the injected bunch since
the bunch occupies nearly half of the front half of the
bubble. Then we estimate the lateral bubble radius at
𝑡 = 2ps to be 15.85, which is close to the PIC data of
15.4.

If we place a dense-plasma wall with an inner di-
ameter smaller than the maximum lateral size of the
bubble along the path of the laser pulse, we can expect
that it would prevent the expansion of the bubble. In
Fig. 2, we run the simulation by adding the wall with
an inner radius 𝑅𝑤 = 11.31 to form a channel along 𝑥-
axis, where 𝑅𝑤 is larger (smaller) than the minimum
(maximum) lateral radius of the bubble in Fig. 1. We
can see from Fig. 2 that there are roughly three stages
of the electron acceleration: (i) the continuous self-
injection stage, (ii) the stage of clipping the injected
electron bunch, (iii) the quasi phase-stable accelera-
tion stage.
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Fig. 3. (Color online) The properties of the electrons
in Fig. 2. (a) The electron numbers of the accelerated
bunch at different times. (b) Electron energy spectrum
at 𝑡 = 2, 3.5ps. (c) Average energy distribution and (d)
angular divergence of the electrons at 𝑡 = 3.5 ps, where 𝑁 ′

𝑒
is the number of electrons per unit momentum (𝑚𝑐) per
unit mrad.

In the continuous self-injection stage, i.e. before
𝑡 = 1ps, see Fig. 2(a), the lateral bubble size is smaller
than the inner diameter of the wall, the bubble evolves
as in the uniform tenuous plasmas previously, the self-
injection occurs continuously.

The clipping stage of the injected bunch lasts from
𝑡 = 1ps to 𝑡 = 2ps, as can be seen from Figs. 2(a),
2(b) and 2(c). At the beginning of this stage, the
bubble grows up to meet the dense-plasma wall, the
latter shields the fields from the ion channel and in-
jected bunch quickly, and prevents the expansion of
the bubble. Meanwhile, the dense plasma electrons in
the wall are expelled outward slightly. This causes a
dense positive-charged thin layer at the lateral bubble
edge. This dense positive-charged layer enhances the
longitudinal acceleration field and leads to the shrink
of the rear electron sheath of the bubble, then the
rear part of the injected bunch is clipped behind the
bottom of the first bubble, see Fig. 2(b). The clipped
bunch is damped but pushes the electrons in front of

it and drives the second bubble, so that the bottom
electron sheath of the first bubble is made to be denser
to further enhance the longitudinal acceleration field.
We can see from Fig. 3(a) that, in the clipping stage,
the electron numbers of the accelerated bunch keep
decreasing from 𝑡 = 1 ps to 𝑡 = 2 ps, but tend to a
constant after 𝑡 = 2ps. Finally, the shrink of the rear
sheath of the first bubble becomes very slow, and the
clipping of the injected bunch is stop, it comes to the
quasi phase-stable acceleration stage.

The slowdown of the shrink of the bubble may be
due to the three reasons: (i) the bubble may shrink
to a certain size with the wall of a certain inner size,
(ii) the decrease of the accelerated bunch and the de-
pletion of the pulse lead to smaller lateral expansion;,
(iii) the clipped bunch, which can push the bottom
of the first bubble and can enhance the longitudinal
acceleration field, is depleted gradually.
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Fig. 4. (Color online) The simulations with the Y-LP/CP
laser pulse and with/without a dense-plasma wall with in-
ner radius 𝑅𝑤 = 12.25. [(a) and (b)] Electron density
distributions at 𝑡 = 1.5ps with the wall, where (a) with
Y-LP laser (b) with CP laser. [(c) and (d)] Electron en-
ergy spectrums at 𝑡 = 3.5ps, where (c) without the wall,
(d) with the wall.

In the quasi phase-stable acceleration stage, with
the benefits of the push from the clipped bunch and
the enhancement of the longitudinal acceleration field,
a part of the electrons at the bottom of the first bub-
ble goes forward with the accelerated bunch. We can
see in Fig. 2(d) and 3(b), 3(c) and 3(d) at 𝑡 = 3.5 ps,
when the accelerated bunch run out of the plasma
slab, a part of the electrons from the bubble bottom
follows it with the longitudinal momentum of about
1–2×103𝑚𝑐. The divergence of the longitudinal speed
between the accelerated bunch and the bottom of the
bubble is quite smaller than that between the accel-
erated bunch and the front of the bubble. The accel-
erated bunch almost always stays close to the bottom
of the bubble, and is quasi phase-stable accelerated
forward, see Fig. 2(c) and 2(d). The slope of the lon-
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gitudinal electric field at 𝑡 = 2 ps is about 1.7, which
is quite larger than 0.5,[10,12] because of the longitudi-
nal shrink of the bubble and the enhancements from
the dense positive-charged thin layer and the dense-
electron bottom of the bubble. On the other hand,
the weakening of the acceleration field from beam-
loading is significantly reduced, therefore the accel-
eration field is quite larger than that in the uniform
tenuous plasmas, and the accelerated bunch almost
always stays close to the bottom of the bubble and
feels the largest acceleration field so that it is acceler-
ated to a much higher energy with a narrower energy
spread and smaller angular divergence. For example,
as shown in Figs. 3(b) and 3(d) at 𝑡 = 3.5ps, the in-
jected bunch is accelerated to nearly 2 GeV with 4%
energy spread within ±25mrad angular divergence, in
comparison with that without the dense-plasma wall
where the maximum energy is about 1 GeV and the
energy spectrum is multi-peak, see Fig. 1(d).

If we make the inner diameter of the dense-plasma
wall larger, the bubble size would be larger, the contin-
uous self-injection stage would last longer, more elec-
trons would be self-injected, but the clipping and quasi
phase-stable acceleration stages would start later, and
the remain accelerated bunch would be longer. This
would lead to more accelerated electron numbers while
lower electron energy and even multi electron energy
peaks. On the other hand, if we make the inner diam-
eter of the wall smaller, we would obtain smaller bub-
ble, larger electron energy and narrower energy spread
but fewer accelerated electrons. When the wall is too
narrow, the injected bunch would be clipped at all.

When we use Y-LP or/and CP laser pulse in the
𝑦−𝑧 plane to perform 2D PIC simulation, there is laser
field in 𝑦-direction, and we can see from Figs. 4 that
the bubbles become asymmetric because of the effect
of the laser pulse carrier-envelop phase.[26] Because of
this asymmetry, if we take the same size of the wall as
in the Z-LP laser case, the injected bunch is clipped
so much. Thus we use a wider wall with the inner
radius 𝑅𝑤 = 12.25. The laser power is kept equally,
i.e., 𝑎𝑦 = 20 in the Y-LP laser case, 𝑎𝑦 = 𝑎𝑧 = 20/

√
2

in the CP laser case. This means lager laser field in
𝑦-direction in the Y-LP laser case, and leads to lager
asymmetry.[26] Because of this, lower accelerated elec-
tron energy is gained in the Y-LP laser case. Like
the Z-LP laser case, the injected electron are acceler-
ated to higher energy with the wall, see Figs. 4(c) and
4(d). With the wall, the injected bunch is accelerated
to about 1.2 GeV with 4.4% energy spread in the Y-
LP laser case at 𝑡 = 3.5 ps, while it is 2 GeV with 10%
energy spread in the CP laser case. The electron num-
bers of the finally gained accelerated bunches in both
Y-LP and CP laser cases are about 0.5 × 109, which
is half of that in the Z-LP laser case.

In summary, optimizing electron acceleration in

the wake bubble is proposed by placing a dense-plasma
wall. With the wall, the electron acceleration pro-
cess could be roughly considered as three stages: (i)
the continuous self-injection stage, (ii) the stage of
clipping the injected bunch, and (iii) the quasi phase-
stable acceleration stage. The dense plasma electrons
in the wall are expelled outward slightly to cause a
dense positive-charged thin layer at the lateral bub-
ble edge, which significantly enhances the longitudinal
acceleration field. The shrink of the bubble and the
clipped bunch further enhance the acceleration field.
Certainly because of the presence of high-density wall,
the surface magnetic field by density jump would play
a significant role[27] on modification of bubble shape
and evolution. In addition, it also affects the bubble
core fields that lead to enhancement of acceleration of
electrons in the bubble. However, the detailed analy-
sis is beyond the scope of present study and needs to
study theoretically as well PIC numerically in future.

The computation was carried out at the HSCC of
the Beijing Normal University.

References
[1] Tajima T and Dawson J M 1979 Phys. Rev. Lett. 43 267
[2] Sprangle P et al 1988 Appl. Phys. Lett. 53 2146
[3] Chen P et al 1985 Phys. Rev. Lett. 54 693
[4] Mangles S P D et al 2004 Nature (London) 431 535

Geddes C G R et al 2004 Nature 431 538
Faure j et al 2004 Nature 431 541

[5] Leemans W P et al 2006 Nature Phys. 2 696
[6] Caldwell A et al 2009 Nature Phys. 5 363
[7] Zhou C T, He X T and Yu M Y 2006 Phys. Plasmas 13

092109
[8] Rosenzweig J B et al 1991 Phys. Rev.A 44 R6189
[9] Pukhov A and Meyer-Ter-Vehn J 2002 Appl. Phys.B 74 355

[10] Kostyukov I, Pukhov A and Kiselev S 2004 Phys. Plasmas
11 5256

[11] Pukhov A et al 2004 Plasma Phys. Control. Fusion 46 B179
[12] Lu W et al 2006 Phys. Plasmas 13 056709
[13] Bulanov S V et al 1997 Phys. Rev. Lett. 78 4205
[14] Bulanov S V et al 2006 Plasma Phys. Rep. 32 263
[15] Umstadter D, Kim J K and Dodd E 1996 Phys. Rev. Lett.

76 2073
Esarey E et al 1997 Phys. Rev. Lett. 79 2682
Sheng Z M et al 2002 Phys. Rev. Lett. 88 055004

[16] Bulanov S et al 1998 Phys. Rev.E 58 R5257
Suk H et al 2001 Phys. Rev. Lett. 86 1011
Tomassini P et al 2003 Phys. Rev. ST Accel. Beams 6 121301

[17] Kim J U, Hafz N and Suk H 2004 Phys. Rev.E 69 026409
[18] Xu H et al 2005 Phys. Plasmas 12 013105
[19] Shen B et al 2007 Phys. Plasmas 14 053115
[20] Lu W et al 2007 Phys. Rev. ST Accel. Beams 10 061301
[21] Tzoufras M et al 2008 Phys. Rev. Lett. 101 145002
[22] Nieter C and Cary J R 2004 J. Comput. Phys. 196 448
[23] Wu H C, Xie B S et al 2009 Phys. Plasmas 16 073108
[24] Sun G Z et al 1987 Phys. Fluids 30 526
[25] Esirkepov T Zh, Kato Y and Bulanov S V 2008

Phys. Rev. Lett. 101 265001
[26] Nerush E N and Kostyukov I Yu 2009 Phys. Rev. Lett. 103

035001
[27] Wu S Z, Zhou C T and Zhu S P 2010 Phys. Plasmas 17

063103

105201-4

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1103/PhysRevLett.43.267
http://dx.doi.org/10.1063/1.100300
http://dx.doi.org/10.1103/PhysRevLett.54.693
http://dx.doi.org/10.1038/nature02939
http://dx.doi.org/10.1038/nature02900
http://dx.doi.org/10.1038/nature02963
http://dx.doi.org/10.1038/nphys418
http://dx.doi.org/10.1038/nphys1248
http://dx.doi.org/10.1063/1.2345580
http://dx.doi.org/10.1103/PhysRevA.44.R6189
http://dx.doi.org/10.1007/s003400200795
http://dx.doi.org/10.1063/1.1799371
http://dx.doi.org/10.1088/0741-3335/46/12B/016
http://dx.doi.org/10.1063/1.2203364
http://dx.doi.org/10.1103/PhysRevLett.78.4205
http://dx.doi.org/10.1134/S1063780X06040015
http://dx.doi.org/10.1103/PhysRevLett.76.2073
http://dx.doi.org/10.1103/PhysRevLett.79.2682
http://dx.doi.org/10.1103/PhysRevLett.88.055004
http://dx.doi.org/10.1103/PhysRevE.58.R5257
http://dx.doi.org/10.1103/PhysRevLett.86.1011
http://dx.doi.org/10.1103/PhysRevE.69.026409
http://dx.doi.org/10.1063/1.1827625
http://dx.doi.org/10.1063/1.2728773
http://dx.doi.org/10.1103/PhysRevLett.101.145002
http://dx.doi.org/10.1063/1.3184576
http://dx.doi.org/10.1063/1.866349
http://dx.doi.org/10.1103/PhysRevLett.101.265001
http://dx.doi.org/10.1103/PhysRevLett.103.035001
http://dx.doi.org/10.1063/1.3432695

