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A two-phase proton acceleration scheme using an ultra-intense laser pulse irradiating a proton foil

with a tenuous heavier-ion plasma behind it is presented. The foil electrons are compressed and

pushed out as a thin dense layer by the radiation pressure and propagate in the plasma behind at

near the light speed. The protons are in turn accelerated by the resulting space-charge field and also

enter the backside plasma, but without the formation of a quasistationary double layer. The electron

layer is rapidly weakened by the space-charge field. However, the laser pulse originally behind it

now snowplows the backside-plasma electrons and creates an intense electrostatic wakefield. The

latter can stably trap and accelerate the pre-accelerated proton layer there for a very long distance

and thus to very high energies. The two-phase scheme is verified by particle-in-cell simulations

and analytical modeling, which also suggests that a 0.54 TeV proton beam can be obtained with a

1023 W/cm2 laser pulse. VC 2012 American Institute of Physics. [doi:10.1063/1.3684658]

I. INTRODUCTION

Proton beams with tens to hundreds MeV energies are

useful for medical imaging,1 cancer therapy,2 fast ignition in

inertial fusion,3 conversion of radioactive wastes,4 and pro-

tons with TeV energies are relevant to high-energy physics5

and astrophysics.6 Existing studies have shown that proton

beams at the GeV level can be obtained by radiation pressure

acceleration (RPA) using> 1022 W/cm2 lasers.7–12 In that

scheme the light pressure in the plasma is balanced by the

charge-separation field, so that the electron and proton layers

co-move as a double-layer.13–20 However, because of insta-

bility the acceleration length is limited to less than hundreds

of micrometers and it is difficult to increase the ion energy.

On the other hand, quasi-monoenergetic GeV electrons can

be generated by the laser wakefield acceleration (LWFA)

scheme.21–24 Recently, Shen et al.25 found that a laser pulse

at ultra-relativistic intensity can excite a wake field that can

capture protons from the underdense plasma and accelerate

them to tens of GeV. Furthermore, Yu et al.26 found that by

placing an underdense plasma behind a thin-foil target,

60 GeV protons can be obtained by the fast-moving double-

layer. As a laser pulse propagates in the underdense plasma

region, it excites a plasma wakefield with a linear profile

which has a negative back part and positive front part.

The latter can accelerate protons. Motivated by this, we

anticipate that the pre-accelerated protons by RPA can be

further accelerated over a long distance by the front positive

wakefield as long as they are trapped in the acceleration

field.

In this paper, we show by particle-in-cell simulation and

analytical modeling that with a suitable combination of RPA

and LWFA, TeV protons can be generated using a laser of

the same intensity. In the proposed two-phase acceleration

scheme, an ultra-intense laser irradiates a foil target with a

backside plasma, as shown in Fig. 1(a). The foil thickness d
satisfies,

l0 < d < D; (1)

where l0, ne, nc, and kl are the plasma skin depth, plasma den-

sity, critical plasma density, and laser wavelength, respec-

tively, D ¼ 1
2p

nc

ne
a0kl is the initial thickness of the foil,13–20

a0¼ eA/mexlc, A is the laser vector potential, and c is the

speed of light. The condition means that the light pressure

exerted on the electrons is larger than the space-charge force,

i.e., the condition for double-layer formation is not satisfied.

The RP quickly compresses and pushes the electrons to the

rear of the foil, as shown in Fig. 2(a). The electron layer can

reach a density far greater than cnc, where c ¼ ð1þ a2
0Þ

1=2
.

Meanwhile, the protons in the foil are accelerated by the

space-charge field. The electron-layer in rear of the foil is

pushed out of the thin foil by the RP just before quasisteady

electron-ion double layers can form. The electron layer thus

propagates in the underdense gas while being continuously

accelerated by the laser pulse like a light-sail. Due to the snow-

plow effect, the layer is enhanced by the electrons from the

backside plasma27 and a wake field is formed. The large elec-

tric field of the latter in turn accelerates the pre-accelerated

(by RPA) proton layer (PL) from the foil, starting the stable

a)Authors to whom correspondence should be addressed. Electronic addresses:

X.Yan@pku.edu.cn and xthe@iapcm.ac.cn.
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long-distance acceleration in the backside plasma, as shown in

Fig. 1(b). This is possible because the heavy ions of the back-

side plasma remain almost unaffected by the wake electric

field. The two-phase scheme therefore differs significantly

from the existing acceleration schemes invoking the double-

layer, where d�D and the accelerated protons can quickly

overtake the double layers, so that their energy gain is limited

because of decoupling of the protons from the accelerating

field.26

II. THE TWO-PHASE ACCELERATION SCHEME

It is instructive to first discuss our one-dimensional

analytical model, which extends that of Esarey29 for

ultrarelativistic-laser driven plasma wakefields. The evolu-

tion of such a wakefield is characterized by (i) lengthening

of the wakefield size ls¼ (cnc/ne)
1/2kl, and (ii) enhancement

of the wavebreaking field EB¼ 3p(cne/nc)
1/2E0, where

E0¼mexlc/e. That is, both ls and EB scale with c1/2. When

d satisfies Eq. (1), the pre-accelerated PL can be captured by

the wakefield in the underdense plasma and be stably accel-

erated in the so-called snowplow regime of LWFA over a

long distance. The wakefield is composed of two compo-

nents, which are generated by the compressed dense electron

layer and back-side plasma ions. Accordingly, using Poisson

equation we can estimate the electrostatic field EA at an point

xA in the snowplow region, (see Fig. 1(b)). The contribution

of the compressed dense electron layer at position xA is close

to E0A ¼ 4penels=2 and the contribution of backside plasma

ions is E00A ¼ 4penixA � 4peniðls � xAÞ. The longitudinal

electrostatic field at xA is thus EA ¼ E0A þ E00A ¼ 4pene

ð2xA � ls=2Þ. Thus the maximum snowplow field at the laser

front xB is

EB ¼ 3pðcne=ncÞ1=2E0: (2)

The captured pre-accelerated foil PL is at first slower than

the laser pulse as well as the electron layer because of the

FIG. 1. (Color online) (a) The two-stage

acceleration scheme. The initial density

of the hydrogen foil is n0/nc¼ 20, the

thickness is d¼ 0.5kl, the density of the

tenuous backside plasma is ne/nc¼ 0.01,

its length is 12 000kl. (b) Sketch of the

snowplow process, the dynamic density

of the ions is ni and the electron density

in the snowplow layer is ncom. The posi-

tion B indicates the laser pulse front and

A is an arbitrary point in the snowplow

region.

FIG. 2. (Color online) (a) Electron den-

sity ne/nc, proton density np/nc, and the

distance between the electron and PLs

(see inset), and (b) longitudinal proton

phase space px/mpc at t¼ 5.8Tl, where mp

is proton mass. The longitudinal electro-

static field eEx/mexlc (dashed line) in the

snowplow regime at (c) t¼ 5000Tl and

(d) t¼ 12 000Tl. The initial plasma

parameters are given in Fig. 1.
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condition (1), which, however, weakens rapidly as the elec-

trons there are pulled back by the space-charge force.28 On

the other hand, the PL is stably accelerated in the wake field

and can achieve very high energy after some distance. It is

convenient to introduce a length, namely linj, between the PL

and the laser-pulse front. Once the PL enters into the wake-

field, its maximum achievable energy depends on the laser

depletion length and proton decoupling (from the accelerat-

ing field) length. In the present snowplow regime, the laser

strongly interacts with only the compressed electron layer

because its rear part is in a region void of electrons. As a

result, the energy loss is localized near the laser front, caus-

ing the front part of the laser to etch backward as it propa-

gates. Pump depletion is thus the limiting mechanism for the

survival of the wakefield. The laser depletion length Lpd is

given by29: E2
xLpd � E2

l Ll, where Ex is the longitudinal elec-

trostatic field in the snowplow regime and Ll is the length of

laser pulse. Assuming that the group velocity of the laser

pulse is close to c, we have

Lpd � Llc=vetch; (3)

where vetch is the etching velocity of the laser pulse and it

reads vetch ’ E2
Bc=E2

l ¼ 9p2nec=a0nc. Clearly it is propor-

tional to ne/a0. Since the electron layer is formed by laser

compression, its speed is from the beginning the same as that

of the front of the laser pulse, namely vf¼ vg� vetch, where

vg is the laser group velocity.

The decoupling length of the PL is approximately

Ldp� linj vp/(vp� vf)¼ linj vp/[vp� (vg� vetch)], where vp is

the proton velocity and linj� ls/4 from the simulation result.

When vg and vp are both near the light speed, so that

vetch � vp � vg, the proton decoupling length becomes

Ldp �
1

36p2

a0nc

ne

� �3=2

kl: (4)

For Ll> (a0nc/ne)
1/2kl/4, the laser pump depletion length is

larger than the decoupling length. So that the maximum

energy the PL can achieve is

Wmax � ðnc=6neÞmec2a2
0; (5)

which shows that the present two-phase scheme offers effi-

cient proton acceleration. The acceleration length in the

snowplow regime is proportional to a
3=2
0 and maximum pro-

ton energy scales with a2
0. This scaling law indicates that a

circularly polarized (CP) 1023 W/cm2 116 fs laser pulse can

generate a quasi-monoenergetic proton bunch with sub-TeV

energy. In the following, we shall confirm this conclusion

using PIC simulations, which amounts to following the

trajectories of charged particles in self-consistent electro-

magnetic fields computed on a fixed mesh.

III. SIMULATION RESULTS AND DISCUSSION

For the simulation, we shall use the fully relativistic PIC

code KLAP.13,30 The kl¼ 1 lm CP laser pulse has an axially

trapezoidal profile with a 15kl flat top and a 20kl ramp on the

rising side. The ramp is given by a¼ a0sin2(pt/40Tl) with

a0¼ 250, where Tl is the laser period. At t¼ 0 it is normally

incident from the left on a uniform, fully ionized hydrogen

foil of thickness d¼ 0.5 lm and normalized density N¼ n0/

nc¼ 20. Behind the hydrogen foil is a tenuous heavy-ion-

plasma of density ne¼ 0.01nc and charge-to-mass ratio 1/3.

Here the simulation box is length 12 000kl in the x direction.

The spatial resolution is 40 cells per kl. Each cell is filled

with 20 000 macroparticles for the foil plasma and 10 macro-

particles for the tenuous backside plasma. The initial elec-

tron and ion temperatures are both 1 keV.

We first consider the 1D problem, as in the analysis in

the Sec. II. As shown in Fig. 2(a), at t¼ 5.8Tl, or the end of

the laser-foil interaction when space-charge accelerated and

compressed PL enter the backside plasma, the electron layer

ahead of the laser pulse runs faster than the PL at near the

light speed. No quasisteady double-layer can form because

the RP force exerted on the electrons is larger than the space-

charge force. Fig. 2(b) shows that in this stage the maximum

energy of the PL is about 20 MeV and the speed is about

0.2 c. The distance between the electron and proton layers

continues to increase, as shown in the inset of Fig. 2(a). The

laser pulse, now propagating in the backside plasma, snow-

plows the electrons in front of it and excites an intense elec-

trostatic plasma wave in its wake, thus starting the second

stage of proton acceleration in the present scheme.

Snapshots of the electron density, proton density, and

electrostatic field are given in Figs. 2(c) and 2(d). We can see

that the PL is continuously accelerated until the laser pulse is

almost completely depleted at t¼ 12 000Tl. At that time, the

FIG. 3. (Color online) Simulation results at

t¼ 12 000Tl. (a) Proton phase space px/mpc
versus x, and (b) energy spectrum of the

trapped protons.
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PL approaches the laser front, leading to substantial reduction

of the electrostatic field, as shown in Fig. 2(d). According to

our analytical model, we have Ex¼ 14.9E0, lpd¼ 11125kl,

Wmax¼ 532 GeV, vetch¼ 0.0036 c, and vf¼ 0.9964 c. These

results agree well with that from the simulation. Fig. 3 shows

that the energy spread (FWHM) of the beam is less than 20%.

The maximum proton energy is 540 GeV and the averaged

energy of the PL is 437 GeV. These are about 8 times that of

the corresponding double-layer accelerating scheme.26 About

1.72% of the protons are located in this energy window. The

PL is compressed in the phase space and the length of the

final quasi-monoenergetic layer is shorter than 100 lm. Such

a layer can be used to excite a plasma wakefield that can in

turn accelerate the plasma electrons to hundreds of GeV.31

As can be seen at the left edge of Fig. 4(a), the distance

between the proton beam and the laser front increases up to

FIG. 4. (Color online) (a) Distance between

proton beam and the laser pulse front versus
time for different gas densities, where stars,

diamonds, crosses, and squares correspond

to the gas densities 0.01nc, 0.025nc, 0.05nc,

and 0.1nc, respectively, (b) longitudinal elec-

trostatic field eEx/mexlc, (c) decoupling

length, (d) maximum proton energy. Here

the theoretical curves are given as solid lines

and the simulation results are shown as stars,

diamonds, crosses, and squares.

FIG. 5. (Color online) 2D simulation results

at t¼ 990Tl. (a) Electron density profile, (b)

electrostatic field on the axis, (c) proton

phase space, and (d) proton spectrum.
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a maximum (corresponding to linj). This distance then

decreases due to the erosion of the laser pulse. The slopes of

the curves correspond to the etching velocity of the laser pulse

for the different backside-plasma densities. The maximum

longitudinal-electrostatic field, decoupling length, and maxi-

mum proton energy versus the backside-plasma density are

shown in Figs. 4(b)–4(d). We see that the maximum energy of

the proton beam decreases with the plasma density. To the left

of the dotted line (at ne< 0.01nc), the pulse depletion length is

shorter than the decoupling length. Accordingly, to increase

the proton energy, one can increase the laser intensity and

reduce the backside-plasma density, so that both the decou-

pling length and pump depletion length are increased.

It is difficult to perform full scale 2D simulations (for

obtaining sub-TeV protons) with our computing resources. We

therefore consider a narrow simulation box 40� 1000k2
l with

resolution of 5 cells/kl in the y plane and 20 cells/kl in the x
plane. Each cell contains 4 particles for the backside plasma

and 400 particles for the foil plasma. The foil parameters

are the same as that in the 1D simulations, but the backside-

plasma density is 0.2nc. The super-Gaussian laser pulse is given

by I ¼ I0expf� r=r0ð Þ4� t� t0ð Þ=s½ �8g, where r0¼ 10 lm,

t0¼ 55 fs, and s¼ 55 fs. Fig. 5 shows that the snowplowed

electron layer, the electrostatic field, and the phase space are

similar to the 1D results. The maximum proton energy of about

50 GeV also agrees with the 1D simulation. Since the protons

gain energy mainly from the electrostatic wake field,26 the return

current and magnetic field that appear in the 2D simulation do

not affect proton acceleration in the snowplow regime. We also

note that depreciation of the electron layer is compensated by

the laser-snowplowed electrons from the backside plasma, so

that the electron layer still exists at the end of our simulations.

To suppress transverse instabilities such as Rayleigh-Taylor

instability associated with laser-foil interactions,13–20 an ultra-

intense laser pulse and an ultra-thin foil are needed (just as these

in the present acceleration scheme), since the instability growth

becomes much slower due to relativistic effect in a moving

frame. In fact, in the 2D case studied here, there is no evidence

of these instabilities. Furthermore, as the pre-accelerated protons

are detached from the initial foil, this transverse instability does

not appear, since the main acceleration occurs in the stable

LWFA stage, where the laser pulse interacts with a very low

density underdense plasma.

IV. SUMMARY

In summary, a two-phase acceleration scheme using a foil

and gas target driven by the ultra-intense laser pulse is pre-

sented. A 1D model that predicts the proton decoupling length,

pump depletion length, and the maximum proton energy is

given. The results are verified by 1D as well as 2D PIC simula-

tions. It is shown that sub-TeV quasi-monoenergetic proton

bunches can be generated by a centimeter-scale accelerator

with a laser pulse of intensity 1023 W/cm2 and duration 116 fs.

The resulting proton beam length is shorter than 100 lm.
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