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Generation of fast protons in moderate-intensity
laser plasma interaction from rear sheath∗
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Forward fast protons are generated by the moderate-intensity laser–foil interaction. Protons with maximum energy

190 keV are measured by using magnetic spectrometer and CR-39 solid state track detectors along the direction normal

to the rear surface. The experimental results are also modeled by the particle-in-cell method, investigating the time-

varying electron temperature and the rear sheath field. The temporal and spatial structure of the sheath electrical field,

revealed in the simulation, suggests that these protons are accelerated by target normal sheath acceleration (TNSA)

mechanism.
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1. Introduction

Over the last decade there has been a worldwide

increasing interest in laser plasma acceleration due to

the experimental demonstration of high accelerating

gradient and ultra-low transversal emittance. Driven

by the concept of compact tabletop accelerator for its

potential applications such as hadron therapy,[1] pro-

ton imaging[2,3] and radioactive isotope generator,[4]

laser plasma experiments have been switched from

large scale laser systems to high repetition short pulse

tabletop lasers.[5,6] In the present paper we report on

experimental results about the protons generated by

the interaction of moderate-intensity laser with alu-

minium targets. At this intensity there are two things

that we can do. First, we measure proton emission

by the interaction of moderate laser intensity with foil

target, and the dependence of proton energy on the

laser power density measured by our experiment ex-

tends the range of the scaling law to more low laser

power density. Second, we identify the source of the

protons since phenomena that only appear in relativis-

tic intensity are eliminated, thereby conducing to pro-

filing the acceleration mechanism in this regime.

Since the first forward collimated ion emission in

laser–foil interaction[7,8] had reported, many experi-

ments have been conducted all over the world, trying

to figure out the underlying principle. The previous

researches have shown that these protons came from

the contamination layer on the target surface that ex-

isted persistently in vacuum system, independent of

target materials.[9] But whether they come from the

front side or rear side depends on many factors of the

experimental setup. These protons may originate from

the front side of the target, driven by the ponderomo-

tive potential, and penetrate through the overdense

plasma, or they come from the rear side accelerated

by the rear sheath electrostatic field. Associated with

the rear side acceleration is the target normal sheath

acceleration (TNSA) model,[7] emphasizing the emis-

sive direction and accelerating efficiency. Recent re-

searches indicate that it is possible that both of these

two mechanisms are effective simultaneously but the

rear side acceleration accounts for the highest proton

energy at optimum thickness.[10] A key parameter in

the front side acceleration is the ponderomotive poten-

tial which induces a wakefield and envelopes the ions

through the target. The ponderomotive potential is

given by ϕp = (γ−1)mec
2, where mec

2 is the electron

rest energy, γ = (1 + a20)
1/2, a20 = Iλ2/1.37 × 1018.

At relatively low energy intensity (a0 ≪ 1) these phe-

nomena of ion enveloping even cannot happen. It is

generally considered that in this regime the accelera-

tion mechanism is mainly attributed to the rear side
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acceleration. In our case the peak laser intensity is

about 4×1016 W/cm
2
, thus ϕp ≈ 4.1×103 V is pretty

small compared with ϕp = 2.1 × 105 V at relativistic

intensity (a = 1). So we first assume that under this

condition, if there is proton emission, the protons stem

from the rear surface without penetrating through the

target.

In 2001 Maksimchuk reported on 1.5 MeV pro-

ton generation at an intensity of 3×1018 W/cm2 with

1.8 µm thin foil and the result was attributed to the

consequence of the front side acceleration.[11] More de-

tailed proton measurements on Mylar and metals were

performed by Spencer et al.,[12] showing a maximum

proton energy of 950 keV for 12 µm aluminium foil.

At a higher laser intensity, over 1020 W/cm2, a peak

proton energy was reported to reach up to 17 MeV

for a 5 µm thick aluminium foil,[13] implying the im-

portance of hot electron recirculation. The influence

of prepulse due to the amplified spontaneous emis-

sion (ASE) was investigated by Kaluza et al.[10] Ac-

celerated protons from the rear and front sides were

identified and at an optimum thickness the most ener-

getic protons came from the rear side acceleration. At

an intensity of 1.5× 1017W · cm−2 a proton spectrum

serving as a check group was presented by Kishimura

et al.[14] But for even low intensity there is no report

and we show our measurements below.

2. Experimental measurement

The experiment was performed with a

Ti:Sapphire chirped pulse amplification (CPA) laser

system which delivered 10–30 mJ energy within

120 fs at 10 Hz. A p-polarized laser beam was in-

cident obliquely at 45◦ with respect to the target

normal, achieving a maximum focusing intensity of

4×1016 W/cm
2
on the target surface, averaging about

2×1016 W/cm
2
for our low energy concentration. The

spectrum width of laser was about 10 nm around the

central wavelength 744 nm and the contrast ratio was

suppressed to below 10−5 : 1. Targets used in the

experiments were 5 µm thin aluminium foils. The

movement of the target was controlled by a step mo-

tor to ensure that each pulse hits a fresh surface. A

magnetic spectrometer (B = 0.2 T) and CR-39 track

detectors were located along the direction normal to

the rear surface. Ion emission was collimated by a 1-

mm slit, passing through the magnetic spectrometer

and hit the CR-39 solid state track detectors. The

positions of tracks on the detectors after etching were

used to calculate the corresponding kinetic energy of

incident protons. Residual gas pressure in the vacuum

chamber was measured to be around 2×10−3 Pa. The

experimental arrangement is shown in Fig. 1.

Fig. 1. Experimental setup for laser plasma interaction.

The magnetic field is 0.2 T and emitted protons are colli-

mated by a 1-mm slit. The maximum intensity of laser is

about 4× 1016 W/cm2, and the laser is obliquely incident

at 45◦. The contrast ratio of prepulse is below 10−5.

CR-39 solid state nuclear track detector is a plas-

tic commonly used in nuclear physics and astrophysics

for ion detection. One of the characteristics of solid

state nuclear track detector is that this detector has a

threshold which makes it insensitive to electrons and

γ-rays because of insufficient energy deposition deliv-

ering to the detectors. This is a great advantage in

complicated electromagnetic circumstances in laser–

plasma experiments, but also a challenge to etching

in working with the low energy ions. As mentioned

in Ref. [15] the threshold of CR-39 plastic was about

100 keV . Due to the light mass the energy loss of

proton is relatively small, and it will be slightly seri-

ous in the low energy case for fixing a track on the

detectors with an appropriate etching manipulation.

To address this problem we made an experiment in

which CR-39 detectors were exposed to mono-energy

proton produced by GIC4117 ion injector at Beijing

Normal University. As shown in Fig. 2 the pits on

CR-39 detectors are clear and uniform. This detector

was irradiated by a 200 keV proton beam and etched

in 6N NaOH solution at 70 ◦C for 6 h. It is suggested

that the etching parameter is appropriate around this

energy.
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Fig. 2. Pits on CR-39 solid state track detector. This de-

tector was exposed to 200 keV mono-energy protons and

etched for 6 h in 6N NaOH solution at 70 ◦C.

Another important device is magnetic spectrom-

eter, of which the field distribution is checked with

Hall probes, showing the inhomogeneity inside is less

than 2%. The accuracy of energy spectrum measure-

ment is mostly dependent on slit width. The position

of protons after passing through the magnetic spec-

trometer is calculated to be y = [R − (R2 − l2)1/2] +

lL/(R2 − l2)1/2, where R = mv/qB is the gyrora-

dius, l = 75 mm is the length of magnetic field and

L = 130 mm is the free space from the magnet to the

CR-39 detectors.

The measurement result is shown in Fig. 3. We

treat all tracks with deflections greater than 40 mm as

proton tracks for a clear reason: if these were induced

by other kinds of ions, such as C2+, the ion energy

should be lower than 60 keV which is below the CR-

39 detector sensitive threshold and results in being

wiped out through etching. An unexpected thing

is that there are some tracks around the zero point.

Fig. 3. Proton energy spectrum obtained from moderate-

intensity laser irradiating 5 µm aluminium foil. Selective

strips on CR-39 are collected and counted.

For a small and almost no deflection we cannot talk

about their physical properties any more. The num-

ber density of protons is much lower than those given

in other experimental reports. To accumulate enough

data we use a magnetic spectrometer instead of a

Thomson mass spectrometer and shot four thousand

times. We attribute this low number density to our

small overall energy delivered especially when our re-

sult is compared with the result in Ref. [14]. The half

angle of emission cone is about 19◦−23◦, measured in

a separate experiment with only CR-39 track detectors

20 mm away from the target back along the normal

direction, showing no ring or uniform disk pattern.

As suggested, the collected maximum proton en-

ergies in short pulse laser plasma experiments are

shown in Fig. 4. The targets used in the experiments

were of copper or aluminium with a thickness of 5 µm.

Our experimental result is marked as a lowest energy

intensity of 4×1016 W/cm2. A correlation between the

maximum energy and Iλ2 is illustrated and the fitting

result is Emax ∼ (Iλ2)0.48. This fitting result is also

consistant with the statement of Kishimura et al. in

moderate intensity. The previous laser–plasma exper-

iments and theories have established a strong relation

between electron temperature Ie and Iλ2, which im-

plies a direct relation between proton energy and elec-

tron temperature.[8] Therefore an investigation of the

electron temperature and the electrical field structure,

which directly accounts for the acceleration, should be

helpful in understanding the accelerating process.

Fig. 4. Maximum proton energy as a function of Iλ2.

Plus symbol represents our experimental result. Cross

symbol denotes the data cited from Ref. [14] with using

a 5 µm copper foil. Star symbol marks the data adopted

from Ref. [12] with using a 6 µm aluminum foil. Square

symbol represents the data cited from Kaluza.[10] All data

are fitted to Emax ∼ (Iλ2)0.48.

3. Simulation modeling

The experimental configuration was modeled with

1D particle-in-cell code which implements a Lorentz

transformation to overcome the oblique incidence and
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simplify the complexion of 2D PIC simulation.[16]

The goal of our simulation is to check the electron

temperature and the electrical field structure of the

rear sheath. This transformation idea derives from

Ref. [17] as illustrated in Fig. 5, where the laboratory

frame is considered to move at a velocity of v = c sinα,

where α is the incident angle of laser and c is the veloc-

ity of light in vacuum. Then all parameters are writ-

ten in four-dimensional vector xµ = (x1, x2, x3, x4)
T

and transformed into the moving frame xµ
M = Lxµ

L,

including those of the laser field and the plasma slice.

A four-dimensional wave vector is transformed by ma-

trix L:


1 0 0 0

0 Γ 0 iβΓ

0 0 1 0

0 − iβΓ 0 Γ




k cosα

k sinα

0
i

c
ω

 =


k cosα

0

0
i

c
ω cosα

 , (1)

where β = sinα, Γ = 1/ cosα. Obviously there is only x component of wave vector in the moving frame.

Thus the Poynting vector is normally incident on the plasma slice, and common 1D leap-frog algorithm can

be applied. All diagnostics is carried out in the laboratory frame after an inverse Lorentz transformation.

We modifier the velocity diagnostics to output the kinetic energy of each particle, then make a histogram to

calculate the electron temperature.

Fig. 5. Lorentz transformation scheme. The left is the configuration in laboratory frame. Laser beam is incident

at angle α. The moving frame is drawn as the right one at a velocity vy = c sinα relative to the laboratory

frame. Four-dimensional wave vector after the Lorentz transformation is normally incident on the plasma slice.

The simulation length is about 26.4 µm. Ideal p-polarized laser pulse is incident from the left at an angle

of 45◦ with respect to the plasma surface. The dimensionless amplitude is set to be 0.15. Laser input starts at

time t = 0 with a pulse length of 55 periods. The plasma slice is 5 µm thick, composed of electrons and Al3+

macro-particles at weight ratio 1:50000. The ion density is 35nc, about 1.5× 1021 cm−3. An important idea in

our simulation is that we choose the electron temperature as an index for our simultaion when the simulation

parameters are considered, which was experimentally measured to be 18 keV from the frontside of the target in

the same condition.

4. Results and discussion

As shown in Fig. 6 (left), in our simulation the electron temperature is about 10 keV and 16.2 keV at

time ω0t = 20 and 72 respectively. These electron spectra are of almost quasi-equilibrium which should be the

results of a small electromagnetic beam input (a = 0.15). The electron temperature as a time-varying function is

illustrated in the right. The heating progress starts at about ω0t = 10. The electron temperature grows rapidly

and reaches a maximum value at about ω0t = 80, then slowly drops down. This evolution of the temperature
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shows that the plasma is approximately isothermal in a time range from ω0t = 50 to ω0t = 110, which seems

the support for the theoretical expansion model.[18,19] A similar consideration was also reported in Ref. [20],

but showed the discrepancy with the theoretical model in the case of high intensity.

Fig. 6. Electron temperature evolution given by PIC simulation. On the left side is the electron energy spectrum at

time ω0t = 20 and 72, separately. Electron temperature as a function of time is drawn on the right side. The electrons

are shown to be heated up to 17 keV and then slowly cool down.

The sheath electrical field along the x-axis in lab-

oratory frame is plotted as a function of time in Fig. 7

(left). It is shown that the rear sheath electrical field

is built at about ω0t = 40, and it reaches a maximum

value at time ω0t = 64, then rapidly falls down. The

duration of sheath field is about 80 − 35 = 45 peri-

ods, just as the duration of the laser pulse. This time

structure is inconsistent with that of plasma temper-

ature evolution which shows an FWHM(full width at

half maximum) greater than 2τL . This value is also

shorter than τacc = 1.3τL given by the plasma expan-

sion model in Ref. [20]. It is considered that under

low intensity the sheath is more fragile and collapse

quickly while the electron temperature of thick tar-

get falls down gradually. The average electrical field

intensity for acceleration is

E =

√
2

2
Emax = 1.8× 1011 V/m, (2)

where Emax = 0.4E0, E0 = mω0c/e = 6.4×1011 V/m.

An important parameter in the TNSA model is the

Debye length which is also illustrated in our simula-

tion, see Fig. 7 (right). The FWHM of the sheath

length is calculated to be about (21.415 − 21.298) ×
0.800 = 0.09 µm, where 0.8 µm is the laser wave-

length. If we take the electron temperature to be

between ω0t = 50 and ω0t = 100 as an isothermal

progress at 15 keV, then in our case this electrical

amplitude estimated in the TNSA model leads to

ETNSA =
kTe

eλD
≈ 1.67× 1011V/m, (3)

only a bit lower than the average accelration field

E = 1.8 × 1011 V/m. The maximum accelerating

gradient is up to 2.6 × 1011 V/m, corresponding to

a = 0.4, and the delta function like electrical field is

four times as strong as the initial input Ex/E0 = 0.1.

This sheath field structure is in accordance with the

description of TNSA model, consistent with our pre-

sumption that rear sheath acceleration is effective at

moderate intensity. Furthermore, for a proton passing

through a 5 µm thick aluminium target, the energy

is calculated to be at least 450 keV in SRIM.1) But

from the scale law in Fig. 4, it is impossible to gener-

ate such highly energetic protons in our experimental

condition and these fast protons in our measurements

should originate from the rear sheath. Therefore, with

a moderate laser intensity, although the input energy

intensity is not powerful enough to create a strong

wakefield, the hot electrons accumulated around the

rear surface are still capable of setting up a strong

sheath field which accounts for the fast proton accel-

eration.

1)http://www.srim.org

055201-5



Chin. Phys. B Vol. 19, No. 5 (2010) 055201

Fig. 7. Time-varying sheath field at position x = 21.325λ0 (left) and the spatial distribution of the rear sheath electrical

field at time ω0t = 64 (right). The coordinate of the target rear surface is 21.25λ0.

5. Conclusion

We observe fast protons emitted in moderate-intensity laser–foil interactions along the direction normal

to the target rear surface at a maximum proton energy of about 190 keV. The experiment is modeled by the

particle-in-cell method to obtain a detailed investigation. Simulation reconstruction of rear sheath electrical

field suggests that protons originate from the rear surface and they are accelerated by the sheath electrical field.
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