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Nuclear reactions generated from ultra-intense laser interactions with plastic and inorganic targets have been used to 
investigate the proton acceleration process inside these targets. Nuclear reactions occur between accelerated protons and 
target bulk ions and hence the action of the electrostatic sheath on the rear side is excluded. Thus we can confirm form 
where the accelerated protons originate and by which mechanism(s) they are accelerated inside the target. From measured 
and calculated spectra, by 3D Monte Carlo code, the origin, the acceleration mechanism(s), the maximum energy, the total 
number, and the mean energy of the accelerated protons are investigated.  
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1. Introduction 
 
Recently established ultraintense laser systems with 

high contrast and extreme intensity, where the frontier of 
maximum intensity is now pushed to about 1022 W/cm2, 
provide a valuable tool for exploring new regimes in 
relativistic laser-plasma physics. The electromagnetic 
fields obtained at the laser focus drive electrons to 
relativistic momenta and as a result ion beams are 
accelerated to high energies. Laser ion acceleration is an 
active area for the combination of fundamental physics 
and technological progress. This combination has been 
opened the door for variety of applications that have 
recently become the matter of intensive studies. These 
applications are particularly in fast ignitor of laser fusion 
[1], radioisotope generation for medical purposes [2-4], 
material science [5], proton radiography of plasma [6], 
accelerator technology [7], and tabletop nuclear physics 
[8].   

Right now, in spite of extensive studies, origins and 
the acceleration mechanisms of the accelerated ion are still 
a matter of discussion [9,10]. According to several studies, 
ions are generated and accelerated through the so called 
target normal sheath acceleration (TNSA) mechanism [11-
13]. In TNSA mechanism, the ion beams are accelerated in 
vacuum at the rear surface of the target by the self-
consistent electrostatic accelerating field generated by fast 
electrons accelerated at the irradiated surface by the laser 
ponderomotive force. Other studies indicated that ions are 
generated and accelerated inside the target at the front 
surface [14-16].  

Particle in cell (PIC) simulations [17-19] and 
experimental observations [20,21] show that ions can be 
produced at the front and the rear sides simultaneously, 
even if the generation processes are quite different. 
Simulation by Emmanuel et al. [22], pointed out that the 

most energetic protons are first accelerated by an 
electrostatic shock at the front surface, cross the target, 
and gain additional energy from the TNSA. When these 
ions emerge at the rear surface, they are eventually 
accelerated to higher energy than the back-surface protons. 
Thus, both of the acceleration mechanisms will contribute 
in the acceleration process. Other simulation by Paul 
Gibbon [23] implied that the target resistivity leads to 
strong suprathermal heat-flow inhibition, even at 
intensities up to 1020 W cm−2. This in turn radically alters 
the ion acceleration due to suppressing the sheath 
mechanism at the rear surface of the target and enhancing 
the shock-driven process at the front.  

For plastic and inorganic targets, ponderomotive 
forces induced by a short laser pulse near the critical 
plasma surface drive dense plasma bunches (blocks) of ion 
densities comparable to (or higher than) the plasma critical 
density [24-27]. As these densities are about a thousand 
times higher than those produced by TNSA,  even at 
moderate ion energies, the intensities and current densities 
of the driven ion beams can be extremely high, much 
higher than in the case of TNSA beams produced at 
comparable laser intensities and/or energies [24–25]. 
Producing of such protons will be of great benefit to many 
applications at high-energy-density physics. To investigate 
the acceleration mechanism(s) inside the target 
independently, a new tool to exclude the TNSA 
mechanism is needed. Thus not only the acceleration 
mechanism at the front surface but also across the target 
can be directly examined.  

To date, ion acceleration measurement is usually 
made outside the target, and hence the origin of the ions 
and the acceleration mechanism(s) inside the target cannot 
be directly investigated. A more effective method to 
measure the ions inside the target is required. The energies 
of the accelerated ions lie significantly above the threshold 
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for nuclear reactions. For this reason nuclear reactions 
become a powerful tool for diagnosing these ions. Nuclear 
reactions that generated in laser-solid interactions occur 
between accelerated ions and target background ions 
inside the target. Accordingly, the action of TNSA 
mechanism is excluded and the ion acceleration 
mechanism(s) inside the target can be investigated 
independently. By analyzing the outgoing particles from 
the nuclear reactions, one can obtain knowledge on the 
accelerated ions inside the target. In this context, neutron 
producing reactions are unique probes. Because of their 
large mean free path and their neutral charge, neutrons 
readily carry information from inside the target without 
any effect due to electric and/or magnetic fields inside or 
around the target.  

Some aspects about the front surface acceleration 
(FSA) were studied [28-31] from the interactions between 
ultra-intense lasers at intensities up to 2x1019 Wcm-2 and 
deuterated targets. The interpretation of the experimental 
results based on considering the D(d,n)3He reaction as the 
only productive reaction of the emitted neutron spectra. In 
previous studies[32-34], we pointed out that the 
12C(d,n)13N and D(12c,n) 13N reactions, which have much 
higher cross sections compared to the D-D reaction, 
strongly participate in the neutron yield. Also, we revealed 
that the neutron spectra produced by the D-C and C-D 
reactions can effectively overlap that produced by the D-D 
reaction especially when the intensity of the incident laser 
is higher than 3x1018 W/cm2. In addition, neutron spectra 
produced by photonuclear reactions, deuteron break-up, 
deuteron electro-disintegration, and the reactions of 
protons, that contaminated the target surface, with D and C 
ions inside the target have to be taken into account. As a 
result, to substantiate any interpretations depending on 
neutron spectra produced from deuterated targets 
irradiated by ultra-intense lasers, all these neutron 
producing reactions have to be considered.  

In this paper, we introduce a study that employs 
neutron spectra produced by the reaction 7Li (p,n)7Be to 
probe the origin, the acceleration mechanism(s), the 
maximum energy, the mean energy, and the total number 
of protons from the irradiated targets, LiF and CH-LiF. 
The reaction 7Li (p,n)7Be has a very high cross section (up 
to 600 mb) [35] and threshold energy of 1.88 MeV. In the 
case of LiF target, protons come from the hydrocarbon 
and/or water contaminations exist on the target surface. 
The CH-LiF target contains proton rich layer CH placed to 
check whether or not the neutron yield would increase by 
adding this layer. Thus we can confirm whether or not the 
ions originate from the front side.  

 
 
2. Experimental work 
 
The experiment performed using 30 TW Gekko MII 

short pulse ultraintense laser system at the Institute of 
Laser Engineering (ILE), Osaka University [36]. The 450 
fs, 20-J, 1.053-µm, p-polarized laser at intensity of 3x1018 
W/cm2 was focused on LiF and CH-LiF targets. The 
incident angle of the p-polarized laser light was 200 

relative to the target normal. The LiF layer is 500 µm in 
thickness to stop all the accelerated protons inside it 
whereas the thickness of the CH layer is 1.25 µm. Neutron 
detectors were positioned at 2.28 m from the target at 
angle 400 relative to the laser direction. Neutron 
diagnostics consisted of current mode time of flight (TOF) 
detectors comprised a scintillator/photomultiplier tube 
(PMT) combination. The scintillator type, ultra-fast timing 
plastic scintillator, is the quenched version of Bicron BC-
422 scintillator (BC-422Q) with a decay time of 700 ps 
and a rise time of less than 20 ps [37]. The PMT, one of 
the highest performance timing tubes, is the Hamamatsu 
R2083 that has a rise time of 700 ps and a transit time 
spread of 370 ps. The detectors were shielded with 10 cm 
thick Pb wall placed in the front of the scintillator. In 
addition, detectors were protected by 5 cm of Pb plates on 
all sides. The modulation of the neutron spectra due to the 
shielding [38] was taken into account. Therefore, time of 
flight values of the neutron groups were corrected by 
considering the delay of the neutrons inside the lead 
blocks. The signal levels are normalized to the neutron 
yield per solid angle d2N/dΩ dE (neutrons/MeV Sr), 
taking into account the detector position and sensitivity. 
The accuracy of each energy value is calculated by using 
the differentiation method [39]. According to this method, 
the error in neutron energy ΔE is calculated using the 
partial differentiation depending on the experimental 
errors in both time of flight ΔT and distance of the detector 
from the target ΔX as:   

 
(ΔE)2 = (∂E/∂T)2 (ΔT)2  + (∂E/∂X)2 (ΔX)2               (1) 

 
To reduce the effect of the bremsstrahlung flashes, 

coming from the relativistic electrons interactions with 
both the instruments close to the target and the chamber 
wall, cone shaped collimator is installed in the chamber. 
The collimator limits the view of the detectors and reduces 
the bremsstrahlung flashes from the diagonal inner walls 
of the chamber. The body of the collimator was made of 1-
Cm thick lead cylinder. To reduce bremsstrahlung on the 
collimator itself, the lead collimator was covered with 4.5 
cm thick low z (plastic) electron moderate. The neutron 
detectors observe the target through a hole bored through 
the center of the electron moderator. Therefore, this low–z 
electron moderator also works as neutron collimator. 

 
3. Discussion 
 
Figs. 1&2 show the measured neutron spectra (black 

lines) observed from the irradiated targets, LiF and CH-
LiF respectively. Neutrons with energies up to 1.27±0.08 
MeV and 1.28±0.08 MeV emitted from the LiF and CH-
LiF targets respectively. This means that the maximum 
energy of the emitted neutrons from the two targets is the 
same within the experimental error. In the experiment, the 
emitted neutrons is measured at angle θ=400 relative to the 
laser direction. The laboratory energy of the emitted 
neutron Eb as a function of the incident proton energy Ea 

and the angle θ between the incident proton and the 
emitted neutron [40] is given as:  
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Eb
½ = ((mambEa )

½ cosθ ±{mambEa cos2θ + (mY + mb)[mYQ  
+ (mY – ma)Ea]}½  )/(mY + mb)   (1) 

 
where ma, mb, and mY  are the masses of incident proton, 
emitted neutron, and produced nucleus respectively. From 
this formula, when the maximum energy of the emitted 
neutrons at θ=400 is 1.28± 0.08 MeV, then the maximum 
energy of the incident protons is 3.1± 0.11 MeV. The 
maximum energy of the accelerated protons in the two 
cases is the same (within the experimental error). On the 
other hand, the neutron flux produced from the CH-LiF 
target (Fig.2) is more than twice that produced from the 
LiF one (Fig.1). Thus, the CH layer strongly increases the 
number of the accelerated protons but it does not affect the 
maximum acceleration energy. This indicates that the 
accelerated protons inside the target originate from the 
front side and propagate across the target producing 
neutrons through the 7Li (p,n) 7Be reaction with the target 
background 7Li ions. 
 

 
 

Fig. 1: The relation between the neutron energy E(θ) and 
the double differential neutron yield d2N/dΩ dE 
(neutrons/MeV Sr) for neutron spectra from irradiated 
LiF target observed at 400 relative to the laser direction 
(black) compared with that produced from the 3-D Monte 
Carlo code  (gray).  The emitted neutrons  have  energies  
                               up to 1.27± 0.08 MeV. 

 
 

 
 

Fig. 2: The relation between the neutron energy E(θ) and 
the double differential neutron yield d2N/dΩ dE 
(neutrons/MeV Sr) for neutron spectra from irradiated 
CH-LiF target observed at 400 relative to the laser 
direction (black) compared with that produced from the 
3-D Monte Carlo code (gray). The emitted neutrons have  
                      energies up to 1.28± 0.08 MeV. 

 
 

PIC Simulations [18, 19, 41, 42] suggest mechanisms 
that responsible for acceleration at the front surface. When 
the energy density of the laser wave greatly exceeds the 
kinetic energy of the plasma, the critical surface can be 
“pushed” inward, launching an ion shock wave. We can 
solve for the velocity of the ion wave by balancing the 
radiation pressure with the ion momentum flux in the 
frame of the reflection surface [41]. Only at the critical 
density nc the laser starts to push ions forward and then the 
recession velocity us is expressed as [41]: 

 

us/c =                         (2) 

 
here c is the speed of light, nc is the critical density, ne is 
the electron density at the reflection point of the incident 
laser, m is the electron mass, M is the ion mass, z is the 
charge state and ), where I is 
the laser intensity in W cm-2 and λμ is the laser wavelength 
in micrometers. For high intensity laser-matter 
interactions, the laser pulse continues to propagate up to 
relativistic critical density [18] and then 
 

nc = ne                           (3) 
 

By substituting the expression for nc into equation 2, 
we have the following expression for the recession 
velocity: 
 

us/c =              (4) 

 
At an intensity of 3x1018 W/cm2, the recession 

velocity (us/c) of the accelerated proton is 0.020 and hence 
the acceleration energy is 0.2 MeV which is very low 
comparing to the measured one (3.1±0.11 MeV). The most 
energetic ions can acquire twice the recession velocity as 
they bouncing in the potential well at the boundary [42]. 
Then the maximum value of proton recession velocity 
becomes 0.04 and the maximum acceleration energy 
becomes 0.75 MeV which is still much lower than the 
measured one.     

Simulation by Sentoku et al. [19], has shown that at 
the laser irradiated target surface, the laser pressure sets an 
electric field, which sweeps electrons from the interaction 
region, and induces FSA of ions into and through the 
target. In the case of long laser pulse, 400-500 fs, the laser 
pulse continuously pushes the surface by its pressure and 
the interface is moving during the sweeping acceleration 
process. In agreement with the simulation, Y. Oishi et al. 
experimentally proved that the maximum proton energy 
increases as the pulse duration is increased while the laser 
intensity is kept constant [43]. The sweeping velocity of 
the accelerated ions is given as [19]: 

 

usw/c =            (5) 
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As a result, the maximum velocity Vmax of the 
accelerated ions is given by [19]: 
 

max ≈ us + 1.5 usw             (6) 
 

When the irradiance intensity is 3x1018 W/cm2, the proton 
sweeping velocity (usw/c) is 0.03 and the maximum 
velocity (Vmax) is ≈ 0.085. This means that protons can be 
accelerated due to both radiation pressure and sweeping up 
to ≈ 3.3 MeV in the laser direction. Thus the 
experimentally measured value (3.1± 0.11 MeV) could be 
easily explained. Comparing to metal targets, protons with 
energies as high as 1.5 MeV have been observed when a 
laser with the same intensity was focused on an Al target 
with a thickness of 1.8 mm [16]. PIC simulation [22], 
gives a value of 25 µm for the thickness above which 
TNSA protons accelerated from the back surface become 
less energetic than shock-accelerated protons coming from 
the front of the target. 

To elucidate the observed spectra and to calculate 
both the total number and the mean energy of the 
accelerated ions, we performed numerical experiments by 
using 3-D Monte Carlo code (gray lines in figs 1&2). The 
code is used to calculate the spectra of neutrons produced 
by the 7Li (p,n)7Be reaction in a finite thickness target and 
emitted in specific directions of observation. In the code, 
accelerated protons having Maxwellian energy distribution 
interact with the bulk ions inside the target. The time step 
is taken to be enough for large number of collisions. In 
addition, the stopping power of the accelerated ions inside 
the target is taken into account.  
 

 
 

Fig. 3: The differential cross section σ(E, θ) of the 7Li 
(p,n)7Be reaction at 40 degree. It is clear that the 
differential cross section shows peaks at certain values of 
energy which reflects itself in producing neutron peaks in  
   both the measured and calculated neutron spectra. 

 
 
The neutron yield emitted in a specific direction is 

calculated using the reaction differential cross-section and 
its angular distributions referred from experimental and 
evaluated data [35]. In the calculations, ions are supposed 
to have anisotropic Maxwellian momentum distribution. 
The neutron yield is calculated to be the number of 
neutron emitted per unit solid angle in unit energy interval 
d2N/dΩ dE (neutrons/MeV Sr). The measured and 

calculated neutron spectra include neutron peaks due to the 
fact that the differential cross section σ(E, θ) of the 7Li 
(p,n)7Be reaction shows peaks at certain values of energy 
(Fig. 3) [35]. The neutron spectra observed at 400 should 
have two peaks at 0.15 and 0.55 MeV caused by σ(E, 400) 
that has two peaks at 1.96 and 2.34 MeV for the incident 
protons. 

To check whether or not the model is appropriate, we 
used the chi-square Χ2 as a likelihood estimator. The 
probability Q=GAMMQ (0.5 υ, 0.5 Χ2) that gives a 
quantitative measure for the goodness-of-fit of the model 
is ≈ 0.13 for LiF and ≈ 0.11 for CH-LiF indicating that the 
fit is believable [44]. Here GAMMQ is the incomplete 
gamma function and υ is the degree of freedom (the 
number of data points minus the number of adjustable 
parameters). In addition, the likely errors of the best fit 
parameters are determined. The ion mean energy is 
430±40 KeV. The total numbers of the accelerated protons 
are 1.6±0.16x1013 and 6.8±0.07x1012 for the CH-LiF and 
Li F targets respectively. Protons with a total number of 
109, much less than here, have been observed when a laser 
with an intensity of 3x1018 W/cm2was focused on an Al 
target [16].   

 
 
4. Conclusion 
 
In this work, the process of proton acceleration inside 

plastic and inorganic targets (LiF and CH-LiF) irradiated 
by an ultra-intense laser at intensity of 3x1018 W/cm2 is 
investigated. The accelerated protons, coming from the 
CH layer and/or the contaminations on the target, are 
stopped inside a 500 µm LiF layer.  Through the 7Li (p,n) 
7Be reaction, the protons are converted to neutrons which 
readily carry information from inside the target. The 
TNSA mechanism at the rear side is cancelled and hence 
we could confirm that the produced protons originate at 
the irradiated surface and are accelerated inside the target 
only. The total number of the accelerated protons is much 
higher than that produced from the metal targets. The 
maximum acceleration energy can be explained by 
considering the acceleration due to both the radiation 
pressure and sweeping into and through the target. Thus 
the acceleration energy increases with increasing the pulse 
duration. We found that the measured maximum energy of 
the accelerated protons is higher than that measured for the 
protons produced form Al target under the same irradiation 
conditions. A word remains to be said, under higher 
irradiation conditions, other neutron producing reactions 
like photo-nuclear reactions and the reactions of the 
accelerated protons with 6Li and 19F ions have to be taken 
into account. 
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