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The construction of the high power laser, ELI (150 J, 10 PW, 15 fs, 10
23 

W/cm
2
 ), on Magurele Platform induced 

the idea of its application for the generation of ion beams (protons and carbon ions) with the characteristics 
necessary  for the treatment of malign tumors. Applying the theoretical physical basis, the simulations and 
experiments of the Radiation Pressure Acceleration for the generation of hadrons beam (50-250 MeV) and of 
the carbon ions (100-450 MeV/u), this article presents the physical parameters of such beams that may 
represent a large starting basis for optimizing their values for an entire domain of energies in function of the 
today existing technology in the field of ultra-relativistic lasers. 
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1. General remarks 
 
At present there are several mechanisms to accelerate 

hadrons by means of laser radiation, each of them with its 

advantages and disadvantages [1-3]. Among these known 

mechanisms the following are worth mentioning  Target 

Normal Sheats Acceleration –TNSA [4], with the obtained 

maximum energy for protons ≈ 67 MeV and carbon ions ≈ 

40 MeV/u; Break-Out Afterburner - BOA [5] with 1
st
 

demonstration for protons ≈ 75 MeV and > 500 MeV for 

C
6+

, Coulomb Explosion Radiation Acceleration – CERA 

[6] and the acceleration mechanism by radiation pressure - 

RPA [7].  Related to the last one, there are two versions: 

the first one is the “Radiation Pressure Dominant 

Acceleration” -  RPDA regime (also called the ”Laser 

Piston aceleration”- LPA or the “Light Sail acceleration” - 

LS-RPA, a regime initiated and developed by Esirkepov & 

co. [8-9] and Macchi & co. [10]. A second version called  

the “Hole Boring” - HB mode of RPA, was initiated and 

developed by  S Wilkis [11], A.P.L. Robinson  & co. [12-

13] and  S.M.Weng and co.[14] and experimental by S.Kar 

and co.[15]. 

Considering the 2D OSIRIS PIC simulation 

performed by C. Bellei (Imperial College) and A.P.L. 

Robinson (RAL) [16] for protons (cryogenic H target, ne = 

40nc, I0 = 1.25x10
23

 W/cm
2
, τ0 = 25 fs,) that led to values 

up to  2.5 GeV for protons  (ionized hydrogen) and up to 1 

GeV/u for carbon ions C
6+

, in this paper, for the 

calculation of the physical parameters of  therapeutic 

hadrons beams  (protons and carbon ions)  RPA 

mechanism was selected.  

For radiotherapy that involves relatively low energies 

for hadrons and almost a continuous operation of the laser 

accelerator throughout the whole domain of energies [17] 

[18-20]  the HB-RPA regime with polarized circular (CP) 

laser wave perpendicularly directed to the surface of a 

solid target was selected [21]. 

Compared to the other mechanisms, the RPA 

mechanism allows the acceleration of ion and electron 

bunches as neutral ensembles avoiding thus the occurrence 

of the Coulomb explosion radiation mechanism. Also the 

ion bunches have densities of the order 10
21

-10
22  

particles/cm
3  

as to the classic ones of  10
8
 particles/cm

3
, 

cold compression of electron sheet due to the CP laser 

wave, a ion energy proportional with laser radiation  

intensity, a relatively high efficiency as well as the fact 

that, due to the thick target, (semi-infinite target [22-23] it 

allows a greater robustness of the mechanism as to LS 

RPA mode that employs thin targets and linear polarized 

(LP) laser waves  [24],[8] or CP laser waves [25],[26] both 

modes are sensitive to laser radiation intensities of I0 >10
20

 

W/cm
2
 [27]. 

Using the theoretical physical basis, the simulations 

and recent experimental studies regarding HB RPA  

mechanism given in literature [28-35], in this paper they 

have been employed as a calculation method applicable to 

the evaluation of the system physical parameters of the 

proton (p) beams and carbon ion (i) beams generated by 

means of the laser.  

The preliminary results obtained for minimum 

therapeutic energies (p: 50 MeV and i: 100 MeV/u) and 

maximum therapeutic energies (p: 250 MeV and i: 450 

MeV/u), can be considered as a starting point for 

applications in the APOLLON LASER SYSTEM (10 PW, 

150 J, 15 fs, 10
23

 W/cm
2
) which is now in progress of 

construction on Magurele Platform in Romania [36].  
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2. Hadron Beams for Radiotherapy 
 

For radiotherapy IAEA TRS-398 recommends 

energies of 50-250 MeV for protons and energies of 100-

450 MeV/u for carbon ions [37]. The values of such 

kinetic energies are required to provide the penetration of 

the hadrons beams at the level of the malign tumors 

located in depth ranging between 3 cm and 38 cm [38]. 

Besides the kinetic energy, the second important 

parameter of the hadrons beam is the particle beam 

intensity. That intensity is required to administrate the 

absorbed dose into the tumor for any of its location.  The 

values of the intensity of (1-5) x 10
10 

proton/s and of (1-5) 

x 10
9 

carbon ion/s are considered sufficient in order to 

obtain the absorbed dose of 10 Gy/week at the level of the 

tumor in a time interval of 1-3 minutes, with a repetition 

frequency of minimum 1 Hz and a high energy of the laser 

pulse [18]. Obviously such parameters are correlated with 

other important factors that are to be presented herein.  

 

2.1. Hadrons Kinetic Energy vs Practical Range  

 

The kinetic energy of the hadrons ( protons and 

carbon ions in the present pape) is the main parameters 

that determine the hadrons range into the substance. The 

range  is determined by the relation mi
2
.γi

2
.c

2
 = mi

2
.c

2
 + 

(e·Ex,0·τa )
2
  where mi is the rest mass of the carbon ion, c 

is speed of light in vacuum, γi is Lorentz factor, τa is the 

acceleration duration and, in HB-RPA mechanism, Ex,0 

represents the hadrons acceleration longitudinal electric 

field .  

The proton and carbon ion main parameters are 

presented in Table 1 above, the other parameters in the 

expression of the total energy were determined by the 

method from [20].  

 
Table 1. Short summary of main parameters for hadrons. 

 

Particle 

parameters 

Symbol 

[MU] 

Minim 

value 

Maxim 

value 

Protons 
Total energy E  [MeV] 

988.272 1188.272 

Rest energy E0 [MeV]
  938.272 938.272 

Lorentz factor γi 
 

1.05 1.27 

Ion velocity βi 
 

0.314 0.614 

Practical range Rp [cm]
  

3 38 

Carbon ions 
Total energy E  [MeV] 

12387.895 16587.895 

Rest energy E0 [MeV]
 11187.895 11187.895 

Lorentz factor γ i
 

1.107 1.483 

Ion velocity βi 
 

0.429 0.738 

Practical range Rp [cm]
 

3 37 

 

Given the distribution of the in-depth absorbed dose 

in water, the practical range (nu passage) of the hadrons 

Rp, defined as the depth in water to which the absorbed 

dose decreases  90% of the maximum dose, it is possible 

to determine the residual Range (Rres= z - Rp) . The 

residual range is located in the center of the tumor or in the 

center of the spread-out Bragg peak center (SOBP) and it 

represents almost half of the longitudinal length of the 

tumor. Table 2 presents some of the practical ranges for 

protons and carbon ions in the domain of kinetic energies 

(Ti = mic
2
.(γ,i -1)) used in therapy. The calculations have 

been made by SRIM outputs / hydrogen and SRIM outputs 

/ carbon in ICRU 276 water – Liquid [39].  

As a function of the maximum kinetic energy of the 

hadron  Tu,i, presented in Table 2, obtained through  one of 

the studied mechanisms - TNSA, BOA, CERA, LS-RPA, 

or HB-RPA it is possible to pass to the achievement of a 

laser acceleration system in one of the alternatives 

presented above and for which there is also the laser 

radiation intensity  (I0 < 10
23

 W/cm
2
), power (P0 ≤ 1 PW) 

and  the laser pulse duration  (τ0 < 1 ps).  

  
Table 2.  Hadron  kinetic  energy vs. practical range. 

 

Proton  

Energy [MeV] 

Practical 

Range [cm] 

 Ion Carbon 

Energy [MeV] 

Practical  

Range [cm] 

50 2.189 1200 2.588 

55 2.601 1300 2.986 

60 3.043 1400 3.406 

65 3.515 1500 3.898 

70 4.016 1600 4.316 

80 5.103 1700 4.800 

90 6.300 1800 5.310 

100 7.603 2000 6.785 

110 9.006 2250 7.834 

120 10.507 2500 9.344 

130 12.101 2750 11.057 

140 13.786 3000 12.818 

150 15.558 3500 16.607 

160 17.413 3750 18.624 

170 19.350 4000 20.717 

180 21.366 4500 25.104 

200 25.666 5000 29.754 

225 31.332 5250 31.460 

250 37.455 5400 33.00 

 

For example, based on existing technology it is 

possible to start the construction of a laser acceleration 

system for the superficial tumor therapy requiring protons 

(Z = 1, A = 1) with energies in the range of 50 MeV (2.2 

cm) – 100 MeV (7.603 cm) and carbon ions (Z = 6, A = 

12) with energies between 100 MeV/u (2.6 cm) and 

187.50 MeV/u (7.843 cm). 

While developing the laser technologies and the 

experience gained during the first stage, the new systems 

would provide the treatment of semi-deep tumors in the 

second stage and next, of the in-depth tumors in the third 

stage. Based on the analyses of the hadrons kinetic 

energies required  for therapeutic purposes, it was found 

that such maximum kinetic energies have relative low 

values, their normalized velocity being a little above  half 

of a unit, i.e.βi = 0.614  in case of the clinical proton 

energy of 250 MeV and  βi = 0.738 in case of the clinical 

carbon ion of 450 MeV/u.  

Moreover, Lorentz factor of the hadrons reaches close 

to  one and a half unit, i.e γi = 1.266 for 250 MeV protons  

and  γi = 1.483 for carbon ions. Their values for 

therapeutic energies are relatively low and lead to a 
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relatively high laser beam reflection coefficient, i.e. 

approx. 48 % for 250 MeV protons and 38 % for 450 

MeV/u carbon ions. In the ultra-relativistic regime (βi → 

1.00), Lorentz factors have values γi = 32.974, βi = 0.9995 

for protons with Ti = 30 GeV, and γi = 33.178 and βi = 

0.9991 for carbon ions with  Ti = 30 GeV/u. Such values 

allow us to obtain a laser radiation transmission coefficient 

of 99.98% (0.02% reflection) for protons and carbon ions.  

 

2.2. Hadrons Beam Intensity vs. Tumor Absorbed  

       Dose 

   

Once  reaching the depth of a tumor, the hadrons 

beam needs to contain a certain number of particles in 

order to provide the administration of a certain absorbed 

dose into the mass of the tumor for to ”melt” (”sterilize”) 

it.  So, the value of the hadrons beam current (e.g.: 

Ipeak,h=Ze.N.c/Lh where Lh is the hadrons bunch length) 

determines the average dose absorbed at the level of the 

tumor. Such a dose is measured in Gy (1 Gy = 1 J/kg = 

100 cGy = 1 mJ/g [40]). The quantities required to 

calculate the absorbed dose in the tumor are the 

followings:   the laser pulse energy EL (EL = P0.τ0 = 

Pm.TR), the conversion efficiency of the laser pulse energy 

into hadrons kinetic energy η (Eh = η·EL), the hadrons 

beam kinetic energy Eb (Eb = Th·Nh=η·EL ), the laser 

pulse repetition frequency fR (fR=1/TR), and tT the mean 

energy absorbed into the tumor with mass 
 Tm to obtain 

the dose DT ( ET = DT·mT). 
 

 

 

 

 

 
     Fig 1.  Schematic for the calculation of absorbed dose  

 

Within the relations shown in the parantheses the 

following relations have been used: P0 - laser pulse peak 

power, Pm - the laser pulse average power, τ0 = τFWHM - 

the pulse duration, which is the Full Width at Half 

Maximum (FWHM) of the intensity envelope of the pulse 

in the time domain, Th– the energy of a hadron, Nh - the 

number of hadrons per energy pulse and TR – the pulse 

repetition time.   

For a easy use of the scheme in Fig 1, one may define 

an amplification factor of the laser pulse energy at the 

level of the tumor, A0 = ET / EL, as the ratio between the 

average energy absorbed into the tumor ET 
 
and the laser 

pulse energy EL. This one, in its turn, is equal to the 

product between the efficiency  , laser pulse repetition 

time  fR and the tumor irradiation time, tT: 

 

TR

L

T tfA  



          (1) 

     

 

The operation condition imposed on the scheme in 

order to provide the absorbed dose DT in the tumor, is 

requires that the product between the conversion 

efficiency η and the laser pulse energy EL should be greater 

or equal to the absorbed dose in the tumor εT divided by 

the product between the frequency and time of irradiation.    

 

TR

T
L

tf 



 .           (2) 

 

In the above relation the laser pulse repetition 

frequency is determined by the laser system employed, the 

conversion efficiency corresponding to the laser 

acceleration system used, while the irradiation time is set 

by the radiotherapist doctor function of the tumor 

characteristics.  

The scheme allows the approach in both ways, 

starting either from the tumor (DT) to select the laser 

acceleration system operation point, or from the laser 

pulse energy (EL) to select the tumors that might be treated 

by today laser systems. In case of a tumor detected in stage 

one, with mass mT = 1 g, the 2 mJ energy absorbed in the 

tumor mass allows us to obtain an absorbed dose of 200 

cGy per session, for a 7–week period (70 Gy). In case of a 

tumor detected in stage four, with the mass of 2500 g, in 

order to provide the same level of 70 Gy final absorbed 

dose the energy absorbed into the tumor is 5 J.  

Choosing an amplification factor A=1 (tT =100 s, fR 

=1 Hz and η = 10
-2

)
  

 the value of the laser pulse energy 

equal to the dose in the tumor results, i.e. EL = 0.002 J for 

the tumor in stage one and EL = 5 J for the tumor in stage 

four.  Increasing only ten times the laser pulse repetition 

frequency (A=10) or a hundred times (A=100) at the same  

η and  tT, it results that, for the small tumor the laser pulse 

energy  EL = 200 µJ and EL= 20 µJ, and for the large tumor, 

the energy EL = 500 mJ and EL= 50 mJ, respectively. 

The maximum energy of one hadron at the level of the 

tumor is about 400 x 10
-13

 J (or ≈1.6 x 10
8
 photons with 

ħω = 1.55 eV and η = 1) for one 250 MeV proton and 720 

x 10
-13

 J for one 450 MeV/u carbon ion  (or ≈10
9
 photons 

with  ħω=1.55 eV si η=1). In order to obtain the absorbed 

doses at the level of one tumor (e.g. in stage four)  in the 

frequency ratio (1:10:100), it results: the number of 

protons:  1.25 x (10
11

:10
10

:10
9
), the number of carbon ions: 

7.2 x (10
10

:10
9
:10

8
), laser pulse energy: 5 J x (1:10

-1
:10

-2
), 

and the beam intensities: 1.25 x 10
11

 protons / s and 7.2 x 

10
10

 carbon ions / s. The target needs to stand at least 200 

hours operation life-span to preserve the dosimetric 

calibration  of the laser-driven hadron beam therapy.  

 

3. Radiation Pressure Acceleration  
     Mechanism 

 

Radiation pressure acceleration machanism – RPA - is 

based on the transfer of the energy and  moment between 

P0 

τ0 
εL 

εL h

b 
h  εT 

εT 
DT 

mT 
η fR tT 
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the laser pulse and the accelerated particles inside a solid 

target. The acceleration of the charged particles  takes 

place in a relativistic rageime of the optic laser defined by 

the  laser strength a0 >1, where a0 is the ratio between EM 

wave energy and electron ret mass energy. In this regime  

the longitudinal magnetic force is greater than the 

transversal electrical force  (Fm>Fe), and the electrons are 

travelling to the laser pulse direction  independently from 

the the laser radiation polarization, linearly polarized (LP) 

or circularly polarized (CP), with a drift velocity of  vd = 

c.a0
2
/ (a0

2
+α) where α = 2/4 for CP/LP laser pulse [41 ], 

[42 ] , [43 ]. 

The lineraly polarized  (E = E0(x)sin(k0x-ω0t)êy) or 

circularly polarized . (E  = (E0(x)  [sin(k0x - ω0t)êy + 

cos(k0x - ω0t)êz)] laser radiation field, is directed 

perpendicularly onto the target surface.  In such a situation 

it is assumed that the laser beam irradiated target is an 

absolute black body. If the reflexion factor of the target is 

not nul and it has a value R, than the radiation pressure is 

equal with  Pf = (1+R)·I0/c. For a parfect mirror (R=1), the  

laser radiation pressure Pf (or the moment of the coherent 

electron flux ) is direct proportional with the intensity of 

the laser intensity  I0, Pf [Gbar] = 0.67 x 10
-18

.I0[W/cm
2
]. 

When reaching the balance between the coherent 

photon radiation pressure  Pf and the pressure of the body 

radiation  P (= F/A = dp/Adt, where A is the target area) or 

the flux of ion and electron moment inside the target  p) , 

the transfer of the moment flux  from the laser wave to the 

particle is taking place, the basis of RPA mechanism.   

[13].  

  Ion acceleration  is carried out using the laser 

radiation pressure  as  ponderomotive force ((Fp = -(e/c) 

(v⊥xB0)x = - (e
2
/4m0c

2
).

x E0
2
(x) (1-cos 2(ω0t)êx) in LP 

field  or Fp = - (e
2
/4m0c

2
). (x E0

2
(x)êx) in CP field. In case 

of acceleration in LP or CP field, the ponderomotive force 

is proportional with the electric field square.  In a 

relativistic regime, the expression of the ponderomotive 

force fp,r = - (e
2
/4π.me ‹γ›.ω

2
).E

2
(x) includes the 

relativistic factor ‹γ0›, ‹γ0› = (1+a0
2
/
 
α)  where α = 1/2 for 

LP/CP laser pulse [44]. 

With RPA mechanism a CP radiation field is 

recommended because the ponderomotive force is constant  

and consequently  applies a constant pressure to the front 

surface and cold electrons are piled up into a compressed 

layer, inducing an intense separation field that accelerates 

the ions. In case of LP radiation , the ponderomotive force 

contains an oscillation term which is generating hot 

electrons at target front side.  

 RPA mechanism is developing at coherent radiations 

with radiation intensities   > 10
21 

W/cm
2
 generated by an 

optic laser in ultrarelativitic regime  (a0>100) or by a  

high-average-power free electron - laser (FEL). The FEL 

spontaneous radiation emitted by the electron in the 

forward direction is left circularly polarized (E- = Ex – iEy) 

with wave number k0 and frequensy ω0 = k0c [45].  Article 

[46] presents a listing of the superconducting FEL 

facilities around the world, out of which we mention  the 

device  TT FEL DESY with 0.04 -  0.2 µm (λ), 200 fs (τp - 

rms micropulse length), 2 GW(Pp – micropulse peak 

power), 7.2 kW (Pavg – macropulse average power ) and 

1300 pulse (accelerator frequency in MHz). 

 In case of incoherent photon radiation beams , the 

mechanism cannot develop due to their low radiation 

intensities In this respect we mention , as an example, the 

solar radiation with the intensity of 1353 W/m2 on the  

earth surface  and the pressure of  45.1x10
-12

 bar for  R=0, 

and the bremsstrahlung radiation of 30 MeV with the 

intensity of  22.8 W/m
2
 and pressure of  0.76 x 10

-12 
bar 

for an air exposure of about  59 µC/g.min.m supplied by 

an electron accelerator. The above beam parameters 

correspond to an air Kerma of 200 cGy/min.m in the 

center of a 11.5-cm Lucite (C5H8O2)n cube cu mass density 

of 1.19 g/cm
3
 [40]. 

RPA mechanism is developing in two steps : 3.1               

and 3.2  

 

3.1 Plasma  Mirror Formation  

 

  In the first stage [47], the plasma mirror or the hole 

boring is formed. This is also called, “light sail” for thin 

targets (d<1µm) or ”hole boring” in case of thick targets d 

>1µm)). When irradiating a target by a ultra-relativistic 

laser beam, the laser field is rapidly ionizing the front of 

the target surface, pushes all the electrons of initial density 

n0(e
-
/cm

-3
) = ne(t = 0)  

 
into the inside of the target on a 

depletion area with the length  ℓd, followed by an electron  

compression area in a layer of  ℓs thickness  and density  

np,0(e
-
/cm

-3
). 

 The length ℓd represents the depth inside the target at 

which the electrostatic force of the spatial charge per unit 

volume  (fx = e.ne.Ex,0) due to the layer of length ℓs  is 

balancing  the ponderomotive force per unit volume (fp= 

n0.Fp),  of the laser radiation . At the distance  ℓd, in quasi-

neutral conditions (Z.e.ni= e.ne), the result is  a quasi 

balance between the ponderomotive force of the laser 

pulse and the electrostatic force of the charge separation 

field at any time  In these conditions one can effectively 

assume that the target ions are pushed by the pressure 

radiation. 

Parameters Ex,0, np,0, ℓd si ℓs are determined with the 

relations  EX,O = 4πen0ℓd (obtained from  Poisson 

equation), np,0(e
-
/cm

-3
).ℓs = n0(e

-
/cm

-3
)∙ (ℓd + ℓs) (obtained 

from the global charge conservation condition ) and 

EX,Oen0ℓs/2 ≈ 2I0/c (obtained from the balance condition 

between the radiation pressure and the electrostatic 

pressure ) [24 ].  

One method to determine the time Tb necessary to 

push the plasma from  ni to ni,0,  the duration of the laser 

pulse TP required to penetrate the plasma layer, and the  

plasma layer  thickness Lp  are given in  [ 47 ], [48 ].   

 

3.2 Relativistic plasma mirror  

 

In the second stage the plasma mirror or the hole 

boring  is co-propagating with the laser pulse and the 

acceleration of the ions from electron compression  layer 

(ℓd < ℓ < ℓd + ℓs ) takes places.. The ions in front of the 

depletion layer (0 < ℓ < ℓd) are accelerated by their own 
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space charge field (coulomb explosion) and do not reach 

RPA [22]. 
The laser pulse bores through the target in the so 

called “hole boring” regime of RPA with the ion front 

velocity (hole boring velocity) vb dependent on the laser 

intensity I0 and target mass density ρ. The depth of the 

hole is increasing with the time and hole boring velocity 

and it accelerates the ions with an average velocity of vi = 

2vb. Boring of the laser beam into the plasma is an 

important characteristic of the interaction. 

To determine the hole boring velocity vb, the space-

time transformation is employed (Lorentz transformations) 

applied by Einstein in 1905 for to describe the physical 

equivalence of reference systems in uniform relative 

motion.  So, it is considered that the mirror motion with 

relativistic velocities is the simplest method to determine 

the accelerated ion energy (Fig 2).  

 

                  

 

 

 

 

 

 

 

 

 

 

 
Fig.2. Laser wave scattering from a moving plasma mirror. 

 

Applying Lorentz transformation, the frequency of the 

incident and reflected laser waves are in the moving 

system S’,  

         
    00

' 1  bbbobo kv 
    (3)                

                    
    rbbbobr kv   10

'

            (4) 

 

where βb= vb/c is the normalized hole boring velocity of 

the plasma made-up of ions and electrons,  while   γb = (1-

βb))
-1/2  is the Lorentz factor of the plasma mirror. In the  

mirror rest frame, the frequencies
 
of two waves must be 

equal if the boundary conditions are to be satisfied all 

times,  ω’
0 =  ω’

r.         

The relation between the scattered wave frequency 

and the incident wave frequency can be determined with 

equation (4): 

022 )1(

1





bb

r


        (5) 

 

So, automatically from this relation one may derive 

the expressions for the wavelengths (λ0, λr), the energies of 

the incident and reflected waves (ℇ0,ℇr) , the amplitudes of 

the electric fields (E0,Er), the reflection coefficient, R (= 

ωr/ω0), the transmission coefficient (T = 1-R) or the 

conversion output of laser photon energy into hadrons 

energy  χ (βb) in the case of  missing absorption (A = 0): 

 

                      
22

0

)1( bb
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         (7) 
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                 (8) 
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         (9) 

 

                        
b
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1

2
)(  .                       (10) 

 

Moreover, by the applying  the relativity theory for 

the reference system S in which the mirror is at rest and S’ 

is a parallel system which is moving with the velocity –vb 

versus S, one may obtain the velocity of ions reflected 

from the mirror versus system S,  

 

21

2

b

b

i






            (11) 

 

which is the double of the plasma mirror velocity, vi = 2vb. 

Finally the kinetic energy of the accelerated ion Ti is 

 

Ti ]1
1

1
[

2

2
2 






b

b
icm




                              (12)

  

or 

Ti  = Tn,i.A
2222 bbi cm   .   (13) 

 

where Tn,i is the kinetic energy per nucleon, A is atomic 

mass number, mi is the ion rest mass, c is the light speed in  

vacuum, γb is the Lorentz factor of the mirror, and βb is the 

normalized velocity of mirror. 

 The velocity of the plasma mirror βb is determined 

using the equality between the moment flux deposited by  

photons in the system which is moving  S’ (2I0
’
/c) and the 

moment flux of particles in the irradiated target which 

come from the right side of the mirror and are elastically 

reflected by the mirror with a velocity  βb (2n
’
i∙vb∙mi∙γb∙vb), 

where me,i∙γb∙vb  is the moment of each particle, ne,o=Z∙ni,o 

is the particle density and ρ = (mi+ Zme)∙ni,o  is the target 

density. 

In the same manner above, using the Lorentz 

transformation from the moving system to the reference 

system at rest, also considering the relativistic correction 

introduced by Robinson  & co.[13] the calculation relation 

is obtained: 

 

Ions 

Electrons 

  bv  

vvvv

vvv

Vb 

 

ω0, k0 

ωr, kr 

kkkkk

 

 Plasma Mirror 
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where Ai = mi/mp, mi is the ion rest mass , mp is the proton 

rest mass, Z is the ionic charge state and ni = /ne,0Z is the 

ion number density. 

Here there are the notations and calculation 

expressions used:  

- I0 is the vacuum intensity of a monochromatic wave, 

given by the cycle - averaged magnitude of the Poynting 

vector I0 ≡ | S | = (1/2)ε0cE0
2 
= (c/4π)Eav

2 
= (c/8π)E0

2
 or 

 

 
)(

a1037.1
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22
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with α =1(2) for LP (CP) field; 

- 0a  is the dimensionless amplitude of the transverse 

electric field of a LP laser pulse or the laser strength 

parameter 

cm

Ee
a

e 




0

0

0


                          (16) 

and /0a √ 2  for the CP laser pulse, with e and me – the 

electric charge and rest mass of the electron, ω0 –  the 

frequency of pule laser and c –the light speed in vacuum. 

- E0 is the peak amplitude of the transverse electric 

field of a LP pulse,  

 

E0[V/m] = 3.21 x 10
12

 a0 /λ0(µm)               (17)    

 

- B0  is the magnetic field corresponding to amplitude  

 

B0 [T] =E0/c = 1.07 x 10
4
.a0/λ0[µm],          (18) 

 

- P0  is the laser beam power of  Gaussian laser pulse    

P0 [W]=21.5x10
9
 
2

0

2

0

2

0 wa
                (19) 

- nc [cm
-3

] for the critical density:  

                              
2

0

3

0

.

2

acm

I
n

e

c


    ,                         

(20) 

defined as the electron density ne at which the plasma 

frequency ωp [ = (e
2
nc /ε0me)

1/2 
= 5.64 x 10

4  
(ne(cm 

-3
)

1/2
] 

becomes equal with the laser frequency ω0 [= 2πc/λ0 = 1.88 

x 10
15

/λ0(µm)]. In this case we have : ne/nc = (ωp/ω0)
2
 si  nc 

< ne < ‹γ›nc [44].. 

For HB-RPA mechanism, Robinson & co., introduce 

the dimensionless intensity of the electric laser field Π 

[13], noted in this paper with b0 (b0 ≡ Π),  

 

b0 ≡
2/12
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2/1
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         (21) 

where me is the rest mass electron,  ne = niZ , ni is the ion 

density and u = b0c
2 
[J/g] is the  mass energy density.   

With equations  (14) si (21) one can obtain  the 

plasma mirror velocity or the hole boring velocity βb, the 

average ion kinetic energy Ti and the conversion efficiency 

of ion acceleration )( 0b  , in function of the  

dimensionless intensity parameter b0  
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Equations (23) si (24) written in function of the 

dimensionless radiation intensity parameter b0 (21) are 

equivalent with the equations (10) and (12) written in 

function of the hole boring velocity b . 

The electrostatic field amplitude at the interface ℓd, 

between the depletion layer and the electron compression 

layer ℓs is determined from the equality of the electrostatic 

pressure   2

0,0)2/1( xE cu with the radiation pressure (I0/c)/ 

γb 
2
(1+ βb)

2
] 

  c

I
E

bb

x

0

0,

2

1

1

 
   (25). 

 

The acceleration time obtained from relation (20) has the 

calculation expression:  

 

       
0

2

0 2/)1(2 Iecvm bibba     (26)  

    

The duration of HB, τ b, is determined by relation 

[13]: 

τb = 

b



1

0
   (27) 

3.3. Thick Target 

 

Introducing the radiation intensity calculation 

expression (13), the spatial charge field expression (20) 

and the critical frequency expression (13) in relation (3),  

one may obtain the calculation expression for the depletion 

layer and compression length 

 

ℓd
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                  (28) 

valid for   d 0 . 

 The length of the compression layer is 

determined with the relation  

0,

222

x

fi

s
eE

cm 
                        (29) 

Relation (25) may also be written in the form:  
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The target in which the two RPA steps [23], [49] are 

developing may be thick (semi-infinite) with the thickness 

d > λ0·a0(nc/ne) or d > Lp/2 where Lp is the laser pulse 

length and in this case, the acceleration process  is called: 

Hole Boring Radiation Pressure Acceleration (HB RPA). 

 When the target is thin, d < λ0·a0(nc/ne) or d < Lp/2, 

the acceleration process is called: Light-Sail Radiation 

Pressure Acceleration (LS RPA) .  CP laser pulse is 

desirable because the ion beams show some qualities:  low 

divergence, high efficiency, quasi-mono-energetic 

distribution, little other radiation (gamma, fast electrons) 

and potentially ideal for medical applications. 

So, all the relations for to calculate the system 

parameters of a laser system operating on RPA mechanism 

basis, HB regime, were presented considering that today, 

such a system is the most robust alternative for 

hadrotherapy. 

 

 

4. Results and Discussions 

 

4.1 Laser Generated Proton Beams 

 

 The kinetic energies required for protons are from 50 

MeV to 250 MeV  in order to treat tumors  located into the 

body  at a depth ranging between 2 cm and 37.5 cm.  

 The relativistic threshold (a0,p=1)  for protons with 

the rest mass of mp = 938.272 MeV/c
2
 ≈ 1836.me  may be 

easily obtained with the relation  (16 ) 
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where a0,p= eE0/mpωc is the dimensionless amplitude of 

laser field for protons 

In the relativistic ragime  (γ > 1) for protons, the 

amplitude of the peak electric field, the magnetic field 

amplitude, the radiation intensity and the incident  laser 

radiation power are  calculated with the following 

relations: 

 

E0 [V/m] = 5.89 x 10
15 

a0/λ0(µm)                            (32) 

B0 [T] =1.96 x 10
7 
a0 / λ0(µm)                                  

(33) 

       I0  [W/cm
2
]  = 4.62 x 10

24
a0

2 
/ λ0

2
(µm

2
)                   (34) 

P0[W] = 7.23 x 10
16

 a0
2 
w0

2
 / λ0

2
(µm

2
)  ,                  

(35) 

where ω0 and λ0  are  the frequency  and wavelength of the 

EM wave and  e and mp are the electric charge and rest 

mass of the proton.  

 

Table 3. Main parameters for the proton therapy 

. 

Quantity Simbol / 

UM 

Minim 

value 

Maxim 

value 

1. Proton beam 

Proton kinetic energy  Tp [MeV] 50 250 

2. Laser beam 

Amplitude parameter a0  216 585 

Electric field E0 [PV/m] 0.87 2.35 

Radiation laser intensity I0 [W/cm2] 1.1023 7,37·1023 

Pulse width τ0 [fs] 142 151 

Peak power Pp [PW] 14.24 11.63 

Beam waist w0 [μm] 3 1 

Area A [μm2] 14 1.57 

Pulse energy Wp[kJ] 2.02 1.75 

3. Plasma mirror 

Laser wavelength λ 0[μm] 0,8 0,8 

Photon energy hω [eV] 1.55 1.55 

Plasma mirror velocity βb 0,161 0,343 

Lorentz factor γb 1,013 1,065 

Scattered wavelength λ r [μm] 1,11 1,64 

Incident laser wave 

energy 
E0 [%] 

100 100 

Reflected laser wave 

energy 
Er [%] 

72,50 48,87 

Reflection coefficient R [%] 72,50 48,87 

Laser driven energetic 

coefficient 

T [%] 37,50 51,13 

4. Proton target 

Intensity parameter b0  0,0369 0,2728 

Electric field Ex0 [PV/m] 0737 1.65 

Cnversion efficiency  0,26 0,51 

Mass density ρ[g/cm3] 1 1 

Electron density n e /nc 346 344 

Number density ne0 [cm-3] 5.9x1023 5.9x1023 

Compression length ℓs[μm] 0.07 0.178 

Acceleration time τacc [fs] 1.4 1.5 

Target thickness d [μm] 6.92 15.58 

 

For the energies dedicated to radiotherapy, i.e. 50-250 

MeV, the values of the dimensionless amplitude of the 

transverse component E0 of the electric laser field for a CP 

Gaussin laser beam [50] are 153 and 415, which means 

about 12 and 4.42 times smaller than the value  a0 = 1836. 

Using the data in Table 1 related to protons and the 

relations presented above, the main parameters of the 

proton beams accelerated by RPA-HB mechanism were 

evaluated. The resulted values are presented in Table 3.   

 

4.2. Laser Generated Carbon Ion Beams  

 

 The kinetic energies required for carbon ions to treat 

tumors located into the body at a depth ranging between 

2.6 cms -33 cms, vary from 100 MeV/u to 250 MeV/u.  

The relativistic threshold (a0,c) for carbon ions with 

the rest mass of mi = 11187.895 MeV/c
2
  ≈ 21894.me is 

 

21894
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where a0,c = eE0/ mcωc is the dimensionless amplitude of 

laser field for carbon ions. 

The electric field amplitude E0, the magnetic field 

amplitude  B0, the radiation intensity  I0 and the incident 

laser radiation power  P0 are calculated in the relativistic 

ragime for carbon ions , with the following relations: 

 

 

E0 [V/m] = 7.03 x 10
16 

a0/λ0(µm)                      (37) 

B0 [T] = 2.34 x 10
8 
a0 / λ0(µm)                           (38) 

I0 [W/cm
2
]

 
= 6.57 x 10

26
· a0

2 
/λ0

2
· [µm

2
].            (39) 

P0[W]=10.284 x 10
18

 a0
2 
w0

2
 / λ0

2
(µm

2
)             (40) 

With the energies required for carbon ion 

radiotherapy, i.e. 100-450 MeV/u, the values of the laser 

electric field for CP wave are 348 and 943, meaning, they 

are about 18 and 4 times smaller than the threshold value  

for carbon ions , a0,i = 21894.. 

Though the values of parameters  a0,E0, B0, I0, ℇ0 and 

aM (mechanical acceleration)  for hadron maximum 

clinical energies  (250 MeV si 450 MeV/u) are quite low 

compared to Schwinger limit values  (5 x 10
5
,1.32 x 

10
18

V/m, 4.3 x 10
9 
T, 4.6 x 10

29
 W/cm

2
, 64 MJ(λ0[µm])

3
. 2 

x 10
31

cm/s
2 

[51] at  present  their values for the energies in 

step 2 ( semi-deep tumors) and step 3 ( in-depth tumors) 

are difficult to reach with the current laser technologies.  

Applying the data in Table 1 related to carbon ions 

along with the relations presented above, the main 

parameters of the carbon ion beams accelerated by RPA-

HB mechanism were calculated. The main results are 

given in Table 4.  

 
Table 4 . Main parameters for the carbon ion therapy 

 

Quantity Simbol / 

UM 

Minim 

value 

Maxim 

value 

1. Carbon ion beam 
Ion kinetic energy  Ti [MeV] 1200 5400 

Kinetic energy per 

nucleon 

Tu,I [MeV] 100 450 

2. Laser beam 
Amplitude parameter a0  491 1414 

Electric field E0 [PV/m] 4.97 5.67 

Radiation laser intensity I [W/cm2] 5.17.1023 3.81·1024 

Pulse width τ0  [fs] 203 219 

Peak power Pp [PW] 32.71 60.05 

Beam waist w0 [μm] 2 1 

Area A [μm2] 6.28 1.57 

Pulse energy Wp[kJ] 6.64 13.15 

3. Plasma mirror 
Laser wavelength λ 0[μm] 0,8 0,8 

Plasma mirror velocity βb 0,225 0,441 

Lorentz factor γb 1,013 1,114 

Scattered wavelength λ r [μm] 1,26 2.06 

Incident laser wave 

energy 
E0 [%] 

100 100 

Reflected laser wave 

energy 
E r [%] 

63.30 38.80 

Quantity Simbol / 

UM 

Minim 

value 

Maxim 

value 

Reflection coefficient R [%] 63.30 38.80 

Laser driven energetic 

coefficient 

T [%] 36,70 61.20 

4. Carbon ion target 
Intensity parameter b0 0,0899 0,622 

Electric field Ex,0 [PV/m] 1.57 3.34 

Conversion efficiency  0,36 0,61 

Mass density ρ[g/cm3] 2.27 2.27 

Electron density ne/nc 601 602 

Number density  ne0  [cm-3] 6.7x1023 6.7x1023 

Compression length ℓs  [μm] 0.76 1.93 

Timpul de accelerare τacc [fs] 11.32 12.22 

Target thickness d [μm] 13.72 28.93 

 
 
5. Conclusions 
 

This paper presents the main physical parameters of a 

hadron beam at the initial and final energies of the clinical 

domain: for protons of 50MeV and 250 MeV and for 

carbon ions of 100 MeV/u and 450MeV/u. The parameters 

were evaluated employing HB RPA  mechanism . 

Besides the parameter  a0 - the dimensionless 

dimensionless amplitude of the laser wave electric field  as 

to the electron rest energy -, valid for all the laser 

acceleration mechanisms, the second important parameter 

specific to HB RPA regime is parameter  b0 –  

dimensionless radiation intensity  as to the target density.  

The kinetic energy of a hadron accelerated by RPA 

HB mechanism is determined by the hole boring velocity.  

The latter, in its turn, is depending on the dimensionless 

radiation intensity as to the target density b0. For 

calculation purposes, two solid targets, one with the 

density of 1g/cm
3
 for protons and a second one with the 

density of 2.27 g/cm
3
 for carbon ions, were selected. Since 

the laser beam radiation intensity required to obtain the 

clinic hadron energy is proportional with the  

dimensionless radiation intensity of laser field b0, the 

decrease of the intensity  below the value of  10
24

W/cm
2 

may be done only by making  some lower mass density 

targets .  

Moreover, the life-span of the targets must be larger 

than 200 h per the energy range of a step or, finally, per 

the entire clinical energy domain (shallow tumors, semi-

deep tumors and in-depth tumors). Such a minimum time-

duration is required to maintain the dosimetric calibration 

of the laser-driven clinical hadron beams.  

Since, the estimated values for the main parameters of 

protons and carbon ion beams are difficult to be obtained 

by current laser technologies, at present it is possible to 

adopt the in-steps approach of the medical laser systems in 

order to gain some experience in the domain of laser-

driven hadron beams radiotherapy.  

In a first stage, with the existing technology, it is 

possible to start using the low energy hadron beams for 

shallow tumors and next, once technologies get more and 

more advanced, one may pass to the second stage of 

average energy application to semi-deep tumor treatment 
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so that finally it is possible to get to the third stage- the use 

of high energies for in-depth tumor treatment. 

Commissioning of ELI-NP System on Magurele 

Platform will allow the development of new simulations 

and experiments at 10 PW power and radiation intensities 

of about 10
23

 W/cm
2
.  They will lead to the development 

of hadron acceleration technologies by laser for energy 

ranges dedicated to radiotherapy. 
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