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Abstract: 2.1A and 3.7A GeV –Particles from Dubna Synchrophasetron are used to understand and address 

some effects in hadron therapy and shielding programming. The NIKFI–BR2 nuclear emulsion is the present 

target nuclei, like–some human and shield materials. The interaction mean free path with HCNO nuclei is 

determined. The inelastic interaction cross section is approximated by a power law, which is independent on the 

energy and expressed in terms of the target mass number. The different characteristics of the present projectile 

and target fragmentations are investigated experimentally in comparison with the SRIM simulations 

Keywords: Nuclear Emulsion / High–Energy –Particles / Some Simulations for Hadron Therapy and 

Shielding Programs. 

 

I. Introduction 
At low energy the physics can be accounted for fairly well by one single source. The de–excitation can 

be understood in terms of particle emission from a liquid drop of nuclear matter. At high energy, multiple 

sources are needed. The de–excitation is here understood in terms of particle emission from an expanding gas of 

nuclear matter in thermodynamical equilibrium. At excitation energies comparable with the total binding 

energy, ~ 5A to 8A MeV, the very existence of a long–lived compound nucleus becomes unlikely. In this 

situation an explosion–like process leads to the total disintegration of the nucleus and the multiple emission of 

nuclear fragments of different masses (1 and references therein). One can come to the multifragmentation 

concept from a quite different starting point, by considering a liquid–gas phase transition in excited nuclear 

matter. The name "multifragmentation" is introduced firstly in Ref. (2). At high energy collisions, the produced 

particles are not confined up to nuclear fragments but they include essentially created particles the so called 

hadrons.   

It is known that, the radiation therapy is the medical use of ionizing radiation to treat cancer. In 

conventional radiation therapy, beams of X–rays (high energy photons) are produced by accelerated electrons 

and then delivered to the patient to destroy tumor cells. Using crossing beams from many angles, radiation 

oncologists irradiate the tumor target while trying to spare the surrounding normal tissues. Inevitably some 

radiation dose is always deposited in the healthy tissues. Initially, the clinical applications are limited to few 

parts of the body since the accelerators are not powerful enough to allow protons to penetrate deep in the tissues. 

The improvements in accelerator technology coupled with advances in medical imaging and computing, make 

proton therapy a viable option for routine medical applications. Therefore, proton becomes the most common 

type of particle therapy. However, the photon as a particle is used in X–ray and –ray, the so called photon 

therapy. Muon and electron, the so called lepton therapy, are occasionally attempted. All the particles that are 

constructed of quarks (hadrons) are not elementary. Therefore, in their usage, it is more correctly to say hadron 

therapy. When the irradiating beams are made of charged particles (protons, –particle, and heavier ions), 

radiation therapy is also called hadron therapy or heavy–ion therapy. The strength of hadron therapy lies in the 

unique physical and radiobiological properties of these particles. They can penetrate the tissues with little 

diffusion and deposit the maximum energy just before stopping. This allows a precise definition of the specific 

region to be irradiated. With the use of the hadron the tumor can be irradiated while the damage to healthy 

tissues is less than with X–rays. Although protons are used in several hospitals, the next step in radiation therapy 

is the use of carbon ions. These have some clear advantages even over protons in providing both a local control 

of very aggressive tumors and a lower acute or late toxicity. At HIMAC (NIRS, Chiba, Japan) Kanai et al Ref. 

(3 and references therein) study the fragmentation of (0.09A and 0.5A GeV iron) and 0.4A GeV krypton beams 

in tissue equivalent material.For radiotherapy at GSI (Darmstadt, Germany) information on carbon 

fragmentation in tissue–like materials is of great interest
(4, 5)

. For shielding applications, relatively light ions 

such as helium, carbon, neon, and silicon are worth studying both in their own right and because they are 

produced as secondary fragments by interactions of heavier primary ions in shielding and in the human body. In 

support of the HIMAC radiotherapy program, Kanai et al Ref. (3 and references therein) use the fragmentation 

of (0.15A GeV, 0.29A, and 0.4A GeV) 
12

C, 0.4A GeV 
20

Ne, 0.49A GeV 
28

Si, and 0.55A GeV 
40

Ar on C5H8O2 

target.Malakhov et al Ref. (3 and references therein) measure fragments produced by a 1.044A GeV d beam in a 

gold target at the Nuclotron of Dubna, Russia. Although these measurements are with a heavy target, the 
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number of light ions produced in secondary collisions makes them relevant, and argues for further 

measurements, perhaps with shielding and tissue equivalent targets. At Lawrence Berkeley National Laboratory, 

LBNL, of USA Miller present measurements for hadron therapy over energy range of 0.1A up to 1A GeV[3]. At 

the end of 2008, about 28 treatment facilities are in operation worldwide and over 70,000 patients can be treated 

by means of pions[6–8], protons, and heavier ions. In Europe, the interest in hadron therapy grows rapidly and 

the first heavy–ion clinical facility in Heidelberg, Germany, starts treating patients at the end of 2009[9]. While 

the advantages of protons over photons are quantitative in terms of the amount and distribution of the delivered 

dose, several studies show evidence that carbon ions damage cancer cells in a way that the cells can not repair 

themselves. Carbon therapy may be the optimal choice to tackle radio–resistant tumors; other light ions, such as 

helium, are also being investigated[10].   

On the other hand, the high–energy hadron–hadron, hadron–nucleus, or nucleus–nucleus interactions 

are a precise source in which all categories of secondary emitted particles are available. It is very important to 

learn as much as possible about all the phenomena which occur in this interactions to observe the anticipated 

signatures on the background of "normal phenomena". Some of these phenomena are the hadron production, 

projectile fragmentation, target fragmentation, the multiplicity and emission characteristics, the reaction cross 

sectional behavior, and the stopping power of the target materials in the voted detector with respect to each 

passing particle. Hence, the choice of projectiles, targets, energies, and the critical parameters in measurements 

motivates the correct modeling and simulation of the therapy planning. Actually, the synchrophasotron 

accelerator at Dubna enables equipping beams of AProj ≥ 1, in a few A GeV ranges of energies. This region is a 

special energy, at which the nuclear limiting fragmentation applies initially[11–17]. The nuclear emulsion is a 

very useful tool in experimental physics for investigating atomic and nuclear processes. It can be used as a 

detector of 4–πspace geometry. It contains target materials over a wide range of mass numbers, 
1
H, 

12
C, 

14
N, 

16
O, 

82
Br, 

108
Ag. It has the possibility of measuring energies and angles with high degree of resolution. It can be 

used in studying the characteristics of new elementary particles and can detect the decay of the unstable neutral 

particles, rather than, its sensitivity to slow charged particles arising from the disintegration of the target 

nucleus. Owing to the high stopping power of emulsion, a large fraction of short–lived particles is brought to 

rest in it before decay and hence their ranges and life times can be measured accurately. In this work the 

interactions of –particle with emulsion nuclei are studied at Dubna energies (2.1A and 3.7A GeV). 

 

II. Experimental Details 
This work is carried out using a nuclear emulsion stack of type NIKFI–BR2 where the dimensions of 

each pellicle are 10 cm  20 cm  600 m. The stacks are exposed to 2.1A and 3.7A GeV 
4
He ion beams from 

JINR Synchrophasotron at Dubna, Russia. Each stack has a sensitivity of about 30 grains per 100 m for singly 

charged minimum ionizing particles. The secondary tracks emerging from each interaction are classified 

according to the emulsion terminology[18, 19] depending on their appearance under the microscope. These 

tracks are shower (ns), grey (Ng), or black (Nb) ones. The shower tracks (β ≥ 0.7) correspond to singly charged 

relativistic particles (mainly pions with kinetic energy > 70 MeV), while the grey (0.3  β  0.7) and black (β < 

0.3) tracks are produced by comparatively slower fragments emitted from the target nucleus. The grey tracks are 

mostly recoil target protons with kinetic energy 26  K.E  400 MeV while the black tracks are due to protons 

of kinetic energy < 26 MeV. The grey and black tracks are denoted as tracks of heavily ionizing particles Nh, i.e. 

Nh = Ng+ Nb. 

 

III.   Results and Discussions 
The nuclear fragmentation complicates both shielding design and treatment planning for the hadron 

therapy. The required data can be the interaction cross section, fragmentation cross section, and fluence. The 

interaction cross section is the probability that the projectile nucleus collides with the target nucleus at certain 

impact parameter and energy. The fragmentation cross section is the probability that the nuclear collision can 

produce a nuclear fragment. The fluence is the number of fragments produced at depth in shielding material. 

Hence, it is necessary to study the multiplicity characteristics, angular characteristics, and ionization behavior of 

the nuclear fragments. 

 

Interaction Characteristics 
It is known that the human body is nearly 57% water. Since the water molecule is H2O, then the 

hydrogen is about 11% while the oxygen is 67% by the count of atoms. Therefore, the majority of the human 

body mass is oxygen. The most abundant materials in the human body are O, C, H, and N. Their percentages are 

nearly 65, 18.5, 9.5, and 3.2%, respectively.Table (1) shows the present emulsion chemical composition. 
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Table (1): The chemical composition of NIKFI–BR2 emulsion. 
Element 1H 12C 14N 16O 80Br 108Ag 

Atoms 
/cm3×1022 

3.150 1.410 0.395 0.956 1.028 1.028 

 

From Table (1) one can show that the most abundant human materials are enclosed in the nuclear 

emulsion. Therefore the interactions with emulsion nuclei can be used in simulating the hadron therapy and 

shielding programs. 

To evaluate the interaction effects with the most abundant human materials Table (2) is displayed. In 

Table (2) the measured mean free paths of light nuclei with HCNO nuclei of emulsion at Dubna energies are 

listed.  

 

Table (2): Data of Beams interactions with HCNO. 
Projectile Elab GeV/A L m N Events  cm 

p 3.7 799.998 807 99.13±3.49 
3He 3.7 332.600 602 55.25±2.25 
4He 2.1 416.500 723 57.61±2.14 
4He 3.7 217.600 394 55.23±2.78 
6Li 3.7 148.450 398 37.30±1.87 
7Li 2.2 153.500 402 38.18±1.90 

 

To give a systematic evaluation of these interactions the mean free paths are correlated with AProj in Fig. (1). 

 
Figure (1): The dependence of the mean free path on the projectile mass numbers at Dubna energies. 

 
The data of Fig. (1)are approximated by the power law relation of Equation (1) which is presented by 

the smooth curve. 

𝝀 = 𝒂𝑨𝑷𝒓𝒐𝒋
𝒃 𝐜𝐦(1) 

The fit parametersa and b are 99.50±4.74 and –0.48±0.04, respectively.The present 2.1A and 3.7A GeV 
4
He inelastic interactions cross sections are correlated with the target mass number in Fig. (2). From Fig. (2), the 

cross sectional values are nearly the same at the two used energies. The Glauber's approach, encoded in 

Ref.[20], can predict them well. The data are approximated by the power law relation of Equation (2) which is 

presented by the smooth curves in     Fig. (2).The fit parameters, c and d, are listed in Table (3). The fit 

parameters are c ~ 120 and d = 0.56 ~ 2/3. Therefore, Equation (2) can be rewritten as Equation (3). 

 
Figure (2): The cross section of the present –particle inelastic interactions in nuclear emulsion as a function of 

the target size, together with the predictions of the Glauber's approach (histogram). 
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 = 𝒄𝑨𝑻
𝒅   (2) 

 

 = 𝟏𝟐𝟎𝑨𝑻
𝟎.𝟓𝟔mb(3) 

 
Table (3): The fit parameters of Equation (2). 

Fit Parameter c d 

Elab = 2.1A GeV 119.7416.43 0.560.03 

Elab = 3.7A GeV 121.4617.10 0.560.03 

Glauber's Approach Prediction 128.5417.88 0.560.03 

 

Multiplicity Characteristics 
In the high–energy nuclear collisions, the projectile fragments can be distinguished well from the target 

fragments. In the present interactions the projectile fragments possibilities may be 0, 1, or 2 hydrogen isotopes. 

They are emitted sharply in the forward narrow cone within lab ≤ 3
°
. The target fragments are nucleons with 

minor admixture of nuclear isotopes having Z ≤ 2. They are emitted in the 4 space. For shielding application , 

relatively light ions such as helium are worth studying both in their own right and because they are produced as 

secondary fragments by interactions of heavier primary ions in the space craft shielding and in the human 

body.In Fig. (3) the projectile fragmentation cross section can be approximated, for the present 2.1A and 3.7A 

GeV 
4
He interaction with emulsion nuclei, as a function of Q. Q is the total charge of the projectile fragments. 

This approximation is presented in Fig. (3) by the smooth curves and determined by the 2
nd

 order polynomial of 

Equation (4). 

 =  𝐚𝐢𝐐𝐢
𝐢𝟐

𝐢=𝟎 (4) 
The fit parameters a0, a1, and a2 are found (316.80, –61.95, and –28.95) and (238.80, 8.10, and –17.10) 

according to (2.1A GeV) and (3.7A GeV), respectively. 

 

 
Figure (3): The projectile fragmentation cross section as a function of Q in the present 2.1A and 3.7A GeV 

4
He 

interactions with emulsion nuclei. 

 
Since the majority of the identified target fragments are protons, (> 90%), then their multiplicity, Nh, 

can amount the target charge. The target fragmentation cross section is displayed in Fig. (4) as a function of Nh 

for the present 2.1A and 3.7A GeV 
4
He interactions with emulsion nuclei. Regarding the nuclear limiting 

fragmentation in the present energy region the two interactions have no dependence on the energy. As a result of 

the target composition mixing the distribution shape does not enable to approximate the cross section in a 

systematic determination law. Hence, it is reasonable to take the target separation methods into consideration. 

 

 
Figure (4): The dependence of the target fragmentation cross section on Nh in the present 2.1A and 3.7A GeV 

4
He interactions with emulsion nuclei 
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Angular Characteristics 
The angular distribution of the emitted target protons in the present 3.7A GeV 

4
He interactions with 

emulsion nuclei is displayed in Fig. (5).This distribution is carried out over a sample of 446 tracks. The 

laboratory space angles of emission for these tracks are measured using the KSM.1. Carl Zeiss German 

microscope.  This high accurate microscope is widely used to measure the angles and momentum of the tracksas 

in Ref. [21–23].From Fig. (5) one observes that the peaking shape is a characteristic of the angular distribution. 

The distribution is approximated by the Gaussian fit presented in the figure by the smooth dashed curve. The 

peak of this curve is positioned at lab ~ 77.95°. The average emission angle for this sample of tracks ~ 84.46°. 

However the distribution shape tends to have a multimodal nature where three peaks are associated with the 

angular regions, 0° ≤ lab ≤ 70°, 70° ≤ lab ≤ 120°, and 120° ≥ lab. In these regions the distributions are fitted by 

the Gaussian shapes presented by the smooth solid curves. The peaks of these curves are positioned at lab ~ 

58.34°, 82.77°, and 134.73° according to the three regions, respectively. In the same respect, the average angles 

of emission are 48.65°, 90.72°, and 140.37°. The average angles of emission are nearly equal to the peak 

positions. The distribution associated with the region 70° ≤ lab ≤ 120° has nearly the same characteristics as of 

the total distribution where the peak position and the average angle of emission is ~ 90°. Therefore this system 

can be symmetric in the 4 space with most probable emission at the right angle.  

 
Figure (5): The angular distribution of the emitted target proton in the present 3.7A GeV 

4
He interaction with 

emulsion nuclei. 

 

Ionization Behavior 
The randomly selected tracks from the present 3.7A GeV 

4
He interactions with emulsion nuclei are 

identified from the relation between Pβand their relative grain densities.The only tracks identified as target 

proton fragments are voted. Depending on the kinematical laws, the Coulomb scattering measurements of Pβ,the 

relative grain densities, and the laboratory space angle of emission[18, 19, 24]of each track the energy and range 

can be determined.  

The measured kinetic energy associated with each track of the selected sample ranges nearly from 0 up 

to 170 MeV. In Fig. (6) the energy range correlation of each measured track is presented. The whole energy 

range is divided into smaller insets as shown in Fig. (6). In each inset the energy is correlated with energy by a 

power law relation of Eq. (5). The correlation fitting is presented in Fig. (6) by the smooth curves. The fit 

parameters g and h are nearly found0.01 and 1.8, respectively, irrespective of the kinetic energy. Therefore 

Equation (5) can be rewritten as Equation (6) where the kinetic energy is measured in MeV. 

 

R = gElab
h     (5) 

 

R = 0.01Elab
1.8mm(6) 

On the basis of the nuclear limiting fragmentation hypothesis the characteristics of the target fragments 

are limited irrespective of the projectile size or energy. Therefore, Equation (6) is a universal law correlating the 

kinetic energy with the range of protons through their flight in shields or human body like nuclear emulsion 

materials. The energy–range relationship of protons in nuclear emulsion is given in text books[25] as, R =
10.92Elab

1.72, where the range is measured in µm and the kinetic energy in MeV. This agrees with the present 

results. 
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Figure (6): The energy–range correlation for the fragmented target protons in the present 3.7A GeV 

4
He 

interactions with emulsion nuclei. 

 
In Fig. (7) the SRIM program[26] is used in data simulation. This program is a collection of software 

packages which can predict the stopping power of different nuclear media and the range traversed by ions. The 

available range of the incident kinetic energy is 10 KeV up to 4 GeV. In the present work, the SRIM is 

processed for hydrogen passage in nuclear emulsion at energy range of 1 up to 300 MeV. 

 
Figure (7): The SRIM simulation of the energy–range correlation for 

1
H interacting with emulsion nuclei at 

energy range up to 300 MeV. 

 
The data can be approximated by Equation (5) where the fitting is presented in Fig. (7) by the smooth 

curves. The fit parameter g is found 0.02, 0.02, 0.01, 0.01, 0.01, and 0.01 according to ascending sort of the 

energy range in each inset of Fig. (7). In the same respect h is found 1.49, 1.59, 1.68, 1.73, 1.74, and 1.68. On 

average g and h are 0.01 and 1.7, respectively. This agrees with our experimental results also. 

The energy spectrum of the selected sample of the fragmented target protons through the present 3.7A 

GeV 
4
He interactions with emulsion nuclei is displayed in Fig. (8).  

 
Figure (8): The energy spectrum of the fragmented target protons in the present 3.7A GeV 

4
He interactions with 

emulsion nuclei. 

 

The two insets of Fig. (8) correspond to average energies ~ 5.21 and 70.67. According to Equation (6) 

the corresponding ranges are 0.20 and 21.31 mm, respectively.   
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IV.   Conclusions 
2.1A and 3.7A GeV –Particle interactions in nuclear emulsion are efficient for hadron therapy and shielding 

simulation programs. Actually it is hoped that the models improvement, on the basis of experiment, can reduce 

the needs of lab equipping and radiation hazard in practice. Accordingly the following conclusions are drawn; 
 

- The nuclearemulsion can be used in experiment as target like–human materials where the H, C, N, and O 

nuclei are enclosed. 

- The logarithmicdecrement of –Particle mean free path in HCNO emulsion nuclei is determined as a 

function of the target mass number. 

- The inelastic interaction cross section of –Particle with emulsion nuclei is approximated by a universal 

power law depending on the target mass number only while the energy is not effective. The theoretical 

simulation of the Glauber's approach results in a successful estimation of the cross section.  

- The projectile fragments cross section is approximated by a 2
nd

 order polynomial depending on the total 

charge of the fragments. The target fragments cross section can not be approximated in a systematic relation 

with their multiplicity. 

- The angular distribution of the target fragments is reproduced well by Gaussian shapes. The most probable 

emission is located in the region, 70° ≤ lab ≤ 120°, with <lab> ~ 90°.  

- The emitted target protons flying in nuclear emulsion have a universal Energy – Range relationship 

approximated as, 𝑅 = 0.01𝐸𝑙𝑎𝑏
1.8 , where R is measured in mm and Elab in MeV. The SRIM Simulation 

implies a good agreement.  

- The fragmented target protons spectrum is characterized by a peaking shapes both in the region 0 <Elab ≤ 26 

MeV, 26 < Elab ≤ 160 MeV. 

Finally, more experimental and theoretical activities are efficient in solving more problems of hadron 

therapy and shielding preparation.   
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