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In response to the high demand for proton therapy as a cancer treatment method in recent
years, comprehensive studies have been conducted to improve the accuracy of dose calcula-
tions. However, the secondary particles produced during proton irradiation at energies
70-250 MeV present significant challenges, as they may induce radiation-related damage in
surrounding non-target tissues and materials. To address these issues, we developed an
open-source database and computer program named Proton-induced Secondary Emission
Database, ProtonSED. The present database incorporates National Institute of Standards
and Technology compounds and elements in a unit-volume cylinder to determine the primary
protons and secondary particles such as neutrons, photons, and alpha particles. The correla-
tion matrices for energy deposition from primary protons and secondary particles were also
determined. The present database and correlation matrix approach will be useful for irradia-
tion involving high-energy proton beams.
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INTRODUCTION

Among the various techniques used to combat
cancer, proton therapy has emerged as particularly
promising due to its unique characteristic of delivering
a well-defined range within the target medium [1-3].
While this well-defined range is crucial for accurately
localizing the dose to the tumor, the sharp energy depo-
sition of the Bragg peak is even more decisive in deliv-
ering the therapeutic effect within the target tissue. Inci-
dent proton beams are commonly used in therapeutic
setups and have incident energy in the range of 70-250
MeV. These proton beams are produced using either cy-
clotrons or synchrotrons [4]. Within the 70-250 MeV
energy range, the generation of secondary particles-in-
cluding photons, neutrons, and alpha particles-is highly
probable, with the production rates governed by the nu-
clear and physical properties of the target material [5,6].

* Corresponding authors, e-mail: ben.sh@tohoku.acjp

The emitted secondary particles can deposit dose along
their tracks, thereby altering the overall dose distribu-
tion and potentially introducing unintended biological
side effects. Previous Monte Carlo (MC) studies have
addressed scattered radiation fields in X-ray diagnosis,
benchmarking of photon- beam simulation toolkits, and
dosimetry of brachy- therapy sources [7-9], underscor-
ing the need to specifically quantify secondary radia-
tion from therapeutic proton beams in different media.
Previously, Jiang et al. [10] used the GEANT4 MC
package to determine the secondary doses in proton
therapy and demonstrated that secondary neutrons sig-
nificantly contributed to the overall effective dose de-
position in non-targeted organs. Moreover, the neutron
energy spectrum generated by the 250 MeV incident
proton beam was experimentally determined and later
validated by employing MC computations [11], thereby
confirming the importance of secondary particle pro-
duction from proton beams. In addition to dose deposi-
tion, the secondary particles can induce various types of
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radiation-related damage in the target material. This
damage is primarily due to their distinct patterns of en-
ergy deposition. Previous studies [12, 13] have shown
that secondary particles, especially neutrons, increase
the lifetime risk of developing secondary cancers in pa-
tients who have undergone proton therapy. Therefore, it
is important to study the dose deposition from pro-
ton-induced secondary particles in commonly used ma-
terials in proton irradiation facilities. The most common
approach to determining dose deposition from second-
ary particles is the use of MC methods to model the
transport and interactions of ionizing radiation with
matter. In this context, several well-established
multi-purpose MC packages have been developed, in-
cluding Monte Carlo N-Particle (MCNP) [14], Geant4
[15], FLUKAT16], and particle and heavy ion transport
code system (PHITS) [17]. However, modelling of this
multi-particle systems would be tedious, time-consum-
ing, error-prone, and computationally expensive [18,
19]. Users must also familiarize themselves with
well-established MC packages that require a license for
access. This further complicates the task of studying
secondary emissions because of proton irradiation.
Given the importance of secondary particle generation
by incident proton beams, some studies choose to over-
look secondary emissions resulting from proton irradia-
tion, which is not advisable. For example, Shan et al.
[20] offered an approach to enhance dose calculation
efficiency in proton therapy by avoiding the simulation
of secondary particles. However, this approach could
potentially undermine the accuracy of realistic dosime-
try, as discussed earlier. The studies conducted by
Ekinci ef al. [21] examined initial proton beam charac-
teristics within different biomaterials. However, it is es-
sential to acknowledge that the secondary particle emis-
sions resulting from proton beam induction have a
significant effect on treatment safety and efficiency.
Considering these challenges, we have developed an
extensive secondary emission database for most ele-
ments and compounds reported in the NIST database
[22]in the range of 70 MeV to 250 MeV incident proton
beam impinging on a unit-volume cylinder. These were
generated using the PHITS MC package and further
verified using the MCNP package version 6.2. In addi-
tion, we developed a user-friendly graphical user inter-
face (GUI) to facilitate data retrieval from the second-
ary emission database. Correlations between energy
deposition from incident protons and secondary parti-
cles in different materials were investigated using a cor-
relation matrix approach. We believe the database and
correlation matrices will be useful for estimating the
contribution of secondary particles to the deposited
dose in proton irradiation.

MATERIALS AND METHODS

The main part of the present work is the code gen-
erator program that automatically builds scripts by loop-
ing through the NIST material library [22]. This gener-
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Figure 1. Schematic representation of the proton
irradiation setup used in the ProtonSED, showing a unit
volume cylinder and a proton disk source

ates a PHITS MC script for proton irradiation of a unit
volume cylinder from 70 MeV to 250 MeV with 1 MeV
intervals that adds up to a total of 181 irradiation scenar-
ios for every material (elements and compounds). The
program sets material definitions, densities, and respec-
tive tallies for primary protons and secondary particles
(photons, neutrons, and alpha particles) in the modeled
unit-volume cylinder. The schematic representation of
the proton irradiation setup is shown in fig. 1. In the pres-
ent database, a total of 48 compounds and 24 elements
were taken from NIST material composition data [22]
and summarized in tab. 1.

The code generator program, developed to build
the present database, automatically created specific di-
rectories for the materials listed in tab.1 and generated
proton irradiation scripts.

The program automatically invokes the PHITS
MC package to run these transport computations. Once
the run is completed, the program extracts dosimetric
data from the generated tally files and writes them into
the database file. As in our previous works [23-26], the
GUI was developed using the QTS libraries and written
entirely in the C++ programming language. On the other
hand, the code generator program was written in the
FORTRANO90 programming language. All components
were compiled using the GCC compiler toolkit version
11.3.1-2. The GUI collects user input and forwards them
to the program's data retrieval component. This compo-
nent then retrieves the secondary emission data from the
established database.

The Script button provides users with a sample
script at 70 MeV incident proton energy for all ele-
ments and compounds. This feature is particularly use-
ful for inspecting input scripts automatically prepared
by the code generator program. The ProtonSED GUI
is shown in fig. 2. The program offers a straightfor-
ward and easy-to-use interface to users.
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Table 1. List of compounds and elements considered
in the present database

Compounds Elements
Tissue equivalent plastic Hydrogen (H)
Acetylene Helium (He)
Adipose tissue Beryllium (Be)
Air Carbon (C)
AL O; Nitrogen (N)
Bone equivalent plastic Oxygen (O)
Bone compact Sodium (Na)
Bone cortical Aluminum (Al)
Air equivalent plastic Silicon (Si)
CaF, Argon (Ar)
CO, Titanium (Ti)
Cellulose nitrate Iron (Fe)
Csl Copper (Cu)
Ethylene Germanium (Ge)
Ferrous sulfate solution Krypton (Kr)
Pyrex glass Molybdenum (Mo)
Kapton polyimide Silver (Ag)
LiF Tin (Sn)
Lithium tetraborate Xenon (Xe)
M3 wax Gadolinium (Gd)
Methane Tungsten (W)
MS20 tissue substitute Gold (Au)
Muscle, skeletal Lead (Pb)
Muscle, striated Uranium (U)

Muscle equivalent liquid, with sucrose

Muscle equivalent liquid, without sucrose|
Nylon type 6
Paraffin wax

Photographic emulsion

Plastic scintillator

Polycarbonate

Polyethylene
Mylar
Polymethyl methacrylate
Polypropylene
Polystyrene
Teflon
Polyvinyl chloride

Propane
Si0,
Nal
Stilbene
Tissue equivalent gas, methane
Tissue equivalent gas, propane
Toluene
Water, liquid
Water, vapor

Considering the large amount of data in the data-
base, we selected a subset of elements and compounds
for validation and verification using the PHITS and
MCNP6.2 MC packages. Since the database was gen-
erated using the automatic code generator routine, it
was pertinent to manually run several cases with
PHITS to ensure the accuracy of the reported results.
Moreover, comparison with MCNP6.2 further con-
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Figure 2. ProtonSED GUI program illustrating energy
deposition by primary and secondary particles resulting
from 70 MeV proton irradiation of an ALO; target

tributed to the validation of our model. The selected el-
ements and compounds at specific incident proton
beam energies are listed in tab. 2.

Correlation matrices for proton, photon, neu-
tron, and alpha particle energy deposition in the pres-
ent database were calculated. The Pearson correlation
coefficient » between two variables x and y was de-
fined as

=

_ (xi _)_C)(yl‘ -¥)
hy = ——=t (1)
\/g(xi -x)’ X0 -3

where x; and y; are individual sample values of vari-
ables x and y, and X and y are the means of x and y.

This quantifies the strength and direction of the
linear relationship between two variables. The results
were obtained for proton-photon, proton-neutron, and
proton-alpha combinations. The correlation matrices
for liquid water, skeletal muscle, air, and CO, were
shown in the present work.

The computations were performed on the
GNU/Linux computer with dual Xeon E5-2630 2.40
GHz CPUs and coupled wsith PHITS version 3.28.
The Intra-Nuclear Cascade Liege (INCL) model was
used to explain the nuclear reaction involved in the
present work. The INCL model was adopted as the de-
fault for simulating nuclear reactions induced by pro-

Table 2. Aset of selected elements and compounds
for verification and validation of our model

Prot[(l)\;[lee\r;jtrgy Compound Prot[(l)\zlee\rll]e 8Y] " Element

Tissue

70 equivalent 70 Carbon (C)
plastic

100 Air 100 Nitrogen (N)

120 CO, 120 Oxygen (O)

150 Mylar 150 Silicon (Si)

200 Si0, 200 | Molyprenum

220 Nal 220 Lead (Pb)

250 Water, liquid 250 Uranium (U)
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tons. The stopping powers for charged particles and
nuclei were calculated using the ATIMA code [27] im-
plemented in the PHITS MC package. In general,
PHITS automatically calculates the stopping power of
each material using the ATIMA model. The
ENDF70PROT, MCPLIB84, and ENDF71x data-
bases were used in the MCNP6.2 computations.

RESULTS AND DISCUSSION
Benchmarking with MCNP6.2

The comparison of the results from our
ProtonSED program, based on the PHITS MC pack-
age, with the MCNP6.2 MC package for selected com-
pounds and elements, is shown in figs. 3 and 4, respec-

tively. Energy deposition results from protons and sec-
ondary particles obtained with ProtonSED and
MCNP6.2 are in close agreement.

In addition to the energy deposition results, the av-
erage relative error associated with the MC computations
using ProtonSED and MCNP6.2 was obtained and is
presented in fig. 5. The relative errors were averaged for
the compounds and elements shown in figs. 3 and 4, re-
spectively. The average relative error values were found
to be less than ~8 %, indicating that the obtained results
are statistically reliable for incident protons and second-
ary particles. The average relative error values presented
in fig. 5 were calculated by taking the arithmetic mean of
the relative errors for the compounds and elements
shown in figs. 3 and 4, respectively. For these materials,
the production of secondary particles is less probable,
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which contributes to a relatively smaller impact. Conse-
quently, the maximum average relative error observed
was ~8 %, which is acceptable. We recommend that
readers refer to the individual relative error values re-
ported by our program for each specific case, as these
provide a more accurate and case-specific measure of
statistical uncertainty.

Energy deposition from incident
protons and secondary particles

To demonstrate the capabilities of the present
model, we have selected 8 compounds namely, adipose
tissue, Al,O,, bone equivalent plastic, air equivalent
plastic, cellulose nitrate, ethzlene, lithium tetraborate,
skeletal muscle. For each compound, three different in-

|
MCNP (compounds) ProtonSED (elements) MCNP (elements)

cident proton energies in the range of 70 MeV to 250
MeV were considered. The energy deposition of protons,
photons, neutrons, and alpha particles (in MeV per pro-
ton) was determined using the current program. The re-
sults obtained, together with the associated relative er-
rors, are presented in tab. 3. These results were further
validated through manual execution of the generated
scripts using the PHITS MC package, and no inconsis-
tencies were observed. The reported low relative error
values are desirable, mainly as they ensure the accuracy
and reliability of the results. Considering that liquid wa-
ter and adipose tissue are in the interest of radiation do-
simetry, the variation of energy deposition from primary
protons and secondary photons, neutrons and alpha par-
ticles on different incident proton energies were obtained
and shown in fig. 6. The results indicate that proton en-
ergy deposition decreases with increasing incident pro-

Table 3. The results obtained for eight different selected compounds at three distinct incident proton

beam energies as provided by the ProtonSED program
Materi Energy Proton Photon Neutron Alpha
aterial " . e .

[MeV] | Deposition | Rel. error | Deposition | Rel. error | Deposition | Rel. error | Deposition | Rel. error
Adipose tissue 70 9.70 0.00 1.91-10* | 5.70-10° | 5.20-10" | 7.10-10° | 7.89-107 | 5.20-10°
Adipose tissue 160 5.07 1.00-10* | 1.33.10* | 6.70-10° | 4.24-10* | 8.20-10° | 6.66-107 | 5.80-107°
Adipose tissue 250 3.80 1.00-10* | 1.33-10* | 8.10-10° | 4.50-10™ | 8.20-10° | 6.81-102 | 5.80-107°
AlLOs 70 4.06-10" 0.00 6.27-10° | 2.00-10° | 1.82:10° | 3.90-10° | 1.52:107" | 3.10-10°
Al0; 160 1.82:10" | 1.00-10* | 4.10-10° | 2.50-10° | 1.51-10° | 4.40-10° | 1.72-10" | 3.80-10°°
AlLOs 250 1.36:10" | 1.00-10* | 4.04-10° | 3.10-10° | 1.63-10° | 4.30-10° | 2.06-10™" | 3.70-10°
Bone eq. plastic 70 1.43-10 0.00 528107 | 4.20-10° | 9.06-10* | 5.30-10° | 1.14-10" | 4.20-10°
Bone eq. plastic 160 7.35 1.00-10* | 3.82:10* | 5.00-10° | 7.74.10" | 6.10-10° | 1.01-10" | 4.80-10°
Bone eq. plastic 250 5.51 1.00-10* | 3.89-10* | 6.60-10° | 8.27-10* | 6.10-10° | 1.04-107" | 4.90-10°
Air eq. plastic 70 1.64-10 0.00 7.73-10* | 3.60-10° | 8.78-10* | 4.40-10° | 1.49-10" | 3.60-10°
Air eq. plastic 160 8.40 1.00-10* | 5.39-10* | 4.30-10° | 7.20-10* | 5.20-10° | 1.35-10" | 4.30-10°
Air eq. plastic 250 6.29 1.00-10* | 5.42:10* | 5.90-10° | 7.54-10* | 5.20-10° | 1.40-10" | 4.30-107°
Cellulose nitrate 70 1.43-10 0.00 6.23-10* | 3.80-10° | 6.78-10* | 5.70-10° | 9.95-107 | 4.50-107
Cellulose nitrate 160 737 1.00-10* | 4.19:-10* | 4.60-10° | 5.33-10* | 6.50-10° | 9.62-107 | 4.90-107°
Cellulose nitrate | 250 5.53 1.00-10* | 4.09-10* | 5.80-10° | 5.61-10" | 6.40-10° | 1.04-10" | 4.80-10°
Ethylene 70 1.23-1072 0.00 3.18:10" | 1.61-107" | 8.10-10"° | 2.24-.107" | 1.10-10° | 1.29-107"
Ethylene 160 | 6.67-107 0.00 25310 | 2.04-10" | 9.78-107° | 2.11-107" | 8.66:10° | 1.53-10"
Ethylene 250 | 4.99-107 0.00 1.34-10"° | 2.55-10" | 8.61-10° | 2.46-10”" | 8.25-10° | 1.40-10"'
Lithium-tetraborate| 70 2.32:10 0.00 1.54.10° | 3.00-10° | 1.42-10° | 4.40-10° | 1.66-10" | 3.20-107°
Lithium-tetraborate| 160 1.15-10" | 1.00-10* | 9.88-10* | 3.70-10° | 1.11-10° | 5.10-10° | 1.58-10" | 3.70-10°°
Lithium-tetraborate| 250 8.59 1.00-10* | 9.70-10* | 5.00-10° | 1.14-10° | 5.10-10° | 1.71-107" | 3.70-107°
Muscle, skeletal 70 1.07-10 0.00 32810 | 4.60-10° | 6.27-10* | 6.60-10° | 5.09-107 | 6.20-10°
Muscle, skeletal 160 5.57 1.00-10* | 2.23.10* | 5.50-10° | 5.09-10* | 7.50-10° | 5.35-102 | 6.60-107
Muscle, skeletal 250 4.17 1.00-10* | 2.17-10* | 6.50-10° | 5.39-10* | 7.50-10° | 5.92:107 | 6.40-107°
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Figure 6. Comparison between liquid water and adipose tissue energy depositions from primary and secondary particles
upon exposure to 70 MeV, 160 MeV, and 250 MeV incident protons obtained from our database

ton energies, primarily due to fewer Coulomb interac-
tions at higher incident proton energies. Moreover,
proton energy deposition dominates in both media by
several orders of magnitude compared to that of second-
ary particles. The yields of secondary particles follow the
same monotonic decline with the incident proton energy,
mainly because the nuclear inelastic cross sections for (p,
n) and (p, y) reactions decrease beyond ~100 MeV. At
higher energies, protons also deposit a larger fraction of
their energy outside the small 1 cm? scoring volume be-
fore nuclear reactions occur. Unlike neutrons and pho-
tons, alpha particle energy deposition is consistently
higher in adipose and even increases slightly with energy
in both media, which is attributed primarily to (p, ) nu-
clear reactions on light nuclei.

Correlation of energy deposition
between protons and secondary particles

The correlation matrices for energy deposition
in different materials reveal varying interaction pat-
terns based on material composition and density, as
shown in fig. 7. In liquid water and skeletal muscle,
there is a strong positive correlation between proton,
photon, and neutron energy depositions, with values
ranging from 0.8 to 0.98. This indicates that these radi-
ation types interact in a similar manner within these
materials, with dosimetric properties that show close
agreement. Both materials also exhibit a strong nega-
tive correlation between proton and alpha energy de-
positions, approximately —0.93 in liquid water and
—0.89 in skeletal muscle, suggesting that an increase in
proton dose corresponds to a decrease in alpha dose.
This behavior is primarily attributed to the changes in
the energy of the generated alpha particles at different
incident proton energies.

In contrast, air and CO, display different pat-
terns. In air, the correlations are generally lower, with
proton-photon correlation of 0.75 being the highest.

This indicates that radiation interactions and subse-
quent energy deposition in gaseous media are less
coupled. The CO, shows moderate correlations across
different secondary particle types, with proton-photon
at 0.88 and proton-alpha at 0.81, indicating some level
of interdependence but not as strong as those in denser
materials (i.e., liquid water and skeletal muscle).
These differences highlight that denser materials, such
as liquid water and skeletal muscle, tend to have more
consistent energy depositions and coupling among
different secondary radiation types. By comparison,
gases, such as air and CO,, show weaker and more
variable correlations due to differences in energy de-
position and scattering properties. Secondary particle
production is less frequent in gases because the lower
atomic density leads to fewer nuclear reactions. How-
ever, high-energy protons can still produce secondary
particles upon interaction with individual gas mole-
cules, such as ionized particles or gamma radiation.
Therefore, weaker correlations are observed com-
pared to materials of relatively higher atomic density.

The use of a correlation matrix for comparing
energy depositions of primary protons and secondary
particles, such as photons, neutrons, and alpha parti-
cles, provides significant advantages in evaluating and
understanding the dosimetric properties of different
materials. These advantages can be achieved by ana-
lyzing the correlations between these energy deposi-
tions. Considering this, strong positive correlations
between incident proton and dose from secondary par-
ticles might indicate that these particles exhibit similar
energy deposition characteristics in a particular mate-
rial, which could be important in applications where
dose consistency across particle types is desired. Ad-
ditionally, this approach enables a quantitative com-
parison of how various materials respond to radiation,
as correlation patterns can reveal unique interaction
profiles, making them suitable for different applica-
tions such as radiation shielding or therapy.



N. Safakatti Karakoc, et al., A Dosimetric Database and Correlation Study for ...

Nuclear Technology & Radiation Protection: Year 2025, Vol. 40, No. 3, pp. 175-183 181
Correlation matrix of radiation doses for water-liquid Correlation matrix of radiation doses for muscle-skeletal
- 1.00 1.00
5 =
2 0.75 8 0.75
= a
0.50 0.50
5 c
o
i 0.25 2 0.25
000 & 0.00 8
S =
5 8 5 8
;j: - -0.25 Jg . _025
2 2
220 --0.50
E ©
= --0.75 £
< =3 --0.75
< E:
T T T --1.00 -
T T T -1
. Proton Photon Neutron Alpha Proton Phatan Hextran Alpha
(b)
Correlation matrix of radiation doses for air 1,00 Correlation matrix of radiation doses for CO, Loo
5 c
I=}
2 0.75 g 0.75
= &
0.50 0.50
5 c
= 0.25 £ 0.25
£ c £
S & &
® b=
000 < 000 3
5 E
S - S
5 © 5 S
3 - =025 £ --0.25
=z 2
980 --0.50
0 ©
s --0.75 5 --0.75
< E
~=L00 --1.00

Photon Neutron Alpha

Proton

(©

Photon Neutron Alpha

Proton

d)
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INTERACTIVE PHITS MODEL

The current model represents a unit-volume cyl-
inder, which closely resembles the geometry and sen-
sitive volume of widely used ionization chambers in
radiation dosimetry experiments. This 1 cm? volume
provides a reliable approximation of local energy de-
position and captures key features related to the energy
deposition of both primary and secondary particles.
However, given the vast variety of potential geome-
tries and dimensions that users may require, it is im-
portant to account for the flexibility and diverse needs
in modeling. To address this, we have developed a sep-
arate, interactive GUI model hosted on a web server
named interactive PHITS (iPHITS) [28] (stands for in-
teractive PHITS). This tool allows users to model a va-
riety of geometries, including rectangular parallelepi-
peds, cylinders, and spheres. Additionally, users can
easily set key parameters such as beam energy, direc-
tion, radius, and other essential MC parameters
through a user-friendly and interactive interface.

SUMMARY AND CONCLUSIONS

The ProtonSED program, coupled with the
well-established PHITS MC package, accurately calcu-
lates the energy deposition of the incident proton beam
and secondary particles (i.e., neutrons, photons and al-
pha particles) produced through interactions between
the proton beam and the target. The target materials (i.
e., compounds and elements) were obtained from the
NIST database. Several results have been compared for
validation and verification with the MCNP6.2 package,
showing a good agreement and low statistical uncer-
tainties. The ProtonSED program is an accurate and re-
liable tool for researchers working with proton beams in
the medical physics energy range. The present database
and program enable users to estimate the absorbed dose
from primary protons and secondary neutrons, photons,
and alpha particles without the need for complex MC
computations. Future work will focus on extending this
database to incorporate other physical quantities, in-
cluding primary and secondary particle fluence as well
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as the energy distribution of the proton-induced sec-
ondary particles. Additionally, expanding the material
coverage of the present database would benefit a
broader range of researchers.
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Hypcen CAOAKATHU KAPAKOUY, Xupomn BATABE, Ilerep Ksan Hrok JY,
Hparana 2K. KPCTUR, dparocaas P. HUKE3Wh, 3opan M. JOBAHOBWH, Aoyxn Kanam ®@a3ya
XAKE, Pagukyn UCJIAM, Mexpaag IIAXMOXAMAIN BEHU

JO3NMETPUICKA BA3A IIOJATAKA U ITPOYYABAIBE KOPEI/IAIIMJE
NNPOTOHUMA MHAYKOBAHUX CEKYHJIAPHUX YECTHUIA

Kao onroBop Ha BeNMKY MOTpaskKiy 3a MPOTOHCKOM TEPANUjoM Kao METOJIOM JieueHa paka
MOCTIEIIbUX TOIMHA, COIPOBEICHE Cy CBEOOyXBaTHE CTyAUje 3a MPelU3HO 3padyHaBame no3e. Mebytuwm,
CeKyHIapHEe YEeCTHI[e HAcTaje TOKOM IPOTOHCKOT 3pavema y eHeprerckoMm omcery op 70-250 MeV
IIpEeICTaBIbajy M3a30Be, Kao IITO Cy NOTeHIHjanHa omTeherma moBe3ana ca 3padeheM Ha MaTepHjaInMa
KOju HUCY MIbaHu. [la GUCMO pa3MOTPUIIU OBe TIPOGIIeMe, pa3BIIN CMO a3y MofjaTaka OTBOPEHOT KONla 1
padyyHapcKu mporpam moji Ha3uBoM bBa3za mopgaTaka O CEKYHIapHO] €eMUCHjH MHIYKOBAHO] MPOTOHMMA
(ProtonSED). Capjamma 6a3a nmojaTaka yKIbyuyje jeilumbeba U elieMeHTe HannoHamHOr MHCTUTYTa 3a
craupapae u texuosnorujy (NIST) y munuaapy jequandHe 3ampeMuHe, KaKo O ce OAPEANIIN IpAMapHH
MPOTOHM M CEKYHJapHE YeCTHUIle Kao MITO Cy HeyTpoHu, hoToHM U anda yectune. Takobe cy ogpebene
MaTpulle Kopelanyje 3a TalloXehe eHepruje u3 NpUMapHUX IPOTOHA U CeKyHAapHuX yectuna. Cagamnmba
6a3amofaTaka u MpUCTYII ca MATPHUIOM KopeJanuje 6rmhe KOpUCHN KOfI 3padeHa Koja YKIbYIyjy IPOTOHCKE
CHOIIOBE BHUCOKE CHEpIHje.

Kwyune peuu: iipozpam 3a iiparciiopiv yeciiuya u iewikux jona (PHITS), Mownitie Kapao meitiooa,
ipoitioHcka tepaiiuja, 6a3a Hooamlaka o ceKyHOapHOj emucuju



