
A  DOSIMETRIC  DA TA BASE  AND  COR RE LA TION  STUDY
FOR  PRO TON-IN DUCED  SEC OND ARY  PAR TI CLES

by

Nursel SAFAKATTI KARAKOC 1, Hiroshi WATABE 2, Pe ter Kwan Ngok YU 3,
Dragana Ž. KRSTI] 4, Dragoslav R. NIKEZI] 4, Zoran M. JOVANOVI] 5,

Abul Kalam Fazlul HAQUE 6, Rafiqul ISLAM 7, and Mehrdad SHAHMOHAMMADI BENI 2,3*  
1 Grad u ate School of Bio med i cal En gi neer ing, Tohoku Uni ver sity, Sendai, Ja pan

2 Di vi sion of Ra di a tion Pro tec tion and Nu clear Safety,
Re search Cen ter for Ac cel er a tor and Ra dio iso tope Sci ence, Tohoku Uni ver sity, Sendai, Ja pan

3 De part ment of Phys ics, City Uni ver sity of Hong Kong, Hong Kong, China
4 Fac ulty of Sci ence, Uni ver sity of Kragujevac, Kragujevac, Ser bia

5 De part ment of Nat u ral Sci ence and Math e mat ics, State Uni ver sity of Novi Pazar, Novi Pazar, Ser bia
6Atomic and Mo lec u lar Phys ics Lab o ra tory, De part ment of Phys ics, Uni ver sity of Rajshahi, Rajshahi, Ban gla desh

7 In sti tute of Nu clear Med i cal Phys ics AERE, Ban gla desh Atomic En ergy Com mis sion, Dhaka, Ban gla desh

Sci en tific pa per
https://doi.org/10.2298/NTRP2503175S

In re sponse to the high de mand for pro ton ther apy as a can cer treat ment method in re cent
years, com pre hen sive stud ies have been con ducted to im prove the ac cu racy of dose cal cu la -
tions. How ever, the sec ond ary par ti cles pro duced dur ing pro ton ir ra di a tion at en er gies
70-250 MeV pres ent sig nif i cant chal lenges, as they may in duce ra di a tion-re lated dam age in
sur round ing non-tar get tis sues and ma te ri als. To ad dress these is sues, we de vel oped an
open-source da ta base and com puter pro gram named Pro ton-in duced Sec ond ary Emis sion
Da ta base, ProtonSED. The pres ent da ta base in cor po rates Na tional In sti tute of Stan dards
and Tech nol ogy com pounds and el e ments in a unit-vol ume cyl in der to de ter mine the pri mary
pro tons and sec ond ary par ti cles such as neu trons, pho tons, and al pha par ti cles. The cor re la -
tion ma tri ces for en ergy de po si tion from pri mary pro tons and sec ond ary par ti cles were also
de ter mined. The pres ent da ta base and cor re la tion ma trix ap proach will be use ful for ir ra di a -
tion in volv ing high-en ergy pro ton beams. 

Key words: par ti cle and heavy ion trans port code sys tem, Monte Carlo method, pro ton ther apy,
sec ond ary emis sion da ta base

IN TRO DUC TION

Among the var i ous tech niques used to com bat
can cer, pro ton ther apy has emerged as par tic u larly
prom is ing due to its unique char ac ter is tic of de liv er ing
a well-de fined range within the tar get me dium [1-3].
While this well-de fined range is cru cial for ac cu rately
lo cal iz ing the dose to the tu mor, the sharp en ergy de po -
si tion of the Bragg peak is even more de ci sive in de liv -
er ing the ther a peu tic ef fect within the tar get tis sue. In ci -
dent pro ton beams are com monly used in ther a peu tic
set ups and have in ci dent en ergy in the range of 70-250
MeV. These pro ton beams are pro duced us ing ei ther cy -
clo trons or synchrotrons [4]. Within the 70-250 MeV
en ergy range, the gen er a tion of sec ond ary par ti cles-in -
clud ing pho tons, neu trons, and al pha par ti cles-is highly
prob a ble, with the pro duc tion rates gov erned by the nu -
clear and phys i cal prop er ties of the tar get ma te rial [5,6]. 

The emit ted sec ond ary par ti cles can de posit dose along
their tracks, thereby al ter ing the over all dose dis tri bu -
tion and po ten tially in tro duc ing un in tended bi o log i cal
side ef fects. Pre vi ous Monte Carlo (MC) stud ies have
ad dressed scat tered ra di a tion fields in X-ray di ag no sis,
benchmarking of pho ton- beam sim u la tion toolkits, and 
do sim e try of brachy- ther apy sources [7-9], un der scor -
ing the need to spe cif i cally quan tify sec ond ary ra di a -
tion from ther a peu tic pro ton beams in dif fer ent me dia.
Pre vi ously, Jiang et al. [10] used the GEANT4 MC
pack age to de ter mine the sec ond ary doses in pro ton
ther apy and dem on strated that sec ond ary neu trons sig -
nif i cantly con trib uted to the over all ef fec tive dose de -
po si tion in non-tar geted or gans. More over, the neu tron
en ergy spec trum gen er ated by the 250 MeV in ci dent
pro ton beam was ex per i men tally de ter mined and later
val i dated by em ploy ing MC com pu ta tions [11], thereby 
con firm ing the im por tance of sec ond ary par ti cle pro -
duc tion from pro ton beams. In ad di tion to dose de po si -
tion, the sec ond ary par ti cles can in duce var i ous types of 
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ra di a tion-re lated dam age in the tar get ma te rial. This
dam age is pri mar ily due to their dis tinct pat terns of en -
ergy de po si tion. Pre vi ous stud ies [12, 13] have shown
that sec ond ary par ti cles, es pe cially neu trons, in crease
the life time risk of de vel op ing sec ond ary can cers in pa -
tients who have un der gone pro ton ther apy. There fore, it 
is im por tant to study the dose de po si tion from pro -
ton-in duced sec ond ary par ti cles in com monly used ma -
te ri als in pro ton ir ra di a tion fa cil i ties. The most com mon 
ap proach to de ter min ing dose de po si tion from sec ond -
ary par ti cles is the use of MC meth ods to model the
trans port and in ter ac tions of ion iz ing ra di a tion with
mat ter. In this con text, sev eral well-es tab lished
multi-pur pose MC pack ages have been de vel oped, in -
clud ing Monte Carlo N-Par ti cle (MCNP) [14], Geant4
[15], FLUKA [16], and par ti cle and heavy ion trans port
code sys tem (PHITS) [17]. How ever, mod el ling of this
multi-par ti cle sys tems would be te dious, time-con sum -
ing, er ror-prone, and computationally ex pen sive [18,
19]. Us ers must also fa mil iar ize them selves with
well-es tab lished MC pack ages that re quire a li cense for
ac cess. This fur ther com pli cates the task of study ing
sec ond ary emis sions be cause of pro ton ir ra di a tion.
Given the im por tance of sec ond ary par ti cle gen er a tion
by in ci dent pro ton beams, some stud ies choose to over -
look sec ond ary emis sions re sult ing from pro ton ir ra di a -
tion, which is not ad vis able. For ex am ple, Shan et al.
[20] of fered an ap proach to en hance dose cal cu la tion
ef fi ciency in pro ton ther apy by avoid ing the sim u la tion
of sec ond ary par ti cles. How ever, this ap proach could
po ten tially un der mine the ac cu racy of re al is tic do sim e -
try, as dis cussed ear lier. The stud ies con ducted by
Ekinci et al. [21] ex am ined ini tial pro ton beam char ac -
ter is tics within dif fer ent biomaterials. How ever, it is es -
sen tial to ac knowl edge that the sec ond ary par ti cle emis -
sions re sult ing from pro ton beam in duc tion have a
sig nif i cant ef fect on treat ment safety and ef fi ciency.
Con sid er ing these chal lenges, we have de vel oped an
ex ten sive sec ond ary emis sion da ta base for most el e -
ments and com pounds re ported in the NIST da ta base
[22] in the range of 70 MeV to 250 MeV in ci dent pro ton 
beam im ping ing on a unit-vol ume cyl in der. These were
gen er ated us ing the PHITS MC pack age and fur ther
ver i fied us ing the MCNP pack age ver sion 6.2. In ad di -
tion, we de vel oped a user-friendly graph i cal user in ter -
face (GUI) to fa cil i tate data re trieval from the sec ond -
ary emis sion da ta base. Cor re la tions be tween en ergy
de po si tion from in ci dent pro tons and sec ond ary par ti -
cles in dif fer ent ma te ri als were in ves ti gated us ing a cor -
re la tion ma trix ap proach. We be lieve the da ta base and
cor re la tion ma tri ces will be use ful for es ti mat ing the
con tri bu tion of sec ond ary par ti cles to the de pos ited
dose in pro ton ir ra di a tion. 

MA TE RI ALS AND METH ODS

The main part of the pres ent work is the code gen -
er a tor pro gram that au to mat i cally builds scripts by loop -
ing through the NIST ma te rial li brary [22]. This gen er -

ates a PHITS MC script for pro ton ir ra di a tion of a unit
vol ume cyl in der from 70 MeV to 250 MeV with 1 MeV
in ter vals that adds up to a to tal of 181 ir ra di a tion sce nar -
ios for ev ery ma te rial (el e ments and com pounds). The
pro gram sets ma te rial def i ni tions, den si ties, and re spec -
tive tal lies for pri mary pro tons and sec ond ary par ti cles
(pho tons, neu trons, and al pha par ti cles) in the mod eled
unit-vol ume cyl in der. The sche matic rep re sen ta tion of
the pro ton ir ra di a tion setup is shown in fig. 1. In the pres -
ent da ta base, a to tal of 48 com pounds and 24 el e ments
were taken from NIST ma te rial com po si tion data [22]
and sum ma rized in tab. 1. 

The code gen er a tor pro gram, de vel oped to build
the pres ent da ta base, au to mat i cally cre ated spe cific di -
rec to ries for the ma te ri als listed in tab.1 and gen er ated
pro ton ir ra di a tion scripts.

The pro gram au to mat i cally in vokes the PHITS
MC pack age to run these trans port com pu ta tions. Once
the run is com pleted, the pro gram ex tracts dosimetric
data from the gen er ated tally files and writes them into
the da ta base file. As in our pre vi ous works [23-26], the
GUI was de vel oped us ing the QT5 li brar ies and writ ten
en tirely in the C++ pro gram ming lan guage. On the other
hand, the code gen er a tor pro gram was writ ten in the
FORTRAN90 pro gram ming lan guage. All com po nents
were com piled us ing the GCC com piler toolkit ver sion
11.3.1-2. The GUI col lects user in put and for wards them
to the pro gram's data re trieval com po nent. This com po -
nent then re trieves the sec ond ary emis sion data from the
es tab lished da ta base.

The Script but ton pro vides us ers with a sam ple
script at 70 MeV in ci dent pro ton en ergy for all el e -
ments and com pounds. This fea ture is par tic u larly use -
ful for in spect ing in put scripts au to mat i cally pre pared
by the code gen er a tor pro gram. The ProtonSED GUI
is shown in fig. 2. The pro gram of fers a straight for -
ward and easy-to-use in ter face to us ers.
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Fig ure 1. Sche matic rep re sen ta tion of the pro ton
ir ra di a tion setup used in the ProtonSED, show ing a unit
vol ume cyl in der and a pro ton disk source



Con sid er ing the large amount of data in the da ta -
base, we se lected a sub set of el e ments and com pounds
for val i da tion and ver i fi ca tion us ing the PHITS and
MCNP6.2 MC pack ages. Since the da ta base was gen -
er ated us ing the au to matic code gen er a tor rou tine, it
was per ti nent to man u ally run sev eral cases with
PHITS to en sure the ac cu racy of the re ported re sults.
More over, com par i son with MCNP6.2 fur ther con -

trib uted to the val i da tion of our model. The se lected el -
e ments and com pounds at spe cific in ci dent pro ton
beam en er gies are listed in tab. 2.

Cor re la tion ma tri ces for pro ton, pho ton, neu -
tron, and al pha par ti cle en ergy de po si tion in the pres -
ent da ta base were cal cu lated. The Pearson cor re la tion
co ef fi cient r be tween two vari ables x and y was de -
fined as
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where xi and yi are in di vid ual sam ple val ues of vari -
ables x and y, and x and y are the means of x and y.

This quan ti fies the strength and di rec tion of the
lin ear re la tion ship be tween two vari ables. The re sults
were ob tained for pro ton-pho ton, pro ton-neu tron, and
pro ton-al pha com bi na tions. The cor re la tion ma tri ces
for liq uid wa ter, skel e tal mus cle, air, and CO2 were
shown in the pres ent work.

The com pu ta tions were per formed on the
GNU/Linux com puter with dual Xeon E5-2630 2.40
GHz CPUs and cou pled wsith PHITS ver sion 3.28.
The Intra-Nu clear Cas cade Liege (INCL) model was
used to ex plain the nu clear re ac tion in volved in the
pres ent work. The INCL model was adopted as the de -
fault for sim u lat ing nu clear re ac tions in duced by pro -
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Ta ble 1. List of com pounds and el e ments con sid ered
in the pres ent da ta base

Com pounds El e ments
Tis sue equiv a lent plas tic Hy dro gen (H)

Acet y lene He lium (He)
Ad i pose tis sue Be ryl lium (Be)

Air Car bon (C)
Al2O3 Ni tro gen (N)

Bone equiv a lent plas tic Ox y gen (O)
Bone com pact So dium (Na)
Bone cor ti cal Alu mi num (Al)

Air equiv a lent plas tic Sil i con (Si)
CaF2 Ar gon (Ar)
CO2 Ti ta nium (Ti)

Cel lu lose ni trate Iron (Fe)
CsI Cop per (Cu)

Eth yl ene Ger ma nium (Ge)
Fer rous sul fate so lu tion Kryp ton (Kr)

Py rex glass Mo lyb de num (Mo)
Kapton polyimide Sil ver (Ag)

LiF Tin (Sn)
Lith ium tetraborate Xe non (Xe)

M3 wax Gad o lin ium (Gd)
Meth ane Tung sten (W)

MS20 tis sue sub sti tute Gold (Au)
Mus cle, skel e tal Lead (Pb)
Mus cle, stri ated Ura nium (U)

Mus cle equiv a lent liq uid, with su crose
Mus cle equiv a lent liq uid, with out su crose

Ny lon type 6
Par af fin wax

Pho to graphic emul sion
Plas tic scintillator

Polycarbonate
Poly eth yl ene

My lar
Polymethyl methacrylate

Poly propy lene
Poly sty rene

Tef lon
Poly vi nyl chlo ride

Pro pane
SiO2

NaI
Stilbene

Tis sue equiv a lent gas, meth ane
Tis sue equiv a lent gas, pro pane

To lu ene
Wa ter, liq uid
Wa ter, va por

Fig ure 2. ProtonSED GUI pro gram il lus trat ing en ergy
de po si tion by pri mary and sec ond ary par ti cles re sult ing
from 70 MeV pro ton ir ra di a tion of an Al2O3 tar get

Ta ble 2. Aset of se lected el e ments and com pounds
for ver i fi ca tion and val i da tion of our model

Pro ton en ergy
[MeV] Com pound Pro ton en ergy

[MeV] El e ment

70
Tis sue

equiv a lent
plas tic

70 Car bon (C)

100 Air 100 Ni tro gen (N)
120 CO2 120 Ox y gen (O)
150 My lar 150 Sil i con (Si)

200 SiO2 200 Mo lyb de num
(Mo)

220 NaI 220 Lead (Pb)
250 Wa ter, liq uid 250 Ura nium (U)



tons. The stop ping pow ers for charged par ti cles and
nu clei were cal cu lated us ing the ATIMA code [27] im -
ple mented in the PHITS MC pack age. In gen eral,
PHITS au to mat i cally cal cu lates the stop ping power of
each ma te rial us ing the ATIMA model. The
ENDF70PROT, MCPLIB84, and ENDF71x da ta -
bases were used in the MCNP6.2 com pu ta tions.

RE SULTS AND DIS CUS SION

Benchmarking with MCNP6.2 

The com par i son of the re sults from our
ProtonSED pro gram, based on the PHITS MC pack -
age, with the MCNP6.2 MC pack age for se lected com -
pounds and el e ments, is shown in figs. 3 and 4, re spec -

tively. En ergy de po si tion re sults from pro tons and sec -
ond ary par ti cles ob tained with ProtonSED and
MCNP6.2 are in close agree ment.

In ad di tion to the en ergy de po si tion re sults, the av -
er age rel a tive er ror as so ci ated with the MC com pu ta tions 
us ing ProtonSED and MCNP6.2 was ob tained and is
pre sented in fig. 5. The rel a tive er rors were av er aged for
the com pounds and el e ments shown in figs. 3 and 4, re -
spec tively. The av er age rel a tive er ror val ues were found
to be less than 8 %, in di cat ing that the ob tained re sults
are sta tis ti cally re li able for in ci dent pro tons and sec ond -
ary par ti cles. The av er age rel a tive er ror val ues pre sented
in fig. 5 were cal cu lated by tak ing the arith me tic mean of
the rel a tive er rors for the com pounds and el e ments
shown in figs. 3 and 4, re spec tively. For these ma te ri als,
the pro duc tion of sec ond ary par ti cles is less prob a ble,
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Fig ure 3. Com par i son of en ergy
de po si tion re sults be tween
ProtonSED and MCNP6.2 for
se lected com pounds at
dif fer ent in ci dent pro ton en er gies, 
val i dat ing the pres ent plat form
against the well-es tab lished
MCNP pack age

Fig ure 4. Com par i son of en ergy
de po si tion re sults be tween
ProtonSED and MCNP6.2 for
se lected el e ments at dif fer ent
in ci dent pro ton en er gies,
val i dat ing the pres ent plat form
against the well-es tab lished
MCNP pack age



which con trib utes to a rel a tively smaller im pact. Con se -
quently, the max i mum av er age rel a tive er ror ob served
was 8 %, which is ac cept able. We rec om mend that
read ers re fer to the in di vid ual rel a tive er ror val ues re -
ported by our pro gram for each spe cific case, as these
pro vide a more ac cu rate and case-spe cific mea sure of
sta tis ti cal un cer tainty.

En ergy de po si tion from in ci dent
pro tons and sec ond ary par ti cles

To dem on strate the ca pa bil i ties of the pres ent
model, we have se lected 8 com pounds namely, ad i pose
tis sue, Al2O3, bone equiv a lent plas tic, air equiv a lent
plas tic, cel lu lose ni trate, ethzlene, lith ium tetraborate,
skel e tal mus cle. For each com pound, three dif fer ent  in -

ci dent  pro ton en er gies in the range of 70 MeV to 250
MeV were con sid ered. The en ergy de po si tion of pro tons, 
pho tons, neu trons, and al pha par ti cles (in MeV per pro -
ton) was de ter mined us ing the cur rent pro gram. The re -
sults ob tained, to gether with the as so ci ated rel a tive er -
rors, are pre sented in tab. 3. These re sults were fur ther
val i dated through man ual ex e cu tion of the gen er ated
scripts us ing the PHITS MC pack age, and no in con sis -
ten cies were ob served. The re ported low rel a tive er ror
val ues are de sir able, mainly as they en sure the ac cu racy
and re li abil ity of the re sults. Con sid er ing that liq uid wa -
ter and ad i pose tis sue are in the in ter est of ra di a tion do -
sim e try, the vari a tion of en ergy de po si tion from pri mary
pro tons and sec ond ary pho tons, neu trons and al pha par -
ti cles on dif fer ent in ci dent pro ton en er gies were ob tained 
and shown in fig. 6. The re sults in di cate that pro ton en -
ergy de po si tion de creases with in creas ing in ci dent pro -
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Fig ure 5. Com par i son of the
av er age rel a tive er rors as so ci ated
with sta tis ti cal un cer tain ties
ob tained with ProtonSED and
MCNP6.2

Ta ble 3. The re sults ob tained for eight dif fer ent se lected com pounds at three dis tinct in ci dent pro ton
beam en er gies as pro vided by the ProtonSED pro gram

Ma te rial En ergy
[MeV]

Pro ton Pho ton Neu tron Al pha
De po si tion Rel. er ror De po si tion Rel. er ror De po si tion Rel. er ror De po si tion Rel. error

Ad i pose tis sue 70 9.70 0.00 1.9110–4 5.7010–3 5.2010–4 7.1010–3 7.8910–2 5.2010–3

Ad i pose tis sue 160 5.07 1.0010–4 1.3310–4 6.7010–3 4.2410–4 8.2010–3 6.6610–2 5.8010–3

Ad i pose tis sue 250 3.80 1.0010–4 1.3310–4 8.1010–3 4.5010–4 8.2010–3 6.8110–2 5.8010–3

Al2O3 70 4.06101 0.00 6.2710–3 2.0010–3 1.8210–3 3.9010–3 1.5210–1 3.1010–3

Al2O3 160 1.82101 1.0010–4 4.1010–3 2.5010–3 1.5110–3 4.4010–3 1.7210–1 3.8010–3

Al2O3 250 1.36101 1.0010–4 4.0410–3 3.1010–3 1.6310–3 4.3010–3 2.0610–1 3.7010–3

Bone eq. plas tic 70 1.43101 0.00 5.2810–4 4.2010–3 9.0610–4 5.3010–3 1.1410–1 4.2010–3

Bone eq. plas tic 160 7.35 1.0010–4 3.8210–4 5.0010–3 7.7410–4 6.1010–3 1.0110–1 4.8010–3

Bone eq. plas tic 250 5.51 1.0010–4 3.8910–4 6.6010–3 8.2710–4 6.1010–3 1.0410–1 4.9010–3

Air eq. plas tic 70 1.64101 0.00 7.7310–4 3.6010–3 8.7810–4 4.4010–3 1.4910–1 3.6010–3

Air eq. plas tic 160 8.40 1.0010–4 5.3910–4 4.3010–3 7.2010–4 5.2010–3 1.3510–1 4.3010–3

Air eq. plas tic 250 6.29 1.0010–4 5.4210–4 5.9010–3 7.5410–4 5.2010–3 1.4010–1 4.3010–3

Cel lu lose ni trate 70 1.43101 0.00 6.2310–4 3.8010–3 6.7810–4 5.7010–3 9.9510–2 4.5010–3

Cel lu lose ni trate 160 7.37 1.0010–4 4.1910–4 4.6010–3 5.3310–4 6.5010–3 9.6210–2 4.9010–3

Cel lu lose ni trate 250 5.53 1.0010–4 4.0910–4 5.8010–3 5.6110–4 6.4010–3 1.0410–1 4.8010–3

Eth yl ene 70 1.2310–2 0.00 3.1810–10 1.6110–1 8.1010–10 2.2410–1 1.1010–5 1.2910–1

Eth yl ene 160 6.6710–3 0.00 2.5310–10 2.0410–1 9.7810–10 2.1110–1 8.6610–6 1.5310–1

Eth yl ene 250 4.9910–3 0.00 1.3410–10 2.5510–1 8.6110–10 2.4610–1 8.2510–6 1.4010–1

Lith ium-tetraborate 70 2.32101 0.00 1.5410–3 3.0010–3 1.4210–3 4.4010–3 1.6610–1 3.2010–3

Lith ium-tetraborate 160 1.15101 1.0010–4 9.8810–4 3.7010–3 1.1110–3 5.1010–3 1.5810–1 3.7010–3

Lith ium-tetraborate 250 8.59 1.0010–4 9.7010–4 5.0010–3 1.1410–3 5.1010–3 1.7110–1 3.7010–3

Mus cle, skel e tal 70 1.07101 0.00 3.2810–4 4.6010–3 6.2710–4 6.6010–3 5.0910–2 6.2010–3

Mus cle, skel e tal 160 5.57 1.0010–4 2.2310–4 5.5010–3 5.0910–4 7.5010–3 5.3510–2 6.6010–3

Mus cle, skel e tal 250 4.17 1.0010–4 2.1710–4 6.5010–3 5.3910–4 7.5010–3 5.9210–2 6.4010–3



ton en er gies, pri mar ily due to fewer Cou lomb in ter ac -
tions at higher in ci dent pro ton en er gies. More over,
pro ton en ergy de po si tion dom i nates in both me dia by
sev eral or ders of mag ni tude com pared to that of sec ond -
ary par ti cles. The yields of sec ond ary par ti cles fol low the 
same monotonic de cline with the in ci dent pro ton en ergy,
mainly be cause the nu clear in elas tic cross sec tions for (p, 
n) and (p, g) re ac tions de crease be yond 100 MeV. At
higher en er gies, pro tons also de posit a larger frac tion of
their en ergy out side the small 1 cm3 scor ing vol ume be -
fore nu clear re ac tions oc cur. Un like neu trons and pho -
tons, al pha par ti cle en ergy de po si tion is con sis tently
higher in ad i pose and even in creases slightly with en ergy
in both me dia, which is at trib uted pri mar ily to (p, a) nu -
clear re ac tions on light nu clei.

Cor re la tion of en ergy de po si tion
be tween pro tons and sec ond ary par ti cles

The cor re la tion ma tri ces for en ergy de po si tion
in dif fer ent ma te ri als re veal vary ing in ter ac tion pat -
terns based on ma te rial com po si tion and den sity, as
shown in fig. 7. In liq uid wa ter and skel e tal mus cle,
there is a strong pos i tive cor re la tion be tween pro ton,
pho ton, and neu tron en ergy de po si tions, with val ues
rang ing from 0.8 to 0.98. This in di cates that these ra di -
a tion types in ter act in a sim i lar man ner within these
ma te ri als, with dosimetric prop er ties that show close
agree ment. Both ma te ri als also ex hibit a strong neg a -
tive cor re la tion be tween pro ton and al pha en ergy de -
po si tions, ap prox i mately –0.93 in liq uid wa ter and
–0.89 in skel e tal mus cle, sug gest ing that an in crease in 
pro ton dose cor re sponds to a de crease in al pha dose.
This be hav ior is pri mar ily at trib uted to the changes in
the en ergy of the gen er ated al pha par ti cles at dif fer ent
in ci dent pro ton en er gies.

In con trast, air and CO2 dis play dif fer ent pat -
terns. In air, the cor re la tions are gen er ally lower, with
pro ton-pho ton cor re la tion of 0.75 be ing the high est.

This in di cates that ra di a tion in ter ac tions and sub se -
quent en ergy de po si tion in gas eous me dia are less
cou pled. The CO2 shows mod er ate cor re la tions across
dif fer ent sec ond ary par ti cle types, with pro ton-pho ton 
at 0.88 and pro ton-al pha at 0.81, in di cat ing some level
of in ter de pen dence but not as strong as those in denser
ma te ri als (i.e., liq uid wa ter and skel e tal mus cle).
These dif fer ences high light that denser ma te ri als, such 
as liq uid wa ter and skel e tal mus cle, tend to have more
con sis tent en ergy de po si tions and cou pling among
dif fer ent sec ond ary ra di a tion types. By com par i son,
gases, such as air and CO2, show weaker and more
vari able cor re la tions due to dif fer ences in en ergy de -
po si tion and scat ter ing prop er ties. Sec ond ary par ti cle
pro duc tion is less fre quent in gases be cause the lower
atomic den sity leads to fewer nu clear re ac tions. How -
ever, high-en ergy pro tons can still pro duce sec ond ary
par ti cles upon in ter ac tion with in di vid ual gas mol e -
cules, such as ion ized par ti cles or gamma ra di a tion.
There fore, weaker cor re la tions are ob served com -
pared to ma te ri als of rel a tively higher atomic den sity.

The use of a cor re la tion ma trix for com par ing
en ergy de po si tions of pri mary pro tons and sec ond ary
par ti cles, such as pho tons, neu trons, and al pha par ti -
cles, pro vides sig nif i cant ad van tages in eval u at ing and 
un der stand ing the dosimetric prop er ties of dif fer ent
ma te ri als. These ad van tages can be achieved by an a -
lyz ing the cor re la tions be tween these en ergy de po si -
tions. Con sid er ing this, strong pos i tive cor re la tions
be tween in ci dent pro ton and dose from sec ond ary par -
ti cles might in di cate that these par ti cles ex hibit sim i lar 
en ergy de po si tion char ac ter is tics in a par tic u lar ma te -
rial, which could be im por tant in ap pli ca tions where
dose con sis tency across par ti cle types is de sired. Ad -
di tion ally, this ap proach en ables a quan ti ta tive com -
par i son of how var i ous ma te ri als re spond to ra di a tion,
as cor re la tion pat terns can re veal unique in ter ac tion
pro files, mak ing them suit able for dif fer ent ap pli ca -
tions such as ra di a tion shield ing or therapy.
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Fig ure 6. Com par i son be tween liq uid wa ter and ad i pose tis sue en ergy de po si tions from pri mary and secondary par ti cles
upon ex po sure to 70 MeV, 160 MeV, and 250 MeV in ci dent pro tons ob tained from our da ta base



IN TER AC TIVE PHITS MODEL

The cur rent model rep re sents a unit-vol ume cyl -
in der, which closely re sem bles the ge om e try and sen -
si tive vol ume of widely used ion iza tion cham bers in
ra di a tion do sim e try ex per i ments. This 1 cm3 vol ume
pro vides a re li able ap prox i ma tion of lo cal en ergy de -
po si tion and cap tures key fea tures re lated to the en ergy 
de po si tion of both pri mary and sec ond ary par ti cles.
How ever, given the vast va ri ety of po ten tial ge om e -
tries and di men sions that us ers may re quire, it is im -
por tant to ac count for the flex i bil ity and di verse needs
in mod el ing. To ad dress this, we have de vel oped a sep -
a rate, in ter ac tive GUI model hosted on a web server
named in ter ac tive PHITS (iPHITS) [28] (stands for in -
ter ac tive PHITS). This tool al lows us ers to model a va -
ri ety of ge om e tries, in clud ing rect an gu lar par al lel epi -
peds, cyl in ders, and spheres. Ad di tion ally, us ers can
eas ily set key pa ram e ters such as beam en ergy, di rec -
tion, ra dius, and other es sen tial MC pa ram e ters
through a user-friendly and in ter ac tive in ter face.

SUM MARY AND CON CLU SIONS

The ProtonSED pro gram, cou pled with the
well-es tab lished PHITS MC pack age, ac cu rately cal cu -
lates the en ergy de po si tion of the in ci dent pro ton beam
and sec ond ary par ti cles (i.e., neu trons, pho tons and al -
pha par ti cles) pro duced through in ter ac tions be tween
the pro ton beam and the tar get. The tar get ma te ri als (i.
e., com pounds and el e ments) were ob tained from the
NIST da ta base. Sev eral re sults have been com pared for
val i da tion and ver i fi ca tion with the MCNP6.2 pack age,
show ing a good agree ment and low sta tis ti cal un cer -
tain ties. The ProtonSED pro gram is an ac cu rate and re -
li able tool for re search ers work ing with pro ton beams in 
the med i cal phys ics en ergy range. The pres ent da ta base
and pro gram en able us ers to es ti mate the ab sorbed dose
from pri mary pro tons and sec ond ary neu trons, pho tons, 
and al pha par ti cles with out the need for com plex MC
com pu ta tions. Fu ture work will fo cus on ex tend ing this
da ta base to in cor po rate other phys i cal quan ti ties, in -
clud ing pri mary and sec ond ary par ti cle fluence as well
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Fig ure 7. Cor re la tion ma trix of MC sim u lated en ergy de po si tion events be tween in ci dent pri mary pro tons and sec ond ary
par ti cles in four rep re sen ta tive me dia: (a) liq uid wa ter, (b) skel e tal mus cle, (c) air, and (d) CO2 high light ing how each sec -
ond ary spe cies (pho tons, neu trons, and al pha par ti cles) con trib utes to, or di verges from, the pro ton en ergy de po si tion
within each ma te rial



as the en ergy dis tri bu tion of the pro ton-in duced sec -
ond ary par ti cles. Ad di tion ally, ex pand ing the ma te rial
cov er age of the pres ent da ta base would ben e fit a
broader range of re search ers.
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DOZIMETRIJSKA  BAZA  PODATAKA  I  PROU^AVAWE  KORELACIJE
PROTONIMA  INDUKOVANIH  SEKUNDARNIH  ^ESTICA

Kao odgovor na veliku potra`wu za protonskom terapijom kao metodom le~ewa raka
posledwih godina, sprovedene su sveobuhvatne studije za precizno izra~unavawe doze. Me|utim,
sekundarne ~estice nastale tokom protonskog zra~ewa u energetskom opsegu od 70-250 
predstavqaju izazove, kao {to su potencijalna o{te}ewa povezana sa zra~ewem na materijalima
koji nisu ciqani. Da bismo razmotrili ove probleme, razvili smo bazu podataka otvorenog koda i
ra~unarski pro gram pod nazivom Baza podataka o sekundarnoj emisiji indukovanoj protonima
( ). Sada{wa baza podataka ukqu~uje jediwewa i elemente Nacionalnog instituta za
standarde i tehnologiju ( ) u cilindru jedini~ne zapremine, kako bi se odredili primarni
protoni i sekundarne ~estice kao {to su neutroni, fotoni i alfa ~estice. Tako|e su odre|ene
matrice korelacije za talo`ewe energije iz primarnih protona i sekundarnih ~estica. Sada{wa
baza podataka i pristup sa matricom korelacije bi}e korisni kod zra~ewa koja ukqu~uju protonske 
snopove visoke energije.

Kqu~ne re~i: pro gram za trans port ~estica i te{kih jona (PHITS), Monte Karlo metoda,
..........................protonska terapija, baza podataka o sekundarnoj emisiji


