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Bo ron neu tron cap ture ther apy is a unique treat ment method that aims to kill the tu mor cells
with the help of heavy par ti cles. Par ti cles re sult ing from the in ter ac tion of the tu mor re gion
con tain ing 10B at oms with ther mal or epi ther mal neu trons have the most im por tant role in
this treat ment method. In this study, gamma ra di a tion reach ing healthy tis sues, which is the
re sult of 10B(n,a)7Li re ac tion, was in ves ti gated. A sim u la tion suit able for boron neu tron cap -
ture ther apy treat ment, in clud ing the hu man head model, was cre ated by the Monte Carlo
N-Par ti cle (MCNP) pro gram. By us ing five dif fer ent neu tron en er gies, the gamma ra di a tions
re sult ing from the 10B(n,a)7Li re ac tion in the de ter mined re gions, close to the tu mor tis sue,
were in ves ti gated. It was ob served that the healthy tis sue be tween the tu mor area and the sur -
face is ex posed to the high est gamma flux and the high est gamma ra di a tion ab sorp tion. It was
also ob served that these val ues in crease as neu tron en ergy de creases. It was found that the
gamma doses re ceived by some re gions out side the neu tron ir ra di a tion area could be sig nif i -
cant. It has been un der stood that the change in neu tron en ergy may cause sig nif i cant changes
in gamma ra di a tion val ues reach ing healthy tis sues, es pe cially in re gions close to the sur face.
In boron neu tron cap ture ther apy treat ments, the neu trons sent to the tu mor should be se -
lected de pend ing on the lo ca tion of the tu mor and the size of the tu mor area. This study con -
tains sig nif i cant data about pho ton doses in healthy tis sues around the brain re gion treated
us ing dif fer ent neu tron en er gies with the boron neu tron cap ture ther apy tech nique.
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IN TRO DUC TION

The boron neu tron cap ture ther apy (BNCT) is a
type of ra dio ther apy, based on nu clear re ac tion. It is
mostly ap plied for head and neck can cer, skin can cer
and glioblastoma multiforme treat ment [1-6]. It is
based on the ab sorp tion of the 4He par ti cle formed by
the in ter ac tion of non-ra dio ac tive 10B at oms with low
en ergy neu trons (ther mal or epi ther mal neu tron) by
the tu mor tis sue. At the end of this in ter ac tion, 10B
atom turns into 7Li atom. The 4He par ti cles re lease
high en ergy along their short path. The path crossed by 
the 4He par ti cle is roughly the size of a cell. There fore,
the re ac tion takes place in a sin gle cell [6].

The suc cess of BNCT treat ment is di rectly de -
pend ent on the ac cu mu la tion of 10B agents in tu mor
cells. The most com monly used bo ron agents in clin i cal
stud ies and re search are borocaptatesadium (BSH) and
boronophenylalanine (BPA) [6, 7]. The trou ble that
may be a prob lem in BNCT treat ment is the ac cu mu la -

tion of boron at oms in healthy tis sues af ter in tra ve nous
in jec tion of BSH or BPA into the body and the pos si bil -
ity of these tis sues be ing ex posed to neu tron ra di a tion
[8]. The stud ies per formed a BPA-ad min is tered rats
showed that the rate of boron con cen tra tion, col lected
in the tu mor and healthy tis sue, was safe and suit able for 
treat ment [9-11].

Since the tu mor needs amino ac ids in case such
as pro tein syn the sis and the tu mor has a higher met a -
bolic ac tiv ity than healthy tis sue, the com pounds with
10B agent ap plied in tra ve nously to the pa tient are col -
lected 3-4 times more in the tu mor cell com pared to the 
healthy tis sue [1, 12].

The 10B at oms ac cu mu late un der spec i fied con -
di tions in ma lig nant cells co ex ist ing with healthy
cells. Af ter send ing ther mal neu trons to the area to be
treated, the re sult ing 7Li and 4He heavy par ti cles de -
stroy ma lig nant cells [6, 13]. 

As a re sult of the 10B(n,a)7Li re ac tion, 2.79 MeV 
en ergy is re leased. In 94 % of nu clear re ac tions,
gamma ray with en ergy of 0.48 MeV oc curs. The re -
main ing 2.3 MeV par ti cle en ergy is trans ferred to the
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tis sue. In 6 % of the re ac tion, the 10B atom di rectly un -
der goes ba sic de cay [1, 13]. The en er gies and prob a -
bil i ties oc cur ring in the re ac tion are shown in fig. 1.

The rea son for us ing bo ron is that nu clear re ac -
tion can be done with low neu tron en er gies and has a
high cap ture cross sec tion [8].

An im por tant hand i cap of BNCT treat ment is
that  ther mal  neu trons  (neu trons of en er gies less than
1 eV) can not move far through the body. This causes
the de sired dose not to be given to deep tu mors. For
this rea son, epi ther mal neu tron (1 eV < En < 10 keV)
beams with higher en ergy than ther mal neu tron beams
have been uti lized in BNCT clin i cal tri als [6].

When an epi ther mal neu tron beam en ters the tis -
sue, it cre ates the max i mum flux at a depth of 2-3 cm
and the flux be gins to de crease as the depth in creases.
Ther mal neu tron beam al most cre ates max i mum flux
at the sur face and it flux de creases as it goes deeper.
This means that it is better to use a ther mal neu tron
beam for tu mors close to the sur face, and an epi ther -
mal neu tron beam for the treat ment of deeper lo cated
tu mors [6, 14-16].

Since the en ergy trans fer re sult ing from the nu clear 
re ac tion is lim ited to the cells in which neu trons are cap -
tured, dose trans fer oc curs at the cel lu lar level. With this
fea ture, BNCT, be comes a good op tion for the treat ment
of tu mors that can not be reached sur gi cally, tu mors that
can not be treated with meth ods such as pho ton treat ment
and stereotactic body ra di a tion ther apy.

This study aims to in ves ti gate the gamma ra di a -
tion dose re ceived by the healthy tis sues around the tu -
mor tis sue con tain ing 10B atom in BNCT treat ments,
us ing dif fer ent neu tron en er gies. In or der to achieve
this pur pose, a sim u la tion suit able for BNCT treat ment 
was cre ated in the MCNP pro gram, and the gamma ra -
di a tion ab sorp tion re sult ing from the nu clear re ac tion,
in dif fer ent re gions around the tu mor tis sue, was cal -
cu lated us ing the Monte Carlo method.

MA TE RI ALS AND METH ODS

The MCNP pro gram

In this study, MCNP v.2.6.0 ra di a tion trans port
code [17] was used to cal cu late the doses that could oc -
cur in the en vi ron ment and to make mod el ing. The
MCNP is an ad vanced code sys tem that works with the
Monte Carlo method. The MCNP tech nique fol lows all
par ti cles that may oc cur in en vi ron ment from birth to
death and takes into ac count all in ter ac tions (ab sorp -

tion, col li sion etc.) they make in the en vi ron ment. Par ti -
cle trans port is cal cu lated us ing ran dom num bers. We
need to in put the re sults we want to ob tain, with the help
of some com mands. In this in put se quence, the de sired
re sults in a vol ume are ob tained by the com mands
called tally. We used F4 and F6 tal lies in our study. The
DE/DF com mand sys tem was used both to cal cu late the
kerma for each iden ti fied ma te rial and to cal cu late the
rate of nu clear re ac tions. Equiv a lent doses in the de -
sired vol ume were ob tained in millisievert (mSv) by us -
ing flux-to-dose con ver sion fac tors with the help of F4
and DE/DF cards in MCNP. In ad di tion, the ab sorbed
dose in the de sired vol ume was cal cu lated in MeVg–1

with the help of the F6 card [18]. Since gamma ra di a tion 
will be ex am ined, the let ter p sym bol iz ing gamma ra di -
a tion has been added to the sides of the tally cards. The
1×108 his to ries were run for sim u la tion in the soft ware.
For de tailed in for ma tion, the MCNP man ual book let
can be stud ied [19, 20].

For the dosimetric com par i son, the neu tron en er -
gies gen er ated in the MCNP were cho sen in the ther -
mal and epi ther mal neu tron en ergy range, and these
val ues  were  250  eV,  25 eV,  2.5 eV,  0.25 eV, and
0.025 eV. The field to be ir ra di ated was mod eled sim i -
lar to the hu man head, in clud ing skull bone. The neu -
tron source used in mod el ing was de fined 5 cm above
the head sur face, sim i lar to pre vi ous stud ies [1, 21]. In
ad di tion, the neu tron source was formed in a cir cu lar
struc ture. A 20 cm thick lead shield was formed
around the neu tron source. The di am e ter of the neu -
tron source used in our study is 10 cm, since the 10 cm
di am e ter beam field is used most fre quently in BNCT
treat ments [1,15].

The hu man head model was sim u lated in MCNP.
The part to a depth of 0.8 cm from the sur face was de -
fined as the skull. A tu mor  struc ture  with a di am e ter of 4
cm was placed at a depth of 2 cm from the sur face. The
skull den sity was de fined as 1.4 gcm–3 and the in side of
the head as soft tis sue. The part de fined as the tu mor was
cre ated with 10B ma te rial. Five voxels with a vol ume of
0.5 cm3 were cre ated in re gions close to the tu mor tis sue.
The 3-D ver sion of the sim u la tion cre ated in MCNP is
shown in fig. 2. In fig. 2, the thick big hoop struc ture,
small sphere and boxes rep re sent the lead shield, the tu -
mor struc ture and the vol umes of in ter est, re spec tively.
As shown in the fig. 2, each voxel has been as signed a
num ber so that the stud ied vol ume can be eas ily un der -
stood. The dis tances of 1-5 cells  to  the  sur face of the tu -
mor re gion are 10 mm, 10 mm, 3 mm, 3 mm, and 35 mm,
re spec tively.

Bo ron neu tron cap ture ther apy

The BNCT is a type of ra dio ther apy based on the
de struc tion of the tu mor cell by heavy par ti cles formed 
due to neu tron ir ra di a tion of this re gion, af ter the ac cu -
mu la tion of a bo ron atom in tu mor cells. To de posit the
10B atom into can cer cells, agents con tain ing pro tein
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Fig ure 1. En er gies aris ing in the re ac tion 10B(n,a)7Li



com pounds are of ten used. When 10B cap tures ther mal 
or epi ther mal neu tron, 4He and 7Li par ti cles are
formed in the en vi ron ment and their ranges are 9 µm
and 5 µm, re spec tively [1].

Af ter the boron atom ac cu mu lates in tu mor cells,
the tu mor area is ir ra di ated with ther mal or epi ther mal
neu trons. Nu clear re ac tions oc cur when neu trons are
cap tured by 10B at oms. The en ergy gen er ated dur ing the
re ac tion is ab sorbed by the tu mor tis sue, thus treat ing the
tu mor area. Since the dis tance that the par ti cles cre ated
dur ing the re ac tion can travel is very small, healthy tis -
sues are pro tected. The ef fect of the treat ment is di rectly
re lated to the suf fi cient amount of 10B at oms in tu mor re -
gion and suf fi cient neu trons to be sent to the fields [1].
When con sid er ing the pen e tra tion of ther mal neu trons or
epi ther mal neu trons, the en ergy of the sent neu tron
should be cho sen de pend ing on the depth of the tu mor.

When ion iz ing ra di a tion is given, the bi o log i cal
re sponse to oc cur in the en vi ron ment de pends on the
type of ra di a tion and this bi o log i cal re sponse is ex -
pressed by rel a tive bi o log i cal ef fec tive ness (RBE). In
the 10B(n,a)7Li nu clear re ac tion, due to the
inhomogeneous dis tri bu tion of the boron com pound
in the tu mor tis sue and the short dis tances of the par ti -
cles formed, the ab sorbed dose def i ni tion can not be
de fined for this nu clear re ac tion. The RBE can not be
iden ti fied in BNCT treat ments and the bi o log i cal fac -
tor can not be also de ter mined, as the RBE is valid
when the ab sorbed dose is known. How ever, as de -
fined IAEA-TECDOC-1223, these data can be de -

fined sep a rately with ex per i men tal data. The sum of
ad di tives from dif fer ent doses, in clud ing bi o log i cal
fac tors, helps us achieve the to tal dose in BNCT treat -
ment [1]. The weighted to tal dose DWTD is ex pressed
as the sum of the dif fer ent com po nents, tak ing into ac -
count the dif fer ent bi o log i cal ef fi ciency of each com -
po nent and it can be ex pressed as fol low ing [13, 22]

D D W D W D W D Wy y P P B B N NWTD = + + + (1)

where Wy, WP, WB, and WN are the RBE fac tors of
gamma, pro ton, boron com po nents and neu tron, re -
spec tively. In ad di tion, the Dy, DP, DB, and DN are the
gamma dose, pro ton dose, boron dose and neu tron
dose, re spec tively.

RE SULTS

The 2-D ver sion of the sim u la tion is shown in
fig. 3, where, the two-rect an gle struc tures, small cir cle
and thin shell struc ture rep re sent the lead shield, the
tu mor struc ture and the skull, re spec tively.

When the 4He par ti cles that may oc cur in the sur -
round ing tis sue as a re sult of the sim u la tion cre ated in
MCNP are ex am ined, the re sult in fig. 3(b) is ob tained.
The for ma tion of 4He par ti cles in the re gion con tain ing
the 10B atom also in di cates that the sim u la tion was mod -
eled cor rectly.

In the sim u la tion per formed with MCNP soft ware,
the gamma ra di a tion in the re gions to be ex am ined was re -
viewed with three dif fer ent units as cm–2s–1 (par ti cle flux),
MeVg–1 (ab sorbed dose) and mSv (equiv a lent dose).

The gamma ra di a tion flux ob tained by the sim u -
la tion af ter the re ac tions is shown in the tab. 1.

DIS CUS SION

When the Cells re main ing 3 mm be low (Cell 3)
and 3 mm above (Cell 4) from the tu mor re gion con -
tain ing 10B at oms along the neu tron ra di a tion axis are
ex am ined, it is seen that the gamma flux in the Cell 4 is
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Fig ure 2. The 3-D ver sion of the sim u la tion (ex clud ing
skull and head model)

Fig ure 3. The 2-D ver sion of the sim u la tion on X-Z axis (a) and 4He par ti cles formed in the en vi ron ment as a
re sult of neu tron ir ra di a tion (for 2.5 eV neu tron en ergy (b)



much higher than in the Cell 3 and other Cells. The rea -
son for this is the gamma ra di a tion that oc curs as a re -
sult of the in ter ac tion of neu trons with the hy dro gen
(H) at oms in the soft tis sue in the Cell 3 [9]. As stated
in the work of Pereira et al., [1] the en ergy of gamma
rays  re sult ing  from  the  1H(n,a)2H  re ac tion can be
2.2 MeV. As neu tron en ergy de creases, the pen e tra tion 
of neu trons de creases and neu trons are lo cated closer
to the sur face. There fore, as the neu tron en ergy de -
creases, the amount of neu trons in the Cell 3 will in -
crease, so the re sult ing gamma ra di a tion flux be comes
larger.

In other Cells, gamma ra di a tion flux de creases
as neu tron en ergy de creases. Since the amount of neu -
trons reach ing the tu mor re gion con tain ing 10B atom
will de crease, the amount of nu clear re ac tion that can
oc cur will also de crease. This is di rectly re lated to the
gamma ra di a tion  that  may oc cur. It is seen that the
flux de creases as the neu tron en ergy de creases in the
250 eV and 0.25 eV en ergy range (ex cept Cell 3).
How ever, at 0.025 neu tron en ergy, the flux in creases
again. This can be at trib uted to the amount of gamma
ra di a tion that oc curs as a re sult of the in crease in the
amount of neu trons in the re gion con tain ing the H
atom. Due to the small amount of neu trons in the deep
re gion along the neu tron ra di a tion axis, the gamma ra -
di a tion formed in the Cell 5 is the least. This is also an
ex pected re sult. Cell 1 and Cell 2 are out side the neu -
tron ir ra di a tion field. The flux formed in these re gions
is due to the gamma ra di a tions that emerge in the nu -

clear re ac tion that oc curs as a re sult of the in ter ac tion
of 10B atom and neu trons. The Cell 3 is in the neu tron
ir ra di a tion field. The flux formed in this re gion is
caused by gamma ra di a tion re sult ing from the
10B(n,a)7Li re ac tion and the in ter ac tion of neu trons
with the H at oms. Al though Cell 3 is within the neu -
tron ir ra di a tion field, the amount of flux pro duced in
this Cell is close to the amount of flux formed in Cell 1
and Cell 2.

When the gamma ra di a tion ab sorbed in the Cells
is ex am ined in air around the head, as seen in tab. 2, the 
gamma ab sorp tion in the Cell 1, Cell 2, Cell 3, and Cell 
5 de creases as the neu tron en ergy de creases. On the
other hand, gamma ab sorp tion in Cell 4 in creases as
neu tron en ergy de creases. This in crease is due to the
in creas ing of the neu tron-hy dro gen in ter ac tion in this
re gion as the amount of neu trons ac cu mu lated in the
Cell 4 will in crease as the neu tron en ergy de creases. In
Cell 4, the ab sorbed dose value (MeVg–1) ob tained at
0.025 eV neu tron en ergy is ap prox i mately fifty per -
cent greater than the val ues ob tained at other en er gies.
Un like the flux val ues, the ab sorbed dose val ues ob -
tained in Cell 1 and Cell 2 are greater than the value ob -
tained in Cell 3.

When tab. 3 is ex am ined, the millisievert val ues
of the equiv a lent dose in the Cells to be ex am ined
show sim i lar char ac ter is tics with the MeVg–1 val ues
of the ab sorbed dose. The low est millisievert val ues
were ob tained in Cell 5. Ex cept for Cell 5, the high est
value in other Cells was ob tained as a re sult of ir ra di a -
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Ta ble 1. The flux val ues ob tained at dif fer ent neu tron en er gies

Par ti cle flux [cm–2s–1]

Cell 250 eV neu tron energy 25 eV neu tron energy 2.5 eV neu tron energy 0.25 eV neu tron energy 0.025 eV neu tron en ergy

1 3.4721·10–3 3.4266·10–3 3.4329·10–3 3.3891·10–3 3.8958·10–3

2 3.5235·10–3 3.4523·10–3 3.4684·10–3 3.4103·10–3 3.9883·10–3

3 3.8639·10–3 3.6859·10–3 3.6210·10–3 3.5213·10–3 4.2953·10–3

4 1.3645·10–3 1.6322·10–3 1.7737·10–3 1.8290·10–3 2.8673·10–3

5 1.5409·10–3 1.5061·10–3 1.4666·10–3 1.3939·10–3 1.6106·10–3

Ta ble 2. The absorbed dose val ues of gamma ra di a tion in the en vi ron ment

Ab sorbed dose [MeVg–1]

Cell 250 eV neu tron energy 25 eV neu tron energy 2.5 eV neu tron energy 0.25 eV neu tron energy 0.025 eV neu tron energy

1 6.1788·10–5 6.1538·10–5 6.1065·10–5 6.0302·10–5 5.1596·10–5

2 6.3493·10–5 6.2577·10–5 6.3153·10–5 6.2307·10–5 5.3045·10–5

3 5.6107·10–5 5.4145·10–5 5.3905·10–5 5.1318·10–5 5.1552·10–5

4 3.5572·10–3 3.9664·10–3 4.1983·10–3 4.2883·10–3 6.2828·10–3

5 2.3156·10–5 2.2277·10–5 2.2042·10–5 1.9941·10–5 1.7058·10–5

Ta ble 3. The equiv a lent dose val ues ob tained at dif fer ent neu tron en er gies

Equiv a lent dose [mSv]

Cell 250 eV neu tron energy 25 eV neu tron en ergy 2.5 eV neu tron en ergy 0.25 eV neu tron en ergy 0.025 eV neu tron energy

1 2.5828·10–7 2.5640·10–7 2.5543·10–7 2.5219·10–7 2.5981·10–7

2 2.6302·10–7 2.5968·10–7 2.6315·10–7 2.5961·10–7 2.6732·10–7

3 2.6263·10–7 2.5048·10–7 2.4678·10–7 2.3763·10–7 2.7199·10–7

4 1.3355·10–5 1.5667·10–5 1.6910·10–5 1.7398·10–5 2.6772·10–5

5 9.8621·10–8 9.5028·10–8 9.3111·10–8 8.6498·10–8 9.0123·10–8



tion with 0.025 eV neu tron en ergy. With this re sult,
millisievert val ues are also sim i lar to flux val ues. As
seen in the re sults, sig nif i cant dif fer ences can oc cur in
the dose val ues ob tained at dif fer ent lo ca tions. By
choos ing the en ergy val ues ap pro pri ately, the de crease 
in the doses oc cur ring at cer tain points or the over dose
of the healthy tis sues can be pre vented.

CON CLU SION

The amount of 10B at oms ac cu mu lated in the tu -
mor tis sue and the num ber of neu trons reach ing this
area greatly af fect the qual ity of BNCT treat ment. In
BNCT treat ments, the neu trons sent to the tu mor
should be se lected de pend ing on the lo ca tion of the tu -
mor and the size of the tu mor area. In the use of wrong
neu tron en ergy, ei ther the de sired amount of neu trons
in the tu mor cell will not be ob tained and the ef fect of
the treat ment will de crease, or the amount of ra di a tion
to which the healthy tis sues are ex posed will in crease
be cause the neu tron's pen e tra tion will in crease. Al -
though the ra di a tions gen er ated as a re sult of the nu -
clear re ac tion make a great con tri bu tion to the to tal
dose, the con tri bu tions from the sec ond ary ra di a tions
can cre ate sig nif i cant dif fer ences in healthy tis sue and
tu mor tis sue. De pend ing on the tu mor lo ca tion, the
con tri bu tion of un de sir able sec ond ary doses can cause 
ir re vers ible dam age to healthy tis sues, caus ing un de -
sir able con se quences. Pre vi ous stud ies re port that
these con tri bu tions can reach up to 67 % of the to tal
dose. The re sults ob tained in our study will con trib ute
to ob tain ing the de sired ra di a tion dose in the tu mor
area by better pro tect ing healthy tis sues in BNCT ap -
pli ca tions. In ad di tion, this study pro vides in for ma tion 
about the doses that can oc cur in healthy tis sues.
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Tajlan TUGRUL

ISTRA@IVAWE  DOZA  FOTONA  KOJI  DOPIRU  DO  ZDRAVIH
TKIVA  PRI KORI[]EWU  RAZLI^ITIH  ENERGIJA  NEUTRONA  U

TERAPIJI  ZAHVATOM NEUTRONA  BOROM

Terapija zahvatom neutrona borom jedinstvena je metoda le~ewa koja ima za ciq da ubije
tumorske }elije uz pomo} te{kih ~estica. ^estice nastale interakcijom tumorskog regiona koji
sadr`i 10B atome sa termi~kim ili epitermi~kim neutronima imaju najva`niju ulogu u ovoj metodi
le~ewa. U ovom radu ispitivano je gama zra~ewe koje dopire do zdravih tkiva, {to je rezultat
reakcije 10B(n,a)7Li. Simulacija pogodna za prora~un terapije zahvatom neutrona borom,
ukqu~uju}i model qudske glave, kreirana je pro gram MCNP. Kori{}ewem pet razli~itih energija
neutrona, ispitivana su gama zra~ewa koja nastaju u reakciji 10B(n,a)7Li u odre|enim regionima u
blizini tumorskog tkiva. Uo~eno je da je zdravo tkivo izme|u podru~ja tumora i povr{ine
izlo`eno najve}em gama fluksu i najve}oj apsorpciji gama zra~ewa. Tako|e je prime}eno da se ove
vrednosti pove}avaju kako se energija neutrona smawuje. Utvr|eno je da doze gama zra~ewa koje
primaju neki regioni izvan podru~ja neutronskog zra~ewa mogu biti zna~ajne. Promena energije
neutrona mo`e izazvati znatne promene u vrednostima gama zra~ewa koje dospeva do zdravih tkiva,
posebno u regionima blizu povr{ine. U tretmanima zahvatom neutrona borom, neutrone koji se
{aqu na tu mor treba birati u zavisnosti od lokacije tumora i veli~ine tumorskog podru~ja. Ovaj
rad sadr`i korisne podatke o dozama fotona u zdravim tkivima oko regiona mozga tretiranih
razli~itim energijama neutrona u terapiji zahvatom neutrona borom.

Kqu~ne re~i: terapija zahvatom neutrona borom, MCNP pro gram, energija neutrona


