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The algorithm of numerically modeling of the impact of the portable neutron generator (PNG) neutron flux on
organic tissue is developed and implemented, we used water phantom as a model object. The algorithm for calculat-
ing the characteristics of movement and absorption of neutrons and the absorbed dose is based on the Monte Carlo
method. It is shown that the main part of the dose is absorbed in the vicinity of the neutron source (at ~1.5...2 cm),
this fact makes it possible to effectively treat certain cancers.
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FORMULATION OF THE PROBLEM

One of the major problems facing mankind is the
development of effective treatments for cancer. Besides
surgical techniques and chemotherapy, irradiation of the
tumor is widely used, thus it is a gamma-irradiation,
irradiation of protons or neutrons.

Work on the development of methods of neutron ir-
radiation of malignant tumors are maintained, particu-
larly in the US, Russia (Obninsk, Tomsk, Snezhinsk,
Novosibirsk) [1 - 7]. Traditionally neutron irradiation is
realized through the creation of a neutron beam by the
collimation in the presence of a strong neutron source-
generator or reactor. This approach requires large at-
tachment means both in constructing the installation and
during its maintenance, in particular, to ensure safety of
the patient and staff.

An alternative approach to the problem- portable neu-
tron generator, with substantially lower neutron output,
while it does not require large investments in the con-
struction (it is much more simple to provide the safety of
the installation personnel and of the patient), moreover,
the neutron source may be arranged in the vicinity of the
patient or within the body of the patient, thus providing
a sufficient therapeutic effect for neutron output.

Currently, portable neutron generator (PNG), in-
tended primarily for use in medical applications to treat
cancer was designed in KIPT, project STCU P497.

Obviously neutron field in the organic tissue de-
pends on how precisely located neutron source, so it is
important to be able to execute the characteristics of the
field in all possible positions of the neutron source. In
particular, we are talking about cases where the neutron
source is located in the immediate vicinity of the tumor,
but outside the patient's body (e.g., the treatment of
melanoma), and brachytherapy (for example, the treat-
ment of uterine cancer for women and prostate cancer
for men) as a source of neutrons surrounded organic
tissue on all sides.

A number of software packages for numerical simula-
tion of the interaction of radiation with matter [8 - 10] are
actively developed, the development of such packages
usually involves a large number of people, software is
quite expensive and sometimes difficult to affordable.

Therefore, to solve private task- enough modeling of
the neutron behavior in substance (excluding other types
of radiation, changes in the composition of matter, nu-
clear fission, etc.) it seems appropriate to develop an
algorithm "from scratch™.
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An algorithm to assess the effect of the neutron field
in the organic tissue (numerically modeling the for-
mation, distribution, braking and neutron absorption),
based on the Monte Carlo method, has been developed
and implemented.

As a model of tissue we use an approximation of the
water phantom. The neutron energy corresponds to the
actual energy with which the neutrons leave the target
of beryllium (a portable neutron generator neutrons are
produced by the interaction of deuterons with beryllium
nuclei). In this paper we consider a situation where the
neutron source is placed in close proximity to the tumor
and is inside the patient's body. This formulation of the
problem corresponds, in particular, irradiation of pros-
tate cancer in men and uterine tumors in women.
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Fig. 1. General scheme of PNG:
1 — Source of deuterons; 2 — Accelerator casing;
3 — Beam of deuterons; 4 — Accelerator electrodes;

5 — Vacuum tube; 6 — Gradient rings; 7 — Elegas, sulfur
hexafluoride; 8 — Vacuum pump; 9 — Needle-ion pipe;
10 — Fluid of water in target cooling system.
Fluid of water in target cooling system
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Let us dwell on the construction of PNG (Fig. 1).
Neutron appears in beryllium target, resulting in an in-
teraction of deuterons with beryllium nuclei after the
accelerator deuterons pass through a narrow ion
transport "needle”, "needle™ can be entered into the pa-
tient's body (as already mentioned above, we are talking
about prostate cancer for men and cancer of the uterus
for women).

In order to estimate the absorbed dose in the organic
tissue will consider the model situation: there is a point
source of neutrons with an average energy of about
2.5 MeV (which corresponds to the energy source of
neutrons in the reaction °H + *Be — °B + n; if the tar-
get is made of lithium, the reaction °H + Li — ®Be + n,
°H + 'Li — 2 “He + n, the initial energy of the neutrons
will be significantly more), located in the center of the

water phantom measuring 20x20x20 cm.
NUMERICAL REALIZATION

The algorithm of interaction modeling of neutrons
with the nucleus is built taking into account the fact that
it is the interaction of the neutron with light nuclei. The
algorithm is based on the following assumptions.

The basic mechanism of interaction of the nuclei of
oxygen and hydrogen neutrons is elastic interaction.

The trajectory of the neutron is tracked to the point
where it:

a) leaves the phantom or;

b) is absorbed by the nucleus of hydrogen or oxygen
nucleus.

The cross sections for the scattering and absorption
of neutrons in the nuclei taken from the database [11].

Oxygen and hydrogen nuclei oscillate according to
the temperature of the phantom (T~ 300°K, k is Boltz-
mann's constant), each degree of freedom corresponds
to energy KT/2. It should be noted that at low neutron
energies of a few electron-volt in modeling the interac-
tion of a neutron the binding energy of nuclei in mole-
cules must be considered, but this value has little effect
on the absorbed dose, as main dose absorbed at much
higher neutron energies.

The need to keep track of the interaction of thermal
and epithermal neutrons from the nuclei of the organic
tissue can occur in the modeling process of boron neu-
tron capture therapy.

We use the notation:

A —the number of nucleons in the nucleus;

M, V — mass and velocity of nucleus (sign vector
omitted to simplify the formulas);

m, v — neutron mass and velocity;

V. — the velocity of the center of mass of the neutron
+ nucleus;

V — thermal velocity of the nucleus;

n — unit vector in the direction of the velocity of the
neutron;

sign «’» means variables (velocity, velocity compo-
nents, energy) in CMS;

E — system energy before interaction, eV;

Eq — neutron energy before interaction, eV;

kT/2 — thermal energy per one degree of freedom,
ev;
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6 < [0:1] - random value, which determines ther-

mal energy;
R random value, R=+1 or R=-1 with equal probabil-

ity,

g, = Vie _ /llk_Tenx—l — ratio of x-component
Vox 2AE

of nucleus thermal velocity in LCS before interaction,
definitions &, are analogues.

Let’s consider the interaction of the neutron with the
nucleus.

Obviously, the energy of the center of mass can be
expressed in the form (all variables in formula are be-
fore the interaction of the neutron with the nucleus).

, m 2 2 2
E =E[(vx—vcx) +(vy—vcy) +(V, ~ V) ]+

M 2
+?[(Vtx — Vi )2 + (Vty - ch ) + (Vtz —Vg )2:| :

In our notation, after identity transformations we ob-
tain:

' 1+ A¢
E_:1+9_2nfﬂ_ nj—y
E 1+A 1+A
_2n22ﬂ+ )
1+A
1+ A¢

+ A

Ny — 46N, —/——

1+ A 1+ A

:( 1 jz nf(1+Agx)2+n§(1+Agy)2+
1+ AJ | +n2(1+Ag, )

The interaction of the neutron with the nucleus takes
place with laws of conservation of momentum and en-

ergy.
In CMS after the interaction, we write:
MV =mv, (3)
MV?Z mv?
+ = .
5 5 ¢k,

Note that in last equation it easy to take into account
the exothermic reaction or endothermicity adding one
term in the right-hand side of the second equation.

The components of the neutron velocity after inter-
action with the nucleus in the laboratory coordinate sys-

tem are:
VX: 2A ¢E0n;(+VCX’
VA+1 m
[2A E, .
V. =.|——¢—2n_ +Vv_,
VA ™Y
v, :,/ 2A ¢—E°n'z+vcz.
A+l m

n' — vector components of the unit vector defining
the direction of the neutron velocity after interaction
with the nucleus in CMS are determined randomly.
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On the basis of last equations is easy to calculate the
neutron energy after the interaction with the nucleus and
the values of the components of the unit vector n, which
determines the direction of the neutron velocity after
interaction in the LCS.

We formulate the main elements of the algorithm
modeling the interaction of neutrons with matter. Sup-
pose that a neutron moves with velocity v, the unit vec-
tor determining the direction of movement n.

The movement of the neutron is considered over the
interval L (choose L << max (U/N; oi), i = 1, 2, 3, 4).
Indices correspond to cross- sections for scattering on
nuclei of hydrogen and oxygen, absorption by the nuclei
of hydrogen and oxygen, Ni — density of the corre-
sponding nuclei.

During the interval may L neutron can:

a) change and dissipate energy and speed;

b) absorb;

c) go beyond the computational domain.

What exactly will be- randomly determined, situa-
tion is based on the information on the cross sections of
the nuclei and the concentration of oxygen and hydro-
gen [11].

If there was a scattering process, lost the neutron en-
ergy is considered a contribution to dose substance.

If there was no neutron absorption or going beyond
the computational domain, the process of tracking the
neutron is similar.

Considered numerical algorithm is implemented in a
computer program.

As a test the length of neutrons in the water calculat-
ed.

The program provides 5.1 cm, reference data [12,
13]-5.14 cm.

ADSORBED DOSE EVALUATION
FOR PNG OPERATION

Results of adsorbed dose estimation in water phan-
tom are shown on Fig. 2, neutron output in PNG W ~
10? neutron/s.
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Fig. 2. Adsorbed dose (rel. units.) as a function
of direction from single neutron source (rel. units)

The neutron source PNG is actually a portion of the
surface perpendicular to the axis Z, the size of about
1lcm.
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The dose distribution along the Y-axis in this case is
shown in Fig. 3.
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Fig. 3. The dose distribution along the Y axis
in the ion source of finite size

One may indirectly check the calculation results as
follows. The neutron energy is absorbed mainly at dis-
tances R ~ 2 cm from the source.

Evaluation of dose absorbed in the specified area
will be (E, initial energy neutrons, W- neutron output):

WE Gy
D~ =>~03—
37R min

This corresponds to numerical execution results
Fig. 3.

RESULTS AND DISCUSSION

Algorithm of formation, distribution and absorption
of neutrons in the water phantom, based on the Monte
Carlo method, designed and implemented by numerical-
ly modeling, it corresponds to the modeling of the im-
pact of the neutron flux portable neutron generator on
organic tissue.

It is shown that the primary dose is absorbed at
small distances from the neutron source (1.5...2 cm),
thereby providing a sufficient therapeutic effect on neu-
tron flux tumor.

An analytical evaluation of the absorbed dose pro-
posed, the result is close to the characteristic values of
the dose calculated by the Monte Carlo method.

The absorbed dose of neutrons is localized in the vi-
cinity of the source and decreases rapidly with distance,
this fact is extremely important in terms of practical
PNG use in radiation medicine- on can affect the dis-
eased cells of the body and do not touch with the
healthy tissue. That is why an important element of
PNG is ion "needle” [5], thanks to the "needle™ in many
cases one can place neutron source in close proximity to
the tumor without surgery.

CONCLUSIONS

We have developed a program to estimate the dose
absorbed by the organic tissue as a result of exposure to
neutrons. We take into account that the human body is
composed mainly of water molecules, so the simulation
is carried out on a water phantom.

The proposed approach to assessing the impact of
the neutron flux in the organic tissue permits to evaluate
the real value of the dose depending on the location of
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the neutron source, and therefore — to evaluate the effec-
tiveness of cancer treatment.

In this paper, we consider a situation where the
source is located inside the patient's body, the source of
such an arrangement is realized thanks to design PNG
features (in the first place — the presence of a narrow ion
guide — the "needle").

It is interesting to study the possibility of using PNG
for tumors located on the surface of the body (melano-
ma), modeling the interaction of neutron flux with or-
ganic tissue, in this case — one of the challenges current-
ly faced by the authors.
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YUCJEHHOE MOJIEJIMPOBAHUE BO3JENCTBUS HEUTPOHHOI'O IIOTOKA
HA OPTAHUYECKYIO TKAHb

A.H. /loeons, B.A. leimoan, A.@. Cmosanos

Pa3paboTan 1 YMCIEHHO peaJM30BaH AITOPUTM MOAEIUPOBAHUS BO3/ICHCTBUS HEUTPOHHOTO IOTOKA HOPTaTHB-
Horo HeWrtponHoro renepatopa (ITHI') Ha opranmdeckyro TKaHb. B KadecTBe MOAENBHOrO OOBEKTA BO3ACHCTBUS
WCIIONIb30BaH BOJSTHOM (paHTOM. AJITOPUTM pacyera XapaKTepUCTHK JBIDKCHHUS W IOTJIOLIEHUS HEHTPOHOB M TIO-
TJIOIIEHHOM 0361 OCHOBaH Ha Merone Monre-Kapio. [lokazaHo, 4To OCHOBHasI 4acTb /I03BI MOIJIOLIAETCS B HEIO-
CpPEe/ICTBEHHON OJM30CTH OT MCTOYHHKA HEHTPOHOB (Ha paccTosHUM ~1,5...2 cM), 4TO JaeT BO3MOXHOCTH 3 hex-
TUBHO ITPOBOJNTH JIEYEHNE HEKOTOPHIX OHKOJIOTHYECKHUX 3a00I€BaHHH.

YU CEJIbHE MOJEJIOBAHHS BIINIMBY HEUTPOHHOI'O IOTOKY HA OPTAHIYHY TKAHUHY
A.M. /loeonsn, B.O. Humoban, O.®. Cmosnnos

Po3pobneHo Ta YuceNnbHO peayi3oBaHO ANTOPUTM MOJICIIOBAHHS BIUIMBY HEMTPOHHOTO CTPYyMY IIOPTATUBHOTO
HeWtponHoro rereparopa (ITHI') Ha opraniuHy TkaHuHY. B sikocTi MOAenbHOro 00’€KTa BIUIMBY 00OpaHO BOASHUI
(daHTOM. AJTOpUTM OOYMCIIEHHS XapaKTEpPUCTUK PyXy Ta MOIJIMHAHHS HEHTPOHIB 3acCHOBaHWN Ha Meroni MoHTe-
Kapo. IlokazaHo, o OCHOBHa YacTHHA JI03H IOIJIMHAETHCS B Oe3mocepeiHii OIM3bKOCTI 10 JKepesia HEHTpOHiB
(na Bincrani ~1,5...2 cMm), O Jae MOXKIIMBICTH €PEKTUBHO ITPOBOANTH JIIKYBaHHS JESKHX OHKOJOTIYHHMX 3aXBOPIO-
BaHb.
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