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We review the current status of the development of sources of epithermal neutrons sources based on reactors and accelerators for
boron neutron capture therapy (BNCT), a promising method of malignant tumor treatment. The scheme is proposed of the source
prototype for the production of thermal and epithermal neutrons using the delayed neutrons generated with help of linear electron
accelerator at the target containing the fissile material. The results of an experiment are presented in which the half-life curves of
radioactive nuclei formed during fission and emitting delayed neutrons are measured. It is shown that an activated target containing
fissile material is a compact small-sized source of delayed neutrons. It can be delivered to the shaper, where, using a moderator, an
absorber, and a collimator, neutrons of thermal or epithermal energies are formed over a certain period of time, after which this target
is sent to the activator, and another target comes in its place. Thus, a pulsed neutron flux is formed. Such a neutron beam can be used
in nuclear medicine, in particular, in neutron capture therapy in the treatment of cancer. An important task in the implementation of
neutron capture therapy, when irradiating patients, is to control both the intensity and the energy spectrum of the neutron flux. To
solve this problem, an earlier developed activation-type neutron ball spectrometer can be used, which will allow optimization of
various parameters of the shaper, collimator and filters in order to obtain the most powerful neutron fluxes.
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CONCEPT OF NEUTRON CAPTURE THERAPY

Treatment of tumor by means of neutron capture therapy requires formatted beams of thermal or epithermal
neutrons with the flux density (2-3) 10° neutron/(cm? s), which can be generated at different devices, namely, reactors
and charged particle accelerators. The essence of the method consists in preliminary injection to the patient of
medication containing '°B or '’Gd which are accumulated predominantly in the tumor.

When thermal or epithermal neutrons interact with the these elements reaction products are obtained. E.g., stable
isotope '°B transforms after absorbing the neutron into the excited nucleus ''B which decays within 107!? seconds into
the kernel "Li and -particle having large energy (about 2 MeV). These charged particles are quickly slowed down within
the cancer cell. 80 % of the energy is released in the same cell which contained the Boron kernel what leads to the
distraction of this cell.

Up to now, nuclear reactor were the most convenient sources of thermal or epithermal neutrons for neutron
capture therapy [1-5]. In such an installation, patient is located in a special box behind the biological protection which
has a neutron channel for the output of the formatted beam of thermal or epithermal neutrons to the distances up to
3-5m. This is due to the fact that neutron flux density is decreasing inversely with the square of distance, and this
density at larger distances is not sufficient for the irradiation of the patient despite the high neutron flux in the active
zone which is of the order of 10'4-10'> neutrons/cm?. Unfortunately such installations cannot be used directly in clinics
because this is a large scale, complex and very expensive equipment. Moreover, a trend appeared recently is to use in
clinics compact sources of thermal or epithermal neutrons. E.g., a project of 10 kW reactor device «Mars» for the
treatment of oncological deceases has been developed in Russia.

During the last decade, an increasing interest is seen to the creation of compact, relatively cheap straight flow
accelerators which are capable to generate neutrons for neutron and neutron capture therapy directly at oncological
centers [6-8]. Creation of the compact source of thermal and epithermal neutrons on the basis of linear electron
accelerator is also an actual task. For this purpose, we have performed preliminary studies of the new method of neutron
generation using a linear electron accelerator [6]. This method is based on the use of delayed fission neutrons which are
released from the activated target containing the fissile material.

The purpose of the present work is the analysis of the results obtained earlier in the studies of the method [9] of
generation of thermal and epithermal neutrons, and, based on these results, creation of the prototype of the compact
source on the basis of linear electron accelerator LINAC-300. This source can be a prototype for the full scale source of
thermal and epithermal neutrons, which can be built on the basis of existing at NSC KIPT linear accelerator with 20 kW
power in the outgoing electron beam. This allows to generate necessary neutron fluxes for the use in nuclear medicine.
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METHOD OF GENERATION OF THERMAL AND EPITHERMAL NEUTRONS USING THE LINEAR
ELECTRON ACCELERATOR

Usually generation of neutrons with help of the linear electron accelerator uses the outgoing beam with the energy
20 MeV at the target from the heavy material. In this work, it is proposed to use a target containing the fissile material
233U with 2% enrichment with 23> U and with the volume of 1 ¢m? located in the activator on exit from the electron
accelerator.
Activator consists of the moderator and reflector which are needed for the creation of the field of thermal neutrons.
These neutrons are produced as a result of slowing down of delayed fast neutrons appearing in process of interaction of
the electron beam with the target consisting of fissile material.

It is known that the interaction of electron beam with the target of fissile material leads to the generation of 7
quanta and photo-neutrons which stimulate nuclear fission reaction with formation of derbies. Photo-fission reaction
results in instantaneous as well as in delayed neutron generation. Relative contribution of delayed neutrons is 1% of all
neutrons.

Group parameters [10] of delayed neutrons in case of 23° U fission by the thermal neutrons are presented in

Table.
Group Relative contribution Half-decay period
ai + Aai Ti+ AT;

1 0.038 +0.001 53.95 +0.028

2 0.211 + 0.004 22.34+£0.13

3 0.197 + 0.004 6.40 £ 0.08

4 0.396 + 0.005 2.26 +0.03

5 0.132 + 0.004 0.494 £ 0.017

6 0.026 +0.001 0.179 £ 0.006

As seen from Table 1, half-decay periods change depending on the group from hundreds of milliseconds to
54 seconds. Note that after activation of the target containing fissile material by the electron beam and by the field of
thermal neutrons formed in the activator, target becomes a compact source of delayed neutrons. Such a target can be
transported during 1-2 s to the distance of 20-50 m from the active zone of the accelerator to the device-formator
located in a different room. It is seen from Table 1 that the main contribution to the emission of delayed neutrons is
made by groups 2,3 and 4. First group contributes less than 4% while 5 and 6 groups give practically no contribution
because of a short half-decay period as compared to the transportation time of the activated target to the formator where
it emits delayed neutrons. Device-formator consists of the moderator, reflector, filter, absorber and collimator which are
needed for the achievement of neutron beam parameters necessary for the neutron capture therapy of oncological
diseases.

Based on the above conclusions one can propose a principal scheme of the prototype of the device for the
generation of thermal or epithermal neutrons. This scheme is shown in Fig.1 where it is seen that one can use two-path
pneumatic mail connecting the activator of target and the formator of thermal and epithermal neutrons.
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Figure 1. Principal scheme of the prototype of the device for the generation of thermal or epithermal neutrons

We suppose that system shown schematically in Fig.1 uses two targets. One is currently located in the activator
where it is activated by the electron beam and the other one is located in the block-formator where it emits delayed
neutrons during a certain time period. When time of presence in the formator emitting delayed neutrons is over targets
are exchanged with help of pneumatic mail. Such a procedure can be repeated as many times as needed for the
accumulation of the therapeutic dose at irradiated object. The activated target is a compact source of delayed neutrons
which can be moved during the time about 1-2 s to the formator located near the irradiated object at the distance of
20-50 m from the activator.
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In the earlier studies [9], we have measured decay curves for delayed neutrons released from the activated target
and converted by the formator into thermal and epithermal neutrons. The results of the measurements are presented in
Fig. 2.
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Figure 2. Decay curve of delayed neutrons slowed down to the energies in the range from 0.5 eV to 10 keV.

After the procession of the decay curve presented in Fig. 2, the dependence of the average flux density of slowed
down neutrons at the supposed object on the emission time from the activated target in the device-formator has been
obtained. The results of data procession are presented in the form of the histogram in Fig.3.
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Figure 3. Flux density of delayed neutrons as function of time of emission in the device-formator (in the logarithmic scale)

It is seen from the figure that flux density of delayed neutrons decays exponentially with emission time of delayed
neutrons by the sample activated in the device-formator. E.g., the shorter is the emission time interval the higher is the
delayed neutron flux. Thus, if two targets are used which are subsequently exchanged with help of pneumatic mail
between the activator and formator as shown in Fig.1, the procedure described above can be used for the creation of the
so called pulsed source of thermal and epithermal neutrons. Then the duration of neutron pulse will be determined by
the time of presence of the activated target in the formator, and the distance between pulses will be determined by the
transportation time of the activated target to the formator. After slowing down of delayed neutrons and their passage
through the filters, absorbers and collimator we obtain the neutron beam with necessary parameters for the neutron
capture therapy. The dose achieved will be determined by the number of pulses of thermal or epithermal neutrons. As
shown in [6], such a neutron beam can be created on the basis of a linear electron accelerator.

An important task in the implementation of neutron capture therapy, when irradiating patients, is to control both
the intensity and the energy spectrum of the neutron flux. To solve this problem, an earlier developed spherical neutron
spectrometer of activation type can be used [11]. The neutron spectrometer will also allow optimization of various
parameters of the formator, collimator and filters in order to obtain the most powerful neutron fluxes that would meet
the requirements of neutron capture therapy.

CONCLUSIONS

A scheme of the prototype of the compact neutron source has been proposed on the basis of the new method for
the generation of thermal and epithermal neutrons with help of linear electron accelerator using delayed neutrons from
the activated target containing fissile material. This prototype can be used for the development of the full-scale neutron
source for neutron and neutron capture therapy of oncological diseases.

It has been also shown that the use of the above method for the generation of thermal and epithermal neutrons
allows to create compact neutron sources on the basis of linear electron accelerators. Development of such sources
opens the prospects to place them directly at the territory of clinic, to carry out the treatment of oncological patients and
to create at operating accelerators of the radiation therapy cabinets.
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KOHIIEILISA CTBOPEHHS J)KEPEJA HEMTPOHIB JUIS SAEPHOI MEJIUIIMHHA
HA OCHOBI JIIHIHHOI'O IPUCKOPIOBAYA EJIEKTPOHIB
B.J. Kacisos, C.IL T'oxos, C.0. Kanenuk, C.C. Koueros, JI.JI. Cauiii, B.B. Ilan'ko, E.B. Ilsin'ko, O.0. Illonen
HHI] «Xapxiscokuii gizuxo-mexuivnuii incmumympy, Xapkis, Yxpaina
eyn. Axademiuna, 1, 61118, Xapkis, Ykpaina

Po3risiHyTO Cy4acHM cTaH pPO3pOOKM JDKEpEeN eIITeIUIOBHX HEHTPOHIB Ha 0a3i peakTopiB Ta HpPUCKOpIOBAa4iB it OOp-
HeliTpoHo3axBatHoi Tepamnii (BH3T), nepcrekTUBHOrO METOAy JIKyBaHHS 3JIOSKICHUX MyXJUH. 3allPOINOHOBAHO CXEMY MPOTOTHILY
JDKepena IJIsi OTPUMaHHS TEIUIOBHX 1 CMIiTeIUIOBUX HEUTPOHIB 3 BHKOPHCTAHHIM 3amMi3HITNX HEHTPOHIB, I10 T'€HEPYIOThCS 3a
JOIIOMOTOI0 JTiHIHOTO TMPHCKOpIOBaua €JeKTPOHIB Ha MillleHi, W0 MICTHTh MOAUTbHUIT MaTepian. HaBomsrbes pesyibraTté
EKCTIICPHMEHTY, B SIKOMY BHMIpsSHI KPHBI HamiBpO3Maay paliOaKTUBHHX SIEp, IO YTBOPHINCS B MPOLECI MOALTY 1 BHITyCKalOTh
3ami3HT HeiTpoHu. [lokazaHo, IO aKTHBOBaHAa MIlIeHb, IO MICTHUTh MOAUTBHUA MaTepial € KOMIIAKTHHUM MalorabapuTHUM
JDKepeIioM 3alli3HIIMX HeWTpoHiB. Boma Moxe OyTm nocraBieHa B (opMyBad, A€ 3a JONOMOTOIO CIIOBUIBHIOBAYa, ITOTJIMHAYA i
KoJliMaTopa Bi0yBaeThCs ()OPMYBaHHS HEHTPOHIB TEIUIOBUX a00 EMITEINIOBUX SHEPriil MPOTATOM HEBHOTO MPOMDKKY 4acy, IiCIIst
YOro I MillleHb BiIIPaBISIETHCS B aKTUBATOP, a Ha il Micle NPUXOAWTH iHIIA. TakuM YMHOM, yTBOPIOETHCS IMITYyJIbCHHH IOTIK
HelTpoHiB. Takuii my4ok HEUTPOHIB MOXKe OyTH BHKOPHCTaHUH B SIEPHIil MEIUIMHI, 30KpeMa, B HEHTPOHO3aXBaTHOI Teparil pu
JKyBaHHI OHKOJIOTIYHHX 3aXBOPIOBaHb. BaXXIMBUM 3aBOaHHSIM IIpPH peaji3auil HEHTPOHO3aXBaTHOI Tepamii, Mpu OMPOMiHEHHI
MALi€HTIB, € MPOBEICHHS KOHTPOJIIO, SIK IHTEHCHBHOCTI TaK i CHEPreTUYHOro CIEKTPa MOTOKY HEHTpOHiB. [yt BHpILICHHS LBOTO
3aBIaHHS MOXeE OYTH BHKOPHUCTaHUH PaHHE PO3POOJICHU KyJILOBUH CIIEKTPOMETP HEHTPOHIB aKTUBAIIMHOTO THITY, SKUI JO3BOJIHTH
MIPOBECTH ONTHUMI3alil0 Pi3HUX MapaMeTpiB GopMmyBada, KomiMaTopa i GUIBTPIB 3 METOI0 OTPUMAaHHs HAMOUIBII MOTYKHUX IOTOKIB
HEHWTpOHIB.

KonrouoBi cioBa: simepHa MenuIUHA, 3aIli3HUI HEHTPOHHW, TEIUIOBI HEWTPOHW, JNIHIMHUHA HPUCKOPIOBAY EJIEKTPOHIB, KEPEIO
HEHWTPOHIB





