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The bremsstrahlung of accelerated electrons passing through a converter is used to study multiparticle photo-

nuclear reactions. The results of calculations, numerical modeling, design, and testing of a special magnetic cleaning 

system to obtain a “pure” beam of bremsstrahlung quanta when studying the cross-sections of such reactions at the 

LUE-40 linac are presented. The system is based on commercially available permanent magnets of rectangular 

cross-sections. The maximum on-axis field is 0.9 T, which provides sufficient separation of the electron beam and 

gamma rays at a distance of more than 90 mm from the magnet. 

PACS: 41.75.Ht, 25.20.-x, 25.20.-x 
 

INTRODUCTION  

Cross-sections of the photonuclear reactions were 

mainly obtained experimentally in a study of the giant 

dipole resonance (GDR) using bremsstrahlung radiation 

and quasi monoenergetic photons [1 - 5] at -quanta 

energies up to 30 MeV. Recently obtained experimental 

results on the cross-sections of multiparticle photo-

nuclear reactions at -quanta energies of 30…145 MeV 

are quantitatively many times different from the data on 

(,n) reactions. 

Study of photofission of nuclei in the energy range 

above the GDR through to the threshold of pion produc-

tion (Eth  145 MeV) is of particular interest because 

there is a change in the mechanism of interaction of 

photons with nuclei in this energy region. Therefore it is 

possible to obtain fundamental data on two mechanisms 

of photofission of the nucleus, namely, due to GDR 

excitation and quasi-deuteron photoabsorption [6]. To 

date, various theoretical models, for example, [7, 8], as 

well as the modern nuclear reaction codes [9 - 12], have 

been developed to describe photonuclear reactions at 

their cross-section calculations. Both the theoretical 

models and the calculation codes need new data to veri-

fy multiparticle reactions in a wide range of atomic 

masses and energies. 

In practical applications, knowledge of the exact pa-

rameters of multiparticle photonuclear reactions is im-

portant, for example, to estimate the neutron yield in 

nuclear installations based on accelerator-driven subcrit-

ical systems (ADS). The ADS can be used for the utili-

zation of radioactive waste of nuclear energy plants 

(transmutation of minor actinides [13] and burning 

long-lived fission fragments). The ADS are also poten-

tial sources for electricity generation [14, 15]. 

The study of multiparticle photonuclear reactions 

with relatively small cross-sections (~ 0.1…100 mb) is 

possible in the presence of intense fluxes of the incident 

-quanta. Such fluxes can be obtained by passing beams 

of high-energy electrons through a target converter. Ex-

periments with the use of bremsstrahlung, which has a 

continuous spectrum of the form ~ 1/Eγ and the maxi-

mum limiting energy Emax, make it possible to deter-

mine the integral characteristics of the reactions, such as 

the averaged yield Y(Еγmax) and average cross-section 

σ(Еγmax) of reactions. On the other hand, the applica-

tion of such  spectrum complicates the procedure for 

determining the (Еγ) cross-sections of photonuclear 

reactions because it requires additional calculations and 

the use of various data processing methods. In both cas-

es there is a need for correct calculations of the -quanta 

flux density, which corresponds to the real conditions of 

the experiments, with modern computational codes, for 

example, such as GEANT4 [16]. However, despite the 

difficulties, bremsstrahlung beams remain an important 

tool in nuclear physics research [17 - 19]. 

In the experiments with bremsstrahlung, three main 

schemes can be distinguished. The first one uses a flux 

consisting of bremsstrahlung and electrons that have 

passed through the converter [17] that interacts with 

atoms of the target substance. The advantages of this 

method are mainly in the simplicity of the approach, 

however high radiation load on the target leads to tech-

nical difficulties (sintering of samples, burning of struc-

tural elements of the target node, etc.). It is also neces-

sary to consider a contribution to the reaction yield from 

the processes occurring under the action of electrons. 

Usually, this contribution can be calculated, although its 

probability is strongly suppressed by the mechanism of 

interaction of electrons through virtual photons. The 

constant of this interaction is proportional to the con-

stant of fine structure which is about 1/137. However, 

for high-threshold reactions, the contribution of elec-

trons may dominate. Thus, it was shown in [20] on the 

example of 
93

Nb(γ,xn)
93-x

Nb reactions, where x is neu-

tron multiplicity, that for the case of x = 5 the yield of 

the reaction under the action of gamma quanta becomes 

less than that from the contribution of electrons. 

The second scheme is similar to the first one, but af-

ter the converter, a massive electron absorber consisting 

of light material (usually Al) [21, 22] is installed. The 

advantage of such a scheme is the simplicity and almost 

a "pure" gamma quantum beam on the target. This guar-

antees a slight radiation and heat load of the target and, 

for example, on the components of the pneumatic tube 

transport that is used for target delivery. The disad-

vantages of this scheme are the distortion of the shape 

of the bremsstrahlung spectrum, and the additional gen-

eration of photoneutrons, which also contribute to stud-

ied reaction yield. 
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The third scheme of the experiment implements a 

bending magnet to divert the electrons that have passed 

through the converter [22] that allows obtaining a 

"pure" beam of bremsstrahlung gamma quanta at the 

target. When using thin converters, the shape of the ra-

diation spectrum can be described by a known analytical 

formula. At the same time, the influence of neutrons is 

minimized. 

Thus, the study of photonuclear reactions with the 

"pure" gamma beam using the third scheme has the fol-

lowing advantages: 

• Thin converter can be used because electrons will 

not create a radiation load and gamma rays will not scat-

ter in the absorber. Accordingly, the bremsstrahlung 

spectrum can be described by an analytical formula of 

the form ~ 1/Eγ. 

• The contribution of neutrons to the reaction outputs 

can be neglected. 

• The possibility of using pneumatic tube transport 

remains. 

• There is the possibility to obtain cross-sections of 

photonuclear reactions (Еγ) with the photon difference 

method or the regularization method. 

• Due to the lack of the absorber, it is possible to 

significantly decrease the volume of calculations of 

bremsstrahlung gamma flux with the computer codes. 

Experimental and calculated errors are significantly 

reduced. 

All the above mentioned makes the task of obtaining 

a "pure" beam of gamma-ray quanta for studies of cross-

sections of multiparticle photonuclear reactions at the 

output of the LUE-40 accelerator [23] using a magnetic 

cleaning system relevant and will provide a set of new 

experimental data. 

When developing such a cleaning magnetic system, 

it should be considered that the electrons are scattered in 

the converter, so the system should be short, with signif-

icant induction of the magnetic field in the interaction 

space to avoid electron beam collimation by magnet 

poles. Estimates have shown that tha magnetic induction 

value should be around 1 T. The most suitable magnetic 

system for this purpose is a system based on permanent 

magnets with a special direction of magnetization [24]. 

One of the implementations of such a magnet is given in 

the examples fo the Superfish/Poisson group of codes 

[25]. However, such a system requires permanent mag-

nets with a special configuration, which are not widely 

available. Therefore, commercially available magnets 

with a rectangular cross-section were used for the proto-

type of the magnetic system. 

The paper presents the results of calculations, nu-

merical simulations, design, and testing of such a sys-

tem to obtain a "pure" beam of bremsstrahlung quanta 

for the study of cross-sections of multiparticle photo-

nuclear reactions at the LUE-40 electron linac. 

1. MAGNETIC SYSTEM SIMULATION 

Simulation of transverse magnetic field distribution 

was performed with the two-dimensional 

Superfish/Poisson group of codes under the assumption 

that the magnetic system extends infinitely in the longi-

tudinal direction. For such an approach to be applied to 

a finite-sized magnet, the air gap of the magnet must be 

much smaller than the longitudinal length of the system. 

Based on the geometric dimensions and mutual posi-

tioning of the magnet and the irradiation target, it is 

necessary, that the bending angle of the beam central 

trajectory at the energy of 80 MeV was not less than 

15. In the physics of accelerators, a quantity such as 

magnetic rigidness is used (see, for example, [26]): 

3.3356B pc  , where B is the magnetic field in Tesla, 

 is the electron Larmor radius in meters, pc is electron 

energy in gigaelectronvolts. It can be shown that for a 

rectangular magnet at small bending angles α the length 

of the magnet L is determined by the formula: 

3.3356 /L pc B . At the air gap magnetic field of 

0.9 T, the length of the magnet at an electron energy of 

82 MeV is approximately 80 mm. NdFeB magnets with 

a size of 804015 mm are commercially available, so 

with an air gap of 20 mm or less, a two-dimensional 

code can be used to simulate the magnet. 

To increase the field in the gap, a magnetic yoke 

made of low-carbon steel was used, which closed the 

magnetic flux, forming a so-called "C"-like magnet. The 

following magnet parameters were used in the simula-

tion: residual induction Br = 12100 Gs and coercive 

force Hc = -11300 Oe. This corresponds to the N38 class 

NdFeB magnets we purchased. 

A magnetic system simulation of certain optimiza-

tion was performed with such competing criteria as field 

induction in the gap, the size of the gap, and the maxi-

mum induction in the magnetic yoke. The minimum 

size of the gap was limited by the electron beam size 

considering scattering in the converter. The maximum 

induction in the gap should be approximately 0.9 T, the 

maximum induction in the magnetic yoke should not 

exceed 1.5 T. 

The final configuration of the magnetic system (its 

upper half relative to the plane of symmetry) is shown 

in Fig. 1. 

Permanent-Magnet Dipole                                                                                                   
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Fig. 1. Magnet system configuration 

The system shown in Fig. 1 consists of a block of 

permanent magnets (three plates with a total thickness 

of 45 mm) and the "C" like magnetic yoke. The thick-

ness of the vertical part of the magnetic yoke is 40 mm, 

and that of the horizontal part is 45 mm. To reduce the 

magnitude of the field induction at the point of contact 

of the permanent magnets with the magnetic yoke on 

the left, a notch of 7 mm deep with a rounding radius of 

5 mm was made in the horizontal part of the magnetic 

yoke. With a magnetic gap of 16 mm, the induction in 

the gap is 0.876 T, and this value in the magnetic yoke 

does not exceed 1.5 T. 
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Fig. 2 shows the calculation results of the central tra-

jectory for the case of an electron beam with energies of 

44.3 and 82 MeV using the TRANSPORT code [27]. 

You can see that the magnet provides a beam deflection 

of 8 and 4 cm at the distance of 10 cm from the magnet, 

respectively. 

 
Fig. 2. The central trajectories of the electron beam 

for energies of 44.3 MeV (blue curve)  

and 82 MeV (red curve) 

1.1. SIMULATION WITH PARMELA  

AND GEANT4 

An array of macroparticles, which represents an 

electron beam simulated by the PARMELA code [28] at 

the LUE-40 linac output was introduced into the 

GEANT4 program as an event generator. This electron 

beam fell on a tantalum converter 0.1 or 0.3 mm thick. 

The energy of the beam macroparticles at the maximum 

of the distribution was 44.3 MeV, 70% of the particles 

fell into the energy range of 3.2%. The number of 

macroparticles in the beam was 190,700. The parame-

ters of the electrons that flew forward from the convert-

er were transferred back to the PARMELA code for 

further transport of macroparticles. There were two sets 

of simulations. In the first set beam divergence after the 

converter was studied, so the beamline was represented 

just a 10 cm drift space. At a converter thickness of 

0.1 mm, the RMS beam size increases in the drift space 

by 0.56 cm, which corresponds to a beam standard de-

viation of 56 mrad. With a converter thickness of 

0.3 mm, this increase equals 1 cm, which corresponds to 

the beam standard deviation of 100 mrad. It should be 

noted that the number of macroparticles transmitted to 

the PARMELA program is greater than their initial 

number. At a converter thickness of 0.1 mm, they are 

approximately 3.000 particles larger, and at a thickness 

of 0.3 mm that increase is approximately 5.000 parti-

cles.  

At the second set, the effect of the magnet was stud-

ied. The beamline was represented by a 0.5 cm drift, the 

dipole magnet, and several drifts with a total length of 

10 cm. For the energy of the reference particle 

44.3 MeV and the magnetic field induction of 0.9 T, the 

bending angle of the magnet was 27.5°. The magnet was 

set at an angle of 13.8 to the axis of the input beam. At 

a converter thickness of 0.1 mm, 92% of particles pass 

through the magnet, and at a thickness of 0.3 mm that 

value was 70%. The horizontal beam profiles (bending 

plane of the magnet) for different thicknesses of the 

converter are shown in Fig. 3. These profiles look like 

the Gaussian distribution. One can see that for the con-

verter with a thickness of 0.1 mm there is a very small 

number of particles at 3 cm from the beam central tra-

jectory. For the converter with thickness of 0.3 mm, 

approximately the same number of particles is observed 

at 5 cm. 

 

Fig. 3. Horizontal profiles of the electron beam at 10 cm 

from the magnet output edge. The blue curve corresponds 

to a converter thickness of 0.1 mm and the red curve 

corresponds to the thickness of 0.3 mm 

A slightly different picture is observed in the vertical 

plane (Fig. 4). It is seen that there are no "tails" in the 

distributions. Thus, at a converter thickness of 0.1 mm, 

the vertical profile of the beam shows signs of limitation 

by the aperture of the magnet at a level of approximate-

ly 10% of the maximum. However, with a converter a 

thickness of 0.3 mm, this limitation occurs at a level of 

approximately 40%. This explains where particles that 

do not pass through the magnet are lost.  

 

Fig. 4. Vertical profiles of the electron beam at 10 cm 

from the magnet output edge. The blue curve corre-

sponds to a converter thickness of 0.1 mm and the red 

curve corresponds to the thickness of 0.3 mm 

Therefore, based on the above simulation results, it 

can be concluded that such a magnet design is suitable 

for cleaning the gamma-ray beam from electrons, at 

least for a converter thickness of 0.1 mm. It is known 

that the scattering angle of relativistic electrons is in-

versely proportional to their energy, therefore, at parti-

cle energies in the region of 80 MeV, a tantalum con-

verter with a thickness of 0.3 mm can be used. This 

question requires a more detailed study to assess the 
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effect of background radiation from the collision of 

electrons with a magnet on the results of multiparticle 

photonuclear reactions in the target. 

2. MANUFACTURE AND TESTING  

OF MAGNETIC SYSTEM 

The developed magnet was manufactured by Sci-

ence and Research Establishment “Accelerator” with 

NSC KIPT. The magnetic yoke consists of three parts 

fastened with steel bolts. These parts are made of low-

carbon steel. Purchased magnetic plates were assembled 

in two blocks of three plates. A screw device that allows 

one to hold the magnets when pushing them on top of 

each other was used at assembling the blocks and in-

stalling the blocks in the magnetic yoke. Magnets in 

blocks and blocks in a magnetic yoke are fixed with an 

aluminum framework. The appearance of the magnet is 

shown in Fig. 5.  

 
Fig. 5. The magnet with a line of Hall sensors 

for measuring the magnetic field distribution 

To measure the field distribution in the magnet, a 

line of 10 linear Hall sensors CYSJ902 [29] was made, 

which allows measuring fields up to 2 Tesla with a rela-

tive error of up to 1%. To calibrate the sensors, each of 

them in turn was placed at a point with the same field. 

The field at this point was measured with an industrial 

teslameter. The measurement results are shown in 

Fig. 6. The maximum induction in the gap was 0.9 T. 
 

 
Fig. 6. Magnetic field distribution in a midplane  

of the magnet air gap  

A comparison of the measured data across the mag-

net in the middle of the pole with the dependence calcu-

lated using the Superfish/Poisson code was carried out. 

The measured data were normalized so that the maxi-

mum value coincided with the calculated maximum 

value. The measured field distribution in shape coin-

cides well with the calculated one. In absolute terms, the 

results differ by 3%. 

The integration of the field distribution in the middle 

of the magnet poles in the longitudinal direction allowed 

us to estimate the fringing fields. The effective length of 

the magnet is 82.7 mm with a pole length of 80 mm, 

which indicates that the field is well localized within the 

magnet. 

The magnet was installed at the LUE-40 linac output 

(Fig. 7) at an angle of 15 to the linac axis. To study the 

effect of the magnet on electron beam dynamics, a se-

ries of experiments was performed at beam energies in 

the regions of 40 and 80 MeV. It is known that electron 

irradiation causes silicon glass coloring (see, for exam-

ple, [30]) that depends on the absorbed dose, so it is the 

simple way to visualize beam transversal density distri-

bution. A glass plate was installed at 90 mm from the 

magnet exit in such a way that the plate plane was per-

pendicular to the linac axis at every experiment includ-

ing a configuration without any converter as well as the 

configuration with installed 0.1 and 0.3 mm thick tanta-

lum converters.  

 
Fig. 7. The cleaning magnet was installed  

at the LUE-40 linac exit  

An example of photographs of beam footprints on 

the checkered paper background is shown in Fig. 8 at 

particle energy of 81 MeV. The black lines at the bot-

tom right correspond to the horizontal position of the 

linac axis. A dash at the bottom of the lower footprint is 

accidental contamination of the glass. 

  

Fig. 8. Photographs of beam footprints on glass  

at the energy of 81 MeV. Top  without converter,  

bottom  with 0.1 mm tantalum converter 

Processing the scanned beam footprints we have 

concluded that the developed magnet, in principle, can 
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be used to clean the gamma beam at an electron beam 

energy of up to 84 MeV and a converter thickness of up 

to 0.3 mm. However, the work that still needs to be 

done is the following: recheck the magnet alignment; 

estimate the generation of background gamma radiation 

in the collision of scattered electrons with the magnet; 

integrate the magnet with the irradiation device. 

CONCLUSIONS 

The results of calculations, numerical modeling, de-

sign, and testing of a magnetic system to obtain a "pure" 

beam of bremsstrahlung quanta are presented. This sys-

tem is made on the base of commercially available per-

manent magnets with a rectangular cross-section and is 

designed to study the cross-sections of multiparticle 

photonuclear reactions at the LUE-40 linac output. The 

maximum on axis field is 0.9 T, which provides suffi-

cient separation of the electron beam and gamma rays at 

a distance of more than 90 mm from the magnet. 

The developed magnet, in principle, can be used to 

clean the gamma beam at an electron beam energy of up 

to 84 MeV and a converter thickness of up to 0.3 mm. 

Due to the use of thin targets-converters, the shape 

of the bremsstrahlung spectrum of gamma quanta is 

close to the analytical dependence of 1/Eγ. This makes it 

possible to apply the photon difference method or the 

regularization method and obtain cross-sections of 

multiparticle photonuclear nuclear reactions σ(Eγ). 
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МАГНІТНА СИСТЕМА ДЛЯ ОЧИЩЕННЯ ГАММА-ПУЧКА НА ВИХІДІ ПРИСКОРЮВАЧА 

ЕЛЕКТРОНІВ ЛУЕ-40 

В.В. Митроченко, С.О. Пережогін, Л.І. Селіванов, В.Ф. Жигло, А.М. Водін, О.С. Деєв, С.М. Олійник, 

І.С. Тімченко, В.А. Кушнір 

Гальмівне випромінювання прискорених електронів, що проходять через конвертер, використовується 

для дослідження багаточастинкових фотоядерних реакцій. Наведено результати розрахунків чисельного 

моделювання, проєктування та випробування спеціальної системи магнітного очищення для отримання 

«чистого» пучка квантів гальмівного випромінювання при дослідженні перерізів таких реакцій на 

прискорювачі ЛУЕ-40. Система базується на основі наявних у продажу постійних магнітів прямокутного 

перерізу. Максимальне поле на осі становить 0,9 Тл, що забезпечує достатнє розділення електронного пучка 

й гамма-променів на відстані більше 90 мм від магніту. 

МАГНИТНАЯ СИСТЕМА ОЧИСТКИ ГАММА-ПУЧКА НА ВЫХОДЕ УСКОРИТЕЛЯ 

ЭЛЕКТРОНОВ ЛУЭ-40 

В.В. Митроченко, С.О. Пережогин, Л.И. Селиванов, В.Ф. Жигло, А.Н. Водин, О.С. Деев, С.М. Олейник, 

И.С. Тимченко, В.А. Кушнир 

Тормозное излучение ускоренных электронов, прошедших конвертер, используется для изучения много-

частичных фотоядерных реакций. Представлены результаты расчетов численного моделирования, проекти-

рования и испытаний специальной системы магнитной очистки для получения «чистого» пучка тормозных 

квантов при исследовании сечений таких реакций на линейном ускорителе ЛУЭ-40. Система базируется на 

основе серийно выпускаемых постоянных магнитов прямоугольного сечения. Максимальное осевое поле 

составляет 0,9 Тл, что обеспечивает достаточное разделение электронного пучка и гамма-квантов на рас-

стоянии более 90 мм от магнита. 

 

http://www.hallsensors.de/CYSJ902.pdf

