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Betatrons have the advantages of small size, lightweight, and simple operation. They are
widely used in non-destructive testing, cargo, and vehicle safety inspection systems. Magnetic
field distribution is an essential parameter of betatrons and has been investigated via experi-
mental methods. Recently, simulations have been performed for the magnetic field distribu-
tion generated by different magnetic pole parameters. In this study, the finite element method
is employed to simulate the magnetic field distribution. The effects of the different magnetic
end face opening angles, pole protrusion sizes, number of central magnetic pads, and mag-
netic pole bottom width on the magnetic field distribution are simulated. Based on the simu-
lation results, magnetic poles are developed, and the magnetic field distribution is measured
by a gauss meter. The relative error of the measured and simulated equilibrium orbit is 2.1 %,
and the relative error of the magnetic field decay index is 3.3 %. The magnetic field distribu-
tion can satisfy the essential conditions that the magnetic field at equilibrium orbit of the beta-
tron is equal to half of the average magnetic field within equilibrium orbit and the magnetic
field decay index is greater than 0 and less than 1. The results show that the finite element sim-
ulation method and established model have high reliability and effectively improve the design

accuracy of magnetic poles.
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INTRODUCTION

Betatrons are devices used to generate high-en-
ergy electron beams and X-rays [1]. Since Kerst [2-4]
developed the first betatron in 1940, numerous studies
have been conducted on betatrons. Betatrons are
widely used in non-destructive testing, cargo, and ve-
hicle security inspection systems, and industrial X-ray
imaging systems due to their advantages of small size,
lightweight, simple operation, no requirement for wa-
ter cooling, and low cost [5-8].

The core component of a betatron is a magnetic
pole (MP) [9]. The MP face shape directly determines
the change law of the magnetic field (MF) at the beta-
tron air gap, and electrons are accelerated under the
MF at the air gap. An ideal selection of the magnetic
end face shape can make the MF produce a stable fo-
cusing force on electrons [4] and directly affect the
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number of electrons captured [10-13] and accelerated
as well as the intensity of the bremsstrahlung [14] gen-
erated by the betatron. Although many researchers
have focused on the parameter improvement of mag-
netic end faces, the magnetic end face shape is deter-
mined using an electrolytic cell model and a gravity
model [9], and errors generated using the model test
can reach 20-30 %. Using simulation methods, the in-
fluence of MP face shape on the corresponding orbit
[15] and the MF decay index can be more extensively
investigated than using experimental methods.

In this study, the finite element analysis method
[16] is employed to establish an MP model of betatron,
simulate the spatial distribution of the MF, and opti-
mize the MP shape. The MP were developed based on
the simulated data and the MF distribution was mea-
sured by a gauss meter. The effects of different mag-
netic end face parameters on the equilibrium orbit and
MF decay index are discussed.
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METHODOLOGY
Geometric model parameters

The magnet structure of a betatron adopts a
III-shaped magnetic circuit structure [ 17]. Figure 1 de-
picts the cross-section of the magnet structure, which
is mainly divided into MP, a horizontal magnetic yoke,
a vertical magnetic yoke, and a central magnetic pad.
Electrons move under the MF at an air gap between an
upper MP (UMP) and a lower MP (LMP). The core of
the magnet structure is the MP, and the UMP and LMP
face shapes directly determine the MF distribution
(MFD) [18-20]. The main parameters of the MP model
are as follows: the diameter, the height, the distance
between the UMP and LMP, and the diameter of the
central magnetic pad, and they are 170 mm, 97 mm,
32 mm, and 70 mm, respectively. The MP, yoke, and
central magnetic pad are made of silicon steel sheets.

SIMULATION MODEL

To increase the filling factor of the gap between the
UMP and LMP, four central magnetic pads with a thick-
ness of 5 mm were selected in the initial simulation, and
the FR4 fibreboard was used for insulation between
magnetic pad pairs. The number of turns of the excitation
winding [3] was 70 turns, and the number of turns was
8-8-7-6-6 from the inside to the outside. This layout was
used to prevent the coil from blocking the X-ray output
from the betatron. The simulation geometric model
adopts the central 2-D rotational axisymmetric model,
which simplifies the geometric structure complexity in
the simulation software, and the model conforms to the
geometric structure of the actual betatron design. The
model simulation calculation uses the electromagnetic
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Figure 1. Magnet structure

field physical interface of the alternating current/direct
current module of the COMSOL software [21], and the
established simulation model is shown in fig. 2.

In fig. 2, the orange, yellow, brown, and light
blue domains are the silicon steel sheet, coil, central
bolt, air domain, and infinite element domain, respec-
tively. In the simulation calculation, the coil model
adopted a single-wire coil group model, and the coil
excitation current was 200 A. The mesh sequence type
was set to physics control mesh, and the mesh size was
set to a finer.

FINITE ELEMENT SIMULATION

Influence of magnetic end
face opening angle

The MF used by the betatron is a constant gradi-

ent MF. Only by selecting appropriate parameters can
the electrons be accelerated in a stable orbit and gener-

Figure 2. Simulation model
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ate a stable focusing force for electrons. The constant
gradient MF is rotationally symmetric to the z-axis,
and the MF is symmetrical up and down to the central
plane of z = 0. Additionally, the change of the axial
component of the MF in the air gap between the UMP
and LMP with radius » must satisfy the following

H, =— (1)

where 7 is the MF decay index and C'is the constant. To
make the electrons meet the focusing requirements
and avoid resonance due to axial and radial vibrations,
the MF decay index should satisfy the condition of
0.5<n<1][2,4]. If the MF strength (MFS) on the equi-
librium orbit of electron motion is Hy, eq. (1) can be
expressed as follows

H =Ho(rﬁ]n @)

According to the requirement of stable motion of
electrons on the equilibrium orbit, the MFS on the
electron equilibrium orbit should be equal to half of
the average MFS inside the orbit at any time; i. e., the
condition of 2:1 [2, 4] must be satisfied, as follows

H,
H, 5

The MFD should satisfy egs. (2) and (3) simulta-
neously; thus, the MF should only be established
within the range of the air gap between the UMP and
LMP according to the variation law of eq. (2). To en-
sure that the MF at the air gap changes according to eq.
(2), the two opposite magnetic end faces of the UMP
and LMP should have a certain special shape.

Because the magnetic permeability of the MP
silicon steel sheet is much larger than that of air, most
magnetic resistance of the entire magnet is concen-
trated in the air gap between the MP, so it can be ap-
proximated that the MP surface is equipotential [22].
Thus, we have

3)

AoHom =AH 1y @)

where A, and H,x are the length of the MF lines and
MEFS in the air gap at the radius 7, respectively and A
and Hy, are the length of the MF lines and MFS, in the
air gap at the equilibrium orbit ry, respectively. Be-
cause the curvature of the MF lines in the air gap be-
tween the MP is minute, the length of the MF lines and
the air gap between the MP differ by no more than 1-2
%. From eqs. (2) and (4), we have

5, =60[“j 5)

To
where 6, and d are the sizes of the air gap between the
MP at the radius 7, and equilibrium orbit o, respec-
tively. According to the relational expression given by
eq. (5), the UMP and LMP faces should be curved sur-
faces. It is difficult to manufacture a curved surface

that conforms to eq. (5) in the actual machining pro-
cess. However, because the curvature of the curve
generatrix is not large, the curved surface can be con-
sidered a plane in the simulation calculation, and the
angle between the plane and horizontal plane is 6
(shown in fig. 3).

The angle 8 directly determines the MFD law.
According to the geometric model in fig. 3, the MFD
along the radial direction of the central plane is calcu-
lated when the angle 8 is 5°, 10°, 15°,20°,25°, and 30°
(shown in fig. 4).

From fig. 4, the MFS gradually decreases with
an increase in 8, especially in the range of the MP air
gap, the decrease is more pronounced. When the angle
6 exceeds 20°, the MF falls rapidly at the air gap,
changing the MF, which cannot satisfy eq. (3). In the
electron acceleration region, the distribution of the av-
erage MFS value when 6 is 5°, 10°, and 15° is shown
in fig. 5.

In fig. 5, the intersection point between the MFS
curve and the average curve is the point where the ra-
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Figure 4. MFD with different opening angles of MP
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Figure 5. Distribution map of the average value of the
MF

dius of the electron equilibrium orbit is located.
Clearly, the intersection point only exists when the an-
gle is 5° and 10°, and the two curves have no intersec-
tion point when the angle is 15°, which does not satisfy
the requirements. The MFD near the equilibrium orbit
when the angle is 5° and 10° is shown in fig. 6.

When 6 was 5°, the MF decay index n near the
equilibrium orbit was 0.331. At this time, n < 0.5, which
contradicts 0.5 < n < 1. When 6 was 10°, n = 0.748,
which satisfies 0.5 <# < 1, so the optimal opening angle
of the MP face should be approximately 10°. The distri-
bution of MF lines when 6 is 10° is shown in fig. 7.

From fig. 7, the MF lines at the air gap between
the MP are bent outward into a barrel shape [15], and
the generated MF is a drum-shaped field, which meets
the focusing requirements of electrons.

INFLUENCE OF POLE
EDGE PROTRUSION

The changing law of MF at the MP air gap must
satisfy eq. (2). However, owing to the existence of
magnetic flux leakage (MFL) on both sides of the MP
edge, the aforementioned law is affected to a certain

1 i 1 1 Il 1 L L

Figure 7. Distribution of MF lines of force with MP
opening angle of 10°

extent. From fig. 7, some magnetic lines of force pene-
trate the coil from the edge of the MP to the yoke, and
the closer they are to the edge of the MP angle, the
more profound they are, causing the MF intensity to
fall rapidly near the edge.

To compensate for the MFL at the pole edges, a
special protrusion can be used on the pole edges. The
structure of the protrusion edge is shown in fig. 8,
where /1 and @ are the height and angle of the protru-
sion edge, respectively. The MFD with and without
protrusion are calculated in COMSOL (shown in fig.
9).

From fig. 9, at the MP edge, the MFS with the
protrusion is higher than that without the protrusion,
which can effectively compensate for the weakening
of the MFS due to the edge MFL. In the actual MP de-
sign, there is no special solution method for the protru-
sion edge size. Generally, the optimal size is selected
by testing models with different parameters. The pro-
trusion height is generally between 5 mm and 12 mm.
If the protrusion is too high, it will affect the equilib-
rium orbit. Meanwhile, if the protrusion is too low, the
compensation effect is not obvious. The protrusion an-
gle is generally between 20° and 60°. It increases the
difficulty of processing silicon steel sheets. In
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Figure 6. The MFD near the equilibrium orbit: angle: (a) 5°, (b) 10°
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Figure 8. Schematic diagram of the protrusion structure
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Figure 9. The MFD with and without protrusion

COMSOL, the protrusion edge height is set to 5 mm,
and the angle is varied at 20°, 25°, 30°, 35°, 40°, 45°,
50°,55°, and 60°. The simulation results are shown in
fig. 10.

From fig. 10, when the protrusion height is con-
stant, the MFD of different protrusion angles is almost
the same, and the protrusion angle insignificantly affects
the MFD. Therefore, in the actual design, considering the
difficulty and weight of MP processing, the angle can be
appropriately selected to be approximately 30°.

The protrusion angle calculated in COMSOL is
30°, and the protrusion heights are 5 mm, 7 mm, 9 mm,
and 11 mm. The corresponding MFD is shown in fig.
11. From fig. 11, the higher the protrusion height, the
greater the MFS at the MP edge is compensated for.
When the height exceeds 9 mm, the MF produces an
obvious protrusion, which seriously damages the MF
according to eq. (2). Therefore, when designing the
protrusion, the height should not exceed 9 mm, it
should be approximately 7 mm.

Figure 10. The MFD at different angles when the height
of the protrusion is 5 mm
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Figure 11. The MFD of different heights when the
protrusion angle is 30°

INFLUENCE OF THE NUMBER AND
THICKNESS OF THE CENTRAL
MAGNETIC PAD

To satisfy the condition of an MF of 2:1, the cen-
tral magnetic pad with a radius 7, should have the cor-
responding MFS H_ . with the equilibrium orbit. In
this part of the inter-pole space, according to eq. (4),
the air gap should satisfy the following

H Om
50 60 Hcm (6)

To adjust the law that the MF in the ring r,-r, de-
cays exponentially along the radius, the air gap &,
should be divided into several small air gaps. For this
purpose, a special magnetic pad needs to be placed in
the middle of the MP.

A schematic of the structure of placing the cen-
tral magnetic pad is shown in fig. 12, where 6, =9, +
+6,+ 6, —the size of the air gap, /;, — the thickness of
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Figure 13. The MFD of different numbers of magnetic

the central magnetic pad and 6. is the distance be-
tween the UMP and LMP at the radius 7. According to
the schematic, the number of magnetic pads can be cal-
culated using the following

_ 5; _50

m

hy, (7
where m, is the number of magnetic pads. Accord-
ingly, only the requirements of the air gap are consid-
ered, and the influence of the magnetic pads on the
nearby MF, as well as the equilibrium orbit, is not con-
sidered. Further experiments are required to select the
optimal number of magnetic pads. When the number
of magnetic pads calculated in COMSOL is 2, 3,4, and
5, the MFD law is shown in fig. 13.

From fig. 13, when one and three magnetic pads
are used, the MF lines near the central magnetic pad are
severely distorted, and the distorted MF lines cannot
meet the electronic focusing requirements, so it is im-
possible to choose less than three magnetic pads. When
four and five magnetic pads are selected, the MFD can
well meet the requirements. At this time, the MFD of
the electronic equilibrium orbit is shown in fig. 14.

From fig. 14, n = 0.563 and 0.502 for four and
five magnetic pads, respectively, both of which meet
the MF focusing requirements. The magnetic pad
comprises multiple silicon steel sheets stacked and
bonded by glue. Considering that the more magnetic
pads there are, the thinner the thickness of a single
magnetic pad will be, which will significantly increase
the processing difficulty of the magnetic pad, choos-
ing four magnetic pads is ideal.

INFLUENCE OF POLE
BOTTOM WIDTH

Because the central part of the MP and magnetic
pad are much heavier in terms of magnetic flux than

pads the rest of the MP, the MP material cannot be fully em-
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Figure 14. The MFD near the equilibrium orbit: (a) 4 magnetic pads, (b) 5 magnetic pads
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Figure 15. Schematic diagram of optimized magnetic
poles

ployed, thereby dramatically reducing the economy of
the electromagnet of the entire radiator. To exploit the
MP material without destroying the 2:1 and MF focus-
ing conditions, the MP cylinder's bottom width can be
appropriately changed (shown in fig. 15).

In the simulation model parameters, b, is fixed at
85 mm and the values of by are set to 83 mm, 81 mm,
79 mm, 77 mm, 75 mm, 73 mm, 71 mm, 69 mm, 67 mm,
and 65 mm in COMSOL. The calculated MFD is shown
in fig. 16.

Fromthe fig. 16, as the value of by decreases, the
MES at the central magnetic pad decreases gradually,
while the change in MFS at the MP air gap is small.
This phenomenon will cause a certain deviation from
the equilibrium orbit and insignificantly affect the
MFD law near the equilibrium orbit.

According to the 2:1 condition, the correspond-
ing equilibrium orbit radius is calculated, and the equi-
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Figure 16. The MFD when by is different value

Table 1. Equilibrium orbit radius corresponding
to different by values

by [mm] Equilibrium orbit [mm] Error [%]

83 65.5 0

81 65.7 0.3
79 65.9 0.6
77 66.1 0.9
75 66.7 1.8
73 66.7 1.8
71 67.5 3.1
69 67.7 3.4
67 68.4 4.4
65 69 5.3

librium orbit radius is 65.5 mm without reducing the
MP cylinder's bottom width, i. e., by is 85 mm.

From tab. 1, when by is reduced from 83 to 65
mm, the equilibrium orbit radius gradually increases.
When by is between 83 and 73 mm, the error of the
equilibrium orbit radius can be kept within 3 %, so the
MP bottom width can be appropriately reduced. The
cylinder radius is approximately 73 mm, which can re-
duce the MP weight and improve the equipment econ-
omy.

EXPERIMENTS AND RESULTS

Based on the results obtained from the previous
simulations, we developed the corresponding MP us-
ing 0.3 mm silicon steel, as shown in fig. 17.

The parameters of the MP and magnetic pad are
shown in tab. 2.

To verify whether the MFD generated by the de-
veloped magnetic pole is consistent with the simula-
tion, a magnetic gauss meter is used to test the MFD.
The experimental test structure diagram and test sys-
tem are shown in fig. 18 and fig. 19.

During the test, the excitation power is used to
supply power to the excitation windings to generate
the necessary excitation current. The Gauss meter
probe measures the MFS point by point along the ra-
dial direction in the z = 0 plane. The MFD test results
are shown in fig. 20.

Figure 17. The MP and magnetic pad
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Table 2. The MP parameter

Parameter Value
Height 97 mm
Diameter 170 mm
The MP opening angle 10°
Central air gap height 32 mm
The MP bottom diameter 146 mm
Protrusion height 7 mm
Protrusion angle 30°
Central magnetic pads 4
Central magnetic pad width 70 mm
Central magnetic pad thickness 5.5 mm

Motor

Gauss meter

Excitation Y| Sause

power

Figure 19. Experimental test system

The measured results are in accordance with the
simulated. The MFS decreases slightly in the radial di-
rection inside the central magnetic pad, which may be
caused by the unevenness of the silicon steel sheet. In
the electron acceleration region, the measured MFS is
slightly higher than the simulated value. The parame-
ters near the equilibrium orbit are shown in tab. 3.

The relative error of the equilibrium orbit is 2.1 %,
and the relative error of the magnetic field falling index is
3.3 %. Both parameters satisfy the betatron condition.
The results show that the values obtained by the finite el-
ement software simulation have high accuracy.
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Figure 20. Simulated and measured MFD

Table. 3 Measured and simulated results

Parameter Measured | Simulated [Relative error
Equilibrium orbit | 65.3 mm | 66.7 mm 2.1 %
The MF falling index n|  0.59 0.61 33%
CONCLUSIONS

In this study, the MF simulation of the betatron
based on the COMSOL finite element simulation soft-
ware is employed, and the MP is developed. The fol-
lowing conclusions are drawn:

e The optimal magnetic end face opening angle is
10°.

e The MP edge should be designed to be protrusion;
the ideal protrusion height and angle are 7 mm and
30°, respectively; the ideal number of central
magnetic pads between the UMP and LMP is 4;
the MP cylinder's bottom width and radius can be
reduced by 12 mm to maintain an equilibrium or-
bit change within 3 %.

Using an MP of this shape, the radius of the elec-
tron equilibrium orbit is calculated as 66.7 mm, and
the MF decay index near the equilibrium orbit is 0.61.
Based on simulation results, MP is developed and
tested. The relative error of the measured and simu-
lated equilibrium orbit is 2.1 %, and the relative error
of the magnetic field falling index is 3.3 %. The MFD
law satisfies the betatron requirements.

The experimental results prove the accuracy and
feasibility of the proposed simulation method. This
simulation allows researchers to quickly find the opti-
mal design solution when developing new accelerator
models.
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u /bY, Ken-bo BAHI', Bun-Xaj JIU, Xaj-Tao BAHI, Xaj-lllenr YEH, bun TAHI

CUMYJAIIMOHA AHAJ/IM3A U EKCIHEPUMEHT YTUILAJA OBJ/IUKA
MATHETHOT IIOJA HA BETATPOH MATHETHO IIOJ/BE

BeraTponu mmajy mpegHOCTH Maje BEIUUMHE, Maje TEXKHWHE U jeTHOCTAaBHOT pajia; OHH Ce
LIMPOKO KOPUCTE y UCIIUTUBaY 0€3 pa3aparma CUCTEMHUMA 32 KOHTPOIly 0€30€JHOCTU TepeTa U BO3UJIa.
Pacnopena marseTHor mosjba je OUTaH nmapameTap OeTaTpoHa M MCTpaXkeHa jeé €KCIHePUMEHTATHUM
Meropama. HefjaBHO je cuMyiupaHa pacnojiella MarHeTHOT 1T0Jba FeHEPUCAHA PA3IMUUTUM apaMeTpuma
MarHeTHUX IOJIOBa. Y OBOj CTYyAMjU KoOpuITheHa je MeTOfa KOHAUHHUX eJIEMEHATa 3a CHUMYJUpame
pacnojese MarHeTHor nojba. CumynaupaHu ¢y e(peKTd Ha JUCTPUOYLUjy MarHeTHOT 10Jba: Pa3IudUuTHX
yry0Ba OTBapaka KpajeBa MarHeTa, BeJIMIHHA HCIYTYeHa N0710Ba, 6PpOja IEHTPATHUX MarHeTHUX OJIora
U IIMpUHE IHA MarHeTHOT nona. Ha ocHOBy pe3ynTaTa cumynanyje pojeKTOBaH je MarHeTHU ITOJ1 U MepeHa
je pacrmopenia MarHETHOT OJba rayCMeTpoM. PestaTuBHO OficTynamke U3MEepEeHe U CUMYIUPaHe PABHOTEXKHE
op6ute je 2.1 %, a pemaTUBHO OJCTyNamk€ MHAEKCA pachajja MarHeTHOr mosba je 3.3 %. Pacnopena
MarHeTHOT 110Jba 33/|0BOJbaBa OMTHE YCJIOBE [|a j€ MArHETHO NOJbE HA PABHOTEXKHO] OpOUTH OeTaTpoHa
jeqHaKO MOJIOBUHM HPOCEYHOI MArHETHOI I0/ba YHYTAp paBHOTEXHe OpOHUTe, a HMHAEKC OMNajiama
MarHeTHOT [0Jba je Behu off HyJie 1 MaH Off jefjaH. Pe3ynraT mokasyjy fa cumynanuja METOIOM KOHAYHUX
ejleMeHaTa ¥ YCIOCTaB/bEHU MOJEN UMajy BHCOKY IOY3[JaHOCT U e(uKacHO NnoOoJblIaBajy TauyHOCT
IPOjeKTOBamba MArHETHUX MOJIOBA.

Kmwyune pequ: 6ettiaitipoH, MAZHEWIHO UO/be, MAZHETHU T0A, METO0A KOHAYHUX eleMeHallla




