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Numerical simulation of ion beam dynamics in the injector of a compact nuclear scanning microprobe has been
carried out. The injector consists of a low-power RF ion source with a micrometer-sized extractor hole and a Wien
filter with permanent magnets. It is shown that the injector under consideration effectively separates ions
H;, H, and Hj . The voltage required to power the electrostatic deflection plates during proton separation has been

determined provided that the beam deviates from the injector axis <10 pm. The error in the voltage value for the
permissible beam deviates from the axis provided that the proton beam passes through an aperture with a diameter

of 2 mm has been established.

PACS: 29.25.Ni; 41.75.Ak; 41.85.Qg; 41.85.p; 41.85.Gy; 41.85.Lc; 41.85.Ne

INTRODUCTION

Focused light ion beams with energies of several
megaelectronvolts are widely wused in a local
microanalysis of various origins samples [1-5]. A setup
for focusing ion beams with a resolution in the
micrometer range is a scanning nuclear microprobe. The
microprobe is one of the end stations of analytical
complexes based on general-purpose electrostatic
accelerators [1, 2, 5-10]. The classical scheme of a state
of the art microprobe includes an object and aperture
collimators located at a distance of 3...6 m, a scanning
system and a focusing system consisting of a multiplet
of magnetic or electrostatic quadrupole lenses [5-7, 11—
13]. The entire length of the microprobe from the object
collimator to the target is 4...9 m. The collimators form
a phase volume of a beam with a current from ~1 fA to
~1 nA, which is focused on the target into a spot with
dimensions from several tens of nanometers to one
micrometer. The beam at the entrance to the microprobe
is created by a general-purpose electrostatic accelerator
and after the analyzing magnet the current of the
selected ion species is ~10 pA. It should be noted that
the accelerator does not take a direct part in the process
of forming the microprobe, and the use of the output
beam current is also obviously not efficient.

The concept of a compact scanning nuclear
microprobe is presented in [14-16], in which a
specialized electrostatic accelerator is used as part of an
immersion probe-forming system, which allows several
times to reduce the size of the microprobe and
significantly improve spatial resolution. The main point
of the concept is the use of a specialized ion source with
a proton current of 0.1...1 nA and an energy spread of
<10eV [17]. The source should have an extracting
micrometric hole (20...50 um) to ensure the spatial
resolution of the compact scanning nuclear microprobe
at the level of 0.1 um in the local microanalysis using
techniques such as PIXE and RBS. To separate the
working ion type, it is necessary to use a compact Wien
filter, which is a part of the injector. The Wien filter
consists of permanent magnets and a pair of electrostatic
deflecting plates.
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The main goals and tasks of numerical simulation of
the motion of an ion beam in the injector of a compact
scanning nuclear microprobe are to calculate the beam
envelope to determine the dimensions of the aperture
that serves to cut off the second and third masses

(H, and Hy) and the distance of its location behind the

Wien filter. It is also necessary to determine the
potential on the deflecting plates in the filter and the
error of its installation in order to pass the beam of the

first mass (H, ) through the cutting aperture without

losses. In the ion source, the problem of beam dynamics
is axisymmetric, and in the Wien filter, the problem is
flat in the xOz plane. Therefore, the problem of
numerical simulation of the motion of an ion beam in
the injector is divided into two stages. The first stage is
to determine the motion of the ion beam in the source,
and the second in the Wien filter. The diagram of the
ion injector is shown in Fig. 1.
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Fig. 1. Scheme of the ion injector of a compact scanning
nuclear microprobe: 1 — extractor; 2 — anode (potential
6 kV); 3 —accelerating electrode of the ion source
(potential 5.9 kV); 4 — focusing electrode (potential
0 kV); 5 — Wien filter; 6 — aperture with a diameter of
2 mm for cutting off ions of the second and third masses

1. EQUATION OF BEAM MOTION IN AN
ION SOURCE
Since the electrodes of the ion source have axial

symmetry, the equation describing the motion of ions in
the source has the form [18]
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where po, m, g — initial momentum, mass and charge of
the beam particle; pZ /2m — initial kinetic energy of the
particle at the entrance to the extraction hole of the
source; E, and E, — field components of the ion-optical
structure of the source, the potential ¢ in the presence of
axial symmetry of the electrodes has the form [18]
o(r,2)=U@)-U"()r*/14+U" ()r* /64, (2
the field is expressed through the potential
E(r,z) =—grad(e),
U(z) — distribution of electric potential on the source
axis.

2. EQUATION OF BEAM MOTION
IN AWIEN FILTER

The geometry of the Wien filter is shown in Fig. 2.
Here the ion beam H; and Hj is deflected in the xOz
plane.
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Fig. 2. Scheme of the Wien filter

The equations describing the beam dynamics in this
plane have the form [18]

~ (E,(x,2) = XE, (X, z))(1+ x’z)
~2(p? 1 2ma+ g (%,0) ~ o (x,2))

-B, (2)(1+ )" . g ,
2m(p”/2ma + ¢ (x,0) — ¢ (X, 2))
®)
where p®/2m — Kkinetic energy of the ion at the
entrance to the Wien filter; £, E, — components of the
electric field between the deflecting plates of the Wien
filter;

E(x,2) = —grad(¢.),
for bipolar powering of deflecting plates the planar field
potential

0. (x,2) =-U,(2)x+U/(2)x* 16, 4)
U,(z) — field strength distribution on the axis between
the deflecting plates; B, — component of the magnetic

. 0
field, B, (y,2) =—%,
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P (¥,2) =W, (2)y +W," (2)y* /6, ©)
W,(z) — distribution of magnetic induction on the axis.
Since the problem is solved in a plane xOz, that
B,(0,2)=B,(z)=W.(2). It is worth noting that equations (1)
and (3) are exact trajectory equations in electromagnetic
fields, taking into account their symmetry.

3. SIMULATION OF FIELD DISTRIBUTION
IN AN ION SOURCE AND WIEN FILTER

From (2), (4), and (5) it is clear that to solve the
problem of field distribution it is necessary to know the
distribution of potential U(z), electric field strength
Ui(z), magnetic induction Wj(z) and their higher
derivatives. The calculation of these distributions was
carried out using the boundary element method in the
representation of the Laplace equation in integral form.
This approach allows the derivatives of the function
with high accuracy at the analytical level due to the
differentiation of the kernel of the integral equation to
be determined.
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Fig. 3 Distribution of electric vy and magnetic v field
profiles in the Wien filter

Since the task of determining the distribution of
electric and magnetic fields is linear, these distributions
in the Wien filter were determined from the form of the
longitudinal distribution profiles (Fig. 3) as

U, (z)=Ecwe (2), Uj(z)=Ecvi(2),

U/(z)=Ecwi (2), U(z)=EcvE(2),

W, (z) = By, (2).

From experimental data B=0.3 T, then
E. =kBY2q(T, /g +U©)~U(zy)) /m,  (6)

where T, — average ion energy in the plane of the source
extraction hole; U(0), U(zys) — potential on the axis in
the plane of the extracting hole of the source and at the
entrance to the Wien filter, respectively.

Here the coefficient £ is introduced because the
profiles vz and yp are not the same (see Fig. 3) and it is
necessary to correct the magnitude of the electric field.
The magnitude of the potential on the deflecting plates

was determined from the relation V.=E-d/2, where d is
the distance between the deflecting plates (see Fig. 2).
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4. RESULTS OF BEAM MOTION
SIMULATION IN AN ION SOURCE
AND WIEN FILTER

Equations (1) and (3) were solved numerically, using
the Everhart difference scheme [19] of the seventh order
approximation. In the simulation, the coefficient £ (6)
was chosen provided that the axial trajectory of the
proton beam at a distance of 126 mm from the
extracting hole of the ion source deviated from the z
axis within <10 um. For an ion beam energy of 6 keV
k=1.0756.

The initial phase volume of the beam in the plane of
the extraction hole was represented as a crossover, with
the parameters of a straight ellipse 7y=25 pum,
r'o=5 mrad. The average energy of ions in the beam at
the entrance of the extraction hole was 7,=100 eV, the
energy spread was ATy@=x5¢V [17]. The phase
coordinates of the particles were represented by 1000
points on the phase ellipse. The initial energy of the ions
was determined randomly taking into account the
average energy and spread. The simulation results are
shown in Fig. 4.
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Fig. 4. Results of simulation the motion of the first,
second and third mass ion beam in the ion source and
Wien filter for the extracting (100 V) and accelerating

(6 kV) voltages and the extraction hole size of 50 um
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Fig. 5. Envelope of a proton beam in a Wien filter with
identical profiles of the axial distribution of the electric
and magnetic fields, coefficient k=1
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It can be seen from Fig. 4 that in the Wien filter the
motion of protons is not rectilinear. This is due to the
fact that the profiles of the electric y; and magnetic yp
fields (see Fig. 3) are not the same due to their nature
and geometric dimensions (see Fig. 2). To confirm this
assumption, simulations were carried out with identical
profiles yz=y5.

As can be seen from Fig. 5, in this case the motion
of the axial proton in the Wien filter is rectilinear. This
figure shows that the Wien filter has some focusing
properties. This can be explained as follows. Protons
with a positive x coordinate have a higher velocity
relative to the axial proton (a consequence of equation
(4)), therefore, the action of the magnetic field prevails
over the electric field, bringing these protons closer to
the axis. On the contrary, in the region with a negative x
coordinate the protons have a lower velocity, therefore,
the electric field will have a greater influence than the
magnetic one, thus the protons will again bringing
closer to the axis.

Fig. 6. Results of simulation the motion of an ion beam

in a Wien filter obtained using the COMSOL package:

1, 2, 3 — beams of the first, second and third masses are
shown, respectively

The motion of the ion beam in the Wien filter was
also simulated using the COMSOL Multiphysics
package for mathematical simulation of physical
problems. The results of this simulation are shown in
Fig. 6. The obtained voltage value on the deflecting
plates differs by less than 3% from the value obtained
when solving equation (3), which is due to the
difference in the methods for fields calculating. This
relates that the finite element method is used to
calculate the distribution of magnetic and electric fields
in the COMSOL package.

To assess the accuracy of setting the voltage on the
deflecting plates, a simulation was performed when
changing the voltage value, provided that the proton
beam passes a 2 mm cut-off aperture without loss,
which is shown in Fig. 7. This figure shows that for the
separation of protons from the general beam, high
requirements are imposed on the power source of the
deflecting plates, the deviation is allowed within the
limits of no more than 55 V.
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Fig. 7. Variation of the voltage on the deflecting plates
in the Wien filter under the condition of free passage of
a proton beam with an aperture of 2 mm (see Fig. 1)

CONCLUSIONS

1. The Wien filter effectively separates the beam,
separating the second and third masses of ions.

2. The voltage value of 1828 V on the deflecting
plates of the Wien filter was determined, provided that
the proton beam passes through the cut-off aperture with
a deviation from the axis of <10 um.

3. The limits of voltage change on the deflecting
plates of the Wien filter were set to £55 V, which allow
the proton beam through a cut-off aperture with a
diameter of 2 mm without loss to be passed.

4. Tt was shown that the motion of the proton beam
in the Wien filter is not rectilinear, due to the difference
in the profiles of the longitudinal distribution of the
electric and magnetic fields, which leads to the need to
correct the ratio between the fields (E=kvB, where E, B,
v, k are the magnitudes of the electric and magnetic
fields, the proton velocity and the correction factor,
respectively).
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IH)KEKTOP I0HIB KOMITAKTHOI'O CKAHYIOUYOI'O AAEPHOI'O MIKPO3OHJA.
YUCJIOBE MOJEJIIOBAHHSA

O.I'. Ilonomapwos, B.1. Bo3uuii, B.A. Peopos, B.B. Kypakynos, /I.B. Mazinin

[IpoBeneHo ymcioBe MOJEIIOBAHHS AMHAMIKM ITy4YKa iOHIB B 1H)KEKTOPI KOMIAKTHOTO SIJIEPHOTO CKaHYIOYOTO
Mikpo3oHja. [mxekTop ckinagaeTbess 3 BU-mkepena i0HIB Mayoi OTYKHOCTI 3 MIKPOMETPOBHM OTBOPOM E€KCTpPaK-
Topa i ¢inbTpa Buna 3 nocriiHuMu maritamu. [loka3aHo, 110 pO3MISSHYTHH 1HXEKTOp e(eKTHBHO cenapye iOHU
H,, H, i H; . BusHaueHO BeIM4MHY HAIpyTH, HEOOXiHY AUl )KUBJICHHS eICKTPOCTATHYHHX IUIACTHH [P BUJIIICH-

Hi IPOTOHIB 32 YMOBH BiIXWJICHHS ITy4dKa Bif oci imxkekTopa <10 MkM. BcTaHOBICHO OXHOKY Y BETHUYMHI HAIPYTH
IUTSL IOITyCTHMOTO BIIXHJICHHS ITy4YKa BiJ OCi 32 YMOBH HPOXOJDKCHHS ITYYKOM IPOTOHIB allepTypH AIaMETPOM 2 MM.
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