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Abstract—A method for controlling the focusing of an ionizing-radiation beam, for example, a beam of
charged particles, is proposed. Ionization is one of the most widely used radiation-detection methods. The
effect of the recombination of charge carriers in the working substance of the detector, accompanying ioniza-
tion, is usually considered as undesirable, which reduces the accuracy of measuring the radiation parameters.
However, this effect can be useful and be the basis of a method for determining the maximum degree of focus-
ing of a beam of particles or ionizing radiation. At a fixed value of the total beam current (ionizing-radiation
flux), the maximum focusing is determined from the minimum value of the ionization current in a wide-
aperture ionization chamber, which is used as a detector. The signal of the ionization chamber changes during
focusing even at a fixed value of the beam current due to the dependence of the intensity of the recombination
of charge carriers in the working substance of the chamber on their bulk density. The bulk density of carriers,
in turn, is proportional to the distribution density of particles of the ionizing-radiation beam in the volume of
the working medium of the ionization chamber.
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INTRODUCTION

Intense charged-particle beams and X-rays are
widely used in scientific research [1—4], medicine [5—
8], and production technologies [9—13]. Maintaining
a given beam-density distribution in the working area
is an important task, the solution of which requires
constant monitoring of the beam parameters. To do
this, it is necessary to regularly measure their current
values in order to then use them in the formation of
control signals for beam-focusing actuators. The opti-
mization of mapping schemes and control of the beam
parameters in modern beam technologies is an urgent
task. In this paper, we consider a simple-to-imple-
ment method for controlling the focusing of an ioniz-
ing-radiation beam, which requires the minimum
number of measured parameters.

PROBLEM STATEMENT

We consider the problem of the focusing of a beam
of ionizing radiation or charged particles in a given
spatial region (working area). Let us also single out the
area for indicating the beam parameters (the control
zone). Let us set the task of ensuring the maximum
degree of focusing in the control zone. Thus, the con-

dition for the uniqueness of solving the focusing prob-
lem will be satisfied. If the optimal (for a specific tech-
nology in which the beam is used) degree of focusing
required in the working area is not the maximum, then
it is sufficient to shift the focusing control zone along
the beam relative to the working area (Fig. 1b) and
again control the maximum degree of focusing.

Ensuring the maximum degree of focusing of ion-
izing radiation (a beam of charged particles or pho-
tons) is equivalent to obtaining the maximum radia-
tion-flux density in the control zone. Traditional
methods of recording the distribution of the radiation-
flux density (the current of a beam of charged parti-
cles) involve scanning it with a sensor with small trans-
verse dimensions or using arrays of detectors or
screens that convert it into a distribution of secondary
radiation. The disadvantage of traditional methods is
their complexity and sensitivity to transverse displace-
ments of the beam during its focusing.

In this work, we propose a method for indicating
the degree of beam focusing, which is practically
insensitive to transverse displacements of the beam
during focusing. For indication, the effect of ioniza-
tion is used, which occurs in the working substance
placed in the path of the beam in the control zone.
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Fig. 1. Options for location of the control zone relative to
the working zone: (a) the zones are combined; (b) the
working area is shifted relative to the control area to the
area of the defocused beam: (/) beam-parameter indica-
tion zone (control zone), (2) work zone, (3) a beam of
accelerated charged particles or ionizing electromagnetic
radiation.

Let us assume that the working substance is a gas in
an ionization chamber. Let the working volume of a
flat ionization chamber with transverse dimensions
exceeding those of the beam and a given longitudinal
(along the beam axis) size be the beam indication
zone. The chamber is located perpendicular to the
beam axis, the intensity of the beam of charged parti-
cles (or the flux of ionizing radiation) passing through
the chamber (beam current) is fixed. The electric cur-
rent in the ionization chamber is the only parameter
recorded during the effect of focusing on the beam. The
ionization current is determined by the parameters of the
working medium of the ionization chamber, the size of its
working volume, the voltage applied to the chamber elec-
trodes, and the beam intensity [ 14—16].

The main idea of the proposed method is to use the
dependence of the ionization current in the chamber
on the density of the beam of charged particles (orion-
izing electromagnetic radiation). At a fixed beam
intensity, this dependence is due to the recombination
of nonequilibrium charge carriers that appear in the
working medium of the ionization chamber upon
interaction with the beam. The probability of the
recombination of charge carriers is proportional to the
product of the volume densities of positive and nega-
tive charge carriers generated by the beam.

As a result of recombination, some of the carriers
drop out of the charge-transfer process before they
reach the boundary of the working volume of the ion-
ization chamber. This leads to a change in the distribu-
tion of the flux density of ionizing particles and the
total ionization current. The minimum ionization cur-
rent will be observed at the maximum degree of focus-
ing of the beam of ionizing particles. Thus, by mini-
mizing the ionization current during the effect of
focusing on a beam of ionizing particles, it is possible
to achieve the maximum degree of its focusing in the
controlled zone.
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SIMULATION OF THE PROCESS
OF INDICATING THE DEGREE OF FOCUS

To illustrate the possibility of using the ionization-
recombination process to indicate the degree of focus-
ing of a beam of fast charged particles (or an ionizing-
radiation beam), let us consider the dependence of the
current in the ionization chamber on the spatial distri-
bution of the beam.

On average, each beam particle generates a certain
amount of charge carriers in the volume of the ioniza-
tion chamber, which is determined by the geometry
and properties of the working substance. The density
of the transverse distribution of the beam in the con-
trol zone J(x, y) is varied using a focusing actuator (for
example, a quadrupole magnetic lens). The number of
electric charge carriers generated in the volume of the
chamber as a result of ionization is proportional to the
beam intensity, so the corresponding ionization cur-
rent in the chamber (in the absence of carrier losses)
can be written as

101C = QenJ- J.J(xay)dxalys (1)

—o0 —oo

where 1 is the carrier-injection coefficient, and ¢, is
the electron-charge modulus.

We assume that the beam (current) intensity

I = qenI: J._ZJ (x,y)dxdy remains fixed for any

change in the beam-density distribution. If there were
no charge-carrier recombination, then the magnitude
of the electric current flowing through the ionization
chamber would also be fixed and independent of the
intensity distribution of the beam incident on the ion-
ization chamber.

As a result of recombination of a part of the charge car-
riers in the working substance of the chamber, the ioniza-
tion current decreases. Since the probability of recombina-
tion (for single ionization) is proportional to the square of
the carrier-distribution density (n = n~ = n*) in the vol-
ume of the working medium of the chamber [15], it is
possible to write the equation for the density of the
ionization current of the chamber in the steady state:

JIC = qen‘] (X, y) - KJIZC5 (2)

where K is the recombination coefficient. Solving this
quadratic equation for J;, we obtain an expression for
the ionization-current density:

Jie (x,y) = %{(\/4101(]8]()@)/) S )

Integrating (3) over coordinates in the recording
plane (transverse to the beam), we obtain an expres-
sion for the ionization current:

oo oo

Le(xm) = | I%{(\/4mqe./(x,y)+1—l)dxdy. 4)

—o0 —oo
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IONIZATION-RECOMBINATION PROCESS AS A MEANS

As an example, we consider the beam-density dis-
tribution in the form of a symmetric two-dimensional
Gaussian distribution centered on the beam axis:

2 2
+
J(x’yao) :LZGXP(_¥ja (5)

o o
where [/ is the intensity of the ionizing beam (current
of the beam of charged particles), ¢ is the parameter of
the transverse distribution of the beam. The total beam
intensity

1(5) :é.[c L exp[—

has a fixed value during focusing (does not depend on G).
To describe the focusing process, we will use the
dependence ¢ = ¢(U), where U is the parameter for
controlling the focusing actuators. We consider a one-
parameter distribution of the radiation-flux density, so
we will use one parameter U of focus control. Let us
simulate the dependence of the parameter ¢ of the
beam-density distribution on the parameter U by a
function that has a minimum at a certain parameter
value U,

XX+
2
o

2
4 dxa’yj =7 (6

G(U) = (U - (]min)2 + Gmin' (7)

Using the parameter G,,;,, we set the parameter
value corresponding to the maximum degree of beam
focusing; U, is the value of the control parameter U
corresponding to maximum beam focusing. The
model dependence (U) is shown in Fig. 2.

Substituting (5) into (4), we obtain an expression
for the electric current through the chamber:

IIC (Ks 67 Qean)
(8)

- L L i (V4xng,J (x,y) +1-1) dxdy.

The focusing process is modeled by the depen-
dence of the ionization current on the control param-
eter U, expressed in (8) through the parameter 6(U).
This dependence is shown in Fig. 3 for different values
of the parameter G,,;,,. The minima on the curves of
the ionization current in the chamber correspond to
the maximum density of charge carriers generated by
the beam in the control zone and, consequently, to the
maximum focusing of the ionizing beam. The depth of
the minimum depends on the parameter G,,;,,, which
models the minimum value of the distribution param-
eter ¢ for a particular focusing system.

Thus, for the simplest example of a one-parameter
distribution of the density of an ionizing-radiation
beam, the essence of the proposed method for indicat-
ing the degree of its focusing is demonstrated. In the
case of two or more focusing control parameters, the
minimum ionization current is sought by successive
scanning of all control parameters. The process can be
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Fig. 2. Model dependence (7) of the parameter G of the
distribution of the beam density on the parameter U of
focus control: Ui, = 1, Oppin = 1.
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Fig. 3. Dependence (8) of the electric current through the
ionization chamber on the focus-control parameter U. The
calculation results were carried out at fixed values of the
parameters (/= 1, k= 1,n= 1, Uy;, = 1) for different val-
ues of 6: (1) 0.6; (2) 0.8; (3) 1.

automated using one of the known methods for mini-
mizing a two-dimensional function [17, 18].

EXPERIMENTAL

The proposed method was tested in an experiment
on the focusing of an electron beam with an energy of
150 MeV at the LUE-300 accelerator of the Kharkiv
Institute of Physics and Technology. The electron
beam was focused using a short-focus quadrupole
magnetic lens. A parallel beam with transverse dimen-
sions on the order of 5 mm was focused at the acceler-
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ator output just behind the output foil of the accelera-
tor. The degree of focusing was controlled using a flat
ionization air chamber, one of the electrodes of which
was the output foil of the accelerator, and the second
was a thin insulated metal plate, to which an electric
voltage of about 100 V was applied. The thickness of
the air layer in the chamber was 1 mm. At maximum
beam focusing (at the minimum ionization current),
which could be provided by the quadrupole lens, the
transverse dimensions of the electron beam at the out-
put of the accelerator were about 50 um. At an average
beam current of approximately 5 uA, an accelerator
operating-pulse duration of about 2 us, and a duty
cycle of 5 x 103, the beam pulse-current density reached
a value on the order of 10 A mm~2, which 10* times
exceeded the density before focusing. During the
experiment, it was found that the focusing of a beam of
relativistic electrons using an ionization chamber can
be successfully carried out at such high beam current
densities (small sizes of the focused beam) that other
methods no longer work (for example, using a screen
coated with a phosphor). The presented method for
controlling the focusing of beams of ionizing particles
or radiation is registered as an invention [19].

CONCLUSIONS

The paper presents a method for indicating the
maximum focusing of a beam of charged particles or
ionizing electromagnetic radiation using the ioniza-
tion-recombination effect of the interaction of radia-
tion with matter. The maximum beam focusing at a
fixed value of the pulse current (ionizing-radiation
intensity) corresponds to the minimum current value
in a wide-aperture ionization chamber installed at the
beam in the control zone. The method is practically
insensitive to lateral displacements of the beam in the
working area during its focusing and can be effectively
used in various technologies associated with the use of
intense beams of ionizing radiation. The extreme sim-
plicity of the presented method should be noted. The
method was tested on the beam of the linear electron
accelerator LUE-300 MeV, where it made it possible
to control the maximum focusing of the beam when
working with a short-focus quadrupole magnetic lens.
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