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When using accelerators in industry and medicine, important are the
dimensions of the device used, especially the radial ones. In the linear
electron accelerators based on a biperiodic retarding structure, which
operates in the standing wave mode, there is a possibility to provide focusing
of the accelerated particles with the help of high-frequency fields without the
use of external focusing elements. In the accelerating cell, due to the
presence of the far protruding drift sleeves, the electric field lines become
strongly curved, which leads to the appearance in the regions adjacent to
these sleeves of a substantial in magnitude radial component of the electric
field. The particles entering the accelerating gap experience the action of a
force directed toward the axis of the system, and at the exit, of a force
directed away from the axis. Under certain conditions, alternation of the
focusing and defocusing fields can lead to a general focusing effect.In the
paper we study the focusing properties of a modified biperiodic structure
with standing wave. The main attention is paid to the possibility of using the
focusing properties of the electromagnetic accelerating field for guiding the
electron beam through the aperture of the accelerating system, which will
lead to a significant reduction in the accelerator sizes. The proposed method

The drift channel aperture A : . :
P can be applied in the calculation and design of linear electron accelerators.
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1. INTRODUCTION

The interest in the use of linear electron accelerators (LEA) in industry and medicine can be
attributed to a number of their advantages. An analysis of the output characteristics of the deceleration
radiation in defectoscopy and radiation therapy [1] shows that a large part of the radiation problems in these
fields can be solved with the help of LEA for the energy of4 — 6 MeVand the pulse current of 50 — 150 mA.
In addition, the accelerators used in defectoscopy and medicine should be compact and have small
longitudinal and transverse dimensions. Undoubtedly, reducing the sizes and weight of the radiation
installations is an important and urgent task. From the very beginning, this problem was solved by the
transition to the three-centimeter wavelength range. Currently, the reduction of the longitudinal dimensions
can be achieved by switching to the standing wave mode [2]. In this case, as the retarding systems in the LEA
with standing wave, the biperiodic retarding structures (BRS) [3] are used, which are characterized by high
values of the specific shunt resistances and the gradient of the accelerating field.

As is known, in the traveling wave LEA, the particle gains energy only under the condition of the
synchronous movement with the accelerating wave. Due to the relatively low shunt resistance of the
accelerating structures operating in the traveling wave mode, the accelerated particle should be at the
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maximum of the accelerating field. The constant influence on the particle from the radial component of
electric field which deflects it from the axis is the reason that the external focusing elements, especially in the
beginning of acceleration, have become an integral part of the design of the traveling wave accelerators. This
requires additional energy costs and makes the accelerator design more cumbersome.

A special place among the BRS that are widely used as accelerating systems for the linear electron
accelerators for low energy with a standing wave is occupied by the structure [4], using which it is possible to
achieve a high rate of acceleration. Concerning this structure,there is a pressing issue of providing radial
focusing of the accelerated particles, since the outer diameter of the structure due to lateral connection cells
extending from the four sides of the accelerating cells arranged on one axis is approximately twice the
diameter of the accelerating structures with the axial connection cells, and the use of conventional focusing
devices is therefore associated with a considerable increase in the transverse dimension which is already
large. Moreover, the mass of the accelerator’s transmitter unit increases, and there arises the need to
introduce into the installation the power supplies for the focusing elements.

2. METHODS
2.1 General Statements

BRS in the LEA, working in the standing wave mode, can be considered as a chain of accelerating
cavities, arranged on a single axis and linked by the connection cells [5]. Since the connection cells are free
from electromagnetic fields and not involved in the particle acceleration, they may be placed outside of the
accelerating structure. The oscillations of electromagnetic fields in the adjacent accelerating cavities are
different in phase by m; therefore, the particle must cover the distance between the centers of adjacent
accelerating cavities during the time equal to half the period of electromagnetic oscillations. Only in this way
the synchronization is achieved between the particle and the accelerating field.

If we consider, ata fixed moment of time, the distribution function of the electromagnetic field
intensity along the axis of the LEA with standing wave, then we can see that this function consists of
alternating pulses of different polarity with a spatial period equal to the wavelength of the generator.

Under some well-known conditions [6], this distribution function can be expanded in a Fourier
series, and the standing wave field can be represented by a sum of harmonics. The particle interacts
effectively only with the harmonic, the phase velocity of which equals the velocity of the particle motion.
Consequently, the longitudinal dynamics of the particles in the LEA with standing wave can be studied by
the methods used in the traveling wave accelerators.

When considering the radial motion of the particles,it is necessary to note the fact that the
longitudinal and radial motions are closely connected and their equations must be solved together. In the
LEA with standing wave on the basis of BRS, we can note some specific characteristics in the calculation of
the radial motion of the particles. In the case of the accelerating cavities of complex shape optimized with
respect to shunt resistance, there are no analytical expressions for the components of electromagnetic field.
The distributions of the electromagnetic field components with respect to the longitudinal coordinate and the
radius, obtained with the help of numerical methods, must be given in the form of tables over the entire
aperture of the drift channel. The presence in the accelerating cells of the protruding drift sleeves is the cause
of strong curvature of the field lines of the electric field, which leads to the appearance of the significant in
magnitude transverse electric fieldat the place of the largest curvature. Besides, the drift sleeves shield a
certain part of the drift channel from the electromagnetic field, resulting in the appearance in the accelerating
structure of the periodically repeated segments free from electromagnetic field.

2.2 Dynamics of the Particles

The most promising in the LEA with standing wave is the implementation of focusing, for which the
focusing action of the electromagnetic field itself is used for guiding the beam [7]. As mentioned above, it
becomes possible due to the appearance in the BRS cells of the radial component of electric field. Using the
focusing properties of the ownhigh-frequency (HF) field of the BRS significantly reduces the transversal
sizes of the accelerating section and lightens the construction of the accelerator as a whole. Furthermore,
there is no longer the need for cumbersome power sources for the external focusing devices creating
additional difficulties in the use of accelerators, which is particularly important when used in geology,
medicine and defectoscopy.

The dynamics of the beam in the linear accelerator is determined by the movement of each particle
contained in the beam under the action of electric and magnetic fields. If we assume that the particle charge is
pointlike and its own magnetic moment is absent [8], then the equation of motion of the individual particle is
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described by the following expression

= (mv) = qE + qu,[vH] 1)

where t is time, g and m are the charge and mass of the particle, v is the velocity of the particle, y, is the
magnetic constant, E and H are high-frequency electromagnetic, static electrical or magnetic focusing fields,
or the fields created by other beam particles.

Because ultimately we are interested in the trajectory of the beam particles in the accelerator, the
equation (1) should be converted to a form convenient for the study of the particle dynamics, that is, we
should express the acceleration of the particle through its speed and the intensity of the electric and magnetic
fields. Since the velocities of the particles in the accelerator are close to the speed of light, then, using the
well-known formulas of relativistic mechanics [9], we can get

2-L 1= 2{E + uolvH] - L vwB)) @

In general, the vectors E and H depend on the coordinates and time; in the particular case, when the
time dependence is absent (the case of the static electric and magnetic fields), the formula retains its form.

Let us project the resulting vector equation (2) on the coordinate axes. In our case, the most
convenient is to use a cylindrical coordinate system (p, ¢, z), since the drift channel and the electromagnetic
field E, ofor the lowesttype of oscillations have axial symmetry. Let us move to the dimensionless

coordinates n = %, n= %, the dimensionless time t = Cf the relative velocities with respect to coordinates
B = Z—i, u= %, a=n Z—f and the dimensionless components of the electrical and magnetic fields, which can
be easily reduced to a dimensionless form using the expressions:

ql
Ai(m,9,¢,1) = WEL'(U,(P,E,T),
qi
Bi(m, ¢, &,1) = WZOHL'(T),% 1)
where A is the wavelength of the generator, i =1, @, €.

As a result, the equation of motion of the charged particle can be represented by a system of
equations in dimensionless quantities

Z_ii = %{Afo (1, €) cos(2m7) + uB o (n, €) sin(2mt) — aBy (1, §) — Bludno(n, §) cos(2mr) + BAgo(n, §) cos(2mr)]},

% = %{Ano(n, &) cos(2mr) + aBe(n, ) — BByo(n, &) sin(2mr) — u[udy,o(n, &) cos(2mr) + fAgo (1, §) cos(2mr) |}
e

o = BB 0.9 — uBe(0,6) — aluyo (0, cos(2me) + B, §) cosCzm)]) -

In the latter system of equations,y = is the energy of the particle in the units of the rest energy.

1
The resulting system of equations (3) has been taken as the basis for the study of the motion of
particles in the accelerators with standing wave. Due to the fact that it is impossible to present analytically the
electromagnetic field in the accelerating cavity of a complex shape, the corresponding components of the
field, included in the right-hand side, should be given as a table. The external magnetic field can be of any

type and is also given by a table.

3. DISCUSSION AND RESULTS

Let us analyze the effect of high frequency (HF) focusing, which in the considered case has a
number of features. To obtain a clear physical picture, we use a simplified mathematical model of
accelerating cells proposed in [10], with the only difference that its longitudinal dimension will be two times
less. After calculations, we conclude that when the accelerating field varies with time according to the cosine
law, then, in this case, all the regions of the initial phases of the electron flying in, for which there are
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realized the conditions of accelerating and focusingby the corresponding components of the HF field, will be
shifted by 7T/4 as compared to the analogous regions for the traditional BRS.

Therefore, in the design of the accelerating cells with the drift sleeves or without them in the form of
conventional cylindrical accelerating cavities, the phase regions of simultaneous acceleration and stable
radial motion for the first type of cells will be

T T
—Zi2nk < @ <Zian
and for the cells of the second type
3 b4
—TiZTTk < @y < —Zi2nk

wherek = 0, 1, 2 ...It may be noted that the extent of the phase regions is, as before,g.

In the paper, we consider the design and study the characteristics of a modified accelerating
structure of this type with the improved focusing properties. This is achieved by the design of the
accelerating cells with one drift sleeve and the drift opening of conical shape, which changes the spatial
configuration of the HF fields in the system and results in a change of boundaries of the corresponding phase
regions of acceleration and focusing. Amodified BRS is shown in Figure 1.

Figurel. Modified BRS with a high acceleration rate.

In our case, without a serious damage to the final result, we can neglect the change in the shape of
the distribution of the azimuthal magnetic and longitudinal electric fields, taking into account only a
significant change in the radial component of the electric field. Then for the electron beam entering the
accelerating cellfrom the direction of the drift sleeve, the region of focusingby the radial electric field will
coincide with the corresponding region of the traditional BRS, whereas the region of the simultaneous
acceleration and focusing will be

T s
—Ei2nk<(p0<ZiZ1tk

Moreover, the focusing zones due to the use of the radial component of electric field and the azimuthal
component of magnetic field overlap in the range

I I
—Ei2nk<<p0 <_Zi2ﬂk

Thus, we achieve a 50% increase for the sizes of the region of the initial phases of the electron
flying in, for which the conditions of simultaneous acceleration and focusing are fulfilled, and, besides,the
phase corresponding to the maximum acceleration (”/4) falls within the focusing region. This makes it
possible to implement the mode which providesboth the radial focusing of the electron bunches and their
optimal acceleration. Such favorable in all respects mode of the installation is unattainable while using BRS
with the conventional accelerating cells.
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More complete information on the focusing properties of both high frequency structures could be
obtained by the software for integrating the motion equations of charged particles in the structures working in
the standing wave mode. The HF fields interacting with the electrons along the entire length of the
accelerator were given in tables. We investigated an accelerating system containing 16 identical accelerating
cells, the longitudinal dimension of which corresponded to the relative phase velocity equal to 1, while the
intensity of the longitudinal electric field on the axis of the accelerating cells was 180 kV /cm. The phases
were measured in the scale where 1 corresponded to 2m. The particles fell into a structure with the initial
radius of1 mm, with the longitudinal relative velocity 5, = 0.97 and the relative radial velocity g, = 0.01.

The calculation results indicate that the focusing effect on the accelerated electrons of the modified
HF structure is much more significant. Using the concept of acceptance, we have succeeded in carrying out a
correct comparison of the focusing properties of the conventional BRS of the considered type and the BRS
with a modified profile of accelerating cells.

The acceptance is the maximal possible emittance of the coherent beam that is able to pass through
the system. The higher the acceptance, the higher is the carrying capacity of the HF structure. Figure 2
presents the acceptances for various initial phases of the electron flying into the considered systems, where
both systems have the same apertures of 10 cm.

0.06 |

0.04 l\

0.02

0 6 P, mm

-0.02

-0.04

relative radial velocity g,

-0.06

Figure 2. Acceptances for various initial phases of the electrons flying into the accelerating systems: a—the
phase 0.7, b—the phase 0.8, c-the phase 0.9; the dashed linere presents the acceptances of the conventional
BRS, the continuous line,the acceptances of the modified BRS.

As seen from Figure 2, the described change of the form of accelerating cells allows increasing by
two times and more the phase area bounded by the acceptances for the entire phase range corresponding to
the maximum gain by the particles of the output energy (the phases 0.7-0.9).

The main advantage of the standing-wave LEA with BRS is the possibility of a significant reduction
in the length of the accelerating structure to yield the necessary gaining of energy under the same power of
the HF generator. Obviously, such a structure should have, first of all, a large value of effective shunt
resistance. Among other electrodynamic characteristics of BRS, the connection coefficient between cells, the
quality factor, the group velocity, the maximum values of the electric and magnetic fields on the surface of
the structure, the electric field overvoltage factor are important.

Accelerators with a large connection coefficient have better stability to changes in the parameters of
the accelerated beam, less rigid tolerances for manufacturing the accelerating structure, better stability of
operation of the HF generator. In [11], there are presented the results of studies on optimizing the geometry
of BRS with internal connection cells with respect to increasing the coupling coefficient to 15% under an
insignificant change in the line effective shunt resistance and other electrodynamic characteristics. The results
indicate the promising character of the research in this direction [12-14].

Thus, the proposed modification of the shape of the BRS accelerating cells has a number of
indisputable advantages and allows significantly increasing the efficiency of the system in such promising
mode as focusing of the accelerated be amby the own HF fieldsof the accelerating structure.

4. CONCLUSION

In conclusion, we would like to mention the fact that the calculation results have fully confirmed the
conclusions obtained using a simplified mathematical model of the accelerating cell and provide a clear
picture of the processes. Therefore, in the future the authors plan to use it for the continuous determination of
the focusing properties of various HF structures working in the standing wave mode.
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The proposed method of guiding the electron beam in linear accelerators is based on using the
focusing properties of the radial component of the electric field. This component appears even for the lowest
type of oscillation in the conventional cylindrical accelerating cavities in the region of the drift tubes and,
therefore, in the vicinity of the drift channel axis. This effect, arising due to the curvature of the
electromagnetic field lines, might be promising also for the proton and ion linear accelerators.

The studies conducted with the help of mathematical modeling have shown the promising nature of
this method in the design and construction of the LEA without the use of external focusing devices. This will
allow greatly reducing the dimensions and weight of the accelerator itself and enhancing its effectiveness
while using in the technological fields of industry and medicine.

Inthe future, we plan to study the impact of changes in the shape the BRS accelerating cavities on
the distribution of the electromagnetic field components in the region of drift channel and on the conditions
of effective acceleration and radial stability.
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