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Abstract—Diffraction radiation is widely used for the nondestructive diagnostics of charged particle beams.
In the series of previous works, a method was developed for describing the diffraction radiation of a nonrela-
tivistic particle on a perfectly conducting sphere, based on the method of images well-known from electro-
statics. This method allows one to derive the analytic formulas for two main radiation characteristics, i.e.,
spectral angular density and polarization. The characteristic features of these values allow the possibility of
developing, on their basis, new methods for monitoring the parameters of the trajectory of a moving particle
in relation to the sphere center. In this work, formulas are obtained that describe the polarization of the coherent
diffraction radiation on a metal sphere from a pancake-bunch of charged particles. It is shown that the polariza-
tion of the radiation in this case makes it possible to estimate the positions of bunch edges relative to the center
of the sphere. This can be used for the nondestructive measurement of characteristic bunch dimensions.

Keywords: diffraction radiation, conducting sphere, method of images, polarization, particles monitoring,
beam diagnostics
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INTRODUCTION METHOD

The imaging method consists of reproducing the
field created by a charged particle in the presence of
conducting bodies by introducing, along with a real

plest case, near a conducting half-plane in vacuum [1, pgint chilrge ¢, one or more fictitious charges
2]. This phenomenon can be used for the nondestruc- (“images” of a real charge). In the case of rectilinear
tive diagnostics of charged particle beams (e.g., mono-  and uniform motion of a real charge (at velocity v)
graphs [3, 4]). In [5, 6], an approach was proposed to  near the conducting sphere, its image will describe a
describe the diffraction radiation of a nonrelativistic ~ circle (Fig. 1); that is, the charge will move with accel-
charged particle on a perfectly conducting sphere, ~€ration, which leads to the generation of radiation.
based on the image method known from electrostatics The amplitude of the diverging wave of the vector
(e.g., [7, 8]). In[9, 10], this approach was used to find ~ potential of the radiation field is proportional to the
the polarization of radiation generated by an individ-  quantity (e.g., [13—15]):

Diffraction radiation occurs when a charged parti-
cle moves uniformly near the inhomogeneity of the
electromagnetic properties of the medium; in the sim-

ual particle flying past the sphere. This paper exam- o
ines the polarization characteristics of coherent dif- I= J' e () v(Hexpli(wt — kr ()] d? 1
fraction radiation generated on a sphere by a short (D)v(r)expli( ()] er, 1

—oo

bunch (pancake-bunch) of nonrelativistic charged

particles and demonstrates how measuring the polar-  Where @ and k are the frequency and wave vector of

ization of the radiation makes it possible to diagnose  radiation, K= CO/ cande(?),r(¢),and v(¢) is the mag-

the position of the edges of the bunch. nitude, position, and velocity of the “image” of the
charge, respectively. The spectral-angular density of

~Note that the diagnostics of bunches of nonrelativ-  radiation with a certain polarization will be described
istic particles using the long-wave transition and dif- by the following formula:

fraction radiation generated by them on various targets 5
is quite widely discussed in modern literature (e.g., ( dE ) __w |e P )
[11, 12]). dwdQly  4n’c> " 7
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Fig. 1. Circular path (dashed line) of “image” e(#) of
charge e; when a charged particle moves near a conducting
sphere.

where e, (o0=12) are two polarization vectors
orthogonal to the wave vector k and to each other:

e = kX ¥ =e, sinp—e,cosq,
[k X vy
e, =k>l<€e1 =e,cos0cosQ (3)

—e,cosbcos@—e,sino,

where v, is the velocity vector of the incident particle.

The maximum radiation intensity of a nonrelativis-
tic particle occurs in the region of long wavelengths:

A > 2R [b, ®<cb/R, )

where R is radius of the sphere and b = \/x2 + y2 isthe
impact parameter of the incident particle. In this case,
the vector components I will be equal to [5, 6]:

2
10 =3 R X[ Qp |

2
10 =4 RO Yk, (91)), (5)

2
10 = —§e0R3 %[KO (ij + 20K (Qbﬂ,
VO VO 20)b VO

where ¢, is the charge of the incident particle and

K, (x) and K, (x) are modified Bessel functions of the
second kind (MacDonald functions). Dimensionless

quantity (41t2c/ eg ) Za (dE / dwd Q)a , characterizing
the spectral-angular radiation density summed over

polarization vectors, is presented in Fig. 2 in the form of
a radiation pattern for the case when the trajectories of
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Fig. 2. Directional pattern of diffraction radiation on a sphere

at b=R+0, vy =0.1c, and Ro/vy = 2.34: the solid line
refers to the directions of radiation with linear polarization
(100%); dots refer to circular polarization (100%).

the incident particle and its images lie in the plane (x, z).
The maximum spectral radiation density occurs at com-

binations of parameter values (ob/ vy = 2.34 [5,9, 10].

The polarization tensor [ 16] taking into account (2)
will be equal to

(e, - 1) (eB ) I)* ‘
e -I)(e -I)*+(e, - I)(e, - D)*

Expressing its components through the Stokes param-
eters [16] allows one to extract information about the
degree of radiation polarization:

=l(1+§3 gl_igzj
Pos 208 -8, 1-& )

where & =1Isin2¢, &, = A, & =/cos2¢p, [ is the
degree of maximum linear polarization, ¢ is an angle
between the direction of maximum linear polarization

and vector e,, and A is the degree of circular polarization.
In the case of a single incident particle, substitution

of (5) into (6) shows that & + & + &5 =1; that is, the
radiation is completely polarized, in the general case
elliptically, and linearly in the plane containing the
center of the sphere and the trajectory of the incident
particle (the plane in Fig. 1). On the other hand, for
radiation directions perpendicular to this plane and
close to them (within very wide limits), the radiation
polarization will be close to circular (right for y < 0

and left for y > 0, depending on the sign of &,). This
creates a fundamental possibility for monitoring the
trajectory of a flying particle, which is discussed in
detail in [9, 10, 17].

pocB = ( (6)

(7)

RESULTS AND DISCUSSION

Let us now consider the coherent radiation of a
bunch of charged particles, the longitudinal size of
which is negligible compared to the transverse one
(pancake-bunch), with the charge density distribution
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Fig. 3. Characteristics of diffraction radiation of the rectangular homogeneous bunch of particles on the sphere in direction
0= 1'c/ 2, @ = 0 with dimensions 2a, = R, 2a, = 6R (dotted line), 4R (solid line), 2R (dash-dotted line), and R (dashed line).

Impact parameter of the bunch center in the direction of the axis x equals x; = 1.6R, impact parameter of the bunch center in
the direction of the axis y shown on the x-axis, and other parameters coincide with the parameters in Fig. 2.

function Nn(x,y), where N is the total number of

particles in the bunch and n(x, y) is function normal-
ized to unity:

J. jn(x,y)dxdy =1.

In the case when the size of the bunch is much
smaller than the radiation wavelength, components I,
describing the coherent radiation of the bunch, can be
found by integrating (5) with the distribution function:

I, = I Ilj(.l)(x,y)n(x,y)dxdy.

—oco—oo

In particular, for components /, after integration by
parts we get:

2
I, =N
3 v, O© )
X J.KO Q\Ixz +y2 dedy.
Vo dy

Substitution of component I in (2) leads to formulas
for the spectral-angular density of coherent radiation
from a bunch with a certain polarization:

2 2
N
.IZEeO_F’ )
| 4ne

( dE ) _o'N’
dodQly  4n’c’
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Fig. 4. The same as in Fig. 3 but for the elliptical homogeneous bunch of particles, the lengths of the axes of which are equal to

the sides of the rectangular bunch.

and summed over polarization vectors:

2

2
dcon 4n“z|°" :_cq)’ (10

where for the convenience of presentation of graphs
the dimensionless function F, and ® are highlighted

From formula (8) it follows that radiation polarized
in the direction of the axis y will be maximum when
the maximum change in the density of a bunch of par-
ticles along this axis passes over the top point of the
sphere (left or right border of the bunch). This circum-
stance makes it possible to detect the edges of the
bunch.

In the case when the radiation detector is located
above the top point of the sphere (0 =n/2, @ = 0), the

unit polarization vectors will be equal to e, = —e,,

e, = —e_ and the characteristics of radiation arising in
this direction for a homogeneous bunch of rectangular
and elliptical shapes are presented in Figs. 3 and 4,
respectively. It can be seen that the maximum of radi-
ation polarized in the direction of the axis y will be
observed when the right or left edges of the bunch pass
over the top point of the sphere, as follows from (8).
Thus, by moving the sphere and the detector and
recording the intensity of radiation polarized in the
direction of the axis y, it is possible to nondestruc-
tively find the positions of the left and right edges of
the bunch, and, therefore, to determine its size in this
direction. In addition, the appearance of a significant
fraction of circular polarization of the radiation or a
significant decrease in the magnitude of the linear
polarization indicates the proximity of the edge of the
bunch to the top point of the sphere.
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CONCLUSIONS

Coherent diffraction radiation from a short bunch
of nonrelativistic charged particles flying past a con-
ducting sphere is considered. It has been established
that the formulas describing the polarization charac-
teristics of such radiation include coordinate deriva-
tives of the particle density distribution function in the
bunch.

Thus, the polarization of the bunch radiation turns
out to be sensitive to the position of its edges relative to
the plane containing the velocity of the beam particles,
the center of the sphere, and the direction to the radi-
ation detector. This creates opportunities for the non-
destructive assessment of the bunch size and the posi-
tion of its edges.
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