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Abstract—Results of experimental and theoretical investigation of coherent transition radiation from a finite-
size target in the prewave zone are presented. The measurements were conducted in sub-terahertz frequency
range on the 100-MeV electron beam extracted from LINAC-200 (JINR). A formula for the spectral-angular
density of coherent transition radiation is obtained. Results of the simulation of experimental conditions and
experimental data are jointly analyzed. Estimation of the bunch length based on experimental data and
obtained theoretical model deviates from the expected value.
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INTRODUCTION

The mechanism of coherent transition radiation
(CTR) has been studied relatively well [1, 2] and is
used, for example, for diagnosing short electron
bunches [3, 4]. The same mechanism was employed in
[5, 6] to form operational beams of electromagnetic
radiation in the terahertz range at accelerators with

electron energy £, > 100 MeV. It should be noted that
in [5, 6] the target parameters, the geometry of the
CTR generation process, and the optics of CTR beam
formation were not optimized. The angular distribu-
tion of CTR relative to the direction of specular reflec-
tion is “funnel-shaped” with a zero minimum along
the axis. The angular distribution in the “far zone” is
known not to depend on the wavelength and to be

determined by the inverse Lorentz factor (6, ~ yﬁl).
In the so-called “prewave zone” [7, 8], the angular
distribution of CTR is also “funnel-shaped”, but the
polar angle 0,, that correspond to the distribution
maximum depends on the wavelength and target size,

and, usually, 0, > y_l.
The standard definition of far field [9]

D> {; =Y, (1
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where € ; is the radiation formation length is only valid
if the characteristic size of the target (radius Ry) is
much larger than the radius of the Coulomb field of
the charge

Ry > YA 2)
If condition (2) is not fulfilled, the concept of “far

zone”, which determines the distance to the target at
which the radiation source can be considered as a
point (angle 6,, does not depend on the distance),
alters, and relation (1) is no longer valid. In the THz
range (A <1 mm) the TR process corresponds to the
prewave zone, i.e., the angular “opening” of the CTR
cone of relativistic electrons is determined by the dis-
tance D between the target and the detector and target

radius R; and depends on the wavelength A.

EXPERIMENT

An experiment to study the CTR characteristics was
carried out on the electron beam of the LINAC-200
accelerator [10, 11]. The main parameters of the elec-
tron beam are presented in Table 1.
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Fig. 1. Experimental setup.

Fig. 2. Image of the scattering screen.

The measurements were carried out with the elec-

tron energy E, =100 MeV and current 16 mA. The
experimental setup is displayed in Fig. 1.

The beam exited through a titanium foil 50 um
thick and passed through a scattering screen made of
foamed polyethylene with a total thickness of

Table 1. Characteristics of the LINAC-200 accelerator

Electron energy E, 26—200 MeV
Macropulse duration 30—3000 ns
Micropulse length 6, = 0.3 mm
Accelerated current 0—60 mA
HF frequency 2865 MHz
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0.028 g/cm?, whose metallized side faced the nozzle
(of aluminum coating thickness 10 um), and impinge
on the transition radiation target (foiled textolite,
metal coating thickness 18 um). The image of the scat-
tering screen is displayed in Fig. 2. A target (size
150 x 100 mm) was placed in a goniometer, so that it
can be rotated around a vertical axis coinciding with
the electron beam with an accuracy of 0.1°. At a fixed

angle 0, =90° relative to the electron beam, the
detector (Schottky diode, see Fig. 3) was located at a
distance of 150 mm. Detector sensitivity rating band
[12] is 100—700 GHz with sensitivity 10 V/W.

The scattering screen “separated” the transition
radiation from the exit titanium window. Measure-
ments of the transition radiation yield in the visible
range directly from the screen showed that its intensity
is below the sensitivity threshold of the equipment we
used. The duration of dumping electrons onto the tar-
get was 2 us at a dumping frequency of 10 Hz.

The accelerated current was measured using an
induction sensor, the signal from which was analyzed
concurrently with the signal from the detector. At each
point where the orientation dependence of the CTR
yield was measured, information was collected in
3 macropulses.

Figure 4 shows the dependence of the CTR yield
measured by the detector on the target orientation
angle y. As expected, when the condition 8, = 2y is
fulfilled (i.e., when y = 45°), a minimum radiation
intensity is observed. It should be noted that the posi-
tion of the maximum in the measured orientation
dependence y,, =3.551£0.4° corresponds to the
angle 6, = 2y, = 7.1° in the angular distribution of
transition radiation [13]. It is apparent that the forma-
tion of an aperture whose axis coincides with that of
the CTR cone, where the radiation intensity is mini-
mal, as it was done in [5], is not optimal.
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Fig. 3. Detector based on Schottky diode. (a) Spectral range of sensitivity; (b) image of the detector [12], entry lens diameter

(aperture) is 9 mm.
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Fig. 4. CTR intensity measured with the detector oriented at an angle 84 = 90° relative to the electron beam as a function the

target rotation angle.

Figure 5 displays the measured dependence of the
detector output signal Y on the accelerated current /,
which is approximated by the formula

Y =1.75+0.31x 1", (3)

Full coherence corresponding to the exponent
n = 2 in our case was not achieved, most likely due to
the significant transverse size of the electron beam
(d ~4.5mm > oc,), see, for example, [14, 15].
Another possible reason is that the detector band does
not fully “span” the radiation coherence region.

MODEL

The CTR spectrum is primarily determined by the
so-called “longitudinal form factor”

PHYSICS OF PARTICLES AND NUCLEI LETTERS
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2

F = U dzS,(2)exp(—iwz/c) (4)

where §; (z) is the distribution of electrons in a bunch
along the propagation velocity. This distribution is
usually well described by a Gaussian with the parame-

ter 6. In this case, from Eq. (4) we obtain
F_ (o) = exp [—0)2(55]. %)
Spectral distribution of the CTR bunch with popu-
lation N, is represented as [14]:
dWerr _ dZWTR[
dodQ dodQ

N, + N(N. - D]F(@),  (6)

2

aWre is the spectral-angular distribution of a
dw dQ

single-electron TR (incoherent TR). In the approxi-

where

No.2 2024
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Fig. 6. Scheme of the formation of a CTR beam with an aperture diameter 2R, located at a distance D from the center of the target T.

mation used below, the contribution of the transverse
form factor along with the difference between the
actual optical characteristics of the target and an ideal
conductor are neglected. In this approximation, the
characteristics of the “backward” (BTR) and “for-
ward” (FTR) transition radiation coincide [15] pro-
vided that the angular characteristics of the BTR are
expressed in terms of angles measured from the specu-
lar reflection direction.

We calculate the characteristics of incoherent TR
using the model [8], based on the pseudophoton
model. The TR field generated by a relativistic elec-

PHYSICS OF PARTICLES AND NUCLEI LETTERS

tron in a target of finite dimensions 2x,,, X 2y,, (see the
diagram in Fig. 6) after integration over area St is rep-
resented as:

[ fnf

X exp {l‘ﬂ|:x% + y‘f‘ _ 2xTYex + yT’Yex:|} (7)
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Fig. 7. Angular distributions of transition radiation with a fixed wavelength A = 0.3 mm at various distances from the target in the
pre-wave zone for y = 100: green curve (/) D = 1500 mm; yellow curve (2) D = 500 mm; blue curve (3) D =150 mm.

Here S; is the target area, d6 = dx; dyy, xr, yy are
coordinates on the target surface (—x, < Xp < X,
~Vm < V1 < Vm)» 0, =x,/D, 0, =y,/D (x,, y, are
coordinates on the aperture plane located at a distance
D away from the target), k = 275/ A, A is the wave-
length, and K,(x) is the Bessel function.

The resulting expression for the spectral-angular
distribution of the TR in the case under consideration

has the form (Al2 = e21(2/752c2 1/8 n«/ﬁ):

dodQ D\

0

where r, = Dsin® =~ D0, c A, = e2yz/7t2c.

Figure 7 shows the “broadening” of the angular
distribution of TR as the distance D decreases. For
example, for the distance D =150 mm, the angular
distribution of TR reaches a maximum at 0, = 4
for y =100, A = 0.3 mm, and R; = 50 mm.

As the TR wavelength increases, a further “broad-
ening” of the distribution is observed (see Fig. 8). As
follows from the results obtained, by measuring the
angular distribution of CTR, it is possible to estimate
the “average” wavelength of the detected spectral
range based on the value of 0,,,,. Indeed, this value
does not depend on the longitudinal form factor.
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To illustrate the dependence of the angular distri-
bution of incoherent TR from the finite-size target on
the distance D between the target and the aperture, we
consider a target in the form of a disk with a cone R;.
In passing to polar coordinates, Eq. (7) is replaced
with:

2

i (©)

As shown in [13, 15], the same information can be
obtained from measurements of the orientation
dependence of the TR yield at a fixed detector position
0, = const. The orientation dependence is calculated
using the same formulas (8) with replacements

0, =2Ay, Ay =y —6,/2. (10)

Substitution (10) corresponds to the “reflection”

of the TR beam from the target as it rotates around the
vertical axis.

Figure 9 shows typical orientation dependences of
TR from a target with dimensions 2x,, X 2y,, = 150 X
100 mm at the distance D =150 mm. Zero value of
angle y corresponds to a target rotation angle of 45°. As
follows from the figure, for the wavelength A = 3 mm

No.2 2024
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Fig. 8. Angular distributions of transition radiation with various wavelengths for a fixed distance between the target and the aper-
ture D =150 mm at y = 100: blue curve (/) A = 0.3 mm; green curve (2) A = 0.6 mm; yellow curve (3) A = 0.9 mm.

05F

04+ "
= B
= L]
-C% 03F * .
2
§ 0.2+ -3
C J

Fig. 9. Dependence of TR intensity on the target rotation angle for y = 100 and D = 150 mm at fixed observation angle 64 = 90°
for various wavelengths: red curve (1) A = 1.5 mm; green curve (2) A = 3 mm; blue curve (3) A = 5 mm.

(v= 100 GHz), the angular distance between the
maximais 7.2°, which is close to the experimental value,
while similar values for A = 1.5 mm and A = 5 mm do
not coincide with experiment. It should be noted that
the displayed dependences were obtained for a point
detector located at point {0, 0} (see Fig. 6).

If the CTR beam is formed using a finite aperture
(which in our case is the aperture of the detector input
lens with a diameter of 9 mm, or, as in experiment [5],
the output window of the vacuum chamber), it is nec-
essary to integrate Eqgs. (8) and (9) over the aperture

PHYSICS OF PARTICLES AND NUCLEI LETTERS

(taking into account the form factor) to obtain the
CTR beam spectrum. If the aperture is oriented at an
angle 0,, due to azimuthal symmetry, the desired
result is reduced to a single integral

2 emax 2
d Wiy _, AW _ oy [ oa0 Ve ()
dodQ do 9 dodQ
where 0,,,, = R, / D and, consequently,
Werw - Piw g (. (12)
do dw
Vol. 21 No.2 2024
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Fig. 10. CTR spectra for aperture R, = 4.5 mm oriented at an angle 6y = 2y (y = 45°) at y = 200 and D = 150 mm: blue curve
(1) bunch length 6, = 0.15 mm; yellow curve (2) 6, = 0.3 mm; green curve (3) 6, = 0.6 mm.

If the beam is formed by an aperture located close

to the angle 6,,,,, corresponding to the maximum
radiation intensity (see Fig. 8) or, in other words, if the

target is oriented at an angle y = e—d+M (see

Fig. 9), azimuthal symmetry is violated, and double
integration of Eq. (8) over angles 6, Gy is required pro-

vided the condition 6} + 6}, < (R, / D) is fulfilled.

Figure 10 displays the CTR spectra for the case
Y= Od/2, i.e., when aperture R, = 4.5 mm is located
symmetrically relative to the specular reflection direction
at the distance D = 150 mm. As follows from the figure,
the CTR spectrum for a bunch with 6, = 0.3 mm is
concentrated near the frequency of 160 GHz, i.e., in
the range where the detector sensitivity reaches 50% of
the maximum value (see Fig. 3). Figure 11 presents
similar spectra for the same aperture, but with the tar-
get rotated by an angle Ay = 3.5°, i.e., the configura-
tion in which the aperture location corresponds to the
maximum CTR yield. In this case, the maximum in
the CTR beam spectrum for 6, = 0.3 mm lies in the
region of 100 GHz, but the intensity is significantly
higher.

The same figure shows the spectrum of incoherent
TR (blue) for the same conditions.

RESULTS, DISCUSSION,
AND CONCLUSIONS

As mentioned above, for beams of relativistic elec-
trons ('y > 100) the geometric size of the target for TR
generation is usually significantly smaller than the
transverse size of the Coulomb field at A ~ 1 mm. For

PHYSICS OF PARTICLES AND NUCLEI LETTERS
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such a geometry, the angular distribution of TR is
determined by the quantities Ry, D, and A and does
not depend on the Lorentz factor. Therefore, to form
a radiation beam in the THz/sub-THz range using the
CTR mechanism, it is necessary to optimize both the
indicated parameters and the geometry of the aperture
location (see Figs. 10 and 11). Choosing the relation-
ship between target size and magnitude YA, it is possi-
ble to adjust the “cutoff” of the CTR spectrum in the
“soft” part. In the “hard” part of the spectrum, the
“cutoff” is determined by the form factor, which leads
to the emergence of an effective spectral “band” (see
Fig. 11). By measuring the orientation dependence of
the CTR yield, the central frequency of this band can
be identified.

Based on the CTR spectra calculated per electron
(see Fig. 11), it is possible to estimate the energy emit-

ted by one bunch consisting of N, electrons and, there-
fore, the energy of all bunches in the macropulse N, :

AWBsz(N)2°‘2 hIdWﬂd

Vin

(13)

WCTR

In Eq. (13), are the spectra displayed in
Fig. 11 and v,;,, V..« are the detector sensitivity band
(vpin = 100 GHz, v,,, = 700 GHz). We carried out
measurements at an accelerated current of 16 mA,
which, for a macropulse duration of 2 us and an RF field
frequency of 2865 MHz, corresponds to the following

parameters: N, = 0.37 x 10% and N, = 5.4x10°. Esti-
mated energy emitted by one bunch and the radiation

No.2 2024
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Fig. 11. The same for the target rotation angle y = 48.5°: blue curve (/) spectrum of incoherent transition radiation; yellow curve
(2) bunch length 6, = 0.15 mm; orange curve (3) 6, = 0.3 mm; green curve (4) 6, = 0.6 mm.

power macropulse (number of bunches

Ny, =5.4% 103) are presented in Table 2.

per

The certified efficiency of our detector is ~10 V/W,
and the signal level measured in the experiment is
~20 mV, which corresponds to a power level of ~2 mW.
A comparison with the estimates in Table 2 shows that
the duration of the LINAC-200 accelerator bunch

exceeds the expected value (6, > 0.3 mm).

The correctness of the model was tested in estimat-
ing the CTR beam energy reported in [5] (see Fig. 13)

AWy ~ 25X 107° J. An estimation based on the model
used for the experimental parameters [5] (o, =15 f,
Q=0.1 nC, y=1000, Ry =12.5 mm, D =40 mm,

R, =10 mm) yields AW} ~ 40 x 10°¢ J, a value which
is fairly close to the experiment.

Summarizing, we note that the existing parameters
of the LINAC-200 accelerator enable conducting cal-
ibration measurements of equipment in the sub-THz
range.

Table 2. Energy emitted by an electron bunch per micro-
pulse and the radiation power during a 2-Lls-long macro-
pulse

G, mm AWy, &V P,W
0.15 56x10° 240 %1072
0.30 1.8%10° 80x 1072
0.60 2.4%10’ 10x107°
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