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The theoretical investigations and simulation are performed for the emission of a relativistic electron bunch
during the injection into a semi-infinite vacuum/dielectric waveguide. The exact solution of the problem is ob-
tained for the first time. Contrary to the previously used saddle-point technique, we applied a number of succes-
sive conform transformations of integration area in order to carry out the inverse Fourier transformation. The
power and the frequency spectrum of high intensity pulse of ultra-wideband transition radiation, excited by a
finite size electron bunch in a vacuum waveguide, are calculated numerically. It is shown that in a dielectric
waveguide the short pulse of Cherenkov wake field drifts behind the relativistic bunch with the group velocity.

1. Introduction

At present, much attention is focused on the problem
of generation of short intense electromagnetic pulses
whose frequency spectra width is comparable with
their mean frequency, the so-called “ultra-wideband”
(UWB) pulses [1, 2]. The current interest to the prob-
lem of pulsed emission of high-power electromag-
netic signals arises primarily due to their application
in UWB radiolocation.

Along with traditional methods of generation of
short UWB pulses based on the use of UWB anten-
nas (TEM-horns, spiral and biconical antennas, and
others [3]) the intense pulsed relativistic electron
beams (IREBs) can be used. Short (and ultra-short)
IREBs with durations of 1-100 ps, energies of 0.5—
1 MeV, and peak currents of 1-100 kA can be either
produced by transformation of a continuous IREB
into a sequence of electron pulses (modulated beams)
[4] or directly generated in high-current devices (ex-
plosive-emission diodes).

For the most efficient generation of electro-
magnetic UWB pulses the non-resonant (impact)
mechanisms of IREBs irradiation should be used,
such as charging of a rod antenna by REB [5] or
impact excitation of TEM-horn antenna by IREB
[6]. High-power UWB pulses can be generated not
only in direct processes of the excitation of UWB
antennas by IREBs but also due to the effect of co-
herent transition radiation [7]. The transition radia-
tion from an individual charged particle is one of
the fundamental elementary radiation processes [8].
This effect occurs when a charged particle moves
through the electrically non-uniform medium. The

transition radiation effect can be greatly enhanced
by using small dense bunches of charged particles
[9]. The radiation from a bunch consisting of N
particles is N? times more intense than that from
one particle. Because of this effect, electron
bunches provide efficient means of intense electro-
magnetic transition radiation generation.

Here we theoretically investigate the excitation
of UWB transition radiation during the injection of a
short-pulsed IREB into a semi-infinite circular cross-
section waveguide whose entrance (through which
the beam is injected) is short-circuited by a conduct-
ing diaphragm. In such a waveguide, the large dis-
persion of electromagnetic waves is the pecularity of
the transition radiation, so that the shape of a UWB
pulse of transition radiation propagating in a
waveguide will deform permanently.

In the case of dielectric filling the intense Cher-
enkov wake field excitation can take place. It can be
applied for wake-field acceleration of charged parti-
cles [10-11] or for radiation sources [12,13]. In the
case of short-pulsed IREB the interference of big
number of radial modes leads to the essential peaking
of the wake field with formation of narrow spikes of
alternative sign [14]. The spatial structure of excited
field is determined by the spatially limited Cher-
enkov field and transition radiation field.

2. Non-Resonant Wideband Emission in
a Semi-Infinite Waveguide

We consider a semi-infinite (0 < z < oo0) cylindri-
cal metal waveguide of radius b which is filled with
a homogeneous dielectric with permittivity ¢ . The
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waveguide input end (z = 0) is short-circuited by a
metal wall transparent to relativistic electrons. An
axisymmetric monoenergetic electron bunch is in-
jected through the metal wall and moves with a con-
stant velocity vy < ¢/~€ along the symmetry axis
of the waveguide (the z axis). We start with the de-
termination of the field of an infinitely short and infi-
nitely thin charged ring with the charge density

p= 6w—mm@—m—iy (1)
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where —e is the charge of an electron, N is the
number of electrons in the ring, v, is the ring veloc-
ity, 7, is the ring radius, and ¢, is the time at which
the ring enters the waveguide. Solving Fourier-
transformed Maxwell’s equations with allowance for
the boundary condition E,. = 0 at the end metal

wall, we obtain the following expression for the ra-
dial electric field of an axisymmetric E-wave:
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and ), is the n -th root of the Bessel function J, .
Integral (3) describes the Coulomb field of a
charge moving in an infinite waveguide. Integral (4)
corresponds to free oscillations of a cylindrical
waveguide and describes the transition radiation. The
exact analytic solution of integral similar to (4) was
obtained by Denisov [15] in studying the propagation
of an electromagnetic signal in an ionized gas. Bur-
shtein and Voskresenskij in [16] used the saddle
point technique in order to obtain the approximate
solution of integral (4) under condition of Cherenkov
resonance. Below we applied the method proposed

by Denisov.
In order to calculate the integral (4) we used a
sequence of substitutions: p = ,

¢ = (\/PQ +ap —P)/Ozn,and w = —C/ﬂ,where
B=J(r—&6/(T+&). After these

transformations we passed from the integration along

conform

the real axis to the integration along the closed circu-
lar contour. This allows us to separate the integral
form of the Bessel functions. Finally [17] we obtain
the expression for the total electric field (2) of a thin
annular electron bunch (1) in the form of the super-
position of the Coulomb field of a moving charge and
the transition radiation field:
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where 9 =1 if 2y <2< z,, else ¥ =0;
P =1 if 0<2z<z), else ¥y = 0;
zo = (t — ty) vy 1is the position of the ring-shaped
bunch (1), z,. = (t —t)v,, is the position of the
precursor of transition field, v, = c/~€ is the

maximal velocity of the EM perturbation propagation
in the dielectric waveguide;
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The quasistatic field component (6) and the
transition radiation field component (7) are defined
(and are nonzero) in the region z < z,,. For ¢ > {;,

neither Coulomb nor transition radiation fields enter
the region to the right of the point z = z,,. . The fast-

est and the highest-frequency component of the elec-
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Fig. 1. The first harmonic: a — total field,
b — coulomb field, c — transition field.
tc/b=10,7r/b=1,v5/c=05,e=1

tromagnetic signal is the precursor, which propagates
with the velocity v, [18]. Since the bunch propaga-

or» the field overtakes the

bunch. A qualitative pattern of the propagation of a
transition radiation pulse is illustrated in Fig. 1,
which shows the longitudinal profiles of the first
harmonic of the total radial electric field and its Cou-
lomb and transition radiation components. The bunch
generates a UWB transition radiation pulse, whose
shortest wavelength components are the components
of the precursor. The oscillation amplitude in the
pulse decreases toward the precursor, so that the total
field vanishes in the cross section z = z

tion velocity is vy < v

pr
For simulations we chose an electron bunch
with the following current density distribution:
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where j, is the peak current density, 0 < #; < T},
T, is the bunch duration, 75 < a, a is the bunch
radius.

The characteristics of the transition radiation
signals near the waveguide input end are illustrated
in Fig. 2. We can see that an electromagnetic pulse
near the waveguide input end is characterized by a
large field amplitude (15kV/cm), high maximum
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Fig. 2. The characteristics of the transition radia-
tion: a — field, b — power, ¢ — spectrum.
z=4cemr=1cmb=4cm ec=1,
vg/c=09,L =2cm,a=0.5cm

power (about 33 MW), and short duration (less than
1 ns). The spectrum of this signal is broadband and
has sharp narrow peaks at frequencies close to the
critical frequencies f, = \,¢/(2xbvE) of the

waveguide. The presence of the low-frequency
(f < fi) part of the spectrum can be explained by

the fact that the transition radiation signal has propa-
gated only a short distance and, therefore, did not
have enough time to form completely.

3. Wake-Field Excitation in a Semi-
Infinite Dielectric Waveguide

In the case of Cherenkov resonance (vy > c¢/~/€)

the field, excited by the thin charged ring (1) can be
written [19], similar to [16], in the form of superposi-
tion of spatially limited Cherenkov radiation field
and transition radiation field:
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Fig. 3. The topography of the field E, in the semi-
infinite waveguide in the case of Cherenkov reso-
nance.
(a) — the level curves of the field F,,
(b) — the respective dependence E, vs. z obtained
atr = 0.
Level curves of field are drawn with a step of
0.4 kV/cm in the range from — 4 kV/ecm to 4 kV/cm.
Dash-dot lines in figure (b) mark the limits of this
range.
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In Fig. 3(a) with the help of level curves the 2D
(in the plane z — r) picture of distribution of longi-
tudinal electric field excited by relativistic electron
bunch with density (8) is represented. The bunch
sizes are small in comparison with those of
waveguide, so we can think that position of “group
wavefront” is 2z, = 15.6 cm, coordinate of precur-

sor is z, = 24.8 cm, and bunch coordinate is
2y = 38.7 cm. In the region 2, < 2z < z, the in-

tense Cherenkov wake wave exists. Structure of this
wave is formed as a result of periodic reflections of
Cherenkov cone from the sidewalls of waveguide. In

the region 0 < z < z,, the transition radiation field

superimposes on the Cherenkov field. Weak transi-
tion oscillations in the precursor region
20 cm < z < 23 cm still can be noticed against the
intense Cherenkov field. Behind z,, the field is

small and its structure is different from the one of
Cherenkov wave. Note the high amplitude and small
width of field spikes in Fig. 3(b). E, is maximal at

the waveguide's axis, where the waves, reflected
from sidewalls, are focusing.

4. Conclusion

When a charged bunch enters a semi-infinite cylin-
drical waveguide, it generates a transition radiation.
If the Cherenkov resonance condition is not satisfied,
the excited electromagnetic field is a superposition of
the quasistatic field of a moving charge and the tran-
sition radiation field. The fastest component of the
field (the precursor) propagates with the velocity
¢ /~€ , which is higher than the bunch velocity.

The spectrum of the transition radiation signal is
broadband and contains peaks corresponding to sev-
eral radial modes. The wide and asymmetric peaks
that are clearly distinguished in the spectrum occur at
frequencies somewhat higher than the corresponding
critical frequencies of the waveguide. The transition
radiation signal calculated near the waveguide en-
trance is characterized by high maximum power and
short duration.

If the Cherenkov resonance condition is satis-
fied, the excited field consists of spatially limited
Cherenkov radiation field and transition radiation
field. Accounting of the boundary leads to the ap-
pearing of the effect of wake field’s drift after the
leading bunch with the group velocity of resonance
wave. This results in limitation of intense wake field
region in the longitudinal direction.
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BO3BY/KIAEHHUE YJIBbTPAKOPOTKOI'O
NMITYJIbCA B IIOJTYOI'PAHUYEHHOM
BOJIHOBOJE PEJATUBUCTCKHUM
SJIEKTPOHHBIM CI'YCTKOM

B.A. Banaxupes, U. H. Onuwenxo, /I.FO. Cuoopenko,
I".B. Comnuxkos

BrinosiHeHbl TeopeTHYEeCKUe HCCIEeIOBaHMs M 4YHC-
JIEHHOE MOJEIMPOBAHHE H3IIYyYEHHUs] PEISITUBUCTCKOIO
3JIEKTPOHHOTO CTYCTKa HJIM MOCIEJ0BaTEIbHOCTH CTyCTKOB
TP WHKEKIUH B MONyOTPAaHWYEHHBI BaKyyMHBIH WIH

JIUAIIEKTpUUECKUI BOJIHOBOJ. IlosyueHo TouHOe peleHue
3a7aud. BMecTo HCIIONB30BaBIIETOCS paHee METoja Cel-
JIOBOH TOYKM AJISI HAXOXKICHUS aCHMIITOTHYECKOTO pelle-
HUSI MBI BOCIIOJB30BATHCh HECKOIBKHMH KOH()OPMHBIMU
OTOOpaXEHUSIMH O00JIACTH HMHTETPUPOBAHUS, YTOOBI BBI-
MOJHUTE oOpaTHOoe mpeobpazoBanne Oypre. C moMomsio
YHUCICHHOI'O MOJEIMPOBaHUS OIpPEJESICHbl MOIIHOCTh U
YaCTOTHBIN CIIEKTP MHTEHCHBHOTO MMILYJIECA CBEPXIINPO-
KOTIOJIOCHOTO TI€PEXOJHOTO H3IydeHHs, BO30yXkKIaeMOoro
3NIEKTPOHHBIM CTYCTKOM KOHEYHBIX Pa3MEpOB B BaKyyM-
HOM BOJIHOBOZE. [lokazaHo, 9TO B AMDIEKTPUUECKOM BOJ-
HOBOJIE€ BO30Y)KIaeTcsi KOPOTKUI UMITyJIbe UepeHKOBCKOTO
KHJIBBAaTE€PHOTO TIOJISI, PACIIPOCTPAHSIOMINICS 3a CIyCTKOM
C IPYIIIOBOI CKOPOCTBIO.

3bYJKEHHSA YJIBTPAKOPOTKOI'O
IMIIYJIBCY B HAIIIBOBMEXXEHOMY
XBHJIEBOJI PEJIATUBUCTCBKUM
EJIEKTPOHHUM 3I'YCTKOM

B.A. Banaxipes, 1. M. Onuwenxo, /1.1O. Cudopenxo,
I''B. Comuixog

BukoHaHi TeOpeTHYHI AOCITIIKECHHS Ta YACETbHE MO-
JICTIOBAHHSL BHUIPOMIHIOBAaHHS PEJISTUBICTCHKOTO — €JICK-
TPOHHOTO 3TyCTKa a00 MOCHIITOBHOCTI 3TYCTKIB IPU 1HXKEK-
nii B HamiBOOMEXKEHUH BaKyyMHHH a00 IieJIeKTpUIHHI
xBwieBo]. OTpuMaHe TOYHE pillleHHs 3ajadi. 3aMiCTh BH-
KOPHCTAHOTO paHillle METOXy CiIJIOBOI TOYKH JUISi 3HAXO-
JOKSHHSI aCHMIITOTHYHOTO PILlICHHS MU BHKOPHCTAIH JIeKi-
nbka KOH(OPMHHX BifoOpakeHb o0JIacTi iHTErpyBaHHS,
06 3pobutu 3BopoTHE Dyp’e-mepeTBOPEHHS. 3 BUKOPHC-
TaHHAM YHCEIBHOI0 MOJICIIIOBAHHS 3HAl/ICHA MOTYKHICTb 1
YAaCTOTHUH CIEKTP IHTEHCHUBHOT'O iMIIyJIbCY HaIIIMPOKOC-
MYTOBOI'O HEPEXiJHOT0 BUIIPOMIHIOBAHHS, 110 30Y1Ky€Th-
Csl €IEKTPOHHUM 3I'YCTKOM CKiHUYEHHHX PO3MIpIB B Bakyy-
MHOMY XBWJIeBOi. [ToKa3aHo, 10 B AiCICKTPHYHOMY XBH-
neBoi 30yIKY€EThCsl KOPOTKUil iMmynbe YepeHKiBChKOro
KUJIBBATEPHOTO T10J14, 110 PO3IOBCIOKYETHCS 33 3TyCTKOM
3 TPYTOBOIO MIBUIKICTIO.
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