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The paper presents some results of experimental studies of the excitation of wake fields and the acceleration of
electrons in waveguide-dielectric structures (DS) upon injection of a sequence of electron bunches into them. Exper-
iments have shown an increase in the amplitude of the wake wave and the acceleration of a small fraction of elec-
trons when the wavelength of the excited field is equal to the doubled bunch length. A simple physical model of the
observed phenomenon is given. Also, the paper proposes a method for accelerating a part of each electron bunch in
the steady-state mode of the resonator dielectric structure. Some of the electrons are “cut out” by the collimator and
enter the accelerating phase of the previously excited wake wave. The wave is displaced due to the difference in the

distances traveled by the wave and the accelerated part of the electrons.

PACS: 41.75.Lx; 52.40.Mj

INTRODUCTION

A new method of accelerating charged particles, which
is based on the use of a wake field arising behind an
electron bunch or a sequence of bunches passing
through a waveguide-dielectric structure (DS), is cur-
rently being actively studied theoretically and experi-
mentally [1 - 3].

The main element of the DS is a cylindrical or rec-
tangular copper waveguide filled inside with a dielectric
with a vacuum channel along the axis. In the traditional
wakefield acceleration scheme, a short electron bunch
with a large charge (up to 100 nC), when flying in a
vacuum channel, generates the wake mode of Cheren-
kov radiation. Following it with a delay of ~ A/2, where
A is the wavelength of the excited mode, a bunch with
high energy but low charge is accelerated in this field.
Experiments at SLAC [4] have shown that the accelerat-
ing field in the dielectric channel can reach
1.5...2 GV/m.

But traditional schemes of wake acceleration in DS
are technically complex. And one of the main difficul-
ties is the creation and precise injection of the accelerat-
ed bunch into the accelerating phase of the wake wave.
In our opinion, this problem slows down the develop-
ment of the wake acceleration method.

Earlier, in [5], the possibility of additional accelera-
tion in the resonator structure of a linear accelerator of
individual bunches of relativistic electrons was experi-
mentally shown. This requires deflecting fields of the
nanosecond range of duration and large amplitude.

In [6], it was proposed to use a phase shifter to
change the phase of the wave in the resonator by = radi-
ans, which will lead, in the steady state, to the entry of
electron bunches into the accelerating phase of the
wave. However, the proposal was not implemented due
to the technical impossibility of changing the phase at
the required speed.

This paper presents some results of experimental
studies of the excitation of wake fields and the accelera-
tion of electrons in DSs of circular and rectangular cross
sections. The wake fields in the DS were excited by a
regular sequence of relativistic electron bunches.

ISSN 1562-6016. BAHT. 2021. Ne6(136)

An increase in the amplitude of that harmonic was
observed, the wavelength of which is equal to the dou-
bled bunch length. Analysis of the position of the bunch
in the field of this harmonic showed the possibility of
accelerating a small part of the electrons located at its
trailing edge of the bunch, simultaneously in the accel-
erating and focusing phases of the wake wave. Acceler-
ated electrons were observed experimentally in DSs of
circular and rectangular cross sections. A simple physi-
cal model of the increase in the amplitude of this har-
monic is given.

The paper also considers a method for accelerating
electrons by a wake field in passive DSs.

The essence of the proposed acceleration method lies
in the fact that after passing through a certain part of the
DS, and the excitation of a wake wave in it, the paths of
the wave and electron bunches diverge. The electron
bunches continue to move straight, but the number of
electrons in the bunches decreases significantly as they
pass through small holes in the walls of the waveguides.
The “cut off” electrons enter the second part of the DS
while continuing to move straight. The wake wave, on
the other hand, enters the second part of the DS passing
a longer path. The path length of the wake wave is long-
er than the path of electrons by half the waveguide
wavelength.

1. PARAMETERS OF ELECTRONS
BUNCHES INJECTED INTO DS

In experiments on accelerating a part of electrons of
bunches, we used the "Almaz-2" accelerator with an
electron energy of 3...4.5 MeV. The beam consists of a
sequence of 6000 electron bunches with a pulse duration
of 2 us and a bunch repetition period. T = 360 ps. The
charge of each bunch isq=10.1...0.16 nC (I, <3 A).

A characteristic feature of the accelerator is the abil-
ity to change the width of its energy spectrum (the ener-
gy distribution function of electrons in bunches) with a
slight change in the operating frequency of the accelera-
tor. The phase size of the bunches, measured in the mid-
dle of the operating frequency range using passive reso-
nators [7], is shown in Fig. 1.
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Fig. 1. Average phase size of the bunch

According to [7] 80% of electron bunches occupy a
phase volume of about 20°.

The phase size of bunches for accelerators similar to
"Almaz-2" was also measured using high-frequency
separators in [8, 9], the phase "half-width" is 32°. About
90% of electrons have a phase size of ~ 50° (bunch
length ~ 1.6 cm. The effect of the width of the energy
spectrum of bunches on the length of bunches is ob-
served. The accelerator and the interaction region are
located at some distance from each other. Between them
there is an energy analyzer, a pumping unit, etc. (there is
a drift zone). At our electron energies and energy spec-
trum width, it is necessary to take into account the ex-
pansion of bunches due to the difference in speed of
particles with nominal energy and particles with mini-
mum and maximum energy.

The possibility of changing the width of the energy
spectrum and the duration of electron bunches expands
the range of experimental studies.

2. EXCITATION OF AWAKEFIELDS IN A DS

The excitation of a wakefield by a sequence of elec-
tron bunches in a DS with a circular and rectangular
cross-section was studied earlier [10 - 12].

In 0.1 ps, after the start of injection of a sequence of
electron bunches into the resonator DS (injection time of
the first 300 bunches), the increase in the amplitude of
the longitudinal component of the wake field stops and a
steady state of field excitation sets in.

The experiments were carried out in the resonator
mode of the DS operation. [3, 10]. For this, a cap with a
titanium foil 50 pm thick, transparent for relativistic
electrons, was installed at the exit of the structure.

With the exception of electron bunches, no other
particles or fields were injected into the DS during the
experiments. Therefore, the structure can be considered
passive. In this case, the acceleration of some part of the
electrons, due to the redistribution of energy between
the particles, can be considered self acceleration.

s % it w2 3w m
Fig. 2. Longitudinal component of the wake field
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In the steady state, using a pin probe, the amplitude
and distribution of the longitudinal component of the field
strength were measured. Studies have shown that oscilla-
tions of the Eq, type with a wavelength of 11.25 cm (at
the repetition rate of the bunches) and Eq; with a wave-
length of 3.56 cm (at three times the repetition rate of the
bunches) have the highest amplitude. Fig. 2 shows the
signal obtained by moving the probe along the axis of the
resonator behind the dielectric insert — curve 1. The iso-
lated signal of the first harmonic is shown in curve 2.
Studies using a cone transition and an out-of-limit, for
the first mode, waveguide confirmed the presence and
significant amplitude of the third harmonic.

The experiment was carried out with a DS of a circu-
lar cross section. A fluoroplastic sleeve 45 cm long was
used as a dielectric; its outer diameter was 2b = 8.6 cm,
the hole on the DS axis had a diameter of 2a = 2.2 cm.
The structure was tightly inserted into a circular wave-
guide 100 cm long. The width of the energy spectrum of
the beam was W ~ 12%, the calculated length of the
bunch is Lp, ~ 1.8 cm. (The length of the bunch is close
to half the waveguide wavelength of the third harmon-
ic).

Earlier, in work [13], it was shown that in a dielec-
tric resonator the amplitude of the wake wave will be
maximum if its wavelength is equal to the doubled
length of the electron bunches that excite this field.
When a sequence of electron bunches were injected into
the plasma formed by the bunches themselves upon their
injection into a neutral gas [14], the predominant excita-
tion of a harmonic with a wavelength equal to twice the
bunch length was also observed.

This amplification of one of the harmonics does not
correspond to the traditional frequency response (ampli-
tude-frequency characteristic) built for a sequence of
bunches with a duty cycle of Q = 6.

However, there is a mechanism for increasing the
amplitude for harmonics, which depends on the duration
of the bunches exciting the field.

3. DEPENDENCE OF THE DYNAMIC
FACTOR ON THE FORCE PULSE
DURATION

Dinamic factor(DF)-u, with power excitation, is the
ratio of the amplitude of the forced vibrations to the
static amplitude [15].

As arule, the DF is determined by the increase in the
amplitude of the forced vibrations of the system from
the frequency of the harmonic external force. In this
case, the DF depends only on the frequency ratio. But,
in our case, the Coulomb field excited by electron
bunches should be considered not harmonic oscillations
of the field strength; and individual field pulses with a
duration of 1 = 60 ps and a period of 360 ps. Bunches
are injected into the DS, which is designed to excite
harmonics with a period of T equal to: 360 ps for the
first harmonic, 180 ps for the second harmonic, 120 ps
for the third, etc.

In the case of the action of short (in comparison with
the period of natural oscillations) impulses of force, the
DF depends on the ratio of the duration of the impulse
of the force to the period of natural oscillations [16, 17].

ISSN 1562-6016. BAHT. 2021. Ne6(136)



In Fig. 3 shows the dependence of the DF on ¢/ Ts. In
[18], a table is given for the values 1+/T, of the DF. The
DF begins to have a noticeable effect on the system at
1; / Ts> 0.15. This dependence will be valid when the
force impulse is rectangular.
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Fig. 3. Dependence of the DF on the ratio
of the force pulse duration to the period of natural
oscillations

The increase in the DF is a response to each individ-
ual impulse of force. When they are repeated, the ampli-
tude of the forced oscillations also increases due to the
replication coefficient B [18]. This coefficient character-
izes the increase in the effect of repetitive impulses.
When the pulse repetition rates — o coincide with the
natural frequency of the system ws, or their multiplicity
(0s=n of, wheren=1, 2 ...), a resonance occurs.

The repetition factor is, as in the case of harmonic
oscillations, the requirement for the frequency of har-
monics to be the frequency of the external force.

In our experiments (at a distance between the exit of
the accelerator and the DS of ~ 20 c¢m), the period of the
third harmonic is equal to twice the length of the bunches
and, one could expect an increase of the DF by two times.
But, the value of the DF largely depends on the shape of
the force pulse and, the discrepancy between the shape of
the real pulse and the shape adopted in the calculation
leads to a decrease in the dynamic coefficient. In our case,
the amplitude of the third harmonic is increased by
~ 1.5 times.

Thus, if the system is acted upon by short impulses
of force (ts <T), then, in order to obtain the maximum
amplitude of oscillations, it is necessary that the dura-
tion of the impulse of the force be equal to half the peri-
od of the natural oscillations of the system, and the fre-
quency should be equal to or a multiple of the frequency
of impulses of the force ws = nws and ws =« / 14 or, for
the period Ts = T¢/ n and Ts=21; (1)

4. ACCELERATION OF A PART OF
ELECTRONS OF ELECTRONIC BUNCHES

The first and third harmonics have the highest ampli-
tudes in the DS, their superposition is observed, and the
interaction of these modes with bunches can be consid-
ered separately.

When the bunches of the third harmonic of the repe-
tition rate are excited, their length is equal to half the
won wavelength of the excited field, and in the steady
state mode, the "center of gravity" of the bunches should
be in the region of the field maximum in the decelerat-
ing phase of the wave, Fig. 4.

In this case, according to [19], the ratio between the
transverse and longitudinal components of the wake
field can be determined from: E; nax / E; max= (ma) / A, for

ISSN 1562-6016. BAHT. 2021. Ne6(136)

the third harmonic the transverse and longitudinal com-
ponents of the wake field are close in magnitude.

Based on the position of the bunch in the wake
wave, it can be seen that some of the electrons at the
leading and trailing edges of the bunch are in the accel-
erating phase of the longitudinal field of the wave.
However, the electrons at the leading edge are also sim-
ultaneously in the defocusing phase of the transverse
component of the field and should rather quickly leave
the beam region. The trailing edge electrons are simul-
taneously in the accelerating and focusing phases of the
wake wave and can receive additional acceleration and
focus. The wake wave and bunches, in the considered
part of the DS, move in the same direction. This, in our
opinion, is the mechanism for the acceleration of a small
number of electrons observed experimentally.

acceleration

electron

accelerated
electrons
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focusing'

Fig. 4. Position of the bunch in the decelerating phase
of the wake wave

The bunch electrons are in different phases of the
longitudinal and transverse fields. This leads to a change
in the shape of the clot — its "sharpening". The possibil-
ity of changing the shape of bunches upon excitation of
wake fields was theoretically shown in [20]. Experimen-
tally, the change in the shape of the bunches and the
appearance of accelerated electrons were observed both
in a DS with a rectangular cross section [eleven]. The
change in the shape of the bunches is more clearly ob-
served in the DS with a circular cross section.

In Fig. 5 shows imprints on glass plates of bunches
deployed in a transverse magnetic field in the absence
(1) and presence (2) of a dielectric insert in the wave-
guide. The dimensions of the DS were the same as in
Section 2. Accelerated electrons were observed at the
"tip" of the leading front of bunches.

1 2
Fig. 5. Imprints on glass plates of clumps deployed
in a transverse magnetic field in the absence (1)
and presence (2) of a dielectric insert

The influence of the field of the first harmonic on
the motion of bunches is not decisive. In the steady-state
regime, the field of the first harmonic cannot lead to the
simultaneous acceleration and focusing of any part of
the bunch.

Based on (1), in order to increase the amplitude of
the wake field excited by the bunches and the possible
acceleration of a certain number of electrons, the DS
should meet the following requirements: The wave-
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length of the first harmonic of the DS should be a multi-
ple of the bunch repetition rate and close to twice the
bunch length (for example, take £, ~ 1.5 cm). We find
the dimensions of the dielectric insert using the expres-
sion for the excited modes from [18]:

Mm=4((b-a)/n; for (¢-1)~1.

The wave of 3 cm is considered as the main one, ¢ is
taken equal to 2.1. The thickness of the dielectric insert
in this case should be 0.7 cm, and with a channel radius
of 1 cm, the outer radius of the insert is 1.7 cm, the same
inner radius of the waveguide in which the dielectric
structure is placed. The critical wavelength for Eq, in a
waveguide with a dielectric insert is Aq ~ 6.5 cm. The
waveguide wavelength is A,q ~ 2.65 cm. It is rational to
make the structure 21.2 cm long.

5. SCHEMES OF DS FOR ACCELERATION
OF PART OF ELECTRONS OF CLUSTERS
WITH A DELAY MODE

For a more reliable and controlled acceleration of a
part of electrons in bunches, one can use the DS scheme
shown in Fig. 6.
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Fig. 6. Schematic diagram of a DS
for accelerating a part of electrons in bunches:
smooth rotation of the waveguide (a);
rotation of the waveguide by 90° (b)

The DS is designed to accelerate a part of the elec-
trons of the bunches in two possible variants of the de-
lay of the wake wave relative to the accelerated part of
the electrons. The circuits are identical, with the excep-
tion of the wave delay unit and can be used for DSs of
both circular and rectangular cross sections.

The excitation of the wake wave and the position of
the bunches in the first part of the structure are de-
scribed in the previous section. After leaving the first
part of the DS, the paths of the wave and electron
bunches diverge. The electron bunches continue to
move straight, but the number of electrons in the bunch-
es decreases significantly as they pass through the holes
in the walls of the waveguides. The “cut off” electrons
enter the second part of the DS while continuing to
move straight. The wake wave enters the second part of
the DS passing a longer path. The outer and inner diam-
eters of the second part of the DS are the same as in its
first part a = 1 cm, b = 1.7 cm, but its length is shorter
than the length of the first part by the length of the delay
unit: €y -le = 1.32; 4 or 6.6 cm. It is assumed that with
the radius of collimating holes = 3...4 mm, the acceler-
ated bunches will have 10...15% of the charge of the
bunches located in the first part of the DS.

Thus, bunches with a small number of electrons fall
into the accelerating phase of the wake wave at the en-
trance to the second part of the DS, and can be acceler-
ated in it.

70

CONCLUSIONS

In this work, for the first time experimentally shown
the importance of taking into account the length of the
bunches in the excitation of wake fields in the DC. The
amplitude of the wakefield harmonic with a wavelength
equal to twice the length of the bunches increases when
a long sequence of bunches is used. In this case, a small
number of accelerated electrons were also observed. The
paper proposes a simple physical model of this phenom-
enon. It consists in the fact that the field excited by the
bunches must be considered as separate pulses, and not
as harmonic oscillations (Q = 6). In this case, the ampli-
tude of the harmonic increases, for which the period is
equal to twice the duration of the bunch. This, in turn,
causes the acceleration of some of the electrons located
at the trailing edge of the bunch, simultaneously in the
accelerating and focusing field of the wave.

Also shown is a diagram of the acceleration of a
part of the electrons of the bunches during the delay of
the wake wave, excited by the bunches earlier, relative
to the accelerated part of the electrons by half the wave-
length. But, unfortunately, in both cases the acceleration
is limited by the low phase velocity of the wave in the
DW. Therefore, further it is desirable to conduct studies
of the possibility of increasing the phase velocity of the
wave. In a round waveguide, for example, this can be
done by decreasing the radius of the waveguide. In this
case, the critical wavelength will decrease and an in-
crease in the phase velocity.

The study was supported by the program of the Na-
tional Academy of Sciences of Ukraine "Advanced Re-
search in Plasma Physics, Controlled Thermonuclear
Fusion and Plasma Technologies"”, project P-1/63-2020.
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YCKOPEHHE YACTH 3JIEKTPOHOB 3JIEKTPOHHBIX CI'YCTKOB
B IUDJEKTPUYECKOM CTPYKTYPE

A.®. Jlunnuxk, U.H. Onuwgenxo, 0.J1. Omenaenko, B.U. Ilpucmyna, I.B. Comnuxos, B.C. Yc

[pencraBineHbl HEKOTOPBIC PE3YJIBTATHI SKCIICPHMEHTANIBHBIX UCCIIEI0BAaHUI BO30YKICHHS KUJIbBATEPHBIX MO-
Jefl 1 YCKOPEHHS SJICKTPOHOB B BOJTHOBOJHO-MAJICKTPUYSCKUX CTPYKTYpax MPHU MHKEKIHU B HUX MOCIIEOBATEIb-
HOCTH JJICKTPOHHBIX CT'YCTKOB. DKCIIEPUMEHTHI TOKA3aJIl yBEINYCHUE aMILTUTY/ bl KHJIbBATEPHOM BOJHBI M YCKOpe-
HHE HEOOJIBIION YacTH QJICKTPOHOB ITPU PABCHCTBE JIJIMHBI BOJIHBI BO36y)KI[eHHOFO IOJIsA yZ[BOCHHOﬁ JJIMHE CT'yCTKa.
Jlana npocras ¢pu3ndeckas MoJenp Ha0IrogaeMoro sBineHus. Takke B paboTe MpeiIokeH Cloco0 YCKOPEHHs YacTh
Ka)KJIOr0 AJIEKTPOHHOTO CI'YyCTKa B YCTaHOBHBIIEMCS PEXKHMME PE30HATOPHOM JMANEKTPUUECKON CTPYKTYphl. YacTb
3JIEKTPOHOB «BBIPE3ACTCS» KOJUIMMATOPOM M IONAJaeT B YCKOPSIOLIYIO (ha3y BO30Y»KIACHHOH paHee KUIbBATEPHON
BOJIHBL. BosiHa cMemaeTcs 3a cueT pa3HUIBI B pACCTOSHUAX, TIPOXOIUMbBIX BOJTHOM M YCKOPSEMOM HacThIO AJIEKTPO-
HOB.

INPUCKOPEHHS YACTHUHMU EJIEKTPOHIB EJIEKTPOHHHUX 3I'YCTKIB
V JIEJEKTPUYHIA CTPYKTYPI

A.D. Jlinnuk, I.M. Oniwgenko, O.J1. Omenaenxo, B.1. Ilpucmyna, I'.B. Comnikos, B.C. Yc

[pencraBneni meski pe3yabTaTH €KCICPUMEHTAIBHUX TOCIIKCHD 30YIKEHHS KUTHBaTEPHUX IOJIB i MPHUCKO-
PEHHSI €IEeKTPOHIB B XBWJICBOJHO-IIEJICKTPUIHUX CTPYKTYpax IpW iHXKEKHii B HUX IMOCITIJOBHOCTI €JIEKTPOHHHUX
3rycTkiB. EkcriepuMeHTH rokas3any 30UIbIIeHHS aMILITY I KiJlbBaTePHOT XBUIII 1 PUCKOPEHHS HEBEJIMKOI YaCTHHHU
€JICKTPOHIB MPH PIBHOCTI JIOBKMHU XBHIII 30y/KyBaHOTO I10JISI TIOABOEHIH TOBXKHHI 3rycTKy. JlaHa mpocra ¢izndna
MOJIEJIb IIOTO SIBHIIA. TakoXk y poOOTi 3aIIpOIIOHOBAHO CIOCIO MPUCKOPEHHS YaCTHHU KOXKHOTO €JIeKTPOHHOIO 3Ty-
CTKY B CTAJIOMY PEKHMI PE30HATOPHOI JieNeKTPUYHOI CTPYKTypH. YacThHa €IEeKTPOHIB «BHPI3YETHCSI» KOJIMATO-
POM 1 moTparuise B MPUCKOPIOIOUy (a3y 30y/KEeHOi paHille KiJbBaTEePHY XBHIIIO. XBHISA 3MIIIYETHCS 32 PaXyHOK
PI3HUII B BiACTAHSAX, II0 MPOXOISATh XBHJIS 1 MPUCKOPIOBAHA YaCTHHA EIEKTPOHIB.
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