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Short dense electron bunches produced by modern photoinjectors are attractive from the viewpoint
of the realization of powerful and effective sources of subterahertz radiation based on the
spontaneous coherent mechanism of emission. This type of emission is realized if the effective phase
size of the bunch with respect to the radiated wave is small enough. Therefore, the repulsion of particles
caused by a strong Coulomb field inside the dense electron bunch strictly limits the duration of the radiation
process due to the increase in the bunch length. We show that this problem can be solved by using the
cyclotron mechanism of the spontaneous radiation due to the effect of compensation of the Coulomb

repulsion in the phase space.
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I. INTRODUCTION

Modern sources of dense electron beams (including
laser-driven photoinjectors) allow the formation of compact
and accessible sources of dense electron bunches with a
moderate energy of 3—6 MeV, picosecond pulse durations,
and charges of up to 1 nC and even greater [1-6]. These
bunches can be used for the realization of relatively simple
and compact terahertz (THz) sources operating in the
regime of spontaneous coherent radiation [7-14]. This
type of radiation is realized when the effective phase size
of the electron bunch with respect to the wave is small
enough so that the wave packets emitted by each of the
electrons add up basically in phase (Fig. 1). In other words,
in this paper, spontaneous emission means a situation
where the electronic bunch is so short that it is ideally
(or almost ideally) bunched with respect to the emitted
wave already at the entrance to the radiation region and
remains so during the whole process of radiation. In the
case of undulator radiation, this situation is provided when
the bunch stays significantly shorter than the wavelength
of the radiated wave [13,14]. In the case of cyclotron
radiation, the situation is more complicated due to the 2D
character of the electron phase with respect to the wave.
This paper is devoted to the peculiarities of providing and
maintaining the spontaneous nature of the cyclotron radi-
ation from a short electron bunch.
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Sub-THz and THz sources based on spontaneous emis-
sion have a number of advantages as compared to the more
traditional electron masers based on the emission induced
due to the bunching of a long electron beam by the radiated
wave [Fig. 1(b)]. First of all, an evident advantage is a
relatively high efficiency of the energy extraction from
electrons, which can be achieved in a simple microwave
system based on the “ready-for-radiation” bunch. Actually,
such an oscillator does not require either a wave feedback
system or an input wave signal to provide the high-
efficiency stimulated character of the radiation process.
A high efficiency together with a narrow frequency band of
the radiated rf signal is provided in a relatively short and
simple system (namely, just an amplifierlike waveguide
system). One more important advantage is that the phase of
the radiated rf signal is fixed by the electron bunch phase.

A key problem in the realization of a sub-THz source
based on the spontaneous coherent emission from a short
electron bunch is a strong Coulomb repulsion in dense
bunches, which leads to the increase of the axial bunch
length [Fig. 1(a)]. If the “operating” radiation mechanism
of the sub-THz source is based on the longitudinal electron
bunching [15] (free-electron lasers and Cherenkov masers),
then axial expansion of the bunch leads automatically to an
increase in the bunch phase size with respect to the radiated
wave. This results in the saturation of the process of
spontaneous emission. Thus, in the case of undulator
and Cherenkov masers, special methods providing control
of the axial length of the bunch [13,14] (and, possibly, the
compression of the bunch [16—18]) are required.

This paper is devoted to studying possibilities for
organizing spontaneous coherent emission from a short
electron bunch in cyclotron masers. We develop the theory
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(a) Spontaneous emission from a short electron bunch, as well as the termination of this process due to the increase in the phase

size of the bunch caused by Coulomb repulsion. (b) Induced emission from a long electron beam of a traditional electron maser, which is
based on the bunching of the beam in the field of the radiated wave.

of these devices [19-24] to a special case of spontaneous
emission of a short wave packet from a short (shorter than
the radiation wavelength) and dense electron bunch.
Naturally, in this situation, the axial expansion of the
bunch due to a strong Coulomb repulsion is very important
for maintaining the spontaneous character of the emission.
We show that an advantage of the cyclotron character of the
spontaneous emission is that one can easily solve the
problem of the Coulomb repulsion. Namely, it is possible to
provide a situation where an increase in the axial length of
the bunch caused by the Coulomb repulsion does not lead
to an increase in the phase size of the bunch, so that the
cyclotron phases of particles with respect to the radiated
wave stay almost constant.

We show that this effect of compensation of the Coulomb
repulsion in the phase space is provided automatically in
the group resonance regime, where the group velocity of
the radiated wave is close to the axial electron velocity and
is useful also because the group resonance regime is very
attractive from the viewpoint of organizing the wave
emission process, as the maximal growth rate of the
cyclotron instability is achieved in this regime [21]. The
group resonance regime is especially important for short
electron bunches, as in this situation a superradiant regime
is realized [25,26]. In this regime, the radiated wave does
not “run away” from the electron bunch, as the group
velocity of the radiated wave packet coincides with the
translational velocity of the electron bunch. Therefore,
during the radiation process, the wave field is accumulated
in the region close to the bunch. This accumulation leads to
the formation of a powerful short wave pulse propagating
together with the bunch. It was shown [21,25,26] that this
superradiant regime provides the maximal growth rate of
the cyclotron instability in the case of the traditional
induced character of the emission (when the bunch is
much longer than the wavelength). In this paper, we use the

advantages of this regime for the case of spontaneous
emission from a short bunch.

This paper is organized as follows. The effect of
compensation of the Coulomb repulsion in the space of
cyclotron phases is described in Sec. II. In Sec. III, a set
of equations describing electron motion in the radiated
wave field and in the Coulomb field of the bunch is
obtained. In Sec. IV, we study possibilities for generating
short powerful wave pulses in an electron oscillator based
on spontaneous coherent cyclotron emission. In Sec. V, we
discuss some peculiarities of the regime of the spontaneous
coherent superradiant emission.

II. COMPENSATION OF THE COULOMB
REPULSION IN THE SPACE OF
CYCLOTRON PHASES

In this paper, we consider the spontaneous cyclotron
emission from a short dense electron bunch possessing
parameters typical for modern photoinjectors (energy at the
level of several MeV and charge at the nC level). A short
(few picoseconds) duration of this bunch makes it possible
to provide the spontaneous character of the emission in the
sub-THz frequency range.

We assume that the bunch moves along a helix in a
waveguide immersed in a uniform axial magnetic field
(Fig. 2) and radiates a waveguide mode with a fixed
transverse structure. In the simplest case, the transverse
mode selection can be provided by excitation of the lowest
mode in the regime of grazing of the dispersion character-
istic, when the axial electron velocity coincides with the
wave group velocity [Fig. 2(c)]. We show further that this
regime is optimal also from the viewpoints of both the
efficiency of the wave emission and compensation of the
Coulomb repulsion of electrons in the space of their
cyclotron phases.
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FIG. 2.

(a) Cross section of the cavity. (b) Longitudinal section of the cavity. (c) Dispersion characteristic for the case when the

electron velocity is close to the group velocity of the radiated wave.

We study the spontaneous coherent cyclotron emission
from the short bunch. Such a type of emission takes place
when the effective phase size of the bunch with respect to
the radiated wave is small enough (<2x), so that almost all
particles of the bunch radiate in phase. If electrons rotate
around the waveguide axis (Fig. 1) and radiate the lowest
circular-polarized wave TE, |, then the electron phase with
respect to the wave is determined as follows:

9 = wot — hyz — . (1)

Here, w, and h are, respectively, the wave frequency
and the axial wave number corresponding to the exact
cyclotron resonance:

Q,
wy = hoV) + e (2)

In Eq. (2), ¢ =@o+ [Q./ydt is the phase of the
electron gyrorotation determined by the relativistic electron
cyclotron frequency Q. /y (here, frequency Q. = % is the

nonrelativistic cyclotron frequency, and y = 1/4/1 — *
the relativistic Lorentz factor).

We consider the situation when electrons acquire gyro-
oscillations in a short kicker located at the entrance to the
radiation space. In the approximation of a sufficiently short
beam, we can assume that the initial gyrophases ¢, are the
same for all particles. Then, the initial electron phase with
respect to the radiated wave is determined by the time the
electron enters into the operating region:

190 = Cl)ot().

Therefore, at the beginning of the electron-wave inter-
action region, initial cyclotron phases of all electrons in the
bunch with respect to the radiated wave are distributed over
the interval

0 < 9y <59,

where the initial phase size of the bunch is determined by
the initial bunch length /;:

59 ~ kly. (3)

Here, k = % = 2x/A. Thus, spontaneous emission is
possible (the bunch is ready for radiation) when the initial
bunch length is shorter than the wavelength. In terms of
Fig. 3, the ready-for-radiation bunch means that the phase
size of the bunch is small enough (69, < 2x), so that most
of the electrons in the bunch are in the decelerating phase of
the radiated wave and, therefore, pass their kinetic energy
to the wave. For instance, a dense electron bunch with a
duration of [y/c ~ 1 ps (with the initial bunch length of
lop ~ 0.3 mm) can be used for spontaneous coherent emis-
sion of a wave at a frequency of approximately 1 THz or
lower.

A key problem in dense bunches is a strong Coulomb
repulsion, which leads to the increase of the axial bunch
length. If the “operating” radiation mechanism of the sub-
THz source is based on longitudinal electron bunching [15]
(either ubitron or Cherenkov radiation), then axial expansion
of the bunch leads automatically to an increase in the bunch
phase size with respect to the radiated wave [Fig. 3(a)].

In the case of the cyclotron maser, the Coulomb
repulsion also provides an increase in the length of the
bunch. However, the situation is more complicated due to
the 2D (azimuthal-longitudinal) character of the electron
bunching in the field of the wave. In this case, an effect of
phase compensation of the Coulomb expansion can be
provided. This effect is illustrated in Fig. 3(b). In contrast
to ubitron and Cherenkov masers, where the places of equal
phases of different electrons with respect to the wave
represent a set of points z, ~ ni [Fig. 2(a)], in the case of
the cyclotron radiation the points of equal electron
phases with respect to the wave 9 = const form a 2D curve
[Fig. 2(b)]. According to Eq. (2), this curve is a rotating helix
hoz + ¢ = const. We show that it is possible to provide the
situation when, as a result of Coulomb repulsion, the electron
bunch spreads along the helix of the constant phase. In this
case, an increase in the bunch length does not lead to an
increase of the phase size of the bunch.

Let us consider evolution of the bunch in the case when
the radiation fields are negligibly small, such that electrons
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FIG. 3. (a) In the case of either ubitron or Cherenkov masers, axial expansion of the bunch leads to an increase in the bunch phase size
with respect to the radiated wave. (b) In the cyclotron maser, the bunch is stretched along the 2D helix of the constant electron phase with
respect to the wave.

move mainly only under the influence of the Coulomb field a9 1 Q.
existing inside the dense bunch. Our aim is to find the d(wot) B Pul I
dependence of the phase size of the bunch, 69, on the
normalized axial length k/. According to Eq. (3), the initial
values of these two sizes are the same. However, the
dynamics of their changes under the effect of the Coulomb
field of the bunch are different.

(5)

oy

Here, fo = chy/wy = V4 /c is the normalized group
velocity of the wave. In the right-hand part of Eq. (5), the

Let us consider electrons placed in the front and in the <:>Coulqmb
tail of the bunch (particles 1 and 2 in Fig. 4, respectively). :-‘ repulsion \‘-:
Since particle 1 is accelerated by the Coulomb field and o, = => | |
particle 2 is decelerated, the axial length of the bunch, 2 l <e 1
| = z; — 7, increases in time due to the Coulomb repul- | l (a) ! |
. . . . S l() ! [
sion. Having considered the axial electron motion in the o7 &> ]

ultrarelativistic approximation,

d(kz) Y —7o

o i
d(wgt) Pi~bi+ Biory

one obtains the following equations describing the evolu-
tion of the axial bunch length:

d(kl) _yi_ra
~ . 4
d(wot) ~ Pory “) 0

axial coordinate, z

FIG. 4. (a) Enhancement of the axial length of the electron
bunch in the process of its motion due to the Coulomb repulsion.
(b) Characteristic evolution of axial coordinates of the electrons
placed in the front and in the tail of the bunch (particles 1 and 2,
respectively), as well as the evolution of phases of these two

Here, f| = V| /c is the normalized axial electron veloc-
ity and (y —y,) describes the change in electron energy
caused by the Coulomb repulsion.

The evolution in time of the phase of the two particles
given by Eq. (2) is described by the following equation:

particles in the case of a small factor a. Here, z, denotes the axial
coordinate of the bunch center.
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term &il = f,:p) describes the change in the axial com-

ponent of the electron cyclotron phase with respect to the

wave hyz, whereas the term &, = £ corresponds to the
woy

variation of the azimuthal component ¢ in formula (1).
Evidently, a change in the electron energy caused by the
Coulomb repulsion results in opposite changes in 1% and

& ; namely, an increase (decrease) in the energy leads to
an increase (decrease) in 19“ but to a decrease (increase)
in .

This fact can be used to provide compensation of the
effect of Coulomb repulsion on the electron cyclotron
phase with respect to the wave. Let us find when this
compensation is achieved. In this consideration, we neglect
the effect of the radiated wave on the electron motion. We
assume that the magnetic field corresponds to the exact
cyclotron resonance:

Q.
—= =1 _ﬂgrﬂH,O' (6)

Yo®Wo

Then, the change in the resonant cyclotron phase caused
by the Coulomb interaction is described as follows:

(oD ~ u(ro) X (¥ — 7o), (7)
where
d Q.
H = _d_)/ (ﬁgrﬁ” + 0)07) . (8)

We introduce axial and transverse components of the
normalized relativistic electron momentum py , =yf) |
and transform Eq. (7) to the following form:

d Q,
= (B 5)

We assume that the Coulomb repulsion has basically
axial character. In this situation, the general relativistic
formula

r=1+p +pi?
leads to

dp 1
== v/p) =

dr b )

Then, formula (8) together with Egs. (6) and (9) leads to
the following relation:

1 ﬂgr
u(ro) = — < -1
Yo \P)0
This factor determines the evolution of the phase size of

the bunch, 69 = 9; — 9, in time:

581:2) ~ u(ro) X (11 =72)-

Having compared this equation and Eq. (4), one obtains
the following relations between changes in the phase size
and in the axial bunch length:

:73<ﬂgr—1) 10
T\ ) 1o

This formula is illustrated in Fig. 4. Though the initial
values of the phase size and of the normalized axial length
are the same, the rates of increase of these two sizes in time
due to the Coulomb repulsion are different, namely,

d(59)

d(ki)

Q

519 = klo + a X k(l— lo)
In the case of the group resonance,

ﬂgr:ﬂll,Ov (11)

The factor a is small, so that the Coulomb repulsion leads
to a very slow change of the phase size of the bunch. Let us
emphasize that, naturally, in this situation the increase in
the length of the electron bunch due to the Coulomb
repulsion is not avoided. However, this Coulomb expansion
does not lead to a significant increase in the phase size of
the bunch [Fig. 4(b)], as electrons expand along the curve
(helix) of the constant phase with respect to the radiated
wave [Fig. 3(b)].

Note that, when we obtain this equation, we do not use
any particular model describing the Coulomb field inside
the electron bunch. In other words, it does not matter how
the difference in the energies (y; —y,) of the extreme
particles of the bunch grows in time due to the Coulomb
repulsion. Therefore, Eq. (10) describing the compensation
of the effect of the Coulomb field on different (transverse
and axial) components of the electron cyclotron phase has a
very general character. Note also that the effect of the total
compensation in the case of the group resonance is weakly
sensitive to the spread in initial electron energy, dyj.
Actually, if Eq. (11) is fulfilled for the central energy
fraction, then the initial energy spread dy, leads to the
following spread in the parameter a:

d
dazﬂ.
70

For modern photoinjectors, this value is as small as
approximately 1% [1].
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(a) The radiated wave pulse in the case of the superradiant emission in the group resonance regime. (b) The radiated pulse

“slips” with respect to the electron bunch in the case when the electron velocity differs from the wave group velocity.

A principal point is that the group resonance regime
described by condition (11) is optimal also from the
viewpoint of organizing the wave emission process. In this
regime, quanta emitted in different moments of time do
not run away from the electron bunch, which leads to the
accumulation of radiation in the region close to the bunch
and, as a result, to the formation of a powerful short
wave pulse propagating together with the bunch (Fig. 5).
A rapid increase of the wave amplitude in the region of the
short electron bunch provides the maximal growth rate of
the cyclotron instability [21]. This is analogous to the
superradiant radiation effects, studied both theoretically
and experimentally for various types of electron masers
[25,26] operating in the traditional regime of the induced
emission from relatively long electron bunches. In the case
of the spontaneous emission from a short bunch studied in
this paper, this advantage of the superradiant regime
is naturally combined with the solution of the problem
of the axial expansion of the bunch due to the Coulomb
repulsion.

We would like to note here the analogy between the
above effect of compensation of the influence of Coulomb
forces on the phase of a particle relative to the radiated
wave and the autoresonance effect known in the theory of
electron cyclotron masers and that is the basis of the so-
called cyclotron autoresonance masers [22—-24]. The latter
represents the compensation of the influence of the field
of the radiated wave on the electron phase. It can be
described by the same formalism as above, but with one
amendment. Namely, one should change Eq. (9) that
relates changes in the energy of a particle and its
longitudinal momentum, taking into account that in the
case of the electron motion in the field of the radiated
wave

dpy _ 1

— = Por-
d}/ ﬁph £
Here, By, = wy/chy = Vy,/c is the normalized phase
velocity of the wave. Correspondingly, one should sub-
stitute ﬁ with S, in Eqs. (10) and (11), so that o ~ (ﬁér —1)

.0
and the autoresonance effect takes place when the

group velocity of the wave coincides with the speed of light,
Bor = 1 (more precisely and more generally, this condition
should be satisfied for the phase velocity, fy, = 1).

The effect described in this paper has the same nature,
namely, the mutual compensation of changes in the
longitudinal and transverse components of the electron
phases relative to the radiated wave. It turns out, however,
that if these changes are caused not by the fields of the
radiated wave but by quasistatic Coulomb fields of repul-
sion in a dense short electron bunch, then the compensation
effect occurs if the group velocity of the wave coincides not
with the speed of light but with the speed of translational
motion of electrons.

III. EQUATIONS OF ELECTRON MOTION
IN RADIATED AND COULOMB FIELDS

We start from the equation for the change in the electron
relativistic gamma factor,

dy
222 — _¢(V-E),
mc 7 e( )

where V is the electron velocity and E is the total electric
field acting on the particle. Let us represent the right-hand
part of this equation as a sum of two terms:
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— F, —F,. (12)

Here,
e

e
EHCVH and F, = —2EJ_,W Vi
wymc

Fe= womc?
describe the interaction of the particle with the axial
Coulomb electric field £ . and with the transverse electric
field £ ,, of the radiated wave, respectively. From the very
beginning, we normalize the time to the base frequency of
the radiated wave packet wy.

A. Coulomb interaction

In our model, we take into account only the axial
interaction of electrons with the Coulomb field. This
restriction is due to the relativistic compensation of con-
tributions from electron and magnetic fields in the transverse
component of the Lorentz force, as well as due to the quasi-
1D character of the electron bunch. The latter is true in the
situation when the transverse component of the electron
velocity V| is small as compared to the axial component V|,
and when the bunch radius is small enough as compared to
the bunch length in the copropagated reference system. In
this approximation, the axial Coulomb electric field inside
the bunch can be easily calculated by using the bunch model
described in detail in Ref. [18].

We represent the bunch as a discrete set of n fractions
(thin “pancakes”, Fig. 6). Each pancake has the electric
charge g/n, where ¢ is the total charge of the bunch. In the
reference system related with the electron bunch, the axial
electric field of the jth pancake at the axis of the symmetry
is determined by the following formula:

A U S (13)
i — ns R

V— ) i
A J 1
Ej:>i
N Gl
2R
Y g Z)
> l( )I
L > AZj
e

FIG. 6. Calculation of the Coulomb field in the electron bunch:
the model of a set of charged pancakes.

Here, S = zR?, R is the radius of the electron bunch,
Az7';; =7';— 7 ;,and Z’; and 7'; are the coordinates of the ith
and jth pancakes, respectively, in the correlated system.
The distance between two disks in a correlated system is
connected with the same in the laboratory coordinate system
by the Lorentz relation Az'; ; = y| ;Az; ;, where Az, ; is the
distance between the ith and jth disks in the laboratory
coordinate systemand y = 1/4/1 — ﬂH2 is the longitudinal
Lorentz factor of the ith pancake. The total electric field
acting on the jth pancake is found as a sum over all pancakes.
Therefore, the Coulomb field contribution in Eq. (12), F' ;,

for an electron placed in the jth pancake is determined by the
formula

FC,j :XC,jEj' (14)
Here
. ILe,OA’ﬁH,j
s
a
o Az 7.4l
Ei=) sen(zj—z) | 1- il fa(zio):
Py R* + (Az; jyy.)?

where I = gc/L, is the electron current, L, is the initial
length of the bunch, A is the wavelength, I, = mc?/e, and
fq4(zip) is the function of the charge distribution in the
bunch (in simulations, the Gaussian distribution function
is used).

For the normalized electron axial momentum p| = yf|,
coming from the results for the Lorentz-factor changes
(14), taking into account the relation between the axial
moment and energy, caused by Coulomb interaction,

dp, F

__Fy
d(wot) Py, (15)

B. Electron-wave interaction

In order to describe the electron-wave interaction, we use
a traditional approach of the cyclotron resonance maser
theory [22]. We consider the motion of a particle along a
helical trajectory in a circular waveguide immersed in the
uniform magnetic field B, (Fig. 2). If the particle rotates
around the waveguide axis, then the complex transverse
electron coordinate and the complex transverse of the
velocity are described as follows:

ry =x+iy=r.?,
Vo=V, iV, =iVie, ¢= /Qc/ydt. (16)

Here, (¢, r, z) are the cylindrical coordinates, r. is the
Larmor radius, and V| = r.Q. is the oscillatory velocity.
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We assume that the particle interacts with the lowest
TE,; circular-polarized transverse mode of the waveguide.
The field of this wave is described by the following vector
potential:

m,c?

A—Re(kj_
e

Ji(k, r)a(t,z)exp(iot — ihz)) . (17)

where a(7,z) is the normalized (slow) amplitude of the

wave; k, = \/ko> — ho> = uy;/R,, is the transverse wave
number, k is the free-space wave number, 4 is the root of

the equation J) (4;;) = 0, and R,, is the waveguide radius.

Consequently, transverse complex electric and magnetic
wave fields £, = E,+iE,,B, =B,+iB, are deter-
mined as follows: ) '

2

. m,c .o io
E . =—ixk, ; *exp(up)[a—i—;a—(p]
x Rela(t, z) exp(iwt — ihz)]J (k. r),
B, = iho/koE, . (18)
and in the center of the waveguide (the bunch place)

transverse complex electric and magnetic wave fields are
fields of a plane wave:

2
i me
E, = _ETa(t, z) exp(ip — iwt + ihz).

The equation for the electron energy change,

d
mc? th/ = —eRe(ELV ),

leads to the following equation:

dy
d(a)o t)

- _F, (19)

Here, F,, = ﬁRe(E’;VQ = Rely,,aexp(i9)], x, =
1 /2 is the electron-wave coupling factor,and f, =V /c
is the normalized transverse velocity.

Electron-wave interaction leads to a change in the
normalized axial momentum p = yf|:

dp) e
— =—Im(BLV.,).
Having compared this equation and Eq. (19) and taking
into account the ratio between wave electric and magnetic
fields in Eq. (18), one obtains

dp|

d(a)ol) = _ﬂngw- (20)

C. Equations of the electron motion

The equation for the total electron energy change (12) is
transformed by relations (14) and (19) to the following
equation:

dy; .
d(T(])t) = —Reb(wja X exp(l&)] — Fc,j‘ (21)

For the normalized electron axial momentum in the jth
disk, coming from the results (15) and (20), taking into
account the ratio between wave electric and magnetic
fields (17):

dp;
d(a)()t)

= —puRely,, ja x exp(i9)] — ;c’j . (22)
ll.j

The change in the complex transverse momentum,
py = p.e', is determined by the following equation:

dp. 1 e

P+
=——Xx——= | E B —By |. 23
d(wot) 0)0me2< + OB+ Y O) (23)

The equation for the electron cyclotron phase change is

do 1 e

2

d(a)of) op | mc

x Im <E+ exp(ig) + f 0B exp(ip) — %Bo>
b .
=2 (1= paptm (iexp(z&)) . (24)

Here, b = Q./w,. The electron resonance phase is the
difference of the electron phase with respect to the wave
and the electron cyclotron phase: 9 = wt — hz — ¢. The
equation for the change in the resonance phase is

d9
d(wot)

= —Pu(By —PBjo) — b (1 - 1)

Y 7o

+ (1 = B 0Ber)Im (iexp(i&)) + A, (25)

Here, A =1—f4f0—b/yo is the mismatch of the
electron-cyclotron resonance.

D. Equation of the superradiant radiation of the
resonant wave

In order to describe the spatiotemporal evolution of
the slow rf wave amplitude a(z, ), we follow the way
described in detail in Ref. [27]. We consider the wave
equation for the vector potential:
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This equation leads to the following equation for the
slow rf wave amplitude:

1 0%a
% or?

2i 2

l?o (?;; g 5+ ZZhOZ igpnZ(z), (26)
where g=21(1—pg?*)/1,Np, is the excitation factor, N =
0.4 is the norm of the operating TE,; transverse mode, and
the function Z(z) describes the bunch axial position,
namely, Z(z) =1 if z—Vyr€[0,L,] and Z(z) =0 if
7=Vt &[0,L,]. The source in Eq. (26) is proportional
to the factor of the electron bunching with respect to the
radiated wave:

Pn = O(W exp(—18)> ’

where (---) denotes averaging over the whole electron
ensemble. This equation represents the first harmonic of the
Fourier transformation of the electron current density
over the cyclotron phases of electrons with respect to
the operating wave and is analogous to the form factor of a
short bunch in the FEL theory.

If we use the following normalized variables:

§=ko(z—V)o1), t=wy(t—Voz/c?), (27)

then and the wave equation (26) is trans-

1
d(wot) 700 Y102 B‘L' ’
formed as follows:

?a  Da da da . Z({)
— - 5—21 a—g = iGp, L

(28)

Here, s = (1 —fyf))/(1 —f?) is a factor, which is
close to unit in the case when Sy, % )|, € & (B — ﬁgr)y”_oz
is the factor describing “slippage” of the radiated
wave pulse with respect to electrons, and G =
2koL (1 — By?)y)0°/1NBy is the factor of the wave
excitation.

We consider emission from a very short electron
bunch,L, < AyH,Oz. In this case, we can use the approxi-
mation Z({)~L,56(¢), so that Eq. (28) is reduced as
follows:

2
200 500 Oa

oz a_C - 3—52 = iGp,d(C). (29)

At the zero initial conditions, this equation can be solved
analytically [27,28]:

Ve

xexp[—V2il?)(z—7)—ie(t—7) /2 —iel]dd.  (30)
In the case of the exact group resonance regime,

Por = P> the rf-wave amplitude in the location of the
bunch ¢ = 0 is found as follows:

B[ o

Note that in this case the wave excitation factor is
described by the following simplified formula:

a(¢ =0.7) =

 2koL,I
IaNﬂgr .

IV. SIMULATIONS OF THE CYCLOTRON
SUPERRADIANT RADIATION FROM
SHORT DENSE BUNCHES

In simulations, we describe electron motion by the
equation for the electron energy (21), the equation for
the electron axial momentum (22), and the equation for
the electron cyclotron phase with respect to the wave
(25). In these equations, the rf wave amplitude a is
determined by Eq. (31), and this is the same for all
electrons of the short bunch. As for the normalized
Coulomb field acting on the jth particle,F. ;, this is
determined by Eq. (14). Naturally, this model includes a
number of approximations; namely, a very simple pan-
cake model is used for description of the Coulomb field,
a pointlike electron bunch model is used to describe the
wave excitation by means of Eq. (31), and no initial
energy spread is taken into account. However, such a
simple approach can give predictions which are in very
good agreement with result simulations on the basis of a
“full” particle-in-cell code based on the “direct” model-
ing of Maxwell equations [17]. As for the initial energy
spread, it is mentioned above that a spread of 1% typical
for modern photoinjectors is not too important for effects
studied in this paper. More importantly, such a spread is
significantly smaller than the dynamic spread that occurs
quickly enough in the short dense bunch due to the
Coulomb repulsion.

We consider electron bunches with the total charge of
0.1-1.0 nC, 1 mm diameter, and the electron energy is
6 MeV (which corresponds to the relativistic Lorentz factor
of electrons y = 13). These parameters are quite typical for
modern photoinjectors [1]; in particular, they are close to
the expected parameters of the photoinjector the Israeli THz
radiation source being constructed at Ariel University [29].
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The initial transverse velocity o=V, o/c~1/y, is
chosen from the viewpoint of maximization of the electron
efficiency predicted by the cyclotron maser theory [22].
This transverse velocity together with the group resonance
condition (11) results in the following formula describing
the Doppler up-conversion of the nonrelativistic cyclotron
frequency:

rQ.
2

@y ~

for the cyclotron radiation at a wave frequency of
0.5 THz, which corresponds to the operating magnetic
field By~ 2.7 T.

Figure 7 illustrates simulations of spontaneous emission
from short (the initial length is L, = 1/4) bunches with

0.1

efficiency
0.05 - --°
| (a)
-
0 10 20 30 40 50
axial coordinate (cm)
N (b)
\\
~
~
~ -
> -~ - -
0 ——
0 10 20 30 40 50
axial coordinate (cm)
()
T T T T 1
0 10 20 30 40 50

axial coordinate (cm)

FIG.7. Spontaneous emission from short (L, = 1/4) bunches
with two different bunch charges 0.1 (solid curves) and 1 nC
(dashed curves). Efficiency of the electron-wave interaction (a),
electron bunching efficiency p (b), and the effective bunch axial
length normalized to the initial length L, /L, ¢ (c) versus the axial
coordinate.

different charges (0.1 and 1.0 nC). It shows the electron
efficiency [the change in electron energy averaged over
all particles in the bunch normalized to the initial kinetic
electron energy, 7 = (yo —v)/(yo — 1)], the efficiency of
electron bunching (which is described by formula
p = (e7)), and the relative increase in the bunch length
L,/L,o. In these simulations, the waveguide radius is
chosen to provide the exact group resonance, so that the
group velocity of the radiated wave coincides with the
initial value of the axial component of the electron
velocity.

The initial bunch length L,, = A/4 corresponds to a
relatively small initial phase size of the bunch 69 = z/4.
This size corresponds to a quite high efficiency of the
electron bunching at the input of the radiation region,
p(0) ~ 1. In the process of motion of the bunch along the
operating waveguide, the bunch length increases basi-
cally due to the Coulomb field. Even in the case of a
relatively small charge (0.1 nC), the bunch length
increases by a factor of approximately 5 in the process
of the motion of the bunch through the 50 cm radiation
region [Fig. 7(c)]. However, as is predicted in Sec. II,
such a dramatic increase in the bunch length does lead
to a significant increase in the bunch phase size, so that
the bunching efficiency remains at a level p(z) ~0.5
throughout the whole electron-wave interaction region.
Since the wave amplification is determined by the
stability of the bunch phase size [0a/0t x p; see
Eq. (31)], this results in a stable increase in the electron
efficiency with the axial coordinate of the moving bunch
[Fig. 5(a)]. According to Eq. (31), while the electron
bunching factor p(z) remains approximately constant, the
superradiative radiation process leads to the growth of the
wave amplitude in time as a(7) « /7. In accordance with
Eq. (21), this growth leads to the fast growth of the
electron efficiency

n(r) « 73/, (32)

The saturation is achieved at relatively short lengths
(50 cm at 0.1 nC and 15 cm at 1 nC), and the saturated
values of the electron efficiency are relatively high
(7%-10%) almost independently of the bunch charge.

In contrast to Figs. 7 and 8 illustrates the situation
when the initial bunch length is close to the wavelength,
length L, ~ . This corresponds to the initial phase size
of the bunch 69 = 2z and, correspondingly, to a close-to-
zero initial bunching factor p(0). In fact, this case
illustrates the transition from the spontaneous radiation
of a short-length electron bunch to the induced radiation
of an electron ensemble which is not prebunched with
respect to the radiated wave. In this case of induced
radiation, the bunching efficiency p(z) increases with the
axial coordinate due to bunching of electrons in the field
of the radiated wave [Fig. 8(b)]. Similar to the previous
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0159 efficiency

0 50 100 150
axial coordinate (cm)

FIG. 8. Induced emission from relatively long (L., = 1)
bunches with two different bunch charges 0.1 (solid curves)
and 1 nC (dashed curves). Efficiency of the electron-wave
interaction (a), electron bunching efficiency p (b), and the
effective bunch axial length normalized to the initial length
L,/L,q (c) versus the axial coordinate.
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case, the bunch length increases due to the Coulomb
repulsion [Fig. 8(c)]. However, due to the effect of the
compensation of the Coulomb repulsion in the phase
space, this repulsion does not prevent the phase bunch-
ing of the electron ensemble [Fig. 8(b)]. Because of this
fact, the saturated efficiency in this case of induced
radiation [Fig. 8(a)] is close to that in the previous case
of spontaneous radiation [Fig. 7(a)]. However, in contrast
to the fast growth of the electron efficiency in the case of
spontaneous emission described by Eq. (32), the induced
process provides a slow exponential growth of the
efficiency [Fig. 8(a)]. This growth is very similar to
the small-signal growth of the instability in FELs.
Therefore, the saturation length of the induced process
is significantly longer, which is naturally due to the need
for additional time for the electron bunching process.

The group resonance regime is optimal from the view-
point of radiation. The results of numerical simulation show
(see Fig. 9) that a wave “slippage” leads to a significant
decrease in efficiency: For the bunch charge 0.1 nC,
efficiency decreases by a factor of approximately 6
[Fig. 9(a)]; for 1 nC, the efficiency decrease is slightly
smaller than in the case of 0.1 nC [see Fig. 9(b)]. Thus, in
the case of a group resonance regime, we have an
opportunity to produce tf pulses with the megawatt level
of power and a duration of approximately 100 ps by using
spontaneous coherent radiation (see Fig. 10).

We have marked above that the efficiency of sponta-
neous radiation is close to the induced radiation efficiency,
but the saturation length of the induced process is
significantly longer and depends on the initial signal
formed by bunch edges. The additional advantage of
spontaneous radiation is revealed in the cases of suffi-
ciently great bunch charges. The results of numerical
simulations shown in Fig. 11 illustrate that a bunch charge
increase leads to a decrease in the induced radiation
efficiency and to the constant efficiency of the sponta-
neous radiation.

0.19 efficiency

b q=1nC Bczﬁgr’ e=0

0.05 (b)

0 T

v T T T v 1
10 ) 20
axial coordinate {cm)

=]
-4

FIG.9. Spontaneous emission from short (L, , = 4/4) bunches with two different bunch charges 0.1 (a) and 1 nC (b). Efficiency of the
electron-wave interaction versus the axial coordinate. Solid curves describe the regime of the exact group resonance, and dashed curves
illustrate a case when the group wave velocity is smaller than the bunch velocity.
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FIG. 10. Spontaneous emission from short (L, = 4/4) bunches with two different bunch charges 0.1 (a) and 1 nC (b). The wave

pulse (power versus time) radiated in the group resonance regime.
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FIG. 11. The saturated efficiency versus the bunch charge at

difference initial lengths of the electron bunch.

V. DISCUSSION AND CONCLUSION

In this paper, we have developed the theory of electron
cyclotron masers to the situation when a short dense
electron bunch produces spontaneous radiation of a short
wave packet. This type of emission is an attractive way to
realize a relatively short, simple, and efficient source of
sub-THz radiation. The key problem here is that the
spontaneous character of emission is maintained, while
the phase size of the bunch with respect to the radiated
wave is small enough (smaller than <27). However, even if
the initial bunch is short enough, strong Coulomb fields
inside the short dense bunch lead to a fast increase of the
axial size of the bunch due to the Coulomb repulsion. In
devices with axial character of the electron bunching in the
field of the radiated wave (FELs and Cherenkov devices),
this problem should be solved by means of providing either
a mechanism of compensation of the Coulomb repulsion
(for instance, using the negative-mass mechanism [13]) or a
mechanism of axial compression of the bunch inside the
radiation region. In contrast, in the case of a cyclotron
maser, this problem can be solved “automatically.” We
show that, at definite conditions (namely, when the group
wave velocity is equal to the axial electron velocity), the
increase in the axial length of the bunch does not lead to an
increase in the phase size of the bunch with respect to the

radiated wave. In some sense, this effect (arising as a result
of mutual compensation of changes in the axial and
azimuthal components of the electron cyclotron phase)
can be considered as an analogue of the negative-mass
effect proposed in Ref. [13] for the control of the phase size
of the bunch in the case of undulator radiation. However, in
the case of the undulator source, the negative-mass effect
decreases the phase size of the bunch just due to a decrease
in the bunch length, as the Coulomb repulsion is replaced
by the “Coulomb attraction.” In the case of the cyclotron
source, the Coulomb fields lead to repulsion of electrons,
and the bunch length increases in the process of motion of
the bunch through the radiation region. However, the
Coulomb elongation of the bunch does not lead to an
increase in its phase size.

Thus, the use of the cyclotron resonance mechanism of
the emission is an attractive way for the realization of a
source of powerful sub-THz pulses based on the sponta-
neous emission from short dense bunches. We show that a
key point is the use of the regime of the group synchronism.
In this situation, along with the solution of the problem of
Coulomb repulsion, one more important advantage takes
place; namely, the wave is emitted in the so-called super-
radiant regime. Since the short radiated wave packet
propagates together with the electron bunch, the elec-
tron-wave interaction process is very effective and leads
to the formation of a short powerful wave pulse.

Both these factors (stabilization of the phase bunch size
and superradiant radiation) together provide a high effi-
ciency achieved in the regime of spontaneous coherent
radiation. The saturated efficiency in this regime is close to
the efficiency achieved in the “traditional” regime of
induced radiation (when the initial phase size of the bunch
is not small). However, naturally, the saturation length of
the induced process is significantly longer and depends on
the initial signal formed by bunch edges. The additional
advantage of spontaneous radiation is revealed in the cases
of very great bunch charges. The results of numerical
simulations shown in Fig. 11 show that an increase in the
bunch charge leads to reducing the efficiency in the regime
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FIG. 12. (a) The efficiency of electron-wave interaction for the 0.1 nC bunch with the initial effective length 1/4 (the full length is

2/2). (b) Distribution of electrons over their phases with respect to the wave versus the averaged axial coordinate of the bunch.
(c) Schematic illustration of the dynamics of the bunch with respect to the wave phase.

of induced radiation. At the same time, if the initial phase
size of the bunch is small enough to provide spontaneous
radiation, the efficiency is almost independent on the bunch
charge even at huge values of charges.

We have mentioned above that the Coulomb repulsion
does not lead to an increase in the bunch phase size.

However, in reality, the phase size of the bunch increases;
however, this is not the Coulomb fields but due to the
strong interaction of electrons with the radiated wave.
Figure 12 illustrate dynamics of phases of different
electrons in the process of spontaneous coherent radiation
in the situation when the initial effective phase size of the
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bunch is as small as /2. A peculiarity of the superradiant
process is that in the beginning of this process the phase of
the radiated wave with respect to the bunch center is z/4
[17]. Therefore, the initial phase of the bunch front is close
to zero, whereas the initial phase of the tail is close to z/2
[Fig. 12(c)]. Since the front is placed at the maximum of the
decelerating phase of the radiated rf wave, its phase
decreases due to the loss of the electron energy down
the nearest steady-state equilibrium (the steady-state “wave
zero,” —5r/4). As for the tail, initially this is close to the
“nonstable” zero of the wave field (z/2). Therefore, in the
process of the electron-wave interaction, the phases of
particles from the bunch tail go to the other steady-state
wave zero, —57/4 + 2z = 3z /4. Thus, the phase size of
the bunch increases due to the electron-wave interaction. In
fact, the saturation of the superradiant process corresponds
to the situation when the initial bunch is divided into two
bunches placed in two different steady-state “zeros” of the
wave field, so that the phase distance between these
bunches is close to 2z [Fig. 12(c), z = z5].

Note that such behavior of the bunch is typical only for
the regime of the exact group resonance. In fact, the initial
phase of the bunch with respect to the radiated wave
depends on the mismatch between the wave group velocity
and the axial electron velocity. In principle, it is possible to
provide the situation when at the beginning of the electron-
wave interaction process the bunch is placed at the “proper”
phase with respect to the radiated wave, such that the
radiation fields provide a decrease in the phase size of the
bunch. This case is not interesting from the viewpoint of
the radiation process, as the efficiency in this case is
relatively low. However, this case can be way to provide
self-compression of the bunch by the radiated field (similar
to the undulator radiation self-compression considered in
Ref. [17]). We do not address this issue in this paper,
hoping that it will become a subject of future papers.
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