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2 Abstract

In the context of radiation emission from an electron beam,

m Dicke’s superradiance (SR) is the enhanced “coherent” spon-
£ taneous radiation emission from a pre-bunched beam, and
; Stimulated-Superradiance (ST-SR) is the further enhanced
.2 emission of the bunched beam in the presence of a phase-
8 matched radiation wave. These processes are analyzed for
% Undulator radiation in the framework of radiation field mode-
£ excitation theory. In the nonlinear saturation regime the
g synchronism of the bunched beam and an injected radia-
£ tion wave may be sustained by wiggler tapering: Tapering-
Z Enhanced Superradiance (TES) and Tapering-Enhanced
g Stimulated Superradiance Amplification (TESSA). Identify-
S ing these processes is useful for understanding the enhance-
.2 ment of radiative emission in the tapered wiggler section of
& seeded FELs. The nonlinear formulation of the energy trans-
g fer dynamics between the radiation wave and the bunched
S beam fully conserves energy. This includes conservation of
‘S energy without radiation reaction terms in the interesting
5 case of spontaneous self-interaction (no input radiation).
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INTRODUCTION

In the context of radiation emission from an electron
beam, Dicke’s superradiance (SR) [1] is the enhanced “co-
o herent” spontaneous radiation emission from a pre-bunched
8 beam, and Stimulated-Superradiance (ST-SR) is the further
enhanced emission of the bunched beam in the presence
« of a phase-matched radiation wave [2]. These processes
m are analyzed for Undulator radiation in the framework of
S radiation field mode-excitation theory. In the nonlinear
g saturation regime the synchronism of the bunched beam
o and an injected radiation wave may be sustained by wig-
5 gler tapering: Tapering-Enhanced Superradiance (TES) and
8 Tapering-Enhanced Stimulated Superradiance Amplification
2 (TESSA) [3]. In section II we present the radiation modes
_ﬂg expansion formulation (in the spectral Fourier frequency
£ formulation) [2] and explain the radiation cases. In sec-
2 tion I1I we derive the radiation from a single bunch and from
E a finite train of bunches in the spectral Fourier frequency
» formulations. In section IV we present the single frequency
£ formulation of the radiation field mode-excitation, and cal-
- . o .

g culate the power radiated by an infinite train of bunches,
E and in section V we derive an energy-conserving non linear
S model which results in a couple of differential equations and

(© 2018). Any

Nnci

.0 lic

Y

om

= * Partial support by US-Israel Binational Science Foundation (BSF) and
by Deutsche-Israelische Projektkooperation (DIP).
T riancon @ gmail.com

FRB03
564

= Content fi

FEL2017, Santa Fe, NM, USA

JACoW Publishing
doi:10.18429/JACoW-FEL2017 - FRBO3

DYNAMICS OF SUPERRADIANT EMISSION BY A PREBUNCHED
E-BEAM AND ITS SPONTANEOUS EMISSION SELF-INTERACTION*

R. Ianconescu’, Shenkar College, Ramat Gan, Israel and University of Tel-Aviv, Tel-Aviv
A. Gover, University of Tel-Aviv, Tel-Aviv, Israel
A. Friedman, Ariel University, Ariel
C. Emma, P. Musumeci, UCLA, Los Angeles

present numerical results of those equations for some cases
of interest.

SUPERRADIANCE AND STIMULATED
SUPERRADIANCE IN SPECTRAL
FORMULATIONS

As a starting point we review the theory of superradiant
(SR) and stimulated superradiant (ST-SR) emission from
free electrons in a general radiative emission process. In
this section we use a spectral formulation, namely, all fields
are given in the frequency domain as Fourier transforms of
the real time-dependent fields. We use the radiation modes
expansion formulation of [2], where the radiation field is
expanded in terms of an orthogonal set of eigenmodes in a
waveguide structure or in free space (eg. Hermite-Gaussian
modes):

{Eq(0), Hy(0)} = {E,(r 1), Hy(r1)}ee=*

E(r,w) = Z Cy(z,w)E,(r)
£q

H(r,w) = Z C’q(z, w)Hq(r)
xq

The amplitude coefficients C’q have dimensions of time, are
in units of sec V/m and sec A/m.
The excitation equations of the mode amplitudes is:

déq(z,(/.)) _ -1 5 F ok 2

where the current density J (r, w) is the Fourier transform of
J(r, 1).

The above is formally integrated and given in terms of the
initial mode excitation amplitude and the currents:

¢z w) - Cy0w) = ——— / Jr,w) - El(r)av,
ap,
where
I By, = 0)P
Pq = ERE/]((Sq X q) . €Zd21‘J_ = qZTAemq
(2)

and Z, is the mode impedance (+/uo/ € in free space). In the
case of a narrow beam passing on axis near r, = 0, Eq. (2)
defines the mode effective area A, 4 in terms of the field
of the mode on axis &,(r, = 0).
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For the Fourier transformed fields we define the total
spectral energy (per unit of angular frequency) based on
Parseval theorem as

aw _ 2 .
- == 2 PG ).
q

This definition corresponds to positive frequencies only:
0 < w < co. Considering now one single mode g,

aw, 2
o - ;Pq|cq(w)|2-

For a particulate current (an electron beam):

N
J(r,1) = Z —ev;(1)5(r — (1))

J=1

The field amplitude increment appears as a coherent sum of
contributions (energy wavepackets) from all the electrons in
the beam:

N N

9 o . 1 o

Cot(w) = CiMw) = )" ACqj(w) = w7, D AW, or
J=1 J=1

AW, = —6/ vi(t)- E;(rj(t)e''dt. (3)

The contributions can be split into a spontaneous part (in-
dependent of the presence of radiation field) and stimulated
(field dependent) part:

U A0 /st
AWyj =AW, + AW, ..

We do not deal in this section with stimulated emission;
however, we note that, in general, the second term A‘qu]’
is a function of C’q(z) through r;(¢) and v;() and therefore
AWS5! cannot be calculated explicitly from the integral in
Eq. 3. Its calculation requires solving the electron force
equations together with the wave excitation equation in Eq. 1.

Assuming a narrow cold beam where all particles follow
the same trajectories, we may write r;(¢) = r?(t — to;) and
vi(t) = V?(l — ty;), change variable t” = ¢ — to; in Eq. (3) [5],
so that the spontaneous emission wavepacket contributions

are identical, except for a phase factor corresponding to their
injection time f;:

Y0 _ Aqis0 iwt;
A‘ij = A(que ,
where

A(Wge = —e /oo Vg(t) . E;(rg(t))eiwtdt, (4)

o0

The radiation mode amplitude at the output is composed of
a sum of wavepacket contributions including the input field
contribution (if any):

N
Comt(w) = CMw) + ACY (@) D e (5)
j=1
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so that the total spectral radiative energy from the electron
pulse is

daw, 2 S ou 2
d—wq —%q |Co" ()]

2 o 2
;7)61{ |4 (@)
2 2
+|aclw)

N
Z eiwt“j
j=1

N
+ C;"*(w)ACfI()e)(w) Z el ¢ c.c.
J=1

}

(qu) +(qu) +(qu)
do |, dw sp/SR dw Jer_sg

The first term in the {} parentheses (“in”) represents the
input wave spectral energy. The second term (“sp/SR”) is
the spontaneous emission, which may also be superradiant
in case that all contributions add in phase. The third term
has a very small value (averages to 0) if the contributions
add randomly, so it is relevant only if the electrons of the
beam enter in phase with the radiated mode. It is thus de-
pendent on the coherent mode complex amplitude C2, and
therefore it is marked by the subscript “ST-SR”, i.e. “zero-
order”stimulated superradiance.

SINGLE BUNCH AND FINITE
TRAIN OF BUNCHES

Using Eq. (4) for a single tight bunch one obtains the
spectral energy per unit of angular frequency at the exit of
the undulator for SR

dw, N22Z, (@, \> L2
( q) -2 %% (aw ) Y sinc?(6L,y/2),
SR

dw 160 \B,y] Aem
and for ST-SR

= ¢ ()|

w

(qu

) Ne ( T ) 27,P,
dw | gr_sg

2m \ By
x sinc(6Ly, /2) cos(@gpo — 0Ly /2),

Aem q

where L,, is the undulator length.
Similarly, for a train of Ny, tight bunches, one obtains

dw,\  N?¢Z,(a, \’
dw SR_ 160 \ B,y
2

L
X -0 My (@) sinc* (0L /2),

qu) - Ne | a,, ZZqPq
=|Cm(w)|—( —— Ly|Mup(w)]
(d“’ ST-SR 20 \By |\ Aemq M

x sinc(6L,, /2) cos(¢qp0 — 0L /2),

where
sin(Nyw/wp)

My (w) = Ny sin(rw/wp)
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INFINITE TRAIN OF BUNCHES IN
SINGLE FREQUENCY ANALYSIS

In the single frequency analysis, the radiation modes ex-
pansion formulation is expressed by the following equations:

Er) = ) Cy(2)8,(r)
q
H(r) = ) Cq(2)Fy(r)
q
1 ~ -
Py = ERe//(aq X Hy)- é.dr,

dC a2 . 2
- /J() E:(0)dr,

P =" P4Cqw)P
q

_18q(x L= 0)P
- 27,

emq

representing the radiated power. We can again use the exci-
tation as described in Eq. (5):

~ o 1 ~ ~
C3@) = CpO0) = = [ 1) Eymav.
q

Applying this to an infinite train of tight bunches results
in the SR radiated power

1 N262w3|l§w|2

Psr = 3574 Y

L2
> Y _ sinc*(6Ly, /2),

Aem q

and the ST-SR radiated power

Newo|By|
B,
—0L,,/2)sinc(0L,,/2).

22,P,

Pst_sr =—|C 0)] L,y X

Aemq

cos(@qb0

DYNAMICS OF A PERIODICALLY
BUNCHED BEAM INTERACTING
WITH RADIATION FIELD

In this section we include the influence of the radiated
5 field on the charged bunches, and include this influence in
2 o the calculation of the radiated power.
The power of the electron bunches

s of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

d
meczd% = 0pv - E(r,1),

combined with the excitation equation

/J E*dzrl,

dz
using the definition
b = ~lon(@) — 0g(2) — /2] = - A 6()dz’ + (0),
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results in a Shifted-Pendulum equation:

—d|éq| = Bsiny
dz

ds VR
Dy _ Bl g2 (siny - singy ]
dz ko '

d k B

id = +6y + ——cosy,

dz. Byiryr |Gyl

where 0 < ¢, < m/2. We use the parameters of the NO-
CIBUR experiment [6] assuming idealized tight bunching
and moderate tapering. In the following figures we show
phase-space results for different cases of uniform or tapered
wiggler. In all following figures panel (a) shows the phase-
space diagram ¢ — 6, where the black line shows the sep-
aratrix at the end of the trajectory and panel (b) shows the
radiation power change, the electron beam power change,
and their sum which remains at zero.
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Figure 2: Tapered wiggler with initial phase ¢,. Contribu-
tions of the tapering y, (1) (cyan), synchrotron oscillation
dynamics 6y (u) (red, and the total beam power drop AP,;
(green).
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Figure 3: Same as Figure 2 with initial phase 7 /2.

CONCLUSION

We showed in this work a simplified approach for includ-
ing the force on the charged bunches in the calculation of the
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Figure 4: Uniform wiggler self interaction.

radiation. The simplification is in assuming perfectly tight
bunches, and infinite train of bunches, in the single frequency
approach. In spite of those simplifications, the method is
useful for better understanding the tapering mechanism and
improve it.
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