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THE SUPERRADIANT REGIME CF A FREE-ELECTRON LASER

R.Bonifacio and F.Casagrande

Dipartimento di Fisica dell*Universith
Via Celoria 16, 20133 Milana, Ttaly.

In this pPaper ve demonstrate that if a single-pass free~electron
laser is operated vith enough gain and the electron bunches are
shorter than a suitable "cooperation length", the radiated

pover vill be proporticnal to 72 and to the square of the
number of electrons in the bunch.

1. Introduction

Since the first operation of a free=electron laser f#%LY in the
mid seventies by Macdey and cm—nr‘kz;r‘sl, the L romendous potential ity
of this device has wade it the ohject of very intense theoretical

and experimental investigations. In particular, many proposals

py .-

aimed at raising the gain and improving the efficiency of the FEL
process have been put forvard. Te quote an example, Krnll,

Morton and Rosenblutt? supgested the use of tapered wipplers
desipned so to keep the energy of the electrons close to the
resonance condition in spite of its decrease which corresponds with
pain ; indeed, a tapered-viggler FEL oscillator has been recently
operated in the TRW-Stanford experimentB.

Noradays several FEL's have been operated both in the United

States and in Europe, vhile other devices are expented to operate

very soonh. Most of them wvork, or are planned to, in the infrared

or in the visible. Furthermore, the possibility to extend FEl

oy

operation to the XUV and soft X-ray region has been taken into
consideration more and more serious]y‘. In this case a high-gain
is ahsolutely hecessary to achieve oscillation, due to the high
mirror losses at very short wavelengths, at least at the present
status of technology. However, high-gain operation appears to

be possible, even at such short ravelengths, for Compton FEL's
operating in a single-pass confipuration, thus circumventing the
difficulty of the poor efficiency of available mirrors. This
promising perspective, already under experimental investipation,
is based on the cooperative instability of the travellinp~rave=
tube typeb for an FEL process developing from noise. This is the
amplified spontaneous emission regime, vhose feasibility in the
region helow 1000 1 has been the object of detailed analysis hy
Pellegrini and Murphyy.

On the basis of this same instability for a single-pass device,

in this paper we develop the basic ideas concerning FEL operation
in a quite different regime, the superradiant repmime, in which the
radiated pover turns out to be propartional to the squared

number of particles and to the square of the relativistic
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kinematie factor yz. The conditions for the occurrence of this
effect tum out toc be that a suitably defined superradiant. gain
must be 1lgreater than one on a wiggler length, ii) smaller

than one on s slippage distance. Onty a short presentation of

this topics, even if coentaining both a classical and a quantun
treatment, has been previously ineluded in ref.g.

We start in Section 2 with the introduction of the lossless FEL
model, including the effects of detuning and space=~charge, vhich
is the proper Tramevork for the description of the amplified
spontaneous emission regime. Next, to develop the classical

theory of FEI superradiance, in section 3 ve geweralize the mode]
to include dissipative effects and define a "radiation suppression® comdihon
or short=bunch limit in which these effects are dominant, eontrary
to the long~bunch limit considered in amplified speontaneous emission,
vhere they are neglibible. In the Superradiant regime the field
variables can be adiabatically eliminated i this elimination

is performmed in section 4 and leads to the derivation of the
expression for the radiated power,; which axhibits the cooperative
Superradlant nature of the process. In Section 5§ the conditions
under vhich the phenomenon should be observed are stated in terms
of the relevant physical parameters and also elucidated in terms
of a properly defined superradiant gain. Numerical results are
discussed in section b+ vhereas section 7 contains some concluding
remarks. I

2. The conservative model and the amplified spontaneous emission
regime -
)
The FEL procass takes place inside a helical viggler of length Ly
vhere a baam of relatjvistic electrons interacts with a radiation

, Tield (lamer field) E‘ and 4 transverse spatially periodie
. -+
i magnetostatic field fwiggler field) B,

E ht) =B, .00 [im (M- b 44, )% wcor (i2-u, b )5 ] "
1

By l2) - Ry [-wm flu2) £ 4 e (ky2) 3 1,

vhere G =ck = cky, = 20eN, /T 4 Ny beine the number of
here  ty_ =ck,

i i i slovly= i 1itude, vhereas
vigpler periods Fig (?.,t.\ is a slovly=varying amp 31 ....;'

Ry Is tiken real and constant since the wippler field B DPlays

the rele of a punp field.
Under the assunptions that all electrons are injected in the
viggler parallel to the magnetic field axis (cnld=heam spproxima-

2 .
tion) and with the same enerpy romoc y and that, during the
interaction the electron energies donot vary apprecisbly, namely

(X{,—\'a)/ ¥o <<4 (i:'l«'...,N)

Yo = (4_ “moa,)-m ‘

the time evolution of the system is ruled by the following set

of classicaly relativistic differential equations of the travel—
las . ey
linpevave~tube type in dimensionless form :

At fde = o, fi24,-n)
da; fdr = _(n,+56’5) op (06,) € co. [ia30)

dw/d’r.: B+5(YD./

In eqs. 3) the electron variables are
= (k._*kuu)'h - (UL*QJWEJ) t
o= (41) (w-%)/%

vhereas Q. 1s a complex field amplitude

i Esexp o (4o ¢ 20 pS)E]
[‘m(NIV)g Youoc¥ ] 42

(2)

(3a)
(35)

(3¢

(4)

(5)
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defined so that _ﬂﬂ'{z is the ratio of field energy to electron
beam energy, vhere

(kR )2!3
A% 4 oy

K = By /mcuy
Ny = (e Vo ) ()
G = (W% u,
Jo 4 dte

4
f %w g

_? is the basic strength parameter (or Pierce parameter), |K the
viggler parameter, ‘ﬂ'P the relativistic plasma frequency, d the
detuning parameter, and the electron resonant energy rumnc-.2 is
such that

W = uw, Y:/GHK”) &3

A relevant collesctive dynamical parameter in eqs.’3) is the elestron
bunching parameter

b= <exp(-i0)> = N*‘IB_; exp (-i6;) (8)

defined in the range C<|bl$ 1 , where Jbl = 1 (8) corresponds
sith complete bunching {unbunching)} of the particles. Space—charge
effects are included in eq. (30) via the parameter

@ = by (1ek) /2. (3)
Furthermore, the time is scaled as

From eqs. 3a—c) one easily obtains the conservation law

<Y> + i’ 2 cout. (44)

i.esy total enerpy conservation

’muc"'é (R-M +(JE~'|374H’)V = Loust . (4»{')

Apparently, space-charge does not contribute to the rloha)l energy
balance f11') ; this is due to the very nature of space-—charge forces,
vhich are internal forces for the many-electron sysiem. Bq. f11")
shows that in this conservative model electrons and field

exchange energy ; due to this process, under suitable conditions

the electrons transfer a fraction of their enerpy to the field

vhich experiences gain. If the field does not vary appreciably
during the interaction, one finds the well-knowm small sipnal gainm.
In the small signal regime the electrons radiate almost indepen~
dently and do not bunch appreciably. Hence the small signal gain

is proportional to the number N of radiating electrons.

The possibility of a substantially higher efficiency in the FEL
pracess is due to the existence of an instability for eqs. 73V,

Let us consider the foljowing initial condition :

(=D , wio)=0, bk{s) =0, (12)

namely, at the start of the process the monokinetic electrons are
distributed in space so that the bunching parameter is vanishing
and no field excitation is present. In this situation, for
suitable values of the detuning parameter ¢ and spire=charge
parameter o 649 the system is unstable and starts ratiating
+»ith an intensity exponentially growing in time. This is the
regime of amplified spontanecus emission (ASE). After this initial
stage of exponential gain, saturation effects become dominant

so that condition f2) can be violated and the analysis reqgiires
more feneral equations than egs. (3),

An FEL operating in the ASE regime is a sinple~-pass device in
which the time evolution Jasts for a time interval equal to the
transit time in the viggler Iw/c , that is from £ = O to the

scaled interaction time

LERLL IR Y L P (3

As discussed in the intraduction, sinee this rerime does mat rerl re

mirrora, it appears ta be » natural candidabe fae aneratinn At

re

e
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very short vavelengths.

Because the scaled fiasld intensity Jad¥ reaches peak values l&l:
on the order of unity, from eqs. (%),f6) it follows at once that
the radiated peak intensity is proportionsl to @N, that is scales
as N“'/:*‘; dus to electron cocperation in the processy one finds a
hitgher dependence on electron density than the linear one in the
small signal regime.

Operation in this regime requires a high-quality electron beam,
like that provided by storage rings. Both energy spread and
emittance are controlled by the strength parameter g typieal
values of @ required for operation :'Lr*.he YUV region are on the
order of 1077 69, Furthermore, the overall efficiency of the
process is ruled by ¢ as well ; in fact , from eqs. (11)
and {6) one sees immedistely that the traction of beam energy

transferred to the field is proportional to g H

Gl gt _ ey>
: °|m.1|’~ - :ll‘ “$ ()

|

3. The dipsimtiye model

| I '
In this section ve introduce another scheme for high-gain operation
in a single-pass Compton-FEL, vhich is based on the same instabi-
lity of ASE, but uhtr‘e the emitted radiation can reach an even
higher pover level, namely it is proportional to the squared
number of electrons M. We call it superradiant (SR) regime.
In simple intuitive terms, the limitation on the(very high) power
level in the case of ASE can be explained as follows : because
the particles travel pt a velocity very close to that of light,
the energy exchange between particles and photons can occur
during the +vhole interaction time ; hence, a photon emitted by
an electron can be reabssrbed by another one before it may leave
the wiggler. The idea underlying our proposal is that this .
reabsorption should be greatly reduced if the photons could escape
as fast as possible from the electron beam. This "radiation
suppression" 1 mechanism should allow to reach a very high
saturation povery since saturation effects should ‘_;‘ enunteragted

here by quicklyMextracting” the photons. In order that. this
extraction can cecury first of all ve need a short~milse repime
Mfar the injected electron heam. Secnnd, ve have to generalize

the model equations {'3a,byc) to describe the slinpape effect, i.e.
the escape of photons from an electron bunch of lenpth Ty o The
simplest way to do it is by introducing a Joss term in the

field eq. f3¢) ; thus, we replace eq. {3¢) by the more peneral

equation

dao/de = b+ (d-K)a (3

containing a linear damping term -X@, where the scaled field

amplitnude damping constant is

el K o 4 4 (‘f‘(f’-)a) o Al . [4‘5)
Wt 20.¢  Le brgle

The expression (15) of the photon decay rate can be derived

as follovs. let. Ab'= L /¢ be the transit time of photons in
the electron bunch in the reference frame moving with the {initial)
electron velocity. A Lorents transform to the laboratory frame
yields the expression for the same time interval

¢ {(1-@aa) c
We assume a decay constant for the field amplitude k = { At -'1,
vhich leads to expression (15) for the dimensionless parameter k.
Hovever, an alternative vay to introduce this parameter »ill be
discussed in the next section.

From eas. (3a,b) and {3c'} we obtain a dissipation law

" bR
% (<q>+|o,|1) - -aKla| [47)

vhich peneralizes the conservation law (11) for .i?f 0.

Damping can be neglected in eq.f3¢') in the 1imit
k-t », (18)

vhich corresponds +ith a cendition on the electron hunch length

Le » (4@ )Ly ~ N Al {#24)



ASE has been defined 6-3 in the Jong=bunch limit (18) or f18').

In this limit the slippage effect can be neglected, i.e. the velocity
difference between the electrons and the photons during the transit

in the wiggler is completely irrelevant.

On the other hand,; ve define a condition of radiation suppression
in vhich the time sc¢ale of incoherent decay is much faster than
the interaction time so that dissipation is quite important :

L A T (18)

namely the short-bunch limit

Le << (4-'(1";10)'-.0 ~ Ny Ao {131}

We shall show in the next section that condition (19) for (191))
is a necessary conditfon for the occurrence of SR effects.

4. The superradiant regime

In the short=bunch limit (19) ve can adiabatically eliminate the
field variables from gur vorking equations (3asb,c'). In practice,
this amounts to dropping the time derivative of the complex

field amplitude Qs in eq. {3¢')y thus obtaining the adiabatic
expression

v= K*id {20)
K es®
vhich is a good appmxirnation to o after a short initial transient
on the order of %t - By taking the squared modulus of both sides
of eq. {20) and with the help of eys. (5) and (6), we derive the
followving expression of the power radiated out of the electron
bunch in the adiabatic elimination regime ¢

Pty & LEL26) g,

s by Buc AP (n..,Nibllu)
: hre ¢, 4*(«"!:\"‘

where G5q 1s the electron bunch cross section and M= i,:_/m,c:"
is the classical radlus of the electrnn,

it

1)§ anpr rent e
Ha
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parameter b reaches values on the order of oney the radiated

pover exhibits a dependence on Nz, that is we find superradiance.

Ve stress that no preparation of the initial state of the particles

has been introduced, rather the dynamics of the system is such

that the electrons selfworganize to radiate cooperatively. In |
this sense this phenomenon should be called more properly

super'f]uoreseence]z. &
Eq. f21) admits a tronsparent physical interpretation, For the
sake of simplicity, let us consider the resonant case d= O. In
the electron rest frame the process can be described as a Thomson
backscattering of the “pseudoradiation® fieldy that is the
magnetic field as it is felt by the particles, into the laser
field. In the laboratory frame this pseudoradiation field has

an amplitude Bpr- and a wavelength apr- such that

Bpn Apn = Bu 2, - ()
Hence eq. {21) can be rewritten on resonance in the form
2 2 L
P= by Bpnc dn (n N i (23)
¥o —ﬁ- ' ( )

Equation (23) is just the pover radiated by the electrons in a
coherent Thomson seattering of the pseudoradlatwn field s (Bzr/lnr\c
is the pseudoradiation intensity, fn,NIbj V2 the coherent

Thomson eross section, AP‘/SQ' A diffraction solid angle,

and 143', a kinematic factor due to the extremely fast motion of
the radiating charpes vith respect to the observer. Also note {
that the peak power in the ASE regime exhibits a dependence ;
on Koflll , X}
An alternative derivation of the power formula relates the

radiated pover to the decrease in the energy of the electrons g

Ple) = —wtm,c? ii dy; (v} /ok . {28}

The result {24) follows at once from the halance eq. (17). In

fact, in the adiabatic elimination regime lal"/d'z', is nepligible



vith respect to 2K ja|® and eq. {17) can be approximated by

d <y> fde = - 2K jal? {25)
In terms of the original variables eq. (25) reads
& A |Efx ¢ A P 26)
1 g >
Ao C - - — c F . L £ , 2b
o ';g Xu hel i-oa. L n.‘l.

that is eq. (24), Again the factor U;” is due to the relativistic
motion of the radiating electrons. Note that eq. (26} can be
wvritten as

w3 g o ()l 52k €, ()

|
whare ?4.... is the energy of the electromagnetic field, Ve = IySe

is the electron bunch volume and k is the field amplitude decay
rate introduced in eq. (15).

Eq. f27) offers an alternative vay to introduce this parameter
vhich characterizes our dissipative model. In fact, from eqs.
(26, (27) it follows that the field intensity decays in time
due to the escape of photons from the electron bunch; at a rate
2k = ¢/ Y 4 which clorrect.ly reduces to 2k = ¢/l, in the
nonrelativistic approxihation, while corresponds exsetly to the
amplitude decay rate introduced in eq. {15%].

Relations (26) and (27) can be derived also by calculating the
energy flux directed to the observer leaving the bunch cross
section per unit time dn the reference frame moving with the
electrons, vhere the photons escape from a fixed volume, and then
transforming to the laboratory frame.

One more comment concerna the space—charge effect. We recall that
in the ASE regime space~charge sets a limitation on the otherwise
infinite instability range of the detuning parameter Jd. In this
gense it has a stablliging effect. This is true also in more
general terms, because unstable higher=order harmonics become
stable due to the presence of space~charge forceg.

In the SR reglime, the net effect of space~charge vanishes in all
global equations auch es eqs. (21), 24) or (27). This is not

at all surprising, becsuse it holds for balance equations of the

lossless model such as eq. (16). Horever, it is interesting to
see that in the SH regime the space-charge force can he cancelled
even at the level of single-particle dynamics by a proper choice
of the detuning. To show this, we substitute the adiabatic
expression {20) for the field smplitude inte eq. (3b), which

becomes

b L L E S alen) - {J,+e)§««(f*.;~%)]. (2)

res N | ka3 K™

In the r.h.s. of eg. {28) we distinpuish a dissipative contribution,
with a Lorentzian wveight K/(K*+§*), and a dispersive contri-
bution, which vanishes when we sum up over all the N particles.

The point here is that since ?-C_? feq. (9)Y,y where typically g <<l
the dispersive contribution including the space—charge force can

be dropped in the dynamical eguation for ench electron by ehoosing
small negative values of detuning

J/E’r“'s—-& {23)

St ik? ;

5. The conditions for FEL superradiance

¥e have shown that the condition of radiation suppression f19)

is a necessary condition for SR effects. However, another severe
limitation concerns the time scale of the phenomenon, vhich

must be shorter than the transit time in the wiggler ; thia
obvious requirement gives a threshold condition vhich adds to

the radiation suppression condition.

A simple approximate evalustion of the superradiant time scale can
be given as follows. Since it turns out that the equations of
motion linearized around the unstable equilibrium condition

(12) are valid nearly up to the first peak of the emitted radiationb|
ve approximate the time evolution up to the first SR peak by
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extrapolating the linear stage evolution. The grovth rate in time
of the exponentisl regime gives us the SR time scale.
Let us introduce the electron position deviations

s

0,; = D’,‘ + BEO {l;“"r--:”) [3°)

’

vhere we assume that the initial values are such that
3 o (<im®) Lo (m=4,2,.) [22)
34

If ve define the electron collective dynamical variables 13

" L
O o (-i02)8 , GaZomlitay, (20
J=4 ; heth
:tha linearized oqu.atirns of motion in the SR regime take the simple
form

d* O fde* = d8/d~ = (i/R)O (33)

According to eq. (33), the quantity @ (<) diverges exponentislly
in time vith a growth rate Tg » that is the dimensionless SR time
8cale ¢ i

@y « exp (i) T =|J—f_ . [34)

Nov we can state the ronditions for the occurrence of SR behaviour.
Namely, the escape time of photons Tezf“(eq. (18) or (27)),
the SR rate Zg feq.(34)) and the intersction time ¥ feq.(13))

must obey the inequalities
Tew % <<, e 4o KM B, (35)

Let us consider first the two inequalities (3%) separately (we
take §,mYp from now pn in this section). The eondition of
radiation suppression (or adiabatic elimination limit); Ygw Ve
or ™54 Linptes! fat 1enst) that UK >4 . Since the threshold
condition can be written as T® « ¥, » conditions (35) imply

1 <)y <<¥;  that ia

4 < K « 't;q" . (34)

L i3

4.

Inequalities €36) can be rephrased in tems of lenpglhs ag follows
Ly << le <L (17)
vhere the cagneration lenrth ]c and the threshiold Trrrth ]"r

are defined

Le = (\:./lm'j’ Y Ly = Lc/"C.Zn' [S’?') |
.

Using definitions (37'), inequalities 35) can be rephrased
in terms of times s

K- <e B e Ly, /e {32)
vhere ts is the SR grovth rate
Le 432
L = 1¢te . 13!
s k ( Le [ )

Conditions f35) or 37) can be understood in terms of a suitably I
defined gain. Consistently with the result f34), let us define ;
a superradiant pain GS over the viggler lenpth I’n‘/ f‘,

6.&' = "C; /"Cs = “Lg/Lf . 133)

From definition (39) we see immediately that the threshold

conditiony Yg<c®,, (eq.(35)) or Li<<le feqef371), is a condition

of hiph=gain over the vippler length, Gs »> 1. Furthemmore, the i
threshold length Ly (eq.f37')) tums out to be that length :
of the electron bunch such that. the total integrated Sk garin Gy

is equal to one. !
On the other hand, if we consider a SR slippape time, namely
the photon escape time feq.(16Yhhich is also the effective .;
interaction time in the short~bunch 1imit (19*), we can define "
a SR pain %:!’ over a slippage time for over a slippage distance)

%: = (GSILW).?{J‘LQ [“0)

where GS/I"W is the SR gain per unit length. Using the exnressions
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of Gs|'ﬂ-.;’& and the relations "ZS aljf_ = ll,{'/],‘ s we easily
obtain e
8 = Tefre =(le/Lc)™. [41)

On imposing g':' << 1, ve immediately pet the radiation suppression
condition, L, <<t (eq.(35)) or Le<be fen.37)). Therefore this
eondition means lov—pg1in gver cne slinpapge distance. Moreover,

the cooperation length L. (eq./37')) can be defined as that

bunch length such that the SR pain over a alippapge distance, 3:1
is equal to one.

Remarkably, this statement on the cooperation length holds also
in the ASE regime. In fact, the integrated gain in that regime GASE is
6, = hmeNy, =7, {(42)

ASE

Again, the gain calculated on the same slippage time for distance)
as in eq. (40) is such that vher}ht is set equal to one, the

bunch length Ly turns eut to be equal to L, 3 with the latter
guantity still defined as in eq. (37').

It is easy ta see that the number of independent parameters

can be reduced to three, namely the strength parameter_? s the
number of wiggler periods N and the ratio of bunch length to
laser vavelength L¢/3|_ « Just to give a numerical example,
conditions (35) or (37) are patisfied, at least in a weak sense
although not as strong inequalities, by the following set of

parameters 3

Le,/ﬂ,_ = 100 (e.g.: Le s Amm,, A._:fﬂ/u) :
53
Ny = 200 i f gx 40" (

To.

Ge Numerical resul bs

The time evolution equations (3a,b,¢") have heen munaricnlly
inteprated with an initial econdition very close to the unstable
equilibrium condition (12}, namely for 2 monokinetic electron
beam and in the absence of photons, but with a small value of

the bunching, parameter ( |bl, = 1073), The aim of this mmerical
investigation was to test the very hasie predictions of the
theory, namely the occurrence of superradiant. emission of radiation
and self-bunching of the elentmns. To put in evidence the main
features of the physics involved, ve have fixed the system an
reson~nre, putting d =0 in the evolution equations, and
neplected space~charpe, eonsistently with the assunntion of a
small value of the strength parameter 4 frecall that the sSpace-
¢harpe parameter & in eq. f3n) is proportional to ?P

leq. fgYy 3,

Yhile in the case of no field damping (% = 0) we recover the

ASE dymamics, for % # 0 ve have found evidence of SR emission
proportinnal to Nz, cnrrespnnding\a\lﬁb{rery high peak values of

the bunching parameter IblP in a narrov range .74 < |bl, = 0.77
far 1< k = 10. As the value of the field damping constant k
increases, these peaks occur at Jonger and longer Limes '!P '

i.e. the lethargy of the system inereases with k. For instance,
for Tc_—z 0 the peak oceurs at Tz 10, for k=3 at 'tl,: 20,

for k =8 at T,,-_-. 30. However, and this is another relevant
point, the adiabatic elimination fSR) regime is obtained, within a
reasonably pood approximation, already for % = 3. In faet in this
case after a short initial transient the numerical values of ]q,l"
and of the modulus squared of the adiahatic expression (193,

i.e. (for § = 0Y, Ibl"/‘f" » differ by no more than 104,

vhile the peaks of IOJz'('v\ and bl M) occur nearly simulta-
necusly. This result is in agreement with the radiation suppression
condition /23 1 (eq.35)). Note also that when the adinbatic
elimination approximation is valid { k¥=3), the nearly constant
peak value of the bunching parameter yields immedintely the
scaling 1av for the peak intensity ICIJI; < TZ‘“.
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In a second set of runs ve have fixed Kk = 3» a value sufficient to
describe SR, and investigated the effects of detuning by varying
the parameter J . Ve have considered the values J=;tl, such

that, 5"{:?2' yand J = £ 3, such that W} = k¥ . For both
values & =& ! mo oscillation oceurs in the dynamics up to the
tirst peak, 1like in the resonant csse. The ratio

o4/ [sit/ (x> ], ()

of intensity to its adiabatic approximation feq.f19)) caleulated
at peak values, which is 904 for d - 0O; decreases to 847 for

d =~ vhereas increases to 107 for o = 1. Hence a small
positive (negative) deltuning improves (gets worse) the accuracy
af adiabatic approximation. On the other hand, for J -1

{ = +1) the SR peak is shifted to shorter flonger) times by
roughly 10f with respact to the case d = 0.

For % 3 ve have different pietures. In fact, for 4 =1

we find a sensible initial oscillation of both the field intensity
he bunching parameter instead of the monothonically growving

* time evolution, This Gauses a dramatic inerease in the SR time

acale ; e.g.y the pesk of Superradiation is delayed from f roughly}
T=20fr §40,tq T=35 ror J. 3« Furthermore, the ratio
(44) becomes as big as 135%. On the contrary, for large negative
detuning = ~3 there is an initia] oscillation but it is tiny ;
peak times and accuracy of adiabatic approximation are very close
to the case J- =1. Hovever, the absolute values of the peaks

. Eet depressed ; e.g., the peak intensity is lowered from (mlO-'2

for J- 0y to 2.8:--10"2 for d—- =3+ In concluaion, a amall
detuning appears to be compatible vith SR behaviour ¢ a small
negative (positive) detuning can even shorten the time scale
(improve the Accuracy pf' the adiabatic approximation). On the
contrary, a largs positive detuning is equivaslent to introduce
very high losses, i.e., it increases the loethargy in a dramatie
vay, vhereas a large negative detuning veduces the impressive
lavel of radiated pover.

7. Concluding: remarks

Ve have outlined the classical thecry of FEIL superradismce,

a nice example of cooperative phencmenan in vhich N relativistic
electrons, interacting with a radiation field and a slrong
magnetie pump field, self=hunch and radiate proportinnal te N2

and to 332. Ve have demomnstrated that tnis phenorenon oceurs

if the felloving conditions are simultaneously satisfied : the

SR gain (39} is illarger than one over a vigeler lenpth, iilsmaller
than one over a slippage distance.

Here wve discuss some aspects which remain to be investipated,

hoth of specific and of more general nature.

Among the mnre specific Aspects, e mention the effects of enersy
Spread and emittance which should be incorporated in the initial
conditions for egs. (3a,byc"Y, Alscy the space—charge enntribution
in eq.f3M) shoyld be kept. in the numerical analysis, and higher—
order harmonics eventually included. Moreovery one can drop the
restriction (% —¥o /¥ << 1 feq.f2)) and consider

evolution equations wore general than ens.f3),

From a more general viewpoint, the validity of the inclusion in
the FEL evolution eyuations of a linear damping term to describe
dissipative effectsy which works in atomic SR12. should be checked
by numerical integration of the evolution equations sithout
damping but w»ith no approximation on the field equation, that is

a first-order partial differential equation vith respect to

both time and Space. Furthermore, the analysis should be extended
to take into aceount diffraction and mul tidimensional effects, as
considered e.g. by Scharlemann, Sessler and Wurte]elh and by
Moorels.

Last but not. least, a quantum analysis is important due to the
relevant role played by fluctuations. Like in the ASE regime,
Jarge initim intensity fluetustions may lead to large fluctuations
of the peak times (delay times). In peneral, the problem of the
initial level of noise is relevant for FUl design and is the
ochject of intense investigationsq'lo. Ye have first performed a

quantum analysis of the ASH regine including the derivation nf

lg.

.
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photonstatistics]7, and next extended such analysis to the Sk
regimee- However, the overall effect of noise, the different
contributions to noise and their relative veight are a topics

vhich surely deserves further investigations.
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