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I. Intrcduction © T & /)

The nonlinear physics of the FEL i1nvolves the several which represents the idler or beat wave from the ponderomotive
wave-1ike disturbances which are set up in a rgarly cold electron interaction L&, = &% "t [ by = Fi,c  in the rest framel; and
beam when i1t passes through the undulator (or pumpi field. In (&) - é))7‘“ (3)
‘additiOh to the pump field, which is electromagrnetic 1n the rest F ’ !
frame, there is the prowing scattered wave which moves parallel which represents the space charge wave, or rollective process
to the electron direction. The ronlinear interaction of these ﬁﬁ%L = ({@Pesznt + the invariant plasma frequencyl.
two waves £ets up a beat disturbance caused by the poanderomotaive

sy
force, which exerts an axial force on the electron, reinforcing e £11>>é9’ but éQ éé (€1, viz the pump wave 15 straong
the growth of the scattered wave. Finally, the electror beam has in a situstion of high beam erergy and low density, then we are
itself a normal mode, the space—-charge or plasma wave, which can dealing with the "two-wave" or Compton FEL. The physics can be
interact with the pondercomotive wave in an 1mportant way. The modelled to good accuracy using a pendulum equation (see Chapter
type of FEL under consideration inm this chapter, which we refer 9y and accounting for the ernergy converted from the beam motion
to as the "Raman FELY, involves the latter process. The rame 1s into the EM fields; large-signal and saturation phenomena can be
drawn from Raman Lasers, wherg am intermediate energy—level is described by ineluding the self-corsistent EM wave equations.
irvolved in a stimulated scattering interactiorn with a pump wave. FEL gain optimises for a specific choice,(2 =2:6 , implying a
This modification 1s not trivial, as the Raman device exhibits finite undulator length requirement for optimum net gain.  The
the desireable feature of exponential signal growth. gain scales linearly in bean density.

We can summarize the phystcs (Chapter [1.9) approprizte In this chapter, we consider cases for whichéa » 11 the
to the small-sigrnal growth problem, using the following undulator is therefore several plasma oscillations in length, and
dimensionless parameters. DLDefining T as L/fcﬁ , the time the beam mode has a well-defined mearning. Since-P n gi . these

duration of the intgraction obs2rvied in the rest frame, they are: effects are important at nigh charge density and comparatively



low ernergy. Dense beams imply targe gain, evern with the two-wave
formula, alchough one must be careful not to use the simple
pendulum model (Chapter I1.5) beyond its limit. High pgain
suggests compact laser size, arnd it tends to have other favorable
effects on the laser desigr. It turns sut that there are two
important categories of FEL 1n whigh dense beams figure
importantly. First, if the ponderomot ive wave resconates with the
space charge wave,CZ < @%o v and if the pump wave is rot too
strong ( é% > éan )}y exponential sigral growth will cecur in
what is called the "Raman" FEL. The growth coefficient for small
signal at {(J is of order

- t4)

{ €8/, )( @ S Jimye?) o ,

r,
where f is the beam filling facter; if [ @/2]" Y 1, the wave
7 n

amplitude grows as

£

Es(T) = E500) coab Z &, &1/2] ) S

where Es(B) is the amplitude of the growing mode at the undulator
entry, [The actual input signal will be divided amaerg the

various modes at the FEL entrarce; this is known as "eoupling
loss"]). Bain exceeding 1@@%X per pass irn a short (S0-12@cm )
undulator is not uneommon, Saturatiorn will occour via several
mechanisms, whereupor the efficiency is limited to +u “?/QTRL
for a simple urndulator. Two—wave gain turns out to be almost

negligible in this limit, although the Compton gain formula would

(erraneously) predict encourmous galn.

- >
Conversely, if ,; ‘\)@j, y but (_"',:/P é“’ﬂ 1, .eup-:mer.tlal

growth still obtaivis with cc-effi:lent,'g(@(]lﬂljVJ and &%@;ﬁ
this is rcalled the strong puwmp ragime or oscillating two-stream
instability. Then the porndercmotive wave dominates the
apace-charge wave. The efficiency cantf;ues to increase in this
limit, reaching a factor t'{ 5%;ﬂé~fﬂ} greater than the Raman
result. However, this type of operatior may be difficult to
implemernt at low enerpy, owing to the veloecity shear set up by
the strong urdulator field across a "big" electron beam ( (1;- 2
21 )}, required because of theqlong‘wavelﬁngth. Ov the other hand,
it is becoming increasingly interesting in the area of X-Ray FEL

research. There, one must use a very dense, energetic, but small

bkam moving through a strong pump field: the possibility of
obtaining exponential growth is very attractive because of the
difficulty with a suitable laser mirror., The point is to get a
very high quality, high current density beam; current density in
the range 19 to IB‘ n/nm1 would open many possibilities.
What beam gquality is essential for high gain and

efficiency in a Ramarn FEL? This is an involved question, but two

gereral conclusions have been reached. First, a cold beam is
best, but since all beams have some temperature-—-partly due to
the undulator—-—we must learn to live with some parallel electron

. (S -t
velocity spread. The second conclusion is that lf(iF% ﬁ.h( B
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N = LI}“ » then the gain of the FEL will not deteriorate

significantly. This is essentially the same result as for the
Compton FEL. Since N must be rather large to achieve adequate
gain and ccherence, a rather stringent limit is placed on the
beam gquality. The reult follows from the reguirement that the
space charge wave suffers ro Landau damping, ;I../Ld’,?_ uocaie =

Eiﬁm/u?). ar
(%), < (%))

and since &% ’”“/rg; »? 1, the N'  result follows. This

i6)

leads to & lowgr bound on the wavelsngth of the collective FEL1
> ﬁ)(i)( ‘_’f) * o~ w-ine
25 ~ ( ¥ tp L IN /“(7)
since C%de X 1em. In this chapter we shall therefore restrict
ocur discussion Yo FELs operating in the lom to @.1mm wavelength
regime. R dispussion of the various factors influencing beam
quality will be irncluded in section IYI, together with diagrostic

methods for determining the beam gquality of internse, relativistic

Saturation occcurs in the Raman FEL. when the vector
, : . . — 2 W 2
potential of the scattered field is ™~ [l/d(k;/fKuL } i mct/e.
However, one can improve the efficiency of the Raman FEL by
.programming the undulator field amplitude or period, using the
népriunaicly,
"gereralized" pendualum equation [Spranglie, 19681) A there are as

yet no experimerts providing the wealth of defirative data aon

this matter, as is the case of the twoa-wave FEL 2% this time.

Using this technique, a strong EM wave i1s present at the FEL

input. Space charge effects are important only if
PNt . .. BE VY
B2 kY AA [t = 2 T
TeC -
where QO= i3 /i and A = Lt—ﬁu are the vector potentials
W

of the wave fields. At low ¥, and for typical high power
conditions, this critical dersity is of the same order as the
derisi1ty obtained from the requirement éﬁ)) 1. Trapping of the
electrons in the "buckets” of ponderomotive potential will be
possible in a warm beam if
(égg) 5 ii”’ﬁ/qu
u (9}
L . . . 2 2
which is compatible with (B6) for sigrnal strength /d w/cm
using typical values of ku , ¥, and ﬁo. It is the trapping and
deceleration of the bucket which permits extraction of
appreciable ernergy from the beam: efficiercy in the range of

Z@-50%4 is possible, according to numerical studies [Tang, 19813.

Early experimentatior. [Branatsteiv, 1977} found radiation
at 499u which was attributed to the stimulated backscattering of
a powerful microwave from an intense, cold, relativistic beam.
Theory, developed by Sprangle [1375]1 provided an interpretation
of this result. Spectroscopic studies of superradiant power from
a magrnetostatic wndulator were undertaken by Efthimion and
Schlegsinger [1977] in the microwave regime. This work was
extended to millimeter wavelenpths by Marshall [1977]1 and

Gilgenbact: [1373), atteinicng considerable power, and 1demtifying
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the Raman and Cyclotrorn modes. The first proper coliective FEL
was operated by McDermott [19781 inm an oscillator configuration
which gave IMw at less than 1/72mm. Further spectroscopic studies
by Birkett ri9s11, using the same configuratien, showed the
dispersion characteristics of the radiation obeyed the basic FEL
wavelength relation. A radesign of the beam and undulator by a
graup at NRL demonstrated that high power and efficiency could be
obtained [Parker, 1983]. Our approach in what follows will not
be historical, a5 it has row been established what the basic
physical process is, Rathery, we shall provide examples which
will show the direction af experimental research, ard which serve
a5 a guide to recessary desigr and construction procedure

CMarshall, 19857,

Il. Dispersioen Effects
We bepgin with a simple review of FEL dispersion theary.

Imagirne a simple case where an infirite, cold beam is guided
aleng a magretic field, through an urndulator. The fast and slow
beam cpace charge waves are modified by the undulator:

" = + )

Wy, = V,(kvk,) £ty (1o
The fast wave is stable, but the slow wave (negative sign) is
unstable. These beam modes will intersect with the light wave, Ld

= ke, from which we obtain the simplified FEL eguatian:

;2 3 - (11
W 28 (K —eopss) |, [lad fruae ] .

However, because the wavelaerngths in question can be rather long,
it is recessary to contain them in arn enclosed pipe, or drift
tube, which alsc encloses the electron bsam. Thus the dispersion
of the light wave is better represented by

IR eu;_l + f‘a'P‘ » iz
where 42 is the cutoff frequerncy of the drift tube. The various
EM modes have a spectrum of discrete cutoff frequerncies, and
therefore the axial waverumber is different for each mode. If
the FELL is to be a microwave device (eg a Ubitron), one or more
waveguide modes could be excited. Solving eq 12 above
Simaltarecusly with the slow gpace charge wave in the limit of
siall plasma freguency gives (43)/4L (¢ 1)y =

FPs 07 . X ppay2 ,Zléi}
W o KHHTIE L= @R
(13>

wherea 3;1-2 (/h' qv f The intersection of the space charge
wave with a waveguide mode is illustrated in Figure 1. The
pesitive root in (13) corresponds ta the high frequency
backscattered mode, while the vegative root is a microwave

radiation that can propagate either with the electren flow ( if (o

k;%. ) or against it. In the latter case, it is referred to as the

absolute instability, ard if (,oL-)O y it has wavelergth .‘-‘:}u .

In the microwave region, one carn introduce filters into
the structure which will suppress all modes but the desired one.
As the wavelength decreases, however, this becomes more

difficult. The spectvsm of astillating modes becomes more
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compressed, and 1t 1= characterized by a cpread of axial
wavenumbers: - N

/K = I’()/E)- (14
To select the dominant node of the system—-—avoiding unstable,
aff-axis FEL modes 1n the bargain—— one can topen' the
Fabry—Perct resorataor Dy separating the mirror from the drift
tube with an open sSpace. Im this way, the dominant mode will
have the lowest loss and will oscillate at the lowest pump
thveshold. In cases where the gain 1s not nigh, the reader 1s
referred to Chapter 17 for a comprehensive discussion of

rescnator losses.

Interaction with the fast beam space charge mode 1s alsco
possible, however no irmstability results. This is referred to as
the Antistokes mode, whereas the slow, unstable space charge wave
interaction, the Stokes mode, provides gain. If a atrong signal
wave is prezent, one can show ttat amplification by induced
emission proceeds at the Stokes wavelength, but stimulated
abssrpt ion occurs at the Antistokes frequency. An analogy with
the two-wave FEL appears in the positive and negative peaks of
the Compton gain. The frequency difference bhetweer the emission

and absorpbtion is
aw J, = RdpsT
Ky <
1¥ one cornsiders the possibility of off-axis propagation, the

{14)

scattered freguency is reduced as ;g , the angle relative to the
backscattered direction, increases
217 K Ve
. [
VR & (1)

i =



The growisg FEL radiation from the axiallv propa,ating Stokes
mode may . absorbed by an off-axis propagating antistokes mode

gur?/‘t' (}2‘ -

at the same freguercy f&r

L 7
b, = 5 Leh 18K - e
Thiz situatior can be avcoided if the diffraction angle of the
PRY S, 6]‘;2-' )ﬁf"“: %’MV‘ *

the case if C%,”! . In a waveguide situation, correspondence of

is small erscupnh: we find this to be
the Stokes and Artistokes frequencies could only cceur for
different modes with different cutoff frequencies: this is

problematical, and the coupling would be imperfect at best.

An electron beam may be warm, or there may be a
substantial comporent of trarnsverse velocity (%o) immtentionally
presert, before entry into the urndulator.

Ivn a guiding magretic

field (q:), reguired for beam equilibrium, an irtense beam can

becone unstable to cyclatron-type radiation given adegquate Vicﬁ; (ié

. The frequercy of the cyclotron waves on the beam, in the
presence of an undulator, is given by

twiy= (Kt vy 2./, 2, = €Ba/me , uan
and will interact with a light wave, ;{ = K¢, at

oo 280K, + 2 ) - t18)
Radiation from the unstable slow cyrlotron interaction with an
undulator (minus sigr) was observed by Gilgerbach [19791in a
moderately warm ( é% A,QZ} veam, while an unstable, strong

interaction was reported by Grossman [1983] using the fast

cyclotron branch and a beam having a large WJ’Q 0&0#0. The

lower arntersection of these waves with the waveguide dispersion
curve can result in cyclotron type radiations: a lengthy series
of reports, commerncing with Grarmatsteirn and Herndon [19741, have
gocumented this mechanism. The short wavelength radiatiean, which
is of interest in this chapter, is Dappler-shifted cyclotron
radiation modified by the undulator; the latter has the

bereficial effect of lowering the threshold of instability as

well as inereasing the frequercy of the radiation.

IIl Electrorn Beam Cornsiderations

As electrans stream in a relativistic beam, they
experience forces from external fields (prirncipally the external
guiding field ) as well as the fields gererated by the electron
space charge and current. Urnder highly relativistic cornditions,
the latter two forces rnearly balarnce. The search for varicus
equilibria is an involved problem in the physics of non—-rneutral
plasmas {Davidson, 19741, Using ro focussing magnets, a guiding

field 1S necessary. One simple solution which proavides
sowe insight is the rigid rotor equalibrium—-obtained by taking B,
and n corgtant across the heam radius. The radial force balarce

equatiorn is

s
O = ¥ +20EP 0 _ eyl (19)
r oyt < !

where the first term on the right is the centripetal effect of

the acimuthal motian (Vﬁ }y the second is the combined effact of



the internal fields, and the last term is force exerted by the
guiding field. I ¥ the beam is rct toa dense, x.e.szzz)p &#: 3
then rotation occcurs as a rigid body with two characteristic
frequencies: a high fregquevcy atk'ﬂqﬁ'. and a low freguency at
A h%k/ﬂngu which corresponds to the ir X Ee drift of electrons
in the radial force field.

Thus, &ven before the beam enters the

urdulator, the motion is rot simply parallel to the lines of %J.

Injecting electrons 1nto a cylindrical beam (radius LY )

contairned in a metallic drift tube (R), wWill accumulate space
electwstuhc

charge near the axis, causing a build-up oﬁ\potential.
This will cause a decrease 1n the forward motion of the electron,
and for excessive current, electrons will be reflected.
fssuming, however, we are content with smaller current, the space
charge potential will not be important compaved wibh(r-”iﬂLL -
Nevertheless, the space charge potential will vary actross the
beam radius and a shear or spread in electron parallel velocity
As (gﬁ%)u: Yle/C
representing the change in a quantity across the electron beam

profile, it is easy to show
Y 2.4 -~
(‘“7()” x W et = Y, tze)

. . —d
where )L/ is Budker's parameter, f’ﬁﬁ(e%ucj) , and "s.c. stands

-
will result. , where & is a symbol

'for the space charge contribution. The parameter f%/r is a

measure of what we shall term "beam intensity". Rithough it i=
possible to ereate beaws having Y s 1, these are rnot suitable

for FEL applications: taking the largest value of C%; as R
H

®

1/N; we find V/r x a1, In the future it may become possible
to create equilibria which contain less velocity shear; indeed,
the condition of Brillouin flow ta;,‘:—f;/z 1, if achisved,

should substantially diminish the velocity shear represented by

eq (2@). This 18 a worthy but still urresolved objective.
Energy spread due to finite axial bunch length is usually
negligible unless a short pulse accelerator (eg linac or

mieroctron) is used.

In an accelerator section, electrons may emerge with the
same energy, but—— because of the configuration—— the momentum
will be distributed between the parallel and transverse
campornents. The avevage,<i%a/¢h} , is referred to as the
divergerce, which is related to ancther parameter known as the
transverse normnalizred emittance}E‘ . We define V,/y = (y?;ygﬁl/ﬁﬁ
where x refers to that component of beam size. F\sé:_.,; éﬁzvajna
can calculate [Neil, 1579) the momentum spread which results from
For a radially symmetric beam,

), = (/I e )

'S
= . T tit (1 +
where _T< = 28 /Ku_mcz [The quantity 1 K b]

derncminator corrvects the forward momertum of the electron for the

emittance.
in the

transverse comporent of guiver motion induced by the undulator.d
fAs the above is also a measure of cur ability to focus the beanm,
there is defined a gquantity known as the beam brightrness,
the electron flux through solid angle:

B, = Js Jar( ). (22)
Carefu)l design of the electron gurn and focussing elements, using

computational modelling of the trajectories, can improve the beam

emittance, or aid in guiding 1t into the undulator. Ore
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calealatson (Jackes.a, 48 &+ ften the NRL VEERR diode, 1% showr in
Figure 2. The electvode gecometry was arranged to reduce the
velocity spread of the beam, but an important aspect of the

design-- commori to many applications-—- is the aperturing of the

0.3cm
BEAM

beam. Frequently, a strong magretic field is imposed at the

198%)

APERTURE

{

diode, or gur, as this restrains the gyromotion of electrons

emitted from the cathode in the residual transverse electric

et al

| .. field. On the other hand, injection of a beam from an

urmagrnetized electrorn gun irte an increasing guide field is not

NN
////%:
/

~

ANODE

MOOONN N NN NN SN NN N
10.0kG
EQUIPOTENTIALS

B,

5.2cm

advantagecus as any initial! transverse matior of the electrons is

hél.

enhanced because of the adiabatic invariant I'll\_f".:/d B, {z). Better

1
L LANINNNN

results from an urmagnetized beam have been obtained with

(Atter Jaclkson

focussing elements [Pasour, 19831 only.

An empiracle relation between the current in the beam and

the emittance is the Lawsor—Perner ralation:

E,z (rad-cw) = SVI(KA) ) (23}

wherea the factor § ™ 0.3 was initially determined from a study of

1.5MV

Vacuum diode Qeometry

rf linac performance. On the other hand, it also appears to

represent data from other electren guns and sources (Fig 3,

CATHODE

Roberson, 1983), EThe dotted line is for a different choice of 5§,

\'

B.13.]1 Field-inmersed dicdes perform somewhat better: it has been

‘GRID” T

B%m&‘

possible to obtain a divergence .¥ I@mrad ever at vary high

Figure 111.11

current density. Sinmulations by Sloan and Thompson show the

importance of a strong magretic field to obtain low enittance at

high current density; they find that the radial components of the

»
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electric field in the gun shauld have an axial pgradient long

compared with ™~ C/ﬂr:

Finally, the velocity shear of the beam will deteriorate
further due to the urndulator. The pump field varies radially:
) o L s 3t sk - .

B Bito)y )+ Ekr) e BET(O-kE], @

and hence the guiver velocity as well as the parallel velocity

will depend on radius. Since

o - L
O‘/"/L x ({,5’_‘-_ Lo /z,) s 25}
orne Finds (a_}y N (K“ GK )72
f)ﬂ_,t,.n.f - "(—“—- I+ K ) - (26)

The electron moticon in an actual helical urndulator will
approximate a helix only if k“r:_) = _K‘/f {{ 1 [(Diament, 19811,
where r is the radius of the electron orbit helix. Thus a
practical ilimit on the pump amplitutde is K < 1., Since we

-4

el
should reguire 5‘%’ (4 N’ y wa find K, 1 < AJ Y t taking
i, wnd U4

N~ 102 and Kk, ~ ler', then r, % lum.

All the above corntributions to (5“'/&’),, are known as
inhomogeneous broadenivgs. To avoid a decrease in FEL gain, it
has beer shown [lbanez, 19831 that the inhomogeneous terms should

0%, o _
not exceed#* [} i ® 1/N3 or putting it somewhat differently, the

) ar .

length of the undulator may extend to ;]a‘/(_?);; {to obtain
maximum gain} before warm beam effects will cause the gain to
decrease appreciably.
*  Wwe can understand this result from the following dimensional
argument . The Ramarn FEL fractional barnawidth, ie the homogenecus
bardwidth, is { &/ /j/k.,d:; this will accommodate a charnge in

parallel momegntum of the electron. e v e, @f y 2% and hence
(‘)F Y ET#E/L r the L/N resalt Follows.,



In an "ideal" helicatl undulator, where the ficlds derive
From o A4 A4
2 (3): - B /Ku?:@cﬂ,xkug - | s,méu?f
= {27}
the transverse canonical momenta are constants:
_/?L = dHEG — et Ao . (28)

The electrons describe helical orbits with radius ¥, and congtant

axial velocity:

Kalo = Vofy, = 1€ B [rmekyy, - (29

.Nhan a guiding field is sSuperimposed, this simple desecription

falls apart to some degree, although the approximation is fair 1f

k. r

", remains small.

The guiver velocity of the electrorn (nl

g
becomes large rear the "magnetoresonance’, JQG t)k“v‘ L
[

v - 252 v, [T,8] (ze)
A - ‘_h_—__""““”'f' . J
2KV, 22, T
where g’= kv - Hiph gain can therefore be obtained with only

modest undulator B . Orbits are stable [Friedland, 19821 for i} |
o

YKQ& and 2, )fﬂf& as shawn in Fig 4, but the situation is

more complicated rnear magnetorescrance. Freurnd [1383] has

talculated the effect of guiding field upow the FEL gain, and
finds an enhancement of the ponderomot ive potential and gaivi in

the vicinity of the resonance (Fig S).

Whern injecting electrons inte the undulator, it is
necessary to "taper" the amplitude B over sSeveral periods so

that the crbit bacomes nearly helical.

Nevertheless, simulations

of orbital mction in a non~ideal undulator with a tapered B

RN
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entry show an axkial oscillation in YL is set up, which interacts
with the undulator field gradients to rcause a thermal spread in
axial veloecities [Jackson, 19821, These effects impose an upper

limit on the pump field or guiver velocity.

0.10

Since the helical urdulator has "focussing" properties,
that is, BJ_increases radially, it is a good choice for intense
0.08

beans cperating at lowd . The lingarly polarized undulator has

no such fotussing in one plane, and indeed the electrons slowly

0.06 drift off-axis owing to the B, )(VEI_L drift. External focussing
%: may be recessary for the other plane. Cusp field urdulators
4]

provide B, only for cylindrical—-shell beams (eleactvons located
0.04

off-axis); on—axis, the periodic field has only a Bz component.

The latter configuration has been chosen for an FEL variation

0.02 Known as the "Lowbitron [Bekafi, 19821.

Many diagrnostics have been developed to determina the

B average energy and momentum state of the beam (see for sxample
¢ Shefer [198321). Bome involve a perturbation in tha beam {eqg,
pinhole, scattering foil, etec), while others aralyze signals froim
externally located electrostatic or magnetic probes or loops.
One technique which holds great promise for the accurate and
rnor—interactive diagrosis of the electror beam is that of laser
Thomson backscattering, developed at Columbia University L[Chen,
19447, A strong signal from a pulsed TER CO2 laser at ‘3.6/4,was

backscattersd to a wavelength of @.iﬁ,by interactiorn with a
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1KR/cmz v Y= 2.3 beam in arn FEL configuration. When the
incident photon is antiparaliel to ¥, and the scattered photon is
parallel, the Doppler frequency upshift factor is & 4!2 and the
differential photon scattering cross section is also enhanced by
#rl. Both effmcts are essential to the success of the
neasurement. Measuresmernt of the wavelangth of the scattered light
will determine the ansrgy of the emlectron beam, with enough
accuracy to permit an estimate for the space charge potential
depression; the latter will give the beam density, which carn be
compared against & beam current measurement. More importantly,
the width of the scattered spectrum can be measured by observing
the transmitted light through a set of narrow-band, calibrated
. filters, Soma interesting features of the messurement ware that,
with a resolution for @%}, & @.1%, it was found that the space
charge contribution to the inhomogeneous broadening dominated the
lmitt;ncu contribution using a diode similar to that shown in Fig
El(azh = B.6%. When tha undulator was enargized, the
inhomogenaocus broadening irncreased, the data showing that the
space charge and uﬁdulator contributions should be quadratically
combined to obtain the observad, total inhomogenecus width {Fipg

6); thim is a result of the total electrorn beam anargy sprﬂad.tﬁ.
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