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12.1 Introduction

The electron storage ring has several characteristics which
uniquely qualify it as the driver of choice for many free
electron laser applications. Principal among these is the
extremely high normalized current density i/(ye)z (see chapter 2)
available in state-of-the-art storage rings, which makes possible
high gain operation, short wavelength operation, and possibly
active guiding of the electromagnetic mode in the interaction
regjon. The principal competitor drivers at this moment are the
RF- and the induction- linear accelerators. which are limited by
present technology to current densitles four orders of magnitude
lower than the storage ring. The linac driven laser system does
promise higher power and efficiency since in the storage ring the
laser power is limited to a fraction of the emitted synchrotron
power. However, at the present time, the electron storage ring 1s
the only source capable of serving the need for a high gain
system for operation of the FEL at wavelengths in the visible

reglion and below.

A great deal of Information is now available on the
operating characteristics of storage ring lasers thanks to the
success of the LURE-Stanford collaboration at Orsay [1], and the
contributions of the Novosibirsk [2], the Frascati‘[a], and the
Brookhaven [4] groups. Thgse experiments have shown that Iin many

ways the storage ring system ls easier to use than the linear



accelerator based FELs: the high duty cycle of the beam malkes
possible the use of synchronous detection technigues for the
measurement of small guantities impossible to extract from the
noise on a pulsed system. Characterization of the electron beam
is correspondingly improved, making possible detailed comparisons

with the theory.

The short wavelength and the high duty cycle of the storage
ring later also suit it well to the spectroscopic, chemical, and
other sclentific applications [5] which will be the first
beneficiaries of the FEL developments in this wavelength range.
Furthermore, since the laser does not excite the emittance of the
ring in lts standard configuration, it seems likely that
synchrotron radiation users will wish to use the beam at the same
time as an operational free electron laser, provided that they do
not require the smallest possible bunch lengths or energy
spreads. This will permit multiple use of the stored beam when

the laser operating schedule can be determined.

The étorage ring systems also share some difficulties, ﬁhe
most bothersome of which 1s assocliated with the operatlon at
short wavelength. The harmonics generated in all linear
undulators (chapter 4) appear at short enough wavelengths so that
they can create absorption centers in the dielectric materials
making up nultilayer laser mirrors. The protection of the

oscillator mirrors 1s now the most sericus problem facing the

operation of FELs in the visible and the UV regions [6]. The
other ticklish problems assoclated with the operation of storage
rings stem from the fact that the lifetime of the stored beam
must be maintained at an acceptable level, This means an ultra
high vacuum environment must be maintained in the ring, and a
certain minimum aperture must be provided at the undulator.
Although we can work around the latter constraints, some
improvement is called for in our materials technology for

application in the harmonic-rich UV FEL environment.

With existing storage ring technology it is possible to
produce a normalized current density o i/(ye)z = 10° amp/cmz—
rad? with a iow energy soread. (The emittance in a storage ring
is defined as the product of the RMS beam size and angular
content at a beam focus.) In an undulator of optimized length,
such an electron beam can produce galn on the order of 10 per
pass in any segment of the range 5000 A to 100 A. The main
unknown factor which enters into the calculation of laser
performance over this wavelength range is the guality of the
mirrors which will be availlable [7]. Various schemes for making
optimum use of the electron beam are now under active discussion,
but it 1s clear that in some configuration, a storage ring laser
i1s a viable device for the production of very short wavelength
radiation. We expect that within the next three years such
devices will he produced at Orsay in the intermediate gailn

regime, and at Stanford in the high gain regime.



{5 years).

12.2 Optimization of the small signal gain

In the XUV and beyond, the best available mirrors [7] have
reflection coefficlents approaching 50% at normal incidence. In
order to achieve laser operation, a net gain on the order of 400%
is required to reach threshold slnce amplification occurs only
once per round trip in the FEL. In this wavelength region, the
primary device consideration must be to optimize the small signal
gain so that the threshold condition can be reached. None of the
free electron lasers to operate to date have achieved a gain
higher than 100% due to a combination of factors including low
electron beam guality and limited interactior length. If optirum
use is made of the high normalized current density beam provided
in the electron storage ring, it is possible not only to push out
to the short wavelength reglon, which in itself reduces the gain
(chapter 5), but alsc to increase the gain above the levels ever
achileved before at much longer wavelength. We will examine the
case in which the storage ring design is optimized for FEL

operation.

The small signal gain (chapter 5) in a linear undulator is

given by

The existence of high galn, in addition to making possible
short wavelength operation, has other important implications.
Once the radiation produced by the electron beam exceeds in
amplitude the input field, the physics of the interaction can
change mariedly. The diffraction characteristics of the amplified
wave become dominated by the electron beam and can become
actively guided [8] by the amplifying medium. In such a
situation, the free space modes become an inappropriate basis set
by which to analyze the interaction, and the optimization of the
system changes drastically. Secondly, the net gain in the high
gain case increases due to exponential amplification. And
finally., the inhomogeneous broadening terms (chapter 5} become
smaller since the bunching required to amplify the light takes
place a limited distance previous to an electron's Instantaneous
position. All of these effects increase the net gain ir the laser

and change the scaling relations for the optimization.

In this chapter, we describe the cptimization of the small
signal gain in a storage ring laser as prelude to the discussion
of the ultimate wavelength limit of these machines with present
technology. The present state of our experimental knowledge of
these machines is explored through a review of the principal
results of the existing experiments, and we conclude with an
asgsessment of the major technologlcal problems which remain te be

solved, and a discussion of the outlook for the forseeable future
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This relation assumes a low divergence optical mode and electron
beam. If the gain is low, the input power P is increased by the
gain G to (1+G)P. If the gain is large, the amplification becomes
exponential with a growth constant proportional to the third root
of G. If the input wave is gulded by the amplifying electron
beam, or if the gain is large enough to reduce the inhomogeneous
broadening, the net amplification will be further increased.
Whether 1in the large or the small gain regime, an optimization of
the small signal gain G results in the maximum system gain. This
optimization must be carried out into a low divergence Gaussian
mode for a low galn oscillator or amplifier, and into the self-
consistent optical beam in the high gain guided wave case. The
inclusion of the fillling factor Fy {9] to take account of the
overlap of the two beams is a good approximation in either case.
In general, the propagation of the electron beam and of the
charge density wave in that beam must be separately taken into
account since the electron beam focussing can influence the
dynamics of the interaction through changes in the phase of the
electrons. However, in the optimum case consideved below, the
charge density wave 1s unaffected by the focussing of the

electron beam, and the entire esffects of the beam overlap

including scalloping can be taken into account in the £illing

factor.

Since the gain varies as the cube of the number of periods,
the gain optimization demands the longest undulator subject to
the constraints imposed by the finite emittance and energy spread
of the beam, and by the propagation of the optical mode. We will
discuss the length scaling after these effects have been

discussed individually.

For a fixed length system operated at a given energy and

wavelength, the gain varies as

]

T
o« !; [s5]" . 12-2)

We wish therefore to reduce the wavelength Xp as much as possible
and increase X to the maximum. Keeping the wavelength constant as
we reduce g implles increasing K according to the resonance
condition (chapter 5). However, it becomes technologically more
and more difficult to produce high magnetic flelds at short Xo
and we arrive at an optimum value of K and Xxp set by our
technological resources. Ths highest magnetic flelds can be
obtained by reducing the magnetic gap to the minimum acceptable
value, In a storage ring system, the minimum gap is set by the
need to maintain a long lifetime for the stored electrons. The

pure rare-earth-cobalt undulator design suggested by Halbach



{chapter 15} 1s a good one, and has been used by four out of the
five FEL osclllators which have operated to date. The hybrid
design offers a small improvement in field strength at the cost
of the use aof permeable materials with their attendant nonlinear

response to external fields.

For the low gain case, the Rayleigh range must be set to a

fraction of the undulator length [10], which we choose to be

2, 2 :{% {12-3)
If Zo is too small, the divergence of the made turns off the
jnteraction before the end of the undulator, an if Zs 1s too
large, the mode waist becomes too large to couple well to the

mlectron beam.

We now have +4he need to choose the slectron beam envelope
functions (the beta functions of chapter 14) in the undulator.
The linear undulator produces a K-dependant focussing in the
magnetic plane, and external focussing may also be imposed in and
around the undulator. These functions and the emittance determine
the electron beam size and angular spread, which must be
optimized for minimum inhomogenecus breoadening and maximum

filling factor.

We assume in the following that cylindrical symmetry is

10

established in the interaction region. This implies that a
uniform external focussing is applied in the wiggle plane and
adjusted to produce eqgual focussing in the two transverse planes.
This can be done, for instance, by alternately canting the pole
faces to produce strong alternating gradient focussing. The

focussing constant k., {x" + kpzx = D) is then

—

k = L3 {12-4)
B VoY
An arbitrary electron injected into this structure will execute
oscillations in the two transverse planes such that the
londitudinal velocity averaged over an undulator period remains
constant. Furthermore, if the beam is injected focussed to a

waist with a beta function of
8 = 1/k (12-5)

the electron beam envelope alsc remains constant. Other values of

the input beta function will result in a scalloped electron beam

Bork z
@)= a1+ (J-"- -] sin— (12-6)

where 2pid *s the beta function at the symmetry point in the

middle of the undulator.
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For strong magnetic fields, popt becomes small and kB
becomes large so that one 1s obliged to set p = ﬁopt' However,
for weak undulator fleld strength, since kp becomes small, one is
no longer forced to match the beta functions. When Bopt grows
larger than zgo, we can hold Pmid = 2o (see equation (12-9)) and
remain assured that the phase advance in (12-6) will be less than
m and that the growth in the beam size from the center to the
ends of the undulator will be lsss than 1.9, the value for a
freely propagating beam. In what follows, we will therefore

discuss two cases: one in which pc x » zog so that we can set amid

P

= 20, and the other in which we set amid = pont'

Tor an electron beam with a gilven current, varying the
dimensions changes both the on-axis electron density and the
£111ling factor [9]. To maximize the product of the density and
the £filling factor, we require that the electron beam dimensions

be equal to or smaller than the walst of the optical mode.

W,

£
¢ A

[{12-7}

To be sure that the inhomogeneous broadening is not too large, we

require that the shift in the 4esonance parameter

dve § L[(ll-fko)[?u ’h:{
~L(kekD (7 v

-~ L. (k-tfl.)zfl'y",_[ _g{ﬁ(xujt) + Xt (&; -t@“l)

{12-8)

¥
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produced by the one standard deviation particle in the two

transverse dimensions be less than nw, which implies

T e X
q_p S "‘;E" (12-9)
These relations, with {12-2), are consistent with the requirement
that the divergence of the electron beam in free space be less
than or egual to that of a diffraction limited Gaussian optical
beam.
-
lg ; b (12-10)
According to the above discussion, this restrictien is
appropriate when the focussing produced in the undulator is small

encough

J?_lz < s}/’ (12-11)

Physically, these equations describe an eleétron beam which is
completely contained within a diffraction limited Gaussian mode.
We note that this implies a certain minimum emittance for the
beam. Equations {12-7) and (12-9) cannot be satisfied

simultaneously unless

¢ <« L

‘Hl (12-12)

We see that the emittance of the slectron beam limits the
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performance of an FEL in a very fundamental way. As the
wavelength is reduced below the value 4me, the galn begins to
plunge {see for example figure 1, in which % = 4we at 1000 A}.
With the presently available ¥Yalues of peak current and mirror
reflection coefficient, it becomes impossible to operate the
laser much further than a factor of % or 10 in wavelength beyond
the point where (12-12) is violated. The minimum wavelength for
the operation of an FEL in the low gain region is therefore set
primarily by the emittance of the beam, and secondarily by the
peak current. This limitation can conly be circumvented by
establishing very high gain as discussed below so that the

inhomogeneous effect caused by the emittance is reduced.

Let us assume that the laser wavelength is adjusted by
changing the magnetic fleld of the undulator, keeping the
electron energy constant. The wavelength is adjusted in the range
between the lower limit set by {(12-12), and the upper limit set
by the maximum magnetic fileld technologically available. The
optimization criteria change depending on whether (12-11) is true
or false., In the short wavelength region we follow (12-10), and

{12-9) inserted in the gain expression results in

s It T 1
: w [ve [ 32N EY[37]
[ 1+ R .
whervt (12-13)
s _I__ = = 2 Ye
Ke o T G Tz

In the long wavelength region where (12-11) ls false, we follow

{12-5), and (12-9) results in

14
2 (“"t'_“ﬁ’).t

Y
G(Ng % Tshed |+ (J__@‘_g'_ﬁ_l\_!)"’

L (12-14)
where
¥ o oW X
R> g £ & ARN = = Fwv

It is clear that the gain now scales only guadratically in the
length. At fixed energy, wavelength tuning is obtained through
the magnetic fleld dependence; at large K, we observe that the

gain is essentially independent of the wavelength.

The remaining factor in the inhomogeneous broadening is the
energy spread, which does affect the choice of the maximum
undulator length. The effect of the energy spread is to establish
a minimum {inhomogenceus) bandwidth for the emlssion process.
Increasing the undulator length reduces the natural (homogeneous)
bandwidth, thereby increasing the gain. Near the length at which

these two bandwidths are equal,

}\.

E

[12-15}
the phase space average of (12-13) begins to reduce in size, and
the gain ceases to grow quadratically in the length. At L =
'T“Lopt the gain grows only llnearly w%th the length, and by L =
stopt no further improvement in the gain can be obtained. To
find the optimum gain that can be cobtained In this regine of

operation, we set L = Lopt and find

G’H s I Radcii
$‘\N{' ct x(%{_)“(l* ‘2-1.)

(12-16)
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which varies inversely as the square of the energy spread.

The undulator described by (12-15) can be many meters in
length. In order to observe the full gquadratic enhancement of the
gain as a function of length, the magnetic field configuration of
the undulator must not have large or cumulative errors. Since for
high quality electron beams the optimum undulator can be quite
long, the constraints on the undulator flelds become quite
restrictive. The acceptable magnitude of the field errors varies
inversely as the length. An important technologlcal challenge for
the field is to device methods for reducing the imperfectiens ir

undulator devices.

These imperfections reduce the gain and increase the
spontanecus emission bandwidth. Fortunately, it 1s not necessary
to measure the gain, which 1s difficult, in order to project the
performance of a given device in the FEL oscillator. Using the
Madey theorem {11] it i1s sufficlient to measure the forward
spontanecus emission spectrum, which is relatively simple. The

Madey theorem and its limits have now been verified in detail}as
4

shown in figure 2.

Let us include the energy scaling of the electron beam
parameters of the storage ring. The emittance scales as 12. the

energy spread scales as y, and the peak current, which is limited

16

by the Touschek lifetime, scales =as y®. {The constants of
proportionality depend on the lattice design and the cperating
point for the emittance, the size of the ring for the energy
spread, and mainly on the RF voltage for the peak current.) The
optimized gain therefore grows quadratically with the energy ot

the ring.

In order to obtain maximum gain in a storage ring FEL, a
designer is therefore led to consider systems of the largest
energy that he can afford subject to the regquirement that
resonance cah be established in the wavelength range of interest.
In order to maintain resonance, high values of magnetic fleld and
iong undulator wavelengths are required. However, since the
energy spread increases linearly with the energy. the optimum °
undulator length actually decreases with energy once K becomes

*

large.

The proposed Stanford-Deacon Research FEL program can serve

as an example for the above considerations. The electron beam and

the laser parameters are listed in Table I. The emittance of the

HIBESS electron beam characteristics (design values)

energy 1 GeV

peak current 270 amp

{1 hr Touschek lifetime) -
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emittance 9x310" Y m-rad {round beam)
energy spread 6210 1
injection: with e or e at 1 Gev
i ain, diffraction d guiding FEL experiment [HIDAG

(preliminary values)

undulator length 28 m {pure REC)

mugnetic period 11 cm { interchangeable}

maximum K 7.6 {cep = 30 mm)

laser wavelength 5000 + 1000 A (f{:pcamental}
TABLE I

storage ring limits the wavelength of high gain operation to X =
1000 A from equation {(12-12), and indeed we gee in flgure 1 that
the gain begins to drop precipitously at this wavelength. The
availlable straight section length is 60% of Lgsp:, which is
reascnable given the high cost per unit length of bullding the
undulator, and the declining benefits of increasing the length as
Lopt is approached. From equation (12-13), the gain is G = 4.2.
As mentioned above, the exponential growth and posmible some
active guiding will produce a net amplification subgtantially

larger than G.

18

Since the gain in a high energy storage ring is limited by
the peak current, which is limited by the Touschek llfetime at
high energy, 1t is possible to increase the gain by operating in
a pulsed mode. The peak current can be increased as the sguare
root of the RF voltage applied to the stored beam, until an
instability threshold prevents further increase. (This is another
reason to operate at high energy: all of the instability
threshoids are higher.) To take the example of the HIBESS ring,
if the current is increased to the kiloampere region where the
longitudinal wake field instability 1s predicted to set in, bunch
lengthening will occur, effectively preventing further increases
in the peak current. The Touschek lifetine is very short (a few
minutes) at this current. However, if the RF voltage is pulsed up
for a time short compared to the Touschek lifetime, only small
net beam loss will occur. This would allow repetitive pulsing

into the very high gain regime as long as the duty cycle is low.

12.3 Alternatives to the Regular Undulater

12.3.a. The Optical Klystron

A modification of the undulator called the optical klystren

;-

[1&] is often a useful device, particularly in storage rings due
to thelr low energy spreads and often limited avallable straight
section lengths. This device is composed of two undulateors
separated by a maghetic dispersive section, which acts to

increase the available gain in a given length at the expense of



19

the gain bandwidth. As such, 1t can only be of value if the
length of the available interaction reglon 1s smaller than thea
optimum length (12-15). Use of the optical klystron under these
conditions can increase the gain by as much as Lopt/L. By
contrast, if the flexibility exists in the design stage of the
storage ring laser system, the gain can be increased by the
square of this ratio if an undulator of optimum length is
installed on the same quality beam. If L < Lope/2, and the energy
spread is small enough, the optical klystron can be used to
advantage; 1f the straight section can be designed at the optimum

length, better verformance will be cbtained from an undulator.

Let us discuss the optimization of the optical kiystron,bince
most storage rings have not been optimized for F.E.L. studies, their
straight section lengths are insufficient and the OK may be useful to
enhance the gain, Following Elleaume's /18/ analysis, the OK can be

characterized by the parameter Nd :

L
N, L 48 . “_Eé_ (12.17) when the dispersive section is simply

d
D dy 2 a drift straight section

) L
.4 Ld + _E_n‘,_ ([B(z]dz) JK otherwise
-

Q_‘* ) mic?
The gain of the OK is :

. Nd
Gog ™ Gund (2N periods) x 0.93 x (1 + E-) f (12.18)

L
where f = exp - [l‘ri TT( N*Nc‘) ..G.-..T _A.._ ] (12.19)
T e

where AR is the resonant wavelength and uYIy the energy spread of the
ring. Physically £ is the depth of the OK emission line modulation (due to

the interference effect between the two N periods undulators}.

12.19 is valid only as long as the longitudinal distribution of the

electrons inside the bunch is gaussian. The maximum gain of the OK for the

proper choice of Ny (NJ = (z,'m%—_r)' L N) s:

max _ 045 (12.20)

GOK G - (2R}

‘max
No
T/Y
It can also be shown that no extra gain is obtained by working
on harmonics with an OK. The storage ring emittance broadens the
envelope of the gain curve and consequently does not limit the OK as strongly
as the energy spread{which broadens the fringes). Therefore the gain of

the OK can be written :

(12.21)



21

In order to extract scaling information from this expression,

let us make the following simplifications :
(i) For N not too small X & -3

Then 12.2% becomes :

Gox ~ [IE] 0 m" (12.22)

Y e &)

(ii) For a given emitted wavelength, %, a smaller Ao is needed at lower

energies. From our experience lo scales approximately as ~ ¥y

(iii) The energy spread E¥ scales as Y on o ‘hivu\ S*‘oraac rinj

(iv) The maximum achievable electronic density scales as ?e ~ %, I we
consider only the Tousheck limitation on fa s a0 ¥ 2 -3, However,

for the OK the anomalous bunch lengthening threshold {above which the bunch

and energy spread grow dramatically) is a more crucial parameter. The threshold

scales approximately as ~ y with the stored current /19/. This lower

a to ™1 . 2 (It would be unity if the bunch volume was kept constant at a

given current while rising the energy) On the whole :

Cog ™ 2y 40 F [} (12.23)
[J.J]2 will be slightly improving while decreasing vy as K will
decrease anf Fp will depend on the transverse bunch size used at different
energies. However it can be concluded that the optical klystron gain optimi-
zation favors the lowest possible working energy as long as the Tousheck
lifetime does aot become too short and as the various instabilities which
appear at low energy remain under control. Therefore finding the best operating
parameter for the FEL of a given ring constitutes an important part of the work

of a FEL designer.

As an illustration of this discussion we present in table II the
estimated performance of a lo n~ 10 cm undulator placed on the storage ring
super ACQ, currently under comstruction (First electrons are planed for

mid~1986) . Although the desipn energy is 800 MeV the ring has been designed

L2

in order to work also at low energies. The undulator period is rather

long . in order to be able to work in a large range of emitted wavelength

and storage ring energies. The gain is given for a calculated point of
operation at 400 Mev f15/.

TABLE I1 SUPER ACO ELECTRON BEAM CHARACTERISTICS AT 400 MeV (calculated).

Peak current 50 amp (90 mn Tousheck lifetime)

Emittance Ey= 2.8 T

Energy spread 2.6 10-4

R.F. freq. 500 MHz (120 harm. of the fundamental)
Injection with e or e

Bunch length 2.7 mm

POSSIBLE OPTICAL KLYSTRON FOR SUPER-ACO

Overall length 33 m
Magnetic period Ao ~ 10 ¢em
Number of periods N 15

(each undulator)
Nd (adjustable) 0 - 300
Maximum K ]
Expected wavelength 120 - 700 nm
range (400800 MeV)
Gain at A = 150 nm 0z

(400 MeV - K = 1.3)

The lower limit of the expected wavelength range is determined

mainly by the mirror reflectivity (see chapter 16) which drops rapidly

below 120 nm (limit of the aluminium reflectivity). Let us point out that

working at low energy and thus at low K has the further advantage of mini-

mizing the mirror degradation which is due to the intense production of

harmonics and XUV light by the undulator and dispersive section (see ref.

and below).
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12.3.b. Transverse Grndient'Undulator
fu
The "transverse gradient wiggler" [13] ls the opposite

1imit to the optical klystron in that it increases the gain
bandwidth while reducing the amplitude of the gain. The value of
this approach lies in the saturated regime of laser operation, a
regime we consider below. By increasing the ‘'energy acceptance of
the wiggler, more power can be extracted from the beanm and the
laser will operate more efficlently. It 1s clear, however, that
there must already be plenty of gain available to turn the laser
on and drive it to saturation before one could imagine trading in
some of that gain for higher power and efficiency.

12.3.c. Isochronous Storage Ring Lgser
A more radical modification of the physics of the FEL

interaction has been proposed [1;] in the isochronous storage
ring laser. Here, the idea 1s to modify the optics of the storage
ring so that the optical phase of the electron from pass to pass
is maintained within a wavelength. This resdlts in a steady state
trapping of the electrons within the optical huckets much as
-described in Chapter 6 for the tapered wiggler and a single pass
beam. The consequences which are projected for this mode of
operation are strong, first order energy transfer into the laser
since the electrons are prebunched, and high efficiency operation
gsince no radiation damping jis required to maintain the laser
power, The technical difficulties [;;] which must be resolved %to
builld such a system are largely unknown to experimental practice
since storage ring physicists have had no reascn to attempt to

build guasi-isochronous electron rings. However, as the new

L4

storage rings at Orsay, Tsukuba, and Stanford becone avallable
for such work, we expect to see considerable effort applied to

the realization of stable, quasi-isochronous optics.

12.3.d. High Cain Regime
Although we have based the present discussion on a

consideration of the small ﬁignal galn using the small gain
formula (12-1), some discussion is in order of the high gain
regime, which presents some unigue differences from the low galn
physics. Once G becomes significantly larger than unity, three
factors combine to Ilncrease the net amplification which would
actually be observed. First, the wave begins to grow
exponentially. Second, the effect of the enmltiance and energy
spread of the electron beam is reduced since “he length over
which the bunching must be maintained is limited to'apgroximately
one e-folding distance. And third, the imaginary part of the gain
tends to refocus the optical wave onto the electron beam,

producing active guiding [8].

None of these phenomenz. have ever been seen because of the
low gain available in the existing experiments. In the case of
active guiding, the optimization of the interaction region takes
on a radically different character from that presented above, the
most notable being that there appears to be no limit on the
length of an optimized undulator! As another very intriguling
possibility, the combination of these three factors may permit
the operation of a FEL in the X-Ray r$gion in a kind of amplified

spontaneous emission configuration [16]. In this propeosal, no
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TABLE III - ACO SRFEL CHARACTERISTICS

mirrors would be required; the spontaneous emission at the

Storage ring ACO
beginning of the undulator would be guided and amplified by a

factor of a million or so in an exceedingly high gain undulator. Nominal energy 536 MeV

Laser working energy range 160 ~ 224 MeV
This i1s proposed to be done in the X-Ray reglon by narrowing the .

Circumference 22w
undulator gap to a very small value, and increasing the number of Number of bunches ?
periods. A small emittance beam is required for such a long, Electron beam current for oscillation 16 to 100 mAmp

: RMS bunch transverse dimensions (§ & G} 0.3 to 0.5 mm

small gap undulator, so that a storage ring is used, and the x ¥

RMS bunch length ( Se) 0.5 to 1 nsec
lifetime is malntained by kicking the stored beam through the RMS bunch relative energy spread 6 to 13 10_“

small gap undulator only a few times per second. Short of an

improvement in our technology to permit the production of lower
Undulator/Optical klystron /20/

emittance electron beams, this approach offers the only hope of

FEL operation at wavelengths shorter than 100 A or so. Overall length 1.3m
Undulators 17 periods or 2 x 7 periods of 7.8 cm
Dispersive section 70 < Nd < 100

We conclude that with available technology. operation from

5000 A through 1000 A can be achieved, The extent ta which the

. . 6
oscillator configuratkon can be pushed below 1000 A will depend Optical cavity /6/
on how effective is the exponential gain in reducing the Length . 5.5 m
inhomogenaous broadening. It appears reasonable to project that Mirrors radius of curvature Im 5

1 . . 3 ‘0—
FEL osclllators might eventually reach 1060 A. The mirrorless Mirrors transmission B -

Cavity losses at 6500 A 710 (Eirst‘
anplifled spontaneocus configuration is probably capable of experiment)
17 107 (after 40

operation at significant power levels down to 25 A or so. Further runs)

progress would require significant improvement in the emittance.
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The average output power of the SRFEL has been first studied
FEL OSCILLATOR /1/ by RENVERI /27/ who solved the Fokker—Planck equation for the electrom
distribution function in the presence of the free electrom laser. He

found that the output power is limited to a small fraction of the

Typical duration after each injection 1 hour synchrotron power emitted all around the ring :
°
Haveenget xenge R pecinent) Frasr = % 5 Pt (12.26
A = 6500 & ~ 10 A (after
L 40 runs) where ( LU } is the homogeneous spontaneous emission linewidth
Output average power at 180 MeV 200 Watt at w
i=50 m (v 1/24, where N is the nb of undulator pediods) and is an
Output peak power (Q-switched) voT Watt integral whose value is close to 1 for an undulator to 1.5 for a transverse
Intracavity peak power (Q-switched) 50 Kwatt gradient wiggler and to 1.2 for an optical klystron. n. is the ratio
2 transmission/losses of the cavity mirrors. Therefore, the maximum average
Intracavity peak power (Q-Switched)/ca > Marr power which can be extracted on a given storage ring (called "Renieri's
limit") is :
max 31
L - ¢ Y )max Psynchr. (12,25)
g .
where ( —%—Jmax is the energy acceptance of the ring, dibg{z order
of magnitude is a few percent. A typical Psynchr on an XUV storage
12.4 - AVERAGE QUIPUT PQWER _OF THE SRFEL ring is 10 KWatt {Super ACO, 800 MeV), Of course, the gain must be high
enough to reach this limiting power, and high gain requires long
We shall now examine the varieus characteristics of a undulators which decrease the energy acceptance. The emitted power
FEL oscillator working on a storage ring. Since the only storage will be on the order of tens of watts in the Vig-UV spectral region and
ring laser to have oscillated is the ACO machine at Orsay, and since much less in the UV-XUV region where low energy acceptance undulators
we will refer to it through the rest of the text, we list its main or optical klystrons will have to be used in order to maximize the
characteristics in table ITI. gain (Remember that the gain drops with decreasing wavelength, for a
For further information, the reader may refer to /i/. given undulator, while the mirror losses become larger /22/).Together

with a good energy acceptance, the power expressed in (12.25) can be
reached only if the small-signal gain, 8, is high enough compared

to the saturated value of the gain, g, * [" where [C is the eotal

optical cavity loss). There are several causes of saturation of the FEL :

- "Over bunching" which typically appliet only for single pass FELs
(See chapters 2, 5, 10 and t1}.

- Saturation by increasing of the energy spread oY/T . At each pass

through the undulator, the electron-light interaction increases the

energy spread of the electron beam. This increase is counteracted
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only by the synchrotron damping of the rimg, which results in the

Renieri 1limit for the emitted power.

- There is another cause of saturation which can prevent the Renieri

limit to be reached. On storage rings the electron pulse BRMS length is :

G, = A€ (Ej) o 2.29)
ws \ ¥

where QJS is the synchrotron frequency, and a« the momentum compaciien

factor /23/.

Then as the energy spread increases, o increases and :

g~ E;' since g, is proportional to the electronic

density. I[f one star%s from a typical energy spread value of 5 10-4

-2

and wants to reach 1 10 the gain/losses ratio has to be at least :

g, > [Tl w20

r [Se |.at.

Therefore the emitted power will decrease with the emitted
wavelength (XUV region) since one will work with lower energy acceptance
undulators or OK and with higher losses mirrors. In the case of the OK,
assuming saturation by energy spread, the power has been explicicly

calculated /24/ by using the energy spread twglu*}on g1u|{yon;

%t A(Ef{)a = - .%’ (5;:{)'1 + %_:%J_:_> (12.27)

= 0 at equilibrium

where t\(gf!)a'is the energy spread variation due to the FEL, T the
synchrotro] amping time and T the ring round trip time. The laser
induced energy spread <{ J.‘ )2> {second moment of the electrom
distribution ) can be related tc the net energy loss <6%'> by the
Madey theorem /11/ (the SRFEL saturates in the small signal gain

regime), Finally :

- £ Loy (3:/7) P 12.28
Pok, QGTHNfNi) _(%373?).,_5“‘;". (12.28)
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For the ACO SRFEL /1/ working at low energy Psynch;ua few

wates, golr A 2, N, v 100 and n v 0.03 so that the extracted power

4 -
was very low, of the order of 5 10 5. However the experimental value
{of the order of 100 uwatts) was in very good agreement with the

iy s 420.7
calculated value and exhibited a ¥

dependence between 160 and
224 MeV, as expected from the Renieri's limit prediction since the

synchrotron power varies as Yﬁ-

On super ACO the 6utput power will vary between typically
100 mWatts (VUV laser running at 400 MeV with N, ~ 300) and 50 Watts
(visible laser, 800 MeV, undulator). Similar power levels are expected
on the HIBESS storage rina.

12.5. PEAK POWER OF THE SRFEL - Q SWITCHING

The SRFEL has a pulsed structure, corresponding to the passage
in the interaction region of ome or several bunches stored in the ring.
The typical duty cycle factor (bunch to bunch distance,T/bunch length}
is 102. At laser saturation the light pulse is much narrow than
the electron pulse ( an-f!iT§L . see below} by a factor of about
iOz. Therefore if the FEL was pseudo-cw, i.e., if it consisted in a
series of pulses of same amplitude separated by T, its peak power would
be approximately IO“ times higher than the average value discussed
above. In practice, it is easer to get a Q-switched than a pseudo-cw
FEL. This leads to an increase of this factor by at least 1 order of
magnitude (In the Q-switched mode of operation, the pulse length is
larger than in the pseudo-cw operation. Therefore the power enhancement

depends on the particﬁlar experimental conditions).

As the first SRFEL oscillator was obtained, on the storage
ring ACO at Orsay /1/, it was observed that its tewporal structure was,
surprisingly,cheotic (fig. 3a). That ig, the FEL pulse develops, with
a risetime of the order of 0.5 msec, and then decreases. In this "natural"
macrotemporal time structure each pulse train is separated from the
following by a time interval varying randomly around an avefage value
of typically 20 msec (depending on the experimental conditions). Mean-
while the emitted laser power did vary linearly with the stored curtent
(fig. 4) indicating that this behavior was not due to threshold fluctua-

tions (the difference between the optical gain and the cavity losses
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is of the order of § tc'“) and that FEL has reached saturation. This
time structure is an intrinsic effect of the SRFEL. It has been

explained by P. Elleaume /25/ by a very simple model.

By noticing that only small variations of energy spread.
¢ /vy, are involved in the large variation of intensity versus time the
T .
equations (12.18) and (12.27) can be linearized giving the simple set

of equations :

a . (1-2)1
dt T
[+]
(12.29)
i 008
dt T

s

vhere I is the laser power, 2 = o_:- cr:' {laser off), both

normalized to unity. 1, is the laser rise time starting from the laser

-off condition, Tt = 'i.e., T, can be understoed as the rise
o

g, - T

time of the "first” laser pulse train once the gain has been set higher
mpn
than the losses. t_ is the synchrotroniglée. In general 1 << t_ (For
example on ACO, L is typically ~ 50 psec and T v 200 msec). This is

likely to be the case for most of the SRFELs. 1, will be shorter than on

o
ACO{typically 1| psec for g, - I = 0.1}, wvhere the gain is very low but
T will also be shorter (typically 1-10 msec on most rings). Then the

general solution of (12.29) is :

2 .14+ 2, t:-_"‘l‘/.vs co;{l'ﬂ(_i':fg) (12.30)
TS

[}
where T, = 2n "t_!:_r.

R
a

The equations imply that the FEL tends to reach a stable
equilibrium state after a series of damped oscillations of period TR
damped with the syncrhotron damping time L Numerical simulations
show (fig. 5) that starting from the laser off condition the energy spread
oscillates as in (12.30) while the laser intensity has a pulsed behavior
before reaching a stable level. The shape of each pulse is approximated
by :

3L
-2 l:hqa
I;K.c": \[:_‘_;t

o (I"Si)'?'s
L v,

(12.31)

vhere jz i is the value of :Ej at the "beginning" of the pulse. Moreover
it can be shown that the equilibrium state is very unstable and resonnant
with any perturbation of period close to ‘l‘R 80 that the laser has in
practice a pulsed structure, as observed ('l'R % 15 msec on ACO). For
example a noise of 3 I affecting the energy spread can account for the
observed randomly pulsed behavior. On the whole this model fits very well
the data obtained on ACO /1/. On fig. 6 are shown together the time
evolution of a laser pulse and of the laser-induced energy spread,
recorded by & bunch lengthening method /26, 27/. As predicted by the
theory the energy spreads increases as the time-integral of the laser
intensity. This points out the physical interpretation of the pulased
behavior : the laser pulse develops until the induced additional energy
spread has driven the gain down to the level of the cavity losses. But
then the laser pulse remains stored in the cavity and the energy spread
continues to increase as the laser intensity slowly decreases. Therefore
the gain is "killed" by the laser itself, and one needs some relaxation
of the enerpy spread, with the "long"” time constant Ty before the
process starts again.

One interesting consequence of the laser instability is the
pessibility of Q-switching it. By modulatinh the optical gain with a
period of the order of magnitude of Tp it is possible to obtain very
regularly spacedand reproducible pulses (fig. 3b). Two methods have
been used.on ACO :

- Modulation of the storage ving revolution frequency in order
to shift the overlap between the electron and light pulses. On ACO 2
100 Hz difference with the nominal 13.6 MHz frequency was enough to

turn off the laser. However this method has the disadvantage of inducing

synchrotron oscillations on the energy spread.



33

- Periodic tronwlation 0f the el2ctron beaw in the transverse
direction inside the undulator. At Oraay, # displacement of .5 om was
sufficient to decrease the gain by a factor of 4. This method was the
wost efficient and reliable in the case of ACO.

Many other mathods may be imagined.

The Q-switching of SRFPL has tio great advantages over working
with the "natural" structure !

( i) The laser is stabilized with a repetition rate of 10-100 Hz on
ACO and 1-10 kHz on future 2xperimencs. !B étnatitutes then a
pericdically pulsed source allowing the various accumulation or
phase detection measWrements methods. Thig ip very important, both
for the study of the laser itself (the fig. 5 was recorded under
those conditions) and for the Fyture users of SRFILs.

(ii) The laser peak power i onhanced by sevara! orders of magnitude.
If TD is the Q-switching period a maximum 18 Teached at To v and
the power enhancement is about tsjaro. This factor is v 107 for
the Orsay experiment (and will be about the same on future experiments)
although anly 102 could te reached in practice (This is due to some
particulae Features if the experiment /1/ which made it nmpan-Bl;
to reach the low frequﬁncy.TO = 7., modulation regime). Remember
that che higher the "smell signal gain" g,+ the smaller the rise
time T, a@nd the bigger the peak power enhancement. Howevar the
estimates given above do not take into account saturation in the case
of & high powsr SRFEL. When the dimensionless lamer field /28/ :

4w Ne kL
o — . (12.30)
Y me
= 0.1 on ACO (Q~switched re:ﬂhl),becomes of the

order of unicy averbunching will occur which will modify above results.
Nevertheless we can conclude that the Q-switching witl improve the use-
fulnesw af the SAFEL and their peak power by several orders of maguitude.
Given the duty cycle of the ring, the narrowing of the laser micropulses
and the expected Q=evitching efficiency, the SRPEL peak power should lie
at least in the MWatt range on future SRFELs.

To conelude this paragraph let ua point out that "strange"

4

anomalous bunch lengrhening behavior ha been obrerved /1, 26/ on the
ACO SRFEL. These effects have an importsnt influence on its starts up
behavior.Further analysis is needed to Kpnow if these phenomena will
reappear In every storage ring FEL operated gbove the threshold current

for the longitudinal field instabiliry

12.6 - TRANSVERSE AND LONGITUDINAL MCDE STRUCTURE

In the general case, gain |8 present over a range of traneverse
and longitudinal modes of the laser ressnator cavity., In the presence
of gain these modes are no longer thée eigenwmodes of the system, and the
cross rerms must be taken account of in a caleylation of their svolution

as a function of time. In the high gain case, both problems become complex.

As shown experimentally in /10/ and theoretically in /9/, Ehe
gain ¢couples a single input transverse mode into many output modea. At low
gain, the power emitted into the higher ordet modes is negligibls § as
cbserved in all of the FEL oscillators to date, this produces a pure
TEMoo output mode. In high gain systems, on the other band; tha radiation
frem the FEL which mixes the modes dominates the initial power spectrum
in the pscillator modes, and the output powet will contéin meny modes.
The mode content could perhaps be improved by using an adjustable iris
placed inside the optical cavity /29/. In the very high gain regime, the
cross terms which couple the growth of the modes can becom® 8o strong
that the propagating wave no longer looks like any mode i the wave is

actively guided /8/. In this case, a wodel analysis becomea inappropriate.

In the UV-vis spectral region the radiation can be extracted
by elther a partially transmitting mirrors or by a transpareat plate
oriented in the optical cavity near Brewster incidence. In the XUV region
(AL < 1200 R) it is very difficult to find transparent materials and the
extraction must be performed by a mirror placed in the optical cavity
slightly inside the optical mode. This will perturb the cavity modes

and needs special theoretical attention.

The longitudinal structure (and therefore the spectral charac-
teristies) of the laser are dominated by the problem of the "slippage"
between the electron and light pulses. Due to the different velocities
of the electron and light, the light pulse tends to shift in time with
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respect to the electron bunch. As 2 result the longitudinal eigenmodes
of the laser are not the usual ones but the "supermodes” defined by
Dattoli and Renieri /30/. The resulting laser pulse is Gaussian, of

typical length 1 v and its spectral with AV is transform limited :

|

b J
LS Q\E:\HN)L
Av + 1 ?[é - 4 .E[E. (12.33)
Yo Y, TANG

where i is the initial bunch length and £ the "slippage distance"

(= NAL). N has to be replaced by (N + Nd) in the case of the optical
klystron. This predicts & relative spectral width of 5 tO-S for the ACO
storage ring experiments: one order of magnitude narrower than the

observed value {4\, % 3 A for } + 6 000 a.

Another approach has been given recently /31/ which leads to
analytical solution for the supermodes. Their longitudinal distribution
is then given by Hermite polynomials of order n. The lowest order mode,
n = 1, corresponds to the Gaussian mode characterized in (12.33). Then
one can follow the evelution of the laser time structure and take into
account the incoherent emission stored inside the cavity. It is found

that the line narrowing is limited to :
1

L —

AAL?' }L ""O
E{;F:; ff' (12.34)

L

where !0 is the stored spontanecus emission and IL the lager intensity.

For the ACO SRFEL, where the cavity Q is very high (Q ~ 103) and the gain

very low (see table III) a high amount of spontaneous emizsion is stored
and early saturation occurs so that /31/ :

Iy

T T 40 (12.35

[»]

L]
This leads tp 4% % 1,7 A. The remaining discrepancy with the observed
o
value (3 A) comes from energy oscillations which have been observed on

the ring at ‘tow energy /27/. In future SRFEL with high gain and rather
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high cavity losses the stored spontanecus emission is likely to be
weak. However the ewitted wavelength is very sensitive to small enetrgy
'\.zg
Y
defined in (12.33). A possible solution would be to insert a dispersive

fluctuations ( %ﬁ ) and it will be difficult to resch the limit

element, such as a Fabry-Perot etalon, inside the optical cavity. This
appears to be extremely difficult since no such elsment exists at the
present time in the VUV and XUV regions (except gratings which have

very high losses).

12.7 - MIRROR DEGRADATICN PROBLEM

Undulators placed on storage rings are today the most intense
sources of XUV radiation /32, 33/. The FEL cavity mirrors placed in an
optical cavity in front of the undulator is subject to an extremely
intense bombardment of photons (fig. 7) of various wavelengths, particu-
larly for high K. This was a severe problem in the Orsay experimen:.
even at low energy. In this case the problem was solved /t, 6/ by
(i) working at lower K than the initially designed valve (fig. 7),

(ii) using the best available mirrors (made with SiOleiDZ mltilayers),
(iii) working at the designed wavelength of these mirrors. The observed
degradation occured mainly at the surface so that the reflectivity at
the design wavelength of the multilayer stack was little changed, as
can be seen from figure 8. However this effect restricted greatly the
tunability of the laser (see Table III). In addition to the single

photon degradation effects, there is a difficult heating problem.

The total »wer emitted by an undulator is :

P(watt) = 7.3 Ez(GeV).I(A).N.KZIAO (em) (12.36)

For the undulator listed in Table I this gives, for a stered
current of 0.1 Amp., a total power of 1 kWatt. Approximately half of
this would hit a 25 mm wide mirrvor placed 50 m apart from the center of

the undulator. Mirror degradation and heating by the spontaneous power

{not to mention the stored power) will have to be considered very seriously

in the future, Unfortunately, very little degradation data is available
today in the UV to XUV spectral regions /22/. -
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12,8 — CONCLUSION

Today half-a-dozen of SRFEL projects are currently underway :

On ACO at Orsay, the studies are coutinuing /1/.

- At Frascati, where the first measurements of the gain on the harmonics

were performed, a vis FEL is under comstruction /3/.
- At Brookhaven a UV-vis FEL is being planned /4/.

- At Movossibirsk /2/, where the first data on the optical klystron
have been obtained, optical gains on the order of several percent
have been demonstrated. The mirror degradation problem has prevented
laser oscillation so far.

— At Berlin an isochronous storage ring laser at A = 500 - 200 u is

under comstruction f16, 34/.
- A project on super-ACO, as explained above, will start in 1986-87.

- At Stanford, a FEL dedicated storage ring is under construction /14/.
[
This project will be able to reach the XUV region (X < 1000 A)

- at TswKuba 2 synchrotron radiation FEL ring very similar to the Stanford

ring is under construction /35/.

~ At Berkeley a storage ring using a "py-pass"” working in the high gain

regime has beeun proposed [i17/.

We can conclude itom our piesent atudy that much work has been
angd CAjen hn‘l‘. A
done beth theoretically'on the . 1ts feasibility has been proven by
its successful operation on the storage rving ACO at Orsay.

But theoretically and experimentally, a wide range of problems
requires more effort. It has become very clear that the ultimate perfor-
mance of the storage ring FEL depends stromgly on the quality of the
electron beam. In addition to the laser work, significant effort should
be applied to the general question of obtaining high current low emit-
tance beams in storage rings. On the laser side, the outstanding issues
include the high gain regime and its mede characteristics, both transverse
and longitudinal ; very short wavelength operation and the present
technological limits ; the overbunched regime in the presence of

Q-switching ; and the performance of the laser above the anomalous
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bunch lengthening threshold. The experimental issues in constructing
long undulators /36/ with field tolerances must be addressed, the
degradation charactecistics and heat ctransport in the candidate mirror
matorials and substrates must be measured, and the high current and

low embence roquired for UV operation must be obtained.

The uleimate limits on the FEL performance depend on what
iy possible in several crucial technologies. As we have discussed in this
raview, these technologies are ! 1) high brightn#ss electton beam,
2) long undulator technology, and 1) optics, including degradation,
heating, and XUV technology. Each of these technological arwas will

pay dividends of better FEL performance as progreas is made.

Based on the knowledg® of the FEL inieraction produced in these
centers over the past few years, we can confidently predict operation
of the FEL at wavelengths as shert as 1000 ;. A3 progre#3 is made on
the cutsatanding technical issums, it may become possible to produce
coherent radiation at wavelengths below 100 ;. Howevel this will rake
years and the minimum wavelength of FEL opevating on to-day existing
storage rings {mostly in synchrotron radiatiep facilities) will be
approximately 1 200 ; (limit of the Al coatings). For that reason,
sevaral synchrotron radiations centers (Breokhaven, Orsay ...) have

become interested in the technique of harmohic generation by using an

‘optical klystron /37/. This technique of XUY production, tecently

demonstrated at Orsay /38/, could allow to~day existing rings ro provide
coherent light down to about 300 A, while the research will continue

on the potentially more powerful FEL oscillatota.
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FIGURE CAPTIONS

Small signal gain calculated as a function of wavelength
from the small signal gain formula for several different
undulator wavelengths. These values of g2in must be increased
to take account of the effects of high gain : exponential
growth, reduced sensitivity to beam quality, and active

guiding.

Comparison /12/ of the measured gain spectrum with the

derivative of the spontaneous radiation spectrum.

Time recording of the laser intensity for :

- a~ "Natural" opetation
- b - Low frequency Q-switched operation. The lower trace
is the trigger signal. The +ﬂ+t’ +Hime inTervel
is 200mgec , The sensihivity onb”is x4 Jess Lhin on'a”
Average laser power and ring current recorded together
versus time after injection of the ting. The ratio of the two
quantities is a constant on most of the laser operation

range.

Dimensionless energy spread evolution obtained with (see
text and ref. [23/) tolts = 0,25 and I = 10—5 and

2. Qat t =0,

Time recording of the laser intensity (upper trace) together
with the bunch length evolution (lower trace). A negative

signal corresponds ta a lengthening of the bunch. The total

time interval is 100 msec for the left picture and 5 msec

for the right one.

Number of photons hitting the front FEL mirror in the Orsay
experiment /1/ with respect to the harmonic nuwber of the
spontanecus emission line. In this graph the fundamental
emission line is held constant (at A = 650 nm) which implies
to lower the parameter K as the energy is decreased, as
indicated in the table. It appears thsat the harmonic content

is minimized, at K = 0.7 and E = 155 MeV (Miniwum working eneryy
the ACO storage ring).

Fig. 12.8 - Mirror degradation after exposition to the VUV undulator

radiation. T, is the transmississ (unaffected by the UV
exposure). Points {a) and (a') correspond to measurement

of the average mirror losses " = 1 - R with an He-Ne laser
respectively before and after insertion in the vacuum.

Curve (b} corresponds to measurements done after an exposition
of a few minutes at 150 MeV and curve (c) to an exposition

of 1 Amp-hour at 166 MeV. Measurements methods are described
in ref. /16/.
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