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Abstract

In a storage-ring freeeledron laser (SRFEL) the drculating current of
a ring forms the driver for the freeeledron laser. The storage ring
provides excdlent bean parameters and it seams an ided candidate
for atuneable laser for the ultra-violet and vacauum ultraviolet spedral
range. At present experiments demonstrate stable operation with good
spedral propertiesin the UV spedral range, i.e. dowvn to awavelength
of 240 m. Construction d such a deviceis nontrivial, howvever, and
optimisation d bath the laser and the storage ring is necessary. The
SRFEL aso has a more complex dynamic behaviour as compared to
linacdriven FEL’s snce the dynamics of bath the laser and the
storage ring are involved. Here foll ows a discusson d bath the design
and the operational aspeds of this device

1. INTRODUCTION

The storage ring freeeledron laser (SRFEL) employs the drculating current in a storage
ringto drivethe gain of the laser. Figure 1 shows the fundamental layout of such adevice An
unddator is located in a dispersion-freesedion d the ring. Next, the synchrotron radiation is
captured in aresonator to enable the interadion between the dedrons and the opticd field. As
a FEL driver, the storage-ring hes excdlent bean parameters, e.g., alow energy spread and a
low emittance Because of the typicd beam-energy o rings, the laser is peaally suited for
operation at short wavelengths (< 700 rm). Difficulties with ogtics will , most probably, limit
the use to the vaauum ultra-violet (VUV) spedral range.
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Fig. 1 Schematic layout of the Storage Ring FreeEledron Laser (SRFEL). The radiation that
is produced by the drculating eledrons in the storage-ring passng through an unddator is
cgptured between two mirrors. Due to the interadion between the drculating eledron burches
and the stored opticd pulse, the dharaderistic FEL process can take place The example
sketched istypicd for atwo-bunch mode of operation, i.e. two burches in the storage ring that
both interad with ore opticd pulsein the resonator.
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The first operation d a storage-ring besed FEL was demonstrated at a wavelength of
650 m on ACO in Orsay, Francein 1983[1]. Sincethen the field has become maturer and on
several rings such as VEPR-3 (Novaosibirsk, Russa) [2], UVSOR (Okazi, Japan) [3] and
Super ACO (Orsay, France) [4] the FEL process has been studied. New challenging projeds
are starting, a close to, operation, e.g. at Duke University (Durham, USA) [5] and DELTA
(Dortmund, Germany) [6]. A more @mplete overview is given in Table 1. Recet
developments also demonstrated the feasibility of the SRFEL as a light source for user
experiments. For example & Super ACO where up to 50% of the FEL beam-time is used to
fadlitate user experiments [11]. The SRFEL has the alvantage that it is naturaly
synchronised with the alditional bean lines along the ring. One thus has two synchronised
high-brilli ance polarised light sources with tuneable wavelength in the UV or VUV. The
SRFEL forms an ided tod for pump-probe experiments with a high repetition rate. For
example & Super ACO such experiments are performed with a repetition rate of 8.3 MHz.
Here the FEL either serves as pump or as probe[11]].

Tablel

Storage-ring free-eledron laser fadliti es

Proj ect L ocation Ref. Status’ E A Gain  Remarks
[GeV] [nm] [%]

ACO France, Orsay [1 a 0.16-0.25 460650 04 First SRFEL

DELTA Germany, Dortmund  [6] c 0.5-1.5 100400 Dedicated

Duke Univ.  USA, Durham [5] o] 1 25400 Dedicated

KEK Japan, Tsukuba [N c 0.75 170220

NIJ-1V Japan, Tsukuba [8] o} 0.24 350 23 Dedicaed

Soleil France [9] p 15 100-350 Synchrotron

Super ACO  France, Orsay [4] o] 0.6-0.8 350600 25 Synchrotron

TERAS Japan, Tsukuba [10] a 0.24 598 >0.1

UVSOR Japan, Okazi [3] o] 0.5 290-500

VEPR3 Rusda, Novasibirsk [2] a 0.35-0.5 240690 10.0  Nucl. phys.

Y a- abandored, ¢ - construction, o- operational, p - proposed

In the SRFEL the beam in the storage ring serves as a source for the FEL interadion.
Apart from this the SRFEL is nat fundamentally different from other types of freeeledron
lasers. Hence all aspeds that are of importance for a (linac driven) FEL are similarly
important in the SRFEL. The storage ring has svera properties that make it agoodchoice &
a driver. In a modern ring it is possble to oltain a high current in combination with an
excdlent bean qudlity, for example, a stable bean with a low energy-spread, a small
emittance, and a high pe& current. It is important to nde that in a storage ring the beam is
redrculated. This gives the storage ring the alvantages of 100% duty cycle (the beam runs
continuowsly for many hous). Because of limitations to the rf power needed, conventional
linacs generally operate with maao puses with a duty cycle less than ore percent. The
redrculation aso causes a ouding ketween the dynamics of the laser and ring. This makes
the storage ring a different and a more complex beam source Consequently the performance,
charaderistics and dyramic behaviour of the SRFEL are different from FEL’s using aher
types of accéerators. The adievable output-power of the SRFEL is, for example, different
from one driven by a linea acceerator. In the storage ring the rearculation limits the
achievable pe&k-power. The peak-power of an SRFEL is therefore lower than the pegk-power
of a linac driven FEL. Because of its 100 % duty cycle the average power level is much
higher, however. Typicd values are depicted in Figs. 2and 3.
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Fig. 2 Overview of achieved and predicted pe&k powers for several synchrotron and FEL
light-sources[12]. SeeTable 1 for references to the SRFEL light-sources.
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Fig. 3 Achieved and predicted average spedral brightness of severa synchrotron and FEL
light-sources [13]. SeeTable 1 for references to the SRFEL light-sources.

The performance of the linacbased and the ring-based FEL's are different by ather
fadors as well. The laser micropuse length in the linac is typicdly shorter than that of the
ring system, i.e. down to asub-pico-seamndlevel in alinacversus svera tens of pico-seands
for aring. It is expeded that the adievable ped current and, hence the laser gain, d alinac
based system can be much higher. As aresult the linac based FEL is a better-suited candidate
for a single-pass mode of operation where sportaneous emisson will be amplified to
saturation in a single-pass (SASE - Self-Amplified Sportaneous Emisson). This is espeaally
important for short-wavelength operation where presently no mirror material is avail able for
resonators, i.e. wavelengths lessthan 50 nm. In terms of stability and the quality (e.g. spedral
width) of the emitted radiation, it is more alvantageous to use aresonator. Due to this and the
fad that the bean can be more stable in aring, the SRFEL is a better candidate for stable user



source d& wavelengths where optics are avallable. Furthermore, urlike the dternative, the
SRFEL arealy hes a record of obtained results. An owerview is given in Table 2. It is
expeded that several of these parameters will be improved soonsincetwo new lasers at Duke
University and at Dortmund University are dose to being operational. Both machines have the
novel fedure that the storage ring has been spedally optimised for FEL operation. Hence,
their performance in terms of the small-signal gain and the epeded ouput power, are
expeded to overshadow the performance of the presently operational SRFEL'’s.

Table?2

Experimental results obtained

Shortest wavelength: Aoin 240 nm VEPR3
239 nm UVSOR
Rms minimum line-width: AMA 3107 VEPR3
Maximum small-signal gain: G 10 % VEPR3
Maximum pegk power: P 60 kw VEPR3
Maximum average power: P, 100 mw Super ACO
Maximum duration d CW operation: T 10 hous Super ACO

The contents of this chapter can be divided into two parts. Sedions 2 and 3 aescribe the
processof gain and saturation in the SRFEL while sedions 4 and 5 dscussthe essential parts
for the design d a storage-ring FEL: the resonator and the optimisation d the ring.
Additionally there ae two appendices. The maor parts of the experimental examples of laser
operation are obtained from the Super ACO FEL experiment. For reference Appendix A gives
an owerview of this machine and some of its diagnostic equipment. Appendix B presents the
detail s of again modd that is used in the cdculations presented in Sedions 2, 4and 5.

2. THEFEL GAIN

The SRFEL is generally alow-gain device That is, the laser saturates after the light has
passed many times throughthe unddator. For such a laser to operate, the gain must initially
exceal the threshod losses. Hence the singe-pass snal-signa gain is an important
parameter. Quantitative analyses of the FEL gain are given in Appendix B. It is often useful to
start with a more qualitative description. The Madey theorem [14] states that the single-pass
small-signal FEL gain is propational to the derivative of the sportaneous emisson spedrum.
It thus follows that any modificaion d the sportaneous emisson spedrum of the unduator
can be trandated into a dange in the small-signal gain. Experimentally this is an important
asped since it is often easy to measure the sporntaneous emisson d an unduator. The
sportaneous emisson can, therefore, serve a atoad to ogtimise the FEL gain.

A quantitative prediction d the small-signal gain for a planar unddator shows that in a
storage ring the regular planar unduator is nat an optimum choice. More gain can be obtained
througha modificaion d the unddator into a so-cdled Opticd Klystron (OK). A description
and guantitative analyses of this deviceisgivenin Sedion 2.3.

2.1 TheMadey theorem

The physics behind the Madey theorem is best explained in the so-cdled rest frame of
the dedrons, i.e. the aordinate system in which the net forward velocity of the dedronsis
zero. Thisframeisill ustrated in Fig. 4. Phatons originating from the opticd field move from



the left to the right. Virtual unddator phaons move in the oppasite diredion. In the rest frame
both emisgon and absorption can be described as Compton scatering. In the cae of emisgon

avirtual unduator phaon, moving in backward dredion with energy %, transformsinto a
light phaton 7@, with forward velocity due to scatering. Here 7 denotes Planck's constant

divided by 2r. The prime indicates that the frequencies are related to the rest frame. In case of
absorption the oppasite process results in the transformation d a light phaon 7w, into a

virtua unddator phaton 7%, . In the laboratory frame, i.e. the frame of the observer, the

correspondng wavelength transforms badk into the well-known relation o the fundamental
wavelength of the unddator radiation A:

2
2=t (1+ K? + 7/292)

K — ealﬂ’u
2rmce

D

where A, v, 6 denote the unduator period, the Lorentz fador correspondng to the beam
energy (y ~ E [MeV]/0.51]), and the angle between the forward propagation dredion d the
eledron keam with resped to the magnetic axis of the unddator, respedively. The magnetic
field-strength of the unddator is transformed into the dimensionless parameter K in which B,
denotes the pesk magnetic field strength onaxis.
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Fig. 4 Scatering interaction for a single dedron in the rest frame. In the figure 7w, fo,,
and o, dencte the virtual unddator phaon, the emitted phdon and the ébsorbed phdon,
respedively. The primeindicaes that all frequencies arein the rest frame.

By the definition d the rest frame the net eledron velocity is zero. Hence, the scatering
process always increases the kinetic energy of an eledron dte to rewil, bah in the cae of
absorption and emisson. Because of energy conservation, the energy contained by a scatered
phaonis dways lessthan the energy o the original phaon. Hence, 7w, > hw, in the cae of
emissonand i, > hiw, for absorption. Sincethe frequency of the virtual unddator phaonis
related to the definition o the rest frame, i.e. see Eq. (1), it follows that the energy of the
eledron kean must increase in arder to emit a phaion with the same frequency. Similarly the
eledron beam energy must deaease in order to absorb a phaon at the central frequency ..
Hence emisson and absorption d a phaon with energy #w, require different eledron beam
energies. Thisisillustrated in Fig. 5a. A quantitative value for the shift, Ay, depends on the
magnitude of the dedron rewil. The derivative of the sportaneous emisson spedrum,
therefore, maps to the gain spedrum, see Fig. 5b. Eledrons injeded into the FEL dlightly
above the resonant energy contribute to net stimulated emisgon. Eledrons injeded at a
slightly too low energy gve rise to net absorption. In the former case the working d the FEL
isreversed and it operates as an eledron acceerator.
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Fig.5 Emisson and absorption spedrum of an eledron passthroughatwo-wave FEL (a) and
the resulting gain spedrum (b).

2.2 TheFEL gain for aplanar undulator

This text foll ows the gain caculations made by Dattoli et a. [15]. The pe& single-pass
gain for a perfed one-dimensional eledron keam, i.e. no energy spread and infinitely small
transverse beam-size can be foundto be

G, =0.27x4, )

where g, is the so-cdled gain parameter which for a planer unddator and low gain (g, < 1) is
given by

2
gO=27z|iK2N3/1—§JJ 3
A V4

where J, |,, and N dencte the dedron current density, the Alfvén current (=17 kA), and the
number of unduator periods, respedively. The parameter JJ

33=(3,(8) - 3,0))
K2 4

acourts for the gain reduction die to the periodic detuning o the dedrons in a planar
unddator (seeRef. [16] p. 73, where J, and J, are Bes=l functions of the first kind.

The transverse overlap o the dedron kean and the EM wave is usualy taken into
acournt by multiplication o the gain parameter with a heuristic filli ng fador, for a narrow
eledron bean defined as theratio of the transverse aoss €dion d the dedron beam and the
EM wave. Under the sssumption d a diffradionlimited Gaussan beam, the average
transverse @oss ®dion d the EM wave dongthe unduator is propational to the unduator
length N, and the wavelength ., see Sedion 4.1.For an ogimum overlap the filli ng fador,
F, isfoundto be[17]

_3 %
2 NA, A

(5)

where the transverse a@oss ®dion d the dedron bean, averaged aong the unddator, is
denoted as X.. Substitution d the Egs.(5), (3) and (1) into Eq. (2) leads to



G, = 3.76-10 °N?1(A) %JJ (6)

where | also substituted the beam current, | = JZ . It shoud be redised that this gain formula
isonly valid for ‘ided’, continuous eledron keams, i.e. for continuows-wave (cw) beams with
negligible energy spread and emittance This assumptionis certainly nat corred for aredistic
beam and G, neals to be wrreded.

First, the influence of the finite beam emittance is discussed, i.e. the influence of the
finite beam radius and dvergence Due to the fad that the magnetic field has a sinusoida z-
dependenceon the ais of the unduator, off-axis eledrons experience adlightly different field
(because V-B =0), and thus aso a dightly different K that leads to a different wavelength
than is given by Eq. (1). Also, eledrons moving uncer a small angle 6 give rise to a different
wavelength. It can be cdculated that this leads to the following emittance-induced
inhamogeneous broadening d the line-width [15]:

2 4
(A_a)] _ % 2\/103”&1(&} hZ ot ©)
@ )yy 1+K7 2 2\ 74,
2

where 6, and o, denate the standard deviation d the particle distribution in the x- and y
diredion respedively; the wiggle motion takes placein the x-z plane. Further, o, and o,
denote the standard deviation d the @rrespondng transverse velocity distributions. The
parameter h denotes the sextupde term of the unddator, i.e. h,=h =0 for a helicd

unddator and h, ~ 0, h, ~ 2 for a planar unddator. The parameters ¢,, and o, are ouded

through the unnamalized beam emittance ¢, . In the cae of a 100 % couded cylindrica
beam, i.e. € =¢=¢ andc, = o, it isfoundthat the gain-reduction dte to the finite emittance
can be expressed as[15]:

Cuy = 12
1+ py,
re K?
=aNJ2—— 8
o \/_/1“4+2K2 ©
re K?
—oZNLE ™
Ay, 41 2K?

where n,, expresss the relative broadening o the sportaneous emisson spedrum, i.e.
Uy, = (Aol o), | (Aol w),. The corredions are valid upto (at least) p, = 1.

Also important is the influence of afinite energy spread. It follows from Eq. (1) that the
spedrum of sportaneous emisson lroadens in the cae of nonzero eledron-beam energy
spread and, the gain is reduced (Madey theorem). A quantitative estimate of the gain-
reductionisfoundto be[15]:

o
1+174
B 1
4N(o,/y)

(9)
Me



where o, denotes the standard deviation asociated with the energy dstribution. Eq. (9) is
valid for pu _<2. Substitution d Eq. (8) and Eq. (9) into Eq. (2) leadsto:

GO=376¢03N2|C;CX0,533. (10
e
From Eq. (9) it foll ows that the influence of energy spread, and hencethe gain reduction
due to the energy-spread, increases as the number of unddator periods increases. However,
the maximum gain also increases, see Eq. (10). It is thus possble to cdculate an opgimum
unddator length:

A,
Lot 2(07 I . (11
In storage rings the energy sprea is generally low and, rence, the optimum unduator length
can be onsiderable. As aresult the optimum unddator length is normally much more than the
length of the straight sedions. For example & Super ACO (1,=12.9 cm, c,/y=0.65<10°) it
follows that L, = 99 m. The avail able spacein the straight sedion is lessthan 4 m, however.
This dilemma can be solved througha modification d the unddator.

2.3 TheOptical Klystron

The Opticd Klystronisamodified version d the unduator that was originally proposed
to improve the gain of an FEL with alimited straight sedion length and small energy spreal
[18], for example, the SRFEL. The OK consists of a set of two unduators sparated by a
dispersive sedion, see Fig. 6. The first unddator serves as a moduator, i.e. due to the
interadion with the opticd field, the dedron beam energy is moduated on the scale of the
fundamental wavdength. In the dispersive sedion, low-energy eledrons are retarded with
resped to the high-energy eledrons. Hence the energy-moduation is transformed into a
longtudina moduation (micro burching). As a result the wherent radiation and gain in the
second undletor is enhanced. The main advantage of an OK is the gain enhancement for a
given interadion length. The saturated power level isreduced, hovever.

undulator 1 dispersive section undulator 2
(modulator) T| | | |T (radiator)
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Fig. 6 Schematic diagram of atransverse opticd klystron

Insight into the magnitude of the gain enhancement can be deduced from the
spontaneous-emisson paver-spedrum of the OK which serves as a delay between the
eledrons and the opticd wavefront. Consequently the sportaneous emisson d baoth
unddators interfere simil arly to the interference between two dlits. The total radiated intensity
I« can bewritten as[19]:



lox = 21,1+ coss ) (12

where |, denates the intensity of the sportaneous radiation d a single unddator sedion. The
phase delay & b etween the entrance of the two unduators has to be separated into two
comporents. the delay in the first unddator sedion (slippage =NA) and that in the dispersive
sedion.

5=2n(|\|+|\1d)j—i (13)

R

Here A, is the resonant wavelength defined in Eq. (1). The new parameter N, defines the
number of wavelengths over which the dedrons are delayed in the dispersive sedion, relative
to the opticd wavefront. For a standard magnetic dispersive sedion this can be written as[20]:

L, 1( e\ ’
N, = zy%[“E(ch Oj[ Oj B(z)dz] du] (14)

where B(z) denctes the transverse magnretic field and L, the length of the dispersive sedion
respedively. An example of the sportaneous emisson spedrum of the opticd klystron is
giveninFig. 7.Theided caseisdepicted in Fig. 74, i.e. the spedrum that one can exped from
an ided eledron beam traversing an ided opticd klystron. From the stegoer slopes of the
spedrum it follows that the gain is sgnificantly enhanced. Generdly the spedrum is
deteriorated, hovever, and the moduation depth f defined as

lemax_lmin (15)

Imax_'_lmin

is reduced, see Fig. 7b. Here the reduction d the moduation depth due to a finite energy
sprea is the most important. For a Gaussan dstributionit can be derived that [20]:

2
—2[2;;(N+Nd)ii}
f=e 7 A

(16)
The gain for an OK isfoundto be[21]:

Gok=0.93w(N+Nd) fC, (17)

where G, is the homogeneous gain as defined in Eq. (2). The parameter C, is used to
compensate for the transverse overlap between the dedron beam and the opticd beam. In the
case of a Gausdan transverse dedron dstribution and a TEM,, resonator mode a good
estimate can be obtained by[20]:

_ 2 2
\/40')2( +W§ \/40'f, +W§

C (18

where alditiona to the previous definition, w, is the waist size of the opticd field in the
resonator (see Sec 3). From Eg. (16) it can be found that the optimum vaue, i.e. the
maximum gain is obtained when [21]:
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Fig. 7 Sportaneous emisson spedrum of an opticd klystron: (a2) homogeneous gedrum and
(b) deteriorated spedrum due to inhamogeneous eff eds.

An experimental example of the gain enhancement of an OK is siown in Fig. 8.
Figure 8a is the measured spedrum of the OK used in the Super ACO FEL (solid line). The
correspondng spedrum of this device used as aregular unddator, i.e. N, = O, is depicted as a
dashed line. The gain curve shown in Fig. 8bis obtained using the derivative of the spedrum
shown in Fig. 8 (Madey’ s theorem). The gain enhancement obtained is clealy visible.
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Fig. 8 The sportaneous emisson spedrum (&) and the derived small signal gain (b) measured
with the Super ACO opticd klystron SU7 (solid line). The dashed line crresponds to the
spontaneous emisson spedrum and gain of an unduator with similar length as the OK, i.e.
2N periods.

3. SATURATION

The saturation medhanism of an SRFEL is fundamentally different from a linac driven
FEL. In a linacdriven FEL the dedron bean is dumped after it has passed through the
unddator. In a storage-ring freeeledron laser the dedron kean is redrculated. Hence, any



perturbation d the dedron kean due to the FEL interadionis couped bad to the laser onthe
next passthroughthe unddator. Initialy this effed is gnall since in the small signal case,
there is virtually no perturbation d the dedron bean. As the opticd power grows more
energy is extraded from the dedron keam and the energy spread increases. This causes a
deaeasein FEL gain for a multiple of reasons. Firstly because of inhamogeneous broadening
of the small-signal gain profile: seeEgs. (9) and (19). Secondy the increese in energy spread
can cause burch lengthening. In a storage ring the bunch length and the energy spread are
couped throughthe so-cdl ed momentum-compadion fador [22]:

AL
~ Aé_ (20
i
which expresses the path lengthening AL of a particle with an energy dfference AE, relative to

the reference energy E and the drcumference of the storage ring L. The dange in burch
duration o, depends on bah a andthe anguar synchrotron cscill ation frequency o, [23]

(24

a 9% 1)

o, = .
s Y
Bunch lengthening automaticaly tranglates into areduction d the peek current and, kence, the
gain. Finally this leads to an equili brium state where the small-signal gain is reduced to the
cavity losss. The saturation processis shematicaly depicted in Fig. 9. The left-hand side (a)
shows that the gain drops as the opticd power increases. On the right-and side (b) the

evolution d the gain and the energy spread is plotted.
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Fig. 9 The saturation process of the SRFEL: as the opticd power increases the FEL gain
drops (a) dueto adeaeasein gaininduced by an incressed energy spread (b).

The magnitude of the extraded powver and the induced energy spread depend onthe
design d bath the FEL and the storage ring. For example, an ogticd klystron with a high
value for N+N, has a higher initial gain but is more sensitive to an increase in energy spreal,
see Eq. (19). Hence with a high value for N+N, the laser power grows more quickly but
saturates at alower level. Simultaneously the induced energy spreal at saturationis reduced.

An experimental example taken from the UVSOR FEL is depicted in Fig. 10[24]. It
shows the evolution d the laser power measured simultaneously with the dedron burch
length in the ring. The origin of the horizontal axis corresponds with the moment at which the
laser is switched “on’. That is, the dedron beam parameters are tuned such that the gain



excedls the cavity losses. During the increase of power the dedron burch becomes longer
and the pe& current deaeases and, hence the gain deaeases. As the gain drops below
threshold the opticd power deaeases.
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Fig.10 Evolution d the bunch length and the gain in a Q-switched mode. The burch length
has been measured with a dua-sweep stre&k camera. The gain is derived from the bunch
length. The solid line shows the maaopuse measured with a phao-diode [24]. The stre&
camerais described in Appendix A.

From Fig. 10it foll ows that the adual saturation processis much more complicaed than
the situation depicted in Fig. 9. For a better understanding bdh the dynamics of the FEL and
the storage ring reed to be mnsidered. Most important here is the damping d induced energy
sprea in the storage ring. Generaly the power, gain and energy spread do nad evolve &
smoathly as depicted in Fig. 9. The following sub-sedions discuss a quantitative description
of the steady-sate parameters (Sec 3.1and 3.2 and the dynamic properties (Sec 3.3to 3.5.

3.1 TheAverage Output Power

The average output power of the SRFEL was first studied by Renieri [25] who solved
the Fokker-Plank equation for the dedron-distribution in the presence of the FEL. He found
that the average output power is limited to a small fradion d the synchrotron pover emitted
al aroundthering (Pg), i.e. the “Renieri limit”:

2 2

_1 0 i
PFEL =2e’ % PSR (22)

where ¢, and c,, denote the initial and final energy spread o the beam, respedively. The total
emitted synchrotron power isgiven by[26]:
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=88.46-10°

where | is the aserage beam current and p the dfedive beam radius of the synchrotron. A
more sophisticated formula, adapted for an ogicd klystronreads [27]:
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Typicdly the emitted synchrotronradiationis afew kW for a storage ring with a beam-energy
upto 1GeV, e.g. 10 RV for Super ACO operating at 800 MeV. The energy acceptance of a
ring, and hence the maximum possble energy spread, can go upto a few percent. It thus
follows that the total emitted FEL power is much lower than the emitted synchrotron pawer.
For example, at Super ACO the total emitted laser power is of the order of 100 mW. Note,
however, that thisradiationis fully coherent. Hence, the brilli ance of this radiation is orders of
magnitude higher than synchrotron radiation from an unddator beam-line, seeFig. 3.

It follows from Egs. (23) and (24) that more power can be obtained at higher beam
energy and by alowing a larger increase in energy spreal. Note however, that there is a
pradicd limit to bah parameters. The energy o the beam can na increase too far withou
changing the lasing wavelength, see Eq. (1). For this, either the unddator period, a the
magnetic field strength, must be increased. The former has the disadvantage that for a given
length of the straight sedion, the number of periods, and hencethe gain, is reduced. The latter
cause problems with the mirrors, seeSec 4.2.

An increase of energy-spread requires a significant increase in the energy acceptance of

aring:
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where h is the harmonic number (L, o,/2r ¢) and V, is the total voltage over the rf cavities in
the ring. With atoo high energy spread, as compared to the energy acceptance of the ring, the
lifetime of the beam will be significantly reduced. An increease in energy accetance is costly
sincec, = (P,)".

3.2 TheFEL bandwidth

Both the gain bandwidth of the FEL and the a@genmodes of the opticd resonator
determine the final bandwidth of the FEL where, namally, the gain bandwidth of the laser
covers many eigenmodes of the cavity. In this, the SRFEL works smilarly to any ather type
of freeeledron laser where the spedrum narrows on successve passes throughthe undudator.
That is, onead passthroughthe unddator the spedrum of the light pulse is multiplied with
the gain spedrum of the laser. In contrast to linac driven FEL's there is no maao-pulse and
the processof line-width narrowing can continue over many more roundtrips. The line width
of an SRFEL is therefore much smaller. Assuming a stable dedron beam the line width can
narrow down to the transform limit. A study by Dattoli and Renieri [25] predict a laser pulse-

width o, of
o, =+o,NA (26)




for an unduator with N periods, a wavelength A, and an eledron burch length ¢,. Note that
the laser pulse-duration is much smaller than the dedron burch duation. This is due to the
faa that the opticd pulse is a'so multiplied with the longtudinal gain profile of the laser, i.e.
the longtudinal eledron burch shape. The crrespondngrelative bandwidth is

AL 1 A 1 A
M4 2L (27)
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In pradice the bandwidth is determined by the stability of the bean in the ring, havever.
Typicd relative bandwidths for an SRFEL are in the order of 10° to 10° depending onthe way
the laser is operated. An example is given in the next sedion. A smaller line width can be
obtained by adding additional filters inside the resonator, thus artificialy narrowing the gain
spedrum. An experiment performed at VEPP3 has demonstrated a relative laser bandwidth of
3-10"using an intra-cavity ethalon [2§].

3.3 Influencing the FEL output 1: Cavity resynchronisation

From Eq. (293) it follows that the saturated laser power depends on the initial small-
signal gain. An ogimum gain requires perfed longtudina and transverse overlap between the
opticd pulse and the dedron burthes. The transverse overlap is mainly determined by the
design d the resonator and the machine functions inside the undudator. This will be discussed
further in Sedions 4 and 5.The longtudina overlap can oy be maintained when the round
trip time of the opticd pulses in the laser resonator matches the dedron-burnch dstance
Hence the opticd cavity length must be matched with the dedron burch dstance Figure 11
depicts this for a storage ring in a two-bunch mode of operation. In that case the resonator
length must be one quarter of the drcumference of the storage ring. This is, for example, the
case for the Super ACO FEL. Other FEL's (e.g. the Duke-FEL and the DELTA FEL) operate
in single-bunch mode with a cavity length equal to half the drcumferenceof thering.

electron bunch

L - r4:2%

Fig. 11 Longtudina synchronisation d the FEL: To maintain longtudinal overlap between
the opticd pulse and the dedron burthes, the length of the opticd cavity must be tuned to
match half the dedron-bunch dstance Tuning d the synchronisation can either be dore by
changing the cavity length or changing the rf frequency of the accéerating field (i.e. changing
the distance between successve dedron burches).

As the cavity length is detuned with resped to the spadng between burches, the
longtudinal overlap is reduced and, hence, the small-signal gain is reduced as well. While
scanning the synchronisation dfferent (dynamic) behaviour can be observed. An example of
the modified ouput of the Super ACO FEL is given in Fig. 12[29]. The figure shows the
major properties that can be observed in the cae of saturation. The main curve displays the
average power of the laser. Maximum power is obtained when the caity length is



synchronised with the burch dstance When the system is desynchronised, the saturated
power level drops. This processis smilar to ather FEL’s. Note that the aurve shown in Fig 12
is virtually symmetric around its origin. This is caused by the fad that the dedron-burnch
length of the Super ACO FEL islong compared to the dlippage length. In the cae of (much)
shorter eledron burches the aurve would beacme more asymmetric, similar to linac driven
FEL's.
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Fig. 12 Longtudinal detuning curve of the Super ACO FEL [29]. The main curve shows the
average output power as afunction d the detuning. The top gaphs give asnapshat of bath the
eledron burch and the opticd pulse & saturation. The bottom curve gives an indicaion d the
maao-temporal structure of the saturated laser output. Seetext for detail s.

The graphs abowve depict the shape of the opticd pulse and the dedron burch. The
shortest opticd pulses are obtained for perfed synchronisation. As the synchronisation
changes the opticd pulse moves forward or badkwards with resped to the dedron burch,
depending onthe sign d the resynchronisation. Simultaneously the length of the opticd pulse
increases. Thisis due to the fad that on ore side the opticd pulse, on successve roundtrips,
moves ahead a behind the burch, will cease to experience gain, and des out with the ring-
down time of the cavity. On the other side of the opticd pulse new light is creded in the
amplification process Note that the pictures siown are not measured bu serve & an example
only.

The bottom curve in Fig. 12 shows the maao-tempora structure of the laser. At Super
ACO five distinctive 2ones can be observed. As the laser operates far from synchronisation
fairly low power, stable laser output is observed (zones + 2). As the system is tuned closer to
synchronisation a pulsed time-structure is present. In this zone (+ 1) a semi-stable mmpetition
takes placebetween the rise time of the opticad power, i.e. the increase in energy spreal, and
its damping gven by the damping time of the storage ring. In the next sub-sedion this process
is discussed in more detail. At perfed synchronisation (zone 0) the output power bemmes
unstable and large irregular fluctuations (~80 %) of the output power are observed.
Simultaneously the opticd pulse startsto jitter with resped to the dedron burch pasition. The
cause of this jitter is not clea yet but can be murteraded with a feedbadk system. Note
further that the size and number of zones depend onthe maximum adievable gain. The zones
that are indicated in Fig. 12 are typicd for the Super ACO FEL runnng undr optimum
condtions. As the aailable gain drops the ceitral zone bemmes snaller or can even



disappea completely. Also at UVSOR, where the gain is lower, the central zone can na be
observed [24].

The pulsed time structure that was mentioned in the previous sub-sedionis an intrinsic
effea of the SRFEL and has been explained by Elleaume [31] usingavery simple model. This
modedl is based onEq. (24), which indicaes that small changesin the energy spread can have a
large dfed onthe saturated power level. This influence has been modelled as
di  (1-X)i x _1-X

2
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(29)

dt T, dt T
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wherei is the dimensionlesslaser power normalised to urity at saturation. The laser rise time
7, isfoundto be

7, =TI(G, -T) (29)

where, additional to the previous definitions, T is the roundrip time of the opticd resonator. z,
can be understood as the rise time of the first laser pulse train orce the gain has been set
higher than the losses. z, is the synchrotron damping time. Generaly z,.<< 7, (for example &
ACO: 7, = 50usand 7,= 200ms). Within this restriction the general solution d Eq. (28) is:

Y=1+3,e"" COE{ZE t_;to } Tp =74 21,7, (30

R

where X isthe value of X at the beginning d the pulse.

The euations imply that the FEL tends to read a stable equili brium state dter a series
of damped oscill ations of period T, damped with the synchrotron damping time z. An
example of asolution d Eq. (30) isgivenin Fig. 13.1t shows that that starting from the laser-
off condtion the laser intensity has a pulsed behaviour before reating a stable level. The
shape of ea puseisapproximated by

_i—zcoshz{t I'“—ax} i _(=20)7, (31)

Imax TSTO e 22-O

Moreover, it can be shown that the equili brium state is very unstable and resonant with any
perturbation o period close to T,, so that the laser has in pradice apulsed structure. For
example, a noise of 3% affeding the energy spread can acourt for the randamly pused
behaviour.

More acarate modelling can be dore with the ad of numericd simulation codes, e.g. for the
Super ACO case depicted in Fig. 12. A numericd model developed by Hara @ a. [32] can
make afull prediction o the aurves srownin thisfigure.

3.4 Stabilisngthelaser: feedback

For use & alight source the central zone is the most interesting since it provides the highest
power levels as well as the narrowest line width. The main drawbadk is the instability of the
laser power and the tempora jitter. For this reason Billardon et a. [30] have developed a
feedbadk system cgpable of stabilising tempora jitter. In the feedbadk system, a dissedor
measures the paosition d the opticd pulse, relative to the positron burch. When the opticd
pulse moves, the position d the burch is adjusted acordingly through a dange in the rf
frequency. With the feadbad the laser beacomes much more stable. Power level fluctuations,



for example, drop below 5 %. Figures 14 and 15show the dhange in tempora jitter, measured
with astre&k-camera and a dissedor, respedively. In Appendix A, the diagnastic equipment is
described. Table 3 gves a summary of the output parameters of the laser. Note the reduction
in opticd pulse length with the feedbadk in zone 0.

power (a.u.)

time (a.u.)

Fig. 13 Evolution d the opticd power of the laser: the rise time of the laser and the damping
of the synchrotron lead to a damped oscill ation d the laser power as predicted by Egs. (28) to
(3D).
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Fig. 14 Results of the longtudinal feedbad system installed at Super ACO measured with a
doule swee strek-camera: (a) withou feedbadk and (b) with feedbad. The fast sweep is
along the verticd axis and the slow swee along the horizontal axis. The phao’'s sow baoth
the pasitron burch (top) and the laser pulse (bottom). Note the differencein duation between
the positron burch and the laser pulse.

Table3
Tempora and spedral fedures (bandwidth and dift) of the Super ACO FEL operated at
350nm [33]
Zone o, (ps) o\ AJA Macro Remarks
(x10) (x10%) structure
0 17 Cw Fealbadk
0 20 0.3-1.2 <3 Cw No fealbadk: Jitter upto 200ps

1-1 2535 0.6-1.5 6-9 Pulsed Rapid wavelength shifts
2,-2 35-45 0.9-1.5 <3 Cw Low power
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Fig. 15 Results of the longtudina feedbadk system installed at Super ACO [30]. The top
graph shows the jitter of the base of the opticd pulse measured with a dissedor (in the centre
of the pulse the detedor is sturated) withou feedbad (a) and with feedbadk (b). The bottom
graph shows thejitter of the optica pulse over two hous with feedbad. Withou feedbad the
jitter exceads the positron burch duation d 200 .

3.5 Influencing the FEL output 2: Q-switching (gain-switching)

One interesting consequence of the laser instability is the posshility of driving these
oscill ations externally, i.e. Q- or gain-switching. By moduating the opticd gain with a period
of the order of magnitude of T, it is possble to oltain very regularly spacel and reproducible
pulses, seeFig. 16.The Q-switching d SRFEL’s has two grea advantages over working with
the natural time structure: (i) the laser is dabili sed and (ii) the laser pe&k power is enhanced by
several orders of magnitude. If T, is the Q-switching period a maximum is readed at T, ~ 7,
and the pe&k power enhancement is abou z/4z,. This fador is ~10° for the ACO experiment
(and will be &ou the same on future experiments) although oty 10° could be readied in
pradice. Remember that the higher the small signal gain g,, the smaller the rise time z, and the
bigger the pes&k power enhancement. However, the estimates given above do nd take into
acourt saturation by over burching in the cae of a high-power SRFEL. When the
dimensionlesslaser field | [35 (Ja] = 4KNeKL |EJ/y'mc® ~ 0.1 on ACO, Q-switched regime,
where |E| is the opticd field strength) becomes of the order of unity, over-bunching will occur
which will modify the @owve results. In most cases, use of the Q-switching tednique will
drive the pe&k power up to the over-bunching limit.
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Fig. 16 Timereoord of the ACO laser intensity [34] for (a) “natural” operation and (b) low-
frequency gain switched operation. The tracein (c) shows the switching d the gain througha



change of the longtudinal overlap between the opticd pulses and the burches, i.e. changes of
the rf frequency.

4. THE RESONATOR

The most commonly used resonator in an FEL is the stable two-mirror normal-incidence
resonator, seeFig. 17,which will be discussed in more detail in Sec 4.1.1ts main advantages
are its draightforward design and the posshility to oltain low loss (lessthan 1%) resonators
with the ad of multi-coated deledric mirrors. Furthermore, two-mirror normal-incidence
resonators are dso common pradicein ather laser systems. There ae dso some drawbadks to
the design, havever. For example, in Sec. 4.1it will be shown that the tolerances to resonator
dimensions become more aiticd as the resonator length increases relative to the unduator
length. This is gedficdly an important fador in the SRFEL since more spaceis required to
include dements for the dedron bean optics (e.g., quadrupdes and dpades). Furthermore,
the cavity length must be ajusted to match half of the bunch spadng in the storage ring in
order to oltain owerlap between the opticd pulses and the dedron burches on eat passage
throughthe cavity. Other, and more fundamental, drawbadks are related to the optics required
for the resonator. In Sec 4.2 the two most prominent problems are discussed, i.e. the
occurrence of mirror degradation due to the harmonics present in the sportaneous unduator
radiation and the ladk of available high-refleding opics at shorter wavelengths. Because of
these problems, other (resonator) schemes have been considered of which a brief overview is
givenin Sec 4.3.

Fig. 17 Schematic diagram of a cavity defined by the mirrors M,, M, and the cavity length L.
The mirrors have aradius of curvature R, and R, respedively.

4.1 Standard resonator geometry

In the two-mirror normal-incidence resonator two curved mirrors are used to oltain a
stable periodic focusing system, seeFig. 17.1f the transverse dimensions of these mirrors are
large enoughand edge diffradion effeds can be negleded it can trap the lowest or higher
order Gaussan modes which bource badk and forth between the two mirrors. An overview of
the properties of such systems can be foundin the Refs. [36, 37, 17. Here the most important
aspeds for the FEL are summarised.

The resonator of Fig 17, can be dharaderised byits length L and the radius of curvature
of both mirrors R and R. As discussed in Sec 2.1it is important to minimise the average

transverse opticd mode aeato opimise the small-signal gain o the FEL. For this the so-
cdled Raleigh length B, plays an important role, i.e. the distance over which the transverse

mode-area of aTEMOO mode increases with a fador 2 relative to the minimum mode aeain
the waist.
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Note that 3, plays the same role & the madine functions B, used to describe the dedron

beam optics of the ring. The minimum spot size (waist) of the E field of aTEM_, mode can be
foundto be:

oo =y (33

with the waist position, relative to the centre of the cavity, given by

zozlﬂL. (34)
2R +R,-2L

Note that for a symmetric cavity (R, = R) the waist position is in the ceitre of the cavity
(z,=0). Thetransverse mode aea & an arbitrary positionis

Z—Z2
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To optimise the gain ore has to optimise the filli ng fador, i.e. maximise (£, /% ,), wherethe

bradets denote the average over the whae unddator. It can be deduced that the optimum
Raleigh length can be gproximated by B ~L /3 [17] leading to the result presented in Sec 2.2.

Next it is also important that the resonator is dable, i.e. that it can store the opticd field
on multi ple passages throughthe resonator. It is customary to describe the stability of a two-
mirror resonator with the so-cdl ed stability parameter g [37]:

L L
ocfig) efog) >
where, for a stable resonator, the foll owing condtion reeds to be fulfill ed:
0<g0g, <1l (37)

In an FEL the cavity length is generally much longer than the unddator length since
spaceis required to install additional comporents for the dedron kean such as quadrupdar
lenses and dpdes. This is gedficdly true for SRFEL’s snce the cavity length must also
equal half of the spadng between successve dedron burches. The difference between the
unddator length and the cavity length can, therefore, be mnsiderable. For example & Super
ACO the unddator has a total length of 3 m with a resonator length equal to 18 m. For the
Duke FEL projed an unddator of 15m with a cavity length of 50 m is anticipated.

The requirement of 4, ~ L /3 and L >> L, generaly leads to a situation where g,g,—1
and, lrence anealy unstable cavity. The dfed of thisisill ustrated in Fig. 18.As the resonator
length increases with resped to the unddator length it becomes more difficult to olktain the
optimum filli ng fador, firstly becaise the tolerances on the radius of curvature becme more
restricted (Fig. 188 and seaondy because the resonator comes closer to the stability limit
(Fig. 18).



When a caity approadies the stability limit, it aso beammes more senstive to
misalignment errors. The dfed of misalignment isill ustrated in Fig. 19.The opticd axisin a
two-mirror resonator is, by definition, the line passng through the centres of curvature C; and
C, of the two end mirrors. The quadratic base arvatures of the two mirrors are centred on o
are normal to this axis. If the cavity also contains any kind d aperture (including the gertures
defined by the mirrors themselves), rotation o an end mirror will trandate the opticd axis
relative to this aperture or, aternatively, will cause the goerture to be dfedively off centre
with resped to the resonator axis. The presence of an dff-centre goerture will tend to produce
resonator eigenmodes that are mixtures of the even and odd eigenmodes of the digned
resonator. From simple geometry considerations it can be deduced how far the opticd axis
will be translated and rotated by a small angular rotation d either end mirror. Let ¢, and & be
the small angular rotations of the two end mirrors and Ax; and Ax, be the small sideways
tranglations of the opticd axis at the point where it intercepts the end mirrors, as shownin Fig.
19. Alternatively, Ax; and Ax, can represent the off- centre tranglations of the gertures at those
two mirrors. From Fig. 19 and some simple geometry we can then evaluate these
displacements as[36]:

9, 1
AX, = Lo, + L&,
1-g0, = 1-g0, ° 38
A —— L g% g
1- glgz 1- glgz

One aiterion for judgng the seriousnessof misalignment effeds is to compare the transverse
displacement of the centre of the cavity with the opticd waist size and the transverse dedron
beam dimensions.
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Fig. 18 Influence of the resonator geometry onthe FEL gain and the resonator stability: (@)
The filli ng fador as afunction d the Raleigh length, see Eq. (32) normali sed with resped to
the undudator length L . (b) Filli ngfador asafunction d the radius of curvature of the mirrors



for a symmetric cavity, i.e. R = R =R,, for different unddator lengths with resped to the
cavity length L. (c) The resonator stability parameter a function d the radius of curvature.
Note that (R/L - 0.5) = 2(B/L)".

M1

Fig. 19 Geometry of amisaligned ogticd cavity

The anguar displacenent of the resonator axis that can be important in evaluating far-
field panting acaracy, for example, can be evaluated from [36]:

O= sz B Axl _ (1_ 91) ‘91 B (1_ 92)92 )
L 1- glgz

(39

This parameter can be spedficdly important for user light sources where the FEL radiation
has to be transported over large distances to a user experiment. Note that the sensitivity of
these anguar misalignment blows up as g,9,—1, i.e. as the resonator design approadies the
stability boundry. Note further that with g,g,—1 and 6, <<, seeEq. (33), it is concavable that
the resonator will be more sensitive to higher-order transverse mode which impedes bath the
laser gain and/or the stability at saturation. At Super ACO such modes are ommon. The order
of the mode and its gability depends on the bean current: small changes at the mirror due to
temperature induce mechanicd stress seeSec 4.2.

Findly it is important to consider the mirror dimensions snce too small mirrors will
cause radiation le&kage dongthe edges of the mirrors. These losses can be evaluated with the
aid o the resonator Fresnell number N;:

resonator mirror surface area
confocal TEM, mode area

To reduce caity losses alarge Fresnell number, i.e. N, >10is preferable, seeFig. 20.
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Fig. 20 Power lossper roundtrip (measured in dB) versus Fresnell number for a TEM , mode
in atwo-mirror symmetric resonator, i.e. R = R,, with g-values ranging from g = 0 (confocd
resonator) to g = 1 (planar resonator). The intermediate g values are g = 0.5, 0.8, 0.9, 0.95,
0.97and 0.99respedively [36].

4.2 Optics

SRFEL's are low gain devices, i.e. a laser where a resonator is required to reat
saturation onmulti ple passes. The problem of making goodmirrors for the visible to the VUV
spedral region is a difficult one and deserves at least a separate dhapter. For general
information the reader isreferred to textbooks and review articles [3840]. Spedally for the UV
and VUV spedral region it becomes more difficult to find suitable materials for mirrors. As a
result the operational wavelength range of the SRFEL is reduced. An overview of the state of
the at mirror techndogyisgivenin Fig. 21.
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Fig. 21 Refledivity of normal-incidence optics [40] and the estimated cavity loss due to
absorption at the mirror surface For detail s onring-resonators, seeSec 4.3.

Apart from these problems there ae alditional ones which arise due to the nature of the

SRFEL:

e Thegan o aSRFEL is, at present, upto a few percent. To oltain the lasing threshold
condtion,i.e. cavity losses < gain, highly-refleding mirrors are required, i.e. multi-coated
mirrors. Highly-refleding multi -coated mirrors have anarrow spedral bandwidth and, as a
consequence, impede the wavelength tunability of the FEL.

e Aswill be explained below, mirrors of an SRFEL are exposed to a harsh environment of
high paver radiation ranging from the visible to the X-ray region. As a result thermal
effeds and mirror damage or mirror degradation forms a serious problem in the operation
of the SRFEL.

To owercome the first restriction metal mirrors, e.g. coated Al mirrors [40], could be
used. However, the losses associated with these types of mirrors are of the order of a few
percent and all SRFEL’s that are presently operational do nd have sufficient gain to use such
mirrors.

A multi-coated mirror consists of a stadk of Fabry-Perot interferometers where eab
layer has an opticd thicknessof A/4. Two dfferent layers are deposited aternately, ore with a
low- and ore with a high index of refradion. The residual diffusion and absorption in the
layers limit the maximum refledivity. For a mathematicad treament of such mirrors refer to



Ref. [41]. In the visible region refledivity’s as high as 99.95% can be obtained. However, in
this case the ratio of the transmisson ower the losses is very low and daes not permit good
energy extradion[42]. Multi-layers with arefledivity over 99.5% are aurrently manufacured
down to a wavelength of 240 rm. An owerview of some materials suitable for mirrors in the
UV isgivenin Table 4.

Table4
Opticd constants of oxide layers deposited by readive sputtering [43]

SO, ALO, [Hf Si, 1O, HfO, Zr0O, TaO, TiO,
A n k n k n k n k N ki n k n k
(nm) x10™ x10™ x10™ x10™ x10™ x10™ x10™
200150 000|183 291213 780|251 152|— — — — — —
300|147 0.00|170 119|199 98212 337(232 370|238 456 | — —
400|146 000|165 3.7|1.90 441205 123|221 236|226 53| 27 21.6

Apart from a good choice of nonabsorbing materials suited for use & layers for the
multi -coatings, the intrinsic losses of the mirrors are dso determined by the surfaceroughress
of the mirror, which determines the diffusion at the mirror surface Espedally at shorter
wavelengths this asped becmes more important [45]. An example of a multi-coated mirror
with a central wavelength of 4 =300 rm is given in Fig. 22.From the plot it foll ows that the
mirrors have an intrinsic lossof 0.4%. However, as the surfaceroughressgoes up the losses
increase. Above arms average roughress of 0.2 mm the scatering losses dominate the
absorption losses of the mirror.
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Fig. 22 Tota losses as a function d the average rms wurface roughress of a mirror at
A =300 M. The example given invalves amulti-layer mirror with HfO,/SIO, layers [44].

In an SRFEL it is not sufficient to produce mirrors which have a initialy high
refledivity coefficient. While operating the laser the resonator mirrors can be exposed to a
very intense flux of sportaneous radiation emitted by the unduator. For thisit isimportant to
remember that the typicd beam energy o astorage ring will be of the order of (at least) afew
hunded MeV. Hence, the total emitted paver from an unduator is given by[26]:



K2
7, (cm)

P. (W) = 7.28E2 (GeV) NI (A) (41

where the same natation asin Sec. 2 has been used.

From Eq. (41) it follows that the sportaneous radiation can easily go upto a level of
several (tens of) Watts. All this radiation will be depaosited on the resonator mirror at the
down-strean side of the unddator and thermal effeds can occur. Note that due to the low gain
of the SRFEL it is nat passble to install the resonator mirrors outside the vaauum system.
Hence mirrors can orly be codled by either the mirror suppat or by thermal radiation. Since
the radiation stored in the cavity is extraded through transmisson d the mirrors it is
important that both the mirror suppat and the mirror substrate have a good thermal
conductivity. At Super ACO, for example, 18 W of spontaneous radiation hts the downstream
mirror. As aresult isolated mirrors on a SiO, substrate were heaed with AT = 80 relative to
room temperature. Under the same ondtions mirrors on an Al,O, substrate were heaed by
AT = 35 €. With amirror suppat with a goodthermal contad the rise in temperature wuld
bereduced to AT =58 T and AT =5 <C, respedively [46].

Next, the spedrum of the radiation days an important role & well. The sportaneous
radiation d a planar unddator does nat only contain the fundamental harmonic such as given
in Eq. (1) but also a large number of harmonics. For on-axis radiation (€ = 0) the harmonics
per opening angle Q are given by[26]:

d?l | 1 4eNy & sinv, )’
= 2. Fu(K) .
dodQ|, , 47e, ¢ 53 Vo (42)
F\(K) = 4§n(anﬂ(§n)—Jn;(§n))
where n denotes the harmonic number. The parameters £ and v, are given by.
1 nK?
T
) (43
v, =naN—

n

A graph d Eq. (42) is presented in Fig. 23.Espedally for SRFEL’s the unduator strength K
can be high kecause of the high energy of the beam stored. As a mnsequence the power of the
harmonics radiated by the unddator can be high as well. For thisit is convenient to recdl the
criticd wavelength A_or criticd harmonic n,, i.e. the wavelength for which half of the power is
radiated at wavelengths shorted than this value.

A, (nm) = 1826
B, (T) E*(GeV) ”
__3 2
n, = 202 K(1+ K?)

In Table 5 it can be seen that for typicd SRFEL experiments the aiticd wavelength is much
shorter than the fundamental wavelength. Generally the mirror absorbs these harmonics and
mirror damage can occur.



An example of such mirror degradation is own in Fig. 24. At present mirror
degradation can nd be avoided. However, it is possble to produce multi-coated mirrors that
are more resistant. This topic is gill very much under development. One of the aspeds that
play an important role is the fabrication processinvaolved. Mirrors fabricated with an ion-beam
sputtering method are more resistant to synchrotron radiation, seeFig. 25.The vaauum level,
i.e. the number of residual gas moleaules nea the mirror surfaces also influences mirror
degradation. Ultra-high vaauum is required in order to reduce the @sorption d residual
moleaules auch as carbonwhich reduces the overall refledivity of the mirrors. However, loss
of refledivity due to carbon contamination can be recvered by exposing the mirror surfaceto
RF-discharged oxygen plasma [46-48)].
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Fig. 23 Contents of the on-axis harmonics of a planar unduator for several values of the
unddator strength, seeEq. (42

Table5
Unduator radiation for various SRFEL experiments. Estimated values are given in italic [46]
Experiment Beam char. Undulator characteristics Radiation characteristics
E )\'L‘ N K Pu ﬂ’c AFEL PFEL
(MeV) (mA) (cm) (W) (nm) (nm) (mW)

Super ACO 800 100 129 20 5.0 18 7.1 350 100
UVSOR 500 20 111 16 29 04 26.6 300 0.2
VEPR3 350 40 10.0 67 16 0.6 89.3 250 25
DELTA 700 100 25.0 17 2.1 1 54.2 213 —
Duke 1000 100 10.0 67 6.6 210 2.6 300 —




Fig. 24 Examples of mirror degradation dwe to the sportaneous unduator radiation. (a)
Severe degradation d atest mirror deposited ona SiO, substrate. (b) Photo of a mirror in its
suppat after 60 hous of FEL operation showing the presence of alarge cabonspaot [26].
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Fig. 25 Summary of the degradation rates applying to dfferent deposition techniques:
classcd evaporation, eledron bean deposition (ebd), ion-asssted deposition (iad) and ion
beam sputtering (ibs) [46].

4.3 Alternative solutions

The problems related to the optics remain a difficult one. Nevertheless veral solutions
have been considered and/or implemented in FEL experiments. Some of these ideas are li sted
below.

Helical unduators

Helicd unduators have the alvantage of having a higher gain since the periodic
dephasing d the dedrons with resped to the optica wave is not present. Next, the use of a
helicd unddator or opticd klystron can significantly reduce the amourt of harmonics emitted.
The main dsadvantages of the helicad unduator or optica klystron are amore complex design
and a reduced flexibility to change the unddator strength K. At present only the UVSOR
SRFEL experiment employs sich a device @& an OK [49] and lasing has been oltained dovn
to a wavelength of 239 mm. A cdculation onthe expeded transverse spedra distribution o
this deviceis srown in Fig. 26.Note the different distribution d the high-energy phdons in
the form of aring. It is thus posgble to filter out this radiation with the ad of an iris, thus
reducing the mirror degradation onthe mirror surfacedue to the interadion d these phaons
with residual gas moleaules nea the mirror surface
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Fig. 26 Calculated spatia distribution d radiation from a planar OK (a) and a helicd OK (b)
such as in use & the UVSOR SRFEL experiment [49]. The left-hand sides of both figures
show the integrated intensity of the low energy phdons (< 10 eV). The right-hand side depicts
the high-energy phdons (10-200eV).

Alternativeresonaor design

An dternative resonator design can aso enhance the performance of the SRFEL. Two
options are depicted in Figs. 27 and Fig. 28.1n Fig. 27two corner-cube resonators replacethe
normal-incidence exd mirrors of the resonator. This design has been propaosed for the CEBAF
linacdriven FEL [50]. The main advantage of this designis the increased stability. In the cae
where the cavity is fill ed with multiple opticd pulses it aso has the alvantage that the return
path of the light is separated from the dedron beam. Hence Compton badk scatering with
eledrons passng through the unddator while the opticd pulse returns can nd take place
Obvious disadvantage is the increased resonator losses snce the number of refledions are
increased from two to six. At present no FEL system in the visible or UV was cagpable of using
such adesign dieto lad of gain.
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Fig. 27 Sdf-imaging confocd unstable ring FEL resonator with corner-cube refledors [50]
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Fig. 28 Grazngincidenceor ring resonator [51]

The most commonly considered alternative is the so-cdled whispering-mode or ring
resonator, Fig. 28.1n laser techndogy ring resonators were understood and demonstrated very
ealy on,and have since been extensively developed for applicaions in ring-laser gyroscopes
[36]. For freeeledron lasers this type of resonator is not much used, hovever. Until now only
one FEL experiment has made use of such a resonator at a wavelength of 640 rm [51].
Nevertheless ring resonators have several advantages[36, 53:

e Increased cavity design flexibility, alignment insensitivity, and insensitivity for higher
order transverse modes.

e Higher level of power extradion.

e Possble operations with grazng incidence refledance d wavelengths where no ogicd
material for normal-incidencemirrors are avail able.

e Separation d the return path of the light-pulse. This can be spedficdly advantageous for
cavities with a multiple of opticd pulses where Compton ladk-scatering d the light
pulses with the dedron beam needs to be avoided.

The main dsadvantage is the complexity of the design, espedally the initial alignment that is
required to stack the opticd pulse in the resonator.

Harmonics generation

In Fig. 23it was e that the (planar) unddator of the FEL is an excdlent harmonics
generator. Furthermore, as the dedrons passthroughthe unddator they are burched onthe
scde of the fundamental wavelength. This also causes an increase in the comporent of higher
order modes in the longtudinal density distribution o the dedron bean. As explained above
the optics cause aserious problem for lasing a shorter wavelengths. As an dternative it is,
therefore, worthwhile considering the options for extrading harmonics out of the FEL, either
throughseeding with ancther laser or by FEL operation at alonger fundamental wavelength.

One of the options would be to use an externa laser to produce asubstantial up-
conversion in the FEL interadion region. In the first demonstration [53, 54 of the technique,
a YAG laser burched the dedrons either on the infrared or the green line, and emisson was
observed onthe harmonics of the burching frequency. Althoughthe dficiency was low (10°
to10 phaons per pulse were obtained), better results are expeded in future experiments.

As an dternative to the sead laser it would be better to employ the FEL itself. If the FEL
intensity buil ds up to saturation, the laser generates its own harmonics. Reasonable mnversion



efficiencies have now been reported from the infrared FEL oscill ator experiments. This
approach hes the alvantage of tunability since an external laser is nat required. It will aso be
paossble to read the highest frequencies this way since the FEL itself is anticipated to be the
shortest-wavelength laser available. No such coherent harmonic radiation was observed at
ACO since the laser saturated due to burch lengthening long kefore saturation die to over-
bunching could be readed. However, if sufficient gain is available, SRFEL’s can read high
pesk power in the Q-switched mode and will therefore produce strong larmonic emisson.
Possble solutions for extrading the harmonics are sketched in Fig. 29where in (a) an intra-
cavity ethalon is used to extrad the harmonics out of the cavity. Note that this option orly
works if there is aufficient gain as the dhalon induwces extra cavity losses. For example &
Super ACO lasing in this mode of operation has not yet been demonstrated due to too hgh
cavity losses as compared with the maximum obtainable small-signal gain. In Fig. 29 an
additional unddator with a 3- or 5-times dhorter period has been drawn. In this stuation the
harmonic compound @ the dedron beam, generated in the FEL interadion,is amplified in the
second undletor. Note that for this option careful tuning d the saturated power level of the
fundamental wavelength isrequired in order to avoid over-bunching kefore the dedrons enter
the second unduetor: |a] = 4KN eKL |EJ/y’mc®< 1[35)].

5. DESIGN OF THE STORAGE RING

From Eq. (10) and Eq. (17) it follows that the gain of an FEL scaes with N’in the cae of an
unddator, and with N in the cae of on ogicd klystron. Hence a high gain can orly be
obtained in long straight sedions where sufficient spaceis available for the unddator. To
avoid energy dependent behaviour (the FEL extrads energy from the beam and increases the
energy spreal) it is aso convenient if this ®dion is dispersion free From Sec 2 it follows
that an ogimum gain can orly be obtained with ahigh peak current in combination with alow
energy spread and emittance, i.e. with an as high as possble density in phese space For a
detailed dscusson onthe optimisation d a storage ring with resped to such parameters the
reader is referred to the other chapters of these proceadings. Here the parameters gedficaly
important for the FEL are discus=d. In Sec 5.1and 5.2an owerview of some apeds to oltain
a high pe& current and a low energy spread and emittance is given. The optimum
performance of the SRFEL also requires a maximum transverse overlap between the opticd
pulse and the dedron beam. Thisoptimisation processis presented in Sec. 5.3.
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Fig. 29 Possble options for harmonics generation wsing the afreeeledron laser that lases on

the fundamental wavelength as a seed: (a) refleding the present harmonics throughan intra-
cavity ethalon, (b) enhancing the output of an unduator tuned to awavelength of A/n by wsing



the dedron bean that has passed throughthe laser as a seal. Note that the unduator has been
set at asmall angle so that the harmonics are not intercepted by the resonator mirrors.

51 Ringgeometry

One of the eaiest ways to increase the ped& current, while keeping the average arrent
low, is to reduce the number of burches in the ring. Maximum current can be obtained in a
singe-bunch mode of operation. For this it is important to keg in mind that the resonator
length must match half the distance between successve burches. For large storage rings this
implies very long cavities. Asauuming a standard two-mirror resonator, see Sec. 4.1, it is
difficult to ke such a cavity stable. For this reason the optimum number of bunches depends
on the shape of the ring. In Fig. 30two examples are given. As the ring is more drcular, the
straight sedions, and hencethe unddator length, will be relatively short. A multi-bunch mode
is then advantageous snceit reduces the intra-bunch distanceto reducethe cavity length. The
combination d the short cavity with a single-bunch mode is not advantageous snce the
opticd pulse then has to pass the caity twice before encountering interadion with the
eledron burch. Hence the dfedive cavity lossis douled.

2 bunch mode single bunch

( D!

Le/2

Fig. 30 Ring geometries

For the SRFEL it is advantageous to shorten the drcumference of the ring while
maximising the unddator length. The racdradk design, depicted in the left-hand side of
Fig. 30is, therefore, advantageous. Dedicated rings such as the one & Duke in Durham, North
Carolina and DELTA in Dortmund bdh have this design and are designed to runin a single-
bunch mode.

5.2 Beam current and electron beam quality

The most straightforward method to increase the pe&k current is to simply increase the
average aurrent in the ring. However, as the average beam current goes up some undesired
effeds neal to be cnsidered. Two aspeds are of speda importance the lifetime of the beam
and current-induced instabiliti es.

The Touschek dfed

For eledron beans with a high vdume density the Touschek effed plays a significant
role. This is the processwhereby, dwe to Coulomb scatering within a single bean burnch the
transverse-to-longtudinal momentum exchange can lea to lossof longtudinal stability, if the
(energy) variation exceels the magnitude of the energy acceptance of the longtudinal phase-
stable domain [55]. The Touschek lifetimeis propartional to:
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A long lean lifetime is important because of the longtime (thermal) effeds that take
place For example thermal effeds onthe mirrors of the FEL, seeSec 4. To maximise lifetime
several options are avallable:

e An ogimum choice of the emittance Modern storage rings can have a very small
emittance down to afew nm in the horizontal plane. Depending onthe spedra domain of
interest this can be lower than that required for proper FEL operation, seeEq. (8) and EQ.
(18).

e A full couging d the horizontal and verticd emittance of the ring, e.g. by installing a
skewed quedrupde. The couging results in a larger phase-space ad, hence a longer
Touschek lifetime. The FEL gain will, most probably, na change too much. Note that this
isnot agenera rule, however. For spedfic casesit is necessary to consider the impad on
the FEL gain as enin EqQ. (8) and Eg. (18).

e Anincrease in the longtudina phase-stable domain o the ring, i.e. an increase of the rf-
power employed. This is also advantageous snce the saturation process of the FEL can
increase the energy spread in thering.

e An increase of the beam energy. The Touschek lifetime increases with increasing beam
energy. An additional advantage is the incresses sturated pover level of the laser, see
Egs. (23) and (24). Due to this the radiation flux on the mirrors increases as well,
however, firstly because of the increased synchrotron pawer, Eq. (24) and semndy
because of the increase in harmonics:. as the beam energy increases the unduator strength
must increase & well to keep the radiated wavelength constant. The higher magnetic field
strength causes asignificant increase in harmonics, Fig. 38.

Current-induced effeds

As the beam circulates in the ring the dedromagnetic field of a burnch is coupged with
the impedance of the environment (discontinuity of the vacauum chamber, rf cavity, etc.) to the
same burch [55, 5. This effed becomes more important as the intensity, i.e. the average
beam current in the ring, increases. The stationary solution gves the so-cdled “ potential-well”
distortion at rather low current. At higher currents one reades the threshad of anomalous
bunch lengthening. At Super ACO, for example, thisthreshold isfoundto be & approximately
8 mA/burch [57]. Abowe this limit the so-cdled “microwave instability regime” is entered. In
addition, the burch o burches can aso start to oscillate @herently close to their natural
oscill ation synchrotron frequency and its harmonics. The presence of modes of oscill ations
(dipolar, quadrupdar, hexapodar and cctupdar) depends on the beam current. In the upper
limit of the aurrent the bean bemmes completely unstable. At Super ACO this limit is
reated at rougHy 100mA/burch [33].

For the FEL it is clea that the laser would work best in the asence of any type of
instability. However, as a general rule the FEL operates in a regime where the instabiliti es are
present. For example & Super ACO the under-threshald for lasing is readed at rougHy 15
mA/burch, far abowve the threshald for anomalous burch lengthening. Here it is important to
note that not all i nstabiliti es are of the same importance

(a) Coherent burch-oscillations. In Fig. 31 the @herent synchrotron modes of
oscill ation, as observed at Super ACO, are shown. As can be deduced from the left-
hand side of the figure these types of modes are devastating for the FEL: from the
plot of the line-intensity it follows that the position d the burch starts to oscill ate.
Hence, the dfedive small-signal gain is reduced since, over multi ple roundrips, the
effedive longtudinal overlap of the bunch with the optica pulse is reduced. Next it
can be seen that also the dfedive energy-spread increases, causing a further deaease



of the small-signal gain. At Super ACO the dipdar modes are damped with a
Pedersen type of feedbadk system [58, 59. With this g/stem it is possble to oltain
stable operation upto a arrent of 35 mA/burch. Abowe this threshold quedrupdar
modes occur that make the start-up o the laser more difficult. Moreover, with
quadrupdar modes present the laser becomes less s$able. However, orce lasing is
achieved, the FEL interadion tends to damp these modes [33]. Recantly, feedbad on
the quadrupdar modes has been installed providing the means to have stable FEL
operation at up to 50 mA/burch [60].

(b) Microwave instability. At higher circulating bean current in a storage ring
significant dilution o longtudina phase-space density may occur. Here the
interadion d the bunch with its own short-range wake field causes high-order
couped oscill atory modes to be induced. This results in short-wavelength (compared
with the burch length) particle density moduation d the burch, effedive
lengthening d the burch, and enhancement of the energy spread. The threshold pe&k
current for the longtudinal single-burch instability isgiven by[23]:

- m[%} %5”—//‘3 (46

where E, and Z, are the bean energy and the longtudina impedance of the ring,
respedively. Abowve the threshold the pee current may still increase but at the
expense of an increase in energy spread [23)]:
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where |, is the average beam current, V, is the rf voltage, and h is the number of bunches
stored in thering.

(47)




o
i

phase-space P .
- line density
)

~ N\ .

-

z

s dipole
/\ Oy + 0,
Ny At

/ - -—

quadrupole
; ., . ®, + 20)5

4

A A
N

sextupole

o : -,‘ ®g + 30)5

¥4

octupole
0, + 4o,

o
-

z

|
3} AT

Fig. 31 Synchrotron modes of oscill ations observed at Super ACO in a two-burnch mode of
operation [33]. Left-hand side: Representation d the wherent synchrotron modes of
oscillation in phase space ad in time space Right-hand side: Spedrum of the modes
observed on the sidebands of high harmonics of the revolution frequency versus the stored
beam current. With increasing current one can olserve the presence of dipoar modes (D),
guadrupdar modes (Q) hexapaoar modes (H) , and actupdar modes (O).

To first order the gain of the laser scades with the square of the energy spread. Hence,
even at the occurrence of microwave instability, it remains worthwhil e to increase the beam
current. Nevertheless it is also important to design the storage ring such that instabiliti es are
avoided to an as high as possble arrent. To doso it is important to reduce the number of
burchesin thering, seeSec 5.1.Increasing the rf voltage dso helps but is not very effedive,
see EQ. (47). A high rf voltage remains important, howvever, since it aso determines the
energy-spread acceptance of the ring, seeSec 3.

In the optimisation processthe momentum compadion fador « plays an important role:
as the compadion fador becomes smaller the storage ring beames more sensitive to
instabiliti es. Hence, atoo small value for «isto be avoided. However, big compadion fadors
are nonrided ether. From Eq. (3.2) it follows that a small value for « leads to short burches
and, hence, to high pe& currents and gain. Furthermore, there is a (indired) relation between
the compadion fador and the emittance since both are related to the so-cdled “synchrotron
radiationintegras’ [23]:
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where the synchrotronintegrals are given by:.
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and n = n(s) the dispersion function. The parameters «,(s), £(S), y(s) are the madine Twiss
coefficients. Note that the differentiation is with resped to s, the lattice azmuthal coordinate,

andintegrationis over the extent of the dipole regions only.

From Egs. (48) and (49) it follows that a caeful optimisation d the dispersion is
necessry: small dispersions lead to a small emittance and, throughthe compadion fador, to
short burnches and a high pek-current. However, a too small compadion fador causes more
instability. In modern macines it is feasible to reduce the emittance to orly a few nm.
Normally this goesin perallel with a deaease in «. For the FEL it might be alvantageous to
tune the compadion fador independent of the amittance, e.g. by adding additional dispersive
elements in a straight sedion d the ring. It might thus be possble to operate the ring at any
(positive or negative) value of the mmpadionfador. At present only A few storage rings have
the possbility to change « and more studies are required to find an ogimum. A study at Super
ACO [57] indicaes that a negative cmmpadion fador might be alvantageous: running with
negative « resulted in shorter bunches but higher energy spread. With more tuning it might
thus be possbleto find ogimum condtions for FEL operationin a storage ring.

The most promising ogion would beto runaring a « = 0. This stuation is known as
the isochroneous SRFEL [61]. In namal SRFEL operation the micro burching onthe scde of
the wavelength, a processthat occurs naturaly as the dedrons passthroughthe unddator, is
lost as the dedrons make their turn through the ring. If the compadion fador would be
sufficiently small, however, this bunching could be maintained on successve turns through
the ring. The alvantages are obvious snce a already burched bean would start radiating
coherently direaly when entering the unduator. Hence, the gain would be increased by aders
of magnitude. At present no storage ring has demonstrated this, howvever. The main reasonis
the small compadion fadors required. For example, lasing at 500 iMm in a small ring with a
circumference of 50 m would already require |o|<10°. It might be possble to demonstrate the
effed in the (far) infrared in asmall, low-energy ring, havever.

5.3 Machinefunctions

In Sec 4.1the average transverse opticd mode aeawas minimised for the cae of a
standard two-mirror resonator. Here this processis repeded for the dedron kean. Since the
transverse mode aeaof the dedron beam is generally lessthan the opticd mode aea(from
Eq. (8) it follows that ¢, << A°) this processis lessimportant. Neverthelessthis optimisation
isauseful exercise. An example of such an optimisationis hown in Fig. 32.1n the figure the



gain o the Super ACO FEL is plotted as afunction d the horizontal Twissparameter 3. The
results are based onthe model presented in Appendix B.

From the figure it follows that an oimum gain is obtained for a g, in the range from 4
to 7 m, depending onthe resonator geometry, i.e. the Raleigh length £,. Most important for a
proper optimisation is the matching o the aurvature of the phase-front of both the opticd
wave and d the dedron bean. Hence, in the cae of a shorter Raleightlength the Twiss
parameters S, and 4, need to be reduced as well. The figure dso shows that the gain is fairly
insengitive for moderate increases of the transverse beam size. For Super ACO (£, = 3 m) an
optimum gain of 2 % is readed for S =5 m. For reasons concerning the stability of the
opticd resonator, see Sec. 4.1, this is mewhat lower than the maximally adiievable gain
when g =1.5mand g, =B =4m.

gain (%)

Fig. 32 Thegain of Super ACO as afunction d the maciine Twissparameter £, in the centre
of the unduator for several values of the Raleigh-length of the resonator. For Super ACO (5,
~ 3m) the optimum gain is reated for 5, ~ 5m.
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