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Saturation and electron-beam lifetime in a storage ring free-electron laser
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We present a phenomenological treatment of free-electron laser storage ring saturation dynamics. The model
includes longitudinal instabilities, Touschek intrabeam scattering, and nonzero off-energy-function contribu-
tions. The model predictions are compared with Super ACO experimental results and the agreement is shown
to be satisfactory.
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[. INTRODUCTION overlapping between electron beam and laser beam, due to
an increase of the electron-beam transverse dimensions asso-
The free-electron lasefFEL) dynamics in storage ring ciated with a nonzero dispersion function inside the FEL
(SR accelerators is a complex phenomenon, with implica-undulator[8]. In this case the FEL induced energy spread
tions going well beyond the simple generation of coherenfletermines, along with the increase of the longitudinal beam
radiation[1]. The dynamics of the whole system should bedimension_, an increase of its transverse size also in the inter-
considered from a unitary point of view, and the FEL shouldaction region.
be viewed as one of the intrinsic feedback mechanisms con- One of the macroscopic consequences of the FEL satura-
tributing to the electron-beam equilibrium with the accelera-tion is therefore an increase of the electron-bunch volume,
tor environment. A self-consistency loop accounting for thewhich implies an increase of the electron-beam lifetime,
previous statement is shown in F|g l, where we have realso. Here we will show that this last effect has been eXperi-
ported the interp'ay of the Coup|ed electron-beam—-FEL “Sysmenta”y ObS.eI'V.ed and We W|” see that the r:eleVa.nt I’esu|ts
tem.” By assuming that the system has initially reached &an be quantitatively explained. We will also discuss how the
kind of equilibrium, the onset of the FEL induces a beammodel of FEL—electron-beam interaction introduced| 19
heating which provides different conditions for the dynamicsand references therein can be further implemented, and how
of the longitudinal instabilities of microwave and sawtooththe underlying dynamics provides further enlightening
type[1-3], which are also responsible for beam heating. Thénsight into the noise-nonlinearity interplay discussed in
FEL and longitudinal instabilities may in turn modify other Ref.[1].
mechanisms like the Touscheck intrabeam scattefiri§)
[4] and the head-tail instabilit}5]. These combined effects Il. DYNAMICAL EQUATIONS
provide a variation of the electron-beam characteristics,

which in turn affect the FEL dynamics until saturation ;
OCCUTS. sawtooth typeSTI) [9], and FEL dynamics can be merged

The arrow external to the loop accounts for a long termWithin the framework of a unified description. Tc_> m_ake the_
effect concerning the Touscheck lifetinfié], and occurring proplem_ more understandable and_ to better clarify its physi-
on a time scaléhourd much larger than the FEL dynamics €@ implications, we will proceed in gradual steps, by de-
characteristic times, namely, the laser rise timécrosecond ~ SCTbing separately the various elements of the game.
range and damping timeémillisecond rangg

The main assumption underlying the previous analykjis

FEL
is essentially that the FEL produces beam hediffjgwhich
combines with that provided by the natural synchrotron ra- \'\\
— T

In this section we will discuss how TIS, instability of the

diation emissiorj7], thus determining the conditions for the

evolution of transverse or longitudinal instabilities and of the IS| —| TL
other previously mentioned effects. /

Equilibrium conditions are achieved once the FEL has //4
reached saturation. The mechanisms leading to saturation are
complex too; they do not reflect only the effect of the cumu- STI

lative induced energy spread, but also the contributions from
the instabilities, from multiple Touscheck scattering, and so  FIG. 1. Loop diagram of dynamical effect in SR-FEL dynamics:
on. Furthermore, any contribution leading to a gain reductiorbeam heatingdBH), FEL, sawtooth instabilitfSTI), Touschek in-
may be a source of FEL saturation, such as, e.g., a poarabeam scatteringl1S), Touschek lifetimgTL).
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A. STI-TIS interplay

The model equations accounting for the dynamics of STI

[10] are reported below:
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where g; denotes the ratio of the energy spread induced by

the instability to the natural energy spread ,, T is the
machine revolution periodg, the nominal energye the
electron chargel, the average currenty, the momentum
compaction,n a harmonic of the revolution frequency,
|Z,,/n| the machine impedance, amgthe synchrotron tune.
The instability growth rate is controlled by, and the
second of Eqs(1) states that its evolution is due to a pertur-
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bation induced by the wake field and counteracted by the g 2. (a) g(-) function (continuous ling and /7, vs time;
Landau damping, associated with the spread in oscillatioRachn step is 2.3 1075 s; (b) growth rate parametex vs time;

frequencieqd10]. By following Ref.[11] we write the solu-
tion of the first of Egs(1) in the form

2 t
o (t)=exr{g(t,aiyo,a0)—2?}

t
g(t,O’iyo,a’o):foa(t’,Ui'o,ao)dt’ (2)

with o; o and a denoting the initial conditions of Eq$l).

In Fig. 2 we report the functiong, 2t/7, andea. It is
evident that the functioy has a steplike behavior with an
average slope 2[. Corresponding to any step there is a
sharp increase and decreasexofny mechanism capable of
bringing the average slope gfbelow 2/ will determine the
switching off of the instabilitysee Ref[11] for further com-
ments.

The TIS is due to Coulomb scattering and its most signifi-
cant manifestation is an increase of the induced energ

spread, according to the relatip]

a2<02+1)2=Rf(—r(0_2+1)3 )
()
— °°1 —X
f(§)—f§ ;e Inx dx,

whereqo denotes the ratio of the induced energy spread to th
natural part andR and S are constants depending on the
specific machine parameters. The inclusion of these effects
accomplished by modifying Eq$3) and the second of Egs.
(1) as follows:

o?(o?+ o2+ 1)?=Rf

. ——
(®+of+1)¥ )

A=9x10% B=5x10% 7,=10 ms.

d
aa’: m—B(l‘FO’?‘FO’Z)lm, (4)
|

while the first of Egs(1) is left unchanged. The assumptions
underlying Egs(4) are the following.

(i) We assume that the STI induced energy spread com-
bines quadratically with the natural part; this ensures the
modification of the first of Eq9.3) into the first of Eqs(4).

(i) We assume that the TIS induced energy spread com-
bines quadratically with the STI induced part, thus allowing
the modification of the second of Eqd) according to the
second of Eqs(3).

The first of Egs.(1) is left unchanged because E) is
the result of an equilibrium condition. The interplay between
STl and TIS is shown in Fig. 3, where we have compared the
Evolution of theg and « functions with and without the TIS
contribution. It is evident that the presence of the TIS term
modifies the STI dynamics by providing a reduction of the
slope ofg and of the growth rate of the instability.

B. FEL-TIS interplay
The rate equations describing the SR-FEL evolution have

glready been described in R¢L] and are written

: 1 1
IS —Xo=EX r,
dt™® T 1102 1+ 176l o(1+0%)

2
ﬁﬂ%—;((ﬁ—xo), 5
S
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FIG. 4. TIS induced energy spread with FEL contributiéh:
=0.1,5=0.01,r=0.5,E=10°, andr,=10 ms.
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size that once the FEL is on the TIS contribution is strongly

reduced.
1000

C. FEL-STI interplay

This aspect of the problem has already been discussed in
Ref. [1] and references therein. According to these papers

800 1000 Egs.(1) and(5) are merged and the second of E€S. and
! (1) is replaced byr?=g?=0%
FIG. 3. Same as Fig. 1 witfcontinuous ling and without(dot- . ,
ted ling the inclusion of TIS, withR=0.1, S=0.02. L J o
dt = :

wherex, is linked to the intracavity power densityand af _ _ _ o
is the ratio of the FEL induced energy spread to the natural The hypothesis underlying this modelization amounts to

part. In particular, we have the assumption that STI and FEL are mechanisms contribut-
ing to the generation of the same energy spread, as implicit
| 043328 14 in the loop structure of Fig. 1. The FEL-STI mutual feedback
Xo= X, X=a '“:( N 2) 4702, is shown in Fig. 5, where it is shown that, when the FEL is
- active, the slope of the functiamis brought below 24, and
T r 0.859
,8—1.01452—, r= 0.85,’ teo=4No.,, E= T g6

(6) "

with gq, |5, and 75 being the FEL small signal coefficient, Lo T

the saturation intensity, and the damping time, respectively. 2 b / a |
FurthermoreN is the number of undulator periods ahidhe /
total cavity losses. The inclusion of the TIS is quite straight-
forward and can be done by modifying E®) and the first 0 ’
of Eqgs.(5) as follows:
2
0 200 400 600 800 1000 1200
2
(72((72+0'1+1)2:Rf (0_2_}_0_%_’_1)3/2), n
o 2000 T T T T N
d . 1 1 )
—Xo=EX —r
dt 0 =70 1+ 02+ 02 1+1.7u2 (1+ 05+ 0?)
@) 1000 | T

The assumptions underlying Eq§) are consistent with
those holding for Eqs(4); we have assumed indeed that the
FEL induced energy spread combines quadratically with the J L J k ﬂ Jk
natural part and that the STI energy spread contribution af- :
fects the FEL dynamics through the associated bunch length-
ening and the inhomogeneous broadening contribution.

The evolution of the TIS contribution when the FEL is  FIG. 5. Same as Fig. 2 with the inclusion of FEL wifh
operating is provided in Fig. 4 and it is important to empha-=10°, r=0.64.
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the amplitudes of the oscillations of the induced energy x(M)/x(0) l . l ~ .
spread are reduced. The final set of equations including all 075 - |
the effects so far discussed can easily be written as
0.74 |- B
d 1 1
—Xo=EXg > 1|, 0.73 |- 1
dt Vit o2+a? L+ 1.7u; (1+0°+09) 1 o ‘ | | | |

0.31 032 033 034 035 036

d 2
G o= a0t — (72 Xo), (9) &
° FIG. 6. x(n)/x(0) vs r using the experimental input values of
d Table 1.
_ 2, —2\1/2
—a=|————=—B(l+o°+ .
4t |1 o2sopym BT oo+ oY)

O-p: Vﬁp8p+(77po-s)21 pP=XY, (10)

The model equations given i®) are the mathematical _ . . .
counterpart of the loop structure of Fig. 1 and show that th&"'th Be: 7, &5, and o, being the beam envelope Twiss

modelization is flexible enough to include a significant num_gﬁgme;err,egwde rd;:pz(rj;\(/)gl function, the emittance, and the
ber of physical contributions. In the forthcoming sections we (b?yThg FEL’ ainpis inve)psel roportional to
will show how the model can be further developed to include 9 Y prop

contributions allowing the understanding of the effect asso-
e/

2
W
20')2<+ 7)(

ciated with the beam lifetime. , (11

w
2 y
20yt

Ill. STORAGE RING FEL, NONZERO UNDULATOR

DISPERSION, AND SATURATION wherew,, is the optical beam waist.

(c) We assume that only, # 0.

As already remarked, saturation in a storage ring based Then we can rewrite the model equation describing the
free-electron laser is essentially due to the turn by turn inSR-FEL saturation dynamics as
duced energy spread and to the concurrent gain reductions
associated with bunch lengthening and inhomogeneous d 1 1
broadening. Within such a context, if we do not consider the g¢*0~ EX 1102 [+ 1762 (1+ 5D IF(a,7) -r
effect of the electron-beam instabilities, the efficiency of a (12)
SR-FEL device is a function of the number of undulator
periods, which relates the laser power to the synchrotrogyhere
power lost in one machine turi®g, according to

1 1
F E, = ’
P=%PS, (O AT Vit LA SD)]
2 2
where y is the efficiency function depending on cavity A O¢,n7x A Wy (13
losses, natural energy spread, and so on. The dynamics can N 288y

be complicated by other effects, contributing to the satura-
tion. One of these may be due to a nonzero dispersion func- The contribution to the dynamics due to the nonzero dis-
tion in the undulator. In this case, a further source of gainpersion function is provided by the functidf(o, 7). Since
reduction arises as a contribution due to an increase of th@e are interested to the efficiency of the device, we will
electron-beam transverse section and thus to a poor overlaponsider the steady state solution of E8), which provides
ping between laser and optical beams. In this section weéhe dimensionless intracavity steady state power as a solution
address this specific problem, namely, the contribution of &f the nonlinear algebraic equation
nonzero dispersion function inside the undulator due to the
SR—FErI; efficiency funltl:tiohn. ot 1 F(0,7) 1

Furthermore we will show that the FEL interaction may >
provide an increase of the Touscheck lifetifdé due to the V1+Xe [14 170 0(0)(1FXe)] J1+A(1+Xe)
laser heating induced increase of the electron-beam volume.

We will make a comparison between the theoretical results % ! =r,

and recent experimental observations at Super-ACO. We will 1+ IM1I+A(1+Xe)]

treat the inclusion of a nonzero dispersion inside the undula-

tor by means of a simple extension of the previously dis- F(0,7)=vV1+A+a. (14

cussed equations. We take into account the following steps.
(@ In the presence of a nonzero dispersion the beam sec- According to Ref[1] the output laser power is linked to
tion is provided by the synchrotron radiation power by
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TABLE I. Experimental values of the parameters appearing in TFEL/T 5
Eq. (14).
4
r,=0.32 ol ,=83x1074
r,=0.33 ol ,=8.6x107" ? e ey
r;=0.34 0?,=9.1x10* 5
r,=0.37 ot ,=9.3x10"* 0.31 0.36
A,=6.16 a,  ,~16.85 T
A;=6.61 FIG. 7. 7gg /7 vs T, as in Fig. 6; experimer{tontinuous ling
Az=7.24 theory (dotted ling.
A,=7.73
where r, is the electron classical radius,; the radio-
frequency acceptance,the energy relativistic factol\ the
Y i X
e mps, (15) number of particles in the bunch, and
- L 1 1 1
where the efficiency functio is given by Ar=——2+ 3| *+ 7 (Ben’ = Bim)?|,
4o, 4oy 4
x=1.422xcu? .. (16)
In Fig. 6 we show the relevance of the contribution of a Bl:&z(ﬂxn’—ﬁ')’(n). (18
nonzero dispersion to the saturation function. It is evident 4o

that this effect provides a reduction of the out-coupling effi- ) .
ciency. We have reported the rati©7)/x(0) using as input o denotes the rms beam sizehere the primes denote
the experimental valugsee Table) and find a reduction of derivative with respect to the longitudinal coordinateAc-
the efficiency of the order of 20—-30% in agreement with thecording to the previous discussion the increase of the lifetime
experimental observations. According to the above analysi§'@y come through increase of the bunch volume and through
it is evident that the presence of a nonzero dispersion in thé€ 7 function. - -
undulator may provide a reduction of the laser power with An idea of how the Touscheck lifetime may be modified
respect to the case in whichis zero. by the FEL is offered by Fig. 7, where we have ploti&d
Let us discuss the effect of the FEL on the Touscheck=7reL/7 and make a comparison with the experimental re-
electron-beam lifetime, which for a flat beam is written Sults. Itis evident that, when the FEL is on, we may have a

(MKSA units) [4] significant increase of the Touscheck lifetime and the theo-
retical predictions are in close agreement with the observed
- 720'Xcry0'Z _ymeC increasing lifetime.
T_BW—Nrgc)\3D(s)’ T e ! The fact that the theoretical analysis overestimates the
experimental values can be simply explained by noting that
2 B2 we have assumed that the transverse section increase occurs
2 BX 1 . . . . .
€E=7 2\ 127 1a | over the whole machine and not in the interaction region
Ny \doy  4A onl
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