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Storage-ring free-electron-laser amplifiers and the microwave instability
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We discuss the storage-ring longitudinal dynamics by including the contributions from a free-electron-laser
amplifier and from the microwave instability. We show that the two effects exhibit a mutual interplay that
leads, under certain conditions, to the inhibition of the start up of the microwave instability and/or to a
reduction of the electron-beam heating due to the free-electron laser. The agreement with the experimental
results is also discussef$51063-651X97)09001-6

PACS numbe(s): 41.60.Cr

Storage ring(SR) free-electron laseréFELs) have dis- Z=z+cacToe, (1a)
played a fairly intriguing dynamical behavior. The models
proposed so far have reproduced satisfactorily well the rel- 02T T T
evant micro- and macrotemporal aspect$ and have also Tme——0,90 15,0 \/Er
suggested the existence of a chaotic dynarifi¢s Cac Ts ¢ Ts

The peculiar aspects displayed by the SR FEL evolution 1N .
are associated with the interplay between the FEL-induced 0~ _MOp
heating and the damping due to synchrotron radiation emis- TposToo, Nkzl ex;{ ?S_ (z=29
sion. The characteristic times governing the longitudinal

¥(z-z)

damping cannot be considered independent of the FEL itself. 1 [ToW

It has indeed been shown that the damping times of the mul- "N Von sind27N(e+e0)]

tipole oscillation modes may increase or decrease according

to the FEL operating conditiorf8]. In the region of positive XsiMe—27N(e+gg)], (1b)

gain slope, the damping times increase. This is expected, in

fact, for higher energies, with respect to the synchronous z

particle, the beam is emittingn the averagemore (stimu- ¢=@o—2m - (mod 2m). (10

lated radiation and the energy shift is thereby reduced.
The fact that the FEL may control the longitudinal damp-

ing is suggestive of the possibility that the FEL interaction

may affect or even counteract some of the longitudinal

lectron-beam instabilities. In thi r we will di th . . .
electron-bea stabilities S paper we discuss the umption of small-amplitude synchrotron motion. The last

mutual interplay between a FEL amplifier and the so-calle o terms in Eq.Lb) account for the microwave instabilit
microwave instabilitysee Dattoli and Renieri’s work in Ref. W N £0.{ ou microwave 1 ity
[1]), responsible for the anomalous bunch lengthening. Acgand for the FEL interaction, respectively, treated under the

cording to this effect, the equilibrium electron-beam param_assumptlon .Of |mpuIS|.ve approxma‘uon. . . .
The physical meaning of the microwave instability contri-

ﬁ:ggsry?z]e fre?]ref;)%rgngfxzﬁoﬁrﬁgg:tgge: ye;:)]leai: érégfs_ﬁ?]glﬂj)_ution is that of a force term due to a mean field, excited by

currence of a longitudinal instability due to the coupling of a”eth?hegzté?rgi b_tte;glrfe t?ﬁg efl.zférqg acr;%;xc‘igrr.'eggeg bé

the electrons with the SR environment, like electrodes angih J : : IS : 0 v fz Y
Strengthp and by a decay constapto /o ,. This is one of

spurious cavities. The items responsible for this instabilitythe ossible wavs of modeling the microwave instability and
are resonating at high frequenciégpically in the micro- P Y 9 y

wave regioh and exhibit lowQ. The relevant wavelengths it is based on the assumption that this instability is provided

are therefore short compared to the electron-bunch Iengt’ﬂy a single capacitive spurious resonating ifh The FEL

and the instability is therefore a single-bunch effect without:?::‘;ﬁ%g?fef{;? is responsible for the well-known beam

any machine turn by turn memory. . I
Previous investigationf5,6] have been able to account To understand th.e interplay betwegn the two contrlbutlons
we focus our attention on the behavior of the quantities

for the main consequences, i.e., instability of the equilibrium
configuration and evolution of the bunch towards a new con-

The symbols are listed in Table I. We have denoted liye
longitudinal coordinate and by the normalized energy.
The above difference equations are derived under the as-

2 0y2 n
figuration with consequent increase of the bunch length and A ()= o)~ (o) A :i ET A,()). )
of the energy spread. In the following we will see how a ¢ 2 ' Conpi=t
superimposed FEL amplifier modifies the dynamics of the
microwave instability. The first measures the deviation at the tinef the rms

The model equations describing the individual particleenergy spread from the initial equilibrium value. The second
evolution, after each machine turm, are [(&,2) is the average oA.(t) on a number of turns corresponding
=(ens1,Zn+1) and €,2)=(g,,2,)] to t(ny=t/Ty). We have adopted this definition to provide a
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TABLE I. Symbols.

z is the longitudinal displacement of the particle
from the synchronous on@ z<0 the particle is

passing ahead of the bunch

e=(E—Eg)/E, is the relative shift of the particle

energy E) from the synchronous enerd¥)
ws is the synchronous frequency
a. is the momentum compaction
Ty is the revolution period
75 IS the longitudinal radiation dampling time
a2 is the equilibrium relative energy spread,

without FEL and anomalous bunch lengthening

a2 is the equilibrium rms bunch length,

without FEL and anomalous bunch lengthening

N is the number of electrons in the bunch
r is the random number between 0 and 1
D is the radiation noise diffusion coefficient
\, is the laser radiation wavelength

k is the UM parameter

(Awlw)g=1/2N, the homogeneous linewid{iN is

the number of UM periods

o [2(eteg)
\/(5 >— A sin m)

is the energy spread induced by the FEL
interaction
Ty 2( Aw) k?

T mgc®

RO [fu(&)A
0

w

k2
f6(6)=J0(£) =1(8). &=z 7773
| is the laser power density

80:(E07 E* )/Eo,
vo=4mNgg

IN(L+KZ12)
* 2 u
E* =mgC N

is the FEL resonant energy
\ is the laser radiation wavelength

Ts o [Aw| 4 N? K , dPL
ZT_Z - _ﬁ[fb(f)] qc
mee”\ @ /; 2c (1+k/2) ds
dP, X
—=—1
as u
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TABLE Il. Numerical values used for the simulation.

d9=2.7 cm

a?=8x10"*

To=2.4x10""s
0

[0
w=Ca,—5=1.2x10° s !
o-Z

7s=1.5x103%s
a,=1.4x10"2
N=100
W=1.12
HOop=5

x=28

ration. The continuous line refers to the case in which the
FEL and the microwave instability are switched @re.,
W=0, p#0), the dashed line to the case in which only the
second effect is active. When the FEL is switched Off
=0), the microwave instability occurs after the threshold
value p* =24. When the FEL is superimposed, the final re-
sult is not the incoherent sum of both contributions. In the
case of Fig. 1 the FEL produces the usual heating as in the
absence of microwave instability even f@rp*. The occur-
rence of anomalous bunch lengthening effects is shifted to-
wards largep values and for 58 p<<120 the induced energy
spread is smaller than that predicted by the sum of the two
separated contributions. At very largevalues the anoma-
lous bunch lengthening dominates and the system seems to
be insensitive to FEL amplifier perturbations.

At zero gain(v,=0) [Fig. 1(b)], the situation is more in-
teresting. We can divide thg values into three regions:
below the thresholdp<p*) the system is sensitive to FEL
only, above the threshold the combined contributions is such
that the usual FEL heating is reduced, and wheis very
large the system is insensitive to the FEL and the anomalous
bunch lengthening dominates. It is clear that\Wé+1.12 the
above phenomenology is shifted towards smatievalues
and vice versa foww>1.12. The actualV values correspond
to the intracavity power of the SuperACO experimgBit

The previous conclusions are confirmed by Fig. 2, which
provides the dynamical behavior af, up to two damping

times. Figure Pa) shows that for p=50, 1,=2.6, and
W=1.12, the system evolution is dominated by the FEL and
is insensitive to the microwave instability. In Fig(?, rel-
evant to the system evolution fop=100, v,=0, and

value averaged on the synchrotron oscillations. Other defini\—Nzl'lz’ the presence of the anomalous bunch lengthening
9 y ' artially “cools” the FEL heating. The above results can be

tions, involving shorter intervals of time, can be adopted, and
we have checked that they yield the same physical informa-

Is (MW/cm?)=6.9X 10%(y/N)*[ A ,(cm)K f(£)] 2

M=(0.433,N)2% I T(09)?

tions. 250 250

Any deviation from the equilibrium, due to the FEL or to w0} w0 |
the anomalous_bunch lengthening, is expected to provide s 15 ] e < 150 A
both A(t) and A, differing from zero. To study the system & 10 o~ T w0 o~
evolution we have performed a numerical simulation that s LA 50 I O
uses the parameters of Table Il as input values. The simula- e e i’ L
tion uses X 1C° stochastic particles per bunch and is based ~ ° ¢ * % 1€ oo e

on a Monte Carlo procedure whose stability has been

checked by varying the number of stochastic particles. FIG. 1. (8 A, averaged on two damping timé8 ms vs p.
In Fig. 1 we showA, averaged on two damping times, for Curve (1) the FEL is not active. Curv€?) the FEL is active;(b)

which the system has already reached a stationary configisame aga) but v,=0.
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FIG. 2. (a) Evolution ofA, vs time,p=50,W=1.12,1,=2.6.(1) FIG. 3. (A) Relative energy spread vs tinpe-50, W=1.12, and
Both contributions are include@?) only FEL is activej(b) same as  1,=2.6.a, the FEL is switched on after two damping times; in the
(a but 1p=0, p=100. first part only the microwave instability is active, the FEL and

. the microwave instability are simultaneously switched ot+. c,
understood as the occurrence of a mechanism of mutugle system evolves up to 6 ms with the only influence of the mi-

feedback between the FEL and the anomalous bunch lengtlrowave instability(B) rms bunch length vs time d#.).
ening. The presence of the FEL inhibits, within certain lim-
its, the microwave instability. Furthermore, the patrtial cool- ) ,
ing of the FEL heating should be understood by taking intoSUPerimposedr,=2.6, W=1.12), both o, and o, increase
account also the results of R&8], which have shown that, and evplve with a significant .reductlon of the fluctuations.
in the positive gain slope region-2.6<1,<2.6), the longi- According to the above experiment, the stationary values of
tudinal damping times increase. We have indeed checked tt{fe energy spread and of the bunch length do not depend on
above results at,=1.3 and we have noted the presence ofthe switching on time of the FEL interaction.
the cooling effect, which is less pronounced tharvgtO, The results obtained in this paper confirm some experi-
where the gain slope is maximum. To further support themental evidencg8,9]. It has indeed been observed as a sys-
above conclusions we have considered the negative gaiematic effect that the onset of the laser damps the synchro-
slope region, where the damping times increase. For thgse tron modes of oscillation and stabilizes the electron bunches
values, and in the region in which the two effects cooperateby acting as a feedback system on them. In addition, even
we have noted a kind of anticooling, i.e., the FEL heatingthough the FEL interaction is known to induce “bunch heat-
effect is larger than that predicted by the ordinary theory. ing” with a consequent increase of energy spread and bunch
It can be argued against the above analysis by noting thaéngth, other situations occur and no modification of the
our examples are relevant to the case in which the systemjynch length or even bunch shortening have been observed.
starts from the equilibrium situation and the FEL and thejn conclusion, the present analysis confirms that the FEL
microwave instability are simultaneously switched on. In re-may be a stabilizing element of the electron bunches.
ality the FEL is switched on some time after the anomalous
bunch lengthening, occurring at the switching on of the SR. We express sincere appreciation for enlightening discus-
To clarify this point we have performed a numerical experi-sions with Dr. L. Giannessi, Dr. L. Mezi, and Dr. A. Torre.
ment summarized in Fig. 3, relevant to the time evolution ofThis work has been partially supported by the CEE Human
the rms energy spread and rms bunch length. In the first 3 mSapital and Mobility Network CHRX-CT 94-0683. G. K.
the system develops under the effect of the microwave instavoykov has been supported by ENEA Contract No. 10358/
bility (p0=>50). The evolution is rather noisy; when the FEL is 535.
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