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Storage-ring free-electron-laser dynamics and head-tail instability
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We develop a heuristic dynamical model to analyze the interplay between free-electrofirEestorage-
ring dynamics and instabilities of the head-tail type. We show that, under given conditions, the FEL may
inhibit the onset of the instability and may provide a reduction of the electron-beam transverse dimensions.
Some experimental results that can be used in support of the model are also reported.
[S1063-651X98)00110-X]

PACS numbes): 29.27.Bd, 29.20.Dh, 41.60.Cr

I. INTRODUCTION II. HEAD-TAIL INSTABILITY AND FEL DYNAMICS

One of the intriguing features of the storage-ring-based The head-tail instability is characterized by a rise time
free-electron-lase(FEL) dynamics is the interplay between deggndlngt_onl the c?haracgenznc parameters of the machine
the laser mechanism and the beam instabiltidsPrevious ~2nd in particular on the phagd]
experimental investigations have reported evidence accord-
ing to which the FEL may provide a feedback mechanism _ 2mévgo, !
that inhibits the onset of some instabilitigd. A successive X= acc @
theoretical analysif3] has shown that the microwave insta-
bility or anomalous bunch lengthenirig] may be counter- : ; -
acted by the FEL interaction. The mechanisms invoked fo%’;r;?c:f C:j; '?h;h% Q;rrr(l)enn#g&uceor?ggat;&%,%i ?er](;ri?sgﬂz

the physical explanation of the effect are complex, but, i - .
roughly speaking, they can be traced back to the FEL_bunch length. The head-tail instability may induce a growth

induced energy spread, which causes a shift of the threshofy the displacement of the transverse beam position or a

of the instability, and to a more subtle effect associated witfrowth of the transverse beam dimensions. _

a faster damping of the higher-order longitudinal distribution According to Ref[4], the growth rates of the beam dis-

modes, due to a variation of the damping times determine@!acement position and of the transverse dimensions, under

by the interaction itself. Experimental observatigtyhave the assumption of a water bag approximation with a broad-

also pointed out that the head-tail instability may be affectedand impedance, are respectively given by

by the FEL interaction and eventually be damped if some

operating conditions are satisfied. 1 1t
This paper is aimed at clarifying how and under what T_:_T_O i do'Rez (w")]Jp

conditions a FEL-type interaction may act as a stabilizing P

feedback for the head tail-instability. The analysis we will 1 1 s

develop is based on the heal-tail instability treatment de- T e NI LT DAL

scribed in Ref[4] and on the rate equation storage-ring FEL T4 Tol-w do’REZ (@ )]‘]1( 7 X)’ @

model of Refs[5]. The paper is organized as follows. In Sec.

Il we describe the model and its main consequences. Section 872 vTvab?

[ll contains concluding remarks and some experimental re- To=—— Y'Y '

sults that could be interpreted using the arguments developed e Wol o€

in the paper.

o
c X

where g is a characteristic timey/ ', is the number of elec-

trons in the beamT is the machine revolution perioth, is

* Author to whom correspondence should be addressed. FAXthe vacuum pipe radiusy, is the wake-field amplitude is
0039 6 94005334. the electron classical radiudy 4( ) are ordinary cylindrical
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TABLE I. Notation.

| intracavity intensity
FEL saturation intensity

2 _ 7)* 1
I{(MW/cm?)=6.9X 10 N) W
k undulator parameter
fu(€) Bessel factor gain correction
y=un (I/1y) dimensionless intracavity intensity
N number of undulator periods
0433281, 1 a
“:(T?) 1T o) PO
revolution machine period

Ts longitudinal damping time
o (0) natural energy spread
N number of undulator periods
#0)=4Na(0)
o ratio between induced and natural energy spread
do small signal gain coefficient
- T

o=
7 0-854o cavity losses
r=7/0.85,

Bessel functions, angf (w) denotes the-dependent part of To derive the evolution of a FEL oscillator with the in-
the wake-field impedence, which we will assume to be of theclusion of the head-tail instability we marginally modify the

resistive-inductive-capacitive form rate equation model of Ref5]. Indeed, we use the coupled
equations
1
?(w): ’ (3) — T (0_2)
14 ® R d_y _ E 1 e "pd L,
i e PPy dr To | J14o2 [1+17420)(1+3D)] |
(5a)

with wg the resonant frequency of the broadband impedence.
The head-tail instability model we are considering is not do?
characterized by a threshold and instability develops only if dr
the growth rates are positive. We have not included mecha-
nisms leading to the saturation of the instability itself, we ] } _ ] ) )
consider for the moment its linear part only and assume thavhere 7 is a dimensionless time normalized to the damping
the FEL and head-tail dynamics are switched on at the sami#me 7s, Y is linked to the FEL optical power, and is the
time. Further comments on these assumptions are presenttfio between the induced and the natural energy spread. The
in Sec. Il exponential in Eq(5a) takes into account the gain variation

It is evident that if the head-tail instability is active the due to the head-tail instability and the growth rate depends
gain of a FEL is reduced by the consequent variation of th@n the induced energy spread through the phasewvhich
filling factor. The simplest assumption we can do is that theshould be redefined as
gain varies with the time according to

==-2(o%-y), (5b)

X=xoV1+0%, (6)
Gocexp( - —) . (4)
Tp,d TABLE Il. Numerical values.
We can take into account the following FEL head-tail feed- go=0.1
back loop:(a) the FEL interaction induces a bunch lengthen- N=40
ing, (b) the induced bunch lengthening modifies the head-tail 7s=15ms
phasdsee Eq(1)], (c) this phase variation provides a modi- 70=1ms
fication of the growth rates through Eq®), and (d) the T=240 ns
growth rate modification yields a FEL gain variation accord- r=0.2

ing to Eq.(4).
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FIG. 1. (a) Dimensionless intracavity power w7, without FIG. 2. Same as Fig. 1 but forp=—0.2.

(dotted ling and with (continuous ling head-tail instability fory,
=-0.05, 7p=1 ms and the parameters of Table (b) Induced
energy spread normalized to the natural energy spread for the sani¢b)], and the growth rate 4 normalized to 1#, [Fig. 1(c)].
parameters ia). (c) 7o/ 7,(0?) vst/s. Figures 1a) and ib) contain a comparison between the
casesyo= —0.05 and ((i.e., without head-tail instability It
is evident that in this case the FEL may survive for a rather
with xq being the head-tail phase, i.e., that in the absence dbng time. Indeed, the interaction moves the growth rate to a
a FEL interaction. For the other parameters appearing in Egsmall (positive value around zero; however, as time in-
(5) see Table I. creases the laser decays and eventually is switched off. In
The first example we consider is the case in which the~ig. 2 we have considered the cagg=—0.2 and it is evi-
instability is dominated by the displacement term. This modeadent that for this value, the FEL is not able to counteract the
is unstable for negative value gf. We usey,=—0.05 and head-tail instability and the laser is switched off in a rather
—0.2, in addition to the other values in Table Il, to solve short time.
Egs.(5). In Fig. 3 we show the analog of Figs. 1 and 2 for the
In Fig. 1 we report the evolution of the dimensionlessinstability dominated by the transverse-dimension growth. It
intracavity powefFig. 1(a)], the induced energy sprefeig. is evident that in this case the FEL reaches a completely
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FIG. 3. Same as Fig. 1 but fofp=1.
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FIG. 4. Electron-beam transverse distribution far 31.4 mA
with the laser off,o,=202 um, ando,=342 um and 31.5 mA,
with the laser ong,=197 um, ando, =288 um.

mensions. Figures 4 and 5 yield an idea of the effect of the
laser on the beam. When the laser is on, the horizontal rms
width is reduced and the vertical shape is made more regular
(albeit with longer tails (see Fig. 4. The stabilization of the
transverse dimensions is observed when the longitudinal
packet length increases, as shown in Fig. 5, where the laser-
induced lengthening is reported along with the optical pulses.
It should be understood that the present discussion is just
an indication that the FEL and the head-tail instability may
have some kind of mutual feedback. The assumption we
have made, however, is rather crude and deserves further
comment. In particular we have tacitly assumed that by fix-
ing the sign of the natural head-tail phase, one mode is stable
and the other is unstable. This is true for smallalues only
and, according to the model we have used in this paper, the
p mode is stable(unstable according to whether,>0
(x0<0).Thed mode may be stable or unstable, depending
on the value ofy. For positivey values the motion is stable
for 2<y<4 and unstable for €y<2 and vice versa for

stable behavior and is able to fully counteract the instability negativey (see Fig. 6.

Indeed Fig. &) shows that the eigenvalue becomes nega-
tive, thus providing a fast damping.

Ill. CONCLUDING REMARKS

Possible experimental evidence of the inhibition of the
transverse-dimension excitation has been observed at Orsay
with the super-ACO FEL where the FEL has stabilized the
transverse excitation of the positron beam. The head-tail na-
ture of the instability observed at Orsay has been clarified by
a proper analysis of its dependence on the machine chroma-
ticity. When the instability is active the beam transversally
blows up and is particularly noisy. The onset of the FEL
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provides a reduction of the noise and of the transverse di- FIG. 5. Optical pulses and induced electron-bunch lengthening.
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value of the small-signal gain coefficiergd~0.1). This as-
sumption leads to a large induced energy spread and a large
value of the associated bunch lengthening. We want to em-
phasize that the suppression of the head-tail instability may
occur even for smaller gain values. We have consideged
=3.7% for cased and have found a suppression of the in-
stability even though the induced energy spread is signifi-
cantly smaller than the previous cases.
X As a further comment let us note that the present analysis
. . includesp andd (dipolar and quadrupolamodes only. We

FIG. 6. 7o/7,vS x. n=0 and 1 should be associated wittand iy ¢ ir?clude the F;ﬁ‘ect of h%her-o?der modsse F%iq. 3.
d modes, respectively, anci=2.3,... represents higher-order o\t nderline that their effect on the gain is secondary
modes. The growth rates of the higher-order modes are obtained e : N
from Egs.(2) by replacingdy i ) with J.( ). unless the transverse distribution is distorted in a significant

q y replacingJo i way.

The inclusion of these terms requires a more complete

It is evident that even starting with g, value, yielding a three-dimensional treatment, demanding the combined evo-
stabled motion, the FEL interaction may modify the phage |ution of the transverse electron-beam distribution and trans-
and move the system into the unstable phase region. Figuregrse laser modes. This analysis requires considerable com-
1 and 2 should be reconsidered by taking this fact into acputational effort and is under consideration.
count too and they are merely indicative. Figure 3 is more Let us finally underline that our analysis does not include
realistic and we must underline that the experimental situaany effect of saturation of the instability itself. In the case of
tion is explained by taking into account an instability f the head-tail effect the instability may grow without feed-
type. back and then the beam is Idsir becomes useles<On the

We have also considered a case in which both modes amther hand, the system may reach a kind of a pseudostation-
initially unstable. We must underline that in this hypothesisary noisy state oscillating around an equilibrium position.
even choosingo=—1.1 and large values of, (4 m9 the  The oscillation amplitude depends on the electron-beam
instability is always dominant and the FEL is switched off. length and the onset of the FEL may reduce the amplitude of

In the previous analysis we have assumed a fairly large¢he transverse oscillations.
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