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Free electron laser and microwave instability interplay in a storage ring
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LURE, Université Paris-Sud, bâtiment 209D, BP 34 91898 Orsay, France

and Technische Universteit Eindhoven, Eindhoven, The Netherlands

R. Bartolini, C. Rippon, and G. Dattoli
ENEA, Divisione Fisica Applicata, Centro Ricerche Frascati, Roma, Italy

(Received 22 September 2003; published 2 June 2004)
*Electronic

060701-1
Collective effects, such as the microwave instability, influence the longitudinal dynamics of an
electron beam in a storage ring. In a storage ring free electron laser (FEL) they can compete with the
induced beam heating and thus be treated as a further concomitant perturbing source of the beam
dynamics. Bunch length and energy spread measurements, carried out at the Super-ACO storage ring,
can be correctly interpreted according to a broad-band impedance model. Quantitative estimations of
the relative role that is played by the microwave instability and the laser heating in shaping the beam
longitudinal dynamics have been obtained by the analysis of the equilibrium laser power. It has been
performed in terms of either a theoretical limit, implemented with the measured beam longitudinal
characteristics, or the numerical results obtained by a macroparticle tracking code, which includes the
laser pulse propagation. Such an analysis, carried out for different operating points of the Super-ACO
storage ring FEL, indicates that the laser heating counteracts the microwave instability.
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spread and is sensitive to all the factors concurring to its
Finally, the useful laser power emerging from the optical
I. INTRODUCTION

Free electron lasers (FEL) are tunable coherent sources
of radiation with a spectral range extending from the
infrared to the vacuum ultraviolet (VUV). The coherent
radiation emission results from the interaction between a
relativistic microbunched charged beam crossing the pe-
riodic magnetic field of an undulator and a light pulse. In
FEL oscillators, the laser oscillation is originated by the
interaction between a charged bunch passing through the
FEL straight section and a light pulse that is confined in
an optical cavity, provided that the perfect synchronism
condition is achieved. The energy of the relativistic
charged beam defines the radiation spectral range,
whereas the wavelength can be tuned by varying either
the beam energy or the undulator magnetic field. The laser
amplification mechanism is produced to the detriment of
the kinetic energy of the charged beam: a fraction of it is
converted in the FEL light pulse energy. Such a conver-
sion process of the beam energy can be strongly affected
by how the charged beam is distributed in the longitu-
dinal phase space. This has a direct influence on the beam
energy spread, which is a parameter proportional to the
standard deviation of the beam energy distribution around
the mean value. Moreover, the efficiency of such a process
degrades as a function of the quality of the beam energy
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degradation. Therefore, the characteristics of the particu-
lar accelerator driving the FEL source are crucial for the
spectral and the temporal distributions of the laser pulse.

Indeed, on linac driven FELs, the output laser effi-
ciency is limited only by the peak current that is stored
in the bunch and by the beam repetition rate. As a con-
sequence, a linac based FEL can achieve a very high
average power—above 1 kW—as has been demonstrated
at Jefferson Lab [1] and at JAERI [2].

In a storage ring (SR) FEL the average kinetic energy
of the beam is restored at each passage in the radio-
frequency (rf) cavity, but the turn-by-turn energy ex-
change with the laser pulse degrades the beam quality
leading to an increase of the energy spread ��, the so-
called bunch heating [3,4]. The beam heating and the
consequent bunch lengthening reduce the laser gain that
is proportional to the charged beam density and to the
inverse of the energy spread. The beam laser heating thus
concurs itself to a degradation of the efficiency of the
laser amplification process. This grows up to reach a
saturation limit which may be quantitatively estimated
by imposing the condition that the gain value is equal to
the cavity losses. Consequently, in a storage ring driven
FEL, the intracavity power is limited by the maximum
value of the energy spread at the FEL equilibrium [5].

cavity is a fraction of the intracavity power depending on
the total absorption and on the output coupling of the
optical resonator itself.
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Taking advantage of the pulse to pulse natural synchro-
nization with the synchrotron radiation light for
pump-probe two-color experiments, user applications of
SRFELs demand a careful control of the laser output
power [6–8]. At Super-ACO a useful average laser power
of about 200 mW can be reached at 350 nm for beam
current of about 80 mA [9]. Recently, in the UVSOR
SRFEL, the extracted average laser power at 570 nm
reached a maximum value of about 1 W for a beam
current of 500 mA [8]. In the ELETTRA SRFEL, an
extracted average power of more than 300 mWat 250 nm
can be achieved for beam current of about 40 mA [10]. At
the OK-4/Duke SRFEL, an extracted average power
higher than 200 mW at about 225 nm can be obtained
for a beam current of about 16 mA [11]. In theVUV OK-5/
Duke SRFEL, a power of about 10 W for a beam average
current of 160 mA is foreseen for user applications at a
wavelength between 200 and 240 nm [12].

In an electron storage ring both the bunch length
and the energy spread undergo an anomalous increase
above a current threshold [13–15] because of the beam-
environment interaction, i.e., the interaction of the
relativistic charged beam with the self-induced electro-
magnetic field in the vacuum chamber and in the rf
devices. Such a collective phenomenon, usually referred
to as microwave instability, evolves with the stored cur-
rent and significantly influences the SRFEL dynamics
[16]. It may manifest in the potential-well distortion
[15], being dominant in a low current limit, and in a
turbulent bunch lengthening, which, conversely, is pre-
dominant in the high current limit. Since the microwave
instability directly affects the natural energy spread of
the charged beam, both the bunch heating and the laser
saturation processes are changed and must be considered
in a most general framework including the mentioned
collective effects.

In some cases it has been shown that the laser heating
counteracts the microwave instability [11,17–19]. In the
OK-4/Duke SRFEL [11], the analysis of the measured
power is carried out on the basis of the Renieri limit
approach and of the results of a numerical code that is
based on a 3D exact model of the SRFEL. By supposing
that the microwave instability is completely counteracted
by the laser heating, such a numerical code allows the
bunch shape at the laser equilibrium to be predicted. The
measured laser power of the ELETTRA SRFEL has been
compared with a model where the laser heating is in
competition with the microwave instability [19].

The relative role that the laser heating and the micro-
wave instability play in shaping the Super-ACO longitu-
dinal beam dynamics at the laser equilibrium is explored
here. The measured laser power is compared with either
the theoretical estimation of the Renieri limit or the
numerical results of a macroparticle tracking code in-
cluding laser pulse propagation and the effect of a longi-
tudinal broad-band impedance model [20]. Preliminarily,
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the microwave instability effects on the Super-ACO beam
longitudinal dynamics [16,21] were studied by means of
the Boussard model, which allows the turbulent bunch
lengthening to be described. The laser induced effects on
the longitudinal beam dynamics are then analyzed in the
framework of the initial laser gain.

II. SUPER-ACO BEAM DYNAMICS
CHARACTERIZATION

Super-ACO is a 800 MeV positron storage ring that is
equipped with a main 100 MHz rf cavity for beam energy
restoring and with an additional 500 MHz harmonic rf
cavity [21,22]. It has been installed to improve the storage
ring performances under the two-bunches FEL operation
[23]. In fact, it compresses longitudinally the bunch
length as a function of the voltage amplitude. At nearly
zero current, the bunch shortening that is operated by the
5th harmonic cavity (h � 5) can be estimated according
to the following formula [24]:

�h
�

��
�

1������������������������
1� hVh=V

p ; (1)

where �� is the bunch length, corresponding to the op-
eration with the main rf cavity active only at a voltage
amplitude of V, and �h

� is the bunch length occurring
when the harmonic rf cavity is also active at a voltage
amplitude equal to Vh.

With the small signal gain of the laser being propor-
tional to the charged beam density [3,25], the FEL per-
formances take advantage of the harmonic rf cavity
action. The laser oscillation onsets when the small signal
gain is larger than the optical cavity losses. Thus a re-
duction of the bunch length allows the laser oscillation
threshold to be pushed towards a lower beam current
value with a related attainment of a larger value of the
equilibrium laser power. Several machine operation
points can be set for different voltages of the harmonic
rf cavity. The main parameters of the Super-ACO storage
ring are reported in Table I.

The measurement of the beam longitudinal character-
istics can be performed at Super-ACO as described in the
following. A double sweep streak camera (Hamamatsu
C5680) allows the bunch length�� to be measured via the
detection of the temporal duration of the synchrotron
light pulse emerging from the dipole that is located before
the FEL straight section [26]. By using a charge-coupled
device camera, the beam energy spread �� can be esti-
mated by detecting the horizontal dimension �x of the
synchrotron light spot emerging from a dispersive section
of the beam trajectory in the dipole [27]. By the knowl-
edge of the horizontal emittance �x, the dispersion func-
tion 	x, and the beta function 
x at the dipole, the energy
spread �� (see Table I) can be estimated by means of the
following equation:
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TABLE I. Main Super-ACO storage ring characteristics. Horizontal and vertical emittances
(�x; �y) and beam transverse dimensions (�x;�y) at the center of the optical klystron. At the
dipole placed in front of the FEL straight section the values of the dispersion function 	x and
of the beta function 
x are 0.364 and 1.528 m, respectively. fs is the synchrotron frequency.

C circumference (m) 72
Es beam energy (MeV) 800

Momentum compaction factor � 1:48� 10�2

Dipole bending radius (m) 1.7

Ps synchrotron power (�W� (I � 1 mA) 23.28
Revolution period (ns) 240

T0 bunch interspacing (ns) 120

rf cavity (MHz) 100 500 500

Voltage (kV) 170 90 120
�x; �y (nm� rad) 28, 30 28, 30 28, 30
�x; �y (�m) 390, 385 390, 385 390, 385

fs (kHz) nom. (absence of laser) 14.3 27.3 30.4
fs (kHZ) exp. (absence/presence of laser) 13:8 = 12:6 20:8 = 23:6 22:4 = 24:2

�s synch. damping time 10 ms
�0
� (ps) natural bunch length nom./exp. 85 = 83 45 = 45 41 (nom.)

�0
� nom. 5:6� 10�4 5:6� 10�4 5:6� 10�4
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�2
x � �x
x � 	2x�

2
�: (2)

Beam longitudinal dynamics

Several concomitant effects may affect the longitu-
dinal dynamics of an electron beam circulating in a
storage ring. The mean equilibrium kinetic energy of
the charged beam is the result of a net balance between
the energy that is lost during a machine turn and the one
that is received by the charged beam for each passage in
the rf accelerating cavity. If the mean energy of the beam
is turn by turn restored, on the contrary its natural energy
spread undergoes a degradation with a consequent length-
ening of the bunch. Collective effects are responsible for
such a degradation of the natural longitudinal character-
istics of the beam [14,15]. Since the FEL dynamics at
Super-ACO involves only two symmetrically spaced
bunches, in this context the attention will be pointed out
only to the collective effects dealing with the longitu-
dinal single-bunch dynamics.

Collective effects may induce degradation of the beam
energy spread via either a dissipation of the kinetic energy
of the beam or a nondissipative (elastic) interaction
mechanism. To the first category belongs the space-charge
effect, which is due to the action of the electric field
corresponding to a nonuniform beam longitudinal distri-
bution on the single particle, and the wake field effect,
which takes into account the feedback between the
charged beam and the self-induced field in the surround-
ing environment. To the second category belongs, for
example, the Touschek intrabeam scattering [28] which,
even though it is governed by a Coulomb elastic interac-
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tion of the charged particles in the beam, is as well
responsible for an increase of the beam energy spread.
Such collective effects are naturally different for their
nature and interaction mechanism; nevertheless they are
all joined together by the common characteristic to pro-
duce a degradation of the beam longitudinal quality. Their
action on the beam energy spread leads to an identical
final result; therefore both the laser heating and the
foregoing collective mechanisms can be studied as com-
petitive perturbing effects of the beam longitudinal
dynamics.

The longitudinal dynamics of a charged beam in a
storage ring can be formally described in terms of an
oscillator model [29], where the harmonic oscillation of
the generic particle of the beam around the synchronous
phase of the sinusoidal rf field is damped by the synchro-
tron radiation emission and stimulated by a forcing term
(Vc:e:) that takes into account the influence of the collec-
tive effects. In the longitudinal phase plane, the generic
particle of the beam can be described in terms of the
following variables:

� �
Es � E
Es

; z � c�ts � t�; (3)

where � is the relative energy deviation and z the position
deviation of the particle with energy E and longitudinal
coordinate ct with respect to the synchronous one. The
equation of motion reproducing the turn-by-turn particle
motion reads

�n�1 � �n �
e _VVrfzn
Es

�
2T�n
�s

� 2�0
�

�����
T
�s

s
r� Vc:e:�zn�; (4)
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zn�1 � zn � �C�n�1; (5)

where (see also Table I) n refers to the number of machine
turns, _VVrf is the slope of the rf potential, T is the machine
revolution period, �s is the machine damping time, and r
is a random number accounting for quantum fluctuation
noise. It can be demonstrated [29] that, for a damped
harmonic oscillator model of the beam dynamics, the
equilibrium energy spread can be related to the bunch
length via the following equation:

�� �
�

2�fs
��; (6)

where � is the momentum compaction factor and fs the
synchrotron frequency.

Here are considered only the collectives effects able to
compete with the laser heating. In particular, the recip-
rocal interplay between the laser heating and the Touschek
intrabeam scattering has been already treated in [30].
Moreover, no particular attention will be devoted to the
space-charge effect whose action is only relevant for a
low beam energy. Therefore the attention will be focused
only on the so-called microwave instability effects. Under
such a denomination, the collective effects due to the
beam wake field induction on the vacuum chamber are
usually indicated. Since the coupling between the charged
beam and the induced wake field can be described in
terms of an appropriate equivalent circuit, the effects of
the microwave instability on the charged beam can be
interpreted in terms of a suitable impedance. Depending
on the characteristics of the surrounding environment,
the circuital coupling between the charged beam and the
induced field can be formally expressed in terms of an
impedance containing a dominant resistive, inductive, or
capacitive contribution. Therefore, resistive energy losses
of the beam are due to the nonperfect conductor wall of
the vacuum chamber. Narrow-band high Q-factor imped-
ance can take into account the beam energy dissipated
because of the excitation of resonant frequencies in the rf
cavity (beam loading effect). Finally, a broad-band im-
pedance, characterized by a low Q factor, allows the
wake field effects due to the transverse asymmetries
and the dielectric discontinuities of the vacuum chamber
to be described.

Microwave instability effects, typically affecting the
single-bunch longitudinal dynamics in a storage ring, are
the potential-well distortion and the turbulent bunch
lengthening. The potential-well distortion results from
an alteration of the rf cavity field, which is a beam
induced excitation of the fundamental frequency in the
cavity. It produces a modification of the longitudinal
synchrotron oscillation regime of the beam which mani-
fests in a synchrotron frequency shift and in a related
scaling of the bunch length [15]. Such a synchrotron
frequency shift scales as the cube of the bunch length,
being thus predominant at low current.
060701-4
At higher current a marked bunch lengthening regime
occurs in a storage ring. Such an anomalous bunch length-
ening is accompanied by a related increase of the energy
spread. It can be interpreted in terms of a broad-band
impedance coupling the charged beam to the induced
wake field and described in terms of the Boussard model
[14,15,31]. Being dominant at high current and with a
strength increasing with the beam average current, the
anomalous bunch lengthening may clearly play a com-
petitive role with the laser heating. Among the microwave
instability effects, the turbulent bunch lengthening is
treated and its interplay with the laser heating is the
object of the present investigation.

Under the hypothesis that the bunch length �� and the
energy spread �� are linked [29] by a proportionality
relation [Eq. (6)], both the turbulent anomalous energy
spread and the bunch lengthening can be expressed—
versus the beam current —in terms of the following
Boussard scaling formulas: [15]:

�� � �0
�

�
I
Ith

�
1=3
; �� �

��0
�

2�fs

�
I
Ith

�
1=3
; (7)

where �0
�, the so-called zero current value, is the energy

spread value measured in the proximity of the zero cur-
rent value and Ith is the Boussard threshold current, which
depends on the estimated broad-band impedance of the
storage ring vacuum chamber.

The energy spread �� and the bunch length �� have
been measured versus the average stored current for the
following voltage amplitude (Vh) values of the harmonic
rf cavity: Vh � 0, 90, and 120 kV. The energy spread and
the bunch length, measured for the only active main rf
cavity (Vh � 0), are reported in Figs. 1(a) and 1(b). The
measured values of �� and �� at low current in the
proximity of the zero point (�0

� and �0
�) are compatible

with the nominal ones. Both the bunch length and the
energy spread increase as a function of the current with a
similar behavior. When the additional harmonic cavity is
powered at an amplitude voltage of 90 kV, the measured
zero current values of the energy spread and of the bunch
length are consistent with the nominal ones [Figs. 1(c)
and 1(d) and Table I]. Moreover, both �� and �� increase
smoothly versus the stored current with a similar shape.
In particular, the expected behavior of the beam longitu-
dinal dynamics under operations with the harmonic rf
cavity is confirmed. The behavior of the energy spread
versus current remains similar whatever the harmonic rf
cavity voltage, while the measured bunch length under-
goes the expected shortening. The estimated scaling fac-
tor of the bunch length at zero current is 0.54, which is in
good agreement with the theoretical one 0.52, calculated
via Eq. (1). For Vh � 120 kV, the behavior of �� and ��
[Figs. 1(e) and 1(f)] confirms the modifications of the
longitudinal beam dynamics in the presence of the har-
monic rf cavity. The low current value of the energy
060701-4



FIG. 1. Beam longitudinal dynamics characterization in the absence of a laser. Measured energy spread �� (+) and Boussard limit
estimation (�) for (a) Vh � 0 kV, �0

� � 5:6� 10�4, and Ith � 11:7 mA; (c) Vh � 90 kV, �0
� � 5:6� 10�4, and Ith � 13:1 mA;

(e) Vh � 120 kV, �0
� � 5:6� 10�4, and Ith � 13:1 mA. Measured bunch length �� (�) and Boussard limit estimation (�) for (b)

Vh � 0 kV, �0
� � 83 ps, and Ith � 11:7 mA; (d) Vh � 90 kV, �0

� � 45 ps, and Ith � 13:1 mA; (f) Vh � 120 kV, �0
� � 41 ps, and

Ith � 13:1 mA.
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spread fits the nominal one; the behavior of the energy
spread versus current is quite insensitive to the action of
the harmonic cavity; the shortening of the bunch length is
also confirmed by the experimental value (0.49) of the
scaling factor that is very close to the expected one (0.47).

For the different operating points of the Super-ACO
storage ring, the increase of both the energy spread and
the bunch length with current can be explained in terms
of the microwave instability. Preliminarily, the existence
of a proportionality relation linking the measured bunch
length and the energy spread—whatever the average
beam current —was checked for the different operating
points. The applicability of Eq. (6) is confirmed by the
observed linearity coupling the measured �� and ��, as it
is reported in Fig. 2. Therefore, the experimental value of
060701-5
the synchrotron frequency fs can be estimated (see
Table I) via Eq. (6). The ratio of the synchrotron frequen-
cies corresponding to an active or a passive harmonic rf
cavity, respectively fs;h and fs, may be estimated [32] via
the following relation:

fs;h
fs

�
������������������������
1� hVh=V

p
: (8)

A value of 1.08 for the experimental ratio is in agreement
with the expected one.

Thanks to the observed linearity occurring between
the measured �� and ��, the microwave instability analy-
sis of the measured bunch length and energy spread can be
performed in terms of Eq. (7), as reported in Fig. 1. By
060701-5



TABLE II. Main Super-ACO FEL characteristics.

Optical cavity length (m) 18
Number of stored bunches 2
Undulator deflection parameter K 4.96
Undulator spatial period %0 (cm) 12.9
N � ND 115
Optimized modulation factor f (f0 � 0:88) 0.53
Filling Factor Ff 0.6
Laser waist w0 (�m) 505
Fundamental wavelength % (nm) 350
Wavelength tunability (nm) 10
Spectral width �% (FWHM) (nm) 0.07

0

40

80

120

160

200

σ τ (p
s)

0 2 4 6 8 10

σ
ε
 x10+4

12

FIG. 2. Bunch length �� (+) versus energy spread ��, both
measured in the absence of a laser: (�) for Vh � 0 kV, (�) for
Vh � 90 kV, and (�) for Vh � 120 kV.
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fitting the measured energy spread versus the current, an
estimation of 11.7 mA for the threshold current Ith has
been retrieved for Vh � 0 kV [Fig. 1(a)]. When the har-
monic rf cavity is active, a value of 13.1 mA for Ith has
been obtained [Figs. 1(c) and 1(e)]. These values are
consistent with the ones which have already been pre-
sented in previous works [16], where a value for Ith of
11 mAwas retrieved for an estimated broad-band imped-
ance of 4:3�.

For the different operating points that have been con-
sidered, the measured energy spread and bunch length are
affected by the microwave instability and can be cor-
rectly interpreted in terms of the Boussard scaling for-
mulas. In the following, the competitive interplay of such
an effect with another perturbating factor—the laser
heating—will be studied.

III. FEL SMALL SIGNAL GAIN

The Super-ACO FEL is equipped with an optical klys-
tron [21,33] which is composed of two identical undula-
tors with an intermediate dispersive section. At the
resonance wavelength of the optical klystron, the coher-
ent synchrotron radiation, partially stored in an optical
resonator, interacts turn by turn with the charged beam
leading to the laser amplification. The laser dynamics
depends on the synchronization between the light pulse
bouncing in the optical cavity and the charged beam
circulating in the ring. The laser amplification, initially
governed by the small signal gain G0 [3], depends on the
characteristics of the charged beam at the laser onset:

G0 /  eFf��x; �y�f����; (9)
060701-6
where  e is the beam spatial density and Ff is the filling
factor, representing the transverse overlapping between
the laser mode and the charged beam with transverse
sizes�x and�y [34]. The modulation rate f [35] expresses
the fringes modulation of the spectral intensity which
results from the interference of the spontaneously emitted
radiation emerging from the two undulators of the optical
klystron. It depends on the beam energy spread�� accord-
ing to

f � f0e
�8�2�N�ND�

2�2
� ; (10)

where N is the number of undulator periods and ND the
equivalent number of periods of the dispersive section.
Table II reports the main parameters characterizing the
Super-ACO FEL. The small signal gain G0, plotted in
Fig. 3 as a function of the average stored current, has been
calculated by measuring the bunch characteristics for the
following operating points: with a passive harmonic rf
cavity and with the harmonic rf cavity active at a voltage
amplitude of 90 and 120 kV. With respect to the passive
case, higher gains can be achieved when the harmonic rf
cavity is active because of the bunch shortening.

IV. LASER INDUCED BEAM HEATING

The energy exchange occurring during the FEL oscil-
lation between the laser pulse and the relativistic charged
beam leads to an increase of the natural energy spread of
the beam [3]. This is the effect of the laser heating and it
can be formally treated by including, in the oscillator
model for the beam longitudinal dynamics [Eq. (4)], a
suitable additional forcing term, which is competitive
with the one describing the microwave instability effect.
From the analysis of the measured laser induced beam
lengthening it should be possible to infer the reciprocal
interplay occurring between such two perturbing effects.
According to the theoretical model describing such a
competitive mechanism [19,36], the absence in the ex-
perimental data of the expected laser induced bunch
lengthening may be interpreted as the signature of a
060701-6
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FIG. 3. Initial gain G0 versus current. Experimental data (+)
and related (�) numerical results computed by the STOK-2D

code for Vh � 0 kV. Experimental data (4) and (�) for Vh �
90 kV and Vh � 120 kV, respectively.
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dominant role of the laser heating with respect to the
microwave instability.

The experimental characterization of the beam longi-
tudinal dynamics under the laser heating has been carried
out for the laser steady state at the same machine operat-
ing points that have been already treated in the subsection
of II. In Figs. 4(a) and 4(b) the case of a passive harmonic
rf cavity is reported, while the cases for a harmonic
cavity that is powered at an amplitude voltage of 90
and 120 kV are, respectively, described in Figs. 4(c)–
4(f). An increase of the energy spread and of the bunch
length due to the FEL interaction has been observed at
Super-ACO. The laser induced bunch lengthening is as
more appreciable as higher is the average beam current.
For Vh � 0 kV, the measured bunch length vs current
[Fig. 4(b)] shows a relative increase up to 5% with respect
to the reported data of Fig. 1(b), while the measured
energy spread [Fig. 4(a)] does not show substantial varia-
tion [see Fig. 1(a)]. For Vh � 90 kV, the maximum rela-
tive enhancement of the energy spread [Fig. 4(c)] and of
the bunch length [Fig. 4(d)] are, respectively, 6% and
12%. Conversely, for Vh � 120 kV, the bunch length
variation [Fig. 4(f)] maintains within the measurement
error (2 ps) and the relative increase of the energy spread
[Fig. 4(e)] reaches a maximum value of 10%.

As it results from such an analysis, the observed laser
heating of the bunch is relatively small and weaker than
what is expected by estimating how much the laser gain
has to decrease in order to reach the mirror losses value,
typically of the order of 1%. For example, for Vh � 0 kV,
if the whole laser power were dissipated in a simple
beam heating process, the beam energy spread at the laser
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equilibrium should experience, with respect to the mea-
sured values in the absence of a laser, a relative increase
ranging from 32% to 50% for a beam current between 30
and 60 mA. For Vh � 90 and 120 kV, the beam energy
spread enhancement should be between 45% and 60% for
the beam current ranging from 30 to 50 mA. The dis-
crepancy between the observed effect, due to the laser
heating, and the expected one has been already quantita-
tively interpreted [36] in terms of a phenomenological
model joining the laser heating and the microwave insta-
bility in the longitudinal beam dynamics. The model
showed that the action of such two phenomena contributes
to an equivalent increase of the energy spread. According
to it, the discrepancy between the observed and the ex-
pected values could be attributed to the reciprocal inter-
play of the laser heating and of the microwave instability.
The laser heating drives the longitudinal beam dynamics
towards the equilibrium state after a preliminary anni-
hilating process of the original imprinting due to the
microwave instability.

The experimental characterization of the beam longi-
tudinal dynamics in the presence of the laser has been
completed with the analysis of the reciprocal dependence
of the measured bunch length ��;ON and energy spread
��;ON . The behavior of ��;ON vs ��;ON (Fig. 5) confirms
the existence of a proportionality relation which has been
already observed in the absence of the laser. Because of
the laser heating, the longitudinal beam dynamics is any-
way modified. Indeed, the proportionality factor between
��;ON and ��;ON changes, leading to a different estima-
tion of the synchrotron frequencies, which are reported in
Table I. Finally, a ratio equal to 1.03 of the estimated
synchrotron frequencies for Vh � 90 kV and Vh �
120 kV has been retrieved via Eq. (8). Such a value varies
slightly with respect to the analogous one which has been
obtained in the absence of a laser.

In conclusion, the longitudinal beam dynamics is af-
fected by the laser heating: the induced beam lengthening
is less important than the expected one, but the longitu-
dinal synchrotron oscillation regime is modified.
V. FEL OPERATIONS AND MEASURED POWER
ANALYSIS

The results of the previous section clearly indicate that
the interplay between the microwave instability and
the laser heating is governed by a complex mechanism.
According to the previously reported data analysis, the
laser heating process leading to the laser equilibrium state
can be interpreted as the result of a partial damping effect
of the microwave instability in the longitudinal beam
dynamics. The study of such a competitive interplay and
the quantitative evaluation of the degree of such a sup-
pression can be achieved by analyzing the equilibrium
laser power. In fact, it has been demonstrated that, in a
060701-7
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FIG. 4. Beam longitudinal dynamics characterization under laser heating. Measured energy spread �� (+) for (a) Vh � 0 kV;
(c) Vh � 90 kV; (e) Vh � 120 kV. Measured bunch length �� (�) for (b) Vh � 0 kV; (d) Vh � 90 kV; (f) Vh � 120 kV.
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storage ring FEL, the laser average output power is pro-
portional to an efficiency function which increases to-
wards a limit value for a decreasing value of the initial
energy spread of the beam [4]. From the analysis of the
laser power, useful information about the evolution of the
beam energy spread—from the initial to the laser steady
state — can be retrieved.

Measurements of the equilibrium FEL power have
been carried out at Super-ACO by detecting, by means
of an optical power meter (Newport, model 835), the
laser light which is extracted from the rear mirror of
the optical cavity. The equilibrium FEL power, measured
versus the stored beam current, has been also analyzed
according to the Renieri limit [5]. By measuring the
beam energy spread, in the presence (��;ON) and in the
absence (��) of the laser, and the total losses L of the
optical cavity, the FEL average power can be estimated
according to
060701-8
PL � 	C8��N � ND�fPS��2
�;ON � �2

��; (11)

where the efficiency 	C is defined as 	C � T=L. T is the
mirror transmission and PS is the synchrotron power that
is emitted per revolution by the average current circulat-
ing in the storage ring (Table I). The mirror losses L of the
Super-ACO optical cavity can be estimated by measuring
the exponential envelope of the extinguishing light pulse
that is stored in the optical cavity. This is obtained by
varying the revolution time of the electron bunch with
respect to the round-trip period of the laser pulse bounc-
ing in the optical cavity. For the Super-ACO FEL the
temporal synchronization is suitably set by varying the
frequency of the main rf cavity. The detuning of the main
cavity frequency rf—by means of a frequency shift
�frf—allows the losses to be evaluated according to

L �
�frf
frf

T0
�
; (12)
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where T0 is the time interval between the two positron
bunches stored in the ring and � is the time constant of the
exponential envelope [37]. The extinguishing light pulse
in the optical cavity is detected by means of a strobo-
scopic technique with a dissector [38].

For different operating points of the accelerator, the
equilibrium laser power has been measured versus the
stored current. In Fig. 6(a) the measured data for a passive
harmonic rf cavity are reported. In Figs. 6(b) and 6(c) the
acquired data for an active harmonic rf cavity— respec-
tively at 90 and 120 kV—are shown as well. Each series
of experimental data manifests a quite regular increase as
a function of the stored beam current. Moreover, by a
comparison of the three data series, the laser power grows
up as the voltage amplitude of the harmonic rf cavity is
raised from the zero value to the reference values of 90
and 120 kV, according to what is expected because of the
bunch shortening.

In order to study the interplay between the FEL heating
and the microwave instability, the laser power has been
analyzed [18,19] via Eq. (11) in the two limit cases which
are able to occur. In the first case, it is supposed that the
laser heating does not produce an alteration of the initial
microwave instability imprinting the bunch characteris-
tics in the absence of the laser. Therefore, Eq. (11) is
implemented by referring to the beam characteristics
which are measured on the condition of laser equilibrium
and the absence of the laser at the same beam current
value. In the second case, the laser heating is conversely
supposed to be able to completely suppress the initial
microwave instability. Thus, the equilibrium laser power
is estimated as a function of the beam current, according
060701-9 060701-9



PRST-AB 7 FREE ELECTRON LASER AND MICROWAVE . . . 060701 (2004)
to the Renieri limit, by comparing the bunch character-
istics, measured at the laser equilibrium, and those mea-
sured at the so-called zero current value. Moreover,
thanks to the proportionality relation between the mea-
sured bunch length and the energy spread for the different
considered experimental cases, the theoretical limit
[Eq. (11)] is calculated by referring to either the one or
the other quantity.

For the case of a passive harmonic rf cavity [Fig. 6(a)] a
best fit of the experimental data can be obtained when the
Renieri limit is calculated by referring to the zero current
value for the quantity that is measured in the absence of
the laser. In such a case, the analysis of the measured laser
power clearly indicates that the longitudinal beam
dynamics reaches an equilibrium state which is charac-
terized by a complete suppression of the microwave in-
stability due to the laser heating effect.

Similarly, sets of experimental data, acquired with the
harmonic rf cavity active at voltage amplitudes of 90 kV
[Fig. 6(b)] and 120 kV [Fig. 6(c)], have been analyzed. For
both cases, the Renieri limit has been calculated by
comparing the quantities, measured at the laser equilib-
rium, with the zero current ones. In such a case as well the
analysis of the measured laser power confirms the con-
clusion that has been drawn from the analysis of the
passive harmonic rf cavity data.

In conclusion, the analysis of the laser power in the
framework of the Renieri limit clearly indicates that the
beam longitudinal dynamics at the laser equilibrium is
the result of a counteraction of the microwave instability
due to the laser heating. The relative role of the different
perturbing sources of the beam longitudinal dynamics
has also been analyzed at the laser equilibrium in terms of
the results of a suitable numerical code as reported in the
following.

Numerical analysis of SuperACO FEL output power

A study of the effect of the microwave instability on
the FEL performances has been carried out with the
numerical code STOK-2D that couples the longitudinal
electron dynamics in the storage ring with the laser pulses
propagation [20]. The numerical code computes the lon-
gitudinal beam dynamics in the SRFEL by treating the
beam as an ensemble of macroparticles whose motion is
governed by a damped harmonic oscillation equation
with a forcing term. It can be formally expressed by an
equation identical to Eq. (4) provided that a suitable
forcing term is added:

�n�1 � A� VFEL��n; zn�; (13)

where A is the right member of Eq. (4) and VFEL��n; zn�
takes into account the laser heating. The evolution equa-
tions of the code take into account the effect of a line-
arized rf potential, the radiation damping, the associated
quantum noise, the presence of a broad-band impedance,
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and the laser pulse. The effect of the longitudinal imped-
ance is modeled by an energy kick due to the longitudinal
wake field of a RLC (resistive-inductive-capacitive) reso-
nator [14]. Finally, the effect of the FEL is modeled by an
energy kick that takes into account the effect of energy
spread widening and energy losses due to the interaction
of the beam with the radiation field [39].

In the evolution equations, the FEL energy kick con-
tribution VFEL��n� is composed of two terms describing
the energy spread widening and the energy loss due to the
FEL emission, respectively. The former one is given by

VFEL��n; zn� �
1

N

������������������
T
�s
W�zn�

s �
sin	2�N��n � �0�

2�N��n � �0�

�

� sin	+� 2�N��n � �0�
; (14)

where + is a random phase, N is the number of undulator
periods, �0 is the relative deviation of the energy of the
synchronous particle with respect to the optical klystron
resonant energy, W�z� � 0:6��s=T��I�z�=IS� with I�z� the
FEL intracavity power density and IS the intracavity
saturation intensity [20]. The latter one is computed ac-
cording to Madey’s theorem [3] as the derivative

VFEL��n; zn� �
1

2

d
d�0

	VFEL��n; zn�

2: (15)

The effects of the wake field Vc:e:�zn� [Eq. (4)] are
described via a broad-band resonator RLC model. This
can be formally written as

Vc:e:�zn� � �
e2

ES

X
k

NkK�zn � zk�; (16)

where the term K�z� describes the broad-band resonator
RLC model [20]:

K�z� �
!0R
Q

ew0z=2Qc

�
cos�!1z=c� �

sin�!1z=c�������������������
4Q2 � 1

p �
(17)

with z < 0, w0 � k0=��, and !1 � !0

�����������������������
1� 1=4Q2

p
(Q,

resonator quality factor).
In the code the parameters of the RLC impedance

model are appropriately chosen to reproduce the Super-
ACO bunch lengthening and the energy spread curves as a
function of current. The numerically estimated gain curve
vs the beam current is reported in Fig. 3 for operation
with the only active main rf cavity and compared with the
analogous one which have been obtained according to
Eq. (9) from the measured beam characteristics. It is
clearly seen that the FEL gain does not increase at large
current owing to the combined effect of the anomalous
bunch lengthening and energy spread due to the RLC
impedance. Moreover, using for the cavity losses a value
of L � 1%, the laser threshold of 15 mA is also well
reproduced.
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In order to check the hypothesis of the existence of a
competitive interplay between the laser heating and the
microwave instability in the achievement of the steady
state regime for the Super-ACO longitudinal beam dy-
namics at the FEL equilibrium, several numerical simu-
lations of the laser power have been performed for the
case of the only active 100 MHz rf cavity.

Two limit cases have been considered: in the first case
the laser terms coexist with the microwave instability
perturbation [Vc:e:�zn� � 0]; in the second one the
microwave instability is switched off [Vc:e:�zn� � 0].
The results, shown in Fig. 7, are compared with the
experimental data which are also reported in Fig. 6(a).
In the low current regime (below 30 mA) the measured
power is fitted by the curve corresponding to the case
Vc:e:�zn� � 0. In the high current regime (between 35 and
50 mA) a quite good agreement is shown between the
measured power and the numerical curve corresponding
to Vc:e:�zn� � 0. This behavior indicates that the relative
weight of the laser heating with respect to the microwave
instability increases with the current: at low current the
laser heating starts as a weak perturbation to reach a
dominant role at higher current. The continuous transition
of the power from one limit case to the other one at the
intermediate current regime describes the increasing
weight of the laser heating. The analysis of the FEL
power that has been obtained via the numerical code
[20] confirms the conclusions already drawn on the basis
of the Renieri limit interpretation. They indicate that the
longitudinal beam dynamics in the Super-ACO storage
060701-11
ring is indeed the result of a competitive equilibrium
between laser heating and microwave instability with a
dominating role of the first one.

VI. CONCLUSION

Several sets of the equilibrium laser power measured
in the Super-ACO SRFEL for different operating condi-
tions have been analyzed and presented. The longitudinal
beam dynamics characterization, based on the measured
bunch length and energy spread vs the beam current, is
clearly interpreted in terms of a microwave instability
model. The broad-band impedance model seems adequate
to give a realistic description of the beam dynamics of the
Super-ACO storage ring. On the basis of the Renieri limit
analysis and the numerical results of a macroparticle
tracking code at the laser equilibrium, it turns out that
the Super-ACO beam longitudinal dynamics is domi-
nated by the laser heating, being otherwise weakly influ-
enced by the microwave instability. This latter plays a
primary role even in a 3rd generation electron storage
ring. In a storage ring FEL the microwave instability
operates in the same current range where the laser is
active. Therefore, a correct study of the laser dynamics
in a storage ring FEL cannot avoid a careful analysis of
its interplay with the microwave instability.
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Nucl. Instrum. Methods Phys. Res., Sect. A 491, 507
(2002).

[20] R. Bartolini, G. Dattoli, L. Giannessi, and L. Mezi, Nucl.
Instrum. Methods Phys. Res., Sect. A 492, 276 (2002);
R. Bartolini, ‘‘STOK-2D: A Computer Program for the
Analysis of the Longitudinal Beam Dynamic in a
Storage Ring Optical Klystron FEL,’’ ENEA internal
report, Frascati, Italy.

[21] R. Roux, M. E. Couprie, R. J. Bakker, D. Garzella,
D. Nutarelli, L. Nahon, and M. Billardon, Phys. Rev. E
58, 6584 (1998).

[22] M. E. Couprie, C. Bazin, M. Bergher, M. Billardon,
P. Elleaume, J. M. Ortega, Y. Petroff, R. Prazeres, and
M. Velghe, Nucl. Instrum. Methods Phys. Res., Sect. A
282, 455 (1989).
060701-12
[23] M. E. Couprie, D. Nutarelli, R. Roux, L. Nahon,
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