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Internal micropulse structure of a storage-ring free-electron laser
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The longitudinal distribution of a free-electron lag€EL) may present a complex internal structure. This
phenomenon has been already observed in the case of LINAC based oscillators and self-amplified spontaneous
emission devicegfor which the presence of “spikes” in the temporal distribution is systematically obsgrved
We investigate here the physical process responsible for the growth of complex substructures inside the
micropulse of a storage-ring free-electron laser. This “hole-burning-like” process results from the localized
character of the interaction between the ultrarelativistic electron beam circulating in the storage ring and the
laser pulse. Experimental results concerning the case of the super-ACO FEL are presented and interpreted by
means of a pass-to-pass tracking code containing all the relevant features of the system dynamics.
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[. INTRODUCTION pointed out that the slippage effect dominates the laser dy-
namics leading to the simultaneous growth of different sub-
The free-electron las€FEL) is a coherent source of ra- pulses. The formation of “spikes” inside the FEL pulse has
diation in which the active medium consists of an ultrarela-been also observed in LINAC based FELs characterized by
tivistic electron beam moving in a periodic magnetic undu-smaller u. values[6] and on SASE device§or which this
lator. The alternating magnetic field forces the electrons tgohenomenon presents a systematic chard€igrIn the lat-
move along sinelike trajectories and, consequently, to emiter case, a compensation scheme has been prod8sed
radiation. The interaction between this optical field and thewhich is based on the so-called two-stage SASE FEL: two
electron bunch may lead to an energy exchange and, asuadulators and a monochromator located between them. The
consequence, to a coherent emission. After the recent succegg®nochromator selects a narrow band from the SASE radia-
of the LEUTL[1] and TESLA-TTF[2] projects, single-pass tion coming out from the first undulator, which is then used
devices, based on a self-amplified spontaneous emissidds a seed for the second undulator.
(SASE process, are now fully operational systems in the The analysis that will be carried out in this paper concerns
infrared-vacuum-ultraviolet spectral range. In the following, Storage ring based FELs for which.<1 (long electron
attention will be concentrated on the most usual FELbunch regimgand aims to highlight the conditions that can
scheme, which employs an optical cavity where the radiatiohead to a phenomenon similar to the mentioned ¢aeen
is stored and amplified on successive passes through the uifiough based on a completely different mechanjdimat is
dulator. In this case, the electron-beam source is chosen féhe growth of substructures inside the laser micropulse.
the desired laser performance: a LINAG] for a long-
wavelength high power FEL or a storage ring for a visible or
UV FEL [4]. If the accelerating system is provided by a
radiofrequency(rf) field, the electron beam has a structure
characterized by a series of microbunches with a separation
fixed by the rf period. The stored light wave reproduces this Storage-ring FELs are characterized by a complex dy-
time structure and consists of a train of short micropulses. Axamics due to the fact that the laser pulse does not interact
careful synchronization of the circulating micropulses andwith a fresh electron bunch. As a consequence, the beam
the electron bunches at each pass inside the optical cavity keeps the memory of successive interactions and the induced
required in order to achieve the laser oscillation. Due to theienergy spread leads to saturation.
different velocity with respect to photon pulses, electrons The optical pulse propagation in a storage-ring FEL has
slip back during their travel through the undulator by anbeen analytically treated in Refg®9,10,11, yielding impor-
amountA =N\, where\ is the radiation wavelength ard  tant insight into the physical process. The laser electric field
is the number of undulator periods. This slippage effect ishas been decomposed on a basis of longitudinal m¢tes
characterized by the coupling parameigr=A/o, whereo,  so-called “supermodes”self-reproducing in form after each
is the rms value associated with the longitudinal electrorround trip. After many round trips the system evolves to-
density profile. For relatively important values pf., the  wards the fundamental supermode characterized by a Gauss-
reduced overlap with the “gain medium” leads to a signifi- ian profile. This approach is based on some important as-
cant reduction of the gain per pass that impedes the growtbumptions and the predicted results agree with measurements
of the laser power. This effect is known as laser “lethargy.” only in first approximation. In particular, the FEL gain modi-
Theoretical simulation and measurements done on thécation is assumed to take place only through the reduction
LINAC based FEL FELIX[5] (characterized byw.~10)  induced by the increase of the beam energy sp(igdummo-

II. MICROPULSE STRUCTURE OF A STORAGE-RING
FEL: THEORETICAL AND EXPERIMENTAL
ANALYSES
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wherer, is the relative position of the electron at passith

FIG. 1. Streak camera image of the super-ACO positron beanf€Spect to the synchronous electron andts relative nor-
(upper imagg and macropulse FE(lower imagé. A vertical cut ~ malized energyy is the momentum compaction afig is
provides their longitudinal distribution while on the horizontal axis the beam revolution periody; andV are the frequency and
one can follow the evolution in time of the distribution profile. The the voltage of the rf cavity with associated phasee is the
FEL is operated iQ-switched mode, the pass-to-pass gain is aboutelectron chargeE, the nominal electron energy),.q the
2% and the cavity losses about 1%. Cut 1 is taken in the absence efhergy radiated per turn by synchrotron radiatibrie,, , 7,)
the laser while cut 2 is taken after 13@s from the beginning the synchrotron damping terrR(e,,7,) is associated with
of the interaction. Super-ACO has been operated at 800 MeV withhe stochastic process of photon emisdib8]. The effect of
a current ranging between 90 and 25 %8 mA for the presented  the jnteraction of the electron beam with the ring environ-
case _lelded betwee_n two bunches and Wlth two RF cavities. Theqant is taken into account in Eq2) by the termr(7,)
full width at half maximum(FWHM) bunch width is about 350 ps.  \yhich includes a first-order model of the ring impedance
The FEL oscillates at 350 nm Wlth. an average power of 100 mvv[16]). The FEL is characterized by the optical frequency
and presents a FWHM puilse duration of 70 ps. s, the relative phasé, and the intensity (7). The last

two terms of Eqg.(2) model the FEL-beam interaction and

geneous broadening10]; the shape of the longitudinal gain include the FEL induced microbunching and the energy lost
distribution is assumed to remain constantly Gaussian duringy the electrons due to laser radiation. The bunching fagtor
the laser evolution. On the other hand, measurements dortepends on the FEL intensit, is the FEL powerN the
on the super-ACO FEL show that the electron-beam longitunumber of periods of the undulatdly is the interference
dinal profile (which is proportional to the gajrand the laser order due to the dispersive section of the optical klystron. In
longitudinal profile may be non-Gaussian. As shown in Fig.Ed. (3), the seed of the normalized FEL distributityf,) is
1, the FEL micropulse may present substructures and thé&€ spontaneous emissiog(7,) and its evolution is deter-
electron-beam profile can be locally distorted. As we will mined by that of the gailG,(r,) (whose profile coincides
see, these two effects are correlated and this implies that thith that of the longitudinal beam distributipnThe param-
coupling between the shapes of the laser-beam distributiorf{€rR is the cavity mirror reflectivity, while57 is a detuning
plays an important role in determining the laser micropuls®@rameter taking into account an eventual mismatich of the
structure. optical cavity length to the beam revolution period. Equation

The presence of substructures inside the FEL micropuls@ is_an approximate forr.n_ Qf the FEL pulse propagation
was detected for the first time on the UVSOR FEL. In Ref_equatlon derived in Ref10], itis, however, adequate for the

" . s resent analysis. The FEL-beam longitudinal distributions
[12] a heuristic model is proposed that reduces their origin tcgre statistically determined by means of E48—(3). This

an arbitrary internal structure already present in the Sponta}*hodel naturally applies to a FEL system, but it can be also

neous emission. In reality, as shown by numerical SImUI‘F?"used to study the interplay between an ultrarelativistic elec-

tions done using the pass-to-pass tracking code we are goifg,, heam and an external laser in the case, for example, of
to introduce, this phenomenon can be traced back to the Ic@enerating femtosecond x-ray pulgas)].

calized character of the laser-beam interaction that is due to Figure 2 shows the result of numerical simulations carried
the different size of their longitudinal distributioithe FEL gyt for the case of the super-ACO FEIL8] operated in
distribution being much shorter Q-switched mode at the perfect tunifipat is, 7=0 in the
The presented model considers the case of a storage-ringy. (3)]. The experimental behavior of Fig. 1 is well repro-
FEL implemented on an optical klystron, which consists ofduced. The interaction process can be described as following.
two undulators separated by a dispersive secfiom, a  The initial (FEL off) electron distribution is Gaussidifig.
strong magnetic fieldfavoring the interference between the 2(a)]. During the laser rise time a deformation starts to be-
emission of the two undulatofd3,14. Since the proper la- come evident and finally a hole appears. The hole is the
ser mode of the optical cavity is established after severagignature of the localized character of the interaction and is
hundred light paths, the longitudinal and transverse laser dygenerated by the fact that electrons located around the center
namics are assumed to be decoupled. The FEL-beam dynamf the distribution interact on average for a longer period
ics has been investigated by means of the three couplegith the FEL than electrons at the edge, thus providing more
equations: energy to the laser. The consequent modulation of the gain
profile is experienced by the FEL micropulse that subdivides
in substructures growing in correspondence to the maxima of
The1=Tn— aTo€n, (1)  the beam distributioisee Fig. 2b)]. The FEL macropulse
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FIG. 3. Histogram of the probability of observing complex sub-
structures inside the laser micropulse as a function=ofs./Ts
for the case of the super-ACO FEL, is measured using a spectral
analyzer,r,;se is deduced from the growth of the FEL intensity and
the FEL substructures are detected by means of a double sweep
streak camera in the beam current range 80—-40 mA.

C) Electron beam

Laser and Electron beam distributions (arbitrary units)

the laser micropulse profile is less perturbed and closer to a

Laser Gaussian distribution.

One of the electron-beam optics parameters controlling
' ' the factorr is the momentum compaction factar Because

-300 -150 0 150_ 300 of the dependence @f; on «, r is proportional toJ. Figure

Time (ps) 2(c) shows the numerical result obtained in the same condi-

FIG. 2. Laser and beam longitudinal distributions statistically
obtained by using Eq$1)—(3) for the case of the super-ACO FEL a)
operated inQ-switched mode(a) Initial (FEL off) electron distri-
bution; (b) laser and beam longitudinal profiles after 136 from
the beginning of the interaction. The simulation parameters haveg
been chosen in agreement with the experimental conditions specii=
fied above;(c) the same asgb) except for the reduction ok by a
factor of 1.5 with respect to its nominal value. 0

(ps) o

b) Time (ms) 1

lasts for about 40Qus and after its decay electrons diffuse
and the holdobserved for few tens of microsecondabsap-
pears.

The distortion of the electron bunch distribution can be
generally related to the ratio= 7,5/ Ts. T IS the synchro-
tron oscillation period and;s. is the FEL rise time, which,
for a generic laser system characterized by a @ajnand
subject to the losselks, is given byT./(Gy—L) (T, is the
period of the photons inside the optical cayityhe param-
eterr plays a role similar to the one of the parametgrin
LINAC based FELs. For a relatively small value ofthe
electrons can be considered as quasistatic during the growt
of the FEL macropulse. As a consequence, the phase-spa(125 Ti =
refreshing between successive interactions is modest, and a g 4. streak Car;n;eré";;)ages of the super-ACO FEL operated
hole may appear in the electron distributid®]. The local- iy the natural mode(a) cw FEL at the perfect tuning characterized
ized character of the interaction is then enhanced and thg, a nearly Gaussian profile; the FWHM pulse duration is about 40
substructures inside the FEL micropulse are more likely obps, (b) cw FEL at the perfect tuning characterized by two separated
served. Conversely, if is relatively large, the FEL action substructures developing in parallét) Pulsed FEL §7=20 fs)
during the growth of the macropulse is experienced by &haracteriazed by substructures slipping inside the laser micropulse.
large number of electrons and generally the beam distribud) Position of the center of mass of the laser micropulse as a
tion is heated, flattened but less locally distorted. In this casénction of time for the case df).

Time (MSs)
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tions of Fig. Zb) (corresponding to =0.3) but reducingr  the perfect tuning §7=0) [see Fig. 4b)] and in the case of

by a factor of 1.5. The beam distribution is more distorted bya pulsed FELsee Fig. 4c)] obtained for67=20 fs[22]. In

the laser onset and, as a consequence, the substructures tife first case, the two substructures are completely separated

side the FEL micropulse become more evident. and develop in parallel. In the second case they slip inside
In Fig. 3 the probability of observing complex substruc- the micropulse with a drift speed imposed by the detuning

tures inside the laser micropulse is plotted as a function of (that is about 20 fs/pagsthe FEL adopts a limit-cycle-type
for the case of the super-ACO FEL. The variation range of pehavior[see Fig. 4d)].

is determined by that of,;;. and T with the beam current.
The result is in agreement with theoretical simulations and
shows that substructures are more often observed for smaller
values ofr. Simulations performed for the ELETTRRO0]
and SOLEIL[21] FELs, which are characterized by a much In this paper we have discussed the physical process in-
smaller value ofr (r=7x10 2 andr=4x103, respec- ducing the growth of complex substructures inside the mi-
tively) with respect to super-ACO, show very evident distor-cropulse of a storage ring FEISRFEL. This phenomenon,
tions of the beam distributions and a systematic growth ofvhich can be explained by a “hole-burning-like” process, is
several deep substructures in the laser pulse. rather limited in the case of second generation SREich

The FEL operated inQ-switched mode reaches high as super-ACO and UVSORif compared to the intrinsic
intracavity powers. In this case, the interaction between thspikes of a SASE pulse. Anyway, it can be expected to play
laser-beam profiles is particularly strong and the FEL suban important role in the case of FELs installed on third gen-
structures are often observed. When the laser is operated @ration storage rings, such as that of ELETTRA. The issue is
natural mode[18], its temporal distribution is normally particularly relevant for experiments that depend critically on
Gaussiarfsee Fig. 4a)]. However, although less frequently, the micropulse duration, for instance, in time-dependent
substructures have been observed in the case of a cw FEL sfpectroscopy.

Ill. CONCLUSIONS
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