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After the installation of the optical cavity of the LELA experiment, a series of tests of the cavity alignment relative to the electron
beam direction has been performed. showing the problems due to the peculiarity of this cavity. The use of piezoelectnic translators in
uitrahigh vacuum has permitted a smooth and precise control of the cavity optical axis. Preliminary resuits on mirror damage due to

UV radiation have also been obtained.

1. Introduction

Since the first operation of a free electron laser in
1977 at Stanford {1], a great number of experiments
have been undertaken all around the world [2].

A couple of vears ago the first FEL using a storage
ring as electron source succeeded in reaching the oscilla-
tion threshold at Orsay [3], thus proving the feasibility
of devices exhibiting a gain as low as 6 X 1074, The
LELA experiment, in progress on the Adone storage
ring in Frascati, differs from the experiment at Orsay by

Table 1

Main characterisucs of the LELA experiment

Machine
Energy E = 550625 MeV
Circumference L =104.86 m
Bunch to bunch distance r=117 ns
Fracuonal energy spread o, =2.3X 107*
Bunch length o, = 350-1000 ps
rf frequency fx =51 MHz

Number of bunches 3
Radial beam envelope o, = 2.5 mm
Vertical beam envelope o, = 0.25 mm

Undulator
Penod length A, =116 cm
Number of periods N=20
Length (with clamps) L,=2412m
Maximum magnetic field on axis By=4.95kG
Operating field pararneter K = 4.825

nature of the larger electron machine and the higher
energy of the beam at Frascati. Both factors imply the
use of a long optical cavity (17.5 m), the use of remote
control of the system, and the acquisition of data via a
remotely located computer. While these characteristics
encumber the Frascai FEL with a heavier load of
technical requirements, they will make it possible to
extend the analysis of the mechanisms determuning the
evolution of the optical field inside the resonator.

The main characteristics of the experiment have al-
ready been presented at previous FEL Conferences
[4,5], and are briefly summarized in table 1.

No further attempts have been made to increase the
measured peak gain of 3 X 1074, but an effort is now in
progress to improve the performance of the accelerator
and we look forward to having, during the next year, a
greater peak current and all the beam diagnostics re-
quired to put in operation a new magnetic structure
which has a vanishing dispersion function in the straight
section of the undulator. Under these conditions we
could get an increase of the actual gamn by a factor of
3-4, thus passing the 107> threshold which should
make lasing action possible.

Meanwhile, after the installation of the vacuum opti-
cal cavity (17.51 m long), we have undertaken a series of
tests on the possibility of aligning the optical axis of the
cavily 1o the electron beam direction. We also obtained
preliminary results on the murror reflectivity degrada-
tion due to the high flux of UV radiation emitted on
axis by our high X undulator.

The present paper will describe the main problems
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Table 2

Main charactensucs of the LELA optical cavity
Pressure inside the whole cavity 10~° Torr
Cavity length L=1751m
Upstream mirror curvature radius R,=Tm
Downstream murror curvature radius R,=12m
Diffraction losses per pass a<10"*

Fundamental cavity mode waist

at A= 6328 A wo = 0.68 mm

Rayleigh length Z,=24m
Alignment 'of the optical Axis on

the electron beam trajectory <10 prad
Longitudinal tuning of the cavity <10 um

encountered during these tests. In section 2, after briefly
describing the optical cavity [7], we report the results of
the performance, under high vacuum conditions, of the
piezoelectric translators used for remote control of the
rrrors. In section 3 we discuss the main problems
encountered 1n obtaining good alignment of this long
optical cavity, and finally, in section 4, we discuss some
preliminary results of the radiation induced degradation
of the mirrors.

2. The optical cavity
The free electron laser under construction on the
Adone storage nng requires an optical cavity with a

length of 17.5 m and losses less than 10~ These
characteristics, very unusual for typical laser cavities.
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Fig. 2. Piezoelectric translator hysterests loop measured inside
the cavity at 10~° Torr.

are imposed by the requirements of synchronizing the
radiation pulses with the recirculated electron bunches
and by the very small gain. The optical and mechanical
details of the cavity have been already presented {6] and
its main parameters are listed in table 2.

To keep the losses below the required value, no
separating windows are allowed, and the complete cav-
ity is directly connected to the accelerator pipe under
ultrahigh vacuum (107° Torr). Due to the radiaton
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Fig. 1. An example of a piezoelectric transiaior hysteresis loop measured in the laboratory at aimospheric pressure.
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Fig. 3. Actual layout of the optical cavity vacuum vessel.

exposure hazard, both mirrors must be remotely con-
trolled.

This control under vacuum is obtamned by means of
piezoelectric translators. The performance of the trans-
lators has been guaranteed by the manufacturer up to
107% Torr vacuuin and their main characteristic is a
well-pronounced hysteresis loop. We have extensively
measured the performance of these translators in our
laboratory using interferometric methods, and in fig. 1
one result of these measurements 1s shown. We found
that the best reproducibility can be obtained by follow-
ing the hysteresis loop in the decreasing voltage direc-
tion.

After the installation of the translators in the vacuum
cavity, we tested their performance by looking at a
reflected laser beam at a distance of 20 m from the
remotely controlled mirror. The position of the reflected
spot has been measured by means of a TV camera
controlled by a digital circuit. obtaimng a resolution of
300 wm. The result of such a measurement ts shown 1n
fig. 2, in which two complete loops are presented.

These results completely agree with those obtained
in laboratory tests at atmospheric pressure. No degrada-
tion of the vacuum has been observed dunng the action
of the piezoelectric translators, whose position re-
producibility has proven to be better than 0.2 pm.

The results on mirror reflecuvity degradation. dis-
cussed in section 4, induced us to modify the vacuum
vessel 1n order to improve the vacuum pressure obtamna-
ble in the mirror holder heads. To achieve this goal, we
doubled the pumping power and decreased the imped-
ance between purnps and nurror containers. The present
Jayout of the vacuum cavity 1s shown in fig. 3.

3. Alignment of the optical cavity

It is well known that the alignment of an optical
cavity requires the use of an external laser beam. Al-
though in general this operation 1s not very difficult. in
our case the problems are strongly increased by the
length of the cawvity which 1s completely closed in an
evacuated vessel. In particular. a cnucal factor is rep-
resented by the fact that the rano between the cavity
length and the Rayleigh number of the cavity’s funda-

K CABALE CAVIA LELK o M preatet

mental mode is about 10. This fact poses strong require-
ments on the quality of the external laser beam and of
its matching with the cavity.

In this section we present some preliminary experi-
mental results on the alignment of the LELA optical
cavity. In this set of measurements we have used
Si0,-TiO, multilayer dielectric mirrors whose reflectiv-
ity has been measured to be 99.8% at 6328 A.

The alignment of the cavity to the electron beam
direction is obtained by means of a two-step procedure.
First, the external argon laser is aligned on the sponta-
neous radiation and the cavity is aligned on the laser
beam. Then, using the remotely controlled piezoelectric
translators, the final alignment 1s obtained by maximiz-
ing the coupling of the spontaneous radiauon to the
fundamental mode of the optical cavity.

The first step of this procedure 1s affected by two
different sources of errors, which prevent us from re-
aching an alignment better than 300-400 prad. First,
the argon laser beam is injected into the cavity through
the upstream murror. Then, both the laser and the
spontaneous radiation are extracted from the cavity by
means of a 45° movable mirror, while the laser is
aligned on the spontaneous radiation along their path in
air. The cavity mirror intersected by the laser beam has
a 7 m radius of curvature and therefore acts as a lens.
Due to the distance involved, about 30 m. this lens
effect cannot be neglected. The laser trajectory after the
mirror depends on the pomnt where the murror is inter-
sected. As a result this operation has to be iteratively
repeated until the laser is aligned on the spontaneous
radiation and the upstream mirror of the cavity is
centered on the laser. In this way we can oblain an
alignment which 1s restricted to be no better than 0.2
mrad.

The second source of error comes from the align-
ment of the cavity. This alignment 1s made, as usual. by
looking at the several reflections generated on the cavity
mirrors by the laser beam traveling back and forth
through the cavity. The cavity can be considered aligned
when only one spot appears on each mirror. As 1s
extensively discussed m ref. [8). the use of this method
for such a long cavity requires perfect control of the
laser mode; even a little mismatch gives rise to a sigmfi-
cant alignment error. In our case. taking into account
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only the errors due to the tolerances of the lenses
forming the rnatching telescope. we obtain a misalign-
ment of the order of 0.3 mrad.

It 1s thus clear that. using only this technique, we are
very far from our goal of obtaining an alignment within
10 prad given by the necessity of not significantly
reducing the gam. This has led to the necessity for the
piezoelectric translators, which become the most funda-
mental instruments of our experiment.

After the completion of this laborious alignment
procedure, we found that the electron trajectory was
shifted from the center of the undulator by more than
half a centimeter. In these conditions the spontaneous
radiation reflected by the downstream mirror was inter-
cepted by an inner part of the vacuum pipe, and the
upstream rnirror remained only partially illuminated. Of
course. our next step will be the correction of the
electron orbit to shift it 1o the center of the undulator.
This operation is made more difficult by the lack of
efficient -orbit diagnostics, a new version of which will
be implemented in the near future.

To test the position sensitivity of our automatic
control of the optical axis, we have made some runs
with the cavity misaligned. In these runs we mnjected
into the storage ring only one electron bunch. As the
cavity length is determined by the necessity of synchro-
nizing the successive light pulses of three electron
bunches, it was possible 1o see, after the passage of the
bunch. two successive reflections of the light pulse in
the cawvity.

The radiation was injected in the cavity with an
angle of about 1 mrad with respect to the optical axis.
so 1t was easily lost in the successive reflections, but also
under this condition we were able to demonstrate the
stability of the optical axis direction within 5 prad 1n a
few hours of run, and the piezoelectric translators have
proven to be an excellent instrument. giving a2 smooth
and precise control of the mirrors.

As a conclusion of this section, we want to stress
that, due to the large uniform field 'volume of our
undulator, the electron orbit shift has no consequences
at all on the spectrum of the spontaneous radiation, as
the measurements already reported [9} show very clearly.

4. Mirror damage

After the ACO results it has been evident that one of
the major problems for a low gain FEL expeniment is
the degradation of dielectnc murrors’ reflecuvity 1n-
duced by UV radiation.

The high K value of our undulator, and thus the
large flux in higher harmomcs of the spontaneous radi-
ation spectrum, leads us to predict that this will be the
most crucial point of our experiment. For this reason,
during the preliminary tests of the alignment of the
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Fig. 4. Reflectivity curve of a dielectnic murror after exposure
to the undulator radiation for an integrated current of 800
mAh.

optical cavity, we analyzed the reflectivity of the mirrors
exposed to the spontancous radiation, although during
these tests we used commercial laser grade mirrors. We
measured their reflectivity before the introduction into
the cavity by means of the cavity phase shift method
[10] and a HeNe laser, finding a reflectivity of 99.8% at
6328 A. After the exposure, a large decrease of reflectiv-
ity has been measured.

A detailed analysis of these results will be presented
separately [11}; here we will limit ourselves to show the
reflectivity curve of a mirror exposed to 800 mAh of
radiation (fig. 4), in which a value as low as 70% 1s
reached.

The result of our analysis seems to indicate the
presence of two different sources of damage: a surface
absorption of carbon atoms, which affects more strongly
the downstream mirror, and a bulk damage not directly
related to the spontaneous radiation intensity which
affects both the mirrors.

In the near future, besides studying more accurately
the sources of damage, we will try to reduce the damage
by improving the vacuum in the mirror containers and
by testing some protective coating on the mirrors them-
selves.
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