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First Operation of a Storage-Ring Free-Electron Laser
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A storage-ring free-electron laser oscillator has been operated above threshold at a
visible wavelength A, = 6500 A.

PACS numbers: 42.60.-v

A free-electron laser (FEL) generates stimu-
lated radiation by interaction of relativistic free
electrons with a spatially oscillating magnetic
field (undulator). The wavelength, A. , of the stim-
ulated radiation emitted along the axis is given
approximately by (in Sl units)

1+— Z=

where e and I are the electron charge and mass,
& is the speed of light in vacuum, &, and A, are
the undulator peak magnetic field and period, and

y is the total electron energy divided by m&'. The
first operation' of a FEL has been demonstrated
by the Stanford group at ~ =3.4 p m using 43-MeV
electrons produced by a linear accelerator. In
any practical design, ~o& 3 cm; therefore it is
obvious from Eq. (1) that operation of a visible or
ultraviolet FEL needs a high-energy accelerator
of pm''& 100 MeV. In this energy range, storage
rings are superior to linear accelerators in terms
of electron density, energy spread, and emit-
tance, thus resulting in a higher optical gain.
In this Letter, we report the first operation of a
storage-ring free-electron laser oscillator above
threshold at ~ = 6500 A.

We have used the Qrsay storage ring ACQ, an

older" machine, first operated in 1965. Its
characteristics for this experiment are given in
Table I. A permanent magnetic undulator of 17
periods optimized for electrons of 240-MeV ener-
gy has been built. ' However, the limited straight-
section length (1.3 m) available on ACO left us
with a low gain of a few parts in 10 4 per pass in
earlier work. ' Laser oscillation was therefore
impossible. Now, a gain enhancement by a fac-
tor 2 to '7 has been achieved by modifying the un-
dulator into an optical klystron' (OK). This was
done by replacing the three central periods by a
three-pole wiggler (dispersive section). This
section strongly enhances the bunching originat-
ing from electron and radiation interaction in the
first undulator section and therefore gives a larg-
er energy exchange between electrons and radia-
tion field in the second undulator section. 4

Mirror ref lectivity degradation has been ob-
served' at 240-MeV electron energy. This de-
gradation is mainly due to the uv part of the spon-
taneous emission from the klystron. Thi.s prob-
lem was overcome by operating the OK at mini-
mum & (by increasing the magnetic gap) to mini-
mize the harmonic content of the spontaneous
emission, and the storage ring at the minimum
electron energy to also diminish the flux. It is

TABLE I. ACO characteristics in the FEL experiment.

Energy
Circumference
Bunch to bunch distance
Electron beam current for oscillation
rms bunch length 0

&

rms bunch transverse dimensions 0„,0
rms angular spread 0„',~
rms relative energy spread
Electron beam lifetime

160 —166 MeV
22 m
11 m

16 to 100 mA

0.5 to 1 ns
0.3 to 0.5 mm
0.1 to 0.2 mrad
(0.9 to 1.3) x 10

60 to 90 min
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(a)

20m'

(b)

FIG. 2. Experimental laser horizontal (solid curve),
vertical (dashed curve) transverse profiles, and the
calculated (dotted curve) cavity TEMpo profile.

pends on how far the laser is from threshold.
Quasiperiodic peaks have sometimes been seen
near a 40-Hz frequency. And the laser variation
also reproduces the pulsed 27.2-MHz structux e
of the electron beam.

Figure 4 presents two spectra: (a) is recorded
without amplif ication (optical cavity completely
detuned) and (b) is recorded at laser operation
(cavity tuned). For case (b), the laser oscillates
at three wavelengths, with the strongly dominant
one being at A. =6476 A; each wavelength is locat-
ed at a maximum of the gain versus wavelength
curve. ' Smaller gain/loss ratios would restrict
the number of laser wavelengths to two or one.
Typical laser lines are Gaussian if averaged over
a long time scale of ~ 1 sec, with 2 to 4 A full width
at half maximum. Figure 4 also shows an enlarge-
ment of the main laser-line spectrum recorded
by using a one-dimensional charge-coupled-de-
vice (CCD) detector instead of the usual mono-
chromator exit slit. The aperture time is 3 ms.
Each narrow square peak in this curve is record-
ed on only one CCD element and corresponds to
a 0.3 A spectral width which is of the same order
as the monochromator resolution. We conclude
that there is a residual inhomogeneous contribu-
tion to the laser linewidth probably connected
with the long-time-scale laser-pulse structure
(see Fig. 4). The central wavelength of any line
is always equal to the wavelength of maximum
emission of spontaneous emission with the cavity
completely detuned (no amplification) plus 0.15

FIG. 3. Laser time structure over a 200-ms interval.
Curve b is recorded in the same condition as g, but
with a higher detector sensitivity.
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FIG. 4. Spectra of the cavity output radiation under
two conditions: cuive g, cavity detuned (no amp1ifica-
tion) and curve b, cavity tuned (laser on).

of the wavelength interfringe distance (see Fig. 4)
instead of 0.25 as predicted from Madey's theo-
rem. ' This discrepancy is probably due to the
transverse multimode content of the spontaneous
emission stored in the cavity; laser operation is
only achieved on the TEM«mode. Laser tunabil-
ity was obtained between 640 and 655 nm by
changing the magnetic gap [equivalent to a change
of K in Eq. (1)]. The range of tunability is in fact
limited for the moment by the mirror ref lectivity.

A typical 75-&% average output power has been
recorded at 50-mA current of 166-MeV electrons.
This corresponds to a typical 60-mW output peak
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power over the 1-ns electron bunch length (in-
cluding effects of both the long- and short-time-
scale pulse structure of the laser), and a 2-kW
intracavity peak power. 75 p W give a 2.4&10 '
efficiency with respect to the 3.1 W of total syn-
chrotron radiation power generated in the whole
storage ring at this energy and current. This ef-
ficiency is about 0.4 the Renieri typical efficien-
cy'

n =(~s/E)n

where

mirror transmission
round trip cavity losses

and vs/E =1.2&& 10 ' is the RMS relative energy
spread. In this experiment g;, =0.043. This
low mirror efficiency is mainly due to the high
absorption in the mirror dielectric compared to
its transmission. The rather low Renieri aver-
age output power is therefore the result of high
sensitivity of the OK to energy spread, poor mir-
ror efficiency, and w eak total synchrotron radia-
tion power at 166 MeV (power is proportional to
the fourth power of the electron energy). The
laser output power always decreases with the
electron beam current and, except in regions too
close to threshold, is usually proportional to the
current as predicted by the same model. How-
ever, important discrepancies appear in the
structure for long time scales (see Fig. 3) which
is predicted to be constant. Moreover, bunch
shortening instead of bunch lengthening has been
seen at laser turnon; such an effect has already
been seen at much lower current by simulating
the FEL with an argon laser. '

In summary, this work demonstrates for the
first time the feasibility of the storage-ring free-
electron laser. Future experiments will continue
to analyze the saturation mechanism, and the
long- and short-time-scale structure. Higher
gain/loss ratios are expected from the use of
better mirrors, a second rf cavity, and smaller
beam transverse dimensions obtained by using
positrons instead of electrons.
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