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Abstract. To improve the gain in the Orsay storage ring Free Electron Laser (FEL)
experiment, the 17 period permanent magnet undulator has been modified to form an
optical klystron (OK). We report the measurement of spontaneous emission and the effects
on it of energy spread and angular spread. Gain and laser induced bunch lengthening
measurements with the OK are also reported and are in very good agreement with the FEL
classical theory. The spontaneous emission spectrum which is easy to measure with good
signal to noise ratio, turns out to be a very good diagnostic tool for energy spread and angular
spread measurements on storage rings. The factor of four increase in the small gain obtained
by converting the undulator NOEL into an OK was the critical factor in the recent
operation of the ACO storage ring laser above threshold.

PACS: 42.60, 42.55

The main purpose of the Orsay experiment is to prove
the feasability and test the theories of a storage ring free
electron laser (FEL) in the visible range. A permanent
magnet undulator has recently been built [1, 2] and
has successfully operated on the electron storage ring
ACO in the energy range 150540 MeV [3]. However
ACO is not optimized for FEL studies. The relatively
low electron density (for storage rings) and the short
length of the available straight section have conspired
to limit the gain available with an undulator to 1 to
2107* per pass at a wavelength A=6300A and
240 MeV clectron energy. Even with state-of-the-art
mirrors, laser operation is impossible at this level of
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gain. Several directions have been followed to improve
the gain. The most successful approach has been the
modification of the undulator into an optical klystron
(OK). In this paper we shall discuss our experience with
the OK. The OK originally proposed by Vinokurov
and Skrinsky [4] consists of two identical undulators
separated by a dispersive section forcing the electron
into a single large wiggle (Fig. 1). This configuration
has a higher gain than an undulator of the same total
length. Such a device can be used to advantage on
electron beams with energy spread and it allows the
maximization of the gain in an interaction region of
fixed length.

Early results have already been reported [3]. In this
paper we report on the dispersive section optimization
(Sect. 1), spontaneous emission measurements (Sect. 2),
gain measurements (Sect. 3) and laser induced bunch
lengthening (Sect. 4). The spontaneous emission results
are very detailed because they are easy to measure with
a good signal to noise ratio and give much information
on the OK FEL behaviour.

We use the notation of the theoretical description of
optical klystrons of [5].
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1. Optimization of the Dispersive Section

The original 17 periods undulator NOEL [1] was
desined to allow the replacement of the central 3
periods by a dispersive section. This operation
converts NOEL into an optical klystron.

The OK gain results from the competition of two
effects: a) the gain is decreased by removing the central
periods (by a factor of about 0.56 for the retained
solution); and b) the gain is improved by inserting the
dispersive section (by a factor of about 10). The best
optical klystron for a given pole face gap would have a
very high field dispersive section occupying the
smallest possible lengh. The dispersive section design
problem is therefore closely connected with the
undulator design problem (minimizing the period for a
given gap and field). The most efficient technologies are
known to be superconductivity and permanent
magnets.

The decision was made to build the dispersive section
with the same type of permanent magnets used for the
undulator [1] (dimensions 50 x 19 x 19 mm?,
remanent field ~0.85T, from BBC-Recoma) for two
main reasons: a high enough magnetic field was
impossible to achieve with regular electromagnets
without an expensive water cooling system, and the use
of the same technology as for the undulator sharply
reduced the construction time. The permanent magnet
system has the disadvantage of having a constant field
which can only be changed by adjusting the gap
between the jaws. The use of the same mechanical
system for undulator and dispersive section couples
both field variations with the gap and only permits a
one-time adjustment of the relative amplitude. This is
not very important since the optical klystron will
remain optimized in a large range of magnetic gaps.

As in the case of the undulator, the magnets were
individually measured, paired and glued into 100 x 19
x 19mm?® bars to compensate for the horizontal
component of the field [2]. We have studied the
configuration of {n/2, 6—n, 6—n, n/2} magnet
elements arranged vertically and horizontally as +V,
+H, —V, —H, +V respectively (see Fig.2 which
presents two layers of such a configuration for n=3).
This configuration was chosen because if n is an
integer, the smallest magnet element is a half pole, the
above distribution gives twelve elements, and is
automatically compensated for orbit angle and
position deviations since the field integral is zero and
the field is symmetric with respect to the middle.

The magnetic field was calculated wusing an
electrostatic-like potential calculation code described
in [1]. For each configuration we calculated N, the
dimensionless parameter that determines spontaneous
emission spectrum and gain [5]. N, represents the
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number of periods of light of wavelength A passing over
an electron which total energy is ymc? in the dispersive
section. For light propagating on the axis of the
dispersive section it reads (in SI units):

1 2 o u
N,= Wl:d-l- mi—cz _fw [ —jw B(Z)dz}zd”:l ’ (1)

where m is the electron mass, e the electron charge, ¢
the speed of light, d is the dispersive section length (12
magnets long) and B(z) the vertical magnetic field
created by the dispersive section magnets at the
longitudinal coordinate z. B(z) and therefore N, are
calculated on and off the axis of the dispersive section.
The Table 1 gives the calculated on axis N, at
A=6328 A, ymc? =240 MeV for one layer of magnets
with a remanent field of 0.85 T and a gap of 32 mm. The
optimal value of n=3 was chosen for our system.
Table 2 shows N, for n=3 and mlayers of magnets. We
have also calculated ¢,/y the corresponding relative
energy spread for which the OK gain would be
optimized, using (4).
1
Na= dno,/y N, @)

where N =7 is the number of periods of one of the two
identical undulators constituting the optical
klystron.,

Since the ACO energy spread is close to 1073 at
nominal current, we chose m=2. Figure 2 shows the
retained configuration.

Table 1

n 0 1 2 3 4 5 6

N, 201 253 299 327 312 26.0 184

Table 2

m N, a,/y

1 327 2x1073
2 79 93x107*
3 114 6.6x107*

Each magnet of the external layer (the one farthest
from the electron beam) was individually glued on an
aluminium piece that was clamped on a bench as for
the undulators. Magnets of the internal layers were
glued to those of the external layers. The two jaws were
made as symmetric as possible and the strongest
magnets were placed on the ends to allow final orbit
compensation by moving these adjustable magnets
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away from the axis of the electron beam (Fig. 2). The
calculated trajectory is shown in Fig. 1 which shows a
large wiggle of about 2 mm amplitude for an electron
energy of 240 MeV and a gap of 33mm.

2. Spontaneous Emission

2.1. General Features of the Fundamental

As was done for the undulator, the electron beam is
initially aligned by optical means into the axis of the
vacuum chamber within + 1 mm [3].

The spontaneous emission pattern of the optical
klystron looks the same to the eye as that of an
undulator [7, 6, 3], namely a series of concentric
coloured rings with a similar pattern produced by each
harmonic at progressively larger opening angles. The
big difference appears in the spectrum.

The experimental set up used to measure the
spontaneous emission spectrum has already been
described [6]. It consists of a 1750mm focal length
spherical mirror placed at about 6.5m from the center
of the optical klystron.

The light transmitted by a 75 um pinhole placed at the
focal distance from the mirror is sent through a lens
into an M20 uv Jobin Yvon monochromator (4 A
resolution with 0.lmm slits). The output of the
monochromator is then sent into a Hamamatsu R 928
photomultiplier. Fig. 3 shows a spontaneous emission
spectrum of the fundamental at an energy of 240 MeV
for a gap of 34.4mm at low current in the ring.

We have compared the envelope of the oscillations
with that of the emission spectrum of a perfect
undulator having exactly N sinusoidal periods, the
fields outside these periods being exactly zero. The
emission spectrum dI/dA of such an undulator is:

dl 1 (siné\?

dial4< 5 > 3
with d=nnN (1 —Ag/4),

where A is the resonant wavelength and »n is the
harmonic number, Fitting the envelope to curves given
by (3) gives N =8.1+0.1 instead of 7. This discrepancy
is probably due to the dispersive section field which
could be partly resonant with the other 7 periods. It is
certainly not due to the fringe field of the half periods
which slightly decreases the effective number of
periods. The envelope of oscillations also presents a
long, short wavelength tail with the secondary
maximum amplitude lower than expected. This effect
was also seen in the 17 period undulator emission
curves and is due to the parasitic tail of the ACO
bending magnets fringe field [2]. Similar curves of
emission were obtained as function of energy or field in
the dispersive section (by changing the gap).
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Fig. 1. Vertical magnetic field calculated for the Orsay optical
klystron (gap: 33mm) and the corresponding calculated
horizontal electron trajectory at an energy of 240 MeV
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Fig. 2. Dispersive section permanent magnet configuration
optimizing the low field gain
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Fig. 3. Spontaneous emission spectrum dI/dAdQ measured for an
electron energy of 238 MeV and a magnetic field parameter of
K =209 atlow current where the modulation is almost total. The
current decay I(t) is superimposed

Plotting the N, of each maximum as a function of 1/4,
we verified a high linearity (0.9999 correlation
coefficient in the range 0.3 <4<0.7 [um]). From the
slope, we can calculate the experimental value of N,
which is N; =653+02 at ymc*=240MeV and
4=6238 A for a dispersive section gap of 35 mm. This
value is close to the value N,=68 predicted from the
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Table 3
Energy Fundamental Measured N, Calculated N, Gox (+6%)
wavelength on the center Measured N, Gy7 °
of the fundamental (monoenergetic
[MeV] [A] filamentary beam)
234 6238 7345 1.04 54
210 8145 1.04 6.0
180 8915 1.04 6.6
150 95+5 1.02 7.0
234 5145 80+5 1.04 59
210 8745 1.04 6.4
180 93+5 1.04 6.9
150 8545 1.02 6.3

field measurements. The discrepancy could be due to
the Hall probe calibration, the storage ring energy
calibration, or the error in the calculation of N,
produced by neglecting the cooperation of undulator
field and the fringe field of the dispersive section. Note
that these values are lower than in Table 2 because the
gap is wider.

Fundamental resonance spectra have been taken at
four different energies. Results are summarized in
Table 3. At each energy the gap was adjusted to center
the fundamental around 5000A; N, was then
measured by counting the number of fringes from one
side to the other of the resonance. Such a measurement
is rather imprecise because the envelope variations
artificially increase the measured N, Values were
corrected for this effect and rescaled to the two laser
wavelengths 6328 and 5145A using the 1/4
dependence. Those N, values are then compared to the
ones predicted from field measurements. A good
agreement (within 2 to 4%} is obtained in a range of
field variations of about a factor of 2. Finally the
corresponding maximum gain enhancement of the
optical klystron over the original 17 periods undulator
is calculated for a monoenergetic filament beam (no
inhomogeneous broadening).

The following approximate formula has been used [ 5]:

G 14\? -
5‘11‘75 = <ﬁ> x 0.926 x % )

2.2. Inhomogeneous Broadening

Electrons with different energy, initial angle and initial
transverse position produce an emission spectrum
shifted in wavelength from that of the ideal electron.
The overall measured spectrum no longer presents a
complete modulation. Such effects are usually present
to some degree (Figs. 4 and 5). The modulation depth f

is defined on one period of the fine structure by:

Xpp— Xom
fﬁxM+xm<1’ ©)
where x, and x, stand for the minimum and
maximum spectral intensity of this period. The
modulation depth f may vary as a function of
wavelength across the spectrum; f = 1 means complete
modulation.

When the OK is used as an amplifier, one can show
that the bunching and the gain are both proportional
to f [3]. It is therefore important to control this
parameter if one wants to optimize the gain. The
measured modulation f is produced by a number of
different physical causes. If these causes are
independent (as is predicted for storage rings), the
measured [ is the simple product of the individual f
factors. Namely f=f;x f,,xf, where f, is the
modulation rate contribution from the OX field
imperfection, f,, is due to the monochromator and f, to
the electron beam energy spread, angular spread and
transverse  dimensions. The  monochromator
contributes through its angular aperture and bandpass
as [4]:

n L+d ,\?*|sin’a
Jn= exp[—(E 1 az> :] ) (6)
with
=N + N A/, 7

Where L and d are the lengths of one undulator and the
dispersive section, respectively, a is the total angular
aperture of the pinhole and 44 the monochromator
FWHM. Eguation(6) gives g¢,=0992 for our
experiment (a=4.3x 1073, 441=4A).

Energy Spread. Figure 4 shows a spectrum at 240 MeV
and 40 mA of current. The incomplete modulation is
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Fig. 4. Spontaneous emission spectrum
dI/dAdQ measured for an electron
energy of 240 MeV, a current of 40 mA
and a magnetic gap of 35mm. The non
complete modulation is due to

I fractional energy spread of 1.2 x 1073

I ]

T
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Fig. 5. Spontaneous emission spectrum
dI/d1d€ measured at low curent and
240 MeV. The modulation is reduced
below that of figure 3 by inducing large
angular motion in the beam with a
broad band noise source applied to an
electrode in the vacuum chamber. Note
the non-symmetric modulation
characteristic of the angular spread as
opposed to the symmetric modulation
observed in the case of a dominant
energy spread (Fig. 4)

T 1
6000 A 5000A

attributed entirely to the energy spread in this case for
two reasons. All the other contributions are predicted
to be negligible as we will see in the next two sections,
and the deduced energy spread [5], namely

g

1
R AP ——21 =1. -3
S T ImN 4N, Y T2leaf=1.2x10

is consistent with the value 1.4 x 1073 +0.2 predicted
from the measured bunch length assuming constant
synchrotron frequency.

The theory also predicts that for a Gaussian energy
spread f ~ exp (—0?/2) with ¢oc1/4. Calculating for
the eleven largest fine structure peaks one verifies the
proportionality of ¢ versus 1/4 with a correlation
coefficient of 0.95. Such a test is not powerful since 1/4
does not change much inside the bandwidth of the
fundamental,

We have also measured f and deduced o for the first
three harmonics recorded at the same energy, current
and gap. This data can be used for a more precise check
of the A dependence. Table4 summarizes the
measurements after deconvolution from the
monochromator respounse.

In Table 4 the measured ¢ is compared to the predicted
values from three different energy distribution shapes
all normalized the fundamental. We observe a good
agreement with the Gaussian energy spread predicted
from storage ring theory [97]. The accuracy of this test
on the energy distribution depends on the assumption
that for a monoenergetic filament beam the
modulation rate f is equal to 1. Residual modulation
can be produced either by field errors in the OK, or an
error in the pinhole positioning with respect to the
mirror focal point. We have measured a 0.935
modulation depth at very low current, subtracted all
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Table 4

¢ Fundamental 2°¢ harmonic 3" harmonic
Measured 0.73+0.01 1454+0.1 2.09+0.05
Predicted from 0.73 146 2.19
Gaussian energy

spread

Predicted from 0.73 1.55 2.68
square energy

spread

Predicted from 0.73 1.35 1.62
Lorentzian

energy spread

the known contributions, and found f,>0.98 at the
fundamental. The assumption is therefore almost
satisfied on the fundamental.

Under certain operating conditions, current
thresholds exist in ACO at which we have observed
sudden rises in energy spread due to longitudinal
oscillations of the electron bunch (phase oscillations).
At these thresholds we have used the change in
modulation rate to measure the energy amplitude of
the phase oscillations [5]. Values as high as 1.8 x 1073
have been recorded. The monochromator output at a
wavelength corresponding to a minimum of the fine
structure is directly related to the energy spread, and
can be used as an energy spread meter. By this method
we have measured energy spread variations as small as
2x 107> The noise limiting the measurement was
consistent with that predicted from the storage ring
power supply fluctuations. We plan to use this
technique in parallel with the bunch lengthening
measurement to obtain independent and simultaneous
measurements of the energy spread and bunch length
changes induced on the beam by an external laser or
the FEL itself.

Angular Spread. Electron beam angular spread is also
expected to decrease the modulation rate. On the beam
axis, the prediction gives:

F=I(1+ 2631 +203)] ®
with
o=n 2y 5a3, ©)

where the angular distribution is assumed to be
Gaussian with horizontal and vertical rms spread gy,
and gy,

Atlow current at 240 MeV, the theory predicts that oy,
~0.2mrad and ¢,,=0.1 mrad implying f=0.97. This
value drops to f=0.93 at 30mA of current. The
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angular effect is rather small, and is usually dominated
by the effect of the energy spread. However at
minimum current the energy spread contribution f
~0.98 is on the same order of magnitude as the
angular effect. Those low values were experimentally
confirmed by the observation of low current
modulation depths as high as 0.935.

The angular spread in ACO can be magnified by
exciting transverse oscillations in the beam using a
broad band noise source applied to an electrode in the
vacuum chamber. The on axis spectrum given by Fig. 5
was obtained by this method. Since the energy spread
is known to stay constant doing this kind of beam
excitation, we attribute the modulation depth
degradation to an increase in the angular spread. The
curve presents a higher modulation rate on the
short-wavelength side than on the long-wavelength
side. This asymmetry is very well explained by the fact
that the spectrum depends on the square angle 6% [5]
which is not symmetrically distributed.

Off-axis spectra were also recorded (with the noise
source off). Theory predicts the modulation rate to
vary quadratically with observation angle

a2 o3
f%’f(01=92=06><p<*9§—21~*9572>» (10)
Op, 0g,
where 6, and 6, are the horizontal and vertical angle
between the observation direction and the electron
trajectory axis. In (10) we assumed o, < 1. From (9 and
10) one has

—A2logf =const 4+ 2n(d + L)*(#207 +60302).  (11)

Equation (11) allows calculation of o,, and oy, by
measuring the spectra at different angles. Our results
are summarized on Figs.6 and 7. The curves
correspond to the least squares fit of (11) allowing for
an error in the determination of the electron axis. We
find horizontally ¢, =0.12+0.01 mrad and vertically
09,=0.124+0.005mrad with the ACO sextupoles in
operation, and where the spreads have been assumed
constant along the undulator.

In order to optimize the gain in an oscillator
experiment, one needs to optimize the modulation
depth by making sure that the cavity axis is very close
to the beam axis. Defining the angular aperture 66 as
the angle for which the modulation rate drops to
exp(—1/2)=0.6, one has J0=+1.1mrad for
A=6328A.

Beam Transverse Dimensions. The beam transverse
dimensions are also known to decrease the modulation
rate. Assuming the beam to be injected exactly in the
center of the dispersive section one has [5], assuming
1-f<1,

f=1-167*(N+N,)*(Q20%+0Q}a}), (12)
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Fig. 6. Effect on the modulation rate of the horizontal angle of
observation with respect to the electron trajectory axis. The curve
plotted is the least squares fit of —A%log (mdulation rate) to a
second order polynomial of the angle. The fit gives the horizontal
angular spread oy 0.12+0.01 mrad

where o, and ¢, are the horizontal and vertical rms
transverse spreads. Q, and Q, are coefficients
connected to the field gradients in the dispersive
section. They only depend on the field geometry and
are equal to zero if the field is exactly uniform. Q,~3.4
x 10™*mm ~? was deduced from field measurement;
this value is just 10% lower than anticipated from the
field calculation. These calculations also predicted O,
~84x 10" mm ™2 a value which has been roughly
confirmed by the field measurements. Taking
0,=0,=035mm (low current) and ¢,=0,=0.5mm
(30mA of current at 240 MeV) on has f=0.9985 (low
current) to f=0.997 (high current). Such a tiny effect
was covered experimentally by the energy spread and
the angular spread. In some cases, verification may by
possible by injecting the electron beam at a distance
(0, yo) from the dispersive section axis. Equation (12)
still applies if one replaces oi(oy) by o¥+2x2c2
(05 +2y¢0?). Such an experiment was not possible on
ACO because of the change in the beam focussing
which would have occurred at the same time. The
modulation rate only depends weakly on the injection
point in the dispersive section. As in previous
subsection one can define the apertures: horizontal
aperture: +20mm; vertical aperture: +4.7 mm.

2.3. Harmonics

Figures 8 and 9 show the second and third harmonics
recorded at 240 MeV and a gap of 32.60 mm at 0.3 mA
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Fig. 7. Effect on the measured modulation rate of the vertical
angle of observation with respect to the electron trajectory axis.
The fit gives the vertical angular spread o4="0.12+0.005 mrad

and SmA of current, respectively. As for a regular
undulator, an ideal optical klystron does not emit any
2nd harmonic on axis and in fact, the measured peak
intensity in Fig. 8 was only 8% of that of the
fundamental. This residual intensity is due to the
trajectory effect of the fringing fields of the two
adjacent bending magnets of ACO. The third
harmonic has a shape similar to the first harmonic.
Fitting for N to the envelope curve of (3) gives N =3.8
instead of 7. We know from the 3" harmonic
measurements on the 17 periods undulator that
inhomogeneous effects are not responsible for this
broadening [3]. The dispersive section must therefore
be responsible for this effect either via an imperfect
compensation or through a destructive interference
introduced by the dispersive section at the undulator
wavelength.

2.4. Dispersive Section Spontaneous Emission

The dispersive section is equivalent to a three pole
wiggler and therefore, has a broad emission spectrum.
If one is just interested in the FEL gain improvement,
one can ignore the dispersive section intrinsic emission.
However, apart from the OK fringes present across all
the spectra we have observed (0.2 to 0.7 um) and apart
from the broadening or narrowing of the emission
curves (which we have already discussed), there are
some unique features which appear in the spontaneous
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Fig. 8. Second harmonic emission spectrum
dl/dAdQ at an energy of 240 MeV, 3mA
current, and K =2.28. The measured peak
intensity is only 8% of the fundamental. The
dash line represents the calculated emission of
a 7 periods undulator including the fringe field

of the nearby ACO bending magnet

monochromator
width

Fig. 9. The third harmonic emission
spectrum dI/dAdQ at an energy of
240 MeV, 5mA current, and K=2.28.
The resonance is broader than
expected by a factor 1.5. The
modulation is much lower than on
the fundamental because of its higher
sensitivity to inhomogeneous effects
(N,(3" harmonic)=3 N,
(fundamental)2220)

T T
21004 2200A

SCOPE

INTERFERENTIAL
FILTER

emission due to the presence of the dispersive
section.

Dispersive Section as a Transversely Displaced Point
Source. It is clear from Fig. 1 that a large part of the
light emitted by an electron in the dispersive section
comes from points that are up to 2mm away from the
undulator axis. This can be observed by refocussing the
OK synchrotron radiation. This technique is
commonly used on storage rings to image the
transverse profile of an electron beam in a bending
magnet. Figure 10 shows the cxperimental set up
consisting of a lens (focal length: 1.5 m) located 2.93 m
from the center of the dispersive section and a charge
coupled device (CCD) exposed through a narrow
interference filter (A=4880 A; bandwidth: 12 A) and
placed at 2.24m from the lens. According to the CCD

- Fig. 10. Experimental set up to

display horizontal and vertical
profiles of the light emitted by
electrons in the optical klystron

OPTICAL
KLYSTRON

orientation, vertical and horizontal image profiles
were recorded and displayed on a scope. Figure 11a
shows a horizontal profile for a 37.85mm gap at
240 MeV. At this energy and gap, the filter wavelength
falls within the on axis fundamental resonance and the
profile shows a sharp peak, The gain is set with the
peak going off scale in order to make visible the
shoulder on the left-hand side. This shoulder remains
on Fig. 11b where the central peak was removed by
decreasing the gap down to 33.14 mm. We believe that
the light profile of Fig. 11b comes from the dispersive
section alone. The residual structure is almost
unchanged in a gap range sufficient to sweep the filter
wavelength across the fundamental resonance.

The shoulder asymmetric with respect to the peak axis
is only seen in the horizontal plane (trajectory plane)
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(a) {b)

Fig. 11a and b. Transverse horizontal beam profiles of the light
emitted by the electrons in the optical klystron. In (a) the
interference filter center wavelength falls inside the undulator
fundamental resonance; the peak is mainly due to the emission by
electrons in the two undulators. The left hand shoulder is mainly
due to the emission in the dispersive section. It is still present in
(b) where the gap was decreased to suppress completely the
undulator emission

and not in the vertical. The peak of Fig. 11b shows
maximum definition when the CCD is positioned in
the image plane of the dispersive section. This peak
corresponds to light emitted from a source displaced
about 1.5 mm from the undulator axis as compared to
the theoretical 2 mm off axis excursion of the electrons
in the dispersive section.

Optical Klystron Emission at Large Gap. At large gap
the undulator field vanishes exponentially, much faster
than the dispersive section field. The usual coloured
ring [7, 6, 2] due to the interference of light from the
undulator periods vanish. However one still sees a
double interference structure centered about the
undulator axis. A black and white reproduction is
givenin Fig. 13 for the gap series {142, 121, 182 mm} at
240MeV. The dispersive section maximum field is
{660, 1150, 1570 Gauss}, more than 20 times larger
than the undulator peak field. This emission is not due
to the undulator but is produced by the dispersive
section with some contribution from the storage ring
bending magnets fringe field.

The emission produced in the dispersive section is
contained within the maximal tangent directions
labeled A and B in Fig. 12a. At large distances the
radiation pattern is symmetric about the axis O.
Schematically, due to the small 1/y emission cone, an
observer in the electron orbit plane between 0 and A
will see the emission of the ¢, —¢, part of trajectory
shown in Fig. 12b. In the 6 direction with respect to A,
the emission is mainly due to small regions around
tangent points ¢, and ¢, where the curvature is
important (between ¢, and ¢, the curvature is very
small and the emission of this part of trajectory can be
neglected). Both points sources t; and f, interfere
constructively when the difference in electron and
photon transit times is an integral number of optical
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Fig. 13. Three photographs filtered at 5500 A of the interference
structure produced in the optical klystron at large gap. From top
to bottom, the magnetic field is increased by closing the gap. The
beam axis is marked by the black cross at the center of each
pattern, and the points A and B calculated from the magnetic
field strength in the OK are marked with white crosses

periods:
ionds d_ d -
"E‘iﬁc o = 514776, (13)

where d is practically half of dispersive section length
and n is an integer.

For monochromatic light the interference maxima
occur at a constant angle 6 tracing out circles around A
in the observation plane. Of course, the circles are
incomplete because the angle of emission goes outside
the electrons 1/y forward cone, where the intensity
drops to zero. The same interference pattern occurs
around B direction, and one sees a double colored
interference structure centered on A and B directions
as illustrated in Fig. 13, for 2=5500A and
E =240 MeV. Positions in fringe are in a rather good
agreement with theoretical values calculated from (13),
where d=~8 to 10cm, the angle of A direction being
3.6mrad, 6mrad and 7.9 mrad, respectively, for each
photographs.

Patterns like Fig. 13 have been recorded at 240,
540 MeV, and several different gaps. As the magnetic
field in the dispersive section is increased by reducing
the gap, the A-B angle increases, and more interference
bands become visible. At small gap, the usual
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(b)

Fig. 12. (a) Sketch of the electron orbit in the optical klystron
showing the axis 0 and the maximal emission angles A and B. The
scale of the wiggles in the undulator is greatly exaggerated for
clarity. (b) Detail of electron orbit in the dispersive section
showing the two emission points ¢; and ¢, and the interference
between them. The total angular field where the fringes exist is of
the order of 15mrad for our experiments on ACO at 240 MeV

undulator ring pattern appears superimposed on the
klystron interference structure, and eventually the
undulator intensity totally dominates the other
radiation sources.

Interference between the emission in the bending
magnets’ fringe field is observed on axis when the
undulator and klystron emission is reduced to a low
level. This effect produces a small concentric ring
structure [11] centered between the white rings
produced by the bending magnets individually.

3. Gain

We have measured the gain experienced by an external
argon laser aligned colinear with the electron beam
inside the optical klystron. The experimental method is
identical to that used with the undulator and has
already been described [12, 13, 6]. A typical gain
profile as a function of the gap is shown in Fig. 14.

Since both the dispersive section gap and the
undulator gap are scanned at the same time due to the
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Fig. 14. Gain profile versus magnetic gap measured on an argon
laser at A= 5145 A with one electron bunch of 30 mA of current a
234 MeV. The peak gain is calculated using an rms bunch length
measured to be 6,=0.67 ns. As predicted from Madey’s theorem,
this curve is proportional to the derivative of the spontaneous
emission curve 15 (b) taken under similar conditions

construction of the optical klystron all magnetic field
strengths vary as a function of the gap. The K
parameter of the undulators and the N, parameter of
the dispersive section vary at different rates due to the
different geometries of the respective structures. If N,
were constant, the gain would trace out the envelope as
a function of the gap of the undulator with no rapid
oscillations. If the K parameter were constant, the
envelope would be flat and the gain would oscillate
rapidly as a function of the gap of the dispersive
section. In fact both N, and K change together
producing the observed curve. The number of peaks
observed inside the envelope depends only on the rate
of change of N; and K as a function of gap.
Figure 15 compares the spontaneous emission curves
taken as a function of wavelength and gap. The
respective theoretical envelopes are superimposed on
each curves. The local rate of change of N, as a function
of magnetic field can be deduced from the lower curves;
it is clearly lower than the rate of change as a function
of wavelength. Unfortunately, edge and end effects
play a dominant role in determining the amplitude of
the field in the dispersive region so that the field is not
related to the gap via a simple exponential. Madey’s
theorem [8] implies that the gain curve taken as a
function of gap as shown in Fig. 14 is proportional to
the derivative of the spontaneous emission spectrum
as a function of gap as shown at the bottom of Fig. 15,
where terms of the order N/N, are neglected. This
behaviour is clearly borne out by the data.
The expected optical klystron maximum peak gain G,
is equal to [57]:
Gu= 2% fGys, 4
17
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Fig. 15. The spontaneous emission
spectrum as a function of wavelength
and undulator gap or magnetic field
are compared. The rapidly oscillating
measured curves fit well into the
theoretically calculated envelope curves
with some small deviations in the case
of the wavelength scan. The slower
dependence of the dispersion parameter
. N, on gap is visible in the lower curve.

where G, /G, is the OK gain improvement with
respect to the original 17 period undulator for a
monoenergetic filament beam. It is given by (4); see also
Table 3.

As before, f is the modulation rate and G,, is the
17 period undulator peak gain which is equal to [17]

2A73

Gy, =1.5x% 10_12:1—(;—];]—K2[JJ]2QQFJ«, (15)
where 2, is the undulator period in cm, [JJ]? is the
Bessel function factor [13]. K =eBl,/2nmc is the peak
field magnetic parameter, g, the peak electron density
in cm® and F, is the filling factor which can be
calculated from the overlap integral between the
electron and laser beams. For coaxial weakly diverging
beams [14].

T

where w, is the laser beam waist and o, and o, the
electron beam transverse rms sizes.

The theoretical peak gain predicted for the
measurement shown on Fig. 14 is

(G =40(G{ 1)y =6.6 x 10" *+30% (17)

with Gog/G;,=5.9 (Table 3), f=0.67 (measured on
the spontaneous emission) and (G ,),, calculated from
(15, 16). The 30% error bars originate primarily from

(16)

6 2mN(I- Ao ) The gain as a function of gap is
A approximately the derivative of the gap
scan, not the wavelength scan

the uncertainty in the § functions in the undulator. The
measured peak gain is (Fig, 14):

(Gok)meas:7 10—4(i03) (18)

The agreement between the theoretically predicted (17)
and measured (18) values is remarkably good, and
certainly the best achieved to date. This was made
possible by improvements in the alignment technique,
and by thorough characterisation of the laser mode.
Not only does the values of he gain reported here
confirm the validity of the theory, but it also represents
a large increase over the gain measured with the
undulator NOEL.

4. Bunch Lengthening

Bunch lengthening experiments have been performed
by superposing an argon laser colinear with the
clectron beam inside the optical klystron. The
experimental set up has already been described [10, 3],
good agreement was observed with stochastic heating
models [15] at very low current while high current
regimes are dominated by anomalous bunch
lengthening effects. Figure 16 shows the bunch
lengthening and spontaneous emission produced by
the optical klystron. The vertical line indicates an
undulator parameter K of 1.92. The results are in good
agreement with the theorem demonstrated by Madey
that the mean squared energy spread is proportional to
the spontaneous power spectrum [8].
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Fig. 16a and b. Laser induced bunch lengthening (a) and
spontaneous emission (b)as a function of magnetic gap in mm. As
predicted from Madey’s second theorem bunch lengthening is
proportionnal to the spontancous emission. The vertical scale of
figure a depends on experimental conditions. At very low current
typical bunch lengthening of 4% are observed for K=1.92

The peak low current lengthening produced by the OK
was measured to be 0.67 of that of the undulator. As
expected, this reduction factor is quite close to the
square of the ratio of the number of periods (14/17)2.
We have clearly succeeded in constructing a device
which provides at the same time more gain and less
beam heating than an undulator.

5. Conclusion

Our tests of the performance of an optical klystron
have been successful. We have increased the
single-mode peak gain by a factor of four to the
optimum value, for ACO, set by the energy spread of
the stored beam. The low current bunch lengthening
scaled as expected by the simple theory. The
installation of this device was the crucial factor which
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permitted the recent operation of the ACO storage ring
laser above threshold [18].

During the course of this work, we have been able to
verify the performance of the klystron through a
variety of means. The spontaneous, gain and bunch
lengthening spectra as a function of wavelength and
gap have been measured and found to be in agreement
with our theoretical calculation. The dependance of
the modulation depth of the spontaneous spectrum on
electron beam quality has also been used to measure
the energy spread and emittance of the stored beam.
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