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Abstract
FERMI is a single-pass, linac-based, FEL user-facility

covering the wavelength range from 80 nm to 4 nm and is
located next to the third generation synchrotron radiation
facility Elettra in Trieste, Italy. The first FEL line in oper-
ation (FEL-1) has been opened to users at the end of 2012,
while the second FEL line (FEL-2) covering the shorter
wavelength down to 4 nm is in commissioning. The linac
is composed of 16 S-band accelerating structures. Seven
of them are Backward Traveling Wave (BTW) structures
equipped with SLED system. Following the preliminary
tests on one plant, in order to increase the operational ac-
celerating gradient, phase modulation of the SLED drive
power has been implemented on all BTW structures. The
shape of the phase modulation is applied via the LLRF sys-
tem firmware and can be modified if needed. This paper
discusses the optimization of the phase modulation param-
eters.

INTRODUCTION
FERMI is a single-pass Free Electron Laser (FEL)

driven by a normal conducting S-band linac composed of
16 accelerating structures. Seven of them are Backward
Traveling Wave structures (BTW), coming from the old
Elettra injector, with a filling time of 0.757μs. Each struc-
ture is fed by a 45MW peak power, 4.5μs pulse width
Thales klystron. Taking advantage from the short accelerat-
ing structure filling time, the peak power to the structure is
increased by shortening the pulse length: each power plant
is equipped with PEN (Pulse Enhancement Network) sys-
tem [1] that stores the energy at the beginning of the pulse
and release it near the end of it.

Figure 1: Pulse enhancement network system for a back-
ward traveling wave structure.

∗Work supported in part by the Italian Ministry of University and Re-
search under grants FIRB-RBAP045JF2 and FIRB-RBAP06AWK3.

To achieve the Linac target energy of 1.5 GeV, each
BTW structure needs to be operated at a gradient of 26
MV/m corresponding to an energy gain of about 155 MeV.
Past operation of those structures, showed that breakdown
problems inside the sections, associated with the very high
peak-field built up during conventional SLED operation,
prevented from reaching the desired gradient in a reliable
way.

A phase modulation technique was implemented to
lower the high peak field inhered with conventional SLED
operation: while a preliminary linear phase modulation has
allowed to demonstrate the utility of this technique in our
application and has allowed to increase the energy gain
in the structures, the possibility of an optimization of the
phase modulation parameters has been studied to get the
optimal trade-off between lowering the peak field, thus im-
proving reliability, and still having an acceptable energy
gain.

PRELIMINARY PHASE MODULATION
The phase modulation feature was integrated in the

LLRF firmware of FERMI. The preliminary implementa-
tion of the phase modulation technique foresees just a lin-
ear modulation [2] where two parameters (i.e. the initial
phase φ0 and the phase modulation slope m) can be mod-
ified to change the shape of the modulation as depicted in
Figure2.

t

phi

phi0

180°

t1 t2 t3

slope

Figure 2: Linear phase modulation.

During a dedicated machine commissioning shift, differ-
ent sets of parameters were tested: the optimal results (in
terms of a trade-off between peak field and gradient loss)
were achieved using an initial phase offset φ0 of 95◦ and a
slope m of 149 deg/μs.

A comparison between the pulse shape in case of con-
ventional SLED operation and the one with the optimized
linear phase modulation showed that for the same RF pulse
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Figure 3: Input cavity field with phase modulation.

length (3000 ns), the peak field is reduced by almost 20%;
correspondingly the energy gain loss is about 4%.

It must be noted that by simply using a linear phase
modulation it was not possible to achieve a rectangular-like
pulse shape. As depicted in Figure3 during the 770 ns pulse
duration the normalized field amplitude varies from about
1.8 up to 1.4 (i.e. about 20% variation). Also, it can be
pointed out that a huge phase slippage of about 46 degree
between the begin and the end of the pulse occurs.

A way to get flatter pulse and smaller phase variations is
to implement a continuous non-linear phase modulation.

NUMERICAL EVALUATION FOR A
NON-LINEAR PHASE MODULATION

The phase modulation program for rectangular pulse
shape has been numerically evaluated by solving the equa-
tions 1a and 1b for constant v0 amplitude during pulse com-
pression [3] [4]:

{
τ v̇c + vc = −αvk (1a)
v0 = vc + vk (1b)

where vk and vc are the generator and the pulse com-
pressor equivalent complex voltages, β is the coupling
coefficient between the SLED and the transmission line,
α = 2β/ (1 + β) and τ is the filling time of the SLED cav-
ities equal to 2Q0/ [(1 + β)ω0]. In the previous expression
Q0 is the unloaded quality factor of the SLED cavities and
ω0 is the angular frequency of the RF wave.

In our case, β is 10 and Q0 is 190000. Accordingly, α is
about 1.8 and the filling time τ is 1.832μs.

Equation 1a assumes that the resonant frequencies of the
SLED cavities and of the RF wave are equal. In case there
is a small difference between these two frequencies the
equation 1a must be replaced by 2a where Δω = ω0 − ωc

and ωc is the angular frequency of SLED cavities [4] [5].
This is necessary to minimize the phase variation during
the flat-top of the pulse delivered to the structure.

{
τ v̇c + vc (1 + jτΔω) = −αvk (2a)
v0 = vc + vk (2b)

Replacing vc = v0 − vk in equation 2a as derived from
equation 2b and discretizing the differential equation 2a we
get:

vki+1 = v0i+1 − v0i

[
1− (1 + jτdω)

dt

τ

]
+

+ vki

[
1− (1− α+ jτdω)

dt

τ

] (3)

Let’s put:

w
i
= v0i

[
1− (1 + jτdω)

dt

τ

]
+

− vki

[
1− (1− α+ jτdω)

dt

τ

] (4)

where w
i

groups all the term at time instant i. We can
write:

vki+1 = v0i+1 − w
i

(5)

The goal of a non-linear phase modulation is to get
a rectangluar-like pulse shape to the structure during the
pulse compression. The amplitude square of the voltage to
the structure at time instant i + 1 can be written into the
form:∣∣v0i+1

∣∣2 =
∣∣vki+1 + wi

∣∣2
=

∣∣vki+1

∣∣2 + |w
i
|2 + 2Re

{
vki+1w̄i

} (6)

So, we have:
∣∣v0i+1

∣∣2 =
∣∣vki+1

∣∣2 + |wi |2 +
+ 2

∣∣vki+1

∣∣ |w
i
| cos (� vki+1 − � w

i

) (7)

The phase modulation program must set the phase of the
generator � vki+1 such that the amplitude v0i+1 of the com-
pressed pulse is kept as constant as possible.

If we call v0PR the amplitude of the compressed pulse
at the phase reversal time t1, the phase of the generator at
time instant i + 1 for getting a constant amplitude pulse
shape (i.e. equal to v0PR) could be then calculated with the
following equation:

� vki+1 = arccos

(
|v0PR |2 −

∣∣vki+1

∣∣2 − |wi |2
2
∣∣vki+1

∣∣ |w
i
|

)
+ � w

i

(8)

SIMULATION RESULTS
Running the simulation code it was possible to find a

phase modulation program resulting in a flat amplitude
pulse shape. Even if reaching a flat amplitude pulse for
a given klystron power and pulse width is at expenses of
the energy gain, lowering the peak fields could allow to in-
crease the klystron output power without suffering of heavy
breakdown phenomena in the structures’couplers and cells:
in the end, this could finally result in a higher energy gain.

To reach a flat-top pulse it is necessary to change the
phase by less than 180◦ at the phase reversal time and then
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increase it slowly to keep the pulse flat. As depicted in
Figure4 as the phase reaches 180◦ it cannot further keep
the pulse amplitude constant, so it decays exponentially.
To get more power to the structure, the phase jump at the
phase reversal time should be larger, but then the power
cannot be kept constant until the end of the pulse.
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Figure 4: Non-linear phase modulation scheme.

So, for a 4μs pulse width, it was chosen an initial phase
jump of 86 degrees: in this condition, the field amplitude
at the phase reversal time is limited to about 1.75 (i.e. ≈ 3
in power). A non linear phase modulation than guarantees
a constant amplitude field during the 770 ns pulse width.
However, with this parameters the phase slippage along the
RF pulse is about 50◦ as showed in Figure5.
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Figure 5: Pulse shape with non-linear phase modulation.

Nonetheless, the phase variation during the flat-top pulse
can be minimized by slightly detuning the SLED cavities:
this corresponds to choose a suitable Δω in equation 2a.
The frequency shift must be then compensated with a linear
ramp of the phase in the first part of the klystron pulse.
Figure6 shows the final pulse shape that could achievable
with the new phase modulation program.
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Figure 6: Pulse shape with non-linear phase modulation
and SLED cavities detuning.

CONCLUSION
Based on our experience, we can say that our BTW ac-

celerating structures can handle in a reliable way an input
peak power of about 97 MW: using the actual linear phase
modulation program, to stay below this limit, we operate
the klystron at about 32 MW peak power with a 3.5μs
pulse width resulting in a accelerating gradient of about
150 MeV.

The new phase modulation program, resulting in a flat
amplitude pulse shape, lowers the peak field in the accel-
erating structure. This could allow to push the power of
the klystron up to 36 MW and 4 μs pulse width while still
keeping the peak power to the structure under the limit of
97 MW: in this operating conditions, the effective energy
gain for each structure should reach about 165 MeV, assur-
ing in this way a reliable margin for the operation of the
FERMI Linac at the final target energy of 1.5 GeV.
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