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Abstract
The Cornell ERL prototype injector is operated either in

a CW or in a pulsed mode. In the latter case, the bunch
trains, which have a duration between 80 ns and 10 μs and
a beam current of up to 100 mA, generate transients in the
RF cavity fields which severely distort the beam quality
and cause beam loss. In this paper, we present a scheme
we use to correct the fast transients based on an adaptive
feed-forward method.

INTRODUCTION
Learning feed-forward systems are commonly used to

remove amplitude and phase distortions in cavity fields of
pulsed accelerators. For the Cornell ERL, we developed
such a system which is capable of compensating beam in-
duced transients for very short (0.08− 10μs) bunch trains
with highest beam currents. We successfully tested the sys-
tem with bunch train currents up to 50 mA. The design cur-
rent of the ERL injector is 100 mA, and we expect the sys-
tem to also work under these conditions.
The feed-forward system is implemented by the FPGA
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Figure 1: Amplitude and phase transients in the buncher
cavity induced by bunch trains of various durations and cur-
rents.

which controls the IQ-based cavity regulations. A DOOCS
server reads tables containing the I/Q error signals, which
are acquired at a rate of 12.5 MHz. This data is used to
calculate a correction which is added to the feed-forward
tables in the FPGA. In order to make sure that the feed-
forward system is stable, the feed-forward tables are regu-
larly filtered. In addition, a small fraction of the previous
correction signal is removed in each iteration. This allows
us to continuously run the system, and even if beam param-
eters change significantly, the system will adapt to them
after a short while.

MEASUREMENT RESULTS

The system is applied to two types of 1.3 GHz cavities:
a single-cell, normal conducting buncher cavity and the
five two-cell superconducting cavities of the ERL injector.
Both cavity types have a significantly different loaded Q-
value, and we present measurements for both cavity types.
Figures 1 and 3 show the transients in the fields of both

cavity types, which are induced by bunch trains of vari-
ous durations and currents. The buncher cavity is phased
such that the beam arrives at the zero-crossing of the RF
field. As a consequence, the bunch train induces a very
strong transient in the phase signal, which corresponds to a

1

1.05

1.1

fie
ld

 a
m

pl
. A

(n
or

m
al

iz
ed

)

NRF Buncher Cavity

−110

−100

−90

ca
vi

ty
 p

ha
se

 φ
(d

eg
)

0 2 4 6 8 10 12 14
0

20

40

time (μs)

I be
am

(m
A

)

1

1.05

1.1

fie
ld

 a
m

pl
. A

(n
or

m
al

iz
ed

)

NRF Buncher Cavity

0 2 4 6 8 10 12 14
0

20

40

time (μs)

I be
am

(m
A

)

−110

−100

−90

ca
vi

ty
 p

ha
se

 φ
(d

eg
)

Figure 2: Amplitude and phase transients in the buncher
cavity for the same conditions as in Fig. 1, but with active
adaptive feed-forward.
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Figure 3: Amplitude and phase transients in an SRF cavity
induced by bunch trains of various durations and currents.

phase shift of more than 10 deg for a 10 mA bunch train.
In the superconducting cavities, which were operated at on-
crest phase, the beam induced transient affects mainly the
cavity field amplitude. Due to the larger loaded Q-value,
the effect is significantly smaller than in the buncher cav-
ity. The operation of 10 μs long bunch trains with currents
larger than 10 mAwas not possible due to heavy beam loss.
These measurements of the cavity response also show that
the gain parameters of the PI-regulation have not yet been
fully optimized for the SRF cavities, and quite large oscil-
lations in amplitude and phase are visible after the bunch
train.
The beam induced transients are tremendously reduced

by activating the adaptive feed-forward system (see Figs. 2
and 5). This also allows to run higher currents with 10 μs
long bunch trains. As a preparation for high current runs,
we operated the machine with 10 μs long bunch trains and
a rate of up to 5 kHz for beam loss tuning before switching
to CWmode. This is the highest duty cycle in pulsed mode
which is currently supported by the laser system.
Figure 4 shows an example of the corrections required
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Figure 4: I/Q-correction signals required to compensate
the transient of a 10 μs, 40 mA bunch train.
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Figure 5: Amplitude and phase transients in an SRF cavity
for the same conditions as in Fig. 3, but with active adaptive
feed-forward.

to remove the transients. Visible is the much faster time-
response of the buncher cavity. Further, the correction sig-
nals indicates that the regulation loop settings for the dif-
ferent superconducting cavities are currently not identical.

EFFECT OF BEAM CURRENT
FLUCTUATIONS

The corrections are slowly built-up and it typically takes
several seconds to properly compensate the beam induced

0.995

1

1.005

fie
ld

 a
m

pl
. A

(n
or

m
al

iz
ed

)

NRF Buncher Cavity

−91

−90

−89

ca
vi

ty
 p

ha
se

 φ
(d

eg
)

0 2 4 6 8 10 12 14
0

20

40

time (μs)

I be
am

 (m
A

)

0.995

1

1.005

fie
ld

 a
m

pl
. A

(n
or

m
al

iz
ed

)

NRF Buncher Cavity

0 2 4 6 8 10 12 14
0

20

40

time (μs)

I be
am

 (m
A

)

−91

−90

−89

ca
vi

ty
 p

ha
se

 φ
(d

eg
)

Figure 6: Effect of beam current fluctuations on the tran-
sient correction in the buncher cavity. Shown are 100 traces
recorded every 0.4 s.
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Figure 7: Effect of beam current fluctuations on the tran-
sient correction in the SRF cavity 1. Shown are 100 traces
recorded every 0.4 s.

transients once a change to the pulse duration or the pulse
current was made. As a consequence, any fast fluctuations
of bunch train currents are not properly accounted for in the
cavity field correction signals and thus still lead to beam
induced phase and amplitude transients. This is visible in
Figs. 6 and 7. Note that the data acquisition of the beam
current data is not synchronized with the transient data.
Figures 8 and 9 show the rms fluctuations in the cavity
field amplitudes and phases as well as in the beam current.
Without the presence of the beam, the measured field sta-
bility is around σA/A ≈ 6 × 10−4, and the phase stability
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Figure 8: Noise in amplitude and phase of the buncher cav-
ity field and in the beam current.
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Figure 9: Noise in amplitude and phase of the SRF cavity 1
field and in the beam current.

σφ ≈ 0.1 deg and σφ ≈ 0.04 deg respectively. These mea-
surements have a bandwidth of 6.25 MHz and the cavity
field fluctuations are possibly smaller than these numbers
due to the noise floor of these measurements. The beam
current fluctuations are around 1.5 % at the beginning of
the bunch train, and our beam current feedback [1] stabi-
lizes the beam current to around 0.5 % at the end of the
10 μs long trains. It is clearly visible that the field stability
in the presence of a high current beam is largely dominated
by the current stability of the beam, and a significant im-
provement of the beam current stability is desired.

OUTLOOK
A possible way to make the system faster and less de-

pendent on beam current fluctuations is to scale the feed-
forward corrections with the actual beam current of each
bunch train. These information are available in each regu-
lation board. However, the latency required for these cal-
culations might limit the effectiveness of this approach. An
improved beam current stability is the preferred solution
due to various reasons, one of them being the fact that there
will be two beams in the main linac of the ERL, one of
which being accelerated and one that is decelerated. The
current of both of these beams would fluctuate indepen-
dently which makes the approach described above more
complicated to implement.
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