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Abstract

The Cornell BNL ERL Test Accelerator (CBETA) em-
ploys a superconducting Main Linac Cryomodule in order to
perform multi-turn energy recovery operation. Optimizing
the field stability of the low bandwidth SRF cavities in the
presence of microphonics with limited available RF power
is a challenging task. Despite of this, the Main Linac Cry-
omodule has been successfully used in CBETA to impart a
maximum energy gain of 52 MeV, well above the energy gain
requirement of CBETA. In this paper, we describe our RF
setup and present an overview of our daily RF turn on pro-
cedure including automatic coarse tuning, measurement of
DAC and phase offsets. We further detail our microphonics
and Lorentz Force Detuning measurements from our most
recent run period.

INTRODUCTION

The Cornell-BNL ERL Test Accelerator (CBETA) [1]
project currently being commissioned at Cornell University
will be the first high-current multi-turn Energy Recovery
Linac(ERL) employing SRF cavities operating at 1.3 GHz in
CW mode. The main linac [2] provides a total energy gain
of 36 MeV using six 7-cell cavities with a design current
exceeding 320 mA. During normal operations of the ERL,
we will maintain exact energy balance on each cavity leading
to zero beam loading which enables us to use high external
quality factors Qext ∼ 6.5×107. This reduces average power
requirements and we use solid state RF amplifiers to drive
the cavities. At the same time this makes the RF system
very sensitive to cryogenic parameters such as pressure and
Helium level regulation. Large microphonics detuning sev-
eral times the operating bandwidth reduces the field stability
which we can achieve with available power. In this paper, we
describe our automated RF startup procedures along with
measurements of relevant cavity parameters.

In the next section, we describe our high level RF setup
with results from initial testing of the Solid State Amplifiers
and the circulators. Then we describe the performance of
our cryogenic system which we have optimized for stable
operations. After this, we describe our semi-automated RF
turn-on procedure in detail and finally report our measure-
ments during beam operations over the current commission-
ing phase.
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Figure 1: RF power arrangement for one main linac cavity.
We inserted a waveguide short between the fundamental
power coupler of the 7-cell SRF cavity and the 3-stub waveg-
uide tuner during tests of the solid state amplifiers.
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Figure 2: Power transfer function measurement of the 6 solid
state amplifiers. While odd numbered amplifiers powering
un-stiffened cavities are capable of reaching a forward power
of 10 kW, the even numbered ones power the stiffened cavi-
ties with a maximum forward power of 5 kW. The left panel
shows the forward power as a function of input power, while
the right panel shows the power reflected into the SSA from
the circulators.

LINAC SUBSYSTEMS
The Main Linac Cryomodule (MLC) houses six 7-cell

SRF cavities optimized for high-current operations with neg-
ligible beam loading. All six cavities are operated with a low
bandwidth of ≈ 20 Hz and are powered by individual Solid
State Amplifiers (SSA) from SigmaPhi connected through a
circulator from AFT, directional coupler and a 3-stub waveg-
uide tuner as shown in Fig. 1. There are two sets of high
power RF components which are capable of 5 kW and 10 kW
for stiffened [3] and un-stiffened cavities respectively. After
repairing some manufacturing defects in the circulators and
replacing some transistors on one of our SSAs, we tested
all these components to full power into a shorted waveguide
before connecting them to the cavities. Figure 2 shows the
final measurements indicating satisfactory performance of
all high power RF components.

The cryogenic system of the MLC is based on the TESLA
design. [4] Separate vessels house the six cavities and are
supplied liquid Helium through chimneys by the 2 K - 2
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Figure 3: Blower speeds (percentage of maximum) as func-
tions of time during typical 36 MeV RF operations for the
FAT.

phase pipe. The pressure exerted on the cavity walls in-
fluences the resonant frequency and needs to be regulated.
Slow trends in this pressure give rise to very low frequency
microphonics detuning (≲ 1Hz) and tight cryogenic regula-
tion is necessary during operations. One important indicator
of cryogenic performance is the speed of the blowers which
regulate the Helium pressure and hence the temperature of
the cavity. The data shown in Fig. 3 is within acceptable
limits with the two blowers connected to the Helium gas
return line never exceeding 50 % of maximum speed for
nominal energy gain of 36 MeV and both reaching 67.5 %
at the maximum gain of 52 MeV.

RF COMMISSIONING AND
PERFORMANCE

The initial commissioning of the MLC after setting up the
high level RF and cryogenic systems involved calibrations of
various signal paths, configuring the Low Level RF (LLRF)
system with default parameters and then tuning the cavities
to resonance from their warm-up positions. While this pro-
cess needs to be done only once, we still need a daily start-up
procedure to account for various drifts in the machine. In
this section we document the approach we follow to prepare
the MLC for beam operations. While we have done the
initial commissioning manually, most of these steps are auto-
matically executed for routine operations using a dedicated
sequencer capable of rudimentary error handling. Such au-
tomation has also been used elsewhere [5]. Repeating these
procedures everyday ensures stable operations.

Step 1: Cavity tuning is the first step towards turn on and
we use stepper motor based slow tuners to obtain resonance
at the clock frequency of 1299.9 MHz. We use the LLRF sys-
tem in fixed frequency constant power mode (called Klystron
Loop in the Cornell LLRF [6]) to coarse tune the cavity to
within a few Hz of resonance on average. During the tuning
process, we maximize the field signal while using a forward
power of 10 W which gives us the resonance position at an
accelerating voltage just above 1.1 MV. The algorithm is
based on decision tree approach and is capable of handling
the hysteresis of the tuner movement and includes safety
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Figure 4: Performance of the automatic coarse tuning al-
gorithm. The graph shows how the accelerating voltage
changes as the algorithm progressively tunes four cavities
of the main linac to resonance in multiple iterations.
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Figure 5: Square of parasitic field inside cavities as functions
of change in Digital to Analog Converter (DAC) offsets for
in-phase ∆I (left panel) and quadrature ∆Q (right panel)
components of the output phasor. The plots show data for
all main linac cavities and the corresponding quadratic fits,
with the minima being the computed offsets.

features not to overdrive the tuner. Fig. 4 shows the perfor-
mance of this algorithm on four cavities illustrating how the
algorithm can recover even after going through the resonance
peak. This step is a prerequisite for subsequent procedures
which requires a well tuned cavity.

Step 2: The Digital to Analog Converter (DAC) output
used in the LLRF system to drive the vector modulator may
have some offset due to manufacturing differences and tem-
perature variations. This leads to some non-zero forward
power being injected into the cavity even when the output
is set to 0 leading to a parasitic field appearing in the cavity
when the feedback loop is not active. To account for the off-
sets, both the in-phase I and the quadrature Q components
of the output phasor are shifted by a programmable offset
in the LLRF. We measure the square of parasitic field as a
function of offset as shown in Fig. 5 setting the optimum
value at the position of minimum residual field.

Step 3: The LLRF system implements various trips which
turn off RF power going into the cavity in case of a situation
which might damage the RF system. Setting the various
trip parameters is an important step in commissioning the
cavities and is automated in our startup sequence. There
are three categories of trip parameters which we have to set.
The SSA trip parameters set the threshold for the maximum
power reflected from the circulator into the SSA. The power
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Figure 6: Data recorded to measure field rotation. The first panel shows the change in 2 K pressure as we increase the
forward power. The second and the third panel show the voltage and phase as functions of forward power respectively on all
cavities. The dashed lines represent fits to models, Eq. (3) and Eq. (4).

scale contains a calibration factor while Max. power sets
the scaled power threshold. The Power trip parameters are
thresholds on the maximum forward and reflected power,
while quench detection relies on a sudden but sustained frac-
tional decrease in reflected power. Finally, we set the Field
trip parameters which control the maximum field tolerated
by the system during normal operations.

Step 4: The phase rotation of the field signal due to the
cable length between the field probe and the control system
influences the stability of the constant field control loop
(called Cavity Loop in the Cornell LLRF). It also directly
affects measurement of the tuning angle ϕt ≡ ϕField − ϕPf

which is the phase difference between the field signal ϕField
and the forward power signal ϕPf . The detuning δ f of the
cavity is given by,

δ f =
fdrive
2QL

tan ϕt , (1)

where QL is the loaded quality factor of the cavity, fdrive is
the clock frequency of the RF system. The average power
required by the control system to sustain a voltage V on a
detuned cavity is [7]

P ≈
V2

8 R
QQL

[
+

(
2QLδ f

fdrive

)2]
, (2)

where R/Q is the shunt impedance in circuit definition. Sub-
stituting Eq. (1) into Eq. (2) and including an unknown phase
offset ϕ0, we get

P
V2 =

sec2(ϕField + ϕ0)

8 R
QQL

. (3)

This relation is used to fit cavity voltage and phase data as a
function of forward power as illustrated in Fig. 6, with phase
offset ϕ0 being one of the fit parameters. Hence, we have
incorporated this procedure in our sequencer to set the phase
rotation which ensures correct microphonics measurement
and optimized field stability.

We can also use this same measurement to characterize the
Lorentz Force Detuning (LFD) and pressure sensitivity of

Table 1: Pressure Sensitivity and Lorentz Force Detuning
Doefficients as Calculated from Cavity Voltage and Phase
Data Shown in Fig. 6.

Cavity Stiffened d f /dp KLFD

Hz/Torr Hz/(MV/m)2

1 No 37.4 ± 0.6 1.52 ± 0.02
2 Yes 18.3 ± 0.2 1.35 ± 0.01
3 No 47.1 ± 0.4 1.41 ± 0.01
4 Yes 17.4 ± 0.2 1.21 ± 0.01
5 No 38.8 ± 0.4 1.30 ± 0.01
6 Yes 11.7 ± 0.7 1.57 ± 0.08

the cavities. Once the unknown phase offsets are determined,
we can use it calculate net detuning as functions of cavity
voltage V and 2 K pressure p. Consequently, we can fit the
detuning to a model,

δ f = δ f0 − KLFD
V2

L2 +
d f
dp

(p − p0) , (4)

where δ f0 is a constant offset, KLFD is the LFD coefficient,
L is the active length and d f /dp is the pressure sensitivity
at the nominal pressure p0 = 12.5 Torr. Typical results
from the fit are summarized in Table 1 which shows that
the stiffened cavities are less sensitive to pressure variations
while they are equally sensitive to LFD which is consistent
with the design.

Step 5: Microphonics poses a major constraint on field
stability for the MLC cavities which we operate with high
QL as noted in the previous section. The LLRF system
provides a tool to measure the microphonics in the system
as shown in Fig. 7. The LLRF measures the peak forward
power and detuning with a time resolution of 10 µsec and
100 µsec respectively. We ensure that the peak microphon-
ics detuning is ≲ 50Hz for stable operations while the peak
power is less than the maximum output of the SSA con-
nected to the cavities, 5 kW for stiffened and 10 kW for
un-stiffened. If deemed necessary, we can use the spectrum
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Figure 7: Microphonics measurements on all MLC cavi-
ties using the LLRF diagnostic tool. The left panel shows
the histogram of detuning while the right panel shows the
integrated spectrum.

measurement to determine the frequencies of strong vibra-
tions in the cryomodule and then activate the ANC algorithm
on these sources.

Step 6: Stability of electric field in the RF cavity depends
on the proportional and integral gains of the field control
loop (cavity Loop). We complete step 5 with some default
parameters for the control loop, namely with a normalized
proportional gain of about 100 and a zero integral gain. Then
we measure the standard deviation of the field amplitude and
phase as a function of the feedback gains in order to optimize
the performance of feedback control.

CONCLUSION
The Main Linac Cryomodule used for energy recovery in

CBETA houses six 7-cell SRF cavities with a nominal ac-
celerating voltage of 6 MV each. Three of these cavities are
fitted with stiffening rings in order to reduce their sensitivity
to external vibrations primarily driven by the cryogenic sys-
tem. In order to sustain stable field at the required gradient,
the un-stiffened cavities are powered by SSAs capable of
generating 10 kW while the others us 5 kW sources. While
initial testing of the high power RF components revealed
some manufacturing defects, after repair all components op-
erate normally and we have tested everything to full power.
We also carefully optimized various cryogenic system con-
trol loops which regulate Helium level and pressure inside
the cryomodule in response to varying levels of thermal load
during RF operations. The performance of the room temper-
ature Helium blowers which maintain 2 K vapour pressure
inside the cryomodule strongly suggests that the thermal
dissipation of the cavities is within the expected range.

The initial RF system commissioning involved calibrating
the signal paths, tuning the cavities back from their warm-up
positions and preparing the LLRF control. Once the system
was sufficiently optimized in the initial days of operations,
we have automated turn on procedure which is now run by
a sequencer everyday before starting beam operations. We
start by tuning the cavities to resonance using the slow tuner
system, followed by reducing the leakage of forward power

into the cavities by optimizing the offsets of the LLRF DACs.
Then we set the parameters which allow the LLRF to safely
trip off, protecting the system from permanent damage. After
this, we measure the field rotation offset by measuring the
average cavity voltage and phase as functions of forward
power. Finally we measure microphonics and field stability
and optimize the field and resonance control loops for stable
operations. Future work will involve automating steps 5
and 6 of the startup procedure with special emphasis on
establishing stable high-current energy recovery operations
with no spontaneous trips or long term drifts.
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