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Abstract

The HWR (half-wave-resonator) cryomodule is the first
one in the superconducting section of the PIP-II LINAC
project at Fermilab. PIP-II IT is a test facility for the project
where the injector, warm front-end and the first two super-
conducting cryomodules are being tested. The HWR cry-
omodule comprises of 8 cavities operating at a frequency of
162.5 MHz and accelerating beam up to 10 MeV. Resonance
control of the cavities is performed with a pneumatically
operated slow tuner which compresses the cavity at the beam
ports. Helium gas pressure in a bellows mounted to an end
wall of the cavity is controlled by two solenoid valves, one
on the pressure side and one on the vacuum side. The res-
onant frequency of the cavity can be controlled in one of
two modes. A pressure feedback control loop can hold the
cavity tuner pressure at a fixed value for the desired resonant
frequency. Alternately, the feedback loop can regulate the
cavity tuner pressure to bring the RF detuning error to zero.
The resonance controller is integrated into the LLRF control
system for the cryomodule. The control system design and
performance of the resonance control system are described
in this paper.

INTRODUCTION

The HWR cryomodule is the first one in the superconduct-
ing section of the PIP-IT LINAC project at Fermilab. PIP-1I
IT is a test facility for the project where the injector, warm
front-end and the first two superconducting cryomodules are
being tested. The HWR cryomodule comprises of 8 cavities
operating at a frequency of 162.5 MHz and accelerating
beam upto 10 MeV. Resonance control of the cavities is
performed with a pneumatically operated slow tuner which
compresses the cavity at the beam ports. Helium gas pres-
sure in a bellows mounted to an end wall of the cavity is
controlled by two solenoid valves, one on the pressure side
and one on the vacuum side. There is a pressure transducer
that provides an electrical voltage as an indicator for tuner
pressure for monitoring and feedback purposes. A simpli-
fied schematic of the tuner system is shown in Fig. 1. The
resonant frequency of the cavity can be controlled with a
pressure feedback control loop that holds the cavity tuner
pressure at a fixed value for the desired resonant frequency
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Figure 1: HWR Pneumatic Cavity Tuner System.
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- this is referred to as the "Pressure Mode’ operation. Al-
ternately, the feedback loop can regulate the cavity tuner
pressure to bring the RF detuning error to zero which is
referred to as the 'RF Mode’. In the latter case, the tuner
can compensate for slow drifts in resonant frequency. In
the GDR (generator driven) mode of operation, all cavities
are run at the same reference frequency. The RF Mode is
neccessary for the GDR mode. A state machine based sys-
tem controller can provide an automatic transition between
the modes of operation according to the machine state. The
tuner implementation is done with a signal conditioning
module and the same LLRF SOCFPGA controller used for
cavity field control.

TUNER CONTROL IMPLEMENTATION

The slow tuner control implementation is integrated into
the LLRF controller as shown in Fig. 2 [1]. Each controller
drives two cavities and their tuners. Each tuner has two actu-
ators for the Pressure and Vacuum valves which are driven by
two DAC channels through a signal conditioning unit. Each
tuner also has a pressure transducer signal that is digitized
using a DC coupled ADC channel whose output represents
the pressure in the cavity manifold which is the primary
physical parameter that is controlled. The cavity resonant
frequency being directly dependent on the pressure allows
us to use the cavity detuning from the reference frequency
also as an error signal to drive the feedback control. Cavity
detuning is computed in the FPGA from the cavity probe
and forward power signals [2, 3].

TUNER CONTROLLER DESIGN

Operational experience with the pneumatic tuner system
in the ATLAS accelerator at Argonne National Laboratory
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Figure 2: HWR Tuner Control System.

(ANL) has been documented [4]. The pneumatic pressure
control system can be modeled as a single pole system with
the time constant RC where R is the fluid resistance of the
valve and C is the fluid capacitance of the pressure cham-
ber [5]. This time constant for the pressure loop was deter-
mined to be about 12-15 seconds by a step input measure-
ment shown in Fig. 3. This represents the delay in helium
flow from the point of the valve actuator voltage change. A
transport delay 7 of a 100 ms for the valve delay is also
included in the model as described in reference 4. In the
analog hardware based pressure control loop, a LP filter with
a corner frequency of 1.5 Hz was used after the pressure
transducer. These components along with PI controller rep-
resent the tuner control system model used for designing and
evaluating the new FPGA based tuner control system. The
model is shown in Fig. 4.
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Figure 3: Measured Step Response.
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Figure 4: Tuner Control System Model.

The closed loop transfer of the control system excluding
the transport delay can be written as

Tls) = w.wrp(sKp + Kj)

$3+52(w, + wpp) +$s(Kp+ Do, 0 p+ Ko 0 p

ey
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The closed loop frequency response simulation of the
system in Fig. 5 shows the closed loop bandwidth to be
about 0.074 Hz.

Closed Loop Transfer function Kp = 1, Ki = 3
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Figure 5: Closed Loop Frequency Response for
KI = 3, KP = 1

The step response simulation is shown in Fig. 6, which
compares well with the measured response in Fig. 3.
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Figure 6: Step Response for K; = 3,Kp = 1.

The detuning block can also provide a quench detection
feature by monitoring the reflected power in addition to
cavity transmitted and forward power waveforms used for
detuning computation. A manual input to the pressure and
vacuum valves provides an additional feature for testing and
characterizing the tuner system. Both the Pressure loop and
the RF loop share the same PI controller. RF measurements
have shown that all 8 cavities have a tuning range of an aver-
age of = 180 kHz over a pressure range of = 60 psi giving
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a 3kHz/psi tuning sensitivity. The pressure loop sensitivity
i is determined by the ADC converter which is 14-bit with
£ a dynamic range of 8192 bits for a 100 psi pressure vari-
ation. A gain of 4 bits is applied to make the error signal
18 bits like the output of the detuning computation block and
the frequency error from the tracking PLL. A decimating
CIC filter introduces an attenuation of 11000/16384. The
gain of the pressure loop is 880 bits/psi. The correspond-
ing numbers for the RF Loop and the RF detune loop are
8192 and 10000 bits/psi respectively. Thus the loop gain in
the RF loops is about 9-10 times that of the pressure loop.

TUNER PERFORMANCE

Cavity 1 and 2 had a resonant frequency tuning range
outside the RF reference frequency of 162.5 MHz and cavity
3 became inoperable due to a coupler bias system failure
and were therefore excluded from the RF testing. Once the
cavity tuner pressure is set to a value that brings its resonant
frequency close to the machine frequency of 162.5 MHz,
RF is applied to the cavity and the field reaches a magnitude
sufficient to allow the tracking PLL to lock to the cavity.
The frequency error from the PLL is a direct measurement
of the frequency offset from the reference frequency. The
system is placed into the RF mode with this error as the
input to the tuner feedback loop. The same PI controller
is used to drive the tuner feedback loop in all of its three
possible configurations. Thus the switch to the RF loop is
accompanied by increased gains as indicated in the previous
section. The frequency offset is quickly eliminated and
the frequency oscillates around 0 Hz with fluctuations of
+/- 10 Hz. The RF level can now be increased to the desired
level. In order to go into the GDR mode, the frequency error
should be sourced from the detune computation block while
running the cavity field control with feedback. The switch
to the detune block in GDR mode is necessitated by the fact
that in GDR mode the tracking PLL is tracking the reference
source - hence the frequency error is zero. Cavities 4, 5, 6,
7 and 8 were run in GDR mode at their operating gradient
in this manner.

The histogram of the frequency error for cavity 8 is shown
in Fig. 7. The microphonics amplitude spectrum for cavity
4 is shown in Fig. 8.
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Figure 8: Caviy 4 Microphonics Amplitude Spectrum.

The detuning fluctuations are seen to be within a +/- 10 Hz
range which is well within the specifications for PIP-II. The
microphonics spectrum shown for cavity 4 shows the major
disturbances to be within the sub 60 hz frequency range.
Since this is a pneumatic tuner system dependent on the
helium flow to the cavity manifolds, it is susceptible to any
fluctuations in the helium flow and pressure regulation sys-
tems. Cavity 4 was seen to have periodic excursions in cavity
detuning and a corresponding rise in forward and reflected
power levels with a 3 to 4 minute repetition interval. This
is likely due to the slow variations in the helium pressure
regulation systems.

The amplitude and phase feedback regulation for cavities
4- 8 are shown in Table 1. The PIP-II specifications for the
field regulation are 0.065 % rms for amplitude and 0.065 de-
grees rms for phase [6]. All the cavities are well within the
specifications.

Table 1: Amplitude and Phase Regulation

Cavity Amplitude (%o rms) Phase ( °rms)

4 0.0115 0.0228
5 0.0106 0.0065
6 0.0101 0.0056
7 0.0081 0.0055
8 0.0103 0.0062
CONCLUSION

A resonance control system for the HWR cryomodule was
implemented and integrated into the LLRF system controller.
The new system replaces the analog hardware based tuner
control used with the HWR cryomodule at ATLAS. The
new tuner control system performed well keeping the cavity
detuning under the +/- 20 Hz specification for the PIP-II
project. The tuner control system allowed the cavities to be
run in the GDR mode with feedback at the full operational
gradient for each cavity. The amplitude and phase regulation
for the cavity field was measured at 0.01% rms and 0.02 de-
grees respectively which exceeds the specifications for the
PIP-II project.
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