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Abstrakt

Supravodivé rezonanc¢ni dutiny pro urychlova¢c HIE-Isolde jsou
v soucasnou chvili stdle ve vyvoji. Znacné mnozstvi energie i zdroju
Evropské organizace pro jaderny vyzkum (CERN) je investovdno do
vyzkumu vedeni vysokofrekvencéniho pole uvnitt supravodicu, vyvoji re-
zonanénich dutin a napraSovani a nanaSeni supravodivych materialu.
Pro usnadnéni vyvoje je dulezité mit k dispozici systém, s jehoz po-
moci se daji rychle a presné mérit vysokofrekvencni vlastnosti nové vy-
vinutych dutin. Soucasny systém zalozeny na analogovém méfeni faze
a sledovacich VF' generatorech neni pro testy optimélni. Pokud nejsou
predem znamy piesné parametry dutiny, tradi¢ni zpétnovazebni systém
nebude schopny nalézt rezonanci, popiipadé jeji nalezeni potrva prilis
dlouho. Toto je zpusobeno velkym cinitelem jakosti Q, kterého tyto
dutiny dosahuji (pdsmo rezonance je $iroké jen zlomek Hz na frekvenci
100 MHz). Pokud je dutina rozladéna jen o nékolik sitek pasma, intenzita
pole uvniti dutiny pii ladéni frekvence bude témeér neméritelna. Navic ma
vysokofrekvenéni pole uvniti dutiny znacnou setrvacnost, rychlost ladéni
je tudiz velmi omezend. Proto je nutné navrhnout novy, plné digitalni,
systém zalozeny na stavajicim hardware vyvinutém pro LHC a SPS
urychlovace. Déle uvazit nové zpusoby pro rychlejsi nalezeni a sledovani

rezonance, které budou fungovat i v prostiedi s vibracemi a vykyvy tlaku
hélia.



Abstract

At the time of writing, the superconducting cavities for the HIE Isolde
accelerator are still under development. Extensive R&D efforts are being
invested at CERN into the fundamental science of the RF supercon-
ductivity, cavity design, niobium sputtering, coating and RF properties
of superconducting cavities. Fast and precise characterisation and mea-
surements of RF parameters of the newly produced cavities is essential
for advances with the cavity production. The currently deployed ana-
logue measurement system based on an analogue phase discriminators
and tracking RF generators is not optimal for efficient work at the SM18
superconducting cavity test stand. If exact properties of the cavity under
test are not known a traditional feedback loop will not be able to find res-
onant frequency in a reasonable time or even at all. This is mainly due to
a very high Q factor. The resonance peak is very narrow (fraction of a Hz
at 100 MHz). If the resonant frequency is off by several bandwidths, small
changes of the cavity field during the tuning will not be measureable.
Also cavity field will react only very slowly to any change of the drive
signal. A new techniques to find and track the cavity resonance faster,
as well as to keep the cavity field constant under strong microphonics
and helium pressure variations must be found to meet the deadlines for
the HIE Isolde machine. Therefore a new fully digital measurement and
conditioning system based on the available existing hardware from the
LHC and SPS must be designed and built.
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1 Introduction

Particle accelerator is a device that uses electromagnetic fields to propel charged particles
to high speeds and to contain them in a form of spatially well-defined beams [7]. A very
simple particle accelerators based on a DC acceleration were used by scientists already in
the 19"" century. The final energy obtainable by the DC acceleration technique is however
limited so a new generation of radio frequency powered accelerators was developed in the
1920s.

Two principal classes exist - the linear accelerators (linac) and the circular accelerators.
In case of linacs the particles are accelerated and pass through the whole machine exactly
once. The linac is typically constructed in one straight line, but machines with bends
also exist. The beam is either extracted to the next machine, shot to a fixed target or
collided with beam from another accelerator. In contrary the circular accelerators feature
a closed beam trajectory. The beam is injected and circulates in the machine for many
turns. Depends on type, the beam trajectory is either fixed (synchrotrons) or it is function
of a beam energy (cyclotrons). The beam could be either accelerated and extracted to the
next user, or could be simply stored for a long periods of time.

Both accelerator types have characteristic properties determining their function. The
linear accelerators are typically very well suited for acceleration of a low energy beams
when the speed of particles still significantly increases (5 << 1). The linacs are also an
accelerator of choice for the future very high energy lepton machines as they do not suffer
of the synchrotron radiation problems. As the whole particle energy must be gained during
the single particle passage the linacs are dominated by radio frequency (RF) accelerating
structures what makes them difficult and expensive for high energies. On contrary, the
circular accelerators feature a repetitive orbit (closed or not) and "re-use” the accelerator
many times (revolutions). The required accelerating structures are then smaller and less
powerful. In order to bend (and close) the particle trajectory it is necessary to cover a
large fraction of the machine by bending magnets. The higher the particle energy is the
stronger magnets need to be used resulting in a several Tesla dipoles in the highest energy
accelerators. Charged particles interact with the bending magnetic field and emit so called
synchrotron light making it difficult to accelerate light particles to a very high energies.
Circular machines have a large variety of applications ranging from small cyclotrons in
hospitals to a large scientific research accelerators.

From the RF system point of view both accelerator types are the same. Electromagnetic
acceleration field inside of accelerating structures, often referenced as ”accelerating cavi-
ties” or simply ”cavities” must be kept at a very precise amplitude, phase and frequency
required by the concrete machine and a momentary state of the system. This work focuses
on a design of measurement and conditioning system for superconducting quarter wave
resonators used as accelerating structures for the HIE-Isolde post-accelerator at CERN.

There is a large variety of particle accelerator applications, including fundamental and
applied research, ion implantation, medical and industrial imaging, cancer therapy, biomed-
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ical research, material sciences and many other. Main function of the European Organi-
zation for Nuclear Research (CERN) is fundamental research in the field of high energy
physics. CERN develops, builds and operates particle accelerators for a large community
of particle physicists from all around the world. Currently six accelerators, one decelerator,
four collider and many fixed target experiments are running at CERN. All machines are
interconnected in an accelerator chain, providing beams of hadrons, leptons and heavy ions
at energy levels up to 7+7 TeV. A map of CERN accelerator chain is shown in Figure [1}

LHC

LHCb

SPS

-

i
CNEE ™

Gran Sasso

HiRadMat
. TTEN

East Area

n-ToF w— X >~ P N et

LINAC 4

neutrons

LINAC 3
lons

Figure 1: CERN accelerator complex (taken from [I)
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2 HIE Isolde

The High Intensity and Energy (HIE) [8] project represents a major upgrade of the
ISOLDE (On-Line Isotope Mass Separator) nuclear facility at CERN with a mandate to
significantly increase the energy, intensity and quality of the radioactive nuclear beams
provided to the European nuclear physics community for research at the forefront of top-
ics such as nuclear structure physics and nuclear astrophysics. The HIE-ISOLDE project
focuses on the upgrade of the existing Radioactive ion beam EXperiment (REX) post-
accelerator with the addition of a 40 MV superconducting linac comprising 32 niobium
sputter-coated copper quarter-wave cavities operating at 101.28 MHz and at an accelerat-
ing gradient close to 6 MV /m. The energy of post-accelerated radioactive nuclear beams
will be increased from the present ceiling of 3 MeV /u to over 10 MeV /u, with full variability
in energy, and will permit, amongst others, Coulomb interaction and few-nucleon transfer
reactions to be carried out on the full inventory of radionuclides available at ISOLDE. The
High Intensity and Energy ISOLDE project focuses on the energy upgrade of the present
ISOLDE radioactive beams. Goal is to post-accelerate radionuclide beams from 3 MeV /u
up to 10 MeV/u.

gy

13 Experimental
! station 3
: '.'| " &
?';' T i , Experimental
: = Experimental station 2
station 1 -

[ rJ [T | HIESC Linac || ]

Figure 2: Isolde hall after upgrade
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3 RF Systems

Radio frequency (RF) system is a vital part of any particle accelerator. It generates
the accelerating electromagnetic fields inside the accelerating structures, often referenced
as "accelerating cavities” or simply ”cavities”. The principal function of the RF system
is to keep the circulating beam bunched, accelerate or decelerate and keep the circulating
beam stable in the longitudinal and the transverse plane. The RF system usually generates
also the time synchronization for the whole accelerator complex as many processes (e.g.
beam transfer from one ring to the other) must be rigorously synchronous with the beam
movement.

In general RF system of a particle accelerator typically consist of the following building
blocks:

e Accelerating structures (RF cavities) providing the accelerating field to the beam,

e RF power amplifiers and transmission line systems supplying the cavities with RF
power,

e Feedback and control loops (Low Level RF system, LLRF) precisely controlling the
cavity field.

Depending on beam type and energy, different RF objects could be used as accelerating
structures. For low energy rings with large frequency swing, lumped element resonators
are typically used (Figures [3[ and . They provide gap voltage in order of kilovolts with a
tunable bandwidth in order of 1-2 octaves. In the medium energy accelerators where the
beams are already relativistic (beam velocity is close to the speed of light), but increase
of velocity is still noticeable, traveling wave structures (TWCs) are typically used (Fig-
ures [5| and [6]). Such cavities typically offer a bandwidth of few per-cent and when fed by a
megawatt amplifiers an accelerating voltage in order of MV could be achieved. For highly
relativistic beams where bandwidth is not an issue standing wave resonators are typically
used. Normal (Figures |§] and or super-conducting (Figures |f] and , such resonators
provide accelerating voltages in order of ones to tens of MV at a bandwidth of per-mill
and lower.
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Figure 3: Model of a ferrite resonator [2] Figure 4: Booster RF ferrite cavity [2]

Figure 5: SPS 200 MHz travelling wave struc- Figure 6: 200 MHz TWC in the SPS tunnel
ture [2] (circa 1975) [2]

Figure 7: LHC 400 MHz superconducting cav- Figure 8: LHC superconducting cavities (in
ity (production in the clean room) [2] the machine tunnel) [2]
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Figure 9: LEP 352 MHz normal conducting Figure 10: PSI 50 MHz normal conducting
cavities [2] cavity [2]

Accelerating cavities are fed by RF power amplifiers. Typical accelerator amplifiers cover
frequencies from ones of MHz to GHz and power levels from several kW to hundreds of MW
depending on the accelerator. Lower frequency amplifiers (< 200 - 400 MHz) are powered
by tetrodes, higher frequency by diacrodes, inductive output tubes (IOT) or klystrons
(Figures |11} and . Recent advances in the solid state technology allow to replace some
tube powered amplifiers by a full solid state solutions, covering power levels up to hundreds
of kilowatts CW in the VHF/UHF bands [9]. Smaller amplifiers (< 1 kW) at frequencies
below 100 MHz are already dominated by the solid state devices.

Figure 11: SPS RF amplifier [3] Figure 12: 300 kW klystron for LHC

Low Level RF system (LLRF) is a common name for set of all feedback and control
loops maintaining the magnitude and phase of the accelerating field in the cavities within




3. RF SYSTEMS Digital Measurement System

the required limits. The low-level system typically generates the reference signals, measures
the field in the cavity (cavities) and compensates for any deviations from the requested
setpoints, caused for example by external perturbations or the beam loading. As field
quality in the accelerating cavities is crucial for successful operation of the accelerator,
these systems are typically very complex. The low level loops have to deal with accuracy,
long and short term stability, low noise, response time etc.

Already for several years, the feedback loops and most of the signal processing is imple-
mented in a digital domain. Signals are sampled using fast analogue to digital converters,
then processed by digital signal processors (DSP), programmable logic devices (FPGA) or
a combination of both. The resulting signals are then converted back into the analogue
domain by means of fast digital to analogue converters, direct digital synthesis or digital
up-conversion.

At CERN, the RF Feedbacks and Beam Control (FB) section deals with the Low Level
RF systems for all CERN accelerators and projects. The FB section is part of the Radio
Frequency group (RF) of the Beams Department (BE).

3.1 Quarter wave resonator for the HIE-Isolde machine

In order to make the new LINAC as short in length as possible, high-beta Niobium
sputtered copper superconducting cavities will be used. Due to a relatively low frequency
(101.28 MHz) and a low 8 the suitable accelerating structure type is the Quarter wave
resonator (QWR). It can be described as a coaxial resonator [10], with length designed to
be exactly A/4 (one quarter of the wavelength at the desired resonant frequency). In order
to fulfil the boundary conditions one end of the structure is shorted and the inner conductor
on the other side is not connected to the end-plate short. The accelerating voltage develops
between the outer and inner conductor at the end with gap. This configuration acts like
a parallel LC circuit. Sketch of such structure can be seen in Figure [I3] When used in an
accelerator this configuration is called a quarter wave cavity.

I=MN4

Figure 13: Coaxial quarter wave resonator Figure 14: Cavity model

At the resonant frequency the cavity impedance seen by the generator is purely resistive.
Its value is defined by the RF losses in the cavity body. RF losses in a resonator are

7
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typically described by a quantity called the quality factor (Q, see the circuit theory for
details). Normal conducting cavity could reach values of the intrinsic Q factor (Qp) in
order of 10® — 10, superconducting resonators easily 10° — 10'!. External loading of the
resonators (e.g. by the coupling antennas) lowers the QQ value, obtaining the so called the
external Q, or the loaded Q value. The HIE-Isolde cavity is designed to dissipate 7 W in
the walls for an accelerating field of 6 MV /m (resulting accelerating voltage 1.8 MV) at a
Qo = 6.6 x 108. The cavity will be fed by a moveable fundamental power coupler. Cavities
in the machine are expected to be operated at a loaded Q between 1 x 10® (bandwidth
1 Hz) and 3.4 x 10° (bw. 30 Hz) requiring 20 to 500 W of forward RF power to reach the
desired accelerating voltage [11].

3.2 LLRF system
3.2.1 Self excited loop

One possible mode of operation of an LLRF system is called the "self excited loop”
shown in Figure A self excited loop is a high gain, positive (unstable) feedback loop.
RF power amplifier is feeding the cavity via the main (fundamental) power coupler. Sample
of the electromagnetic field in the cavity is coupled out by a secondary coupler often called
"antenna”. There is no RF generator in the signal path, just a limiter and a phase shifter. By
setting the phase shift, the feedback loop starts to oscillate. Frequency of those oscillations
will be equal to the frequency where the resonance condition is fulfilled (note that is not
necessarily at the exact cavity resonance frequency). Advantage of this excitation system
is that it immediately finds "some” resonance and allows to inject energy into the cavity.
The self excited loop is very popular for systems with not completely known parameters
(e.g. a new cavity which arrived from the production, or a system which is restarted after a
long stop period). However it allows only a very limited control over the generated field so
it is not suitable for the linac operation and it has a limited use for the cavity conditioning.

Main coupler
RF Amp

Limiter Phase shifter

¢

Figure 15: Self excited loop

Quarter wave
resonator

Antenna
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3.2.2 Generator driven mode of operation

A different feedback loop configuration is the ”generator driven mode”, shown in Fig-
ure[16] An external generator injects the primary RF signal at the requested frequency but
with no defined phase/amplitude relation to the controlled cavity field. The signal passes
through a vector modulator and RF power amplifier feeding the cavity via the fundamental
power coupler. Electromagnetic field in the cavity is again sampled by a secondary cou-
pler. This antenna signal is then transformed either into an I-Q pair or a magnitude/phase
pair. The respective quantity enters a traditional feedback loop. The error signal from the
loop drives the vector modulator to keep the magnitude/phase at their desired values (set
points). Provided sufficient power is available, this kind of loop is capable to lock the cavity
to a given reference, compensate fast perturbations like cavity microphonics or beam load-
ing. The cavity could also be perturbed mechanically by changing its resonant frequency,
e.g. by variations in the helium pressure. Feedback loops need to constantly monitor the
cavity tune state and eventually push it back to resonance by the tuning system. Operating
cavity at or a very close to the resonant frequency assures optimal use of the RF power
requested from the power amplifiers. This configuration is more complex to implement, but
if designed properly it provides a full control over the field in the cavity. Generator driven
mode also allows to do a sophisticated cavity conditioning.
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Generator o Antenna

Main coupler
Vector RF Amp
modulator
A A 1

+ -
I Il
Qref -
+
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Figure 16: Generator driven system

For a high loaded Q cavity operation both types of feedback loops will need to be
implemented. In the machine it is foreseen to start the cavity using the features of the
self excited loop which will immediately find the resonant frequency. Note that the cavity
bandwidth in the HIE Isolde will be only few Hz at an operating frequency of 101.28 MHz
so finding the initial resonance is not a trivial task as finding it by measuring the cavity
frequency response can be very time consuming. Once the cavity is powered the LLRF
controller will tune it to the correct resonant frequency using the mechanical tuner. Then
the feedback loop will be switched over to a generator driven mode locking it to the linac
master RF reference. So the LLRF controller will profit from both configurations, using
the best of each.
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3.2.3 State of The Art

The Large Hadron Collider (LHC [12]) built at CERN during the years 2001 to 2008 is
currently the world largest and the highest-energy particle accelerator. It is also considered
to be the most complex machine the mankind ever built. Its purpose is to do fundamental
research in the field of particle physics and structure of matter. The LHC are in fact two
accelerators in one, accelerating two independent beams of protons and heavy ions up to
the energy of 7 TeV (or equivalent for the heavy ions). Speaking of RF, each of the two
rings is powered by 8 superconducting 400 MHz standing wave cavities.

Brief description of its LLRF system is provided in [4]. A diagram of this system is shown
in Figure [I§] The feedback system for each cavity is integrated on six very dense, mixed
form factor VME cards, containing several sophisticated feedback and feed forward loops
with a very different time constants ranging from 600 ns to few seconds. All loops need
to "collaborate” together. Some of them are implemented purely in an analogue domain
to obtain speed and short group delays, others in digital domain to obtain the precision
and sophisticated functionality. The complete LHC LLRF system comprises of about 800
VME cards of about 25 different types, all developed, designed and built at CERN.

Each VME crate contains a front end control computer, one or several timing cards,
space for RF specific VME cards and the clock distributor card. The crate is controlled
remotely through the front end software. This is then implemented into the CERN control
framework by means of FESA classes (Front End Software Architecture). A variety of high
level applications (like the machine control system, data logging, the human interfaces,
diagnostics etc.) talk to the FESA layer without need of explicit knowledge of the particular
hardware behind.

The cavity controller is basically a multi channel vector RF receiver. For simplicity the
LHC LLRF system uses a direct conversion architecture. Each RF signal relevant to the
cavity operation is down-converted from the 400 MHz domain to an intermediate frequency
of 20 MHz. Then it is digitized by 14 to 16 bit ADCs running at a sample rate of exactly four
times the IF frequency (i.e. 80 Msps) providing the direct digital quadrature demodulation
(this concept will be further explained in the later chapters). The I and Q components are
digitally processed by programmable logic devices (FPGA) and digital signal processors
(DSP). The corrective response is calculated and sent to a vector modulators. The signal
is again up-converted to the RF domain and fed to the power amplifiers.

Recent advances in the digital technology allow to directly digitize the RF signals already
in the GHz range omitting the analogue front-ends. For the HIE-Isolde project we have
opted for a direct RF sampling and digital quadrature demodulation and a direct digital
RF generation (see later chapters). It will be the first LLRF system at CERN using this
concept (beyond the base band machines like the PS Booster and the PS).
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Figure 17: LHC cavity controller diagram [4]

Figure 18: LHC beam phase module. An example of a mixed RF and digital VME board [3]
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4 Warm cavity test setup

A full scale test setup was built in the building 864 to develop, validate and debug all
hardware and software components for the HIE-Isolde LLRF system. A diagram of the test
setup is shown in Figure [I9 The test setup is equipped by a real HIE-Isolde quarter wave
resonator cavity with striped niobium layer. It is actually one of the first cavity prototypes
used to test the chemistry and the niobium sputtering process. The cavity is installed in a
support frame and it is in a normal conducting state - therefore the ”warm cavity setup”.
The Qq value of the normal conducting cavity is in order of 10 000 to 20 000, unlike 10°
in the superconducting state. As it will be explained later, the Measurement card and
the LLRF system as such however has a very good amplitude and phase measurement
resolution and accuracy, so scaling of parameters between the superconducting and normal
conducting state is possible.

The cavity is equipped by a real fundamental power coupler and a simulated antenna
coupler. The cavity resonant frequency is controlled by a mockup of the final tuning mech-
anism. Couplers and tuner are controlled by a final version of the PLC controller.

A full scale LLRF system to control the cavity is being developed. The VME crate is
located in the rack with other control systems. The LLRF system drives a 30 W RF power
amplifier feeding the cavity.

A photo of the complete warm cavity setup is shown in Figure
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Figure 19: Schematic diagram of the warm cavity test setup
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5 Measurement card

5.1 Requirements

Field quality and stability is an essential parameter in an accelerator, which has a direct
impact on the beam parameters. In order to obtain the desired beam quality in the HIE-
Isolde, the accelerating field in each cavity needs to be controlled to better than 0.2° RMS
in phase and 0.2 % RMS in amplitude with respect to the reference [13] [14]. The goal
is to develop a module, which can precisely measure all four RF signals relevant to the
cavity operation: the RF reference, cavity forward, cavity reflected and antenna signal.
The four mentioned RF signals contain a full information about the cavity state and the
accelerating voltage needed to control the cavity and stabilize the field. The measurement
system discussed in this thesis is a preparatory work for the complete LLRF controller
which will be built on the foundations of the measurement card.

The system should be fully digital. The RF signals will be sampled by a set of fast ADCs
and processed by the FPGA. Calculation and generation of the RF signal should be done
entirely in a digital domain inside the FPGA, to make the design simple, robust and open
for potential future functionality upgrades. The digital output signal will be converted to
an analogue domain using a high-speed digital to analogue converter (DAC).

As the system will be fully automatic and entirely remotely controlled several other
features must be implemented. A fast and sufficiently large observation memory (to analyse
measured and processed signals remotely), the so-called ”post mortem” memory (to log
last data in case of a critical system failure) an extensive diagnostic features. Configuration
of the measurement card parameters will be done over the VME interface and the FPGA
must be remotely programmable through the crate manager module. The HIE-Isolde LLRF
system will be a part of the CERN infrastructure so all interfaces must be compliant with
current CERN standards. Proposed block diagram for this card is shown in Figure [21]

5.2 VME modular system

VMEDbus is a computer bus standard developed in 1981 for Motorola 68000 line of
CPUs [15]. The VME crate consists of a power supply, backplane - providing data inter-
connections to all modules and an embedded control computer. The form factor is based on
the Eurocard sizes [16]. The communication between cards is based on a parallel data and
address bus with several bus arbitration lines (data transfer and interrupt lines). Several
cards can be inserted into the VME crate making it a very versatile system. The VME
specification evolved over the years - from a simple 16-bit, 32-bit to 64-bit versions today.
Although not the most recent and powerful standard the RF group took a decision in the
year 2000 to use the VME as the platform for the LLRF electronics at CERN. VME is a
mature, proven and reliable technology providing the necessary infrastructure for systems
where reliability and availability are the most critical parameters.
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Figure 21: Measure card block diagram

The RF group at CERN introduced a modification to the VME standard, where the J2

conne
backp
functi

ctor (the bottom one) is not used for the VME communication but instead a custom
lane - called the LHC RF Low Level backplane is installed (see Figure [23) [17]. Main
ons of the custom backplane are:

Additional analogue supply rails distribution (£6 V, £12 V)
Digital +3.3 V distribution

Clock distribution (4 ECL signals)

Timing distribution (11 trigger lines)

Function Generator Data distribution (slow serial links)
Interlock lines

Inter-module 1 Gbps LVDS digital data links

Crate Centralized Reconfiguration JTAG chain

Module Serial Number bus

Automatic Slot Addressing

15



5. MEASUREMENT CARD Digital Measurement System

Master | RF reference line

oscillator J | = =

CIOCk fsample
generator [

Reference Reference
Antenna Antenna
Reflected Reflected

Forward Forward

Power amplifier Cavity #1 Power amplifier Cavity #32

Feedback controller Feedback controller

Figure 22: HIE-Isolde machine LLRF diagram

Std VME section LHC Low Level board
160 mm section 220 mm
112 3 |4 6 |7 8 9 10 11 12 13 14 15 16 17 18 19 |20
(D (@)
RIO3 CTRV Timing Clock
CPU Distri Distri

E0A-005%4|

LHC Low Level Slot Number
1 12 3 |4 0 10 11 12 13 |14

| }@\@ﬂ;ﬂ7e. 9
. | E
LN NS |

VME Trigger Timing Application specific modules Clock
computer module module PP P distribution

e d

Figure 23: LHC RF Low Level chassis

16



5. MEASUREMENT CARD Digital Measurement System

VME is a register-based system, meaning that the embedded computer in the leftmost
slot takes care of a bus arbitration, module addressing and configuration. From the user
module (card) point of view the logic needed to implemented the VME communication is
not very complex. Therefore no micro-controller on the custom boards or in the FPGA is
needed simplifying the card design.

5.2.1 Direct RF sampling and direct digital quadrature demodulation

Since the cavity resonant frequency (fp) of 101.28 MHz is well within the analogue band-
width of modern AD converters, we can directly sample the RF signals without additional
down conversion to an intermediate frequency. Loop dynamics of a system with very high
Q cavity is a relatively slow process asking only for few hundred Hz bandwidth. Apart of
direct RF sampling this also allows us to heavily undersample the RF signal.

For further processing the system must measure the input signals in a vector form.
So it is convenient to choose the sampling frequency such that the AD conversion will
immediately perform the direct digital quadrature demodulation, e.g. the sample stream
will directly represent the I and Q components of the original RF signal. The direct digital
demodulation is achieved by sampling the input signal at times corresponding to integer
multiples of a 90° phase advance. The ADC then outputs a series of samples representing
the I, ), —I and —(@) values. In order to fulfil this condition the sampling frequency f,; and
the RF frequency fy must be locked in a relation defined as:

4fo

f5=4k+1

(1)

Where k is an integer number. This sampling scheme is illustrated in Figure for
k = 0. The Figure [25|illustrates the sampling at a lower rate (k = 1) with presence of a
slow modulation.

5.2.2 ADCs

Quality of an input signal digitalization is the key parameter in the Measurement Card
design. In case of a high noise, jitter or distortion, it would be almost impossible to de-
velop a performing system. What we need is a high SNR (Signal to Noise Ratio), good
resolution (at least 14-bit), high effective number of bits (ENOB) ideally close to the ADC
resolution, differential signal and clock inputs and support for low sampling frequency.
Several converters (14 and 16 bit resolution) from Analog Devices and Linear technology
were evaluated. Finally the AD9255 was chosen.

The AD9255 is a 14-bit, 125 Msps ADC, with differential input and pipelined multi stage
core. Its target applications are communications, instrumentation or medical imagining. It
supports up to 300 MHz analogue signal bandwidth necessary for the direct RF sampling,
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Figure 24: ADC sampling scheme, k& = 0, locked frequencies

operates from a single 1.8 V power supply and offers a SNR of 78.3 dBfs. Functional
diagram is shown in the Figure

The input RF signal is directly fed into RF transformer to transform the single-ended
inputs into differential with proper ADC bias voltage applied to the secondary winding
centre. The ADC full scale voltage is configurable using the SPI (Serial Peripheral Inter-
face). The AD9255 offers either 2 V internal voltage reference - so the input single ended
signal should be at 10 dBm (into 50 © load) or 1.25 V corresponding to a 4 dBm input
signal. Each ADC on the measurement board can be configured separately.

Due to practical limitations of real ADCs there is a minimal sampling frequency at which
the converter can be operated. The AD9255 chip requires minimum fygmpie of 10 MHz what
has some consequences to the clocking scheme of the whole system.
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Figure 25: ADC sampling scheme, k = 1, variations in the RF signal

5.2.3 DAC

The measurement system is a preparatory work for the final LLRF controller. In order
to close the feedback loop (and not only to measure the signals) it is necessary also to
generate the RF signal. Following the same philosophy as for the input path it was decided
to generate the RF directly, using an on-board digital to analog converter. A dual 16-
bit TxDAC+ AD9122 with sample rate up to 1200 Msps was chosen [18]. It offers a
multi-carrier generation up to the Nyquist frequency, interpolator/modulator, LVDS digital
interface, two differential outputs (can be used as an I a Q channels). Functional diagram
of the AD9122 can be seen in the Figure [27]

There are several options how to generate the output RF signal: a baseband generation
by one DAC with up-conversion, a vectorial generation (I and @ DACs) with analogue
up-conversion, a direct RF generation using up-sampling in the DAC, or a combination of
these methods. The method is still to be evaluated but the AD9122 should support all of
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5.2.4 Omnboard clock distribution

Several clock signals are needed for operation of the measurement card. Some originating
on the board itself (e.g. the 200 MHz crystal oscillator), some are received from the VME
backplane. The clock signals are distributed using the AD9512 low noise clock distribution
chip. Three low jitter output buffers are used, all of them connected directly into the
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FPGA. The 200 MHz, 100 MHz and 50 MHz clocks are needed for the FPGA operation.
All of them are distributed in the LVDS (low voltage differential signal) standard.

On top of the quartz oscillator, four differential clocks are received from the backplane
P2 connector in a PECL (positive emitor coupled logic) standard. All of them are wired into
the FPGA, but only one line is currently used - the ADC sampling clock with frequency
about 10.9 MHz (see later) which is referenced to the master RF clock source frequency.

5.3 FPGA and the firmware

The measurement card is populated by the Xilinx Virtex 5 family FPGA [19], (type
XC5VSX50T), designed for high-performance signal processing applications with advanced
serial connectivity. This FPGA can work with 3.3 V logic, contains 8 160 Virtex-5 slices,
780 kb distributed RAM, 4 752 kb block RAM and 480 user I/Os. This FPGA is large
and powerful enough to accommodate the measurement system functionality. As already
mentioned, the measurement card is a preparatory work for the final LLRF controller.
Complete functionality of the controller is not yet fully defined so the FPGA was chosen
such that a larger pin-compatible model with more hardware resources could be soldered

to the same printed board. The configuration memories are already prepared for the largest
FPGA of this family.

There is a well established firmware design flow in the BE/RF /FB section. The firmware
starts with a generic code created by a visual environment. A Mentor Graphics Visual Elite
package is used for that. It allows to manage the whole project, supports VHDL and Verilog
languages, hierarchical graphical blocks and many other features. It is possible to develop
code both in a text form as well as in a graphical form - using logical blocks and macros,
truth tables, state machines etc. Connection between the hierarchical blocks is done by a
variety of signals, buses and taps. Every hierarchical symbol can contain as many underlying
layers as required by the design. Internal design rules in the section dictate to use the block
”Top” to accomodate the complete generic design (which could be compiled for any FPGA
of any vendor). If specific hardware features of a specific FPGA are used (like DSP blocks,
gigabit transceivers etc.) the ”"Top” block is inserted into a so called ”ChipTop” block.
All device specific primitives, defined as blackboxes are housed here. The I/O pins of the
ChipTop block are considered to be the physical I/O pins of the FPGA. An example of
this hierarchy is shown in Figure 28|

Control of the VME modules is done by a set of registers, called a memory map. In the
design flow it has a fixed name "RegCtrl” (Register Control) assigned. The block contains
a definition of all VME registers, way of accessing them, if they are persistent or not,
default values as well as their folding or separation into individual VHDL signals used in
the design. Generation of this block was fully automized using a tool called ” Cheburashka”
which was developed by the controls group in order to simplify the design process. The
module developer prepares a list of all registers and memory interfaces in a simple tabular
form. The tool then creates the VHDL block which is compiled into the design. It generates
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also all necessary XML files for automatic driver generation, skeleton for the FESA classes
and integrates the design in the control system. The tool significantly shortens the design
time and reduces chances of errors. Cheburashka user interface is shown in Figure

Output of the Visual Elite is a single generic VHDL file. It is then loaded into the
Synplify tool, which does all the optimizations and translations from the generic VHDL
code into a device specific EDIF format (Electronic Data Interchange Format). It contains
the design netlist with pre-mapped blocks in an industry standard form. This optimized
netlist file is then loaded into the Xilinx ISE tool which does the place and route and
timing analysis. The bitstream is than either directly loaded into the FPGA, or converted
into a PROM file and flashed into the onboard PROM memory using the Xilinx iMPACT
tool.

A complete firmware design flow used in the BE/RF /FB section is sketched in Figure

5.3.1 Decimator and demodulator VHDL block

Relatively low required feedback loop bandwidth (hundreds of Hz) and a need of high
sampling frequency due to the ADC limitations (> 10 MHz) allows us to heavily decimate
the input data (by a factor of 2!%) lowering the noise while still fulfilling the Nyquist
criterion. A decimator with simple rectangular window is suitable for our application. The
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Figure 29: VME memory map in the Cheburashka software

transfer function of this decimator is described by and .

1 n=2DF _1

Toyr = oDFF1 > ly(dn) —y(4n + 2)] (2)

n=0

1 n=2PF_1

Qour = g5y 2 [yln+1) —y(dn+3)] (3)

n=0

where y(n) is the input data stream from the ADC, DF the decimation factor and Ioyr,
Qour the output data streams at a reduced data rate of 2D++2

This decimation algorithm was implemented in the VHDL language and synthesized
into the Virtex 5 FPGA. Basic operational principle is the following - the data are sampled
with ADC clock rising edge, modified to a proper bus format/size and enter decimation
block. There, depending on the decimation factor, are sorted into I and Q samples, rescaled
and stored into the accumulators. When defined number of I and Q samples is collected,
value of those temporary registers is divided by a number of accumulated data samples,
copied to the output port, and DecimMarker (Data_valid) strobe is asserted. This strobe
is synchronous with the ADC clock, common for all ADCs and always lasts exactly one
clock period. The strobe is used as a signal to inform the memory block that processed data
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Figure 30: Firmware development design flow. Blue blocks show the hardware development,
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should be stored into the external SRAM memory using memory controller or a calculation
on those data should be performed.

The decimated and demodulated I and ) data are converted from the cartesian to a polar
format using VHDL implementation of a CoRDIC algorithm [20] (in our case pipelined
core). The phase and magnitude of each channel is normalized using the reference channel.
In the measurement card this is so far end of the signal processing, as we need only to
observe the signals. In the future feedback controller these will be the error signals in a
feedback loop to generate the accelerating voltage in the cavity. All those post processed
signals can also be stored into the external (circular) memory buffers, and frozen at any
time to readout any part of the buffers using VME bus.
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architecture V1 of DemodDecimator is
constant DecimInit : natural := 2%*x15-1;
constant Zero : signed(28 downto 0) := (others => ’0’);
signal Iacc, Qacc : signed(28 downto 0);
signal IQstate : natural range O to 3;
signal DecimCounter : natural range O to DecimInit;

begin
process(Clk, Rst)
begin
if rising_edge(Clk) then
if Rst = ’1’ or Sync = ’1’ then
IQstate <= 0;
Iacc <= (others => ’0’);
Qacc <= (others => ’0’);
I_out <= (others => ’0’);
Q_out <= (others => ’0’);
Data_valid <= ’0’;
DecimCounter <= 2**To_Integer(Unsigned(Dec_factor))-1;
elsif Clk_en = ’1’ then
case IQstate is
when 0 =>
IQstate <= IQstate + 1;
if DecimCounter = 0 then
Data_valid <= ’1’;
Iacc <= Zero + Signed(ADC_data);--(others => ’0’);
Qacc <= (others => ’07);
I_out <= Std_logic_vector(Resize(shift_right(Iacc, To_Integer(
Unsigned(Dec_factor))+1), 16));
Q_out <= Std_logic_vector(Resize(shift_right(Qacc, To_Integer(
Unsigned(Dec_factor))+1), 16));
DecimCounter <= 2**To_Integer(Unsigned(Dec_factor))-1;
else
DecimCounter <= DecimCounter - 1;
Iacc <= Iacc + Signed(ADC_data);
end if;
when 1 =>
Data_valid <= ’0’;
Qacc <= Qacc + Signed(ADC_data);
IQstate <= IQstate + 1;
when 2 =>
Tacc <= Iacc - Signed(ADC_data);
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IQstate <= IQstate + 1;
when 3 =>
Qacc <= Qacc - Signed(ADC_data);
IQstate <= 0;
end case;
end if;
end if;
end Process;
end;

J

Listing 1: Example of a VHDL code: implementation of the decimator and demodulator
block

5.3.2 Memory controller

Two SRAM CY7C1480V33 72-Mbit pipelined sync SRAM operating up to 200 MHz
are implemented on the card. The memory interface was designed using the switching
waveforms (shown in Figure in the Visual Elite environment. This controller can be
seen in a graphical representation in Figure To meet the memory access timing table
the data are aligned with the address by means of the slice I/O flip flops. Tri-state buffer
switches between the read and write data modes. Timing of the I/O block had to be
carefully designed and properly simulated before synthesizing it into the FPGA as a bus
conflict due to improper bus management can easily damage the FPGA 1/O banks. To
keep the clocking scheme as simple as possible the memory is currently clocked from the
same clock source as the ADCs. This way the whole chain is synchronized and no buffer
to change the clock domains is needed as this operation is always bit tedious. However
read out of the full 4 x 1 M sample memory at the ADC clock frequency is rather lengthy,
therefore a more sophisticated memory controller is foreseen. The memory will be written
synchronously with the ADC clock, but the VME access (read out) will be carried out at
much higher VME bus frequency (50 or 100 MHz). Memory controller was also designed
in a way that it allows a single data write cycle - feature used for writing data only when
the new decimated data are ready at a much slower rate than the ADC clock.

Two instances of this memory controller are used in the measurement card. This allows
us to use the second physical memory as a post-mortem memory - operating in a different
clock domain, storing data for later analysis in case of a machine fault. With the current
memory configuration, each physical memory chip can simultaneously store two 18-bit
channels, each containing 1 310 720 points. Depending on the decimation factor (decimal
value from 0 to 15), the record length could be anything from 0.48 seconds (at a sampling
frequency 2.723 MHz) for decimation factor of 0, to over 4 hours at factor of 15 (at a
sampling frequency 83.3 Hz).

Since only four distinct input data streams can be simultaneously stored into the mem-
ory, various signals from the signal processing chain are multiplexed to allow observation
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of any desired signal.
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Figure 32: SRAM Read/Write cycle timing [5]

5.3.3 Module configuration

VME cards need to be initialized on start-up with their operational parameters. This
is done automatically using the earlier mentioned drivers and the FESA classes running
on the VME front end computer. Later, operators or the machine central control system
can modify the parameters using either graphical user interfaces, or the databases and the
control sequencers.

During development the VHDL code synthesis into a big FPGA is a time consuming
process. Even on a modern eight core CPU it takes easily tens of minutes to compile even
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Figure 33: Lowest level of the memory controller in the Visual Elite environment

a simplest change in the code. Uploading bitstream into the PROM memory takes another
ten minutes and the card must be rebooted to load the new firmware. For an operation in
the particle accelerator with very limited access it is also advantageous to foresee a remote
FPGA flashing. If there are more than few cards installed (in our case 32) a remote flashing
is a must. Also many blocks within the Measurement card communicate over a SPI or 12C
serial bus. In most of cases those blocks would not work without an initial configuration. So
after the FPGA loads its bitstream from the PROM memory, it issues a controlled reset,
configuring all onboard blocks with some sort of a default configuration hardwired in the
VHDL code.

5.3.4 Configuration scripts

New VME boards are not immediately fully supported by the software section as the
firmware and the memory interfaces are constantly changing. Therefore a low level direct
register access must be available to configure the boards manually or to do a very so-
phisticated debugging in case all other attempts failed. For that, two functions have been
implemented in the front end controller computer: readvme and writevme. The syntax is
very simple and script-friendly.

readvme
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Usage : readvme addr length
-c : continuous read operation
-e : full DMA error reporting
-n : non-legacy addressing
addr : starting address on VME
length : number of words to dump

writevme
Usage: writevme addr length [valuel value2 ...]
-e : full DMA error reporting
-n : non-legacy addressing
addr : starting address on VME
length : number of words to write
valuel : 4-character data values in hexadecimal

Using the programming language Python as well as some libraries to remotely access the
VME front end computer it was possible to develop an all-in-one configuration script. Once
it is run in a front-end command line the user is guided through the configuration process
in an interactive mode (questions with list of possibilities are displayed, user picks from the
list by writing a number). After all the input is collected, proper low level configuration
commands are issued (writing into the VME registers, reading response values). This way
the user does not have to care about the hexadecimal address of the registers, or how bits
are masked in the commands to configure the multiplexers.

Second script that was prepared is a data acquisition script from Matlab. By running
this script a Python interface is called to freeze the observation memory and reading all
the data. Data are then loaded into Matlab variables and processed or displayed into any
required form. Everything is done automatically.

5.4 Measurement card prototype

All the above blocks, selected components and design choices materialized in a Mea-
surement card prototype board. As it is a rather complex card and the PCB design is
very costly (approx. €12 000) the hardware development was done in synergy with the
SPS Travelling Wave Cavity Loops module EDA-02490 [21] project. The TWC loops is a
similar feedback module. It also features 4 RF inputs (at 800 MHz), one RF output (also
800 MHz), large FPGA for signal processing applications, gigabit communication links to
other LLRF controller in the SPS Faraday cage. As the input/output signals are in the
800 MHz band a full analogue down/up converters to 25 MHz IF frequency have been
implemented. The ADCs for the TWC project are intended to be running at 100 MSPS.
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The board was designed in 2012 by Gregoire Hagmann from the BE/RF/FB section with
input from Daniel Valuch. Several prototypes have been produced and one of them is used
for the HIE-Isolde studies covered by this thesis. The EDA-02490 board is shown in Fig-
ure The RF down converters have been bypassed and the ADCs are fed directly via
a RF transformer. The RF output path required for the LLRF controller is being investi-
gated these days. The FPGA code is not shared with the TWC project and it is developed
specially for the HIE-Isolde project.
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Figure 34: Modified SPS TWC800 Cavity Loops module

30



6. CLOCK GENERATOR Digital Measurement System

6 Clock Generator

Direct sampling of the RF signals significantly simplifies design of the feedback con-
troller, however it comes at a price. In order to keep the sampling performance reasonable
the sampling clock needs to have a very well controlled phase noise in order to minimize
the sampling aperture jitter. The relation between the aperture jitter t; and ADC SNR (or
effective number of bits) when sampling a signal of frequency frp is defined by equation:

1

SNR =20log(——
g(QWfRth

) (4)

In case of HIE-Isolde, provided that the conversion noise comes only from the sampling
clock jitter the t; must be kept below 2.5 ps to achieve an ENOB of 9 bits. Then together
with relatively high decimation factor we can aim at obtaining > 14 bit "noise free” data
which will be sufficient performance for the measurement system and the later feedback
controller. The equation is shown in a graphical form in Figure . The red ellipse
shows our desired operating region.
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Figure 35: Effective number of bits as a function of the input signal frequency and the
sampling clock jitter [6]

Modern ADCs require a 50 % duty cycle sampling clock so a practical issue arises
with the clock generation circuitry. The denominator in the equation is always an odd
number what makes the output duty cycle control difficult. The whole fraction needs to be
multiplied by two to allow insertion of a D flip-flop assuring the 50 % output clock duty
cycle.

The proposed clock generator uses a direct frequency multiplication by means of a fast
comparator instead of a PLL (phase locked loop). One input of the comparator is fed by the
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reference clock (in this case the RF master clock with frequency of 101.28 MHz). The second
input is connected to a voltage divider to introduce a threshold. The threshold is adjustable
in order to find a proper duty cycle with enhanced content of the even harmonics. The
eight harmonic is extracted from the comparator output signal of an 810 MHz bandpass
filter ( frr x 8 = 810.24 MHz). This signal is relatively low amplitude to drive a digital
logic, so it needs to be amplified by means of two stage monolithic amplifiers to reach a
level of approximately 0 dBm. Finally it is converted into a differential form using an RF
transformer. Now it is possible to use this multiplied signal to drive the clock input of the
fast ECL divider realising the denominator division by a factor of 37. As already mentioned
the odd ratio divider cannot provide the 50% duty factor required by the ADC so a final
D flip flop with feedback is used to further divide this signal by a factor of two. Resulting
clock signal has a frequency

8
fo = gy o = 10.9492 Mz (5)

locked to the input RF frequency of f; = 101.28 MHz.

A block diagram of the sampling clock generation scheme is shown in Figure

fre
@—’ Bandpass
Vref Comp 1 filter
E , 810 MHz

fsample
D Q
ECL
divider /37
X» s

Figure 36: Clock generation scheme

6.1 Sampling clock generator prototype board

To test feasibility of this scheme and evaluate the clock quality a simple prototype
circuit on a bread board was built (Figure . The RF input was AC coupled and fed into
an ADCMP606 - fast, rail-to-rail CML comparator with 1.2 ns propagation delay. CML
(current mode logic) output stage is differential, designed to drive 400mV directly into 50 2
load. To interface it to the 810 MHz bandpass filter the differential output was transformed
to single-ended using RF balun. Monolithic amplifier Mini-Circuits GVA-83, connected
after the filter was used to amplify the filtered eight harmonic signal by 20 dB. This signal
could then be fed directly into the divider - MC100E016 (ECL 8-Bit up synchronous binary
counter). A D flip-flop MC100E031 divides the output frequency by two, providing the 50%
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duty cycle. The results were encouraging. The frequency multiplication by a factor of 8
was performing as expected, but the division was working only at a lower than desired
frequency (700 MHz maximum).

Figure 37: Prototype of the clock generator Figure 38: With bandpass filter connected

6.2 PCB version

After evaluation of the circuit prototype a proper 6-layer PCB was designed. A faster
version of the MC100E(016 divider as well as better bandpass filter (described in the fol-
lowing section) was implemented. High frequency design techniques and proper grounding
significantly improved the divider performance. Assembled board is a standard form fac-
tor pluggable into the VME crate. RF signal input and clock output SMA connectors are
mounted on the front panel. This board can be seen in Figure [39

Only minor issues were discovered during testing of the PCB version of the clock gen-
erator (missing termination, need for a higher gain etc.). However one serious issue was
found. A glitch in the synchronization pulses between the two divider stages making the
circuit generate an incorrect frequency. This bug have had a very good pedagogical value.
The glitch was so short that it could not be seen by a standard 500 MHz 1:10 oscilloscope
probe. The new generation of the ECL gates used on the board is very fast and the glitch
caused a mis-firing of the D flip flop. The problem was discovered only when using an
active high frequency oscilloscope probe (the glitch pulse was less than 2 ns long). Detail
of the glitch could be seen in the Figure Yellow and blue traces are inputs to the ECL
OR logic gate, green is output of the OR gate. Red trace is a logic error in the following
circuitry due to the glitch. Solution of the problem was to de-interlace the two inputs by
increasing the delay in one of the OR gate inputs (by inserting a longer wire).
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Figure 39: PCB version of the Clock generator

6.3 810 MHz band pass filter design

To select the eight harmonic from the comparator output a simple 810 MHz band
pass filter was built for the first lab tests. Off the shelf low pass filter from Mini-Circuits
followed by a home brew high pass using two SMA connectors soldered together, with
SMD capacitors and pieces of copper foil to form the inductance (Figure . The filter
was measured by Network Analyser E5071C (Figure . A proper band pass filter was
later designed using the AWR Microwave office (see Figure .
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Figure 42: Filter prototype

Figure 44: Stripline hairpin band pass filter Figure 45: Assembled filter
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7 RF amplifier

In order to obtain sufficient power levels at the Cavity forward, reflected and antenna
returns, the cavity at the warm cavity test setup needs to be driven by few tens of Watts of
RF power. A 30 W power stage for broadcasting applications was bought and modified for
our needs. The amplifier stage was built into a 3U Europa chassis with its power supply,
circulator and termination, RF switch and indicators of forward and reflected power.

In order to provide the complete and reliable RF amplifier as fast as possible, mostly
off-the-shelf, proven components were used. Diagram of the proposed amplifier is shown
in Figure [46] Mains input module Schaffner FN1393-10-05-11 contains filter, mains switch
and a glass fuse. The amplifier is powered by a switched mode supply MeanWell S-100F-24,
with an output rated on 28 V 4.5 A.

The RF input is routed via a fast RF switch SPST CDS0671 currently controlled by
a mechanical switch on the front panel. For the full setup this switch will be piloted by
the interlock system providing the RF veto function. First amplifier stage is equipped by
a Mini-Circuits ZFL-1000VH, low noise, 20dB gain amplifier. The second (power) stage is
a 100 MHz 30 W RF amplifier module, manufactured by Elektronika SRL. This module
already provides temperature interlocks and forward and reflected power measurement.
Output of the power stage is protected against the reflected power from the cavity by
a RF circulator TECHNIWAVE type H100.5M03S01L. The return port of the circulator
is terminated by a 300 W a 50 2 dummy load from Diconex, mounted on a common
heatsink. Specific voltages required by different components are taken from the second
stage amplifier’s internal circuits - 5 V and 15 V. The prototype amplifier can be seen in

Figure [47]
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Figure 46: Block diagram of the 30 W RF amplifier
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8 Cavity tuning system

The cavity resonant frequency is a function of the cavity physical size and geometry.
The geometry is fixed by design, however the manufacturing tolerances are finite and the
thermal contraction when cooling to 4.5 K is not always perfectly reproducible. For the
accelerator operation the cavity must be on resonance at a frequency which is the linac
operating frequency. Without some form of an active compensation this would not be
possible to achieve only by the cavity mechanical design.

The tuning system deforms slightly the cavity geometry in order to tune the resonant
frequency to the desired value. The tuning could be done e.g. by squeezing or stretching
the cavity, changing the cavity temperature, inserting tuning pistons and many more. In
case of a quarter wave resonator the most convenient method is to deform the cavity
bottom plate (underneath the open end of the inner conductor). The tuning range must
be sufficient to cover the mechanical imperfections, what is in case of the HIE-Isolde first
prototypes about 100 kHz. Thanks to an excellent repeatibility of the production process,
the following cavity prototypes needed only a reduced tuning range of about 10 kHz. Note,
that this range is still about 1 000 times the final cavity operating bandwidth. The tuning
sensitivity calculated for the prototype cavities was in order of 50 nm/Hz, or in other
words, a displacement of only 500 nm would detune the cavity by one bandwidth. A tuner
this sensitive presents a risk of perturbing the cavity operation by bringing in a mechanical
noise from the cryostat and making the operation very difficult. Therefore a tuning plate
with reduced sensitivity is being developed.

To be able to experiment with a warm cavity in the lab, a simple preliminary tuning
system was put in place. A non-corrugated copper sheet is installed instead of the final
tuning plate. It is driven by a stepper motor with a tuning screw, to convert a rotational
motion to a linear motion. The concept can be seen in Figure 48] The motor is driven by the
slow control system based on a PLC with stepper motor drivers. The slow controls for the
HIE-Isolde linac is responsibility of the BE/RF /CS section, namely Luca Arnaudon, David
Landre and David Glenat. The control user interface is written in the LabVIEW software
and allows setting of direction, motor speed, number of steps and automatic stepping
sequences. The system will be later automated, collecting input about the cavity tune
state from the LLRF controller and commands to keep the cavity on tune by a feedback
loop.

At first, IP address for the PLC controller, port and other default values are set. Then
TCP/IP connection is initialized using block " TCP open connection”. Program then enters
main loop, which is executed every n ms. In this loop, all parameters (direction, command,
Steps to go, MotorSpeed, etc.) are read, composed into array of integers. It is then send
using "TCP Write” followed by "TCP Read” to verify the status. Results from this block
are processed in the second thread. Several indication values are determined from this
response - including ”"Run state”, ”Direction” or ”Limit switch reached”. Data transfers
and state is determined from ”"Data” and ”Error” lights in the user interface.
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Figure 48: Cavity tuning system
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Figure 49: Tuning control user interface
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9 Project status and the next steps

At the time of writing this thesis the measurement card project was very advanced.
Feasibility of the sampling clock generation principle has been tested and phase noise
performance measured. The selected ADCs have been evaluated in terms of compatibility
with the RF signal and interfacing to the FPGA. Overall sampling performance of the
ADCs together with the sampling clock generator qualified the direct RF sampling method
as usable for the project. The FPGA to DAC interface is validated up to 200 MHz sampling
frequency. The digital quadrature demodulation technique together with decimation has
also been qualified to be used for the measurement card project.

A preliminary version of the firmware is already running in the FPGA allowing to do
basic measurements on the four RF channels. The measurement card is fully integrated in
the CERN control infrastructure and the drivers and the FESA class are being prepared.

The next step is to find and test a proper method to generate the RF signal directly
from the FPGA+DAC. Once the RF generation is operational the firmware will evolve to
implement the self excited loop algorithm to assist the cold cavity tests in the SM18 facility.
All hardware modifications of the EDA-02490 board collected during the measurement card
development process will be properly integrated to the PCB layout and ten pre-series LLRF
boards should be manufactured before the fall 2013.

10 Measured results

Some essential results obtained during the development of the HIE-Isolde cavity mea-
surement system are presented in this chapter.

10.1 Sampling clock generator

Feasibility and performance of the sampling clock generator is vital for qualification of
the direct RF sampling technique. As presented in the chapter @ (Clock Generator) it is
essential to keep the sampling clock jitter below 2 - 2.5 ps in order to obtain > 9 bits
ENOB. As we are directly sampling the RF signal without any analogue down conversion
and IF amplifiers, almost whole noise budget could be used for the sampling clock jitter.
Figure shows the measured sampling clock phase noise spectrum and the integrated
jitter in the band 10 Hz to 5 MHz which is 1.93 ps, well within the specification. The
sampling performance has been also independently verified by acquisition of sinusoidal
signals and looking at the ADC noise floor and spurious free dynamic range, see Figure
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10.2 Direct RF sampling and digital quadrature demodulation

Figures |52 and |53 show histograms of all four sampled data channels (reference, cavity
forward, cavity reflected, antenna signals) with real input signals from the warm cavity test
setup. The signal levels are intentionally not at the ADC full scale to simulate performance
of a real system.

Demodulated signals for all four channels normalized to the reference channel are shown
in the Figure [54] for magnitude and in Figure [55] for phase. The residual noise on the
magnitude measurement is about 2 x 10™* peak to peak. The residual noise on the phase
measurement is about 0.002° peak to peak.

The system was therefore qualified for the future feedback loop implementation where
the residual regulation errors in the cavity voltage must be below 0.2% magnitude and 0.2°
phase.

10.3 Cavity tuning transient

Storing the data into a relatively long observation memory allows us to capture the
system response to various excitations. For example tuning the cavity using a stepper
motor is relatively "noisy” operation. Even in a microstepping mode the motor performs
discrete steps. When applied to an elastic tuning plate it causes vibrations in the mechanical
structure of the cavity. For the feedback loop design it is essential to know the level of
perturbation caused by the tuning process as well as mechanical resonant frequencies of the
cavity itself. If external noise (e.g. helium pressure variations, cryocompressor vibrations,
mechanical noises transferred through the cryostat) hits the mechanical resonance of the
cavity, the disturbing effect could get amplified and the feedback loop may not be able to
compensate for it.

Figure shows the cavity resonant frequency (calculated by the Measurement card)
during tuning. The cavity was about 15% bandwidth off resonance and the motor was
commanded to perform few steps to tune it into the resonance. The motor steps could be
clearly visible. The excited mechanical oscillations last for more than a second. FFT of
the tuning transient presented in Figure |57] shows the dominant mechanical modes of the
cavity and its tuner mechanism located at 54 Hz, 76.5 Hz, 86.6 Hz, 100.2 Hz, 175.7 Hz,
152.6 Hz, 181.6 Hz.

10.4 Other interesting results

A frequency response of the warm cavity was measured using the Measurement card
prototype. The RF reference signal feeding the cavity was frequency modulated to cover
several cavity bandwidths, while the sampling frequency was kept constant. The cavity
response could be seen in Figure 58|

41



10. MEASURED RESULTS

Digital Measurement System

Agilent E5052B Signal Source Analyzer

Resize:

-80.00

PPhase Moise 5.00008/ Ref -90.00d8c/Hz

Carrigr 10.940188 MHz  -0.3356 dEx

-85.00
-90.00
-95.00
-1000
-105.0
-1100
-115.0
-120.0
-125.0
-130.0
-135.0
-140.0

-145.0

¥i Start 10 He

STop § MHZ
Center 2, 500005 MHz
Span 4.99999 MHZ

Print

Abart Printing

Return

-150.0 47
IF Gain 5008

Phase Moise Start 10 Hz

100 1k 10k 100k fi]
Freq Band [10M-41MHz ot LO Opt [<150kHz]

Trigger
o RUM

Jitter unit
(e sec

A01.05

(" STOP

ur

R1 IPJ Frequency I PJ Decomposition ] x|
Detected clock | 10949159 MHz
Jitter 1933687 ps

Integrated By | 10Hz to ‘ 5000000 MHz =

Figure 50: Sampling clock generator jitter measurement

FFT (dBc)
1
(o2}
o
T

-80

-100

-120 (M}
0

.|

0.5

i . i WI.IM‘HI \N il
5

1 15 2 25 3 35 4 45
Frequency (MHz)

h

55

Figure 51: ADC noise floor for different values of the input signal frequency. Red trace
frr = 2 MHz, green trace frp = 20 MHz, blue trace frr = 100 MHz. f54p. = 10.949 MHz

42



10. MEASURED RESULTS

Digital Measurement System

10000

CH11

8000

6000

4000

Occurence

2000

0
6180

6000

6185 6190 6195 6200 6205
Data samples
CH21

6210

4000

Occurence

2000

0
4220

4230 4240 4250 4260
Data samples

4270

Occurence

Occurence

5000

4000
3000 |
2000 1

1000 |

0
-2960 -2950 -2940 -2930 -2920 -2910 -2900

6000

4000

2000 1

0
5400

CH1Q

Data samples
CH2Q

5410 5420 5430 5440
Data samples

5450

Figure 52: Sampled data, channel Reference (CH1) and Cavity Forward (CH2). Red bars
are the raw undecimated data, blue bars after decimation by factor 8 192.

4000

CH3 |

3000

2000

Occurence

1000

0
710

720 730 740 750 760 770
Data samples
CH4 |

780

10000

5000

Occurence

0
-6210 -6205 -6200 -6195 -6190 -6185

Data samples

Occurence

151

Occurence
=

051

x 10*

CH3Q

0
6654 6656 6658 6660 6662 6664 6666 6668

5000

4000

3000 |

2000

1000

Data samples
CH4Q

0
1960 1970 1980 1990 2000 2010 2020 2030

Data samples

Figure 53: Sampled data, channel Cavity Reflected (CH3) and Antenna (CH4). Red bars
are the raw undecimated data, blue bars after decimation by factor 8 192

43



10. MEASURED RESULTS Digital Measurement System

Residual noise in the magnitude measurement
1.00010 T T T

1.00008
1.00006 [~

‘f‘*“M«"\ “"wMW ""w,v»W

Antenna |
Reference | |
Ant/Ref

T

Magnitude ratio (=)

Figure 54: Residual noise on the magnitude measurement. fy,,,. = 10.949 MHz, decima-
tion by 8 192.

Residual noise in the phase measurement
0.010 T T T T T T
0.008 |- : : : : . - - - Antenna ]
Reference | |
Ant-Ref

0.006
0.004
0.002
0.000
-0.002
-0.004
-0.006
-0.008

-0.010 i i i i i i
0 20 40 60 80 100 120 140

sample #

Phase (deg)

Figure 55: Residual noise on the magnitude measurement. s, = 10.949 MHz, decima-
tion by 8 192.

-0.02

T

T

-0.04

-0.06

T

-0.08 -

-0.1

T

Detuning (bandwidth)

T

-0.12

T

-0.14 i . i . i L . i . [ i
23.6 23.8 24 24.2 24.4 24.6 24.8
Time (s)

Figure 56: Cavity resonant frequency during the tuning transient as captured by the Mea-
surement system

44



10. MEASURED RESULTS Digital Measurement System

40 [F T T T T T T T T T =
30 : : : . - ]
20 : : : : : ]
10 [ : : : . - ]
O1j : : : . : ]

|
=
o

i

L

0 50 100 150 200 250
Frequency (Hz)

FFT amplitude (dB a.u.)
N
o

|
w
o

T

|
B
o

T

Figure 57: FFT of the tuning transient showing the mechanical modes of the cavity

_ 1 T T T T T T
0 Magnitude
ey
5 08 : —
c
g
‘(7] 06 . ]
e}
Q
_g 0.4 =
ks
]
xr 0.2 _
Il Il Il Il Il Il Il Il
100.905 100.91 100.915 100.92 100.925 100.93 100.935 100.94 100.945 100.95
Frequency (MHz)
T T T T T T T
50 : B

Phase (deg)
o
T

Il Il Il Il Il Il Il
100.905 100.91 100.915 100.92 100.925 100.93 100.935 100.94 100.945 100.95
Frequency (MHz)

Figure 58: Frequency response of the warm HIE-Isolde cavity, measured by the developed
Cavity measurement system

45



11. CONCLUSION Digital Measurement System

11 Conclusion

Purpose of this work was to design and develop a Digital Measurement System for the
HIE-Isolde Superconducting Accelerating Cavities. In order to understand the problem
a study of accelerator RF systems and corresponding feedback systems was done. Some
examples are presented in this thesis. Two main modes of the LLRF system operation were
described (self excited loop and generator driven mode). Operation of a very high Q cavities
require combination of the both feedback techniques to be implemented. The self excited
loop for fast start up of the cavity with switching over to the generator driven mode for the
accelerator operation and conditioning. To allow testing of the LLRF system during the
initial development a warm cavity test setup with standardized interfaces and tools used
at CERN was proposed and built. VME modular system, master RF oscillator, PLCs for
the cavity tuning system, newly developed HIE-Isolde cavity and proposed measurement
system etc.

Based on the user requirement a structure of the measurement card was proposed, selec-
tion of the ADCs, sampling scheme, memory and DAC were discussed. For the prototype
version, already developed SPS Travelling Wave Cavity Loops module was used. Various
aspects of the firmware development written in the VHDL language (demodulator and
decimator, memory controller, module configuration) are presented.

To achieve a direct digital quadrature demodulation of the RF signals, a clock generator
module was developed. At first on the breadboard to test the concept feasibility, followed
by a final prototype using 6-layer PCB afterwards.

In order to obtain sufficient power levels at the Cavity forward, reflected and antenna
signal the cavity at the warm cavity test setup needed to be driven by few tens Watts
of RF power. Therefore a 30 W RF amplifier stage was bought and modified to form a
mockup RF amplifier simulating the final solid state RF amplifiers used in the machine.

To be able to experiment with a warm cavity in the lab and move the tuning plate,
simple preliminary tuning system was put in place - using a stepper motor with a tuning
screw, to convert rotational motion to linear motion.

Some essential results obtained during the development of the HIE-Isolde cavity mea-
surement system were presented in the thesis, including ADC noise floor, cavity tuning
transient and performance of the sampling clock generator, having only around 1.93 ps of
jitter, allowing us to obtain > 9 bits ENOB before decimation.

The main goal, to design a superconducting cavity measurement system was fully
achieved. The performance of the system was demonstrated on a warm cavity test stand,
but the system will be moved to the superconducting test facility SM18 in a near future.
As the next step a RF signal generation options must be further explored and imple-
mented, new version of the measurement card developed and the final LLRF controller
implemented. Still a lot of work needs to be done before the HIE-Isolde accelerator will be
installed and commissioned (foreseen for 2014).
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Figure 60: Warm cavity test stand the night before submitting this thesis
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Appendix

CD Content

In table [I are listed names of all root directories on CD

Directory name

Description

mt.pdf
sources
electronics
photos

master thesis in pdf format.
source codes

schematics, boards

photos, drawings

Table 1: CD Content



