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SPIRAL?2 is a superconducting LINAC subject to cryogenic thermoacoustic oscillations occurring
in its valves boxes. 4 years of monitoring and experimental investigations with thousands of datasets
turned these unwanted effects into an opportunity to study and understand thermoacoustics in a
complex environment such as a real life accelerator. Without digging deep into Rott’s thermoa-
coustics theory, thoroughly shown in other works, this paper describes the instrumentation and the
methods that prepare more advanced modeling of these phenomena either to damp or to harness

the energy of cryogenic thermoacoustics.

I. INTRODUCTION

Superconducting linear accelerators (LINACs) provide
electron and light and heavy ion beams for a wide range of
applications ranging from nuclear and atomic physics to
health and solid-state physics. SPIRAL2 is one of them
[1-3]. It provides some of the most intense ion beams to
study the structure of the atoms and the nuclei. The
recent commissioning of the LINAC highlighted some
phenomena known to occur in cryogenic environments,
called thermoacoustic oscillations (TAO). For SPIRAL?2,
TAOQO can be troublesome for several reasons and can have
consequences on our ability to reliably operate the accel-
erator at the required energies. These oscillations are
not new for a superconducting LINAC. In fact, several
studies have been reported on oscillations occurring in
individual accelerator components (cryostats and cryo-
genic vessels) or in a whole LINAC [4-7]. However, this
phenomenon remains difficult to measure, study, under-
stand and suppress in complex environments, where mul-
tiple thermoacoustic resonators may be excited at the
same time. This paper reports systematic investigation
of thermoacoustic oscillations distributed over the SPI-
RAL2 LINAC. A first part describes the system under
consideration and its critical components, as well as the
detailed experimental setup and the different solutions
that have been considered to solve the problem. A sec-
ond part shows measurements of the studied phenomena
over several years and under different configurations. It
investigates localized and non localized resonance phe-
nomena in the LINAC. It also explores different damping
solutions and their effect on the cryogenic operation. Fi-
nally, a conclusion and future prospects close this study.

*Electronic address: ghribi@in2p3.fr

II. SYSTEM DESCRIPTION
A. System and devices under consideration

From the cryogenic perspective, the heart of the SPI-
RAL2 LINAC is made of 19 cryostats (called cryomodules
or CM). These cryomodules are spread along the beam
line and comprise the accelerating structures : super-
conducting radio-frequency (RF) quarter wave resonat-
ing (QWR) cavities. They are connected to a valves box.
The latter ensures the connection to a common cryodis-
tribution line and feeding the cavities with near atmo-
spheric pressure liquid helium at ~ 4 K and the thermal
screens with 14 bar 60 K helium gas. The SPIRAL2 cry-
oplant, centered around an Air Liquide Helial LF cold
box provides the necessary cooling power. It can supply
120 g/s (1100 W at 4.3 K) [8, 9]. It is worth mentioning
here that the cryomodules are of two kinds. 12 of them
enclose a single cavity and are called type A. The other
7 enclose two cavities each and are called type B. The
valves boxes that manage the fluids of these cryomod-
ules also have some geometrical differences. One of the
main roles of the cryogenic system is to maintain sta-
ble conditions during operation such as to keep all the
cavities at a stable and uniform temperature (plunged
in liquid helium) and with pressure variations within the
requirements [19]. If the liquid helium level drops in a
cryomodule’s phase separator, there is a risk that the
corresponding cavity quenches, ie. loses its supercon-
ducting state. If the pressure in the phase separators
varies too much and too quickly, the efforts applied on
the cavities surface result in an elastic deformation of its
shape. That changes its impedance in a way that the
cavity is not matched anymore to its frequency of opera-
tion. There are of course a number of corrections applied
to the RF impedance or phase changes. For instance, the
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Low Level Radio Frequency (LLRF) system feeding the
RF power to the cavity can manage a certain bandwidth
correction at the cost of some RF power. This correction
is fast (high frequency) and limited to small variations.
The frequency tuning system can manage slower correc-
tions (more than one second), adapted to large variations
occurring within its range of operation. The third and
final way to limit the impedance fluctuations of the cav-
ities is to control the pressure in the phase separators.
This stringent requirement for a bi-phasic cryogenic op-
eration has led to several model-based developments of
the manner input and output valves can be controlled
[10, 11]. However, using a model-based control relies on
the knowledge of the internal state of the system. In
our case, the appearance of thermoacoustic oscillations
brought in some additional dynamics that resulted in
errors in the prediction of the behavior of our system.
Among other effects, we observed additional heat load,
cavities de-tuning and, overall, unstable thermodynamic
behavior.
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FIG. 1: Piping and instrumentation diagram of a type B cry-
omodule and its valves box. The red line is the low pressure
return line from the LHe bath to the room temperature pas-
sive heater, suspected to cause the measured TAO oscillations.
Yellow circles are the rapid piezoelectric acoustic pressure sen-
sors. Blue circles are the absolute pressure process sensors.
The green circle is the position of the temperature sensor on
the return line. X1 and X2 are the locations of of pressure
measurements for the valves box and the cryomodule.
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FIG. 2: Main process cold return line to output purge line (red
line in figure 1): pipe geometric parameters and temperature
along its length with and without thermoacoustic oscillations.
The calculations take into account temperature sensors mea-
surements before the cold outlet valve, temperatures at the
considered room temperature port, pressure fluctuations in
the liquid helium phase separator as well as the thermal con-
ductivity of the pipe.

The first detection of acoustic oscillations in the SPI-
RAL2 LINAC were done thanks to RF measurements[12].
These measurements showed amplitude modulations of
the transmitted and reflected RF signal. Modulation fre-
quencies were stable but ranged from 4 to 6 Hz depend-
ing on the cavities positions. Joint piezoelectric pressure
measurements of the cavities liquid helium phase sep-
arators showed direct correlations (see section IIC for
the experimental setup). The first root cause investiga-
tions were done with tri-axial accelerometers. Thanks to
them, all external mechanical vibrations were ruled out.
Accelerometers showed vibrations along a single axis cor-
responding to the direction of the cryo-fluids distribution.
Vibration amplitudes increased at one of the valves-boxes
room temperature ends. Although not frozen, the identi-
fied room temperature port was slightly colder than other
room temperature ends. This identified port was used for
the purge and pressure measurements of the main process
return line (saturated helium). Incidentally, an abnor-
mally high temperature in the cryomodules return line
was noticed. At the same time, measurements of static
heat loads of the cryomodules showed values remaining
in good agreement with the specifications. All these in-
puts led us to identify the line where thermoacoustics
were likely to appear. Figure 1 shows a schematic view
of a cryomodule and its valves-box with the identified
line where TAO occur colored in red. Figure 2 shows the
changes of the line geometry and its temperature along its
length. In this figure, the pipe represented is the one col-



ored in red in Figure 1. Length Omm is the direct output
of the common LHe phase phase separator. Length 2500
is the room temperature port. The temperature along
the represented line undergoes a sudden change match-
ing the necessary Rott’s conditions for TAO appearance.
When the oscillations occur, frictions in the line increase
its temperature at locations where it should be at 5 K.
One of the consequences is the expansion of the cold gas
in the pipe. As a consequence, the maximum helium mass
flow at the outlet is limited and the pressure regulation
strategy is affected. These data were used as inputs for
the Rott’s study of the likelihood of appearance of TAO
given these geometries and temperatures (see [13]).

C. Experimental setup

QWR cavity
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FIG. 3: Block diagram of the 2018 measurement setup. Cir-
cles represent measurement points. Acc : Accelerometer ;
PT, : piezo-electric pressure transmitter ; PT, : absolute
pressure transmitter ; LT : liquid helium level transmitter ;
CH : heater.

Two kinds of measurements were performed in order
to better understand and suppress these thermoacous-
tic oscillations. The first one was a set of measure-
ments targeting the characterization of amplitudes and
frequencies of the oscillations without any modification
of the system and under nominal operating conditions
(pressure, heat load, liquid helium level). It included
simultaneous measurements of absolute pressures, acous-
tic pressures, RF phase shifts, liquid helium level, and
heaters powers at different locations of a target cry-
omodule. A block diagram of such a setup is shown in
Figure 3. We measured both the absolute and the dy-
namic acoustic pressure directly in the cryomodule phase
separator and in the matching valves box return line.
We used piezoelectric sensors (PCB 113B28) for acoustic
measurements and metallic process isolating diaphragm
sensors (Cerabar PMP71) for absolute pressure measure-
ments. The same setup (Figure 3) was used to extract
the phase shift between the RF input and output sig-
nals. A National Instrument Compact DAQ centralized
the fast acquisition with 3 channels 2.8 kS/s/ch 24-Bit

-

analog modules for the IEPE signals (Integrated Elec-
tronics Piezo-Electric) and a universal analog module for
the RF signal. The NI DAQ was driven by an exter-
nal laptop running Labview. Other data such as ab-
solute pressures, heater power, liquid helium level and
temperatures were measured through our regular Pro-
grammable Logic Controllers (PLC) and archived with
an Experimental Physics and Industrial Control Sys-
tem (EPICS) Input/Output Controller (IOC). A Python
analysis pipeline assembled fast and slow acquisitions to-
gether with other correlation factors and a common clock.

The second set of measurements used an acoustic res-
onator, connected to the warm side of the LINAC. This
resonator was made of three main adjustable acoustic
elements: a resistance, an inductance, and a capaci-
tance, therefore called “RLC resonator” using an electro-
acoustic analogy. The first purpose of this setup was
to identify the best suitable configurations to efficiently
damp the TAO in the LINAC. The second purpose was
to estimate the acoustic impedance of the system under
investigation for further studies and developments. The
same acquisition system, although limited to piezoelec-
tric pressure measurements, was used. In the resonator,
the resistive element is a micrometric needle valve, the in-
ductive element a small diameter tube (10mm diameter)
of variable length, and the capacitive element (compli-
ance) a large diameter pipe (100mm diameter) of variable
length. The tuneability of the compliance was achieved
by use of a gas-tight piston (see Figure 4).

O\

FIG. 4: Schematic drawing of the RLC resonator : (1) Sealed
piston, (2) Variable capacitance, (3) Fixed inductance, (4)
Variable inductance, (5) Micrometric needle valve.

According to the electro-acoustic analogy [14], the in-
ductance and the compliance of a channel can be calcu-
lated using the following two equations respectively:

_ pmAz
v
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where p,, is the mean gas density, Ax the channel length,
A the channel cross-sectional area, V' the channel volume,
~ the gas heat capacity ratio, and p,, is the gas mean
pressure.



III. OBSERVATIONS AND MEASUREMENTS

A. Full kernel distributions of cross-coupled and
decoupled behaviors

While it might seem obvious, for an isolated system,
that thermoacoustic oscillations occur because of local
conditions, the answer is not clear for coupled or con-
nected systems. For the LINAC, we are in the complex
case of interconnected cryogenic clients with several room
temperature ports with cold ends. It is therefore un-
clear whether the amplitude and frequency dependance
of the oscillations is dominated by local effects or global
effects. Observed transient pressure fluctuations with
sudden changes in the frequency of the TAO could be
caused by such interconnections.
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FIG. 5: Example of time and frequency domain data ex-
tracted and calculated with the pipeline analysis for one of
the cryomodules [CMA11 — 2018-11-11]. Frequency domain
amplitudes shown here are peak-peak amplitudes.

To have a better picture, we deployed the setup de-
scribed in Figure 3 all along the LINAC. We therefore
deployed 19 piezoelectric acoustic pressure sensors (one
for each cryomodule) in the LINAC and one on the main
return line. Acquisition was made by the same DAQ
previously described with seven 24-bit analog modules
controlled with a Labview program. As previously, all
fast acquisition data were treated with a python pipeline
analysis that combined PLC slow sensors and NI DAQ
fast sensors. This time, the pipeline allowed automatic
peak extraction and TAO detection. This broadened
our view of the phenomena occurring in the LINAC.
All data were gathered in time domain. The reference
of a piezo-electric pressure sensor is always zero which
means that the correct amplitude is found by offsetting
the relative data (voltage output of the piezo-electric sen-
sors) by the measured absolute pressures (output of the
process pressure sensors). The amplitude of the oscilla-
tions was found by envelope calculations within the con-
sidered time window using its Hilbert transform. For

the frequency peak detection, we first applied a Fourier
transform on the relative data within a time window of
4 minutes in order to have a high resolution. We then
applied a high pass filter to avoid the 1/f noise below 1
Hz and a low pass filter to avoid high order harmonics.
We finally computed the centroid of the resulting spec-
trogram to extract the frequency peak. An example of
a time and frequency domain extracted data is shown in
Figure 5. For every given time frame (Figure 5), a single
point (peak amplitude and frequency) is extracted. Com-
piled data allowed the computation of Parzen-Rosenblatt
kernel density estimations for both the frequencies and
the amplitudes of TAO for every considered configura-
tion and for all cryomodules across the LINAC. The fig-
ure 6 depicts the analysis of 10,787 datasets. The TAO
correction used here is the short circuit line method de-
scribed in section ITIB 1. The label “All LINAC behav-
ior without TAO correction” refers to simultaneous TAO
measurements in all the LINAC without any TAO cor-
rection. The label “Single cryomodules behavior without
TAO correction” refers to simultaneous TAO measure-
ments with TAO correction applied to all LINAC ex-
cept for one cryomodule. The position of the cryomodule
which has no active TAO correction is spanned all over
the LINAC. The resulting data therefore represents the
oscillations of all cryomodules in a configuration where
their single behaviors dominate. We can easily see in
Figure 6 that both single cryomodules and the overall
LINAC resonate around frequencies comprised between
2.5 and 10 Hz. When only one cryomodule resonates
(label “Single cryomodules behaviors without TAO cor-
rection” of Figure 6), the frequencies of oscillations sta-
bilize with a narrow bandwidth. This seems to point
that the resonance frequencies are dominated by local ef-
fects and therefore that these phenomena occur in the
same physical region of the measured cryomodule-valves
box pair. When all cryomodules resonate at the same
time (label “All LINAC behavior without TAO correc-
tion” of Figure 6), the frequencies and amplitudes of the
oscillations are distributed along a wider range of values.
This indicates that the overall spread of both frequencies
and amplitudes are dominated by cross-couplings. This
cross-coupling appears critical only when multiple TAO
are active at the same time. Looking at a typical be-
havior of one cryomodule in both cases (zoom 2 window
in the figure 6), in addition to the frequency spread, we
can also notice a center frequency shift. This indicates a
phase shift and hence an impedance shift of the consid-
ered acoustic resonator. When we apply the described
TAO damping for only one cryomodule, the resonance
amplitudes of the latter drop below two millibars. How-
ever two peak frequencies remain noticeable (4 and 6 Hz).
When the TAO damping is applied to all cryomodules,
resonances flatten towards lower frequencies. This sug-
gests that the observed peak frequencies are mainly due
to cross-couplings when damping is applied to only one
cryomodule.
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FIG. 6: Amplitudes and frequencies kernel distributions of detected TAO oscillations for different configurations in the SPIRAL?2

LINAC. Zoom 1 : zoom region for low amplitude oscillations.

Zoom 2 : CMAO1 oscillations amplitudes and frequencies

distributions in the case of TAO damped for the whole LINAC but for CMAO1 (orange) and in the case of simultaneous active

TAO in all cryomodules (green).

B. Applied damping solutions
1. Short circuit, buffer and piston

Prior to the detailed system study, fast, efficient and
non-intrusive solutions had to be found quickly to damp
the oscillations and allow for the commissioning of the
SPIRAL2 LINAC. Several solutions documented in [15—
18] were investigated :

e Short circuit between the phase separator vapor sky
and the return line [20] : Here we linked the two
ports X1 and X2 (see Figure 1) with several pipes
of several length and cross-sections.

e Buffer : here we connected several buffers of differ-
ent volumes to the port X2.

e Piston : here we inserted a piston in the port X2
and we monitored the behavior of the system for
several insertion depths.

For every tested solution, we spanned all operating
conditions to determine the most suitable solution for
our case. In order to compare the results, we used a
damping efficiency criterion defined as :

Poff on

_ ~ bath bath
Toonik ¥

where Pboaft];l is the amplitude of the pressure oscillations
in the liquid helium phase separator with no TAO correc-
tion and P}, is the amplitude of the pressure oscillations
with the considered TAO correction. ¢ — 1 would give
us a good damping while ¢ — 0 will indicate almost no
damping effect.

For every applied correction, we did see an effect on
TAO damping but no total suppression was achieved.



An example of the efficiency reached with every correc-
tion is shown in Figure 7 for different pressures and lig-
uid helium operating conditions. It appeared that the
most efficient solution for every case is the short circuit
line correction. This solution was efficient enough to be
deployed in all LINAC. The TAO correction efficiency
reached 0.97 for some cases, damping the oscillations am-
plitudes to acceptable values. Experiments showed that
high amplitude thermoacoustics appeared when pressure
difference between port X1 and X2 reached 0.1 mbar.
the The short circuit line was sufficient to recover this
pressure unbalance. However, the flow rate was so im-
portant for some cryomodules locations that it froze part
of the line and the upper neck of the cryomodule or re-
sulted in condensation at the same locations. We then
deployed the short circuit line solution to all cryomod-
ules. The lines were terminated by a on/off hand valve
at one end, a micrometric hand control valve at the other
hand and pressure security valve in between. The micro-
metric valve limited the flow in the correction line in or-
der to avoid water condensation or ice. The on/off valve
was meant to suppress any flow through the correction
line. This was useful especially when cooling down the
LINAC. The same valve was also used to de-activate or
activate the TAO correction at will for a more thorough
investigation of TAO amplitudes and frequencies cross-
couplings (see section IIT A).
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FIG. 7: TAO correction efficiency ¢ as a function of the pres-
sure (PT001) and the liquid helium level (LT200) for the
three considered experimental corrections : line (vapor sky
short circuit), buffer and piston for cryomodules CMA05 and
CMBO03.

2. The special case of the RLC resonator

The RLC resonator was tested on two type A cry-
omodules, which had more instabilities in comparison
with type B ones. The resistance (the micrometric valve)
demonstrated to be the dominant effect on the damping
of the pressure perturbation, meaning that we were able
to effectively damp the oscillations whatever the capaci-
tive and inductive volumes were. The correction efficien-
cies were comparable to those found with the short circuit
line (see section IIIB). For example, in figure 8, we see

a comparison between the level of oscillations observed
on CMA12 without the RLC resonator and for three dif-
ferent volumes for its compliance (the inductance was
maintained at a constant position). As we can see, the
amplitude of oscillations was effectively decreased (from
12 mbar to about 0.5 mbar) without tuning the induc-
tance.

(5.28 Hz, 12 mbar)
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4 5 6
Frequency [Hz|
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FIG. 8: Pressure oscillations measured in the liquid helium
phase separator of cryomodule CMA12 for four different con-
figurations : 1. No RLC resonator connected (blue) — 2.
RLC resonator with a 1413 em? compliance volume — 3. RLC
resonator with a 706 cm® compliance volume — 4. RLC res-
onator with a 235 ¢m® compliance volume. The plots use the
same xy axis but with a shifted y axis for increased visibility.

In order to be able to investigate the effect of a tuneable
compliance and inductance on TAO damping, the resis-
tance (i.e. micrometric valve) was suppressed. To study
the efficiency of the LC bench, two parameters have been
considered. The first one is the damping efficiency cri-
terion ¢ defined in eq. 3. The second is the acoustic
impedance, respectively expressed for the tuneable in-
ductance and compliance by :

ZL = wlL (4)

ZC = l/iwC (5)

where, 7 is the imaginary symbol and w is the angular
frequency of resonance. The unit of the specific acoustic
impedance is the Pa.s/m? or the acoustic Ohm €.
Several inductance lengths and compliance volumes
have been investigated at different LHe bath pressures
and heater powers. The resulting damping efficiency cri-
teria at CMAO4 position are plotted as a function of the
impedance of the LC resonator in figure 9. The latter
shows that ¢ suddenly drops from ~ 0.9 to ~ 0.6 be-
tween 13.8 kQ, and 14 k€,. Although limited to one
cryomodule, these data constrain the region of investi-
gation for an efficient damping under different operat-
ing conditions. Consequently, a chosen configuration of



the resonator within the identified impedance region was
deployed separately on a sample of different cryomod-
ules across the LINAC. The results showed resonances
with amplitudes below 0.5 mbar but with a different fre-
quency behaviors for types A and B cryomodules. Types
A showed sharp low frequency peaks between 4 Hz and
7 Hz while types B experienced more widely spread fre-
quencies from 4 Hz to 100 Hz. The simultaneous deploy-
ment of the resonator on all cryomodules is still to be
made in order to investigate possible cross-couplings and
how critical they could be on operation.
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FIG. 9: Damping efficiency criterion ¢ at CMAO04 position as
a function of the corresponding LC resonator impedance for
different LHe bath pressures and heater powers.

8. TAO correction side effects on operation and control

Cryogenic thermoacoustics are known to be the source
of multiple problems in a superconducting LINAC. These
can for example cause room temperature ports freezing,
unstable liquid helium level readout and unstable liquid
helium bath pressure. However, getting rid of these os-
cillations can, by itself, be the source of other side effects
on the cryogenic operation of the LINAC. In the case of
SPIRAL?2, the first emergency solution that has been ap-
plied, called bypass line or short-circuit line, helped bal-
ance the pressure difference between two critical points,
removing the condition of appearance of thermoacous-
tics. This implied a variable helium flow rate that by-
passed the main isolated process return line linking the
cryomodule to the valves box. This behavior can be
seen as a variable impedance of the main return line
and an added low density warm helium return to the
main saturated helium return. As a consequence, the
outgassing valves saw an effective flow reduction equiva-
lent to an effective virtual reduction of the pipe diameter
for the same operating condition. These phenomena ap-
peared thanks to virtual flow observers that showed an
unbalance between the input helium mass flow rate and

the output helium mass flow rate. Replacing the bypass
line with the RLC resonator proved efficient in avoiding
such unbalance. This can be seen in Figure 10 where
the shape distributions of the output valves positions of
seven different cryomodules are represented. A typical
distribution of the output valves in the absence of un-
wanted phenomena occurring in the system is gaussian
like. Asymmetric distributions and multiple peaked dis-
tributions can be the signs of an abnormal behavior of
the system (if the valves and the regulations don’t have
any problem). Another issue is the mean value or equi-
librium value of the outlet valves positions. This value,
when combined with the inlet valve mean value and lig-
uid helium phase separators level and pressure, allows
to recover the helium mass flow or the total heat load.
When all variables (pressure, liquid helium level, inlet
valves) but one (outlet valves) do not vary, the latter
becomes another signature of a system anomaly. In our
case, having the exact same regulations, the same inlet
valves behaviors, same liquid helium levels and the same
pressures, the outlet valve behaviors vary with respect
to the applied damping solution (bypass line or RLC).
This translates into a noticeable drop of the mean posi-
tions of the outlet valves in the case of the RLC correc-
tion with respect to the bypass solution. The described
behavior is however heavily dependent on the position
of the cryomodules and their geometries. Most type B
(doubles cavities) cryomodules are for instance less sen-
sitive to thermoacoustics and therefore show less differ-
ence between the two damping solutions considered here.
Type A (single cavities) cryomodules on the other hand
are very sensitive to thermoacoustics, which makes them
good indicators of the most suitable damping solution for
the cryogenic operation.
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FIG. 10: Split-violin plot distributions of the measured po-
sitions of the main process return valves for 7 cryomodules
[measurements of 2021-10-11].



IV. CONCLUSIONS

The SPIRAL2 superconducting LINAC is a classic case
of cryogenic thermoacoustics. However, with its dis-
tributed cryogenic clients and complicated control sys-
tem, dealing with these oscillations in every day life op-
eration can be more complex than it might be for a sin-
gle cryostat in a laboratory test bench. To overcome
these difficulties, the first step has been to provide the
accelerator with simultaneous eyes to detect and mon-
itor these phenomena. The full integration of the fast
acquisition system, processing and oscillations detection
within the accelerator control system is a step further
that is planned in the near future. Monitoring these os-
cillations allowed to quickly find a fast and efficient so-
lution to continue the commissioning and operation of
the LINAC. Meanwhile, modeling the thermodynamic
behavior allowed to highlight damping side effects on the
cryogenic operation. A variable impedance resonator has
been designed and put in place based on previous devel-
opments at partner laboratories (IJCLab and CES). The
resonator was meant to study the acoustic impedance of
the system and derive more efficient damping solutions
without the previously noticed side effects. This role has
been fully achieved and the resulting new damping so-
lution based on the now known acoustic impedance is
being designed and fabricated for a setup in the acceler-
ator during summer 2022.

Being able to switch at will thermoacoustic oscilla-
tions and study cross-couplings between cryogenic clients

makes SPTRAL2 a perfect laboratory to study and har-
ness these phenomena for other applications such as trav-
eling wave thermoacoustic power generation.
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