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The Cool Copper Collider (C3) represents a novel path for achieving a
future collider within the near future. Its conceptual design pushes the lim-
its of NCRF technology, through the use of both distributed coupling and
cryogenically cooled structures. These accelerating structures are cooled via
liquid nitrogen vaporization, which can generate minute displacements to
the structure’s alignment. Characterizing sources of misalignment from ex-
ternal vibrations is a crucial process for this accelerator’s design. In order
to accurately characterize these displacements, we validated techniques for
measuring displacement of a structure immersed in liquid nitrogen. We used
a prototype C? structure with a hollow dielectric rod threaded with resis-
tive molybdenum wires inserted along the beam pipe running the full length
of the structure. Displacement measurements were then conducted as the
dissipated power was slowly increased up to 2000 W of heat. Based on ac-
celerometer data, we found that as heater power is increased, significant
displacement around 40 Hz, 150 Hz, and 300 Hz would increase as well. None
of these peaks are of major concern, since the 40 Hz peak can be corrected for
with beam based feedback, while the other peaks were significantly lower in
magnitude compared to lower frequency perturbations. These initial exper-
iments were the first step in understanding the types of perturbations that
liquid nitrogen bubbling can induce on a submerged accelerating structure
due to RF heating. These initial results show displacements of less than 1 um
when up to 2000 W is dissipated within a meter-long copper structure.

Introduction

One of the primary challenges with state of the art normal conducting RF (NCRF)
technology is reducing the rate of breakdowns in accelerating structures. It has been
observed that breakdowns can be reduced by limiting the peak surfaced electric fields,
magnetic fields and Poynting vector in the accelerating cavity |1]. In addition, recent



work has shown that the breakdown rate for an accelerating structure operating at a
given gradient can be significantly reduced by cooling it down to 77 K, or liquid nitrogen
temperatures [2]. This reduction in temperature also increases the conductivity of the
copper, thereby increasing the quality factor, reducing pulsed heating, and increasing
efficiency of the accelerating structure . This cryogenic operation not only provides
the possibility of reaching higher acceleration gradients with NCRF, but also reduces
the power requirements from RF sources, which is a major cost driver and technical
challenge for accelerators.

However, the dissipated heat within an accelerating structure needs to be constantly
removed to maintain these temperatures. This can done via convective cooling or at
the boiling point of liquid nitrogen, where heat is removed via vaporization. Vaporizing
liquid nitrogen along the surface will create a turbulent two-phase layer with liquid and
gaseous nitrogen bubbles, which in turn can transfer momentum to the linac resulting
in minute displacements on the linac. This occurs within the nucleate boiling regime,
with an expected temperature rise of ~2K . Characterizing these displacements is a
vital task to understanding how to handle beam alignment and maintain precision while
operating any cryogenically cooled accelerating structure.
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Figure 1: (a) Picture of the prototype C? structure placed within the test cryostat, with
pumping fixture attached to maintain vacuum inside. (b) Photograph of the
underside of the structure during heating, with evidence of bubble formation.
(¢) Schematic of how these bubbles (purple) flow around the underside of the
copper structure, eventually finding a path to rise upward.



The Cool Copper Collider (C?) represents the most challenging application of this
technology, and a novel path for achieving a future collider within the near future [5,
6]. Its conceptual design pushes the limits of NCRF technology, through the use of
both distributed coupling and cryogenically cooled structures. Distributed coupling
uses unique waveguide and coupler designs to power each cavity individually [7]. This in
turn allows the cavity geometry to be optimized for shunt impedance, resulting in more
efficient structures generating an equivalent gradient. Combining these technologies
results in a collider that could reach gradients over 120 MV /m and center of mass energy
over 500 GeV within an 8km footprint. As a benchmark for our measurements, the
operational parameters and vibration tolerances for the C* main linac were considered [8].

Background

Characterizing sources of misalignment from external vibrations is a crucial process for
any accelerator design |9 10]. Depending the specific frequencies of these vibrations,
the relevant transfer functions of the mechanical supports can be designed to minimize
their impact on the luminosity 11} |12]. Some sources of vibrations, such as those from
seismic disturbances (<0.25Hz) and machinery in the accelerator tunnel (>1Hz), can
be compensated for with inter-bunch train beam feedback [13|. If the beam is used to
sample the alignment through beam position monitors, this correction can be done up
to bunch train repetition rate, which can be anywhere from 10 to 120 Hz.

The total contribution of these vibrations, within the frequencies of interest, needs to
remain within certain tolerances in order to maintain the beam emittance required for a
collider’s target luminosity. For example, the displacement tolerances for the CLIC ac-
celerating structures in the main linac are 1.4 pm vertically and 8 ym laterally [14]. This
is defined as the expected displacement above 10 Hz, which cannot be easily corrected
for with beam-based feedback. The primary source of such displacements is cooling ma-
chinery, whether they be water cooling or cryogenic cooling. Based on previous studies
for NLC and LCLS-II, we can expect the contributions from water cooling to be around
0.5 pm, while liquid helium compressors contribute displacements of around 1 pm to the
main linac |15, [16].

Experimental Setup

In order to accurately characterize these displacements, a critical first step was to validate
techniques for measuring displacement of a structure immersed in liquid nitrogen. As a
first approximation, we used a prototype C? structure within which was placed a hollow
dielectric rod threaded with molybdenum wires. The power supplies producing a current
in the wires could produce up to 2000 W of dissipated heat within the structure. For
comparison, the maximum expected dissipated power from RF heating for a single C3
accelerating structure is 2500 W [6]. The RF heat is dissipated uniformly in each cavity
along the length of the accelerating structure, with the majority of the heat deposited
at the large radius extents where there is a strong magnetic field. This heater wire was



placed along the center of the structure to approximate this heating profile. In order to
prevent the molybdenum heater from reaching its melting point (2900 K), helium gas was
introduced to the vacuum environment up to 6torr. The additional helium gas would
allow heat to be carried away via a combination of radiative dissipation and convection,
thereby lowering the required wire temperature for dissipating a given amount of heat.

Figure 2: (a) Laser micrometer mounted outside cryostat along with a reference ac-
celerometer to measure displacement in the Y direction. Automatic liquid
nitrogen fill system and data collection in shown on the right. (b) Picture of
accelerometers mounted to structure via a aluminum block. The respective
axis is labeled for each uni-axial accelerometer.

This entire apparatus was contained within a foam insulated cryostat at atmospheric
pressure with an automatic liquid nitrogen filling system. This allowed the structure to
remain submerged in liquid nitrogen for extended periods of time unattended, allowing
for several rounds of measurements. This cryostat was also mounted onto an optical table
with air suspension, so as to decouple any environmental vibrations from the experiment,
as shown in Figure

Once immersed in liquid nitrogen, displacement measurements were conducted as the
dissipated power was slowly increased up to 2000 W of heat. The wire temperature
could be estimated from the measured resistance across it. Helium gas would be added
into the vacuum when this temperature approached 2000 K to bring it back down. The
goal with these measurements was to discern a trend in total displacement within the
C3 accelerating structure that is proportional to dissipated heating power. In order to
measure these displacements, uni-axial accelerometers were attached to the structure
directly as shown in Figure Each of these accelerometers would be read out over
5 minutes at 6250 samples per second, allowing frequency information up to 3kHz to
be measured. As an independent validation of these accelerometer measurements, a
laser micrometer was also used exclusively in the Y-axis, which was expected to have
the greatest displacement. This laser micrometer would be readout after 5 seconds of
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Figure 3: PSD of Y displacement for both laser and accelerometer when calibrated
against a piezoelectric transducer running at 60 Hz. As expected the harmonic
peaks coincide for both sensors, however the sensitivity of the laser diode is
limited to 2-3 pm across this frequency range.

data collection, with sampling up to 10kHz. A direct calibration between the laser
micrometer and accelerometer was done by generating a controlled displacement with a
piezoelectric transducer at varying frequencies, as shown in Figure

Analysis Methods

It is important to understand how displacements in a copper accelerating structure as
a function of frequency will impact electron beam performance. This is because during
operation, the C? linac will have a repetition rate of 120Hz, so displacements that
are around that frequency or lower are of greatest concern. However displacements at
sufficiently low frequencies (<10Hz) could be corrected for using beam-based feedback
from bunch to bunch. This feedback could directly be fed into the piezoelectric actuators
on each raft, which are expected to have a range of 20 pm at 80 K up to 1 kHz. In theory
this feedback could be extended up to half of the repetition rate (60 Hz) when sampling
alignment with the beam position monitors, but for the purposes of this study we chose
to focus on displacements between 10 Hz and 300 Hz. Higher frequency feedback could
be possible if it were measured by other means, such as a Rasnik alignment system which
uses diffraction zone plates for extremely precise alignment features below 1 pm [17].

A common method for analyzing and identifying sources of vibrations is by using the
power spectral density (PSD) of the vibration measurement, which is defined as

Sm(f) = ‘x(f)‘g/dfa (1)

where z(f) is the Fourier transform of the vibrational displacement measurement, and df
is the width of the frequency bin [E[] The RMS displacement above a specific frequency



can then be determined by

min

which is helpful when trying to identify displacements above a known low frequency limits
that can corrected for during operation. Our accelerometer measurements were broken
up into 5 second samples, so df =0.2Hz, meaning the PSD for a 1 um displacement
would be 5x10712 m?/Hz.

Processing the accelerometer data required careful analysis, as double integrating ac-
celeration into displacement can often compound existing measurement error. To ac-
count for this, the 5 minute data set was broken up into 5 second intervals. This
acceleration information is then filtered in frequency space, removing anything below
5Hz and above 300 Hz so as to remove any slowly varying measurement drift or high
frequency noise. This filtered data is then integrated into velocity using a trapezoidal
integral. These filtering and integration steps were repeated to transform from velocity
into displacement, giving a final measurement that can be analyzed in both time and
frequency domains.

Results and Discussion

As a first test, it was important to identify the self-resonance of the assembly, as this
frequency is most likely to be excited from the stochastic bubbling. This was identified
through a series of impulse tests, where a strong impulse was applied to the table while
the structure was immersed in liquid nitrogen, and the induced ringing was analyzed to
identify self-resonant frequencies. A strong response in the Y direction around 14 Hz was
consistently identified, as shown in Figure [{a] and was taken to be the self-resonance
of the assembly. We also verified that adding Helium (up to 6torr) into the vacuum
system did not significantly affect the measured displacements for a given dissipated
power level, as shown in Figure allowing us to make direct comparisons between all
of our measurements with and without helium.

Looking at the processed accelerometer data, we found that as heater power is in-
creased, a significant contribution to X displacement rose around 40 Hz, as well as 300 Hz,
as shown in Figure Neither of these peaks are of major concern, since the 40 Hz peak
can be corrected for with beam based feedback, while the 300 Hz peak is significantly
lower in magnitude compared to lower frequency perturbations in the 40 Hz to 120 Hz
range. This 300 Hz peak is also reflected in the Y displacement, as shown in Figure
but is still well below the threshold of concern. We also find the RMS displacement in
both the X and Y directions to be less than 1 pm, as measured by the accelerometers
and shown in Figure [6]

As expected the displacement in both transverse directions increases as the dissipated
power within the structure increases. The variance in these measurements stems from
the calibration between the accelerometers and the laser micrometer. However even
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Figure 4: (a) PSD of Y displacement data from 3 successive knocks perturbing the struc-
ture. Each knock sees a peak around 14 Hz, which is likely the self-resonance
of the structure. (b) PSD of displacement in the Y direction comparing con-
ditions at vacuum versus using up to 6 torr of helium. Although the heater
wire temperature is lower with helium inside, for the same effective heating
the PSD is comparable.

when taking these into account, the magnitude of the displacement is well below the
noise floor of the laser micrometer, so we can only rely on the accelerometer for these
measurements.
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Figure 5: (a) PSD of displacement data from the X accelerometer, showing peaks around
40Hz and 300 Hz. For reference the baseline of 1 um displacement in PSD is
shown as well (pink). (b) PSD of displacement data from the Y accelerometer
showing a similar rise in displacement as a function of applied power.
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Figure 6: RMS values of displacement integrated from 10Hz up to 500 Hz using Eq
to represent the displacements seen by an accelerated beam. As expected
the overall displacement in Y increases with applied power, though the dis-
placement in X might be tapering out. The Z measurements were negligible
compared to these two axes.

Conclusion

In conclusion, these initial experiments were the first step in understanding the types
of perturbations that liquid nitrogen bubbling can induce on a submerged accelerating
structure due to RF heating. These initial results show displacement less than 1 ym when
up to 2000 W is dissipated within a meter-long copper structure. While we were able to



observe some visual disturbance in the nitrogen liquid gas interface, the next stage of
experiments will focus on resolving clearer images of the bubble formation and cavitation
process. This will allow for a more accurate simulation of the expected displacements,
and help optimize design of future cryogenic accelerating structures to minimize their
contribution to misalignment.
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