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Abstract

The Cryogenic Current Comparator (CCC) is a super-
conducting device based on an ultrasensitive SQUID (su-
perconductive quantum interference device) magnetometer
(fT range). Measuring the beam azimuthal magnetic field,
it provides a calibrated non-destructive measurement of
beam current with a resolution of 10 nA or better, inde-
pendent from ion species and without tedious calibrations
procedure. The non-interceptive absolute intensity meas-
urement of weak ion beams (< 1 pA) is essential in heavy
ion storage rings and in transfer lines at FAIR. With stand-
ard diagnostics, this measurement is challenging for
bunched beams and virtually impossible for coasting
beams. To improve the performance of the CCC detector
several upgrades are under study and development: One is
the investigation of a new type of CCC using an alternative
magnetic shield geometry. The so-called “axial” geometry
will allow for much higher magnetic shielding factor, an
increased pick-up area, and a reduced low frequencies
noise component. Further improvements and optimizations
of the detector will be presented. The CCC will be tested
on the beamline at the end of 2023 allowing to define the
best possible version for FAIR.

INTRODUCTION

After proof of principle with an earlier CCC version
[1], the first prototype of CCC for GSI and FAIR is the
FAIR-Nb-CCC-xD (Fig. 1) that is part of the family of
CCC-XD that has been developed for the use with the
beamline dimensions at FAIR HEBT (@ 150 mm).

The CCC is installed in a beam-line cryostat [2]
equipped with a helium reliquifier' that provides stable op-
erating conditions.

The CCC has been tested in CRYRING@ESR [3] con-
firming the viability of the detector and its current resolu-
tion in the order of nA. The test in CRYRING@ESR has
shown some limitation of the system like the limited slew
rate and the low magnetic shielding. The CCC prototype is
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built out of niobium, causing high costs and several me-
chanical difficulties in the construction process (for exam-
ple the needing of electron beam wielding). Other than this,
the FAIR-Nb-CCC-xD is equipped with a high permeabil-
ity core, that produces low frequencies noise (due to
trapped magnetic field) and introduces the need of a low
pass circuit to avoid resonances, reducing the maximum
bandwidth of the system.

To improve these aspects of the detector a new version
of the CCC, with an axial geometry, has been developed.

NEW AXIAL CORELESS CCC

A new type of CCC, developed together with IPHT
Jena, will be built out of lead with an axial shield geometry
and without a high permeability core (Fig. 1).
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Figure 1: Left: Radial Geometry, like the FAIR-Nb-CCC-
xD, with high permeability core. Right: Axial geometry
coreless CCC, made of lead, the pickup coil is filled only
with non magnetic foam for structural support.

The axial CCC is expected to be less sensitive to ex-
ternal perturbations, in particular very low-frequency noise
(<1 Hz), caused by magnetic field caught inside the core
material [4], and less sensitive to mechanical perturbation.

The new coreless lead CCC will have a much higher
screening factor due to the axial magnetic shield composed
of 10 layers of lead sheet [5]. The simulation shows a the-
oretical screening factor higher than 200 dB, reducing the
effect of a magnetic perturbation in the order of 10 pT
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(amplitude similar to the dipole ramp perturbation ob-
served with the CCC at CRYRING@ESR) to a level below
detection threshold of the detector.
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Figure 2: Simulations of the transfer function for CN4
SQUID and schematic of the two parallel squid system.
Upper: CN4 squid transfer function. Lower: Circuit Sche-
matic, can be seen the two squids and their feedback sys-
tem, the damping circuit has been added to avoid resonance
peaks in the frequency of interest. The chosen value for the
resistance is 0.5 Ohm, to provide the smoothest gain with-
out decreasing the bandwidth.

The improved screening factor, together with the ex-
pected lower sensitivity to low-frequency perturbation
should increase the sensitivity of the detector in the accel-
erator environment. This new CCC will be equipped with
a parallel SQUID system (Fig. 2), a sensitive SQUID with
a lower bandwidth (type CN4, Leibniz IPHT/supracon AG)
and a higher bandwidth SQUID with lower sensitivity
(type CN2, same provider).

The parallel use of two SQUIDs refers to the intro-
duced cascade principle [6]. The two parallel SQUID sys-
tem, thanks to the higher bandwidth, will allow to sensibly
improve the slew rate of the detector without introducing
additional filtering elements, so without decreasing the res-
olution due to additional thermal noise, (as it was done for
the FAIR-Nb-CCC-xD in CRYRING [3]).

PROTOTYPE CONSTRUCTION

The first prototype of the axial coreless CCC has been
built in collaboration with IPHT Jena (Fig. 3).

The first part that has been built were the 10 layers
meander structure, composing the magnetic shielding. The
external meander is built out of a 1 mm pb sheet, placed on
the inside of a 250 mm radius fiberglass cylinder to provide
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structural integrity. The internal structure of 9 meanders are
instead built out of 0.25 mm thick Pb-SI sheet, overlapped
with thin electric-insulation layers. The meander structure
is then connected to the upper and lower surface of the
CCC, built out of 1.5 mm Pb sheets.

At the end of the meander structure the pickup-coil has
been built up, in this process two coils of 0.25 mm thick-
ness Pb-Sl sheet are wrapped around a structure composed
of XPS Polystyrene foam to provide the required stabiliza-
tion.

The meanders and the pickup coil are then enclosed in
a fiberglass cylinder of 320 mm to provide rigidity to the
system and protect it from deformation due to handling
during test and installation. The structure is then completed
with a last layer of 1 mm Pb sheet that connects the upper
and the lower extremity of the CCC.

<— (=290 mm—>
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Figure 3: Construction steps of axial CCC. Up left: Scheme
of'axial CCC. Up right: First meander of the meander struc-
ture, the fiberglass cylinder can be seen on the upper part.
Down Left: XPS support structure for the pickup coils dur-
ing assembly. Down Right: Axial lead CCC completed, on
the upper corner it’s also possible to see the squid box.

The Pickup coil is finally connected through two Pb
strips to the squid box installed on top of the CCC. The Pb
box in which the SQUIDs are enclosed is necessary to
shield them from external magnetic fields.

All the soldering has been performed with Pb-Sn ma-
terial, to make sure that also the soldering connection are
superconductive, and the insulant is kept in place by cryo-
glue.

FIRST TEST OF AXTAL CORELESS CCC

The Axial CCC has first been tested in the laboratory
at FSU Jena (Fig. 4). This test has allowed us to measure
the performance of the detector in a controlled environ-
ment. The following measurement steps have been per-
formed to stepwise characterize the properties of the axial
CCC:
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Figure 4: Left: FSU Jena Laboratory with wide-neck cryo-
stat. Right: Axial coreless CCC during installation, the
squid box and the cabling is also visible on the top of the
CCC. The white windings on the cryostat are the Helm-
holtz coils for the magnetic shield test. The CCC is at rest
in the bottom part of the cryostat.

Current resolution: Using the calibration line of the
cryostat it was possible to estimate the current resolution
of the system, around 10 nA (Fig. 5).
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Figure 5: Current resolution of CN4 squid: The black
waveform is the rectangular waveform used as input, the
red waveform is the squid signal. Maximum current reso-
lution is around 10 nA, lower signal can’t be distinguished
over the noise floor.

There are two main reason for this low current resolu-
tion compared to classical CCC [1 nA]:

e Less coupling of the pickup to the magnetic field
of the beam due to the lack of the high permeabil-
ity core
Higher noise component at higher frequencies,
the noise floor measured with the axial CCC
(around 5-10 nA) is unexpectedly more than ten
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times higher than the noise floor measured in the
lab with radial core CCCs, because of low-pass
filtering, which is not present in the axial CCC.
The low-pass filter is required to avoid reso-
nances, due to the high magnetic permeability
core inductance, that together with the capacity of
the magnetic shield meander structure behave as
an LC circuit. In the coreless CCC the inductance
of the pickup coil is much lower, so the low-pass
filter is not needed. The resonance frequency of
the system is much higher than the maximum
bandwidth of the used squids.

Slew Rate: A first estimation of the slew rate has been
performed in the cryostat in Jena, estimating the value at
around 4 pA/uS, a strong improvement from the
0.16 pA/uS of the FAIR-nB-CCC-xD [3]. It will be possi-
ble to reach higher slew rates with further optimization of
the hardware (like squid cabling) or of the squid circuit.
This will allow to use the CCC for monitoring a higher
spectrum of signals without decreasing the current resolu-
tion.

Magnetic Shielding: The FSU cryostat is equipped
with a pair of Helmholtz coils (Fig. 4) to provide a mag-
netic field up to 1 mT. The previous test of the FAIR-Nb-
CCC-xD has shown a quite high sensitivity to external
magnetic field. In CRYRING@ESR the dipole field
(~100 uT) produced a signal from the SQUID in the order
of 10 nA. For the axial CCC we were not able to detect any
squid response to the external magnetic field of I mT. Only
using a waveform generator to drive the Helmholtz coil we
were able to distinguish a small response in the frequency
spectrum of the noise, estimating a SQUID signal lower
than 0.1 nA. This result doesn’t allow to calculate the exact
screening factor of the axial CCC or even to verify a theo-
retical value of ~200 dB (which is anyway not feasible),
but it is good enough to confirm that the new shield geom-
etry strongly improves the magnetic screening factor, ef-
fectively removing external magnetic fields from the CCC
signal.

TEST OF AXIAL CCC IN THE BEAM-
LINE CRYOSTAT AT GSI

We proceeded to install the axial CCC in the beam-line
cryostat in GSI (Fig. 6). Even if the test in the well shielded
laboratory Jena was successful, the high noise component
we found there has arisen some worries, which unfortu-
nately found confirmation in the test.

The sensitive squid has shown a very unstable V-¢
characteristic (Fig. 7), obtained by applying a well defined
signal to a coil wound around the SQUID or to the calibra-
tion line. This produces a ‘calibration’ field that is used to
obtain the modulation of the squid (in Volt) as a function
of the applied field ().

The working point of the squid in the Flux Looked
Loop (FLL) mode is set where the characteristic curve
crosses the zero voltage line. To have a stable working
point that allows to use the squid in the FLL mode, which
is essential for the data acquisition, the characteristic curve
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should cross the zero line in a definite point. If the charac-
teristic curve is not stable due to excessive noise, like at
our measurement shown in Fig. 6, it is impossible to define
a stable working point for the squid.

. b
Figure 6: GSI setup, left: cryostat scheme, upper right: cry-
ostat vacuum vessel, lower right: picture of the CCC during
installation. The CCC is installed over the He-container

tube, the thermal shield tube and finally the UHV tube of
the beamline.
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Figure 7: Upper: Squid characteristics in the laboratory in
Jena. Lower: Squid characteristic at GSI cryostat. It’s pos-
sible to see how the characteristic has a deformed shape in
respect to the optimal one measured in Jena, moreover the
noise has in some points almost half of the full amplitude
of the characteristic curve. With a noise component so high
the characteristic is very unstable and it’s not possible to
find a stable working point
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The test at GSI has shown that the axial coreless CCC
is currently not a valid detector for installation in the beam-
line cryostat. The absence of a stable working point makes
it impossible to perform beam measurement with the CCC.

It was only possible to use the low sensitivity SQUID,
that can work independently of the FLL mode, to collect
information on the noise (estimated to be higher than 1 pA,
around 50 times higher than the noise floor of the classical
radial CCC with core). Further investigations will mainly
use the low sensitivity SQUID to get a better understanding
how the noise couples that strongly to axial coreless CCC
and also why the noise is much higher than expected.
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CONCLUSION AND NEXT STEPS

The test of the axial coreless CCC has highlighted the
issues of the prototype, in particular the low coupling with
the beam field due to the lack of the core that together with
the high noise floor level, especially at higher frequencies,
make the prototype not able to work in the accelerator en-
vironment. The test at FSU Jena laboratory has, however,
confirmed the validity of the axial magnetic shielding and
the effectiveness of the squid cascade system to improve
the slew-rate of the detector.

Even if it is confirmed that the axial coreless CCC will
not be the solution for FAIR, we are able to use the infor-
mation achieved on the effectiveness of the axial geometry
and the squid cascade system to develop a new prototype
of CCC of axial geometry, the Double Core axial CCC, in-
spired on the design of the CCC Sm (Smart & small) [7].

At the end of 2023 the FAIR-nB-CCC-xD will be
tested on the beam line at GSI, allowing us to perform a
final test of the cryostat and of the detector on the transfer
lines, as they will be used in FAIR. In the first half of 2024
we will test the first prototype of the double core axial CCC
in the laboratory, followed by a beamline test in summer
2024.
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