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Abstract

Cryogenic Current Comparators (CCC) are supercon-
ducting devices for beam current monitoring, based on az-
imuthal magnetic field (fT range) measurement with ultra-
sensitive SQUID magnetometers. They are able to provide
a calibrated non-destructive measurement of beam current
with a resolution of 10 nA or better, independent from ion
species and without tedious calibrations procedure.

We have developed the CCC over the last ten years in an
international collaboration with the goal of a highly sensi-
tive and continuous current measurement in the transfer
lines and rings at FAIR and CERN machines. Besidesthe
efforts to improve the robustness and current resolution of
the device, investigations have been performed ondthe cry-
ogenic support system, which has to provide stand-alone
operation in HEBT tunnels without He supplysSe. far, we
have achieved standing times in the rangé of 6-'9 months
after liquid He filling, recently we /have demonstrated
stand-alone He liquefaction from gas bottles avithin ~
4 weeks, which would avoid He filling in theftunnels. Iy
this contribution we presenthe,status andfresults of our
current work with focus on the cryogenics aspects.

INTRODUCTION

The LCryogenic Current, Comparator basically consists
of a pickup coil, a SQUID- (Superconducting Quantum In-
terference Device) magnetometer and a, superconducting
shielding; which proyides an attenuation of non-azimuthal
external fields in_the range -70 dB to -140 dB, depending
on the shield géometry (see below). The shielding guides
the superconducting Meissner-Current to the internal
pickup loop, which is basically a one- winding coil around
a high permeability ring,core, acting as a flux concentrator.
The latter is used in'the “classical’ CCC, shown in Fig. 1,
to ensure efficient coupling of the beam to the SQUID cir-
cuit. Just like in regular, normal conducting beam trans-
formers, the arrangement can be regarded as a transformer
with the particle beam being the primary and the pickup
coil being the secondary winding. The signal from the
pickup coil is fed to a DC SQUID, which is operated in a
compensation circuit, using a so-called Flux Locked Loop
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(FLL) electronics [1]. Figure I showsthe original arrange-
ment, developed at PTB (Physikalisch-Technische Bun-
desanstalt) for electron beam measurement [2], which was
later adapted to the heavy ion accelerator application at
GSI [3].

Superconducting Shield

Figure 1: Classical current comparator, shield geometry
with radial meanders and high permeability ring core (red)
surrounded, by the pickup loop (yellow), which is again
connected to the SQUID coupling loop. In our case the ref-
erence current is not used, Ia is the beam current. Bi = azi-
muthal field, Li = coupling inductance to squid circuit. The
small arrows indicate the Meissner current along the
shielding.

The detector development for FAIR started with the
classical shielding, like shown in Fig.1. The next step was
a shielding with axial meander geometry and without ring
core [4], called the ‘coreless’ or ‘axial’ CCC. This new de-
sign promised some advantages, like reduced magnetic
noise and baseline drift (both mainly caused by the toroidal
core), reduced costs and weight due to better mechanical
stability (which allows for lead as shielding material).
However, the axial CCC could not be operated inside the
FAIR cryostat due to its sensitivity to external noise and in
general its weak coupling to beam (resp. calibration-) cur-
rent [5]. Consequently, a third CCC type, which combines
the axial meander geometry with a twofold classical toroi-
dal core pickup was developed [6] and successfully tested
with beam at GSI [7]. It achieved - besides excellent mag-
netic shielding - a current resolution equal or better than
the classical CCC type. This version is called the ‘dual



core’ or DCCC. Figure 2 shows the three mentioned varie-
ties at one glance.

The DCCC represents a preliminary conclusion of our
detector development and is the final choice for the FAIR
diagnostics system. Some further optimization is ongoing
to improve synchronization of the SQUIDs as well as for
filtering of periodic disturbances [8], but the basic detector
design is fixed. The dimensions of the DCCC for FAIR are:
inner diameter Dinner = 255 mm, Douter = 360 mm, length
1 =230 mm. It reaches a current resolution of several nA at
a bandwidth of 10 kHz.

-

Figure 2: CCC shielding types with radial (left) and axial
(middle) meanders. The high permeability ring-cores are
indicated in blue, the detector volume of the axial CCC in
white. Right: DCCC with axial meanders and two inde-
pendent toroidal cores.

CRYOGENIC SUPPORT SYSTEM

A major requirement for stable nonstop operation ifi the
FAIR beamlines (and the remaining challenge) is complete
self-contained stand-alone operation of the cryogenic sys-
tem. To achieve this, the cryogenic supportssystem has
steadily been optimized in parallel to thefwork on the de-
tectors [9].

The basis of the cryo-system is the specially déveloped
He bath cryostat shown in Fig. 3.
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Figure 3: FAIR CCC cryostat with Cryomech© HeRL25
liquefier mounted.

Immersion in LHe fulfils the requirements of maximum
stability and homogeneous cooling. In addition, the cryo-
stat hast to provide UHV suitability, nonmagnetic material,
vibrational damping, short insertion length as well as ac-
cessibility for maintenance and repair work. The outer di-
mensions of the isolation vacuum vessel are 1.2 m x 0.8 m
x 0.8 m. It consists of a stainless-steel frame, covered by
aluminum windows, which enable access to all inner com-
ponents. The He container (volume 70 1), which houses the
CCC is located in the center and is fixed,by (Ti) suspension
wires, anchored in the corners of the isolation vacuum tank.
It is surrounded by a thermal shielding made\from copper,
which is cooled by the evaporatedshelium (enthalpy cool-
ing). The enthalpy line spiraliig aroundythe thermal shield
has a length of ~15 m at an iiner diameter of 10 mm. Shield
temperature during operation is ~110 K*at an,evaporation
rate of ~20 1/day.

The ‘eireulation of the'gas is powered by the thermosi-
phon effect from density reduction/liquefaction at the lig-
uefier cold héad. Once it is runningjthere are two compet-
ing waysgfor the gasiflow, 1. along the,shield cooling line
(as intended), 2. backwards through the He filling tube.

Calculations predict an evaporation rate of 17 I/day. Ta-
ble'l shows the main heat contributions.

Tablel: Heat Contribution from Cryostat Components

Cryostat Compenent Heat Load
W]
Suspensions'8 x TIAI6V4, 3mm 0.03
He Filling Tube, Stainless Steel/GFK 0.25
Tube fof Sensor and CCC Cables 0.01
Overpressure Safety Tube 0.03
He Filling Rod ~0.08
Sensor.and)CCC Cables ~0.07
Radiation on He Vessel (Tshield = 100 K) 0.05
Radiation on He Tube (Tshield = 100 K) 0.01
Total Heat Load ~0.53
= Evaporation Rate ~ 17 l/day

CLOSED CYCLE OPERATION

A system for gas handling and re-liquefaction has been
installed to achieve self-contained operation. Fig. 4 shows
a schematic of our test setup. We started our tests with a
Cryomech© HeRL15 He-liquefier (capacity 151/day). It
turned out the additional heat load by the liquefier filling
tube itself made it necessary to switch to a more powerful
model (HeRL25). After several optimization steps (e.g. in-
stallation of metal seals at all ISO-KF flanges, a check
valve at recovery line and installation of flow meters for
gas flow optimization) we managed to get the system run-
ning in (almost) stand-alone mode. We started the test cam-
paign in Nov24 and finally ran out of helium mid May?25.
The filling level at start was around 50 1.
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Figure 4: Cryogenic system of the CCC. Flow meters de-
tect the flow to recovery line and liquefier. An additional
He supply bottle compensates losses. Operation pressure is
at 1.1 bara.

Further investigations are necessary to identify loss (or
contamination) mechanisms in the He circuit. Avoiding
contaminations and losses can be achieved by careful
choice of material and systematic work, which is compar-
atively simple though not trivial. In contrast, investigation
of the dynamical behavior is complicated. The cryostati
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Figure 5: Pressure oscillations during a liquefaction test
(upper). The temperatures of He chamber and shield are
oscillating accordingly (lower).

We assume that the oscillations are mainly driven by the
contest of gas flow through the thermal shield and through
the liquefier filling rod. The LHe is released periodically
from the liquefier, once it evaporates in the He container,
the cold gas will gradually reduce the resistivity of the en-
thalpy line (while partly streaming back through the filling
rod), which increases the amount of warm gas coming to
the liquefier. Here - due to limited power at 4K - a certain
time span is needed to start the cy i
values from shield and cold head ar
interpretation.
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Figure 6: Simulation of gas flow in the cryostat / liquefier
system. Left: top view, right: side view.

SUMMARY AND OUTLOOK

CCC development on detector side is preliminary con-
cluded with the dual core DCCC as final design choice.
The remaining task to allow for routine operation of the
CCC in FAIR tunnels is to stabilize the cryogenic support
system and to demonstrate stand-alone operation. We
achieved six months standing time, showing that the lique-
fier power is sufficiently high. We are developing a numer-
ical model of the cryostat to investigate the He consump-
tion and the dynamic behavior of the system.



(1]

REFERENCES

F. Kurian, “Cryogenic Current Comparators for precise Ion
Beam Current Measurements”, PhD thesis, University of
Frankfurt, Germany, 2015K.

Grohmann, H. D. Hahlbohm, D. Hechtfischer, and H.
Liibbig, “Field attenuation as the underlying principle of
cryocurrent comparators 2. Ring cavity elements”, Cryo-
genics, vol. 16, no. 10, pp. 601-605, 1976.
d0i:10.1016/0011-2275(76)90192-2

A. Peters et al., “A Cryogenic Current Comparator for the
absolute Measurement of nA Beams”, AIP Conf. Proc, vol.
451 pp.163-180, 1998. doi:10.1063/1.56997

V. Zakosarenko et al., “Coreless SQUID-based cryogenic
current comparator for non-destructive intensity diagnostics
of charged particle beams”, Supercond. Sci. Technol., vol.
32, pp. 014002, Dec. 2018.

doi: 10.1088/1361-6668/aaf206

D. M. Haider et al., “Versatile Beamline Cryostat for the
Cryogenic Current Comparator (CCC) for FAIR”, in Proc.
IBIC'19, Malmd, Sweden, pp. 78-81, Sep. 2019.
doi:10.18429/JACoW-IBIC2019-MOPPOO7

[6] Max Stapelfeld, ,,Experimentelle Untersuchungen zum
Systemdesign von Kryogenen Stromkomparatoren®, PhD
thesis Friedrich Schiller University Jena, Germany, 2022

[7] L. Crescimbeni, “Development of the axial Cryogenic Cur-
rent Comparator for FAIR”, PhD thesis, University of
Frankfurt, Germany, 2025 (in preparation)

[8] S. Kolbe, F. Romer, T. Sieber, V. Tympel, and B. Voss,
“Systematic analysis and mitigation of disturbances in beam
current measurements using dual SQUID readout”, pre-
sented at the IPAC"26, Deauville;
WEP6044, this conference.

[9] T. Sieber et al., “Optimization Studi dvanced Cry-

Proc. IBIC'16, Barcelona,
doi:10.18429/JACoOW-

genic Current Co
W, r, Canada,



https://doi.org/10.1016/0011-2275(76)90192-2
https://doi.org/10.1063/1.56997
https://doi.org/10.1088/1361-6668/aaf206
http://doi.org/10.18429/JACoW-IBIC2019-MOPP007
http://doi.org/10.18429/JACoW-IBIC2016-WEPG40

	INTRODUCTION
	CRYOGENIC support system
	closed cycle operation
	SUMMARY AND OUTLOOK
	REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /All

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /ENG ()

    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToRGB

      /DestinationProfileName (sRGB IEC61966-2.1)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PreserveEditing false

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.000 792.000]

>> setpagedevice





