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Summary

This thesis constitutes a feasibility study of a “corrugating wall” cryostat concept for the
detector magnets in the Future Circular Collider (FCC). The FCC study was launched
in response to the 2013 Update of the European Strategy for Particle Physics as an
international collaboration hosted by CERN. Its Conceptual Design Report was presented
in 2019. Following a staged operation approach, it proposes first a lepton collider (FCC-
ee+), which may later be replaced by a hadron collider (FCC-hh). Compared to the
14 TeV maximum center-of-mass collision energy of the LHC, the project aims at reaching
center-of-mass energies from 88 GeV to 365 GeV for the FCC-ee+ and of 100 TeV for the
FCC-hh.

In order to explore these higher collision energies ambitious performance goals are set, not
only for the accelerators but also for the particle detectors. Among these, the so-called
IDEA detector for the FCC-ee+ comprises a superconducting solenoid directly placed
around the inner tracker detector, i.e. inside the bore of the dual-readout calorimeter.
This new lay-out reduces the stored magnetic energy by a factor of about 4 and the cost
by a factor of about 2. However, a significant R&D effort is required to engineer this
solution. Key to this lay-out is that both the cryostat and the enclosed cold mass of the
solenoid must be as radiation-transparent as possible for minimum particle scattering
and to allow the particles to reach the calorimeter and outer muon detectors.

In this thesis is presented a conceptual design of a novel cryostat for large-scale supercon-
ducting detector solenoids that is optimized for radiation transparency and its suitability
for an FCC IDEA-like particle detector is analyzed. The concept involves a cryostat with
an inner bore diameter of 4 meter and a longitudinal length of 6 meter. Its maximum
acceptable radial thickness is set to 300 millimeter, including a 50 millimeter thick coil
cold mass. The inner tracker is mounted on the inner bore of the cryostat, which there-
fore needs to support its weight as well as the atmospheric pressure, acting as a tensile
stress in the inner cryostat wall, when the cryostat is pumped vacuum. Conversely, the
atmospheric pressure yields a compressive stress in the outer vessel wall, rendering it
vulnerable to buckling, especially in the case of a thin-walled shell. For this reason, the
outer wall is typically the thickest component of a conventional cryostat and its design
must be optimized.

This work proposes to replace the usual uniform metallic outer wall, which would need to
be approximately 20 mm thick, with an aluminum foil of some 100µm thickness. The thin
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foil must ensure vacuum tightness but is not required to withstand the 1 bar differential
pressure, nor the weight of the cold mass. Instead, the typical multi-layer insulation (MLI)
used in conventional cryostats is replaced here by an insulation material that fills the empty
space inside the vacuum vessel completely and thus provides the required mechanical
support against the atmospheric pressure. The outer wall is allowed to “corrugate” under
vacuum and to rest on the enclosed insulation (resembling the behavior of the aluminum
foil of commonly-used vacuum-sealed coffee bean bags). The cold mass is connected to
the rigid vessel’s end flanges through mechanical supports made from fiber-reinforced
resin or a similar material. Through the supports, the weight of the solenoid, its thermal
contraction and the vacuum pressure are transferred to the end flanges and then further
to the main detector support structure.

Such a design poses a number of serious challenges. The first is the identification of
an insulation material that has a high radiation length but is nevertheless sufficiently
strong to withstand the vacuum load and that furthermore has a relatively low thermal
conductivity, since completely filling the cryostat will enable conductive heat in-leak and
may hence be expected to increase the heat load substantially. Two possible types of
insulation material are proposed and investigated.

The first one is thin-walled hollow glass spheres, packed closely together under vacuum.
Heat transfer then occurs by conduction through the inter-sphere contact areas and
through the walls of the spheres and by radiation through the void spaces. For this study,
3M™ K1 type glass microspheres were selected, a free-flowing powder consisting of soda-
lime-borosilicate glass with a particle diameter ranging roughly from 5µm to 125µm.
Since specifically designed for a high strength-to-weight ratio, these microspheres have
an isostatic crush strength of 17 bar, a particle density of 0.125 g cm-3 and a 60% packing
factor. The manufacturer cites a thermal conductivity of 0.047Wm-1 K-1 at 21 °C, the
lowest value in their portfolio.

The second type of insulation material is an aerogel-based blanket structure, compressed
under vacuum. In this composite, the foam-like aerogel is reinforced with a fibrous matrix
in order to enhance its mechanical strength. The result is a flexible blanket that combines
a reasonable mechanical strength with the high porosity and low density of aerogels,
making it a convenient thermal insulation material. For the present study, Cryogel® Z
from Aspen Aerogels® was chosen, which combines silica aerogel with polyester/glass
fibers. The manufacturer cites a thermal conductivity of 0.017W m-1 K-1 at 24 °C and a
density of 0.16 g cm-3.

These two materials were investigated in terms of particle transparency, mechanical
strength and thermal conductivity.

The radiation length of the two materials was estimated analytically. For the 3M™ K1
glass microspheres, using the bulk density ratio between loose powder and the solid glass,
it was estimated to lie in the range of 300 cm to 500 cm. For Cryogel® Z it was estimated
to be 170 cm.

To mimic the pressure acting on the insulation material inside the cryostat when pumped
vacuum, the K1 glass microspheres and the Cryogel® Z blankets were mechanically tested
under 1 bar uniaxial compression. At this load, the Cryogel® Z blankets show a strain
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of about 30% and an effective Young’s modulus was estimated (0.36± 0.01)MPa. For
the K1 glass spheres a strain of 2% was measured and an an effective Young’s modulus
(4.6± 0.1)MPa was estimated. Cryogel® Z is thus a much softer material, allowing a
radially thinner cryostat when under vacuum for a given thickness of the insulation layer.
Of course, this will require a cryostat design that allows for such higher displacement
when pumped vacuum.

At 0.2 bar applied load, the stress-strain curves of glass microspheres show a sharp change
in slope towards a lower differential Young’s modulus due to the failure of a portion of
spheres. This was observed for every loading-unloading cycle, indicating a progressive
degradation of the material. The result was further confirmed with SEM observations,
revealing broken spheres especially in the top layer of the tested batches. Inside a cryostat,
the glass powder resulting from the crushed spheres will likely create a highly conducting
layer of material or move to the bottom of the vessel, leaving its top parts with large
voids. Since the ultimate strength of a hollow sphere loaded under uniaxial pressure is
strongly determined by its wall thickness, the mechanical failure of part of the K1 spheres
is likely related to the relatively wide particle size, and hence wall thickness, distribution.
For our application glass spheres of uniform size and thus more uniform mechanical
properties would be ideal. Such material exists in the market, but is rather expensive
and therefore not realistic to fill the sizeable vacuum space of FCC-like detector solenoid
cryostats. Due to the difficulty in predicting the mechanical behavior, especially in long-
term use, of the K1 glass microspheres within the time frame of the present study, it was
chosen to prioritize Cryogel® Z for further testing. Nonetheless, glass spheres remain a
potential solution for detector solenoid cryostats that is worth further investigation. A
new cost-efficient manufacturing process for uniform-sized microspheres should be looked
for.

The thermal conductivity of Cryogel® Z was measured in vacuum, under 1 bar compression
load, on samples of approximately 20mm diameter and 10mm thickness. The test was
performed twice and analyzed with two different methods, comparing the results. Using
the so-called “thermal conductivity integral method”, conductivity values ranging from
0.21 mW m-1 K-1 at 10 K to 50 mWm-1 K-1 at 275 K were obtained.

Since these thermal conductivity values might be influenced by the boundaries of the
relatively small samples, they do not necessarily provide an accurate indication of the heat
load that may be expected in a full-scale cryostat. The obtained “small-scale” mechanical
and thermal properties of Cryogel® Z were therefore used as starting point for the design
and manufacture of a much larger test setup that is more representative of a real-case
cryostat. This “mock-up” comprises a stainless steel vacuum vessel of 800mm diameter
enclosing three copper plates cooled by use of a two-stage pulse tube cryocooler and
representing the cold mass and the thermal shield of a detector solenoid’s cryostat. The
space in-between the vessel walls and the three copper discs is filled with an insulation
material of choice, on which a compression load can be applied. The realization of this
setup can be considered as a result in itself, since it constitutes a versatile test station
for the future analysis of the heat fluxes to the cold mass and to the thermal shield of a
cryostat through different insulation materials, compressed under a controlled mechanical
load, in vacuum.
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The thermal performance of Cryogel® Z was thus investigated under compressive loads
ranging between 1.0 bar and 1.4 bar, for thermal shield temperatures from 30K to 80K
and a cold mass kept at approximately 4.5 K. Given an operational temperature of 45 K
for the thermal shield and 4.5K for the cold mass, heat flux values of (25± 1)Wm-2

from the ambient-temperature vessel to the shield and of (0.5± 0.1)Wm-2 from the
shield to the cold mass were estimated. The effective thermal conductivity of Cryogel®
Z was derived from the heat flux through the material and was found to increase from
0.3mWm-1 K-1 to 2mWm-1 K-1 throughout the temperature range from 30K to 80K.
Within the uncertainty of the experiments, the results obtained with the large-scale mock-
up were found comparable to those obtained from the small-sample experiments.

Finally, the obtained material properties were combined with the geometry of the proposed
IDEA detector solenoid to estimate the size, radiation thickness and thermal budget of a
conceptual cryostat insulated with Cryogel® Z and to evaluate its feasibility, especially
when compared to other solutions.

The study clearly reveals the need to compromise between the overall radiation thickness
of the magnet on the one hand, and the energy consumption of its cryogenic cooling
system on the other hand. With respect to a 270 mm thick classical cryostat (i.e. one with
a uniform metal outer wall), the use of Cryogel® Z allows for a cryostat of 250 mm radial
envelope, further reduced to 190mm when pumped vacuum, due to the compression
of Cryogel® Z under 1 bar differential pressure. The thickness of the cryostat during
operation is thus reduced by 30% with respect to a conventional cryostat, while its mass
by 40% and its radiation thickness by 50%. The overall radiation thickness of the solenoid
(i.e. including the cold mass, which accounts for the 70% of it) decreases from 1.06 to 0.93.
The heat loads are estimated to be (220± 50)W on the 4.5K cold mass and (4± 1) kW
on the 45K thermal shield. An alternative conceptual design, developed in parallel in
the same R&D team, aims at reducing the radiation thickness of the cryostat by 65% by
using a honeycomb-based outer vessel wall. This results in a solenoid’s radiation thickness
of 0.86. The same reduction can be reached with the Cryogel® Z option, with a 145 mm
thick cryostat, further compressed to 120 mm by the vacuum pressure (for a 45% thickness
reduction during operation), against the 290 mm thickness of the honeycomb-plate option.
However, this would approximately double the thermal loads on the cold mass and on
the thermal shield.

The Cryogel® Z and honeycomb concepts thus offer comparable advantages in terms of
transparency. From the mechanical point of view, both concepts require significant further
design efforts, for the Cryogel® Z insulated cryostat mainly to prevent the thin outer
vessel wall from tearing under vacuum, and for the solution with the honeycomb-plate
mainly to ensure vacuum tightness of the composite wall, in particular in welded areas.
By the use of MLI, the latter solution is likely to be significantly more economical in
terms of cooling cost. The advantages and disadvantages of the two options are further
discussed and a conclusion about the feasibility of a “corrugating” cryostat for an FCC
IDEA-like detector magnet is drawn.
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Samenvatting (Dutch
summary)

Het onderzoek beschreven in dit proefschrift is een haalbaarheidsstudie van een ‘dunne-
wand’ cryostaatconcept voor de detector magneten in de Future Circular Collider (FCC).
De FCC-studie werd gelanceerd als reactie op de in 2013 uitgebrachte Update van de Eu-
ropese Strategie voor Particle Physics als een internationale samenwerking die is onderge-
bracht bij CERN. Het Conceptual Design Report van deze studie is gepresenteerd in 2019.
Volgens een gefaseerde aanpak wordt eerst een leptonversneller (FCC-ee+) voorgesteld,
die later mogelijk kan worden vervangen door een hadronversneller (FCC-hh). Dit project
is gericht op het bereiken van 88 GeV tot 365 GeV botsingen met de FCC-ee+ versneller en
100 TeV botsingen met de FCC-hh versneller, te vergelijken met de 14 TeV (hadron-hadron)
botsingen van de LHC.

Om deze hogere botsingsenergieën te kunnen bereiken zijn ambitieuze prestatiedoelen
gesteld, niet alleen voor de versneller zelf, maar ook voor de deeltjesdetectors. De zoge-
naamde IDEA detector voor FCC-ee+ heeft een supergeleidende detectorsolenoïde met
in de boring een trackingdetector en er omheen de calorimeter. Deze nieuwe geometrie
vermindert de opgeslagen magnetische energie in de magneet met een factor 4 en de
kosten met een factor van ongeveer 2. Er is echter een aanzienlijke onderzoek- en on-
twikkelingsinspanning nodig om deze oplossing mogelijk te maken. Hiervoor moeten de
cryostaat en de koude massa van de IDEA-achtige detector solenoïde dan wel zo stral-
ingstransparant als mogelijk zijn om de deeltjes de buitenste detectors te kunnen laten
bereiken.

In dit proefschrift wordt een conceptueel ontwerp gepresenteerd van een nieuwe cryostaat
voor grote supergeleidende detectormagneten. Het gaat in op de optimalisatie van een
dergelijke cryostaat voor grootschalige supergeleidende detectorsolenoïdes voor stral-
ingstransparantie, en de geschiktheid voor een FCC IDEA-achtige deeltjesdetector wordt
geanalyseerd. Het concept omvat een cryostaat met een binnendiameter van 4 meter,
een lengte van 6 meter en een maximaal aanvaardbare dikte van 300mm, inclusief een
50mm dikke koude massa. De binnenste tracking detector is bevestigd aan de boring
van de cryostaat, die daardoor zijn gewicht moet dragen alsmede de atmosferische druk
van buiten die als een trekspanning werkt op de binnenwand van de cryostaat. De at-
mosferische druk comprimeert de buitenlaag van de cryostaat, die daardoor kan knikken
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(buckling). Dit effect is sterker als de buitenlaag dunner is. Om deze reden is de buiten-
wand het dikste onderdeel van een conventionele cryostaat en moet het design ervan
worden geoptimaliseerd.

In dit werk wordt voorgesteld om de gebruikelijke 20 mm dikke uniforme metalen buiten-
wand te vervangen door een aluminiumfolie van ongeveer 100µm dikte, waardoor de
transparantie voor deeltjesstraling van de cryostaat enorm toeneemt. Deze folie moet
zorgen voor vacuümdichtheid, maar hoeft niet bestand te zijn tegen de differentiële vac-
uümdruk van 1 bar, noch het gewicht van de koude massa. In plaats van gebruik te maken
van meerlaagse folie-isolatie (de zogenaamde Multi-Layer-Insulation, MLI) die typisch in
conventionele cryostaten zit, wordt een ander isolatiemateriaal gebruikt dat de lege ruimte
in het vacuümvat vult en zo de mechanische ondersteuning biedt om de atmosferische
druk van buiten op te vangen. Wanneer het geheel vacuüm wordt gezogen zal het folie zich
om het isolatiemateriaal vormen, zoals bijvoorbeeld de verpakking van vacuümverpakte
koffiebonen. De koude massa is verbonden met starre eindflenzen door middel van mech-
anische steunen van bijvoorbeeld een vezel versterkte hars of een soortgelijk materiaal.
Door deze steunen kunnen de krachten als gevolg van het gewicht van de solenoïde, de
thermische samentrekking en de vacuümdruk worden overgedragen naar de eindflenzen
en dan naar de ondersteuningstructuur van de gehele detector.

Een dergelijk ontwerp stelt ons voor een aantal serieuze uitdagingen. De eerste is de iden-
tificatie van een isolatiemateriaal dat een hoge stralingslengte heeft maar toch voldoende
mechanische sterkte heeft om de vacuümbelasting te weerstaan. En dat bovendien een
zo laag mogelijke warmtegeleidingscoëfficiënt heeft, aangezien het compleet vullen van
de cryostaat een warmtelek door middel van geleiding veroorzaakt waardoor de warmte-
belasting naar verwachting aanzienlijk zal toenemen. Twee types isolatiematerialen zijn
voorgesteld en onderzocht.

Het eerste materiaal bestaat uit microscopisch kleine dunwandige holle glazen bolletjes
die onder vacuüm dicht opeengepakt zijn. De warmteoverdracht vindt dan hoofdzakelijk
plaats via de kleine raakvlakken tussen de bolletjes en via de wanden van de bollen, naast
straling van bolletje naar bolletje. Voor dit onderzoek is gekozen voor glazen microbollet-
jes van het type 3M™ K1, een poeder bestaande uit natronkalk-borosilicaatglas met een
deeltjesdiameter ruwweg variërend van 5µm tot 125µm. Aangezien deze microbolletjes
speciaal zijn ontworpen voor een hoge sterkte-gewichtsverhouding, hebben ze een isostatis-
che druksterkte van 17 bar, een deeltjesdichtheid van 0,125 g cm-3, en een vulfactor van
60%. De fabrikant noemt een warmtegeleidingscoëfficiënt van 0,047Wm-1 K-1 bij 21 °C,
de laagste waarde binnen hun assortiment.

Het tweede type materiaal is een onder vacuüm samengeperste dekenstruktuur op ba-
sis van aerogel. In dit composiet wordt de schuimachtige aerogel versterkt met een
vezelachtige matrix om de mechanische sterkte te vergroten. Het resultaat is een flexibele
deken die een redelijke mechanische sterkte combineert met een hoge porositeit en lage
dichtheid van de aerogel, waardoor het een geschikt thermische isolatiemateriaal is. Voor
deze studie is gekozen voor Cryogel® Z van Aspen Aerogels®, dat silica-aerogel combi-
neert met polyester/glasvezels. De fabrikant noemt een warmtegeleidingscoëfficiënt van
0,017 Wm-1 K-1 bij 24 °C en een dichtheid van 0,16 g cm-3.
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Deze twee materialen zijn onderzocht op transparantie voor deeltjes straling, mechanische
sterkte en thermische geleidbaarheid.

De stralingslengte van de twee materialen is met een analytische methode geschat. Voor de
3M™ K1 glazen microbolletjes is deze met gebruikmaking van de bulkdichtheidsverhouding
tussen het losse poeder en het vaste glas geschat op 300 cm tot 500 cm. Voor Cryogel® Z
is de stralingslengte geschat op 170 cm.

Het effect van het drukverschil tussen atmosferische druk en vacuüm op de twee soorten
isolatiematerialen zoals het geval is in de concept cryostaat is experimenteel onderzocht.
De K1-type glazen microbolletjes en Cryogel® Z zijn getest onder 1 bar druk in een
richting dwars op de materialen. De Cryogel® Z dekens vertonen een compressie van
ongeveer 30% en een geschatte effectieve Young’s modulus van (0,36± 0,01)MPa. Voor
de K1 glazen bollen is een compressie van 2% gemeten in combinatie met (4,6± 0,1) MPa.
Cryogel® Z is dus een veel zachter materiaal, waardoor er een grotere verplaatsing van het
materiaal plaatsvindt onder vacuüm, wat een radiaal dunnere cryostaat mogelijk maakt.
Uiteraard vereist dit een cryostaatontwerp dat een dergelijke verplaatsing toelaat.

Bij een belasting van 0,2 bar vertonen de gemeten spannings-rekdiagrammen van glazen
microbolletjes een scherpe verandering in de helling naar een lagere differentiële elas-
ticiteitsmodulus, als gevolg van het breken van een deel van de bolletjes en de daaruit
voortvloeiende afname van de effectieve Young’s modulus. Dit is waargenomen bij elke
cyclus van belasten en ontlasten, wat wijst op een progressieve degradatie van het ma-
teriaal. Het resultaat is verder bevestigd door een aantal SEM-waarnemingen waarbij
vooral de bovenste laag van de geteste monsters gebroken bolletjes te zien waren. Het
poedervormige restant van de gebroken glasbolletjes zal waarschijnlijk in de cryostaat een
laag met een hoge warmtegeleidingscoëfficiënt vormen of naar de bodem van de cryostaat
bewegen en ophopen, waardoor er bovenin de cryostaat holtes ontstaan. Aangezien de
sterkte van een onder uni-axiale druk belast hol bolletje sterk wordt bepaald door de
wanddikte, houdt het mechanisch falen van een deel van de K1 bolletjes waarschijnlijk
verband met de relatief grote verdeling in deeltjesgrootte en dus wanddikte. Voor onze
toepassing zouden glazen bolletjes met uniforme wanddikte en dus met uniforme mech-
anische eigenschappenideaal zijn. Gesorteerde glasbolletjes met een bepaalde diameter
en wanddikte zijn commercieel verkrijgbaar maar zijn erg duur en is dus op dit moment
geen realistisch perspectief voor het vullen van een cryostaat ter grootte van een FCC
detector solenoïde. Omdat het binnen het tijdsbestek van deze studie moeilijk is om het
mechanisch gedrag van de K1 glazen bolletjes vooral bij langdurig gebruik in te schatten,
is er voor gekozen voorrang te geven aan het testen van Cryogel® Z. Niettemin blijven
glazen bolletjes een potentiële oplossing voor isolatiemateriaal in toekomstige cryostaten,
mits er een nieuw en kosten efficiënt productieproces voor microglasbolletjes van uniforme
grootte wordt gevonden.

De warmtegeleidingscoëfficiënt van Cryogel® Z is gemeten in vacuüm, onder een druk-
belasting van 1 bar op monsters met een diameter van ongeveer 20 mm en een dikte van
10 mm. De test is twee keer uitgevoerd en geanalyseerd met twee verschillende methoden
waarbij de resultaten zijn vergeleken. Met behulp van de zogenaamde “integrale meth-
ode” voor het bepalen van de warmtegeleidingscoëfficiënt zijn waarden verkregen van
0,21 mW m-1 K-1 bij 10 K en 50 mW m-1 K-1 bij 275 K.
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Aangezien de verkregen waardes voor de warmtegeleidingscoëfficiënten kunnen worden
beïnvloed door neveneffecten van de monsters vanwege het relatief kleine formaat, geven
ze niet noodzakelijk een nauwkeurige indicatie van de warmtebelasting die mag worden
verwacht in een cryostaat op ware grootte. De op kleine schaal gemeten waardes van de
mechanische en thermische eigenschappen van de Cryogel dekens geven een schatting die
zijn gebruikt als uitgangspunt voor het ontwerp- en de fabricage van een veel grotere
testopstelling die meer representatief is voor een reële cryostaat op ware grootte. Deze
grotere test cryostaat bestaat uit een roestvrij stalen vacuümvat met een diameter van
800mm waarin drie koperen platen zitten die worden gekoeld met een pulse-tube cry-
ocooler. De koperen platen staan voor de koude massa en de thermische schilden die ook
te vinden zijn in een cryostaat van een detector solenoïde. De ruimte tussen de koperen
platen en het roestvrijstalen vacuümvat is gevuld met een isolatiemateriaal naar keuze
waarop een drukbelasting kan worden uitgeoefend. Het vacuümvat heeft een speciale
beweegbare bovenplaat die het mogelijk maakt om de hoeveelheid compressie op het
isolatiemateriaal in te stellen. De realisatie van deze speciaal ontworpen test-cryostaat
kan worden beschouwd als een resultaat op zich, aangezien het een veelzijdig teststation
vormt voor de toekomstige analyses van warmtestromen naar de koude massa en naar het
thermische schild van een cryostaat door verschillende isolatiematerialen, samengeperst
onder vacuüm door een gecontroleerde mechanische belasting.

De thermische prestaties van Cryogel® Z zijn onderzocht bij drukbelasting variërend
tussen 1,0 bar en 1,4 bar, voor temperaturen van het thermische schild van 30 K tot 80 K
en een koude massa die op ongeveer 4,5K wordt gehouden. Bij een bedrijfstemperatuur
van het thermische schild van 45K en een koude massa temperatuur van 4,5K, zijn
warmtestromen van (25± 1)Wm-2 van de buitenwand op kamertemperatuur naar het
schild en van (0,5± 0,1) W m-2 van het schild naar de koude massa gemeten. De effectieve
warmtegeleidingscoëfficiënt van Cryogel® Z is afgeleid uit de warmtestroom door het
materiaal en is 0,3mWm-1 K-1 tot 2mWm-1 K-1 in het temperatuurbereik van 30K tot
80K. Binnen de meetfout van de experimenten zijn de resultaten verkregen met de
testcryostaat vergelijkbaar met die verkregen uit de metingen aan kleine monsters.

Ten slotte zijn de onderzochte materiaaleigenschappen geëxtrapoleerd naar de geometrie
van de voorgestelde IDEA detectorsolenoïde om de grootte, de stralingsdikte en het
thermisch budget van een met Cryogel® Z geïsoleerde conceptuele cryostaat in te schatten
en vooral om de haalbaarheid ervan te evalueren, vooral in vergelijking met andere
oplossingen.

Uit de studie blijkt duidelijk de noodzaak om een compromis te sluiten tussen enerzijds de
totale stralingsdikte van de magneet en anderzijds het energieverbruik van het cryogene
koelsysteem. Ten opzichte van een 270 mm dikke klassieke cryostaat (d.w.z. met een dikke
uniforme metalen buitenwand), maakt het gebruik van Cryogel® Z een cryostaat mogelijk
met een dikte van 250mm in radiale richting, dat verder kan worden teruggebracht tot
190mm door de compressie van Cryogel® Z onder 1 bar drukverschil. De dikte van
de cryostaatwand tijdens gebruik wordt dus met 30% verminderd ten opzichte van een
conventionele cryostaat, terwijl de massa met 40% wordt verminderd en zijn stralingsdikte
met 50% ten opzichte van een klassieke cryostaat. De stralingsdikte van het hele systeem
(d.w.z. inclusief de koude massa, die verantwoordelijk is voor ongeveer 70% ervan) wordt

x



verminderd van 1,06 tot 0,93. De warmtebelastingen zijn geschat op (4± 1) kW op het
thermische schild van 45 K en (220± 50) W op de koude massa van 4,5 K. Een alternatief
conceptueel ontwerp dat in parallel is ontwikkeld in hetzelfde R&D-team, is gericht op het
verminderen van de stralingsdikte van de cryostaat met 65% door gebruik te maken van
een buitenwand gebaseerd op een honingraatstructuur. Dit resulteert in een stralingsdikte
van de solenoïde van 0,86. Dezelfde reductie in stralingsdikte kan worden bereikt met
de Cryogel® Z-optie met een 145mm wanddikte van de cryostaat, die verder wordt
samengeperst tot 120 mm door de vacuümdruk, in vergelijking met de 290 mm wanddikte
van de honingraatstructuuroptie. Deze optie zou echter de thermische belasting op de
koude massa ongeveer verdubbelen.

De concepten gebaseerd op Cryogel® Z en honingraatstructuur bieden dus vergelijkbare
voordelen in termen van transparantie voor deeltjes. Vanuit technisch-mechanisch oogpunt
vereisen beide concepten aanzienlijke verdere ontwerpinspanningen. De belangrijkste zijn
om te voorkomen dat de dunne buitenwand scheurt onder vacuümdruk voor een Cryogel®
Z geïsoleerde cryostaat, en te zorgen voor vacuümdichtheid van de composietwand van
een cryostaat die gebruik maakt van het honingraatstructuur concept, in het bijzonder
de lasnaden. Bij gebruik van MLI zou de laatste optie echter aanzienlijk zuiniger kunnen
zijn in termen van koelingskosten. In het proefschrift worden de voor- en nadelen van de
twee opties verder besproken en wordt er een conclusie getrokken over de haalbaarheid
van een “dunne-wand” cryostaat voor een FCC IDEA-achtige detector magneet.
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Chapter 1

Introduction

In order to go beyond the Large Hadron Collider (LHC) discovery potential, the Future
Circular Collider (FCC) study was initiated in 2014, leading to a Conceptual Design Re-
port in 2019.
The project involves new technologies for both the accelerator and the particle detectors.
In particular, in the frame of the next generation detectors, an ultra-thin, radiation trans-
parent detector solenoid is under development.
Since the magnetic field of a detector solenoid is only required in the inner tracker, the
solenoid would here be installed inside the calorimeter and allow to save about a factor 4
in stored magnetic energy and roughly a factor 2 in cost.
At the present time, this concept has been accepted as the baseline design for the IDEA
solenoid for the FCC-ee+ and still constitutes a potential solution for the FCC-hh.
This thesis aims to explore a novel design for the cryostat of this ultra-thin detector
solenoid, which is itself optimized for radiation transparency.

The present chapter provides an introduction to the subject. Firstly, a brief overview of
superconducting materials for particle colliders is given in section 1.1, followed by a short
excursion in section 1.2 on the most powerful existing collider, the LHC, and on those
for the post-LHC era, the High Luminosity LHC (HL-LHC) and the FCC.
The detector designs currently under development for the FCC-ee+ and FCC-hh are then
described in section 1.3, with particular emphasis on the radiation transparent alternative.
A brief section 1.4, summarizing the thesis structure and objectives, concludes the chap-
ter.
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1.1. BRIEF OVERVIEW OF SUPERCONDUCTING MATERIALS

1.1 Brief overview of superconducting materials

Superconductivity and, with it, cryogenics have become key enabling technologies for
high-energy particle accelerators. The vanishing electrical resistance of superconductors
allows to reach magnetic fields far beyond those of saturated iron, while reducing the size,
capital expenditure and operating costs of the magnet itself. A basic understanding of
superconductivity is necessary for the design, construction and operation of a supercon-
ducting magnet and its components. For an in-depth introduction to this subject, readers
are referred to [1–6].
Superconducting materials are commonly subdivided into Low-Temperature Superconduc-
tors (LTS) and High-Temperature Superconductors (HTS), with a critical temperature
respectively lower than 23K (Nb3Ge) and higher than 23 K, including those beyond the
boiling point of liquid nitrogen (77 K). The two most used LTS conductors are Niobium-
Titanium (NbTi) [7] and Niobium-Tin (Nb3Sn) [8,9]. Both are usually operated at either
1.9 K (in superfluid helium) or 4.5 K, since their performance heavily decreases at higher
temperatures. HTS materials typically have a critical temperature above 77K and are
therefore often cooled with liquid nitrogen, helium gas or at 20 to 40 K using cryocoolers.
The most common are the ceramics ReBCO [10] (ReBa2Cu3Ox with Re = Rare Earth,
commonly either yttrium or gadolinium) and BSCCO [11] (Bi2Sr2Can-1CunO2n+4+x),
where Bi-2223 (tapes) and Bi-2212 (round wires) are the most common compositions [12].
In table 1.1 the critical temperature Tc (at B = 0 T, J = 0 A m-2) and the upper critical
magnetic field Bc2 (at T = 0 K, J = 0A m-2) of the most-used superconductors for magnet
technology are listed for comparison.

Table 1.1. Critical temperature and upper critical magnetic field for six of the most common
superconducting materials for magnet systems [12].

Tc(0 T, 0 A) Bc2(0 K, 0 A)
[K] [T]

NbTi 9.3 14.6
Nb3Sn 18.3 24-28
MgB2 39 16
ReBCO 93 >100
Bi-2212 85 >100
Bi-2223 110 >100

Although HTS materials can be operated at much higher temperatures than LTS, it is
especially their superior properties at low temperature that make them attractive for
accelerators. At 4.5 K, they exhibit an upper critical magnetic field of over 100 T and can
retain a high critical current density. They are considered promising materials to push
magnet technology far beyond its present limit, for accelerator magnets to the 20 – 30T
range.
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1.2. SUPERCONDUCTING MAGNETS FOR HIGH-ENERGY PHYSICS IN
PARTICLE COLLIDERS

1.2 Superconducting magnets for high-energy physics
in particle colliders

The development of superconductors for magnet applications has always been a strong
motivator in applied superconductivity, both for accelerator magnets and for detector
magnets [13]. Accelerators are electromagnetic machines, acting on charged particles (like
electrons, positrons, protons and ions) by application of electrical and magnetic fields.
A particle of charge q moving with velocity v, subjected to an electrical field E and a
magnetic field B, will undergo a Lorentz force FL given by:

FL = q · (E + v × B). (1.1)

Thus the electric field, acting along the direction of motion, will modify the momentum
of the particle (i.e. the common meaning of “acceleration”), while the magnetic field,
producing a Lorentz force orthogonal to the particle velocity, will curve its trajectory
(bending or focusing action). Particle accelerators combine radiofrequency (RF) cavities
producing electrical fields and magnets producing magnetic fields in highly evacuated
beam channels. As the beams become more rigid at high energy, stronger magnetic fields
are needed to limit the size of the machines, i.e. the length of single-pass linear accelerators
or the diameter of multi-pass circular colliders. The energy of the particles and thus the
collision energy attainable in a linear accelerator is directly proportional to the electrical
field produced in the RF cavities, and to their active length ℓ:

Ebeam = |E| · ℓ . (1.2)

The beam energy attainable in a quasi-circular collider is roughly proportional to the
magnetic field produced by the bending magnets and the radius of curvature racc of the
accelerator [14]:

Ebeam ≃ 0.3 · |B| · racc . (1.3)

The largest and most powerful example of particle accelerator, at the present time, is the
Large Hadron Collider (LHC), placed at CERN, Geneva, Switzerland. It is a high-energy,
high-luminosity proton-proton and ion-ion collider, with beam energy of up to 7.0TeV,
resulting in a center-of-mass collision energy of 14 TeV [15]. The LHC is a circular collider
that reuses the 26.7 km circumference tunnel and infrastructure from the previous LEP
machine. Inside the accelerator, two high-energy particle beams travel at close to the speed
of light, in opposite directions, into two separate beam pipes kept at ultrahigh vacuum.
Figure 1.1 shows the beam tubes, surrounded by superconducting magnets, placed inside
the same cryostat.
Purpose of these high-field superconducting magnets is to guide and focus the beams [16]:
1232 twin-aperture dipoles of 8.3T, 474 quadrupoles and 7612 corrector magnets of
different types are used [17]. The main magnets use some 7000 km of NbTi Rutherford-type
superconducting cable, operating at 1.9 K in static pressurized superfluid helium [18]. The
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1.2. SUPERCONDUCTING MAGNETS FOR HIGH-ENERGY PHYSICS IN
PARTICLE COLLIDERS

Figure 1.1. Artist impression of the LHC inside the tunnel, showing a representation of the two
beams enclosed by the magnet structure and cryostat (courtesy CERN).

two beams cross over at the so-called interaction points, causing particles to collide. From
the collision, a shower of particles is generated and passes through a detector magnet. By
analyzing their trajectories, physicists can eventually discover new fundamental particles
and determine their properties. There are four LHC interactions points, around which
the detectors, named ATLAS, ALICE, CMS and LHCb, are built.
Following equation 1.3, the two parameters that affect the beam energy are the magnetic
field in the bending magnets and the accelerator radius of curvature. In order to reach
higher collision energies, they need to be increased. To further push the boundaries of
particle physics, the LHC will need a major upgrade in the 2020s. To do so, CERN has
developed in the last years a concept for the High Luminosity LHC (HL-LHC), which
includes some first high-field Nb3Sn magnets ever operating in a particle accelerator. The
use of Nb3Sn superconductor, instead of the NbTi, will enable the field increase, particular
relevant for the new final focusing quadrupole magnets. This results in a 12T magnetic
field and in an increase of LHC luminosity (rate of collisions) by a factor five [19].
To exceed the HL-LHC discovery potential, the Future Circular Collider study (FCC) was
approved by the CERN Council [20] following the strong recommendation of the European
Strategy for Particle Physics in 2013. The study aims to analyze new accelerators for
enabling three different particle collisions: electron-positron (FCC-ee+), electron-hadron
(FCC-eh) and hadron-hadron (FCC-hh) [21]. Following a staged approach, the electron-
positron machine (e-e+) is proposed first for precision measurements and may then later
be replaced by the proton-proton machine (hh), which would be installed in the same
circular tunnel. The tunnel has a circumference of about 100 km. Its suggested location
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1.3. BASELINE CONCEPTUAL DESIGNS OF FCC DETECTOR MAGNETS

Figure 1.2. Schematic map of the proposed location for the Future Circular Collider tunnel, in
the Geneva area and connected to the present accelerator complex at CERN (courtesy CERN).

is shown in figure 1.2. The FCC-ee+ lepton collider is designed to provide collisions
with center-of-mass energies from 88GeV to 365GeV [22]. The FCC-hh aims to reach a
center-of-mass energy of 100TeV. It requires twin-aperture 16T dipole magnets with a
50mm aperture. Several development programs for the main dipoles, based on Nb3Sn
technology, are being pursued in Europe and in the United States.

1.3 Baseline conceptual designs of FCC detector mag-
nets

In the process of designing a detector magnet, several requirements have to be followed.
Its main role is to provide the bending power required for studying the particles generated
from the collisions. Second key features are to be cost-effective and to meet the required
safety criteria. The process includes not only the design of the superconducting magnet
and its cryostat, but also those of the tracker, calorimeter, and muon chamber. Moreover,
the design of the whole detector has to take into account all the aspects of the project
that concern its installation and service, such as the dimensions of shafts and cavern,
the maximum weight sustained by the crane, the cryogenic cooling requirement, etc.
Following these guidelines, the conceptual designs of the FCC detector magnets have
been developed in the last years. They mostly evolve from the proven superconducting
magnet technologies of the existing LHC detectors CMS (Compact Muon Solenoid) [23]
and ATLAS [24, 25]. As mentioned in section 1.2, at present, three detector magnets
are foreseen, aiming to analyze different particle collisions. The first step towards the
construction of the Future Circular Collider is FCC-ee+, whose detector comprises magnets
providing a 2T magnetic field. For FCC-eh, the detector solenoid is combined with a
dipole required for guiding the electron beam in and out the collision point. The detector
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1.3. BASELINE CONCEPTUAL DESIGNS OF FCC DETECTOR MAGNETS

magnet, with a free bore of 2.6m and a length of 9.2m, provides a 3.5T magnetic field.
Finally, the long term goal of the project is the FCC-hh, for which the actual preferred
design exhibits a detector magnet system comprising three superconducting solenoids: a
4T, 10m free bore, 20m long main solenoid, in series with two 3.2T forward solenoids,
with 5m free bore and 4m long. The superconductor technology is essentially the same
for all the solenoids proposed: conductors comprising Rutherford type cables made of
NbTi/Cu strands, stabilized by nickel doped pure aluminum and structurally reinforced
with a high yield strength aluminum alloy [26]. This section comprises a brief overview of
the designs for the FCC-ee+ and FCC-hh detectors, for which the concept of the cryostat
proposed in this thesis could be a suitable option.

1.3.1 FCC-ee+ detector magnet conceptual designs

For the 2T FCC-ee+ detector magnet, two substantially different designs are proposed:
the CLIC-Like Detector (CLD) [27] and the International Detector for Electro-positron Ac-
celerator (IDEA) [28]. Their simulated magnetic field maps are shown in figure 1.3.

(a) CLD magnetic field. (b) IDEA magnetic field.

Figure 1.3. Magnetic field maps in the top quadrant of CLD (a) and IDEA (b). Arrows are not
to scale and only show the magnetic field direction. The magnetic field intensity is represented
by the colours [29].

CLD shows a conventional large-size superconducting solenoid, surrounding the inner
tracker and the calorimeters. The system is strongly based on the ILC/CLIC systems,
which are in turn based on the proven concept of CMS. It provides a robust design with no
need of significant innovative solutions nor critical technical challenges. The solenoid acts
as a mechanical support structure for the calorimeters and the inner tracker. Moreover,
since the solenoid is installed around them, it avoids the problem of insufficient radiation
transparency typical for large-diameter, high-field detector magnets.
However, the magnetic field of a detector solenoid is only required in the inner tracker
and muon chamber and about 80% of the stored magnetic energy is actually not used in
the calorimeter. In order to solve this inefficiency and cost issue, IDEA was proposed. It
shows a much smaller, ultra-thin and radiation transparent solenoid, positioned in front
of the dual-readout calorimeter. This allows to save about a factor 4 in stored magnetic
energy and about a factor 2 in cost [30]. However, a significant R&D effort is required

6



1.3. BASELINE CONCEPTUAL DESIGNS OF FCC DETECTOR MAGNETS

to engineer this solution. In addition, simulation studies still need to be run to validate
the physics performance, especially in view of particle-flow reconstruction. Both the CLD
and IDEA baseline designs include an iron return yoke that, in both cases, houses the
muon system. The key parameters of the two magnets are listed in table 1.2.

Table 1.2. Preliminary design parameters of the conceptual designs of the CLD and IDEA
detector magnets for FCC-ee+ [22,29].

CLD IDEA
Magnetic field at IP, total/from solenoid/from yoke [T] 2.0/1.45/0.55 2.0/1.9/0.1
Operating current [kA] 20 20
Stored energy field [MJ] 470 160
Cryostat length [m] 7.4 6.0
Cryostat inner radius [m] 3.7 2.0
Cryostat thickness [mm] 700 300
Cold mass length [m] 7.0 5.8
Cold mass thickness [mm] 102 53
Cold mass [t] 50 13
Support cylinder thickness [mm] 25 12
Return yoke inner radius, barrel/endcap [m] 4.48/0.28 4.50/0.20
Return yoke outer radius [m] 6.00 5.00
Return yoke length [m] 7.4 10.0
Return yoke total mass [kt] 5.2 1.8

CLD detector magnet

The baseline design of the CLD detector magnet is presented in figure 1.4.

Figure 1.4. Baseline design of the FCC-ee+ CLD detector magnet. In radial direction, several
layers can be distinguished: (a) Fe yoke, (b) solenoid, (c) steel HCAL, (d) W-Si ECAL, (e) Si
tracker [27,31].

For this magnet, two scenarios with different operational currents are considered: 20 kA,
corresponding to the currents used in ATLAS and CMS, and 30 kA, proposed for the
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FCC-hh detector magnets.
To develop a magnet, several design aspects are investigated: magnetic field distribution,
conductor optimization, mechanical support, quench behavior, and more.
In particular, the design of the solenoid’s cryostat is one of the key elements to be analyzed.
The CLD cryostat acts as a mechanical support for the calorimeters and the tracker. It
is required to withstand the HCAL weight (1.6 kt), the external pressure (1.01 bar), its
self-weight (80 t if aluminum is used, 130 t for steel), the cold mass weight, and the forces
generated due to the thermal shrinkage of the suspension rods (1.8MN) [22]. A safety
margin of a factor three has been considered for the weight of the cold mass. The cryostat
is equipped with rails inside the bore to allow the HCAL to slide and local end-flange
reinforcements to transfer the HCAL weight to the floor.
Four feet are installed under the lower half of the external shell, close to the end flanges.
In order to prevent buckling while keeping the cryostat wall thickness to a minimum,
local outer shell reinforcements are included.

IDEA detector magnet

The FCC-ee+ IDEA detector magnet introduces a solution to avoid “wasting” magnetic
energy in the calorimeter, thereby significantly reducing the cost of the solenoid as well.
Its baseline design is shown in figure 1.5. Evolving from the ATLAS Central Solenoid [32],
in the IDEA detector the superconducting solenoid is positioned directly around the inner
tracker, thus inside the calorimeter. This requires the solenoid to be radiation transparent
and thin. An intensive R&D effort has been launched, focused on both the research into
novel materials with high radiation length and technical solutions to reduce thickness
and weight of the solenoid.

Figure 1.5. Baseline design of the FCC-ee+ IDEA detector magnet: (a) instrumented return
yoke, (b) double readout calorimeter, (c) solenoid, (d) inner tracker (courtesy IDEA collaboration).

The maximum radiation thickness accepted for the solenoid’s cold mass and cryostat is
X = 1, while the total solenoid’s radial envelope should not exceed 300 mm.
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The amount of material for the cold mass can be considerably reduced if a high yield-
strength superconductor is available, allowing for the realization of self-supporting coil
windings in combination with a light cold mass structure.
This concept has been demonstrated for smaller magnets but remains a challenge for the
solenoid dimensions proposed for FCC-ee+. In this case, the self-supporting conductor
features a nickel-doped aluminum stabilizer co-extruded with a NbTi/Cu Rutherford
cable, like in the ATLAS Central Solenoid, further reinforced with a high-yield strength
aluminum alloy [22].
As for the solenoid’s cryostat, several proposals are being considered. The first design,
which will be further discussed in section 2.4.2, shows a metallic cryostat, for which
corrugated plates or advanced honeycomb structure may lead to a considerable reduction
of mass.
The second concept, subject of this thesis, intends to replace the classical cryostat sandwich,
comprising a relatively thick metallic vacuum vessel, a radiation shield and multi-layer
insulation (MLI), by a structure of very thin vessel walls to maintain vacuum, supported
by an insulation material with sufficient mechanical resistance. The insulation material
has to provide structural support to the thin vacuum vessel external wall — which is
allowed to “crumble” under the vacuum pressure (very much like the thin aluminum coffee
beans bag under vacuum in the supermarkets) — and to transfer forces to the cryostat’s
end flanges. This second concept design proposed for the cryostat and the challenges that
come with it will be further outlined in section 1.4.

1.3.2 FCC-hh detector magnet conceptual designs
The current baseline design for the FCC-hh detector comprises a system of three super-
conducting coils: a central solenoid and two forward solenoids. The magnet system has a
total length of about 30m and the main solenoid has been designed to provide an axial
magnetic field of 4 T in the entire tracker volume.
A few alternative designs are being considered: as for the FCC-ee+, an ultra-thin solenoid
may be a suitable option and it is here compared to the present detector of reference.

Baseline magnet system for the FCC-hh detector

The magnet system of the reference detector comprises three superconducting solenoids.
The main solenoid produces a 4 T magnetic field over a free bore of 10 m in diameter and
over a length of 20 m. The forward solenoids, on either side of the main solenoid, augment
the magnetic field in the forward region to 3.2 T, required for momentum measurement of
particles flying almost parallel along the beam pipe. They exhibit a 5 m free bore diameter
and a 4 m length.
The stored magnetic energy of the main solenoid is 12.5GJ, which can be compared to
1.6 GJ and 2.7 GJ for the ATLAS and CMS magnet systems, respectively. The combined
stored magnetic energy of the assembly is 14 GJ [33].
The baseline design of the system is shown in figure 1.6.
The total mass of the main solenoid and its cryostat is about 2 kt, while the forward cold
masses and vacuum vessels add up to 80 t per forward magnet.
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Figure 1.6. Baseline FCC-hh detector layout, featuring a 4T main solenoid and two forward
solenoids: (a) muon absorber disks, (b) HCAL, (c) main solenoid, (d) ECAL, (e) muon chambers,
(f) beam tube, (g) radiation shield, (h) vacuum vessel, (i) tracker, (j) forward solenoid (courtesy
H. Silva) [33].

As for the FCC-ee+ CLD detector, evolving from CMS [23], the central tracker and
the two calorimeters are placed inside the bore of the main solenoid. In a similar way,
the trackers of the forward magnets are placed inside the forward solenoids, while their
electromagnetic calorimeters (ECAL) are installed just behind them, as seen from the
interaction point.
The vacuum vessel of the main solenoid has the double role of maintaining the solenoid
itself under vacuum and of mechanically sustaining the weight of the tracker and calorime-
ters. To do this, a stainless steel (SS 304L) vacuum vessel, connected to Ti6Al4V axial
and radial tie rods, is used. The vessel comprises inner and outer walls of respectively
90mm and 55mm thickness and has an outer radius of 6.4m and a total mass of 875 t.
It features 107mm thick flanges.
The same structure of vacuum vessel and Ti6Al4V tie rods is used for the forward solenoids
that have to withstand the weight of the forward trackers. The vacuum vessels are, in this
case, made of aluminum (Al 5083-O) to minimize the overall mass. The vessel features
a 20mm thick bore and a 58mm thick outer shell. Two different flanges are installed: a
200mm thick flange, further away from the interaction point, and a 30mm thick flange,
closer to the interaction point.
Muon chambers are placed on the outside of the detector and in between the layers of
forward muon absorber disks to tag muons. The forward solenoids are surrounded by
radiation shields that prevent neutrons emanating from the forward calorimeters from
reaching the muon chambers. The proposed magnet system is unshielded, i.e. there is no
return yoke or active shielding for the magnetic field inside the detector cavern. Shielded
options were studied [34], but size and cost of such magnets are considered excessive and
not justified.
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The services inside the experimental cavern must therefore be adapted to the significant
stray fields. A distance of 50 m between the detector cavern and the service cavern reduces
the civil engineering risk and cost and ensures sufficient radiation shielding as well as low
stray magnetic field in the service cavern. This is shown in figure 1.7, where the cross
sections of both the FCC-ee+ CLD detector and the FCC-hh detector main solenoid are
depicted, to give a comparison of their sizes and position inside the cavern.

Figure 1.7. Conceptual designs of the detector cavern and service cavern for the FCC-hh and
FCC-ee+ detectors. Inside the experiment cavern, both the CLD FCC-ee+ detector (left side)
and the subsequent FCC-hh detector (right side) are sketched [35].

An alternative design, technically much more complex, proposes to replace the forward
solenoids with two dipoles. This would provide a magnetic field integral of about 4 T m in
both forward regions to improve momentum spectroscopy for very high η particles. The
main characteristics of the magnets are presented in table 1.3.

Table 1.3. Main parameters of the FCC-hh detector magnet system: central solenoid, single
forward solenoid and single forward dipole magnet [35].

Main solenoid Forward solenoid Forward dipole
Operating current [kA] 30 30 30
Stored energy [GJ] 12.5 0.43 0.20
Self-inductance [H] 28 0.96 1.5
Current density [A mm-2] 7.3 16 26
Peak field on conductor [T] 4.5 4.5 5.9
Operating temperature [K] 4.5 4.5 4.5
Temperature margin [K] 2.0 2.0 1.7
Heat load cold mass [W] 290 37 50
Heat load thermal shield [kW] 5.1 0.84 1.5
Cold mass [t] 1070 48 114
Mass of the vacuum vessel [t] 875 32 48
Conductor length [km] 84 16 23
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For both designs, the proposed conductors for the three magnets are Al stabilized NbTi/Cu
strands based Rutherford cables. NbTi/Cu is considered a very suitable superconducting
material, since it is cost-effective and convenient to use, and it has been proven to work
excellently in past detector magnets. The aluminum enclosing the Rutherford cables acts
as a mechanical reinforcement, enhances thermal stability, which reduces the risk of a
quench, and serves quench protection as well. In the event of a quench, it temporarily
conducts the current thereby limiting the hotspot temperature.

FCC-hh radiation transparent detector solenoid

In addition to the FCC-hh detector magnet baseline design, a few alternative designs
have been considered as well. Especially the one featuring an ultra-thin superconducting
solenoid is of interest for this thesis work. Just like for the FCC-ee+ IDEA detector
magnet, here the two calorimeters are placed outside the solenoid. A 4 T field is generated
over a free bore of 4 m diameter and 10 m long. The stored energy required is 0.9 GJ, i.e.
about 16 times less than in the FCC-hh detector magnet baseline design. Once again, a
disadvantage of this concept is that the particles emanating from the interaction point
have to tunnel through the solenoid before interacting with the calorimeters. The design
should then be optimized for the cold mass to be as thin as possible from a radiation
length perspective, like the ATLAS Central Solenoid [36] and somewhat similar to the Bess
balloon experiment [37]. Aluminum-based conductors are a must, due to the low mass
density of aluminum. With decreasing thickness, the stress level in the conductor increases,
so this type of magnet requires a high strength Al alloy stabilized superconductor. In
addition, the conductor has to be sufficiently electrically and thermally conductive to limit
the occurrence of spontaneous quenches and to ensure acceptable hotspot temperatures
during a quench.
The detector magnet’s cryostat has to be extremely radiation transparent as well. The
same concept described for the cryostat of the IDEA detector, and subject of this thesis,
can in principle be applied to the FCC-hh central solenoid, though the constraints are
more demanding. The project is promising and could potentially provide a major cost
advantage with respect to the FCC-hh baseline detector solenoid, without significantly
limiting the performance of the detector.

1.4 Scope of the thesis
In the frame of the Future Circular Collider study, innovative and challenging particle
detectors are demanded. For both FCC-ee+ and FCC-hh, the ultra-thin solenoid concept
described in sections 1.3.1 and 1.3.2, respectively, represents a serious but challenging
option in order to reduce dimensions and therefore cost of the magnet.
This thesis aims to propose a conceptual design of an ultra-thin and radiation transparent
cryostat for large-scale detector solenoids such as those foreseen for the FCC study. As
FCC-ee+ is planned to be the first step in the development of the Future Circular Collider,
the IDEA detector magnet constitutes, at present, the reference case for the project and
aims to become proven technology for the subsequent FCC-hh detector as well. The
focus in this thesis is on the IDEA type of detector cryostat, eventually adaptable to the
FCC-hh radiation transparent detector or other different applications.
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The design parameters are those of the IDEA solenoid listed in table 1.2. These, as well as
the other dimensions of the solenoid components presented in this thesis, are preliminary
data that may still vary throughout the development of the cryostat.
At the present time, the maximum radial envelope of the cryostat is set to 300mm,
including a 50 mm thick cold mass (coil plus support cylinder). The cryostat has an inner
bore of 4 m diameter and an overall length of 6 m, while the cold mass is 5.8m long.
The different cryostat elements can schematically be seen in figure 1.8.
The tracker is mounted on the inner bore of the cryostat, which therefore requires the
typical design largely used for cryostat walls: a plain metallic shell with sufficient thickness
to sustain the tracker’s load and the atmospheric pressure. Since the inner wall is only
subject to tensile stress, a thickness of some 1 mm of Al alloy is sufficient to avoid reaching
the plastic limit. Its further optimization would not yield to a substantial gain in radiation
transparency for the cryostat.
Conversely, the atmospheric pressure acts as a compressive stress on the cryostat’s outer
wall, which is therefore prone to buckling, much more critical for thin shells. To avoid
mechanical failure, in a conventional cryostat the outer wall is designed as a uniform
metallic plate exhibiting the largest thickness between all the components. For this reason,
to reduce the overall radiation thickness of the cryostat, the radiation transparency of its
outer wall must be maximized. A way to do this, chosen for the cryostat concept that is
subject of this thesis, is to reduce the thickness of this plate as much as possible. Other
solutions were investigated in the same R&D team by Silva et al. [38], who considered
different shapes and structures of the wall, in order to control its buckling limit by
manipulating its flexural strength. A classical cryostat and the optimized solution proposed
by Silva et al., briefly discussed in section 2.4.2, will be taken as a reference for comparison
with the conceptual design studied in this thesis work.
In a conventional cryostat, an additional role of the vacuum vessel is to support not only
the vacuum pressure, but also the cold mass weight. Conversely, in the case of the cryostat
here presented, the outer wall is reduced to an aluminum foil of some 100µm thickness
that must still ensure vacuum tightness, but is not required to act as mechanical support
for the solenoid nor to withstand the vacuum pressure itself. Instead, the 1 bar differential
pressure is supported by the enclosed thermal insulation material that transfers it to the
cold mass. The thin outer wall is therefore allowed to “corrugate” under vacuum and
to lean on the insulation enclosed, very much like the Al foil of a vacuum-sealed coffee
bean bag. The cold mass is connected to relatively thick vessel’s end flanges through, for
example, G-10 type of supports that transfer the forces (due to vacuum pressure, weight
of the solenoid, and coil’s thermal contraction) to the end flanges and, in turn, to the
ground. A further peculiarity of this cryostat is therefore not only the design choice of a
thin outer wall, but also the load transfer mechanism that derives from it.
By reducing the thickness of the external wall and by using highly radiation transparent
insulation materials, this novel proposal allows to reduce the radiation thickness of the
cryostat, at the cost of a more complex vacuum sealing and overall design. Sensitive issue
is the need to compromise between the overall radiation transparency of the solenoid
and its cryogenic requirements, expected to be less favourable than those of a classical
cryostat that uses multi-layer insulation (MLI).
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(a)

(b)

Figure 1.8. Different elements of the ultra-thin cryostat for the IDEA solenoid: (a) baseline 3D
model (courtesy H. Silva), (b) axi-symmetric longitudinal cross section.

As schematically shown in figure 1.8, in the proposed configuration, the insulation material
fills completely the spaces between vessel walls, thermal shield, and cold mass. Key aspect
of the project is the research of insulation materials required to:

• Reduce the radiation thickness of a conventional cryostat with thick metallic walls;
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• Transfer the 1 bar differential pressure to the cold mass support system;

• Limit the relatively high heat flux to the thermal shield and to the cold mass to an
acceptable level.

Clearly, multi-layer insulation, widely-used in cryogenics, cannot provide the required
mechanical support. Two insulation material concepts have been proposed for providing
mechanical support with low heat transfer.
First is the use of thin-walled glass spheres, of ideally uniform size, packed closely together
under vacuum, by which heat transfer is by conduction through inter-spheres contact areas
and by radiation through void spaces. Such glass spheres are existing but rather expensive.
On the market are not ideal 3M™ glass microspheres, described below.
Second is the use of an aerogel based blanket structure, compressed under vacuum.
K1 type glass microspheres (3M™) and Cryogel® Z (Aspen Aerogels®) are investigated
to determine their suitability for the project.
The first are free-flowing powders consisting of thin-walled hollow glass microspheres.
Made of soda-lime-borosilicate glass, they feature a smooth, nonporous surface.
The K series are especially formulated for a high strength-to-weight ratio. Between these,
K1 type exhibits an isostatic crush strength of 17 bar. They were chosen because of their
lowest thermal conductivity (0.047 W m-1 K-1 at 21 °C) and particle density (0.125 g cm-3)
over the range. On average, they have a 65µm particle diameter and a 60% packing factor
(i.e. ratio of powder density to particle density) [39].
Cryogel® Z is a composite that combines silica aerogel with reinforcing fibers made of
polyester/fiberglass. The need for such a composite, so-called “aerogel blanket”, is due to
the somewhat limited mechanical strength of aerogels. Combining them with a fibrous
matrix that supports the aerogel particles allows for improved mechanical properties. The
result is a flexible blanket with the high porosity and low density typical of aerogels, which
make them outstanding thermal insulators. Aerogel blankets are therefore engineered to
deliver high thermal protection paired with minimal weight and thickness.
Cryogel® Z is optimized for use in cold environments and maintains its flexibility even
at cryogenic temperatures. The blankets provided by Aspen Aerogels® have a thickness
of either 5mm or 10mm, making them ideal for fast installations, and are designed for
long term performances to simplify the maintenance process. They come with a thin
aluminum layer on one side.
The manufacturer claims a thermal conductivity of 0.017 W m-1 K-1 at 24 °C and a density
of 0.16 g cm-3 [40].

The thesis aims to address a number of research questions, here outlined:

1. Choice of insulation material. Are K1 glass microspheres and Cryogel® Z
suitable for the ultra-thin cryostat concept of an IDEA-like detector solenoid?

• What is their radiation length?

• Do they support the differential pressure of 1 bar, when the cryostat is under
vacuum?

• What is their effective thermal conductivity at cryogenic temperatures and
vacuum environment?
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• Are they a practical and reliable solution?

2. Thermal performances of a cryostat mock-up. What is the heat load on the
cold mass and on the thermal shield of a cryostat mock-up when using the insulation
material of choice, subjected to 1 bar compression load?

3. Conceptual design of the radiation transparent cryostat for an IDEA-like
detector.

• Is it possible to further reduce the value of 300 mm maximum radial envelope
set for the cryostat?

• What is the heat load on the cold mass and on the thermal shield of such a
magnet?

• Is there a gain in terms of radiation transparency with respect to a conventional
thick-walled cryostat?

• How does the cryostat compare to the alternative solution of a light-weight
metallic vessel developed in parallel at CERN [38]?

In order to answer these questions, the dissertation is organized as outlined in the flowchart
of figure 1.9. A brief description of the content of each chapter is here presented:

• Chapter 1 gives a short introduction to the project. The reader is provided with
brief concepts of superconducting materials and high-energy physics for particle
colliders. The baseline conceptual designs of the FCC detector magnets are presented.
Particular accent is on the IDEA detector, whose ultra-thin solenoid cryostat is
subject to this dissertation. The description of its concept and the structure of the
thesis conclude the chapter.

• Chapter 2 provides an overview on the state of the art of ultra-thin superconducting
solenoids for high-energy physics particle detectors: the BESS-Polar solenoid and the
ATLAS Central Solenoid are taken as existing examples. The R&D effort launched
for the FCC-ee+ ultra-thin solenoid is presented: the conceptual designs for the cold
mass and for an ultra-thin cryostat alternative to the one subject to this thesis are
described.

• Chapter 3 elucidates the concept of radiation length of a material providing a brief
introduction to the subject of interaction of fast electrons with matter. The radiation
length of glass spheres and of Cryogel® Z is estimated analytically.

• Chapter 4 shows the analysis of the mechanical behavior of K1 glass microspheres
and Cryogel® Z. The uniaxial compressive strength of both materials is discussed.
From the test conducted and a few additional considerations, the glass spheres
solution is presented as less practical at present. Its use will still be discussed in the
following chapters, but the research is mostly focused on Cryogel® Z.

• In chapter 5 the focus is on the thermal analysis of the materials. The heat transfer
mechanism through glass microspheres is described and the thermal performance
of the K1 type discussed. The results of an in-house test conducted on Cryogel® Z
to address its effective thermal conductivity are provided.
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• In chapter 6 is presented the design of a test setup manufactured at CERN that
can effectively be considered a mock-up cryostat. Recreating the conditions of
temperature, pressure and mechanical load of the real-case cryostat, the setup can
be filled with an insulation material of choice and allows for an estimate of the heat
flux expected to the cold mass and to the thermal shield. The test results for the
case of Cryogel® Z are presented and discussed.

• In chapter 7 the focus is on the conceptual design of the cryostat for a large-scale
IDEA-like detector solenoid. Using Cryogel® Z, its radial envelope is minimized.
The radiation thickness and the heat loads of such a solenoid are estimated. The
proposed cryostat is compared to a conventional one to assess if a gain in size and
overall transparency is possible and to an alternative advanced light-weight metallic
one — also developed within the design team — to establish the most feasible
solution.

• Chapter 8 provides a summary of the key arguments analyzed in the thesis and
comes to a conclusion with respect to the suitability of presently available hollow
glass microspheres and Cryogel® Z as insulation materials for the IDEA type of
solenoid cryostat. Proposals for future research on the feasibility of a radiation
transparent cryostat allowed to “corrugate” under vacuum are presented.

Figure 1.9. Flowchart showing the outline of the thesis and the interdependence of its chapters.
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Chapter 2

Ultra-thin radiation transparent
particle detector solenoids

The state of the art of radiation transparent detector solenoids is outlined in this chapter.
A brief introduction to the subject is given in section 2.1. Then two characteristic examples
of this technology are described: the BESS-Polar experiment (section 2.2) and the ATLAS
Central Solenoid (section 2.3). Finally, in section 2.4, the focus is on the FCC-ee+ IDEA
detector solenoid, for which this technology was proposed as well, presenting the ongoing
research for the design of its cold mass and a proposal of a light-weight cryostat alternative
to the one subject to this thesis work.

2.1 Introduction
A superconducting magnet optimized for radiation transparency is required to provide
axial magnetic field as strong as possible with material in the coil and in the cryostat wall
kept at minimum, to maximize the performance of the calorimeter, placed outside the
solenoid. The highest possible radiation transparency of coil and cryostat can be achieved
by designing them with radiation transparent materials and by reducing their thickness
to the lowest possible. This is why they are usually appointed as “ultra-thin supercon-
ducting solenoids”. They constitute a valuable option for energy and cost saving. Their
development, started in 1978 for the CELLO detector at DESY, has been carried out by
focusing on mechanically reinforced aluminum stabilized superconductor, in combination
with new technologies for cryostats and cryogenics.

The radiation thickness of a component is defined as the ratio of its thickness over its
material’s radiation length. For an infinitely long solenoid coil (with no radial magnetic
field), it is given by:

X =
t

X0
= pm · rcoil

σh
· 1

X0
=

B2

2µ0
· rcoil
σh

· 1

X0
, (2.1)
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where t is the coil thickness, X0 is the radiation length of the material, pm is the magnetic
pressure, rcoil is the coil radius, σh is the hoop stress, B is the magnetic field and µ0 is the
magnetic permeability of vacuum. For a finite length air-core solenoid, with radial field
component, an additional axial stress σz (∼ σh/2) is generated and therefore an equivalent
Von Mises stress σeq needs to be supported by the coil itself. Thickness and stress of
the coil are related to another key parameter for ultra-thin solenoids, which has to be
optimized. This is the ratio of electromagnetic stored energy Estored over effective coil
mass mcoil, defined by:

Estored

mcoil
=

∫
B2 · (2µ0)

−1 dV
ρcoil · Vcoil

∼ σh

2 ρcoil
, (2.2)

where ρcoil is the effective coil density for it to be able to absorb the stored energy and
Vcoil its volume. The Estored/mcoil ratio is a convenient parameter to scale lightness and
thinness of the solenoid coil. It is equivalent to the variation of specific thermal enthalpy
of the coil ∆H [J kg-1] and it gives the approximate coil temperature rise when the entire
stored magnetic energy is absorbed uniformly in the coil. It is expressed by:

Estored

mcoil
= H(T 2)−H(T 1) ∼ H(T 2), (2.3)

where T2 is the average coil temperature after the full energy absorption that follows a
quench and T1 is the initial operating temperature. In summary, for a coil’s radiation
thickness the following ratios apply: X ∝ B2rcoil/σeq or X ∝ B2rcoil/(Estored/mcoil). In
figure 2.1, the radiation thickness X of ultra-thin solenoid magnets is shown as function
of B2rcoil. To give an overview of the progress made in the field, the ultra-thin solenoids
developed in the last years and their values of radiation thickness X and (Estored/mcoil)
ratio are indicated, in chronological order, in table 2.1. The baseline in superconductors
for particle detector magnets is NbTi/Cu strands based Rutherford cables, due to their
industrial availability, cost-effectiveness and ease of use. The NbTi/Cu cable is co-extruded
at the center of a high conductivity aluminum stabilizer. In the case of an ultra-thin

Table 2.1. Overview of thin superconducting solenoids for particle detectors [41]. The X values
take into account the contribution of the cryostat, except for the ATLAS Central Solenoid, which
does not feature a cryostat on its own.

Experiment Laboratory B [T] rcoil [m] X [/] Estored/mcoil [kJ kg-1] Year
CDF KEK/FNAL 1.5 1.5 0.84 5.4 1984
TOPAZ KEK 1.2 1.45 0.70 4.3 1984
VENUS KEK 0.75 1.75 0.52 2.8 1985
ALEPH CEA-Saclay/CERN 1.5 2.75 2.0 5.5 1987
CLEO-II Cornell 1.5 1.55 2.5 3.7 1988
DELPHI RAL/CERN 1.2 2.8 1.7 4.2 1988
ZEUS INFN/DESY 1.8 1.5 0.9 5.5 1988
BESS KEK 1.2 0.5 0.2 7.0 1990
SDC-proto KEK/FNAL/SSC 2.0 1.85 1.2 9.6 1993
WASA KEK/Uppsala Univ. 1.3 0.25 0.18 7.0 1996
ATLAS Central Solenoid KEK/CERN 2.0 1.25 0.64 7.1 2008
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Figure 2.1. Radiation thickness of ultra-thin detector solenoids as function of B2rcoil. The values
take into account the contribution of the cryostat, except for the ATLAS Central Solenoid, which
does not feature a cryostat on its own. The line gradient indicates the transparency normalized
by B2rcoil [41].

solenoid, in order to reduce the thickness of the structural material in the cold mass to
the lowest possible, the aluminum stabilizer is required to be mechanically strong while
keeping the lowest electrical resistance possible at around 4.5 K. This has been realized by
using combined technologies of micro-alloying and cold-work hardening. The method was
first used for ASTROMAG and SDC using Si and Zn, respectively, then further developed
for ATLAS, reaching a 110MPa yield strength for the aluminum stabilizer at 4.2K and
an RRR of 590 through the crystallization/precipitation of Ni, a cold-work of 21% and
aging at 130 °C for 150 hour. Table 2.2 shows the progress made for the reinforcement of
pure aluminum stabilizer.

Table 2.2. Progress in reinforcement of pure Al stabilizer. Base material: 99.9% Al (alloyed,
cold-worked and aged at 130 °C for 150 hour) [37].

Alloying Yield strength @ 4.2 K Cross section reduction RRR
[MPa] [%] [/]

Si (30 ppm) 55 10 580
Zn (200 ppm) 70 12 530
Ni (1000 ppm) 110 21 590

When a quench occurs, excessive thermal stress in the coil windings, due to the absorption
of stored energy, must be avoided as much as possible. The energy absorption must
therefore be as uniform and fast as possible. For example, in the BESS balloon solenoid,
as well as in the ATLAS Central Solenoid, the axial quench propagation velocity has
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been increased by using so-called “pure-aluminum strips”. Pure aluminum has very high
thermal conductivity at low temperature, thus it may enhance the axial quench velocity
and contribute to reduce the peak temperature in the coil. The heater quench tests in
the BESS solenoid coil has shown a reduction in peak temperature through the use of
pure-aluminum strips from 150 K to about 90 K [37].
In the next sections two characteristic cases of thin solenoids are presented to set the
scene and to highlight relevant issues.

2.2 Case: BESS-Polar solenoid

The Balloon-borne Experiment with a Superconducting Spectrometer (BESS) is a spec-
trometer that aims at highly sensitive measurement of low energy cosmic-ray antiprotons
and to study the origin and propagation of cosmic radiation [42,43]. It was carried out as a
US-Japan scientific program and, from 1993 to 2002, nine balloon flights were successfully
completed [44,45]. BESS has a unique thin superconducting solenoid. In 2002, the detec-
tor was upgraded to the BESS-TeV spectrometer to extend primary cosmic-ray spectra
up to 1 TeV. During the same year, for further study of low-energy antiprotons, a new
spectrometer, BESS-Polar, with an ultra-thin superconducting solenoid, was proposed
for long duration balloon flights in Antarctica. To measure antiprotons at the lowest pos-
sible energy, material thickness in the payload had to be reduced to the lowest possible.
Essentially, a thin-walled solenoid was developed as key component of the spectrometer.
Figure 2.2 shows a cross section of the BESS-Polar spectrometer.

Figure 2.2. Cross section of the BESS-Polar spectrometer [37].

The superconducting solenoid is based on using a high-strength aluminum stabilized
superconductor, which enables a thin and strong self-supporting coil against the electro-
magnetic force. The coil provides a central magnetic field of 1.2 T, has a diameter of 0.9 m
and a length of 1.4m. It exhibits a thickness of 3.4mm and a radiation thickness X of
0.056. Coil and cryostat together give a total radiation thickness X of 0.1. Table 2.3 gives
the solenoid’s design parameters, while in table 2.4 the radial envelope and the radiation
thickness of the different components of coil and cryostat are listed, described in more
detail in sections 2.2.1 and 2.2.2.
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Table 2.3. BESS-Polar superconducting solenoid design parameters [37].

Design and test Ballooning
Dimensional parameters
Coil diameter [m] 0.9
Coil length [m] 1.4
Coil thickness [mm] 3.4
Coil mass [kg] 41

Electromagnetic parameters
Central magnetic field [T] 1.2 0.8 − 1.0
Nominal operating current [A] 571 380 − 476
Stored energy [kJ] 550 244 − 382
Coil Estored/mcoil ratio [kJ kg-1] 13.4 6.0 − 9.3

Transparency parameters
Total radiation thickness (coil + cryostat) [/] 0.104

Table 2.4. Wall thicknesses of the components of the BESS-Polar magnet [37].

Thickness [mm] Radiation thickness [/]
Coil
Stabilizer (Al) 1.18 0.0133
Conductor (NbTi/Cu) 0.53 0.0331
Al propagation strip 0.50 0.0056
Insulation 0.39 0.0014
Epoxy resin 0.80 0.0027

Cryostat
Outer vacuum shell 1.5 0.0169
Inner vacuum shell 1.0 0.0112
Outer radiation shield 2× 0.3 0.0067
Inner radiation shield 2× 0.3 0.0067
Multi-layer super insulation 1.29 0.0066

Total 0.104

2.2.1 Cold mass design

The BESS-Polar solenoid’s superconductor is composed of a NbTi/Cu conductor sur-
rounded by aluminum stabilizer, made highly mechanically resistant by using micro-
alloying with Ni, followed by cold-work hardening.
The superconductor has been optimized with a Ni content of 5000 ppm. After a heat
cycle up to 130 °C, it results in a yield strength of 103 MPa at 4.2 K, with a cross section
reduction of 15% and an RRR of 286. The overall yield strength of the cold mass, includ-
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ing NbTi/Cu, reached 240MPa at 4.2K. The superconductor cross section is equal to
(1.1 × 0.8)mm2 without insulation.
In table 2.5 the main parameters of the superconductor are shown.

Table 2.5. Superconductor main parameters of the BESS-Polar solenoid [37].

Parameter Value
Al stabilizer cross section [mm2] 0.8 × 1.1
Cross section including insulator [mm2] 0.9 × 1.2
NbTi/Cu diameter [mm] 0.59
Yield strength (Al) @ 4.2 K [MPa] 103
Yield strength (overall) @ 4.2K [MPa] 240

The relatively high-strength aluminum stabilized superconductor enables a simple and
very thin coil, strong enough to be self-supporting. As shown in figure 2.3, a combined
two-layer coil is wound by using a rectangular shaped conductor. The provided central
magnetic field is 1.2T with a peak magnetic field in the conductor of 1.72T. During a
ballooning period, the operational field has to be 0.8T to 1.0T under various dynamic
ballooning conditions. Through a finite element analysis, the hoop stress in the coil was
calculated to be 136MPa and the Von Mises stress 174MPa, well below the measured
yield strength of 240MPa at 4.2 K.
To enhance axial quench propagation, 0.4mm thick pure-aluminum strips were axially
inserted between the two layers of the coil. This way, the maximum temperature of the
coil after a quench is kept below 120 K. Finally, high-strength aluminum shells are placed
in the remaining parts to reinforce the axial rigidity and stability of the coil and to
thermally connect it to the LHe reservoir placed at one end of the spectrometer, enabling
to cool it down.

Figure 2.3. Longitudinal section of a part of the BESS-Polar coil windings. Sizes in mm [46].
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2.2.2 Cryostat design

The cryostat comprises a radiation shield, vacuum vessel, mechanical supports for coil
and shield and a LHe reservoir. The outer vacuum vessel is specially designed based on
using a corrugated cylinder to minimize the wall thickness while properly sustaining a
buckling pressure of 3.5 bar.
A pulse-tube cryocooler is assembled in the cryostat to extend its cryogenic life to more
than 2 months. The cryocooler is thermally linked to the outer stage of a two stage
radiation shield in order to reduce its temperature to 40K from a nominal operational
temperature of 150 K during the balloon flight. The refigerator features a cooling capacity
of 40 W at 50 K.
The cryostat structure can be seen in figure 2.4.

Figure 2.4. Longitudinal section of the BESS-Polar spectrometer. Sizes in mm [37].

2.3 Case: ATLAS Central Solenoid

ATLAS is a general-purpose experiment that aims to analyze proton collisions at a center-
of-mass energy of up to 14 TeV, provided by the LHC at CERN [32]. As shown in figure 2.5,
it comprises three large toroids and a solenoid. The 2.3m diameter, 5.3m long solenoid,
located at the heart of the experiment, provides a 2 T field for particle spectrometry. As
the electromagnetic calorimeter of the experiment is situated outside the solenoid, the
coil must be as transparent as possible for traversing particles. It incorporates progress in
technology coming from the development of previous ultra-thin solenoids, which presented
a new type of reinforced superconductor with high transparency. The main parameters
of the ATLAS Central Solenoid (CS) are listed in table 2.6.
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Figure 2.5. General view of the ATLAS detector: (a) muon detector, (b) tile calorimeter, (c)
LAr EM calorimeter, (d) toroid magnets, (e) central solenoid, (f) inner detector (courtesy ATLAS
collaboration).

Table 2.6. Key parameters of the ATLAS Central Solenoid [32].

Parameter Value
Dimensional parameters
Coil inner diameter [m] 2.4
Coil length [m] 5.3
Cryostat inner diameter [m] 2.3
EM calorimeter inner diameter [m] 2.7
Support cylinder thickness [mm] 12.0

Mass parameters
Cold mass [t] 5.7

Electromagnetic parameters
Central magnetic field [T] 2.0
Operating current [A] 7730
Stored magnetic energy [MJ] 40
Coil Estored/mcoil ratio [kJ kg-1] 7.4

Transparency parameters
Coil radiation thickness [/] 0.64
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2.3.1 Cold mass design
The conductor consists of 12 compacted strands of NbTi/Cu co-extruded at the center
of the aluminum stabilizer. As described before, the aluminum stabilizer is obtained by
adding to the pure aluminum a small quantity (100 – 1000 ppm) of a specific metal (such
as zinc or nickel) and by proceeding with a cold work hardening. It shows an RRR in
zero magnetic field higher than 400 and a yield strength of 85MPa at 4.2K. The full
aluminum-stabilized conductor has a cross section of 30 mm× 4.25 mm. The coil comprises
222 turns/m and generates, at 8.4 kA, a magnetic field of 2.0 T, in the presence of an iron
yoke. The stored energy is 40 MJ and the radial magnetic pressure is 1.6 MPa. The design
of the coil windings is shown in figure 2.6.
The coil is wound on the inner side of a 12mm thick Al alloy support cylinder that
contributes to evenly cool the coil windings and that acts as a mechanical support in
radial and longitudinal direction. The combination of coil windings and support cylinder,
which constitutes the cold mass, supports the hoop stress as well, equal to 47 MPa. The
maximum equivalent Von Mises stress on the conductor is 62 MPa. Pure aluminum strips
of 1.2mm thickness and 100mm width are glued to the inner surface of the coil and
increase the quench axial propagation by a factor 10, which allows to keep the coil peak
temperature below 120 K. To ensure electrical insulation of the coil and reliable mechanical
bonding, a type of tape combining polyimide film and glass-fiber epoxy resin composite
is used as conductor insulator.
Cooling of the cold mass is applied by a flow of helium through a serpentine pipe of
aluminum alloy welded on the outer surface of the support cylinder. To reduce thermal
radiation, the cold mass is enveloped in MLI blankets, 30 layers between coil and radiation
shield, and 60 layers between coil and liquid argon (LAr) EM calorimeter.
To sustain the 5.7 t weight of the cold mass and transmit the electromagnetic decentering
loads to the vacuum vessel, 12 triangular glass fiber reinforced epoxy (GFRP) supports
are used (see figure 2.7). They are fixed at one end of the cold mass and can slide at the
opposite end to accommodate 25 mm thermal contraction during cooling down. Spherical
bearings allow the coil to shrink while maintaining its radial position.

Figure 2.6. Longitudinal section of the coil
of the ATLAS CS, including details about
the insulation. Sizes in mm [32].

Figure 2.7. Schematic view of the trian-
gular coil supports for the ATLAS Central
Solenoid [25].
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2.3.2 Cryostat design
As shown in figure 2.8, an inner thermal radiation shield, consisting of an assembly of
curved, 2mm thick aluminum alloy panels, is located between the coil and the inner
vacuum wall. It is cooled by helium gas through 14mm diameter welded cooling tubes
and kept at a temperature of 40K to 80K. The tubes are connected through GFRP
supports to the inner vacuum vessel, which is wrapped in 60 MLI layers. There is no outer
thermal shield between the solenoid and the LAr filled EM calorimeter that operates
at 87K. The total cryostat thickness is minimized by positioning the solenoid between
the inner wall and the cold mass of the LAr EM calorimeter that surrounds the magnet.
Therefore the solenoid does not have a cryostat of its own. The vacuum shell has an inner
radius of 1150 mm, while the inner radius of the EM calorimeter is 1346 mm.

Figure 2.8. Cross section of the coil and thermal shield of the ATLAS Central Solenoid. Sizes
in mm [25].

2.4 Solenoid for the FCC-ee+ IDEA detector
The IDEA detector solenoid concept (design status year 2020) requires both cold mass
and cryostat to be optimized for radiation transparency. To meet this requirement, the
cold mass uses high-strength superconductor materials, thus reducing the radial thickness
of the coil without affecting its mechanical resistance. Section 2.4.1 describes the cold
mass design proposal currently under development at CERN.
The R&D to develop the baseline for the cryostat is focused on its vacuum vessel, in order
to find for both its inner and outer walls the geometry and material that would allow
the best compromise between low thickness and high mechanical strength. Throughout
the last years, two conceptual designs were studied in parallel, of which one is the main
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subject of this thesis. Section 2.4.2 gives an overview of the second study conducted,
which relies very much on the state of the art for metallic cryostats and evaluates the
feasibility of well-known cryostat solutions for the IDEA solenoid. Its results will later be
compared to the ones of this thesis work in chapter 7.

2.4.1 Cold mass design

Evolving from well-known technology of previous magnets (e.g. the ATLAS Central
Solenoid [32]), discussed in sections 2.1 to 2.3, the ongoing design of the IDEA cold mass
is based on aluminum-stabilized NbTi/Cu conductors.
The IDEA solenoid exhibits a single-layer coil operated at a current of 20 kA and at an
operating temperature of 4.5 K.
With its 14 kJ kg-1 energy density, it overtakes the highest energy density ever reached in
a particle detector magnet, namely the 13.4 kJ kg-1 of the BESS solenoid [29]. However,
it is worth underlining the different free-bore diameters in these two magnets.
The yield strength of the aluminum-stabilized conductor is 147 MPa at 4.2 K when taking
NbTi into account [36]. It is glued on the inside of a support cylinder using an epoxy
resin type adhesive.
The Al 5083 support cylinder has a yield strength of 209MPa at 4.2K [47]. The two
attached together can have a maximum shear strength of 77 MPa at 77 K, depending on
the type of resin used [48].
Mechanical simulations were performed in COMSOL for a cold mass of 53 mm thickness,
which includes a 36 mm thick coil, its insulation, and a 12 mm thick support cylinder.
The peak hoop stress for such a magnet is 105 MPa, within the elastic regime of both the
conductor and the aluminum cylinder [29].
The peak shear stress at the interface between the two is calculated to be 0.5MPa, well
within the maximum shear stress that conventional epoxy resin adhesives can sustain [29].
The radiation thickness of the cold mass thus composed (i.e. coils plus support cylinder)
is estimated at X = 0.76.
The IDEA solenoid exhibits a relatively small wall thickness paired to a large energy
density, thus requiring a careful quench analysis. For its discussion and preliminary results,
the reader is referred to Deelen et al. [29].

2.4.2 Cryostat design

A fairly recent study, carried out in 2019, compared several cryostat designs featuring
different structures for the vacuum vessel walls [38]. One of the functions of the vacuum
vessel is to take the weight of the cold mass, when possible. To do this, end flanges are
usually connected to the vessel walls and the cold mass load is transferred to these through
supports and then to the floor. In this study, the flanges are assumed rigid so that the
analyses of inner and outer vacuum vessel walls can be performed separately.
The most common material for both walls is aluminum alloy, as it is readily available and
has a proven reliability. However, the thickness and shape of the two shells can be quite
dissimilar, due to the loads acting on them in different ways. The atmospheric pressure
acts on the inner bore as a tension of 1 bar, thus there is no risk for the bore to fail due to
buckling. To optimize it, it is sufficient to find the material that allows highest radiation
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length X0 and mechanical yield strength σy and therefore to maximize the figure of merit
X0 · σy.
Conversely, the same load acts as a compression on the outer shell, which is therefore
subjected to buckling stress, usually considerably more limiting than the tensile one.
A trade-off between radiation transparency and mechanical constraints must be found:
minimizing the shell thickness favors the former, at the cost of increasing the risk of failure.
The external pressure limited by elastic buckling is proportional to E · tw3 [38,49], with
E the Young’s modulus of elasticity of the wall material and tw the wall thickness of the
vessel. Since the radiation thickness X = tw ·X0

−1, the figure of merit for buckling to be
maximized can be expressed as X0 · E1/3. Table 2.7 gives the properties and the figures
of merit relevant for the analysis of the most commonly used metal alloys for cryostats
construction.
From the comparison, it is clear that the best-performing materials are the two aluminum
alloys. Using these, an analysis of the cryostat for the FCC-ee+ IDEA detector is developed,
in order to establish thickness, radiation thickness and mass for both the inner and the
outer walls.

Table 2.7. Properties and figures of merit of commonly used metal alloys for the design of the
inner and outer vacuum vessel walls of a cryostat [38].

Property Al 5083-O Al 2095-T8 Ti6Al4V SS 304L SS 316L
(cold worked)

Radiation length (X0) [cm] 9 9 3.7 1.8 1.8
Yield strength (σy) [MPa] 145 560 880 400 240
Young’s modulus (E) [GPa] 70 76 115 200 200
Plastic figure of merit (X0 · σy) [cm ·MPa] 1300 5040 3260 720 430
Buckling figure of merit (X0 · E1/3) [cm ·GPa1/3] 37 38 18 11 11

As reference is considered a conventional cryostat (i.e. consisting of two uniform, plain
metal plates for the walls) with 4 m internal diameter and 6 m length.
The loads considered for the inner wall are: self-weight, atmospheric pressure and 100 kN
applied on two rails on the horizontal plane, representing the load transfer lines of the
inner tracker to the cryostat bore. The cylinder has fixed extremities, representing stiff
flanges.
The loads acting on the outer wall are: self-weight, atmospheric pressure and a 0.35 MN
axial force acting on the extremities of the vessel, representing the vacuum load on the
flanges. These are made rigid and only allowed to move in axial direction.
The results of the FEM analysis, which have been benchmarked against analytical formu-
las, are presented in table 2.8.

Table 2.8. FEM analysis results of the vacuum vessel walls of a conventional cyostat [38].

Material Inner wall Outer wall
Thickness Radiation thickness X Mass Thickness Radiation thickness X Mass

[mm] [/] [t] [mm] [/] [t]
Al 5083-O 2.2 0.025 0.45 20.9 0.24 4.8
Al 2195-T8 0.80 0.009 0.16 20.3 0.23 4.6
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A baseline design for the classical cryostat can be outlined. Manufacturing the inner
bore is rather simple, as it consists of a plain plate, so the most performing material
between those considered, Al 2195-T8, is chosen for it. Conversely, Al 5083-O is chosen
for the outer wall. The gain in terms of radiation thickness that Al 2195-T8 can bring is
negligible (see table 2.8), if we consider that the Al 5083-O is more affordable and can
be reliably welded and machined. This becomes important when a honeycomb structure
is designed for the outer wall, therefore the choice of Al 5083-O allows to compare the
classical cryostat design here analyzed to possible alternative designs.
The thermal shield is only present to act as an intermediate temperature stage between
vacuum vessel at room temperature and the cold mass at 4.5 K, thus there is no reason for
it to be mechanically optimized. It is typically cooled to roughly 50 K, so aluminum (e.g.
Al 1100) can be used for it, as it has very high thermal conductivity at low temperature.
The key values for the baseline design of a conventional cryostat for the IDEA detector
are given in table 2.9.

Table 2.9. Conventional cryostat baseline design for the FCC-ee+ IDEA detector [38].

Component Thickness Radiation thickness Radiation thickness Mass
[mm] X [/] percentage [%] [t]

Inner wall (Al 2195-T8) 1.3 0.015 1.6 0.26
Inner shield (Al 1100) 0.4 0.004 0.4 0.07
Cold mass 60 0.675 72 13
Outer shield (Al 1100) 0.4 0.004 0.4 0.076
Outer wall (Al 5083-O) 21 0.24 26 4.8
Total 83 0.94 100 18.5

As expected, table 2.9 underlines that the cold mass has the biggest impact on the total
radiation thickness of the system and its optimization is the most effective. However,
the outer wall is the thickest component of the cryostat and its design requires to be
optimized as well.
While the way to avoid reaching the plastic limit on the inner wall is simply by using a
thicker cylinder, the buckling limit of the outer one can be controlled by manipulating
its flexural strength. To do this, three alternative shapes for the outer wall are compared
to the classical cylinder: a shell with reinforcement rings that effectively subdivide it in
shorter cylinders, a corrugated plate and a honeycomb sandwich structure. Where pos-
sible, analytical formulas are used to estimate the thickness of the plates as benchmark
for the FEM analysis. For a fair comparison, the three models are subjected to the same
load case and boundary conditions applied to the conventional cryostat.
The analysis has proven the aluminum honeycomb structure to be the best solution in
regards of radiation transparency, manufacturability and overall thickness. Therefore, only
the results for this case are here shown and compared to the classical design. For the
entire analysis, the reader is referred to Silva et al. [38].
The honeycomb structure may, for example, consist of a sandwich of two metal sheets
attached through an adhesive film to a honeycomb core placed between them (see fig-
ure 2.9). It is noted though that achieving reliable, robust vacuum tightness of vacuum
vessels with honeycomb walls is a severe challenge.
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Figure 2.9. Overview of a honeycomb sandwich plate and its parts: (1) two metal sheets, (2)
adhesive films, (3) honeycomb metal core [38].

For a honeycomb sandwich cylinder, the thickness of each metal sheet and the height of
the honeycomb core have a major influence on the rigidity of the shell, which has been
analyzed through a FEM calculation and benchmarked by analytical formulas.
The honeycomb core is modeled as an orthotropic material, whose properties are taken
from Plascore® PCGA-XR2 3003, while the two face sheets are made out of Al 5083-O.
The plastic limit is reached for a honeycomb height of 40mm, resulting in a face sheet
thickness of 1.7 mm. The mass of the outer wall is reduced to 930 kg (790 kg coming from
the aluminum sheets and 140 kg from the honeycomb core). Its average radiation thickness
is estimated 0.045, resulting in a 75% radiation thickness reduction for the entire cryostat.
The distribution of mass and radiation thickness over the different components of the
solenoid cryostat are listed in table 2.10. Note that for the cold mass was considered a
radiation thickness of 0.675, thus lower than the X = 0.76 [29] considered as reference in
this thesis work. To compare our conceptual design to the one just described, the solenoid’s
radiation thickness here reported in table 2.10 will be redetermined in chapter 7 for a
solenoid with a cold mass of radiation thickness X = 0.76 and with the same dimensions
used for our cryostat’s design.

Table 2.10. Baseline design of a cryostat with an outer wall consisting of a honeycomb sandwich
plate for the FCC-ee+ IDEA detector [38].

Component Thickness Radiation thickness Radiation thickness Mass
[mm] X [/] percentage [%] [t]

Inner wall (Al 2195-T8) 1.3 0.015 2.0 0.26
Inner shield (Al 1100) 0.35 0.004 0.5 0.074
Cold mass 60 0.675 91 13
Outer shield (Al 1100) 0.35 0.004 0.5 0.076
Outer wall (honeycomb, Al 5083-O) 4.0 0.045 6.0 0.93
Total 66 0.74 100 14

It can be considered to use Al 5083-O for both vessel walls, which would simplify the
design and manufacturing, at the cost of a 3% increase of the radiation thickness. Another
alternative worth mentioning proposes for the sandwich plate an aluminum core paired
with two Ti6Al4V face sheets. This would lead to a slightly lower radiation thickness
(0.034 instead of 0.045) for an increase of the diameter of the system of 12 cm [38].
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2.5 Conclusion
The IDEA-like detector concept for FCC-ee+ places the calorimeter around the solenoid,
which is therefore required to be optimized for particle traversing.
Its radiation thickness, expressed as thickness over material’s radiation length X = t·X0

−1,
must be minimized. This requirement makes it one of the so-called ultra-thin solenoids.
Their development started in the 1980s, mostly focusing on the optimization of the
cold mass, rather than that of the cryostat. The thinner the coil becomes, the higher
mechanical yield strength it requires. In order to obtain this, the mechanical resistance
of the aluminum stabilizer surrounding the NbTi/Cu conductor is increased by using
micro-alloying techniques, followed by cold-work hardening.
Representative of this technology are the BESS-Polar solenoid and the ATLAS Central
Solenoid, for which the cold mass radiation thickness amounts to X = 0.056 [37] and
X = 0.64 [32], respectively.
Evolving from the state of the art, the same technology can be used for the IDEA detector
solenoid, for which an aluminum-stabilized conductor is being considered.
This would allow for a cold mass (including a support cylinder) of radial envelope 53 mm
and radiation thickness 0.76 [29].

Although the cold mass has the biggest impact on the total radiation thickness of the
system, the outer vessel wall accounts as the thickest component of the cryostat and its
design must, therefore, be drastically optimized. To do so, a study was conducted at CERN
in parallel to the one subject to this thesis work, within the same R&D team [38]. Its
results were briefly reported and will be compared to our conceptual design in chapter 7.
The study aimed to find the geometry and materials for the cryostat’s vacuum vessel that
would minimize its radiation thickness. It was found that the use of an Al 5083-O based
advanced honeycomb structure for the outer shell results in an overall radiation thickness
reduction of 75% for the entire cryostat, when compared to a conventional cryostat with
classical uniform thickness outer wall. The overall radiation thickness of the solenoid thus
reduces from 0.94 to 0.74. To note that for both the optimized and the conventional
designs, the study considered a cold mass of radiation thickness 0.675, instead of 0.76 (as
presented, later on, in [29]). For the comparison reported in chapter 7, the results of [38]
will be adapted to the case of a solenoid with cold mass of radiation thickness 0.76, as
reported by [29].
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Chapter 3

Radiation length of glass
microspheres and Cryogel® Z

When positioning the solenoid inside the hadron calorimeter, its radiation thickness be-
comes key parameter for designing the detector. In section 3.1 an overview of the concept
of radiation length of a material is given, briefly addressing the subject of the interaction of
fast electrons with matter. Section 3.2 estimates the radiation length of glass microspheres
and of Cryogel® Z.

3.1 Introduction

The radiation length X0 is a material property defined as the exponential decay length
for the energy of an electron that traverses this material, i.e. the mean length of material
that a high-energy electron has to travel before losing all but 1/e of its energy in the form
of Bremsstrahlung [50]. Measured in [g cm-2], it is of common use in high-energy particle
physics to describe the transparency of a material to fast electrons: highly radiation-
transparent materials exhibit large X0 values.
The physics principle behind its definition concerns the way charged particles interact
with the electrons that are present in any medium through which they pass and the
consequent loss of energy that they experience.
The specific energy loss of a charged particle in a given absorber (also known as its linear
stopping power S) is simply defined as the differential energy loss for that particle within
the material, divided by the corresponding path length:

S = −dEp

dx
. (3.1)

In the case of fast electrons interacting with an absorbing material, energy may be lost
by Coulomb interactions as well as through radiative processes. The total linear stopping
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power is therefore the sum of two contributions:

dEp

dx
=

(
dEp

dx

)
c

+

(
dEp

dx

)
r

. (3.2)

The first term is present for any charged particle (i.e. not only fast electrons, but also
relatively heavy charged particles). It describes the specific energy loss due to ionization
and excitation of the material through which the particle travels (the so-called collisional
losses): when interacting with a charged particle, the electrons of the absorber receive
an impulse, transferred by the Coulomb force. Depending on the distance between the
traversing particle and the absorber electron, the impulse may be sufficient either to raise
the electron to a higher-lying shell within the absorber atom (excitation) or to remove
it completely from the atom (ionization). The energy that is transferred to the electron
must, of course, come at the expense of the charged particle, whose velocity is therefore
decreased as a result of the encounter.
In literature, the expression describing the specific energy loss of a particle is known as
the Bethe formula and is written [51]:

−dEp

dx
=

4πe4zp
2

m0 v2
NK, (3.3)

with the generic variable K expressed as:

K = Z

[
ln
2m0 v

2

ζ
− ln

(
1− v2

c2

)
− v2

c2

]
. (3.4)

Here v and zpe are the velocity and charge of the particle, respectively (zp atomic number
of the particle and e electron charge), m0 is the electron mass and N and Z are the
number density and atomic number of the absorber atoms, respectively. The parameter ζ
represents the average excitation and ionization potential of the absorber and is typically
treated as an experimentally determined parameter for each element.
For non-relativistic charged particles (v ≪ c), only the first term in K is significant.
Nevertheless, K varies slowly with particle energy and the specific energy loss is mostly
influenced by the particle charge zpe and by its velocity v.
The charge dependence shows how, when comparing differently charged particles that
travel at the same speed, particles with greatest charge will have the largest specific energy
loss. This is essentially simply due to the stronger Coulomb interaction that allows to
transfer momentum more efficiently.
Conversely, the decrease of specific energy loss with increasing particle velocity can be
explained by noting that a relatively slow charged particle spends more time in the vicinity
of any given electron. Therefore the impulse transferred to the electron, and consequently
the energy transfer, is larger.
When comparing different materials as absorbers, dEp/dx mainly depends on the product
outside the logarithmic term, NZ. This represents the electron density of the absorber.
High atomic number, high-density materials will consequently result in the greatest linear
stopping power.
Equation 3.3 is generally valid for different types of charged particles, provided that their
velocity remains large compared to the velocities of the orbital electrons in the absorbing
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atoms. A similar expression was derived by Bethe to describe the specific energy loss due
to ionization and excitation for relativistic electrons, for which similar considerations as
for equation 3.3 lead to [51]:

(3.5)−
(

dEp

dx

)
c

=
2πe4NZ

m0 v2

[
ln
(

m0 v
2Ep

2ζ2 (1− β2)

)
− ln(2)

(
2
√
1− β2 − 1 + β2

)
+ (1− β2) +

1

8

(
1−

√
1− β2

)2
]
,

with β = v/c.
The radiative losses represented by the second term in equation 3.2 are due to the emission
of photons that occurs when electrons interact with matter. The phenomenon is referred
to with the german word Bremsstrahlung, indicating electromagnetic radiation caused by
the acceleration of the particle, that can be emanated from any position along the electron
track. It is important to note that high-energy electrons predominantly lose energy in
matter by Bremsstrahlung, as suggested by the nomenclature “radiation length” itself.
The specific energy loss through this radiative process is [51]:

−
(

dEp

dx

)
r

=
NEpZ(Z + 1)e4

137m2
0 c

4

[
4 ln

(
2Ep

m0 c2

)
− 4

3

]
. (3.6)

The presence of the particle mass squared m2
0 in the denominator shows that radiative

losses are negligible for relatively heavy charged particles.
The parameters Ep and Z2 show that the radiative specific energy loss is most important
for high electron energies and for absorber materials of large atomic number.

3.2 Calculation of radiation length

The radiation length X0 is calculated and tabulated for different material elements in a
much-cited paper by Y. S. Tsai [52] as:

X0 =
1

4α r2e
NA

Aa

{
Z2 [Lrad − f(Z)] + Z L

′
rad

} , (3.7)

where α is a constant, re the classical electron radius, NA the Avogadro number, Aa the
atomic mass of the absorber and Z its atomic number. Equation 3.7 can equivalently be
written as [52]:

X0 =
716Aa

Z2 [Lrad − f(Z)] + Z L
′
rad

. (3.8)

The function f(Z) is an infinite sum but, for elements up to uranium, it can be represented
to 4-place accuracy by:

f(Z) = b2
[(
1 + b2

)−1
+ 0.20206− 0.0369 b2 + 0.0083 b4 − 0.002 b6

]
, (3.9)
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where b = αZ [53].
Lrad and L

′

rad, given in table 3.1, are numbers characteristic of the element consid-
ered.

Table 3.1. Values provided for Lrad and L
′
rad by Tsai [52] in the calculation of the radiation

length of various elements.

Element Z Lrad L
′

rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15Z−1/3) ln(1194Z−2/3)

Often the radiation length calculated in [g cm-2] is divided by the absorber’s density
(expressed in [g cm-3]) in order to conveniently obtain an X0 value expressed in [cm].
Experimental values of radiation length for elements and several compounds, mixtures,
and polymers are made available by the Particle Data Group (PDG) [54].

The K1 glass microspheres, manufactured by 3M™, consist of soda-lime-borosilicate glass.
Borosilicate glass has a radiation length X0 = 12.63 cm [54]. However, this value refers
to the solid material and one should note that the actual length traversed by electrons
through a volume of glass microspheres can be expected to be significantly higher, due
to the hollow structure of the spheres and to the large number of voids across the path.
The effective radiation length of the powder can therefore be estimated by comparing its
mass density to the one of solid bulk glass. When doing so, a distinction exists between
the density of the wall material of a sphere, the particle density and the density of the
powder. In this thesis we will refer to them as follows.
The wall material density is the bulk density ρb of the solid material and is thus defined
by its chemical composition and independent of particle size and shape, or of degree of
compaction of the powder.
The particle density ρs indicates the overall density of a single sphere and depends on its
hollow structure.
Finally, the powder density ρp refers to the density of the powder, therefore depending
on its packing factor: even if the overall mass of the batch is constant, the volume that
the powder occupies can vary widely depending on how the powder is packed; moreover,
the density of powders can change over time as the powder settles in the container and
the volume it occupies decreases.
Note that the packing factor is then defined as the ratio of powder density ρp to particle
density ρs [39].
For K1 spheres, the manufacturer states a particle density ranging between 100 kgm-3

and 140 kgm-3 and an average packing factor of 60% [39]. The powder density ρp can
therefore be expected to range from 60 kgm-3 to 85 kgm-3. The range thus defined is in
accordance with the 60 kgm-3 powder density measured by Fesmire [55] in the thermal
experiments of K1 glass spheres that will be reported in section 5.2.3.
Therefore, it was chosen to estimate X0 for K1 glass microspheres with 60% packing
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factor using its corresponding powder density of 60 kgm-3 to 85 kgm-3.
When comparing this mass density of the powder to that of solid bulk glass (∼ 2200 kg m-3

to 2400 kg m-3 [56]), we can expect the effective radiation length in the powder to be ∼ 25
to 40 times higher, i.e. in the range of 320 cm to 500 cm.

The radiation length of Cryogel® Z is not provided in literature. When experimental
data are not available, the radiation length X0 in [g cm-2] for a mixture or compound can
be estimated as:

1

X0
=

n∑
j=1

wj

Xj
, (3.10)

where wj and Xj are the fraction by weight and the radiation length in [g cm-2] of the jth

element, respectively. Remembering that X0 is essentially an exponential decay length,
equation 3.10 basically expresses that energy transfer processes to the different constituent
elements in the absorber mixture are statistically independent.
The chemical composition of Cryogel® Z cited by Aspen Aerogels® is shown in table 3.2.
The exact percentage concentration of components is withheld by the manufacturer as
a trade secret, but the values provided still allow to make an estimate of Cryogel® Z
radiation length for the worst and best case scenarios.

Table 3.2. Cryogel® Z chemical composition, as provided by Aspen Aerogels® [57].

Chemical name Concentration [%]
Synthetic amorphous silica 25 – 40
Methylsilylated silica 10 – 20
Polyethylene terephthalate (PET or polyester) 10 – 20
Fibrous glass (textile grade) 10 – 20
Magnesium hydroxide 0 – 5
Aluminum foil 0 – 5

The values of radiation length provided for the different components of Cryogel® Z are
the following [54]:

• Synthetic amorphous silica and methylsilylated silica are considered as silicon diox-
ide SiO2: X0 = 12.29 cm; X0 = 27.05 g cm-2;

• Polyethylene terephthalate: X0 = 28.54 cm; X0 = 39.95 g cm-2;

• Fibrous glass: X0 = 9.77 cm; X0 = 25.49 g cm-2;

• Magnesium hydroxide: X0 = 12.84 cm; X0 = 30.10 g cm-2;

• Aluminum Foil: X0 = 8.90 cm; X0 = 24.01 g cm-2.

Since experimental data are not available for the radiation length of magnesium hydroxide,
it is therefore estimated from its composition Mg(OH)2 and a variation of equation 3.10,
so that:

A0N0

X0
=

n∑
j=1

AjNj

Xj
, (3.11)
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with A0 [g ·mol-1] the average atomic mass of the compound, N0 the total number of
moles, Aj the atomic mass of each constituent atom, and Nj and Xj the number of moles
and the radiation length [g cm-2] of each element, respectively.
The radiation length of Cryogel® Z can be estimated for the worst (best) case scenario
by applying equation 3.10 and minimizing (maximising) the concentration of its most
transparent components. Doing so, the estimated X 0 value of Cryogel® Z is 172 cm to
178 cm (27.57 g cm-2 to 28.51 g cm-2).
The values obtained are in the same order of magnitude than the radiation length provided
by the PDG [54] for a silica Aerogel of density 0.2 g cm-3: X0 = 136 cm; X0 = 27.25 g cm-2.
With such a high radiation length, also Cryogel® Z is a promising material for an ultra-
thin solenoid.

3.3 Conclusion
In the design of a detector solenoid positioned inside the hadron calorimeter, its radiation
thickness becomes key parameter to allow the particles to reach the calorimeter itself.
Theoretical formulas allow to estimate the radiation length of materials when experimental
data are not available.
This cannot apply directly to a powder volume of glass microspheres, due to the hollow
structure of the individual spheres and to the number of voids in-between them, which
significantly influence the powder’s radiation length compared to that of bulk borosilicate
glass. Nevertheless, using the bulk density ratio between loose powder and the solid glass,
we can estimate the radiation length for the 3M™ K1 powder to lie in the range of 300 cm
to 500 cm.
For Cryogel® Z, a radiation length of 170 cm has been estimated, making it also a quite
interesting material for use in a radiation transparent solenoid.
We thus conclude that both materials can in principle meet the requirement of relatively
high transparency, and merit further investigation.
For convenience, the values found are summarized in table 3.3 and compared to materials
of common use.

Table 3.3. Radiation length X0 estimated for 3M™ K1 type of glass spheres and for Cryogel®

Z, compared to those of commonly-used materials [38,54].

Material X0 [cm]
Copper 1.4
Stainless steel (e.g. SS 304L, SS 316L) 1.8
Aluminum 9
3M™ glass spheres type K1 (60% packing factor) 300 to 500
Cryogel® Z 170
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Chapter 4

Mechanical characterization of K1
glass microspheres and Cryogel®

Z

The ultra-thin solenoid concept that is introduced in section 1.4 allows the cryostat external
wall to “corrugate” when its internal volume is pumped vacuum. The resulting differential
pressure of 1 bar is then transferred to the cold mass by the insulation material that
completely fills the vacuum vessel. This chapter provides a preliminary qualitative analysis
of the mechanical behavior of the two selected candidate “filler” materials: 3M™ K1 hollow
glass microspheres and Cryogel® Z aerogel blankets.

4.1 Introduction
Since the outer wall of a pumped vacuum cryostat is prone to buckle, it usually constitutes
its thickest shell. In order to minimize the radial envelope of the cryostat, this outer wall
in the ultra-thin solenoid concept proposed in this thesis is reduced to a less than 0.2 mm-
thin aluminum foil. The wall is designed to maintain the vacuum environment, but does
not need to support the atmospheric pressure nor the weight of the cold mass. While the
coil is connected to reinforced end flanges that transfer the weight to the ground, the
weight of the thermal shield and the ambient atmospheric pressure act on the insulation
material that fills the vacuum space. At this early stage of cryostat design, the weight of
the thermal shield can be neglected and the pressure applied to the insulation layer is
approximated to 1 bar. The material compression caused by this load must be investigated
and taken into account for not only the design, but also the thermal tests described in
chapters 5 and 6.

The compression strength of hollow microspheres depends on multiple factors: their diam-
eter, wall thickness, density, size distribution and chemical composition. Some researchers
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have studied the influence of selected factors. Bratt et al. [58] analyzed the relation between
strength and aspect ratio (diameter/wall thickness) of hollow glass microspheres (HGM),
using equations derived from buckling theory. Budov [59] investigated the variation of
their hydrostatic strength with density. Koopman et al. [60] applied nanoindentation
to individual microspheres of different diameters (between 5µm and 90µm) and found
that the load to failure increases with the size of the sphere. Yan et al. [61] studied how
superficial defects of a microsphere influence its theoretical failure strength. Even with
all these relations established, it is important to note that the different factors influence
one another so that it is still quite complex to come to a comprehensive description of
the behavior of glass microspheres under compression.
The compression strength of HGM is one of the most critical properties that determines
the range of their application. There are two different approaches to studying this strength.
The first aims to measure the strength of an individual microsphere, defined as the critical
pressure at which failure occurs. The second consists in exposing a thicker layer of HGM
to a particular stress and then analyzing how many of them remain intact. In both cases,
either a uniaxial or an isostatic load can be applied. The choice between the two loading
modes is usually made depending on the envisaged application.
The design of the FCC ultra-thin solenoid is still in its early stage, and the pressure
acting on the insulation material that fills the cryostat will depend on the design choices
made for its vacuum vessel. The compression tests performed and presented in this thesis
assume that a uniaxial pressure will act on the microspheres, corresponding to the choice
of constraining the end flanges of the vessel. Since the thin outer vessel wall will “crumble”
under vacuum, the flanges ensure the rigidity required by the magnet. However, this
choice raises the complex challenge of mechanically connecting this thin vacuum shell
to the relatively thick end flanges without ripping once the vacuum is established. In
order to avoid this problem, one might consider allowing also the flanges to move. This
would result in a fully flexible cryostat, which then poses the problem of how to support
it (and the enclosed cold mass). For such a fully flexible design, the load acting on the
microspheres may be expected to be close to isostatic.
3M™ provides the “crush strength” of K1 glass microspheres under isostatic pressure: glass
spheres K series and S series are especially formulated for a high strength-to-weight ratio
and for the K1 type the manufacturer claims a 90% fraction of surviving spheres (80%
minimum) under an isostatic load of 17 bar [39]. However, this value is mainly provided
for quality control and not for design.

The main technological interest in aerogels originates from the need for low-density ma-
terials for high-energy physics applications with good optical transmission in the visible
range and a low index of refraction [62–66]. Only few attempts were made so far to
use silica aerogels as shock absorbing media, since they are typically fragile and brittle.
Therefore, mechanically stronger aerogels are needed in order to broaden their application
range. As a flexible aerogel blanket, Cryogel® Z is more mechanically robust than native
aerogels, while still exhibiting the same exceptionally high porosity and low density. For
Cryogel® Z the manufacturer indicates a deformation of 10% at 52 kPa (0.5 bar) and
25% at 172 kPa (1.7 bar) [67].
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Uniaxial compression tests of both K1 glass microspheres and Cryogel® Z have been
conducted at CERN. They are reported in sections 4.2 and 4.3, respectively. The main
purpose of the tests is to determine the material thickness reduction under 1 bar pressure,
both to get some first numbers for further cryostat design efforts as well as to determine
the relevant conditions for the thermal characterization of these materials. In addition,
the samples are also tested for pressures up to 2 bar and for several loading cycles, in order
to get a more extensive insight in their mechanical behavior under cryostat-relevant con-
ditions. Prior to and after the mechanical compression tests, the morphology of the HGM
is observed with an optical microscope and a scanning electron microscope (SEM).

4.2 Qualitative strength analysis of K1 glass micro-
spheres

A preliminary experimental campaign is carried out to determine the mechanical behavior
of 3M™ K1 hollow glass microspheres under uniaxial compression. The experimental
procedure and results are presented and the possible consequences for the use of these
HGM in an FCC-type of ultra-thin solenoid are discussed.

4.2.1 Experimental setup and procedure

In order to assess the effect of compression on K1 glass microspheres, their morphology
is examined before and after mechanical loading, using both an optical microscope and a
SEM (Keyence).
The different parts of the compression setup are shown in figure 4.1. A steel cylinder of
92mm inner diameter is filled with HGM batches of approximately 38mm height. The
HGM are shaked to adjust their disposition inside the container, but no pressure is applied
to compact them. Two batches are prepared and tested under uniaxial compression, using
an 89 mm diameter piston, attached to a universal testing machine (UTS).
At each run, a preload of 40 N is applied, corresponding to an applied pressure of approx-
imately 0.05 bar. To the first specimen, three loading cycles are applied up to 0.7 kN (≈
1 bar nominal compressive stress), followed by three cycles up to 1.3 kN (≈ 2 bar nominal
compressive stress). A strain rate of 0.1 mm · s-1 is maintained during the test.
The recorded displacement is divided by the initial height of the specimen to determine
the nominal compressive strain. The results are then given in terms of stress versus
nominal strain. After the tests, the morphology of the HGM is once more analyzed using
the SEM.
In order to better understand the effect of just 1 bar compression (i.e. without cycling or
higher pressure excursions), one single loading-unloading cycle up to 1 bar is applied to
the second batch, directly followed by SEM observation.

4.2.2 Measurement uncertainty estimate

The uncertainty in the measured compressive strength test here presented is mainly due
to instrumentation errors and their propagation. In the discussion below, the maximum
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Figure 4.1. Experimental setup for the in-house compression test on K1 glass microspheres.
On the left, the UTS universal testing machine, featuring a piston with 89mm diameter; on the
right, the steel cylinder filled with HGM.

value of the errors is assumed, so that the resulting uncertainties in the obtained results
can be considered as conservative estimates.
The UTS universal testing machine reports the measured piston position xp during the
test, from which the strain can be calculated as follows:

ε =
xp − x0

hi
=

xp

hi
. (4.1)

Here x0 is the initial position of the piston, which is set to 0.00mm by the UTS data
acquisition system, and hi is the initial height of the specimen.

The maximum uncertainty in strain, δε, can then be estimated as:
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δε =

∣∣∣∣ ∂ε∂xp

∣∣∣∣ δxp +

∣∣∣∣ ∂ε∂hi

∣∣∣∣ δhi =

∣∣∣∣ 1hi

∣∣∣∣ δxp +

∣∣∣∣−xp

h2
i

∣∣∣∣ δhi, (4.2)

where δxp is the accuracy of the UTS testing machine’s position read-out and δhi is the
accuracy of the measurement of the specimen’s initial height.
The maximum uncertainty in strain is thus found to be less than 2% for every load cycle
conducted.
Defining a “nominal” compressive stress as σ = F · A-1, with F the force applied to a
volume filled with microspheres, which has a cross-section A perpendicular to the force,
the maximum uncertainty in this nominal stress is:

δσ =

∣∣∣∣ ∂σ∂F
∣∣∣∣ δF +

∣∣∣∣ ∂σ∂A
∣∣∣∣ δA =

∣∣∣∣ 1A
∣∣∣∣ δF +

∣∣∣∣− F

A2

∣∣∣∣ δA. (4.3)

Here δF is the accuracy of the UTS testing machine read-out and δA = 2πrδr is calculated
from the uncertainty δr = 1× 10−4 m in the measurement of the piston radius, measured
with a calibrated Vernier caliper. The resulting maximum uncertainty in the nominal
stress is less than 1%, for every load cycle conducted.

As a final remark, it is important to note that the reported Young’s moduli in the
remainder of this chapter are effective (or apparent) values, reflecting the observed ratio
of the force exerted by the UTS to the displacement of its piston. To what extend this
effective value Ee corresponds to the true Young’s modulus E of the material that is
being tested depends on the precise boundary conditions of the experiment.
To clarify this statement, let’s consider a uniform and isotropic continuum material that
is mechanically characterized by a Young’s modulus E and a Poisson’s ratio ν. If such a
material is compressed inside a thick-walled and relatively much stiffer hollow cylinder, like
our hollow glass spheres in figure 4.1, the observed effective modulus Ee will depend not
only on the value of E, but also on ν. If the Poisson’s ratio is negligibly small (ν ≈ 0 [68]),
the cylindrical sample will not “try to” expand radially and the confining thick-walled
cylinder will not play a role in the experiment. Instead, a one-dimensional (axial) stress and
strain state is established with Ee = E. However, in the other extreme case ν ≈ 0.5 [68]
(characterizing a volumetric incompressible material), the axial compression should in
principle volumetrically be compensated by a radial expansion. However, the confining
cylinder will prevent any radial expansion and hence also any axial compression. In other
words, in this case the stress state will become hydrostatic and the effective modulus will
appear Ee ≈ ∞.
For an axisymmetric experiment with perfect radial confinement such as the one presented
here (i.e. characterized by radial strain εr = 0 and tangential strain εθ = 0), one can
derive [69]:

Ee

E
=

1− ν

(1 + ν)(1− 2ν)
. (4.4)

The Poisson’s ratio of glass microsphere powders is reported to lie in the range 0.2 <∼ ν <∼
0.3 [68], so our observed apparent Ee values will overestimate the true Young’s modulus
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E by about 10% to 35%. However, since we do not have more precise information about
the value of ν, we will not correct our data for this and suffice by reporting the effective
value.

4.2.3 Results and discussion
Large-scale superconducting magnet systems are usually pumped vacuum only once and
the vacuum is only broken later if problems occur, as in the case of repairs. The first cycle
of the compression test is therefore the most crucial one in the feasibility analysis of K1
glass microspheres for use in an ultra-thin solenoid. Nevertheless, the need of breaking the
vacuum, caused by an emergency, can not be excluded and such a situation is therefore
taken into account by analyzing the behaviour of the microspheres over multiple loading
cycles.
The first HGM batch is tested through three loading-unloading cycles at 1 bar nominal
compressive stress followed by another three cycles at 2 bar. The σ(ε) loading-unloading
curves obtained at 1 bar are presented in figure 4.2 and compared to those at 2 bar in
figure 4.3.
The test results report both the so-called “cumulative” strain as well as the “singular” one.
The cumulative strain indicates the total reduction in height of the specimen over the
three cycles. It is calculated considering as initial position of the piston its displacement
at the end of the previous cycle.
The singular strain describes, for each cycle, the reduction of the specimen’s height caused
by that compression cycle alone. As one might expect, the singular strain decreases at every
cycle, since the HGM get progressively more compacted (that is to say the cumulative
strain increases less and less).
During the first compressive cycle, the strain at 1 bar is about 2% of the initial height of
the specimen.
However, by analysing the pressure profiles, one can infer that this height reduction is
not only due to the increase in powder density, but also to the mechanical failure of
some microspheres. The sharp change in the slope of the σ(ε) loading curve, observed at
approximately 0.2 bar, in all likelyhood indicates that the number of HGM supporting
the applied force suddenly decreases, due to the mechanical failure of part of them. Below
0.2 bar, the σ(ε) curve is relatively steep, corresponding to an “effective Young’s modulus”
Ee = ∆σ(ε)/∆ε ≈ (18.7 ± 0.6)MPa, but this slope reduces to Ee ≃ (4.6 ± 0.1)MPa at
1 bar and to Ee ≃ (4.0 ± 0.1)MPa at 2 bar.
As discussed above, these apparent values are dictated by the boundary conditions of
the experiment and are moreover calculated considering the 0.05 bar preload, while their
uncertainties only take into account the propagation of the instrumental errors. The
choice is justified in section 4.2.2.
Also notice how the overall shape of the σ(ε) curves largely remains the same from cycle
to cycle. This implies that more microspheres continue to break at every load cycle.
In a possible FCC application, this would result in a progressive degradation of the
material when multiple vacuum cycles are needed.
The unloading phases of the curves suggest a partial recovery of the material, given by
the elasticity of the portion of microspheres that did not fail under compression. However,
it is difficult to identify what causes the sudden change in their slopes.
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(a) Cumulative strain.

(b) Singular strain.

Figure 4.2. Compression test carried out on a K1 glass microspheres (3M™) batch of 92mm
diameter and 38mm height. Three loading-unloading cycles at maximum pressure 1 bar are shown:
(a) “cumulative” strain, (b) “singular” strain.
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(a) Cumulative strain.

(b) Singular strain.

Figure 4.3. Further compression test carried out on the batch of K1 glass microspheres (3M™). In
addition to the three loading cycles at approximately 1 bar maximum pressure shown in figure 4.2,
three further cycles at approximately 2 bar maximum pressure are applied: a) “cumulative” strain,
(b) “singular” strain.
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The values of both the cumulative and singular strains at 1 bar and at 2 bar are presented
in figure 4.4. Being the compression of glass microspheres a chaotic-stochastic process,
these values are presented as scattered points.

Figure 4.4. Six compression cycles carried out on a K1 glass microspheres (3M™) batch of
92mm diameter and 38mm height: the “cumulative” and the “singular” strains under 1 bar± 1%
and under 2 bar± 1% are presented. The uncertainty in strain due to the instrumentation is
reported but hardly visible. The dashed straight lines are a guide for the eye.

In support of the given interpretation of the σ(ε) curves, SEM observation indeed provided
evidence of broken spheres in the first layers of every tested batch.
The SEM images of a second test specimen, subjected to just one compression cycle up
to 1 bar, are shown at the end of the section, in figure 4.5. The images compare the
morphology of the spheres before and after compression.
After compression, the spheres are collected from three layers of the same sample. The
layers are 10 mm thick and are taken at the top, center, and bottom of the batch, respec-
tively. The SEM images show that the largest amount of broken spheres are found in the
top layer of the tested sample.
This indicates a potential problem with the use of HGM for the thermal insulation of
the solenoid cryostat: when the outer wall “crumbles” under 1 bar differential pressure,
the first layers of crushed microspheres may create a thermally conducting layer that
will increase the heat load from the vessel walls to the thermal shield [70]. Alternatively,
depending on the packing factor of the bulk, the crush powder may migrate towards the
bottom of the cryostat, leaving some areas at its top unsupported.
Although K1 microspheres show the lowest mechanical resistance of the K and S series
manufactured by 3M™, they were chosen because they exhibit the lowest thermal conduc-
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tivity and the manufacturer claims an isostatic crush strength of 17 bar, which would be
more than adequate to meet the requirements of the project.
When trying to understand why some of the microspheres break already at a pressure of
less than 0.2 bar, two observations can be made.
Firstly, in any hollow sphere an inhomogeneous wall thickness can cause strength dete-
rioration. While the outer surface of the microspheres is smooth, as shown by the SEM
images, the inner one may well exhibit microcracks. When subjected to a certain pressure,
a thin spot in the wall will concentrate the stress and cause premature failure.
Secondly, 3M™ provides the isostatic crush strength for K1 spheres, while their resistance
to uniaxial pressure has been tested in-house. When it comes to hollow spheres, the
effects of isostatic and uniaxial compression are quite different. Bratt et al. [58] provide
the equations reported below for the theoretical maximum pressure that a microsphere
can withstand under both conditions.

The stress σi on a microsphere subjected to uniform isostatic compression is defined
as [71]:

σi =
pi · a
4

, (4.5)

where pi is the applied pressure and a the sphere’s aspect ratio (diameter/wall thickness).
The pressure can be increased up to some critical level, at which the spherical symmetry
is perturbed and the sphere wall buckles. The critical buckling pressure is given by
[71]:

pi,cr =
8E

a2
√
3(1− ν2)

, (4.6)

with ν the Poisson’s ratio and E the Young’s modulus of the wall material. Combining
equations 4.5 and 4.6, the microsphere strength can be written as [58]:

σi,cr =
2E

a
√
3(1− ν2)

. (4.7)

To determine the aspect ratio a it is necessary to know the diameter d and wall thickness
tw of the sphere. These are related to measurable mass densities as [61,72]:

tw =
d

2
·

[
1−

(
1− ρp

ρb

)(1/3)
]
, (4.8)

where ρp is the apparent density of the powder of HGM and ρb is the density of the bulk
material of the wall. Combining this with equations 4.6 and 4.7, the theoretical critical
pressure can be expressed as [61]:

pi,cr =

2E

[
1−

(
1− ρp

ρb

)(1/3)
]2

√
3(1− ν2)

, (4.9)
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and the microsphere strength as:

σi,cr =

E

[
1−

(
1− ρp

ρb

)(1/3)
]

√
3(1− ν2)

. (4.10)

The maximum pressure that a sphere can withstand before buckling thus only seems
to depend on the density of the batch and on specific material properties, such as the
Young’s modulus, the Poisson’s ratio, and the wall material density. Once the composition
of the HGM is known, the apparent powder density remains the only variable affecting
the compression strength.

A uniaxial compression test applies a very different type of stress to the microsphere.
Rather than an isotropic force, the sphere experiences a compression force on the force
axis but a tensile surface force at its equator. Unlike with solid or thick-walled spheres [73],
failure does not initiate from the point of contact, but because of excessive tensile stress at
the equator. When this stress exceeds the tensile strength of glass, fracture occurs, forming
a circumferential crack around the equator that splits the sphere into two hemispherical
caps. The stress on the surface is [58]:

σu =
3Fu (d/3)

2π d tw
2 =

Fu

2π tw
2 , (4.11)

where Fu is the uniaxial force, d the sphere’s diameter, and tw its wall thickness. Unlike
the case for isostatic compression, the resistance of a sphere to uniaxial compression is
strongly related to its wall thickness. This is an important factor to consider in our analysis,
since the observations of the HGM structure with both optical and scanning electron
microscopy show a wide range of diameters and wall thicknesses. The measured diameters
range from 3 µm to 125 µm. The particle size distribution of K1 glass microspheres
claimed by 3M™ is provided in table 4.1.

Table 4.1. K1 glass microspheres particle size distribution, provided by 3M™ [39].

Product Particle size distribution (by volume) [µm]
10th% 50th% 90th%

K1 30 65 115

Due to this relatively wide particle size distribution, it is difficult to predict how K1 glass
microspheres will behave in an ultra-thin solenoid cryostat. For a better understanding of
the mechanical properties, analyzing spheres with uniform size would be more convenient.
Thermo Fisher Scientific glass spheres [74], calibrated with NIST traceable microscopy
technology, are commercially available and were considered for the project. However, with
a price of approximately 350€/g, they do not offer a realistic perspective to fill a vacuum
space of the size of FCC detector solenoid cryostats. Nevertheless, the use of uniform-sized
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glass spheres would be interesting and the cost efficient production should be looked for.

A second and more fundamental consideration can be made on the use of HGM inside a
cryostat, regardless of the chosen type. In case of multiple vacuum cycles, in which the
vessel compresses and expands, glass microspheres will have a tendency to flow towards
its base, leaving the vessel empty at the top and enlarged at the bottom.
A proposed solution for this problem would be to contain the glass microspheres in bags,
keeping them in position. However, this would add an extra thermal load by conduction
through the bag material. This solution will therefore require proper research of viable
materials for the bags, able to meet both the thermal and the mechanical requirements.

The difficulties in predicting the mechanical performance of HGM raises the question of
whether they should be further considered as a viable insulation material for a large-scale
cryostat application. Taking into account the results of the compression test on Cryogel®
Z as well, we will further address this question in section 4.4.

(a) HGM before compression.
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(b) HGM after 1 bar compression: top layer.

(c) HGM after 1 bar compression: top layer.
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(d) HGM after 1 bar compression: middle layer.

(e) HGM after 1 bar compression: bottom layer.

Figure 4.5. SEM images of K1 glass microspheres: (a) HGM before compression; (b), (c), (d),
and (e) HGM after one loading cycle, at 1 bar maximum nominal compressive stress. In particular:
(b) and (c), specimen’s top layer; (d) specimen’s middle layer, (e) specimen’s bottom layer.
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4.3 Compression test of Cryogel® Z

To qualify an aerogel for load-bearing applications, extensive mechanical characterization
is needed to determine its behavior under actual service conditions. The mechanical exper-
iments must be designed to produce loading conditions identical or at least similar to those
under service. Cryogel® Z samples of different sizes are therefore tested at CERN under
such conditions. 1 bar compression is applied to the samples, mimicking the differential
pressure acting on the material inside the ultra-thin solenoid cryostat of FCC detector
magnets. The test results are presented here and compared to results of a second run at
2 bar load and of additional tests carried out on different sample sizes, under vacuum
conditions or at cryogenic temperatures.

4.3.1 Experimental setup and procedure

The UTS universal testing machine introduced in section 4.2.1 is also used to test Cryogel®
Z (CZ) samples under compression, at room temperature and atmospheric pressure. Four
different stacks of ten CZ layers each are tested, as shown in figure 4.6. Each layer has a
surface area of (100× 100)mm2 and is 10mm thick.

Figure 4.6. Experimental setup used for the in-house compression test on Cryogel® Z, showing
the UTS universal testing machine as well as the sample of ten layers of CZ with surface area
(100 × 100)mm2.
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At each run, a preload of 10N is applied. Stacks 1 and 2 are tested under a force up to
1 kN, which corresponds approximately to 1 bar nominal compressive stress. A force up to
2 kN is applied to stacks 3 and 4, in order to reach 2 bar pressure. Ten loading cycles are
performed at each run, at a strain rate of 3 mm · s-1. The recorded displacement is divided
by the initial height of the specimen to determine the nominal compressive strain. The
results are thus presented in terms of stress versus nominal strain. A second significant
result extracted from these stress–strain curves is the “strain recovery” behavior of the
CZ, obtained by analyzing multiple loading-unloading cycles.

4.3.2 Measurement uncertainty estimate

With the same method as the one described in section 4.2.2, the instrumentation errors
and their propagation are estimated. The reader is referred to section 4.2.2 for details,
bearing in mind that the cross-section of the sample is different in this case.
Throughout the entire measurement range, the maximum uncertainty in strain is less
than 1% and in the compressive stress approximately equal to 1%.
Note that the measurement instrumentation is not the only possible source of error
occurring in this type of test.
Ideally, compression tests on sample stacks such as these should be conducted using highly
parallel compression plates, since a slight misalignment can induce a large error in the
data [66]. However, this will influence in particular brittle aerogels, which is not our case.
Another aspect is the difficulty in cutting CZ samples precisely and controlling their
cross-section. If the layers composing the specimen have different cross-sectional areas,
the error in nominal compressive stress will easily increase by a few percentage points.
The contribution of this effect on the uncertainty is quite challenging to evaluate. As a
rough estimate, however, we note that an uncertainty of ∼ 2 mm on the lateral size and/or
position of the CZ samples would lead to an uncertainty of ∼ 4% on the cross-sectional
surface area and hence on the reported stress value.
Analogous to the glass microsphere experiment discussed in section 4.2.2, a word of caution
about the difference between the effective Young’s modulus Ee and the true modulus
E is once more needed. Although in this Cryogel® Z experiment there is no radially
confining cylinder, friction with the UTS’s base plate and piston surface may influence
the experiment. Ee is only equal to E if the sample is free to expand laterally everywhere
along the height of the sample stack, so that all lateral stress components are zero. When
the sample is bonded to the end plates of the UTS or when it experiences a significant
friction with these plates, the stack will tend to “bulge” outwards in-between the plates
and a more complicated stress distribution is established. In this case, Ee will deviate
from E by an amount that depends on the Poisson’s ratio ν, on the aspect ratio a of the
sample stack and on the friction coefficient µ between the sample and the end plates. Our
sample stack has an aspect ratio a ≈ 1. Since we don’t know the friction coefficient µ, we
can use the extreme case of a fully bonded sample to estimate the maximum deviation
between the true and apparent modulus. For this case, one can derive [75]:

Ee

E
=

1 + 3 ν 1−ν
1+ν a2

1 + 3 ν (1− 2ν) a2
. (4.12)

56



4.3. COMPRESSION TEST OF CRYOGEL® Z

Also the Poisson’s ratio of Cryogel® Z is to the best of our knowledge not reported in
literature, but typical values for silica-based aerogels lie in the range 0.15<∼ ν <∼ 0.25 [76].
Using these values as an estimate for Cryogel® Z, we find a deviation of 1.02<∼ Ee/E <∼ 1.06
between the apparent and true Young’s modulus, i.e. an additional uncertainty of ∼ 4%.
Furthermore, the mechanical behavior just discussed is typical of isotropic materials.
The anisotropic structure of Cryogel® Z may as well influence the ratio Ee/E. Our
data are therefore not corrected for this and the effective Young’s modulus is presented
instead. During the tests that later will be reported in section 6.4, samples of 600mm
diameter (against the 20 mm diameter of the samples here analyzed) will be compressed
and thermally tested in a mock-up cryostat. The comparison between the strain values
derived from the two different tests will help quantifying the side effects acting on the
small-scale samples just described. With a strain of about 70% under 1 bar, the large-scale
test will confirm the effective Young’s modulus here estimated.

4.3.3 Results and discussion
The σ(ε) curves obtained for each of the ten successive loading-unloading cycles within
each run all exhibit the same qualitative behaviour. As an example, figure 4.7 shows the
first compression cycle conducted with stress up to 1 bar, while figures 4.8 and 4.9 present
all the ten loading-unloading curves of the test runs up to 1 bar and to 2 bar, respectively.
As done for the glass microspheres test, the results are presented as both “cumulative” as
well as “singular” strain, whose definitions are given in section 4.2.3.

Figure 4.7. Example of stress-strain curve obtained from the compression test conducted on
Cryogel® Z. The figure shows the first of ten loading-unloading cycles applied to a stack of ten
layers of material with surface size (100 × 100)mm2.
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(a) Cumulative strain.

(b) Singular strain.

Figure 4.8. Compression test carried out on a stack of ten Cryogel® Z samples with surface
size (100 × 100) mm2. Ten loading-unloading cycles under 1 bar maximum stress are shown: (a)
“cumulative” strain, (b) “singular” strain.
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(a) Cumulative strain.

(b) Singular strain.

Figure 4.9. Compression test carried out on a second stack of ten Cryogel® Z samples with
surface size (100 × 100) mm2. Ten loading-unloading cycles under 2 bar maximum stress are
shown: (a) “cumulative” strain, (b) “singular” strain.
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At 1 bar pressure, the stack compresses to approximately 70% of its initial height (ε ≈ 30%).
At 2 bar, the compression is ε ≈ 40%.
The hysteresis observed in the loading-unloading cycle seems to be evidence of “plastic”
deformation: after removing the load, the material does not immediately fully recover
(i.e. it only recovers by about 20%) and the remaining deformation is approximately 10%
of the initial height in the short term. However, the definition of “plastic” deformation is
not entirely appropriate: the heights of the stacks were measured again a few days after
the test, finding they had recovered by about 98% on average.
As expected, being a soft blanket, Cryogel® Z shows a low effective Young’s modulus at
low pressure, increasing to (0.36 ± 0.01)MPa at 1 bar and to (0.53 ± 0.01)MPa at 2 bar.
For each loading-unloading cycle, figure 4.10 presents the strain measured under 1 bar
and under 2 bar compression.

Figure 4.10. Strain versus loading-unloading cycle of the compression test conducted on
Cryogel® Z. Two stacks are tested at maximum pressure 1 bar and 2 bar, respectively. Each
stack features ten Cryogel® Z blankets with surface size (100 × 100)mm2. Linear fits are shown
to guide the eye.

From figure 4.10, it can be noted that the response of the material to compression becomes
approximately stable after ten loading cycles: the deviation of the scattered data points
from the linear regression is comparable to their measurement uncertainty estimates.
Since these first results suggest that CZ is indeed a promising material for FCC detector
cryostats, the material is further tested in the CERN Cryolab facilities. Several runs are
conducted at different conditions on one disc of 30mm diameter and 10mm thickness.
The main outcomes of these tests are listed in table 4.2. The higher strain values derived
from these tests can be due to the smaller cross-sectional area of the samples. Moreover,
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Table 4.2. Comparison between several compression tests of Cryogel® Z at 1 bar nominal
compressive stress. A single layer of thickness 10mm and diameter 30mm is tested. When
different runs are conducted, the uncertainty is shown as standard deviation of the mean.

Temperature [K] Environment pressure ε (1 bar) [/]
293 patm, air 0.36 ± 0.03
77 patm, LN2 0.32
293 Vacuum 0.37 ± 0.02

material properties of aerogels, such as yield stress, strength, and fracture toughness
are highly dependent on the strain rate [66]: their values at high strain rates can be
significantly different from those at lower strain rates, making the comparison between
different tests even harder. Information about the strain rates of the tests reported in
table 4.2 were not provided.
However, the tests presented in this section aimed mainly to estimate the compression
percentage of the material under 1 bar mechanical load, in order to be able to design
the test setup for determining the heat loads inside a cryostat mock-up, as described
in section 6.3. A more extensive mechanical characterization of the material, for which
test runs with more systematic protocols are required, lies outside the scope of this
thesis.

A final brief note on comparing K1 glass microspheres to Cryogel® Z. Under 1 bar
nominal load, the strain is 30% for the Cryogel® Z blankets and only 2% for the spheres.
This is reflected in their estimated effective Young’s moduli (4.6MPa for the spheres
against 0.36MPa for Cryogel® Z). Cryogel® Z blankets are therefore able to compress
approximately 15 times more than K1 spheres. For a set thickness of the insulation layer
of the cryostat, this translates to a radially thinner vessel during operation (i.e. when
pumped vacuum). Naturally, the bigger deflection of the cryostat’s outer wall must be
taken into account in its design.

The initial tests presented here confirm that Cryogel® Z can be considered as a viable
option for the ultra-thin solenoid application. The value of 30% compression over the
initial height, at 1 bar stress, is selected to develop the test setup representative of the
real-case cryostat.

4.4 Conclusion
Compression tests of K1 glass microspheres and of Cryogel® Z are conducted under a
uniaxial compressive load, mimicking the differential pressure acting on the insulation
material inside a large-scale ultra-thin solenoid cryostat, assuming its end flanges to be
rigid. The main aim of the test is to observe the general behavior of the two materials
under 1 bar compressive stress and to evaluate the corresponding compression under load
and when released. This allows, in first instance, for sizing of the vacuum space of the
test setup that needs to be filled with insulation material, in order to analyze the heat
load transferred inside the cryostat on a demonstration size scale. Secondly, it provides
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an estimate of the deflection of the outer vacuum vessel wall that can be expected in the
cryostat of the detector solenoid.

Both the compression test of the HGM and their “post mortem” observation with SEM
provide evidence of broken spheres in the first layers of every tested batch. Although
the majority of them survives the compression, this could create a thin layer of broken
microspheres inside a cryostat, through which straight-forward thermal conduction would
prevail, thus losing the main advantage of HGM, namely having small thermal contacts
between one sphere and another.
Alternatively, the spheres crushed into powder may move onto the bottom of the cryostat,
leaving the space that they were occupying empty. Note that even intact spheres will
have the tendency of migrating towards the base of the vessel when this is repeatedly
compressed and expanded, as it happens if the cryostat is subjected to multiple vacuum
cycles during its lifetime. To limit this effect, special methods to confine the spheres, like
subdivision, are required.

On the other hand, under 1 bar uniaxial pressure, Cryogel® Z compresses to approximately
70% of its initial height (ε ≈ 30%). The environment conditions (temperature and pressure)
seem to have hardly any influence on this value.
Immediately after depressurizing, CZ springs back to about 90% of the inital height
(ε ≈ 10%). The entire height of the specimen is recovered after a few days.

With a strain of about 30% against the 2% of K1 glass microspheres, Cryogel® Z proves
to be a much softer material. This is expressed by the effective Young’s modulus, which
for a maximum nominal load of 1 bar is estimated (4.6 ± 0.1)MPa for the spheres and
(0.36± 0.01)MPa for the Cryogel® Z blankets. A Cryogel® Z insulated cryostat therefore
requires to take into account the higher deflection of its components when under vacuum.
However, this also implies that, for a given thickness of the insulation layer, Cryogel® Z
allows for a radially thinner cryostat once pumped vacuum.

In conclusion, from the first qualitative analyses of K1 glass microspheres, they still can be
a potential material that could be considered and further analyzed as cryostat insulation
material. There is a clear need for a new manufacturing process for cost-efficient glass
spheres of uniform size. However, given the difficulties in predicting their mechanical
behavior (especially in long-term use), for the moment it is chosen to prioritize Cryogel®
Z for further testing, as it seems the most reliable material between the two proposed,
given the time frame of the research.
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Chapter 5

Thermal insulation of glass
microspheres and Cryogel® Z

In terms of combined structural support and thermal insulation, glass microspheres and
Cryogel® Z may offer an acceptable solution in the consideration of radiation transparency
versus cryogenic heat load. Their thermal characterization is an essential step towards
developing viable alternative engineering solutions for cryogenic applications. In this
chapter, the thermal insulation performance of the two materials is discussed and in-
house thermal conductivity measurements conducted on Cryogel® Z are presented.

5.1 Introduction

In several studies the heat transfer through powders, fibers, foams and multi-layer type
of insulation have been analyzed, with the common purpose of reducing radiation and
conduction contributions through a material of low bulk density.
Multi-layer insulation is well known to show the best insulation performance in high
vacuum and is therefore widely used in cryostat technology. However, in order to develop
a novel cryostat concept for the FCC superconducting detector magnets, the classical
multi-layer insulation must be replaced with a material that is able to mechanically sup-
port the thin vacuum vessel walls when pumped vacuum. Hence, some increase in thermal
conductivity of the material of choice is accepted, in favor of a higher mechanical strength.
For this, glass microspheres and Cryogel® Z are considered candidates worth to consider.

Powder based insulation technology is used for a wide range of structural and cryogenic
systems. It typically involves small-size, light-weight particles with high porosity (e.g.
glass microspheres, perlite, expanded polystyrene).
Compared to solid spheres, use of hollow glass microspheres can substantially reduce
heat transfer and weight. Their thermal performance depends heavily on temperature,
compression, particle size and porosity of the batch. Many tests were conducted in or-
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der to investigate the effects of these parameters, yet reported results are often scat-
tered [55, 77–81]. The most common glass spheres commercially available at reasonable
cost come as a batch comprising microspheres of different diameter and wall thickness.
This results in two problems. Firstly, their effective thermal conductivity can only be
tested as an average property of the powder. Secondly, even tests conducted on the same
type of microspheres can yield different outcomes, based on the size distribution of the
microspheres comprised in the sample.
From several types of glass spheres manufactured by the company 3M™, the K1 were
chosen for this project, since they exhibit the lowest calculated thermal conductivity at
room temperature [39]. However, the mechanical study presented in section 4.2 showed
that the top layers of microspheres failed under 1 bar compression. Inside a cryostat, this
would result in a layer of crushed material with high solid conductivity, largely canceling
the insulation advantages of hollow glass spheres. The in-house thermal characterization
of the K1 spheres was therefore abandoned for the scope of this thesis work.
However, the material still represents a viable alternative for cryogenic applications, thus
an overview of literature data on its thermal performance is given in this chapter. First,
in section 5.2.1, the heat transfer mechanism of the material is described in general terms,
then in section 5.2.2 a more detailed analysis of the effect of particle size and powder
porosity is presented. Finally, in section 5.2.3, the thermal conductivity of K1 glass mi-
crospheres is discussed, also briefly reviewing the studies conducted by the Cryogenics
Test Laboratory of NASA Kennedy Space Center [55].

The second part of the chapter, section 5.3, is dedicated to the thermal characterization
of Cryogel® Z. Aerogel is a nano-porous material with a high porosity and therefore a
low density and thermal conductivity, which makes it an attractive candidate for insu-
lation applications. Heat transfer through silica aerogel is closely related to its complex
microstructure. Experimental and analytical studies have been reported by many re-
searchers [82–91]. Porosity, ambient pressure and temperature affect the heat transfer of
the material. An in-depth description of the thermal behavior of different aerogel com-
posites lies outside the scope of this thesis work and interested readers are referred to the
references above.
The exact composition and porosity of Cryogel® Z has been withheld by Aspen Aerogels®
as a trade secret, so it is difficult to derive a general conclusion on its thermal behavior from
literature. Its thermal conductivity performance was therefore directly tested at CERN to
investigate its suitability for use as an insulation material in large-scale detector magnet
cryostats. The thermal conductivity of the material is first measured between 3K and
300 K under vacuum conditions. These tests and their results are described in section 5.3.
The goal of the experiments is to provide an overview of the thermal performance of the
material prior to the development of a mock-up system to investigate the heat transferred
through Cryogel® Z inside a real-life cryostat, as described in section 6.4.
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5.2 Glass microspheres thermal insulation

The thermal performance and life-cycle-cost advantage of glass microspheres have been
tested by several authors [55,77–81]. In this section these reports are summarized.

5.2.1 Heat transfer mechanism

The thermal conductivity of granular materials comprises three contributions: solid con-
duction through the effective contact area between the particles, radiation across the
void spaces in-between them, and heat transfer through inter-particle gas molecules. In
a vacuum environment the gaseous conduction is negligible. For a medium with coupled
conduction and radiation transport such as an evacuated glass spheres powder, it has
been shown [92] that the effective (or apparent) thermal conductivity λp, defined by the
Fourier law

q̇ = −λp(T ) ·
∂T

∂x
, (5.1)

can be well approximated as the linear summation of a solid and a radiative term
[93]:

λp(T ) = λsol(T ) + λrad(T ). (5.2)

In the above, q̇ [W m-2] is the heat flux in the direction of the thermal gradient, T [K] is
the temperature and x [m] is the spatial coordinate in the gradient direction.
The radiative conductivity λrad strongly depends on temperature. Watson [94] modeled
radiative heat transfer between the particle surfaces as the radiation between multiple
parallel plates. According to his model, the radiative conductivity is proportional to the
third power of temperature: λrad = Crad · T 3, where Crad [Wm-1 K-4] is a temperature-
independent constant. An increase in the thermal conductivity with temperature can
thus primarily be interpreted as an increase of the radiative conductivity.
For a bed of uniform-diameter spheres, opaque to the predominantly long-wavelength
radiation at cryogenic temperature, one can write [93]:

λrad =
4σB d

ϑ

(
ϵp

2− ϵp

)
T 3, (5.3)

where σB is the Stefan-Boltzmann constant, d the sphere diameter, ϑ the solid fraction, and
ϵp the effective emittance of the packing. For clear glass microspheres at low temperatures,
ϵp ∼ 1 and equation 5.3 simplifies to:

λrad =
4σB d

ϑ
T 3. (5.4)

From empirical correlation of experimental data, the solid conductivity in equation 5.2
has been assumed to be independent of temperature by many researchers [95,96]. However,
the solid conductivity is directly proportional to the thermal conductivity of the bulk
material of the wall λw, while it varies with 1/3 power of its elastic coefficients (Young’s
modulus and Poisson’s ratio) [97]. Since these three variables vary with temperature, the
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solid conductivity may also be expected to depend on it and can be expressed as:

λsol(T ) = Csol · λw(T ) = Csol

[
λw,0 +

dλw

dT
T

]
, (5.5)

where Csol is a non-dimensional constant that does not depend on temperature and
the thermal conductivity of the solid material λw(T ) has been approximated as a linear
function of temperature [98].
The temperature dependence of the effective thermal conductivity of the microspheres
batch, expressed by equation 5.2, can therefore be written as:

λp(T ) = Csol

[
λw,0 +

dλw

dT
T

]
+ Crad T

3. (5.6)

The solid conductivity λsol is controlled by thermal conductance at the contacts between
the particles and therefore depends on the compressive stress, which can increase the
contact area by elastic deformation of the particles. If two spheres are pressed together by
an external normal force F , the radius of the circular contact area between them follows
the Hertzian theory of non-adhesive elastic contact [99]:

rc =
3

√[
3

4

(1− ν2)

E
Fr

]
, (5.7)

where r is the sphere’s radius [100].
It is known that the stress field in granular media is not uniform between vertical and
horizontal direction, due to internal friction of the particles. This implies that the thermal
conductivity is also non-uniform in the two directions.
The conductance of a bed of packed microspheres may vary with the bed height hp as well,
due to its self-weight: in a thicker particle layer, gravity compresses the bottom particles
more, which results in a higher thermal conductivity [101]. Whether the microspheres are
only subject to their self-weight, or whether they are compressed by an external stress σ,
analytical models show that:

λsol ∼ hp
n or λsol ∼ σn, (5.8)

where n ∼ 0.33 for solid or thick-walled hollow spheres, n ∼ 0.5 for thin-walled smooth
hollow spheres (e.g. uncoated microspheres) and n ∼ 0.7 ÷ 0.9 for rough spheres (e.g.
aluminum-coated microspheres) [93].
Johnson et al. [101] expand the Hertzian theory by including the effect of an adhesive
force:

rc =
3

√√√√√3(1− ν2)

4E

F +
3

2
πγr +

√
3πγrF +

(
3

2
πγr

)2
 r, (5.9)

where γ is the surface energy of the solid material.
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5.2.2 Effect of particle size and powder porosity

As discussed in section 4.2.3, K1 glass microspheres from 3M™ are considered an unsuit-
able solution for a large-scale cryostat, due to their relatively unreliable thermal and
mechanical behavior. Nevertheless, glass microspheres with a uniform diameter, whose
performance could be more easily predict, are commercially available and constitute a
valid option for applications of more moderate size. The separate effects of particle size
and powder porosity on the thermal conductivity of granular materials are investigated
experimentally in several studies. To name just a few, the particle size dependence is
reported by Merrill [95], Hütter et al. [102] and Gundlach and Blum [103], while the
porosity dependence is investigated by Fountain and West [96] and by Krause et al. [104].
However, the reported values are very unsure since often they differ from each other by
some orders of magnitude. Since the conductivity is especially sensitive to the volume or
height of the sample, a systematic investigation under consistent experimental conditions
is a must if one wants to compare different materials reliably.
Sakatani et al. [98,105] aim to develop a comprehensive thermal conductivity model inte-
grating the different possible influences. Moreover, not only they present a well-designed
experiment, in which all parameters can be well-controlled, but the data are also analyzed
with the aid of a theoretical model. The influence of temperature, compression, parti-
cle size and powder porosity is investigated for glass beads, which are chosen as model
material. The principles behind the effect of particle size and of powder porosity on the
thermal conductivity are expected to be analogous for hollow spheres. In light of this, in
this section the test results of Sakatani et al. [98, 105] are reviewed and the fundamental
roles of particle size and powder porosity in the heat transfer mechanism through glass
microspheres highlighted.

Test setup and experimental procedure

Six sizes of glass beads are tested. The largest five are composed of soda-lime glass (in
the study referred to as “FGB glass beads”), while the sixth and smallest size particles
are made of a low-alkali glass (“EMB glass beads”). The effect of porosity is evaluated
using the EMB beads. The properties of the samples are listed in table 5.1. The porosity
of a sample is defined as ϕ = 1 − ρp/ρb [98], where ρp is the measured mass density of
the powder [61, 98] and ρb is the density of the wall bulk material [61, 98]. The powder
density ρp is deduced from the mass and volume of the sample [98].
The test setup, shown in figure 5.1, consists of a sample container placed in a vacuum
chamber that, in turn, is enclosed by a thermostatic chamber. The FGB glass beads sam-
ple container has inner dimensions of 100mm length × 100mm width × 60mm height,
while that for EMB glass beads has a 100 mm length × 60 mm width × 20 mm height.
The samples are evacuated to 10-4 mbar and kept at selected temperatures ranging from
250 K to 330K. The thermal conductivity of all samples is then measured using the line
heat source method [106], essentially introducing a known amount of heat and monitor-
ing the resulting temperature rise. The experiment combines a nichrome wire used as
a line heat source, and an alumel-chromel thermocouple to measure the temperature.
The nichrome wire is placed horizontally at 10mm above the bottom of the container.
Note that this method is especially sensitive to the “local” thermal conductivity of the
sample directly around the sensor, thus the packing conditions of the microspheres in its
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proximity affect the measurements. To avoid this problem, the test is repeated for the
FGB beads and for two EMB beads samples using three sensors, horizontally installed at
20 mm intervals.

Table 5.1. Properties of the samples in the thermal conductivity study on glass beads conducted
by Sakatani et al. [98].

Sample Material Particle size [µm] Porosity
FGB-20 Soda-lime glass 710 - 1000 0.42
FGB-40 355 - 500 0.42
FGB-80 180 - 250 0.40
FGB-180 90 - 106 0.42
FGB-300 53 - 63 0.42
EMB-49.5 Low-alkali glass < 10 0.495
EMB-58.5 0.585
EMB-69.5 0.695
EMB-75.3 0.753
EMB-77.0 0.779
EMB-86.2 0.862

Figure 5.1. Experimental setup of the thermal conductivity test conducted by Sakatani et al. [98]
on various glass beads: 1) sample, 2) sample container, 3) nichrome wire, 4) K-type thermocouple,
5) vacuum chamber, 6) thermostatic chamber, 7) exhaust system, 8) power supply, 9) digital
multimeter.

Experimental results

The thermal conductivity of the FGB and EMB glass beads, obtained using a single sensor,
is shown as function of temperature in figure 5.2 and figure 5.3, respectively. Fitted curves
to the data using equation 5.6 are also shown.
To understand the heat transfer through a granular medium, separate analyses of the
solid and radiative thermal conductivities are necessary. The values of the coefficients
Csol and Crad are obtained from the fitting curves and used to describe the solid and
radiative components of the conductivity at arbitrary temperature.
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Figure 5.2. Thermal conductivity versus temperature of five FGB glass bead samples with
different particle size, measured by Sakatani et al. [98], using the single sensor experiment. The
arrow indicates the direction of increasing bead size.

Figure 5.3. Thermal conductivity versus temperature of four EMB glass bead samples with
different powder porosity, measured by Sakatani et al. [98] using the single sensor experiment.
The arrow indicates the direction of increasing powder porosity.

The solid component of the conductivity of the FGB samples at 300 K is shown in figure 5.4.
The uncertainty in the data increases with the particle diameter: the number of particles
within the thermal diffusion volume is lower for larger particles, so local inhomogeneity
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of the packing arrangements of the beads around the heating wire is more likely to affect
the thermal conductivity measurements when the particle size is larger.
The solid conductivity of FGB glass beads appears to slightly increase with particle
size, but this effect is hardly significant. The uncertainty in the test results does not
allow to judge whether there is indeed a trend. This is consistent with certain theoretical
models (e.g. Chan and Tien [107], and Halajian and Reichman [97]), predicting the
solid conductivity to be independent of particle size if the force acting on the contact
area between the particles is the sample’s self-weight and/or an external compression
force.

Figure 5.4. Solid conductivity component of five FGB glass bead samples as function of particle
diameter at 300K, derived from the experiments of Sakatani et al. [98] shown in figure 5.2. The
points with error bars are measured using the single sensor container. The hatched rectangles
show the range of the conductivity for the four measurements using the single sensor and three
sensor containers, giving an indication of the effect of local inhomogeneity.

The EMB-49.5 glass beads have a solid conductivity that is an order of magnitude higher
than that of the FGB samples. This can be explained when considering the different
surface textures of the two types of beads. Gundlach and Blum [103] found that the
solid conductivity increases with decreasing particle size when the contact force is mainly
adhesive (Van der Waals force), and thus becomes more effective for finer particles. This
is confirmed by SEM images of the EMB and FGB glass beads. The EMB microspheres
have a much smoother surface than the FGB beads, which exhibit µm-scale roughness
and adhered fragments. Since the sum of micro-contact areas between rough surfaces
is smaller than the contact area of perfectly smooth spheres, its contact conductance
(or solid conductivity) is also smaller. Moreover, the adhesive force between particles
is weakened by surface roughness, because of the increased separation between the two
surfaces.
The solid conductivity components of the EMB glass bead samples at 300 K are compared
to each other in figure 5.5. Consistently with the experiment of Fountain and West [96],
the solid component of the conductivity decreases with increasing porosity. The EMB-58.5
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and EMB-77.9 are measured using the three-sensor container. The EMB-58.5 glass beads
are not sieved before the test, thus the sample is likely to contain large aggregates of
microspheres. Nevertheless, the four measurements give quite consistent solid conductivity
values for both the EMB-58.5 and EMB-77.9 samples, showing that solid conductivity is
fairly insensitive to aggregate size.

Figure 5.5. Solid conductivity versus porosity of different EMB glass bead samples measured
at 300K, on semi-logarithmic scale, derived from the experiments of Sakatani et al. [98] shown
in figure 5.3. The solid conductivity of the EMB-58.5 and EMB 77.9 is measured using the
three-sensor system.

The radiative component of the conductivity of the FGB glass beads increases with
particle size. It is shown in figure 5.6 together with that of the EMB-49.5 bead sample.
Radiative conductivity is expected to be proportional to the mean free path of the photons,
i.e. to the typical void size between the particles [94, 103]. Since the five FGB samples
have comparable porosity values, the void size (and thus the radiative conductivity) is
proportional to the particle size.
The EMB-49.5 sample appears to have a slightly higher radiative conductivity than the
FGB-300 beads, even if its particle size is ten times smaller. The EMB samples are
artificially compressed without sieving, so large aggregations of particles can occur inside
them. If larger voids remain between the aggregates, the radiative conductivity is expected
to be higher.
The radiative conductivity of the EMB glass beads is shown in figure 5.7. In the same
way as sample EMB-49.5, the EMB-58.5 beads are not sieved before testing and the four
measurements conducted yield significantly scattered values of the radiative conductivity.
Conversely, the EMB-77.9 glass beads are packed through a 53 µm sieve and the radiative
conductivity is consistent over the three measurements with different channels. The
aggregates in this sample are assumed to be of almost uniform size. When the effect of
aggregations is not considered, a slight positive trend of the radiative conductivity with
the porosity can be identified.
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Figure 5.6. Radiative component of the conductivity versus particle diameter of five FGB and
the EMB-49.5 samples at 300K, derived from the experiments of Sakatani et al. [98] shown in
figures 5.2 and 5.3. The points with error bars are measured using the single-sensor container.
The hatched rectangles show the range of the conductivity for the four measurements using the
single-sensor and three-sensor containers, and give an indication of the spread due to local
inhomogeneity. Note that the conductivity of the EMB-49.5 sample is not measured using the
three-sensor container.

Figure 5.7. Radiative component of the conductivity versus porosity at 300K for the different
EMB glass bead samples, derived from the experiments of Sakatani et al. [98] shown in figure 5.3.
The results obtained with single-sensor measurements as well as three-sensor measurements are
shown.

72



5.2. GLASS MICROSPHERES THERMAL INSULATION

All these effects of particle size and grain porosity on solid and radiative conductivity must
be taken into account when choosing the glass microspheres for a certain application.
From the Sakatani experiments two general rules can be recognized and applied to the
case of hollow glass microspheres as well. Firstly, for beads/spheres of equal size, the ther-
mal conductivity increase with decreasing powder porosity. In other words, it increases
with the compaction factor of the powder, due to higher solid conduction. Secondly, the
thermal conductivity seems to increase with particle size, mainly due to the enhanced
radiative conductivity across larger voids between particles. This becomes even more
obvious in the case of hollow spheres, which introduces an additional radiative load inside
the sphere that also increases with particle size.
Besides this prevalent principle, another factor must be taken into account for beads/spheres
with diameter of less than 50µm: when the contact is caused by adhesion, the solid con-
duction increases with decreasing particle size, which can lead to “exceptions” like that
of the EMB-49.5 beads that exhibit a thermal conductivity higher than the bigger FGB
beads. The “sweet spot” seems therefore to be reached by using, at low compaction factor,
beads/spheres with diameters of 50µm to 65µm (FGB-300): they avoid the possibility
of an increase in thermal conductivity caused by the Van der Waals force and show, at
the same time, a thermal conductivity almost as low as that of spheres with less than
10µm diameter. Of course, bigger spheres are also the preferred choice in terms of ease of
handling in the case of large-scale applications such as the IDEA-like detector cryostat.
With an average diameter of 65µm and a size distribution of 30µm to 115µm stated by
the manufacturer [39], the 3M™ K1 microspheres fall in the favorite range. However, it is
worth reminding that the actual particle size distribution measured in-house (section 4.2.3)
ranged from 3µm to 125µm.

5.2.3 Thermal performance of 3M™ glass microspheres type K1

As shown above in 5.2.2, the thermal conductivity of glass microspheres in general depends
on particle size and on the sample’s porosity. K1 type microspheres, manufactured by
3M™, have diameters ranging from approximately 5µm to 125µm and consequently also
show different wall thicknesses. In addition to the mechanical problems that this can cause,
analyzed in chapter 4, the effective thermal conductivity of this material can only be tested
as an average property of the powder. Moreover, since it varies with the layer thickness,
the results obtained for a relatively small laboratory test setup may be substantially
different from the real thermal performance in a large-scale cryostat. For the purpose
of this thesis, it is therefore decided not to test the thermal properties of the K1 type
glass microspheres in-house. However, their effective thermal conductivity was tested at
the Cryogenics Test Laboratory of NASA Kennedy Space Center [55] and compared with
those of aerogel beads, perlite powder, and MLI (60 layers). In this section, a brief review
of the NASA tests and their result is given.
Most bulk cryogenic storage tanks are insulated with either multi-layer insulation (MLI)
or with perlite. Although multi-layer insulation in vacuum is the most effective insulation,
it has the disadvantage of high cost and of difficult installation on complex geometries
that makes the process of wrapping it inside vacuum vessels costly and time consuming.
Also, it is sensitive to compressive load and thermal anisotropy resulting from the use of
metallic coated reflective layers with relative high in-plane conductance and oriented in
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a single direction [93]. If further improvement will be achieved with opacified powders,
their insulation potential may well become competitive with MLI’s. Another aspect of
MLI worth mentioning is that it requires a sufficiently good vacuum level to achieve low
thermal conductivity. Often the vacuum quality degrades to the point where the potential
of MLI is lost and its performance is worse than perlite’s.
On the other hand, perlite is a more cost-effective choice, but the powder is known
to compact during thermal cycling. When the vacuum space decreases, since perlite is
compressible, it does not readily flow and tends to compact under the load, narrowing
the insulation layer and creating voids in it. This increases the heat conduction and, in
extreme cases, can cause structural damage. Microspheres flow easier, which prevents
compaction [79,81].
The powder density of the materials under analysis is measured 60 kgm-3 for K1 glass
microspheres [55], 80 kgm-3 for aerogel beads [108], and 115 kgm-3 for perlite powder
[55, 80]. The density corresponding to 60 layers of MLI is 92 kgm-3 [108]. The three
powders are shown in figure 5.8.

Figure 5.8. Bulk-fill form of the insulation materials tested at the Cryogenics Test Laboratory
of NASA Kennedy Space Center [55].

To test the glass microspheres, the cylindrical cryostat shown in figures 5.9 and 5.10 is
used by NASA. The setup contains a cylindrical cold mass (diameter 167mm; length
900 mm) that is axially sandwiched in-between LN2 guard chambers and radially covered
with the insulation material under test. This in turn is surrounded by a thin aluminum
sleeve, painted black on the outside, on which temperature sensors are installed. The
empty space between the Al sleeve and the cold mass is thus filled with a 25mm thick
powder insulation layer.
The tests are conducted under steady-state condition, with the vacuum vessel and the
containment sleeve kept at 293 K by an external heater, and the cold mass at 78 K using
nitrogen as residual gas. The material’s thermal conductivity is measured in different
vacuum environments: high vacuum (below 10−4 mbar), soft vacuum (1 mbar) and atmo-
spheric pressure.
The aerogel beads, perlite powder and MLI are tested under the same conditions and
with an almost identical setup: it consists of a 500mm long cylindrical cryostat with a
removable cold mass that allows for quicker testing of different specimens. The insulation
layer is 25.4 mm thick for the aerogel beads and perlite and 21.3 mm for the MLI.
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(a) (b)

Figure 5.9. Test setup for thermal conductivity measurements of K1 glass microspheres used at
the Cryogenics Test Laboratory of NASA Kennedy Space Center, without vacuum vessel on the
left (a) and during the insertion of the vessel on the right (b) [55].

Figure 5.10. Schematic representation of the test setup for thermal conductivity measurements
of K1 glass microspheres at the Cryogenics Test Laboratory of NASA Kennedy Space Center [55].
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The temperatures of cold mass, insulation layers, and containment sleeve are measured,
as well as the vacuum level. Once these values and the boil-off flow stabilize, the effective
thermal conductivity of the insulation system can be determined from Fourier’s law of
heat conduction for a cylindrical wall:

λcyl =
Q̇ · ln

(
dcb

dwb

)
2 · π · ℓchamb · (Twb − Tcb)

, (5.10)

where Q̇ [W] is the heat exchange rate, ℓchamb [m] is the effective length of the cold mass
test chamber, Twb [K] and Tcb [K] are the warm and cold boundary temperatures, and
dwb [m] and dcb [m] are the mean diameters of the warm and cold ends, respectively.
The heat leak rate Q̇ is calculated directly from the boil-off flow rate of the nitrogen gas
as:

Q̇ = ṁN2
·HN2

, (5.11)

where ṁN2
[g s-1] is the boil-off flow rate and HN2

[J g-1] is the heat of vaporization.

The resulting effective thermal conductivity values of the different materials are compared
in table 5.2. K1 glass microspheres perform better than perlite at all pressure levels and
better than aerogel beads in both high and soft vacuum. The heat flux through the K1
microspheres varies from 5.7 W m-2 at high vacuum to 197 W m-2 at atmospheric pressure.
The question to be answered is whether this performance advantage will be retained when
scaling up from a laboratory test cryostat to a large-scale system. Baumgartner et al. [81]
tested two 22700L liquid nitrogen tanks, one insulated with K1 glass microspheres and
the other with perlite. Steady state evaporation rates for both tanks are measured and
the level of the insulation material within the tanks is observed through view ports to get
an indication of its compaction. The study confirms the advantages of glass microspheres
in terms of thermal performances, ease of handling and durability.
The thermal performance of microspheres is 7 times worse than that of MLI. Nevertheless,
one should note that the vacuum space of a commercial vacuum-jacketed cryogenic tank
is usually only partially filled with MLI. Complete filling of the vacuum space with
microspheres can improve the comparative thermal performance of microspheres to MLI
with a factor of two [79].

Table 5.2. Effective thermal conductivity of insulation materials, measured at different vacuum
levels, with boundary temperatures of 293K and 77K, using N2 as residual gas [55,80,108].

Material Effective thermal conductivity [mW m-1 K-1]
High vacuum Soft vacuum Atmospheric pressure

K1 glass microspheres (3M™) 0.65 7.8 22
Aerogel beads 1.1 5.4 11
Perlite powder 1 16 32
MLI (60 layers) 0.09 10 24
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5.3 Cryogel® Z thermal conductivity measurement

This section describes the in-house thermal conductivity measurements conducted on
Cryogel® Z subjected to the same conditions of pressure and temperature as the ones
that are foreseen for the cryostats of the FCC detector magnets, i.e. in high vacuum con-
dition, under a compression load of 1 bar, which represents the differential pressure across
the cryostat wall. Boundary temperatures of approximately 3K and 273K are applied.
The tests were conducted in collaboration with the CERN Cryolab [109].

5.3.1 Experimental setup

Cryogel® Z blankets are manufactured by Aspen Aerogels® and come with an aluminum
foil layer on one side. In order to obtain a thermal characterization of the material as
manufactured, it is decided to test it leaving the aluminum layer attached. Two cylin-
ders cut out of a sheet of Cryogel® Z are tested. Each cylinder is 10mm thick when
uncompressed and has a diameter of 22mm at room temperature. They are shown in
figure 5.11.

Figure 5.11. Cryogel® Z blanket samples for thermal conductivity measurements: (a) aluminum
layer, (b) silica fiber. Courtesy P. Borges de Sousa.

Two such Cryogel® Z discs are sandwiched in between three OFHC™ copper plates, as
shown in figure 5.12. The central copper plate is only in contact with the Cryogel® Z
discs (on their aluminum layer side) and is gradually heated up, while the other two plates
are kept at low temperature. Since this central heated plate is thermally decoupled from
the rest of the setup, the heat transfer only occurs through the Cryogel® Z samples. The
low temperature sides of the samples are terminated with stainless steel discs interposed
between them and the copper plates to simulate the walls of a vacuum vessel. The top
plate is connected to a cold source and thermally linked to the bottom one by three copper
braids, bolted via brass bolts and copper-beryllium Belleville washers. The washers ensure
not only thermal contact but also the compression force desired on the Cryogel® Z discs.
The exerted compression is equivalent to 1 bar (105 N m-2) differential pressure, which for
a cylinder of area 380mm2 requires a force of 38N. This results in a compression of the
Cryogel® Z discs along their length from originally 10 mm to 7 mm. Hence the material
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Figure 5.12. Cryogel® Z disc samples mounted in the sample holder, placed upside-down
to facilitate assembling: (a) bottom copper plate, (b) heated copper plate, (c) top copper plate.
Courtesy P. Borges de Sousa.

undergoes a 30% thickness reduction, in accordance with the results of the compression
tests described in section 4.3.3.

The sample holder is bolted to a measurement platform using Apiezon N™ grease to
promote a homogeneous thermal contact. This measurement platform is used to control
the temperature of the central copper disc by means of heaters and for thermal anchoring
of the instrumentation cabling.
The platform is connected to the second stage of a Sumitomo two-stage pulse tube
cryocooler that can deliver up to 1W of cooling power at 4.2 K.
A copper thermal shield, wrapped in MLI, is mounted around the measurement platform,
to reduce radiative heat leaks.
The first stage of the cryocooler is kept between 25 K and 35 K by means of electric heaters
and features an intermediate thermal screen that shields the whole second stage. The
screen is made out of polished copper and wrapped with 20 layers of MLI, providing a
stable environment and thus minimizing the heat load by radiation. The first stage is
also used to thermally anchor instrumentation cables, to help preventing incoming heat
loads from reaching the second stage.
A schematic of the experimental setup is shown in figure 5.13.

The instrumentation of the sample holder comprises a 100Ω resistance electric heater
connected to the central plate with epoxy resin, and a temperature sensor on each copper
plate, wrapped in indium foil and kept in place with copper-beryllium clamps. A TVO
temperature sensor is used for the bottom plate, while Cernox temperature sensors are
attached to the top and middle ones.

A Keithley SourceMeter 2410 and a Keithley 6220 are used as current sources for the
heater and the temperature sensors, respectively, while a Keithley Nanovoltmeter 2182A
is used to read out the voltage drops on the heater and sensors.
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Figure 5.13. Schematic overview of the experimental setup for the Cryogel® Z thermal conduc-
tivity measurements. The main image on the left shows the instrumented two stages pulse tube
cryocooler, while the inserts on the right represent details of the sample holder and the samples
dimensions. Courtesy P. Borges de Sousa.

5.3.2 Measurement procedure

The vacuum vessel pressure is kept below 10-6 mbar throughout the experiment. The
measurement procedure consists in stabilizing the experimental platform at its lowest
possible temperature (approximately 2.6 K) and then incrementally increasing the heat
load on the central copper plate, while keeping the cold ends of the sample at a constant
temperature. The heated plate temperature is allowed to stabilize and a measurement
point is taken, after which the heat load is increased to obtain the next data point.
The heat load applied varies from 0 mW to 425mW. It is measured by reading out both
the current and voltage drop across the heater, so that Q̇ = U · I.
The voltage drop of the temperature probes at a fixed current is recorded, and the probe’s
resistance R = U/I is calculated. The resistance is in turn converted into temperature
with the appropriate calibration curve for each sensor.

5.3.3 Calculation method

As discussed above, the thermal conductivity λ(T ) is a temperature-dependent property
of a homogeneous material, defined in terms of the heat transfer through it, when a
temperature gradient is applied across it. The definition for unidirectional heat flow
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(planar isotherms) is given by the Fourier equation:

λ(T ) = − Q̇

A

1

dT/dx
, (5.12)

where Q̇ [W] is the heat transfer per unit time through the cross-sectional area A [m2], and
dT/dx [K m-1] is the temperature gradient in the direction of heat transfer. The negative
sign indicates that the heat transfer direction is opposite to that of the temperature
gradient.
Following the commonly used so-called “thermal conductivity differential method”, the
experimental (or operational) definition of thermal conductivity, λe(T ), is then:

λe(T ) = − Q̇

A

∆x

∆T
, (5.13)

where ∆x [m] is the length of the specimen across which the temperature difference ∆T
occurs. The corresponding temperature to which this observation is usually assigned is T =
(Twb+Tcb)/2, with Twb and Tcb the temperatures at the warm and cold sides, respectively.
This measured value, λe(T ), is usually taken to be the “true” thermal conductivity λ(T ) of
the specimen at the mean temperature. However, this is of course only an approximation
of the true conductivity λ(T ), since dx/dT has been replaced by ∆x/∆T , and is therefore
only valid for small temperature differences ∆T .
The procedure followed to measure the thermal conductivity of Cryogel® Z is based on
the alternative, so-called “thermal conductivity integral method” [110,111]. It consists in
keeping one end of the sample at a constant temperature (the low temperature in this case),
while progressively heating the other end to higher temperatures and in measuring the
steady-state temperature difference established between the two ends. This method allows
to determinate the thermal conductivity without the need for small temperature differences
across the sample. It is based on the only assumption that the thermal conductivity
to be measured can be represented by an integrable function of temperature over the
temperature range of the measurements. Clearly, this eliminates thermal conductivity
functions that are discontinuous, such as e.g. in materials that undergo a phase change
in the temperature range under consideration.
For the test conducted on Cryogel® Z, the thermal conductivity integral Λ is defined
from the Fourier equation for steady state unidirectional conductive heat flux through a
constant cross-sectional area:

Λ = Q̇
ℓ

A
=

∫ Twb

Tcb

λ(T ) dT, (5.14)

where Q̇ [W] is the effective heat flux transferred through the sample corrected for radiation
and wiring losses, A [m2] is the cross-sectional area of the sample, and ℓ [m] is the distance
between the cold and warm ends kept at temperatures Tcb and Twb, respectively. The
active length ℓ considered is the thickness of the sample after compression. All variables
Q̇, A, ℓ, Tcb, and Twb are measured and equation 5.14 is used to calculate the thermal
conductivity integral. Since Tcb is kept fairly constant, the resulting data points can be
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plotted as function of Twb only and fitted with a power series in Twb:

Λ(Twb) =

n∑
i=0

ai · Twb
i. (5.15)

As shown by equation 5.14, this function Λ(Twb) can then be derived with respect to Twb

to obtain the thermal conductivity λ(Twb).
For a more generic case, when the integral of the thermal conductivity depends on both
Tcb and Twb, its gradient must be evaluated:

∇Λ(Tcb, Twb) =
∂Λ(Tcb, Twb)

∂Tcb
+

∂Λ(Tcb, Twb)

∂Twb
. (5.16)

By applying the integral method with Tcb considered nearly constant, the thermal con-
ductivity integral is only derived with respect to Twb:

dΛ(Twb)

dTwb
= λ(Twb)− λ(Tcb)

dTcb

dTwb
. (5.17)

With Tcb nearly constant, the term dTcb/dTwb is negligible, simplifying the equation and
giving the thermal conductivity as a function of only the warm temperature Twb:

dΛ(Twb)

dTwb
≃ λ(Twb). (5.18)

Finally, since the measured integral of the thermal conductivity is fitted with a power
series, the thermal conductivity λ(Twb) can be written as:

λ(Twb) ≃
dΛ(Twb)

dTwb
=

n∑
i=1

ai · i · T i−1
wb , (5.19)

where ai is the coefficient of the i-th term of the polynomial of equation 5.15.

5.3.4 Heat loss estimation
In the experiment described above, parasitic thermal paths must be taken into account.
The heat load applied is therefore corrected for radiation and for wire conduction. Com-
pared to these terms, heat transfer through gas conduction, given by Knudsen and Ken-
nard’s law [112], is estimated to be negligible. Since the pressure inside the vacuum vessel
is maintained below 10-7 mbar during the entire test, heat loss from the samples due to
molecular convection can also be neglected [113].
Radiation loss is considered between the central heated plate and the inner thermal shield,
which is kept at low temperature (i.e. the same temperature of the experimental platform
and of the samples’ cold ends). It is estimated considering an exposed area of the heated
plate of 3625mm2 and an emissivity of 0.06. Heat loss due to radiation increases with
the applied temperature difference, from 0.05% to 8% of the minimum and maximum
applied heating powers of 0.121 mW and 423 mW, respectively.
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The chosen value of emissivity is typical for the radiation exchange between non-polished
copper surfaces, respectively kept at 293 K and 4.2 K [114]. Since the emissivity increases
for oxidized metallic surfaces [112], the radiation loss is estimated for the worst case
scenario. For the experiment, the copper surfaces were actually polished prior assembling,
for which the emissivity is 0.02 when the cold surface is at 4.2K [114]. A sensitivity
analysis shows that in this case the radiation losses are the 0.02% to 3% of the applied
power, when this varies from 0.121 mW to 423 mW.
Since the instrumentation wires are thermalized to the experimental platform, their cold
ends are kept at the base temperature. Heat loss by conduction through the wires is
estimated considering the known conductivities of the different wire materials and their
dimensions, which are listed in table 5.3. Losses by conduction range from 0.7% to 5% of
the applied heat load.
The heat loss through radiation and solid conduction is subtracted from the measured
value of applied heating power in the calculations for the thermal conductivity. The cor-
rected heating power thus represents the amount of heat effectively transferred through
the two samples by conduction, not taking into account other heat transfer mechanisms.
A summary of the calculation results can be found in table 5.4.

Table 5.3. Characteristics of the instrumentation wiring from the experimental platform to the
heated plate of the sample holder for Cryogel® Z thermal conductivity measurements.

Number of wires Length [mm] Diameter [µm] Material
Electric heater 2 300 200 Manganin

2 300 127 Phosphor-bronze
Temperature sensor 4 300 127 Phosphor-bronze

Table 5.4. Heat load transferred through the Cryogel® Z disc samples during the thermal
conductivity measurements, corrected for radiation and wire conduction heat leaks.

Applied power Heat loss due to radiation Heat loss due to wiring Corrected heat load
[mW] [mW] [mW] [mW]
0.121 6× 10−5 661× 10−5 0.114
0.462 5× 10−4 230× 10−4 0.438
1.01 0.002 0.045 0.963
3.89 0.02 0.14 3.73
23.2 0.7 0.6 21.9
118 8 2 108
302 24 3 276
398 32 3 363
423 35 3 386

5.3.5 Measurement uncertainty estimate

Contributing to the uncertainty δλ in the thermal conductivity values are the uncertainty
coming from the instrumentation, its propagation through the fit and the accuracy of the
fit itself. It is important to note that other factors may influence the experimental results,
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such as the parasitic losses presented in section 5.3.4, and the simplifying assumptions
introduced by the mathematical model, discussed in section 5.3.6.
Main sources of instrumentation uncertainty are the measurements of the warm end
temperature Twb, the applied heat load Q̇, and the sample radius r and active length
ℓ. The quantities involved in the estimates are analysed independently, describing the
assumptions made for each of them.

Since the thermal conductivity λ(Twb) is dependent of the temperature of only the heated
plate, the only source of uncertainty in the temperature considered is the uncertainty in
Twb. The temperature measurements are obtained, for each sensor, from its resistance,
via a calibration curve, so that T = T (R). The maximum temperature uncertainty is
given as [115]:

δT = |T (R+ δR)− T (R)| , (5.20)

where the resistance R is obtained from the measured voltage drop U over the sensor and
from its applied current I, so that R = U/I. The maximum uncertainty in the resistance
readings δR is thus:

δR =

∣∣∣∣∂R∂U
∣∣∣∣ δU +

∣∣∣∣∂R∂I
∣∣∣∣ δI =

∣∣∣∣1I
∣∣∣∣ δU +

∣∣∣∣− U

I2

∣∣∣∣ δI. (5.21)

Here δU can be estimated from the accuracy of the voltmeter and δI from the accuracy
of the current source, both over a 1-year period, as given by the manufacturer.
The maximum uncertainty in absolute temperature is of the order of 0.1% throughout
the whole temperature range.

Since the temperature Twb appears in equation 5.19, its uncertainty can be directly
considered to estimate the propagation through the fit. Conversely, the uncertainties in
applied heat load and sample dimensions are combined in order to obtain the uncertainty
in thermal conductivity integral, δΛ. From the definition of thermal conductivity integral
Λ, given by equation 5.14, we can write the maximum uncertainty δΛ as:

δΛ =

∣∣∣∣ ∂Λ∂Q̇
∣∣∣∣ δQ̇+

∣∣∣∣∂Λ∂ℓ
∣∣∣∣ δℓ+ ∣∣∣∣∂Λ∂A

∣∣∣∣ δA =

∣∣∣∣ ℓA
∣∣∣∣ δQ̇+

∣∣∣∣∣ Q̇A
∣∣∣∣∣ δℓ+

∣∣∣∣∣− Q̇ · ℓ
A2

∣∣∣∣∣ δA. (5.22)

The heat load Q̇ applied to the sample with the resistive heater is given by Q̇ = U · I,
where U is the voltage drop across the electric heater and I is the supplied current.
Therefore, the maximum heat load uncertainty δQ̇ is given by:

δQ̇ =

∣∣∣∣∣∂Q̇∂U
∣∣∣∣∣ δU +

∣∣∣∣∣∂Q̇∂I
∣∣∣∣∣ δI = |I| δU + |U | δI, (5.23)

where δU is the accuracy of the voltmeter and δI is the accuracy of the current source for
the electric heater over a 1-year period, as given by the manufacturer for the relevant range.
The uncertainties in heat losses by radiation and wire conduction are here neglected. The
uncertainty values δQ̇ range from 1% in the low power range to 0.1% for the highest
power range.
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Since the sample cross section is given by A = πr2, with r radius of the sample, the
maximum uncertainty δA in the cross section is given by:

δA =

∣∣∣∣∂A∂r
∣∣∣∣ δr = |2πr| δr, (5.24)

where δr = 1× 10−4 m corresponds to the reading accuracy of the measurement using a
calibrated Vernier caliper. This results in a maximum uncertainty in cross sectional area
δA of 2%.
The active length ℓ is measured as the thickness of the compressed aerogel, already
mounted on the sample holder, considering also the aluminum layer. The reading accuracy
δℓ in this case is considered to be δℓ = 1 × 10−4 m, corresponding to an uncertainty of
1%.
The quantities δQ̇, δA, and δℓ are taken into account by the uncertainties of the coefficients
ai of the fit function of the thermal conductivity integral data points (table 5.6 below).
The thermal conductivity is then obtained by deriving the thermal conductivity integral
with respect to Twb, as expressed by equation 5.19, thus the error in thermal conductivity,
is obtained as:

δλ =

n∑
i=1

∣∣∣∣ ∂λ∂ai
∣∣∣∣ δai + ∣∣∣∣ ∂λ

∂Twb

∣∣∣∣ δTwb. (5.25)

The uncertainty in thermal conductivity ranges from 15% to 30%.

5.3.6 Results and discussion

The results described below are obtained according to the thermal conductivity integral
method described in section 5.3.3.
The heating power levels applied and the corresponding temperatures measured for the
three copper plates of the sample holder are listed in table 5.5. A description of the
measurement uncertainty is given in the previous section 5.3.5.

Table 5.5. Measurement data of applied heat load corrected for parasitic losses and of temperature
obtained during the Cryogel® Z thermal conductivity test conducted at CERN. The uncertainties
in the top and bottom plate temperatures are not reported, since they have no influence on the
uncertainty in thermal conductivity coming from the instrumentation when the integral analysis
method is used.

Applied heat load Top plate temperature Heated plate temperature Bottom plate temperature
[mW] [K] [K] [K]

0.114 ± 0.001 2.62 10.01 ± 0.02 2.63
0.438 ± 0.002 2.62 17.14 ± 0.03 2.64
0.963 ± 0.002 2.62 23.74 ± 0.04 2.66
3.73 ± 0.01 2.64 42.6 ± 0.1 2.75
21.9 ± 0.1 2.85 102.1 ± 0.2 3.44
108.1 ± 0.2 3.82 190.9 ± 0.3 5.60
275.6 ± 0.3 5.09 249.5 ± 0.4 8.14
362.8 ± 0.4 5.58 269.1 ± 0.4 9.12
385.6 ± 0.4 5.69 273.6 ± 0.4 9.34
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In figure 5.14 the temperature difference between the warm and the cold plates is plotted
against the applied heating power, corrected for parasitic losses. The lower temperature is
obtained as average of the top and bottom plates temperatures. Two trend lines illustrate
how the slope of the curve decreases for heat loads above ∼ 100 mW, suggesting a faster
thermal conductivity increase at higher temperature.

Figure 5.14. Temperature difference between the heated plate and the two cold plates plotted
against applied heating power (corrected for parasitic losses). The dashed lines highlight the
decreasing of the slope with heater power.

The thermal conductivity integral Λ is calculated through equation 5.14 with the heat load
Q̇ corrected for leaks and transferred through one sample of Cryogel® Z (i.e. assuming
that the heat transfer is the same for the two discs). The resulting data points are shown
in figure 5.15 as function of the heated plate temperature and fitted with a fourth-order
polynomial series. The uncertainties are not visible in the plot. The coefficients of the fit
and their uncertainties are reported in table 5.6. How they are estimated is described in
section 5.3.5.

Table 5.6. Coefficients of the power series fitting the data points of thermal conductivity integral
and their respective uncertainties.

Coefficient Value Uncertainty
a0 [W ·m-1] 20× 10−4 2× 10−4

a1 [W ·m-1·K-1] −42× 10−5 3× 10−5

a2 [W ·m-1·K-2] 35× 10−6 1× 10−6

a3 [W ·m-1·K-3] −21× 10−8 1× 10−8

a4 [W ·m-1·K-4] 96× 10−11 4× 10−11
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Figure 5.15. Thermal conductivity integral as function of the heated plate temperature, as
expressed by equation 5.15. The values shown are calculated from the measured data, considering
the applied heat load corrected for parasitic heat losses. The fourth-order polynomial fit to the
thermal conductivity integral over the entire temperature range is also shown.

Finally, equation 5.19 can be applied to the fitted function and the thermal conductivity
can be obtained. The results are given in table 5.7 and, together with trend lines, in
figure 5.16. The two different regimes highlighted in figure 5.14 also show up in these
λ(T ) data. Below T ≈ 100K the thermal conductivity varies linearly with temperature,
while at higher temperatures the slope of the curve increases, approaching a third power
dependency. We will come back to this observation below.

Table 5.7. Thermal conductivity of Cryogel® Z measured at CERN and corresponding uncer-
tainty estimate. The heat load through each sample is corrected for parasitic losses.

Temperature Heat load Thermal conductivity Thermal conductivity
through each sample integral

[K] [mW] [mW m-1] [mW m-1 K-1]
10.01 ± 0.02 0.0572 ± 0.0004 1.04 ± 0.04 0.21 ± 0.06
17.14 ± 0.03 0.219 ± 0.001 4.0 ± 0.1 0.60 ± 0.09
23.74 ± 0.04 0.483 ± 0.001 8.8 ± 0.3 0.9 ± 0.1
42.6 ± 0.1 1.863 ± 0.002 34 ± 1 1.7 ± 0.2
102.1 ± 0.2 10.94 ± 0.04 198 ± 7 4.1 ± 0.9
190.9 ± 0.3 54.1 ± 0.1 980 ± 30 16 ± 3
249.5 ± 0.4 137.8 ± 0.2 2500 ± 80 37 ± 6
269.1 ± 0.4 181.4 ± 0.2 3300 ± 100 47 ± 7
273.6 ± 0.4 192.8 ± 0.2 3500 ± 100 50 ± 7
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Figure 5.16. Thermal conductivity of the Cryogel® Z blankets plotted against temperature. The
test is conducted in vacuum and under 1 bar compression on samples of 22mm diameter. The
symbols are the measured data, the dashed lines are merely visual aids to illustrate a close-to
linear and cubic temperature dependence below and above ∼ 100K, respectively.

It might be objected that the high heat loads applied lifted the temperature of the entire
system, somewhat causing an increase of temperature of the cold plates as well. The
thermal conductivity integral method assumes that the cold end temperature can be kept
constant during the experiment, while for our test the top plate warmed up from 2.6K
to 5.7K and the bottom one from 2.6K to 9.3K. However, the use of equation 5.18 is
justified when the correction term of equation 5.17 is sufficiently small compared to the
estimated thermal conductivity λ(Twb):

λ(Tcb)
dTcb

dTwb
≪ λ(Twb). (5.26)

When the heat load applied is highest, one can write:

∆Tcb

∆Twb

∣∣∣∣
Twb=275K

≈ 7

264
, (5.27)

where Tcb is the temperature of the bottom plate, since between the cold plates it is
the one experiencing the highest temperature difference during the experiment. The
experiment provides the thermal conductivity at 10 K, which is approximately the highest
temperature Tcb reached by the bottom plate (table 5.7). Therefore, considering λ(Tcb) ≈
0.2mWm-1 K-1, it results:

λ(Tcb)
dTcb

dTwb
≈ 5 µWm-1 K-1. (5.28)
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The correction term is four orders of magnitude smaller than the thermal conductivity
λ(275K) = 50mWm-1 K-1 (table 5.7). It can therefore be neglected, justifying the use
of equation 5.18. This intuitively makes sense since the temperatures of the two cold
surfaces are kept fairly similar and constant throughout the experiment when compared
to the temperature of the heated plate.
To further validate our point, the test was repeated, this time using the differential method:
once the experimental platform is stabilized at its lowest possible temperature (2.6K),
all three copper plates in the sample holder are heated up, maintaining just a small
∆T between the cold and warm ends of the samples. The thermal conductivity is then
obtained for the mean temperature of the specimen (equation 5.13).
The values of thermal conductivity obtained with the two different methods are compared
in figure 5.17.

Figure 5.17. Comparison between the in-house thermal conductivity measurements on Cryogel®

Z in vacuum using the differential and the integral methods. Both tests are conducted under 1 bar
compression load on ∼ 20mm diameter samples. The dashed lines are visual aids to illustrate a
close-to linear and a cubic temperature dependencies of the data points.

When examining this figure, two features are immediately apparent: the difference in the
slope of the trend lines at lower (<∼ 100K) and higher temperatures; and the deviation
between the two analysis methods in the lower temperature regime.
Starting with the first observation, it should be noted that in electrically insulated mate-
rials such as Cryogel® Z, conductive heat transport is mediated by the phonon system
(i.e. by crystallographic lattice vibrations) and its temperature dependence reflects both
the specific heat of the phonon system (increasing as T 3) and the mean free path of
the phonons (decreasing as 1/T ) [116,117]. In pure and macroscopic crystals, the former
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dominates at lower temperatures and the latter takes over at high T . The cross-over
occurs at the so-called Debye temperature. However, for Cryogel® Z two extra compli-
cations arise. First of all, its constituent materials are largely amorphous, leading to a
much richer temperature dependence of both the specific heat and the mean free path
of the phonon system [118]. Secondly, it has a very porous microstructure with µ-sized
fibers, which limit the phonon mean free path further. Indeed, at low temperatures, only
low-energy long-wavelength phonons are excited, which are easily scattered by extended
interfaces [112].
Aerogel blankets are composites in which fibers are coated with amorphous silica aero-
gel particles. The fiber-reinforced blankets allow to increase the mechanical strength of
aerogels while at the same time reducing the heat transfer thanks to their porous nature,
caused by the voids between the fibers [119]. In the case of Cryogel® Z, the fibrous matrix
consists of polyethylene terephthalate (PET) and fibrous glass (the composition of the
material is provided in table 3.2 [57]). The distinctive “knee” observed around T ≃ 10K
in the λ(T ) data of bulk amorphous silica [118,120,121] is somewhat reminiscent of the
plateau-like feature in our differential data, and also reported for fibrous glass such as
the fibers in Cryogel® Z [122]. However, depending on the chemical history of aerogels —
and hence the surface state of the fibers — such feature may also be absent [123].
A second striking feature in figure 5.17 is the discrepancy by a factor 3 to 4 in the lower-
temperature data (T <∼ 50K) obtained with the two analysis methods. Since the two
data sets were obtained on different samples (of nominally the same material), it is hard
to draw strong conclusions about this discrepancy. It might be related to the analysis
method, with the integral method that is based on fitting the conductivity integral over
the entire temperature range possibly less sensitive to details at lower temperatures, or it
might be due to uncontrolled differences between both samples, similar to the chemical
effects reported in [123]. More experiments would be needed to answer this question.
Despite this discrepancy in the test results, it is important to underline that aim of the
test was not to study the thermal properties of Cryogel® Z in depth. To do so, a more
complex test setup and analysis would be needed, in order to differentiate the conduction
and radiative heat loads between Cryogel® Z and the surrounding environment. The
present test intended merely to provide a first feeling of the conductive properties of
Cryogel® Z in vacuum, when subject to 1 bar differential pressure. The followed method
allowed to do so in a time-efficient manner.

The thermal insulation performance of Cryogel® Z will be further discussed in sec-
tion 6.4.3, where the results of a test conducted on a cryostat mock-up will be presented.
The new setup will allow to study much bigger samples of material, thus avoiding any
side effects that may have also affected the results presented in this section, due to the
relatively small size of the samples. The larger-scale test is intended to recreate more
representative heat transfer conditions of a cryostat insulated with Cryogel® Z in order
to assess the heat loads to be expected in an IDEA-like detector solenoid cryostat. Its
results will eventually be compared to those obtained for small samples with the integral
method.

Finally, our results can also be compared to the thermal conductivity data provided
by the manufacturer [40]. As shown in figure 5.18, the data trend reported by Aspen
Aerogels® is nearly constant (and over a small temperature range only). In contrast, the
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test conducted at CERN shows a clear increase in thermal conductivity with respect to it.
However, one has to take into account the significantly different conditions in which the
two tests are carried out. First of all, the samples tested at CERN are compressed under
1 bar, while a compression of only 0.1 bar is applied by Aspen Aerogels®. Since the low
thermal conductivity of an aerogel blanket is due to its highly porous nature, it is easy
to imagine an increase of conductivity when the material is compressed, thus reducing
the voids in-between its fibers.
Moreover, thermal conductivity data for aerogel-based materials heavily depends on their
gaseous environment and can vary if measurements are carried out at different pressures
or using different gases. While our sample is tested in high vacuum (between 10−7 and
10−8 mbar), the manufacturer states the thermal conductivity of the material was not
tested for gas pressures lower than 10−2 mbar and also does not give information regarding
the gas used.

Figure 5.18. Comparison between the thermal conductivity of Cryogel® Z obtained by CERN
and the reference data provided by the manufacturer Aspen Aerogels®. The trend lines are shown
to guide the eye. The discrepancies in the results can be attributed to different conditions in
pressure, compression load, and gaseous environment.

5.4 Conclusion

An in-house thermal conductivity experiment was conducted on small disc type of
Cryogel® Z samples in the CERN Cryolab and a literature overview on the thermal
behaviour of various granular materials was presented.
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Since K1 glass microspheres (3M™) were found to be unsuitable for the particular cryo-
stat application (see section 4.2.3), their thermal conductivity was not directly tested at
CERN. Nevertheless, they constitute in principle a valid insulation material for a wide
range of cryogenic applications, thus their thermal behavior was discussed.

The thermal conductivity of glass microspheres is highly dependent on several physical
parameters, such as temperature, compressive stress, particle diameter, sample’s porosity,
and surface energy. The influence of particle size and powder porosity is well described
by the study of thermal conductivity conducted by Sakatani et al. [98,105] on 11 types of
different glass beads and can be expected to be applicable to glass microspheres as well.
The “solid conductivity” component decreases with increasing powder porosity and for
sphere diameters of less than 10µm it depends on the adhesive force between particles’
surfaces and consequently on their roughness. The “radiative conductivity” component
increases with the size of the particles and of the voids between them.
A good compromise between the two contributions seems to be reached for microspheres
with diameter of about 60µm. With an average particle size of 65µm [39], the 3M™ type
K1 glass spheres should exhibit optimized thermal properties.
Their effective thermal conductivity was measured with boundary temperatures 77K
and 293K by the Cryogenics Test Laboratory of NASA Kennedy Space Center [55]. In
high vacuum it was found equal to 0.65mWm-1 K-1. Considering in first approximation
an average temperature of 185K in the insulation layer, this value can be compared
to the result of the in-house test conducted on Cryogel® Z blankets (further described
below). The thermal conductivity of Cryogel® Z at 190 K is found to be 16 mW m-1 K-1,
i.e. about 25 times higher than that of the K1 spheres. However, one should remember
that the thermal conductivity of glass microspheres increases with compressive load, thus
it is expected to be higher inside a vacuum-sealed cryostat subjected to 1 bar differential
pressure, to be investigated.

The thermal conductivity of Cryogel® Z is highly influenced by the complex microstruc-
ture of the material and by external factors such as ambient pressure, temperature and
compression. To quickly assess the feasibility of Cryogel® Z as insulation material for
large-scale cryostats, its thermal conductivity was measured on 22mm diameter disc
shaped samples in vacuum, under 1 bar compression load. Using the so-called “thermal
conductivity integral method”, the measured values ranged between 0.21mWm-1 K-1 at
10 K and 50 mW m-1 K-1 at 275 K.
However, these Cryogel® Z values are most likely influenced by the side effects on the
samples, due to their relatively small size. To understand the actual thermal behavior
of large-size Cryogel® Z blankets inside a cryostat, it was decided to test much bigger
material samples. The data obtained from the thermal conductivity measurements de-
scribed above are therefore used to design a test setup more representative of a real-case
cryostat, as described in the following chapter 6. After the results of the larger samples
are presented in the next chapter, a discussion and comparison of the found values of
small and large samples will be presented.
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Chapter 6

Cryogel® Z heat transfer study
in a large-scale cryostat
mock-up

In this chapter, the mechanical and thermal properties of Cryogel® Z, which were pre-
viously tested on relatively small samples and described in sections 4.3.3 and 5.3.6, are
used to assemble a test setup that is more representative of the “real” mechanical and heat
loads to be expected in a large-scale cryostat of a detector magnet. This “mock-up” can be
filled with a thermal insulation material of choice and allows to estimate the heat fluxes
transferred between the different cryostat components. To reach the desired cryogenic tem-
peratures, a Cryomech® PT420 cryocooler is used. The chapter starts with the in-house
measurements of the cryocooler’s capacity map, then describes the design of the mock-up,
and finally discusses the tested thermal performance of Cryogel® Z.

6.1 Introduction

The measurements of the thermal conductivity of Cryogel® Z described in chapter 5 were
performed under 1 bar compression load on relatively small samples. Since Cryogel® Z is
composed of a flexible fiber, the strain distribution might be different at the edges of such
small samples, which can significantly affect the measurement results. Moreover, these
previous tests were conducted on bulk samples, while the vacuum space inside an actual
cryostat would be filled with several Cryogel® Z blankets. This introduces a number of
interfaces between the Cryogel® Z layers that may well influence the system’s thermal
performance. In other words, the small-sample tests described in chapter 5 provide an
estimate of the thermal conductivity of the material itself, but not necessarily an accurate
indication of the heat fluxes expected in an actual cryostat.
To obtain a better indication, a dedicated test setup was designed and manufactured
at CERN, see figure 6.1, discussed later in all detail in section 6.3. Just like a “real”
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Figure 6.1. Exterior of the cryostat mock-up designed and manufactured at CERN. The picture
shows the 800mm diameter vacuum vessel connected to the pulse tube cryocooler.

cryostat, it comprises a vacuum vessel, a thermal shield and a cold mass. The vacuum
space in-between these parts can be filled with an insulation material of choice, to allow
measurements on either Cryogel® Z or on glass microspheres. However, as described in
section 4.2.3, glass microspheres at this moment were deemed less suited for the large
cryostat application, so that the mock-up test is only conducted on Cryogel® Z.
The top lid of the vessel is sliding and can be pushed inwards, which allows to modify the
compression applied to the tested material. The thermal shield and cold mass are cooled
by thermally connecting them to the 1st and 2nd stages of a pulse tube cryocooler (PTR),
respectively. Over the last 20 years, such two-stage pulse tube cryocoolers have proven
to be the optimal solution for a wide range of applications, from superconducting cold
electronics over cryo-pumps to superconducting magnets. The advantages of this type
of cooler are its ease of use over a wide temperature range and especially the absence
of moving mechanical parts inside the cold head. This significantly reduces mechanical
vibrations, allows for a compact design and cuts down on maintenance.
In the tests performed with the mock-up, the steady-state heat load through the insulation
Q̇INS will be determined for a series of temperature combinations of the two stages. This
heat flux can be derived from the cooling power and from the applied heat load:

Q̇PT = Q̇APP + Q̇INS , (6.1)

where Q̇PT is the cooling capacity of the pulse tube cryocooler at the given set of cold
heads temperatures and Q̇APP is the heat load applied to the system, comprising the
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actively controlled heating power coming from heaters in addition to all parasitic loads.
Equation 6.1 illustrates how for a proper analysis of the test results, a “load map” of the
cooling capacities of the cooler throughout the investigated temperature range is essential.
A first indication can be found in the suppliers’ data sheet, but usually only for a few
temperatures. Literature sources such as journals or conference proceedings often do not
provide sufficient detail, while estimates based on the cooling power of other cryocool-
ers data often involve large uncertainties. For these reasons, we started a campaign by
determining the load map of the chosen Cryomech® PT420 cryocooler ourselves in the
Superconducting Magnet Test Facility at CERN.
The first part of this chapter, section 6.2, describes the setup and outcome of the capac-
ity map test. Section 6.3 then continues with the description of the mock-up cryostat
itself. Finally, in section 6.4, the insulation properties of Cryogel® Z in the mock-up are
presented and discussed.

6.2 Cooling capacity load map of the Cryomech® PT420
cryocooler

The section describes the test conducted to obtain the capacity map of the Cryomech®

PT420 cryocooler. The temperatures of the cryocooler stages are measured for heat loads
ranging from 0W to 60W applied to the 1st stage and 0.00W to 2.25W to the 2nd

stage.

6.2.1 Manufacturer specifications
The certified performances of the Cryomech® PT420 cryocooler are listed in table 6.1,
while in figure 6.2 is presented the generic capacity map for this cooler operated at
50Hz mains frequency [124]. Without thermal load, a base temperature below 2.8K is
guaranteed and, according to the generic map, it might even be as low as 2.4K. These
values are quoted for the generic PT420 model and may vary a little one machine to
another. Table 6.2 shows the cooling powers measured by Cryomech for the specific cooler
used in our tests. All the provided values can be used to benchmark the capacity map
measured in-house. Note that the generic load map of figure 6.2 illustrates how the 2nd

stage temperature is almost independent of the heat load applied to the first stage: it
stays nearly constant whether the heat load to the 1st stage is 0W or 55W.

Table 6.1. Certified performance of the Cryomech® PT420 cryocooler at a frequency of 50Hz
[124].

1st stage 2nd stage
Cooling power Temperature Cooling power Temperature

[W] [K] [W] [K]
0 / 0 < 2.8
55 45 2.00 4.2
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Figure 6.2. Generic capacity map provided by Cryomech for their PT420 cryocooler operated
at 50Hz frequency [124].

Table 6.2. Measured 50Hz performance data obtained from Cryomech for the specific PT420
cryocooler used in the tests described in this chapter.

1st stage 2nd stage
Cooling power Temperature Cooling power Temperature

[W] [K] [W] [K]
0.0 24.1 0.00 2.35
0.0 24.7 1.50 3.80

6.2.2 Experimental setup

The measurement setup to determine the capacity map of the Cryomech® PT420 cry-
ocooler is schematically presented in figure 6.3.
Each stage of the cryocooler is instrumented with a TVO sensor and a resistive heater.
The heaters on the 1st and 2nd stages have a resistance of 100Ω and 50Ω, respectively.
They are mounted on copper flanges that are in turn bolted to the top side of the cold
head. Apiezon N™ vacuum grease is applied underneath the flanges for better thermal
contact.
The sensors are wrapped in indium foil and clamped to the bottom side of the cold heads.
When compressed above its yield limit and left for several days, indium cold welds to
itself, creating a mechanical connection to other metals [125]. The clamps are wrapped
in Kapton™ foil, to avoid thermal shortcuts to the sensors wires. They are then bolted
using Belleville copper-beryllium washers, which are typically used for copper-stainless
steel connections, to compensate for slightly higher thermal contraction of the clamp
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Figure 6.3. Sketch of the in-house test setup used to determine the full capacity map of the
Cryomech® PT420 cryocooler (adapted from a sketch courtesy of L. Busch). Both cryocooler
stages are equipped with an electric heater and a TVO temperature sensor. The layers of MLI
around the 2nd stage and around the thermal shield are not shown.

with respect to the bolt (0.324% for copper, 0.306% for AISI 304L [112]) and thus to
avoid losing contact. Heat-shrink tubes are mounted around the wires of both sensors and
heaters to avoid thermal shortcuts between them and the copper cooler stages.

Figure 6.4 shows the PT420 cooler and the position of the two heaters and metallized
Al2O3 thermalization plate. To reduce parasitic heat load due to solid conduction, the
wiring of all instrumentation is thermalized at intermediate temperatures. The thermaliza-
tion plate is mounted on the 1st stage cold head. The 2nd stage TVO is further thermalized
by winding it on the 2nd stage cold head and then fixing it with aluminum tape. The
heaters only require limited thermalization. The heater on the 2nd stage is therefore
directly connected to the Al2O3 plate, while that on the 1st stage is only loosely wound
around the 1st stage’s regenerator tube.
As shown in figure 6.5, the 2nd stage is wrapped with 15 layers of MLI to reduce radiation
from the 1st stage. An OFHC™ copper thermal shield is mounted around the 1st stage
and covered in turn with MLI (15 layers), to shield radiation from the vacuum vessel. The
bottom plate of the thermal shield is dotted with small holes to help vacuum pumping.
For the same reason, the bottom layer of MLI wrap has an aperture that is properly
covered by a loose MLI disc, which is kept in place by a bridge of aluminum tape. This
also facilitates pumping, while still shielding the 1st stage from radiation.
Figure 6.6 shows the thermal shield and its MLI cover.
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Figure 6.4. Picture of the Cryomech® PT420 cryocooler, with details showing the 50Ω resistance
heater on the 2nd stage cold head (bottom left), as well as the 100Ω resistance heater (right) and
the thermalization flange (top left) bolted to the 1st stage cold head.

(a) (b)

Figure 6.5. MLI layers wrapped around the 2nd stage of the Cryomech® PT420 cooler.
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(a) (b) (c)

Figure 6.6. Assembly of the thermal shield: a) OFHC™ copper shield mounted on the cooler’s
1st stage cold head; b) perforated bottom plate of the thermal shield; c) solution adopted for the
bottom MLI cover to facilitate vacuum pumping.

The instrumented cryocooler is then placed inside a cylindrical vacuum vessel.
The resistive TVO sensors are read out with a measuring current of 10µA by a Lakeshore
121.
For the 100Ω heater on the 1st stage, two different power supplies are used, depending
on the aimed-for power range: an Aim-TTi PLH120 (maximum current 750 mA) for runs
up to 50W and an RS WCCTV10 transformer for the higher currents needed at 55W
and 60 W.
A Keithley 2280S-32-6 (Tektronix) is used as power supply for the heater of the second
stage.
The voltage drops across the TVO sensors and the heaters are acquired using four 6 1

2
digit multimeters (Agilent 34401A).
The currents to the sensors and to the 2nd stage heater are read from their current/power
supplies, while the current to the 1st stage heater is only recorded for the last two runs
(at 55 W and 60 W) by an additional Agilent multimeter, and otherwise derived from the
measured voltage drop.

6.2.3 Measurement procedure

The general principle followed to construct the capacity map consists in applying known
heat flows to the cryocooler stages and in measuring the resulting temperatures. These
temperatures are derived from the calibrated resistance R = U/I of each sensor, where
U is the measured voltage drop over the sensor and I its applied current.
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During the test, the vessel is cryo-pumped, keeping its pressure below 10−6 mbar thereby
minimizing residual gas conduction and convection. Once the setup stabilizes at its
lowest possible temperature, a first measurement point is taken, corresponding to the
temperatures of both stages without applied heat load (note that this assumes that
parasitic loads in our setup are negligible, see also below).
The heating power applied to the 2nd stage is then incrementally increased up to 2.25 W
with steps of 0.25 W. Following a steady-state method, after each step the temperatures
of 1st and 2nd stage are allowed to stabilize and then registered.
The heating power on the 1st stage is then increased with 5W and the procedure is
repeated.
This process is iterated until 60 W is applied to the 1st stage, yielding a total of 130 heat
load and temperature combinations.

6.2.4 Parasitic heat loads estimate

In reality, heat in-leak from the environment cannot be avoided totally and the applied heat
load needs to be corrected for these external sources that might affect the measurements.
As described in section 6.2.2, the 2nd stage of the cryocooler and the thermal shield -
together with the 1st stage - are each covered with 15 layers of MLI to reduce thermal
radiation. Modelling the heat flux through MLI can be quite complex, as it contains
several materials (reflective and insulating layers) that vary from one grade to another.
Moreover, its properties are strongly influenced by the packing density of the layers
inside the vacuum space. However, a simplified engineering model [126] is available: it
considers the two main contributions of heat transport (solid conduction and radiation)
and expresses the overall heat flow through MLI in [W m-2] as:

q̇ =
αMLI

NMLI + 1

Twb + Tcb

2
(Twb − Tcb) +

βMLI

NMLI + 1
(Twb

4 − Tcb
4), (6.2)

where NMLI is the number of reflective layers, Twb and Tcb the temperatures of the
warm and cold surfaces on either side of the MLI, and the factors αMLI and βMLI are
empirically determined. For our estimate, we use the values obtained for the MLI on
the thermal shield of the LHC cryostats: αMLI = 1.401 × 10−4 Wm-2 K-2 and βMLI =
3.741× 10−9 W m-2 K-4 [126].
The thus estimated parasitic heat load through the MLI from the vacuum vessel walls to
the thermal shield ranges from 1% of the applied heating power at the highest temperatures
to 12% in the lowest temperature limit. The in-leak from the 1st to the 2nd stage never
exceeds 0.1% of the heat applied to this stage.
An additional source of in-leak is conduction through the instrumentation wires. The
specifics of this wiring are listed in table 6.3. The main leak is formed by the power leads
of the two heaters, as they are made of copper. Note that low-resistivity copper is needed
to supply the higher currents required by the heaters.
Estimates of course once more depend on temperature, but the highest parasitic heat
load by conduction is approximately 1.5% of the applied load for the 1st stage and 3%
for the 2nd one.
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Table 6.3. Characteristics of the instrumentation wiring used to determine the capacity map of
the Cryomech® PT420 cryocooler. The wires considered in the estimate of parasitic heat in-leak
affecting the 1st stage are those coming from the room-temperature vacuum feedthrough to the
thermalization pad mounted on the cryocooler’s 1st stage heat exchanger (figure 6.4). The only
contribution for the 2nd stage are the wires running from the thermalization flange to the 2nd

cryocooler heat exchanger.

Number of wires Length [mm] Diameter [mm] Material
From vessel to 1st stage
TVO sensor 1st stage 4 700 0.127 Manganin
Electric heater 1st stage 2 700 0.127 Manganin

2 700 0.357 Copper (RRR=30)
TVO sensor 2nd stage 4 700 0.127 Manganin
Electric heater 2nd stage 2 700 0.127 Manganin

2 700 0.357 Copper (RRR = 30)

From 1st stage to 2nd stage
TVO sensor 2nd stage 4 1100 0.127 Manganin
Electric heater 2nd stage 2 900 0.127 Manganin

2 900 0.357 Copper (RRR = 30)

6.2.5 Capacity map results and discussion
As explained in section 6.1, the aim of these preliminary tests is to assess the temperatures
that are reached by the 1st and 2nd stages of the Cryomech® PT420 cryocooler when
known heat loads are applied to them, i.e. to establish the capacity map of the specific
cryocooler that will be used later to measure the properties of the Cryogel® Z blankets.
The applied heat loads and measured temperatures are listed in detail in appendix A
together with their uncertainty estimate. Here we limit ourselves to a general overview of
the results and to a discussion on the various sources of the associated uncertainty.

The measurement uncertainty is estimated as described in section 5.3.5. Based on the
characteristics of the equipment used (section 6.2.2), the maximum uncertainty in the 1st

stage heating power is estimated to be δQ̇ ≈ 1%, while for the 2nd stage δQ̇ < 0.3%. In
the estimates, heat losses by conduction and radiation are neglected.
The maximum uncertainty in temperature is estimated to be δT = 0.4% for the 1st stage
and δT = 0.1% for the 2nd stage throughout the probed temperature range.

The values cited above only take into account the uncertainty introduced in the readout
of the various signals. The actual uncertainty in temperature is expected to be larger,
due to factors such as parasitic loads (section 6.2.4) and self-heating of the sensors, but
especially also due to two unexpected observations described below.
The main source of uncertainty in temperature in the measurements was a significant
temperature oscillation that was present for all heat load combinations applied to the
system.
A typical example is shown in figure 6.7, which presents the temperature profiles of both
stages during the test in which the heater on the 1st stage was off.
A more detailed “snapshot” is presented in figure 6.8.
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(a)

(b)

Figure 6.7. Temperature profiles of the cryocooler’s 1st stage (a) and 2nd stage (b), obtained in
high vacuum conditions, when no heating power is applied to the 1st stage, while the 2nd stage is
incrementally heated with power levels up to 2.25W, through steps of 0.25W.
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(a)

(b)

Figure 6.8. Detailed observation of the temperature oscillation observed on the 1st stage of the
cryocooler (a) and on its 2nd stage (b) when no heating power is applied.

103



6.2. COOLING CAPACITY LOAD MAP OF THE CRYOMECH® PT420
CRYOCOOLER

Both temperatures oscillate with a period of about 10 s (5 s for all the other runs) and
an amplitude that on the 1st stage is about 1K (i.e. ∼ 4% of the average value) and on
the 2nd one increases with the heater power to a maximum of ≈ 0.4 K (∼ 9%).
Note that similar oscillations were observed during several tests conducted at CERN with
different measurement setups, so it is safe to assume that these oscillations are not due
to mistakes in the design or assembly of our measurement setup, but rather caused by
the inner workings of the cryocooler.
Temperature oscillations at the cold heat exchanger resulting from the periodic expansion
of the working fluid (He) are an intrinsic feature of a regenerative cryocooler. However, the
oscillations observed for our cooler differ somehow from the ones reported in literature.
First, the sources [127,128] usually only refer to the 2nd stage temperature oscillation, likely
due to the fact that the phenomenon becomes more critical for the lowest temperature.
Conversely, in our tests the oscillation’s amplitude is largest for the 1st stage. Moreover,
the one on the 1st end decreases with the temperature as expected (from 1K without
heater power to 0.3 K at 50 W), while the one on the 2nd increases with the heater powers
of both stages (from 0.2 K without heater power to 0.4 K at 50 W on the shield and 2.25 W
on the 2nd stage).
Second, with a period below 1 s, the oscillations reported in [127,128] show a frequency
of about an order of magnitude higher than ours.
Finally, it was noted that in our tests, both amplitudes were ≈ 10mK during the last two
runs (55W and 60W), for which the Aim-TTi PLH120 power supply for the 1st stage
heater was replaced by a RS WCCTV10 transformer.

Regardless of the origin of the oscillation, which at this stage remains unclear, the tests
on Cryogel® Z (section 6.4) will also be affected by this behavior. Specifically, we will
obtain significantly different results depending on the value of temperature considered in
the tests (minimum, average or maximum).
After careful consideration, it was decided to use the minimum temperature values for the
cryocooler capacity map, as this will lead to a more conservative estimate of the thermal
conductivity of the Cryogel® Z blankets.
Note that the heat load Q̇INS through the blankets will be derived from equation 6.1:
Q̇PT = Q̇APP + Q̇INS .
The applied heat load Q̇APP will be calculated as the sum of the applied resistive heat
power and the estimated parasitic loads. The main point for the present discussion is
that Q̇APP is therefore fixed for every temperature gradient considered. This implies
that the to-be-determined value of Q̇INS and the value Q̇PT (the cooling capacity of the
cryocooler determined in the present tests) are directly related. The most conservative
choice is therefore to take the value at which Q̇PT is highest, i.e. the value corresponding
to the lowest cold heat temperatures in the present test.
The resulting load map is presented in figure 6.9, with the values of heating power corrected
for estimated parasitic loads (section 6.2.4).
Since the biggest source of uncertainty in temperature are the oscillations discussed
above, the temperatures provided in appendix A are the average temperatures and
their uncertainty the standard deviation. Note that these are provided for the sake of
completeness, whereas the minimum measured temperatures shown in figure 6.9 will be
used during the Cryogel® Z heat transfer test.
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A second unexpected behavior of the cryocooler affecting the measured capacity map is
a temperature instability observed for a 1st stage power in the range of ∼ 40 W to 50 W.
At this power level, a sudden temperature drift of the 1st stage temperature tended to
appear, resulting in the discontinuous “stretching” of the map between 1st stage tempera-
tures of about 34K and 41K in figure 6.9.
This phenomenon becomes clearer when conducting several runs at the same applied
power (figure 6.10). The solid lines correspond to the measurements that appear on the
capacity map. For the measurements at 39W and 49W, the run that does not exhibit
any sudden increase of temperature was chosen.
To avoid inaccurate results in the later tests on Cryogel® Z, only 1st stage cooling capac-
ities up to 40 W are considered to evaluate the heat load to the thermal shield. This still
allows to evaluate the heat flux for shield temperatures up to 50 K, which is anyhow the
maximum temperature desired on a thermal shield in the envisaged large-scale cryostat
design.

Figure 6.10. Cryocooler instability observed at 1st stage heating power levels Q̇1 ranging from
40W to 50W. The temperatures of both stages recorded in different measurement runs are shown.

Finally, in order to gauge to which extend the temperature oscillations or instability
affect our capacity map, we can compare it to reference values from the cryocooler’s
manufacturer and to a related map obtained elsewhere at CERN.
The comparison with the certified data from Cryomech is presented in table 6.4. The
correspondence is satisfactory, with deviations ranging from 0.5% to 2% for the 1st stage
temperatures (depending on the heater power) and also ∼ 2% for the 2nd stage.
This further justifies our choice of using the minimum temperature registered for both
stages.
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Table 6.4. Comparison between the performance data provided by Cryomech Inc. and those
measured in-house at CERN for the Cryomech® PT420 cryocooler used during the test to estimate
the heat transferred through Cryogel® Z inside a cryostat. The heat loads are not corrected for
losses. Since the temperatures measured at CERN show a significant oscillation, their minimum
values are shown here.

Cryomech Inc. Data points measured in-house
Cooling power

1st stage
[W]

Cooling power
2nd stage

[W]

Temperature
1st stage

[K]

Temperature
2nd stage

[K]

Temperature
1st stage

[K]

Temperature
2nd stage

[K]
0.0 0.00 24.1 2.4 ÷ 2.8 24.0 2.6
0.0 1.50 24.7 3.80 24.6 3.87
55 2.00 45 4.2 46 4.3

In the CERN Cryolab the capacity map of the same Cryomech® PT420 cryocooler was
also measured for higher ranges of heating power [129]. In those tests, the applied heat
loads ranged from 75W to 100W for the 1st stage and from 1.5W to 4.5W for the 2nd

stage. Note that same temperature oscillations are observed, in a completely different
test environment.
The two capacity maps are compared in figure 6.11. The data points obtained for 1.5 W
and 2.0 W 2nd stage power allow for a direct comparison and to comment on the cryocooler
instability. These combined maps strikingly show how the 2nd stage temperature is fairly
independent of the 1st stage power level throughout the extended range from 1 W to 98 W,
except for the range affected by instability. This is also in line with the data provided by
the manufacturer (figure 6.2).
The 2nd stage temperature drop between 40 W and 50 W heater power on the 1st stage is
caused by a mechanism of compensation proper of two-stage pulse tube cryocoolers. It is
therefore safe to assume a stable 2nd stage temperature regardless of the heat load applied
on the 1st stage. It is important to underline this observation, as it will be relevant for
the data analysis of the experiments conducted on the Cryogel® Z blankets (section 6.4.1).
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6.3 Mock-up cryostat for the study of heat flow through
various insulation materials

This section describes the design and realization of a versatile scaled-up setup that is
composed of a vacuum vessel, a thermal shield and a cold mass, and is representative
in terms of pressure and temperature of a radiation transparent cryostat for a detector
magnet. The setup allows to study the thermal heat flows inside the cryostat through
various insulation materials of choice.

6.3.1 Technical requirements
The cryostat mock-up has to meet several mechanical and thermal requirements. Its
vacuum vessel is designed so that it can be filled with either a powder material, such as
glass microspheres, or bulk material such as the blanked based Cryogel® Z. In both cases,
leak tightness has to be ensured.
Conversely, the design of the thermal shield and of the cold mass may vary slightly de-
pending on the type of insulation material to be tested, since different solutions might be
needed to shield incoming radiation. For these internal parts, only the design developed
to test Cryogel® Z is discussed here.
The thermal shield and the cold mass are connected respectively to the 1st and 2nd stages
of the Cryomech® PT420 cryocooler described in section 6.2. They are instrumented
with several resistive heaters in order to reach the desired temperatures. The aim of the
test is to estimate the heat fluxes inside the cryostat for thermal shield temperatures
ranging from 40K to 50K and a cold mass kept below 5K. Nevertheless, the measure-
ments described in section 6.4 will be taken for thermal shield temperatures up to 80 K.
In the ultra-thin highly radiation transparent solenoid concept, when the cryostat is
pumped-vacuum, the outer wall of the vessel will collapse, causing the insulation material
mounted between the walls to be compressed with 1 bar pressure. In order to recreate
this condition, the top lid of the mock-up’s vacuum vessel is allowed to slide to compress
the insulation material inside. The compression load is measured with a set of load cells.
The resulting cryostat structure is schematically shown in figure 6.12. The outer vac-
uum vessel with its sliding lid and various feedthroughs is described in more detail in
section 6.3.2. The mock-up’s thermal shield and cold mass consist of large copper disks
that are separated from each other and from the vacuum vessel by the insulation material
under test. They are described in section 6.3.3. Finally, in section 6.3.4, the mock-up’s
instrumentation is discussed.
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Figure 6.12. Schematic of the cryostat mock-up (adaptation of a 3D model by H. Silva). The
diameter of the mock-up is 800mm. The thermal shield and cold mass are thermally linked to
the 1st and 2nd stages of a pulse tube cryocooler, respectively.

6.3.2 Vacuum vessel
The vacuum vessel of the cryostat mock-up comprises a stainless steel cylinder of 800 mm
inner diameter and 300mm height. Its bottom panel and side wall have a thickness of
10 mm and 15 mm, respectively. Its top lid is 20 mm thick. A flange soldered to the center
of this lid is bolted to the Cryomech® PT420 cryocooler, as shown in figure 6.1.
As discussed above, the vessel is designed for heat transfer tests on either bulk or powder
insulation materials. A bulk material such as Cryogel® Z can be inserted by simply
removing the top flange. Since glass microspheres are extremely lightweight, further
measures must be taken to ensure their ease of handling. For this purpose, both top
and side walls are equipped with several apertures that allow to fill the vessel with glass
spheres (or any other powder insulation of choice). They are shown in figure 6.13. During
the Cryogel® Z experiments, some of the apertures were used for cable and vacuum
connections.
When a setup comprises detachable components, O-rings are the most frequently used
vacuum seals. However, glass microspheres might potentially deteriorate the vacuum by
sliding between O-ring seals and the vessel walls. To avoid this, leak tightness of the system
is ensured by using double O-rings interposed between the top flange edge and the side
wall of the cryostat, as shown in figure 6.14. The inner O-ring prevents the microspheres
from reaching the outer one, which then serves as the main vacuum sealing.
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Figure 6.13. Sketch of the different apertures on the cryostat mock-up (adapted from a 3D model
by H. Silva). The flange connecting the vessel to the pulse tube cryocooler has four openings (one
not visible) equipped as cable feedthroughs, while top and side walls of the vessel have a total of 8
apertures that can be used to fill the cryostat with a powder insulation material and, during the
test, for vacuum pumping and additional cable connections.

Figure 6.14. Detail of the cryostat mock-up sketch, showing the double O-rings that ensure
vacuum sealing between lid and side wall of the vessel even in the case of intrusive powder filling
(adaptation of a 3D model by H. Silva).
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The vessel’s top lid can slide in the vertical direction. Its position is adjusted by use
of bolts placed on top of it. The cryostat concept requires that the insulation material
inside the cryostat supports the atmospheric pressure. In order to replicate this condition,
a 1 bar equivalent compression load is applied to the layers of Cryogel® Z by sliding
the vessel’s top panel downwards. The measurements presented in section 6.4 were also
repeated under 1.2 bar and 1.4 bar, in order to evaluate to what extent possible changes
in compression inside the cryostat may affect the heat transfer.
The applied compressive load is derived by use of eight load cells, as described in sec-
tion 6.3.3. These load cells feature a central hole traversed by the bolts used to set the
vertical displacement of the vessel’s top lid. They are positioned under the locking nuts,
as shown in figure 6.15. Apart from initial room-temperature loading, this allows to check
for possible thermal contraction of the insulation layers during the test and to adjust the
position of the lid accordingly.
The need to compress the samples imposes precise requirements also on the design of the
thermal shield and of the cold mass, as will be further discussed in section 6.3.3.

Figure 6.15. A set of eight load cells is placed under the bolts of the vacuum vessel’s top flange,
in order to determine the compressive load on the insulation layers during the heat transfer test.
The position of one of the load cells is shown.
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6.3.3 Thermal shield and cold mass

The layouts of the thermal shield and of the cold mass heavily depend on the type of
insulation material under test and on its assembly inside the vessel. Although the vacuum
vessel is designed for testing different materials, it was decided for the time being to
conduct the measurements only on Cryogel® Z. The shield and cold mass assembly de-
scribed here will therefore refer only to the setup developed to accommodate the samples
of Cryogel® Z, shown in figure 6.16.

Figure 6.16. Schematic of the in-house developed mock-up and setup for the heat transfer test,
filled with four stacks of Cryogel® Z (adapted from a 3D model by H. Silva): (a) Cryomech®

PT420 cryocooler, (b) vacuum vessel top panel, (c) sliding vacuum interface, (d) vacuum vessel
side wall, (e) thermal shield, (f) cold mass, (g) stacks of Cryogel® Z blankets, (h) copper braids
connecting the thermal shield and cold mass to the cryocooler’s cold heads.
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The top flange of the vacuum vessel (described above in section 6.3.2) is bolted to the
Cryomech® PT420 cryocooler. A 230mm long copper cylinder is installed around the
cryocooler’s 1st stage, acting as a thermal link between the cold head and the thermal
shield.
The thermal shield of the mock-up comprises two OFHC™ copper discs that are mechani-
cally and thermally linked to one another by OFHC™ braids. The top plate has a 130 mm
diameter central hole to allow its installation around the cylinder. Both discs have an
external diameter of 660 mm and are 3 mm thick. Between them, a third OFHC™ plate of
620mm external diameter and 2mm thickness represents the cold mass of the cryostat.
It has a 160 mm diameter central hole, at which OFHC™ braids are bolted to connect it
to the cryocooler’s 2nd stage.
The choice of using copper braids to link different temperature stages of the setup is
motivated by both thermal and mechanical considerations. The criteria leading to this
choice are described separately below.

Heat transfer mechanism

In order to recreate the structure of a cryostat, the test setup needs to be thermally
symmetric, with respect to the cold mass. Cryogel® Z blankets separate the three copper
discs from each other, as well as from the top and bottom walls of the vessel, so that
the test setup is structured as a thermally symmetric “sandwich”. Four stacks of seven
insulation layers each are interposed between the discs, yielding a total of 28 blankets.
Each blanket has a thickness of 10mm, a 600mm outer diameter and a central hole of
200mm diameter to allow its installation. The choice of the maximum cross-sectional
area possible for Cryogel® Z blankets is driven by the cooling capacity of both stages of
the cryocooler.

The aim of the test is to evaluate the heat loads by conduction through Cryogel® Z to
the thermal shield and to the cold mass of a cryostat. The heat exchange mechanism is
described by equation 6.1, here adapted to the case of Cryogel® Z:

Q̇PT = Q̇APP + Q̇CZ . (6.3)

The heat load Q̇PT on the cryocooler stages is the summation of the heat Q̇APP applied
to the system through heaters (corrected for parasitic loads) and the heat load Q̇CZ by
conduction through Cryogel® Z.
The corresponding heat fluxes are schematically shown in figure 6.17, without considering
parasitic heat leaks.
Q̇PT corresponds to the cooling capacity of the pulse tube cryocooler at given cold heads
temperatures, known from the measured load map described in the previous section 6.2.
The heat load Q̇CZ through the Cryogel® Z can therefore be derived from equation 6.3
provided that Q̇APP is known.
It should be noted that Q̇CZ actually comprises both conductive and radiative heat loads.
The concept of a radiation transparent cryostat for detector solenoids presented in this
thesis work requires to fully fill its vacuum space with insulation material, thus elimi-
nating the radiative component. However, since the heat exchange by radiation requires
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Figure 6.17. Schematic of the general principle of heat transfer by conduction inside the mock-
up cryostat when filled with Cryogel® Z blankets (adaptated from a sketch by L. Busch): (a)
cryocooler’s 1st stage; (b) cryocooler’s 2nd stage; (c) vacuum vessel; (d) thermal shield; (e) cold
mass; (f) OFHC™ braids. Four stacks of seven Cryogel® Z blankets each are interposed between
the vacuum vessel top and bottom panels, the thermal shield discs and the cold mass disk. Parasitic
heat loads are not shown.

a transient analysis, it was not quantified during this test. Its contribution is anyway
minimized by multilayer insulation.
Twenty layers of MLI are mounted around the cryocooler’s 1st stage and the copper tube
that connects it to the thermal shield.
Two MLI blankets of 30 layers each are also wrapped around the outer circumferences of
the copper discs. The first is placed around the thermal shield, while the second extends
over the entire inner structure, leaving exposed only two Cryogel® Z layers at the top
and bottom, in order to avoid thermal shortcuts to the vacuum vessel.
The central part of the thermal shield’s bottom plate is also exposed to the bottom lid
of the vacuum vessel through the 200mm aperture left by the central hole of Cryogel®
Z samples, which is therefore covered with a 10 layers MLI disc, visible in figure 6.18.
Two areas of the cold mass, on the inner and outer diameters, respectively, are not covered
by Cryogel® Z samples. Where possible, aluminum tape covers these exposed areas to
reduce radiation from the thermal shield.
Figure 6.18 gives an overview of the inner parts of the assembly.
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Figure 6.18. Overview of the inner structure of the cryostat mock-up, positioned upside down to
facilitate assembly. In the top-left picture, the following parts can be distinguished: (a) Cryogel®

Z blankets; (b) cold mass, covered by aluminum tape; (c) thermal shield; (d) copper braids acting
as thermal link between the thermal shield discs; (e) vacuum vessel; (f) pulse tube cryocooler.
In the top-right picture, the same structure is wrapped in 60 layers of MLI. At the bottom, the
MLI disc protecting the thermal shield’s central part from the bottom lid of the vacuum vessel is
shown.
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Compression load

When the thin cryostat wall “buckles” under vacuum, the inner insulation must support
1 bar differential pressure. To recreate the same condition, a compressive load is applied
to Cryogel® Z by sliding the vacuum vessel top lid downwards. The thermal shield and
the cold mass need to be flexible enough to allow for the resulting vertical displacement.
This requirement leads to the choice of copper braids to connect the different parts: they
not only act as thermal link, but also ensure the mechanical flexibility required by the
system under compression. The mechanical principle is shown in figure 6.19.

Figure 6.19. Schematic of the application of the compression load on Cryogel® Z by sliding
the vacuum vessel top panel downwards (adaptated from a sketch by L. Busch): (a) cryocooler’s
1st stage; (b) cryocooler’s 2nd stage; (c) vacuum vessel; (d) thermal shield; (e) cold mass; (f)
flexible OFHC™ braids. Four stacks of seven Cryogel® Z blankets each are interposed between
the vacuum vessel top and bottom lids, the thermal shield discs and the cold mass.

The shape of the braids, shown in figure 6.20, is determined by the system’s geometry.
The thermal shield braids have a 120mm-long flexible body that can be pre-formed up
to a certain degree by applying mechanical strain. Their ends are directly bolted to the
shield parts or, whenever possible, soldered to rigid fitting copper pieces that are in turn
bolted to the plates, allowing for an even better thermal contact.
The braids connected to the cold mass are substantially different: since the available space
is limited, their section and length are smaller and the interwoven wires are inserted into
a copper support bolted to the connected surfaces.
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(a) (b)

(c)

Figure 6.20. OFHC™ copper braids that provide the thermal connection and the mechanical
flexibility required by the cryostat mock-up: (a) link between the thermal shield plates; (b) link
between the thermal shield top panel and the cylinder bolted to the cryocooler’s 1st stage; (c)
braids and support connecting the cold mass to the cryocooler’s 2nd stage.

The force required to apply a pressure pCZ of 1 bar to the Cryogel® Z stacks of cross
section ACZ can be expressed as follows:

pCZ ·ACZ = patm ·Alid +mlid · g − Fbolt · g, (6.4)
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where patm = 101 kPa is the atmospheric pressure acting on the vessel lid of cross section
Alid [m2] and mass mlid [kg], g = 9.81m · s-2 is the gravitational acceleration and Fbolt

[kgf] is the “weight” measured by the load cells. Since these are mounted under the bolts
that lock the vessel’s lid in position, the last term of equation 6.4 is the bolt loading
force, which can be seen as the force pulling the lid upwards, hence the negative sign. By
adjusting the force exerted by these locking bolts, one can apply the desired pressure on
the samples of Cryogel® Z.
The same procedure is followed to apply to the material a compression load equivalent
to 1.2 bar and 1.4 bar.

6.3.4 Instrumentation

Figure 6.21. Section view of the test setup without Cryogel® Z showing the location of the
measurement devices: (a) cryocooler’s 1st stage; (b) cryocooler’s 2nd stage; (c) vacuum vessel;
(d) thermal shield; (e) cold mass; (f) OFHC™ braids. The temperature sensors are identified by
their channel number: channels 1 to 6 indicate Pt100 sensors (green circles), 7 to 10 are TVO
sensors (blue diamonds). Red squares correspond to the electric heaters.

The cryocooler’s 1st stage and the thermal shield are instrumented with six Pt100 tem-
perature sensors: one sensor is placed on the 1st stage head of the cryocooler, another on
the tube connecting it to the thermal shield, and four sensors are mounted across the two
copper plates of the thermal shield. Pt100 sensors require 100µA operating current. The
typical rated temperature range of a platinum resistor for cryogenic applications is 30 –
300 K, but they can be used down to 20 K when an impurity correction is applied. Since
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the lowest temperature measured by the Pt100 sensors during the test is 26 K, accurate
functioning of the sensors can still be assumed and no correction is applied.
The instrumentation for the cryocooler’s 2nd stage and for the cold mass comprises four
TVO sensors.
A resistive heater, bolted to a copper flange, is mounted on each cryocooler’s cold head
using Apiezon N™ grease to enhance thermal conductance. The heaters have a resistance
of 100Ω and 50Ω for the 1st and 2nd stages, respectively. Around the inner diameter of
the cold mass and the external diameter of the thermal shield top plate two more resistive
heaters are mounted: each of them comprises three 50Ω resistors connected in series (i.e.
150Ω total resistance).
Figure 6.21 shows the location of sensors and heaters inside the cryostat.
All instrumentation is thermally anchored to the regenerator tube of the cryocooler. More-
over, the TVO sensors are connected to a thermalization flange bolted on the cryocooler’s
1st stage. Both solutions are shown in figure 6.22. The lay-out, lengths and material choice
of the wiring is shown in figure 6.23.
A Keithley 2280S-32-6 (Tektronix) supplies the power to the heaters of the cryocooler’s
2nd stage and of the cold mass and is used to record the current as well.
An Aim-TTi PLH120 supplies the power to the heater mounted on the thermal shield
and records the current applied to the heater and the voltage drop across it.
The current required by Pt100 and TVO sensors is supplied by a Lakeshore 121 and the
voltage drop across them is measured by 6 1

2 digit multimeters (Agilent 34401A).

(a) (b)

Figure 6.22. Thermalization of sensors and heaters in the heat transfer test setup: a) thermal
anchoring of sensors and heaters wires to the cryocooler’s regenerator tube, b) TVO sensors
connected to the thermalization flange through soldered pin ports.
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6.4 Thermal performance of Cryogel® Z in the large-
scale cryostat mock-up

With the capacity map of the Cryomech® PT420 cooler established as described in sec-
tion 6.2 and the mock-up cryostat assembled as reported in section 6.3, we are now ready
to evaluate the heat loads transferred through Cryogel® Z, from the environment to the
thermal shield and from the shield to the cold mass, under conditions that are representa-
tive for our radiation-transparent cryostat concept.
In section 6.4.1, the measurement procedure and analysis method used to obtain these
data are described. Section 6.4.2 discusses the uncertainty estimates involved and the data
themselves are presented and discussed in section 6.4.3.

6.4.1 Measurement procedure and analysis method

The test setup is evacuated to a rough vacuum while still at room temperature and then
cooled down, causing the cryo-pumping action to lower the pressure below 10-6 mbar.
Once the temperatures have reached equilibrium, the mechanical load on the bolts that
sustain the vessel’s lid (figure 6.15) is registered and the corresponding compression of the
Cryogel® Z is derived (equation 6.4). The position of the lid is then adjusted to obtain
1 bar pressure on the stacks of Cryogel® Z blankets.
The main goal is to establish the heat fluxes when the shield is around 50 K and the cold
mass at 4 K to 5 K. To do so, the temperatures of both cryocooler stages, of the thermal
shield and of the cold mass are measured (figure 6.21) for different combinations of heater
power applied to these components.
To establish a well-characterized reference situation at which the heat in-leak to the
cold stage can be evaluated accurately, the temperature of the shield is regulated at a
desired value and the heating power applied to the cryocooler’s 2nd stage is incremented
in small steps (0.125, 0.5, 1.125 and 2 W), each time allowing the temperature to stabilize.
Figure 6.24 illustrates this process, in this particular case with the shield kept at 40K.
From a linear regression to the measured 2nd stage temperature against 2nd stage heater
power, the heater power Q̇APP (3.8K) needed to reach a temperature of 3.8K can be
interpolated. This temperature is chosen since the 2nd stage cooling power is well-known
here (Q̇PT = 1.50W), being both certified by the manufacturer (table 6.2) and measured
by ourselves (figure 6.9).
This procedure is executed for thermal shield temperatures ranging from 30K to 80K,
by incrementally increasing the power applied with the resistive heater mounted on the
thermal shield.
Finally, the entire run is repeated also for compressive loads on the Cryogel® Z of 1.2 bar
and 1.4 bar.

From the data thus gathered, the heat Q̇CZ that is transferred through the Cryogel®
Z blankets from the vacuum vessel to the thermal shield and from the shield to the
cold mass can be derived using the heat balance equation 6.3. Since we know the power
Q̇APP applied to the heaters and since we can estimate the cooling capacity Q̇PT of the
cryocooler stages from the measured temperatures, we can write for both stages:
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Figure 6.24. Linear regression to the temperature of the cryocooler’s 2nd stage for different
values of heating power applied to it, in this particular case while the thermal shield is kept at
40K. The average temperature and its standard deviation are presented. The heat load is not
corrected for parasitic losses. The horizontal line at 3.80K corresponds to a well-known 2nd stage
cooling capacity of 1.50W.

Q̇CZ = Q̇PT − Q̇APP . (6.5)

In principle Q̇APP has to be corrected for additional parasitic heat loads such as in-
strumentation wiring, just like we did when measuring the capacity map (section 6.2.4).
However, as argued in the next section below, this type of correction has no significant
influence in the case of our relatively large-scale mock-up cryostat.

Two slightly different procedures are used to estimate the heat flux to the shield and the
one to the cold mass. Simply using the capacity map of the Cryomech® PT420 established
in section 6.2.5 with the measured temperatures of the 1st and 2nd stages, the term Q̇PT

of the 1st stage can be estimated. This direct graphic method is considered sufficiently
accurate to estimate the heat flux from the vacuum vessel to the thermal shield. Although
the thus obtained result is an approximation, it allows for a first comparison between
Cryogel® Z and more commonly used state-of-the-art insulation materials such as MLI
in vacuum.
Since the heat load on the cold mass is smaller (and from an application point of view
more critical), a more precise procedure is followed to estimate it. As described above, for
every heat level applied to the thermal shield, five data points are collected at different
applied heat loads on the cryocooler’s 2nd stage and on the cold mass. Linear regression
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then allows to interpolate the heat load on the cold mass when the 2nd stage is at 3.8 K,
which corresponds to a cold mass temperature between 4K and 5K, as expected in a
detector magnet. Note that considering the temperature of 3.8 K to be constant for every
power step applied to the first stage also allows to ignore the cryocooler’s instability
observed for a 1st stage between 30 K and 40 K.
The heating power Q̇PT is therefore set equal to 1.50 W, while Q̇APP is derived from the
fit for a 3.8K second stage.

6.4.2 Uncertainty estimates
Temperature oscillations

The estimate of the heat load through Cryogel® Z thus depends on the cooling power and
hence the temperatures of the two stages of the cryocooler. In the tests with the mock-up
cryostat, the temperature oscillations observed earlier during the determination of the
capacity map (section 6.2.5) are still present and form the biggest source of uncertainty
in the obtained results. As an example, the temperature profiles of all sensors (for their
position, see figure 6.21) obtained with 14 W of heater power applied to the thermal shield
are reported in figure 6.25. The relatively fast oscillations have an amplitude of ∼ 0.4K
on the 1st stage cold head itself (sensor 1) but only ∼ 20mK on the copper cylinder
that connects it to the thermal shield (sensor 2) and on the shield itself (sensors 3 – 6).
Similarly, the amplitude of the temperature oscillations of the 2nd stage cold head is about
100 mK (sensors 7 and 8) and once more ∼ 20mK on the cold mass (sensors 9 and 10).
In order to provide the average thermal behavior of Cryogel® Z, we calculate the heat
flux through it using the average cold head temperatures and estimate the uncertainty
in temperature by its standard deviation. Referring to our cryocooler capacity map of
figure 6.9, we see that the corresponding uncertainty in the cooling power is about 2W
for the 1st stage.
The estimate of the heat flux through Cryogel® Z to the thermal shield then depends
on the propagation of this uncertainty and of the ones in the heat applied to the shield
Q̇APP and in the cross-sectional area of the Cryogel® Z.
An important remark, discussed earlier in section 6.2.5, is that the cryocooler’s capacity
map does not take into account the observed temperature oscillations, but is obtained
using the minimum temperatures of the cryocooler stages. This choice was made firstly
because the minimum temperatures measured in-house are in line with those provided
by the manufacturer, and secondly because using the minimum temperatures maximizes
the estimated flux through the Cryogel® Z, thus providing a worst-case scenario.
This effect is actually rather small and hardly influences the estimate of the heat flux to
the thermal shield. It is much more significant for the heat flux to the cold mass, so it
was decided not to use the capacity map but rather the alternative method of a linear
regression, as described in section 6.4.1.
In this case, the estimate of the heat flux depends on the uncertainties in the 1.50 W cooling
power (δQ̇PT = 10mW provided by Cryomech), in the heater power at T = 3.80K derived
from the linear regression (figure 6.24), and in the cross-sectional area of the Cryogel®
Z samples. Once again, the biggest influence comes from the standard deviation of the
2nd stage temperature propagating through the fit.
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(a) Cryocooler’s 1st stage (sensor 1) and copper cylinder in-between cold head and shield (sensor 2).

(b) Pt100 sensors on the thermal shield.

(c) Cryocooler’s 2nd stage (sensor 7), copper support connecting the cold head to the cold mass (sensor
8), and cold mass (sensors 9 and 10).

Figure 6.25. Example of the temperature profiles recorded by all sensors with 14W heating
power applied to the thermal shield and 1 bar compression to the Cryogel® Z. Sensor positions
are indicated in figure 6.21.
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Moreover, apart from the ∼ 9 s period oscillations that were also obvious in figures 6.7
and 6.8, the present temperature profiles also show a second, slower, oscillation with a
period of about 30 min. Such a long period could not be correlated to the behavior of the
compressor that drives the cryocooler, nor to the chiller that cools the compressor. Its
cause, after thorough investigation, is for the moment unclear.
Compared to the amplitude of these oscillations, the measurement uncertainties introduced
by the temperature sensors themselves have only a small influence and can therefore be
neglected.

Temperature instability

In the analysis of the heat flux through Cryogel® Z for both cryocooler stages, the
temperature of the 2nd stage is fixed at 3.80K. It is important to note that this is an
approximation: as shown in figure 6.9, for a heater power of 1.50W applied to the 2nd

stage its temperature varies between 3.7 K and 3.9 K, depending on the heat load applied
to the 1st stage. Since this variation seems to be caused by the cryocooler’s instability, it
is chosen to neglect it and to consider the certified performance at 3.80 K instead, which
also corresponds to the average value measured in-house. The uncertainty in temperature
considered for 3.80K is the accuracy of the measurement provided by Cryomech, thus
10 mK.

Parasitic heat loads

Just like the setup used to establish the capacity map (section 6.2.4), also the cryostat
mock-up comprises various pathways of parasitic heat in-leak. For the cryocooler stages,
the thermal shield and the cold mass, the heat leaks due to radiation from the vessel and
between copper parts, the heat transferred by conduction and radiation through MLI,
and the conduction through the wires are considered.
The parasitic loads on the cryocooler’s 2nd stage and on the cold mass are summed. For
the system thus composed, the parasitic loads are estimated for all the five applied heat
loads (ranging from 0.0W to 0.2W). As the temperatures involved hardly change, the
estimates for the parasitic loads are found to be approximately constant throughout the
whole range of applied power. The estimate is repeated for every run conducted (i.e. with
0W to 48W applied to the thermal shield). The total parasitic load is 5mW when no
heat load is applied to the thermal shield and 20mW when 48W is applied to it.
In principle, the total parasitic load should be subtracted from the measured values of
power applied to the 2nd stage. However, the uncertainty in the heat flux through the
Cryogel® Z is such that the correction for parasitic loads can, to first order, be neglected.
As an example, the effects of a minimum and maximum parasitic load estimate are
evaluated.
Without heating power applied to the thermal shield, the heat flux through the Cryogel®
Z to the cold mass is (260± 80) mW m-2. By correcting the heat loads applied to the 2nd

stage for the 5mW parasitic load, the estimate for the heat flux through the Cryogel®
Z becomes 250mWm-2, i.e. the correction falls well within the estimated uncertainty.
Similarly, when 48W is applied to the thermal shield, the heat flux is estimated at
(1.37± 0.1) Wm-2 without and 1.33W m-2 with the correction for parasitic loads.
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Totally analogous, the effect of the parasitic loads on the 1st stage and on the thermal
shield may be evaluated.
The parasitic loads are estimated at about 0.8 W throughout the applied power range. As
an example, for a thermal shield temperature of 40 K the heat flux through the blankets
is estimated at (32± 4) Wm-2 without and at 30W m-2 with the correction.

Based on the above, it was decided not to invest time in further estimates of the parasitic
loads. Moreover, due to the complexity of the design, an accurate estimate of these loads
is anyway rather difficult. Note also that by neglecting them, one makes a conservative
choice by slightly overestimating the heat load transferred through Cryogel® Z. Since
the aim of the project is not a detailed material study of the Cryogel® Z, but rather
to provide a first comparison with more conventional solutions, this is considered an
acceptable approximation.

6.4.3 Results and discussion

We present the main results of the experiments performed with the cryostat mock-up.
We start with observations on the mechanical behavior of the Cryogel® Z in the setup
under 1 bar compression and due to thermal contraction; then we present the estimates
of the heat fluxes through the blankets in-between the vessel’s wall and the shield and
in-between the shield and the cold mass. The fluxes are compared to typical values in a
“classical” metallic and MLI-insulated vacuum cryostat and then interpreted in terms of
the thermal conductivity of the Cryogel® Z material. Finally, we report briefly on the
heat fluxes measured under compression levels exceeding 1 bar.

Cryogel® Z nominal strain under 1 bar compression

A first result obtained from the test regards the stiffness of the material. By recording
the mechanical load applied to the Cryogel® Z with the load cells and by measuring
the displacement of the vessel lid, the material’s compression can be estimated. With
(1.00± 0.01) bar applied to it, the Cryogel® Z blankets are found to compress to 69%± 3%
of their initial thickness, confirming the earlier results obtained in the small-scale mechan-
ical tests reported in section 4.3. Each stack of seven layers of Cryogel® Z thus reduces
from 70 mm to 49 mm height.

Thermal shrinkage of Cryogel® Z

The forces measured with the load cells are used to derive the pressure acting on Cryogel®
Z, which is found to be clearly temperature-dependent. At each level of heating power
applied, the pressure on Cryogel® Z is derived and kept at the desired value by adjusting
the position of the vessel’s lid upwards or downwards. The required displacement of the
lid is measured, providing an estimate of the thermal contraction of Cryogel® Z.
During the cooldown, the stack of Cryogel® Z shrinks in height by approximately 0.5%.
With all heaters off, one can estimate an average temperature of about 160K for the
stacks of Cryogel® Z interposed between the vessel walls (T ≈ 293K) and the thermal
shield (T ≈ 30K), and of about 17K for the blankets between the shield and the cold
mass (T ≈ 3K).
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Further analysis of the thermal contraction of the material falls outside the scope of this
thesis. For the rest of the experiment the load cells are used only to adjust the position
of the lid in order to keep the pressure at the desired value.

Heat flux through Cryogel® Z under 1 bar compression

The temperatures recorded by each sensor are plotted in figure 6.26 against the heating
power applied to the thermal shield.
They are quite uniform across both shield and cold mass, illustrating the efficiency of the
thermal links between the different parts as well as the correct operation of the sensors.
The temperature variation is approximately 1K between the two discs of the thermal
shield, while the one over the cold mass is negligible for most runs (∼ 0.01K) and reaches
∼ 0.5K for the runs at 32 W and 48 W only.
Due to their proximity to each other, sensors 7 and 8 (on the 2nd stage cold head and on
the copper support for the flexible braids that connect the 2nd stage to the cold mass,
respectively) show similar profiles throughout the experiment, with an exception for the
measurement point at 32 W. It is reasonable to assume that in this case the temperature
deviation recorded by sensor 8 is due to the cryocooler’s instability observed between 27 W
and 35 W (described in section 6.2.5). This causes a temperature drift of the 1st stage and
consequently also of all the copper parts connected to it (sensors 1 to 6). While the 2nd

stage (sensor 7) is hardly influenced by this (it exhibits a slight decrease in temperature),
sensor 8 is directly exposed to thermal radiation coming from the bottom copper plate
and is therefore influenced by the temperature increase of the thermal shield.

The derived heat fluxes to the cold mass and to the thermal shield constitute the main
result of the experiment and are reported in figure 6.27.
The error bars correspond to a rather large uncertainty estimate, resulting mainly from
the propagation of the uncertainty in temperature due to its oscillation, as described
above.
The heat flux from the vacuum vessel to the thermal shield is only reported for heating
power levels lower than 27W, i.e. for shield temperatures lower than 50K. At higher
temperatures the instability of the cryocooler occurs (section 6.2.5), making an evaluation
of the heat load on the thermal shield inaccurate. This does not represent an issue for
the present feasibility assessment, since the thermal shield for detector magnets is usually
kept between 40 and 50K, as e.g. with the ATLAS Central Solenoid.
The instability has a small influence on the heat flux to the cold mass too and it is
therefore chosen to present the heat flux in line with those obtained at different heating
powers.
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(a) Cryocooler’s 1st stage and thermal shield. Sensor 1 measures the temperature of the cryocooler’s
1st stage cold head; sensor 2 is mounted on the cylinder connecting the 1st stage to the thermal shield;
sensors 3 to 6 give the thermal shield temperatures.

(b) Cryocooler’s 2nd stage and cold mass. Sensor 7 measures the temperature of the cryocooler’s
2nd stage cold head; sensor 8 is mounted on the support between the 2nd stage and the cold mass; sensors
9 and 10 record the cold mass temperatures.

Figure 6.26. Temperatures registered on the different parts of the mock-up cryostat in order to
evaluate the heat flux through Cryogel® Z blankets under 1 bar compression. The temperatures
are measured in high vacuum, for different heating powers applied to the thermal shield.
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Figure 6.27. Observed heat fluxes through the Cryogel® Z blankets as function of the thermal
shield temperature when the material is compressed with 1 bar. Both the heat flux from the vacuum
vessel to the thermal shield and from the shield to the cold mass are shown.

As shown in figure 6.27, for typical operational temperatures of the thermal shield and
the cold mass, the estimated heat fluxes through the Cryogel® Z blankets in our cryostat
mock-up are:

• Thermal shield temperature 40K, cold mass temperature 4.5K:

– heat flux to the thermal shield: (32± 4)W m-2;

– heat flux to the cold mass: (350± 100)mWm-2.

• Thermal shield temperature 45K, cold mass temperature 4.5K:

– heat flux to the thermal shield: (25± 1)W m-2;

– heat flux to the cold mass: (450± 100)mWm-2.

Note that, due to the cryocooler instability and to the temperature oscillations, the
capacity map, in the end, only provides the 3 data points of heat flux to the thermal
shield shown in figure 6.27.
The Cryogel® Z heat flux values stated above can be compared to the state-of-the-
art insulation solution for cryostats, represented by multilayer insulation. As a typical
example, the good practices performance of the MLI used for the LHC dipole magnet
cryostats is [126]:

• Heat flux through 30 layers of MLI between 300 K and 50 K: ∼ 1 Wm-2;
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• Heat flux through 10 layers of MLI between 50 K and 1.9 K: ∼ 50 mW m-2.

It is noted that the heat load performance of large detector cryostats is much worse, as
will be further discussed in chapter 7.
Considering these values, as expected, the thermal performance of Cryogel® Z in vacuum
is roughly an order of magnitude worse than that of MLI.
Note that the aim of the project was never to find a material that could compete in terms
of thermal efficiency with multilayer insulation, but rather to find a radiation-transparent
insulation material with sufficient mechanical resistance to 1 bar compression and to
estimate its thermal performance in a detector solenoid cryostat.

Thermal conductivity of Cryogel® Z under 1 bar compression

As a last step in the data analysis, the heat fluxes derived above can be expressed in
terms of an effective thermal conductivity λ(T ). This not only allows to compare the
present data on the thermal performance of the Cryogel® Z blankets in the mock-up
cryostat directly to our earlier small-sample experiments (section 5.3.6), but can also serve
as input for future alternative designs (e.g. with different layer thicknesses or boundary
temperatures).
The thermal conductivity of Cryogel® Z can be estimated from the temperatures of the
thermal shield and of the cold mass and from the heat flux between them:

λ(T ) = − q̇

dT/dx
, (6.6)

where q̇ [Wm-2] is the heat flux through the cross-sectional area of the Cryogel® Z
blankets and dT/dx [K m-1] is the temperature gradient in the direction of heat transfer.
The temperature differences between the thermal shield and the cold mass during the
mock-up experiment are too large to allow for the direct use of equation 6.6, thus the
integral method described in section 5.3.3 needs to be used.
Since the temperature of the cold mass, compared to the shield temperature, is approxi-
mately constant throughout the whole experiment (i.e. for different heating powers applied
to the shield), the thermal conductivity can be calculated as function of only the shield
temperature, for the investigated range running from 30 K to 80 K.
The integral of the thermal conductivity, Λ, is calculated from the heat flux through the
Cryogel® Z to the 2nd stage.
As discussed in section 5.3.3, the data points thus obtained can then be fitted to a poly-
nomial expression of second or higher grade.
Note that a linear fit is excluded since it would correspond to temperature-independent
thermal conductivity, which is highly unlikely in view of our small-samples data (fig-
ure 5.16).
Since a third order polynomial tends to introduce artefacts in the fit, an appropriate fit
is a quadratic expression to the measured conductivity integral. The result is shown in
figure 6.28, table 6.5 specifies the fitted coefficients.
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Figure 6.28. Measured and curve-fitted thermal conductivity integral of the Cryogel® Z blankets
in-between the cold mass and the thermal shield of the mock-up cryostat, subjected to 1 bar
compression.

Table 6.5. Coefficients of a second-order polynomial fit to the observed thermal conductivity
integral of the Cryogel® Z blankets in-between the cold mass and the thermal shield of the mock-
up cryostat, subjected to 1 bar compression.

Coefficient Value Uncertainty
a0 [W ·m-1] 2× 10−2 1× 10−2

a1 [W ·m-1·K-1] −6× 10−4 6× 10−4

a2 [W ·m-1·K-2] 15× 10−6 5× 10−6

The thus derived thermal conductivity is compared to the one obtained with the integral
method from the small-sample experiments in figure 6.29.
The effective small-sample conductivity appears about a factor 2 higher, but this difference
falls within the uncertainty estimate of the mock-up data. This uncertainty in the thermal
conductivity derived from the mock-up experiments is mainly due to the propagation
of the uncertainty in the cryocooler’s 2nd stage temperature caused by the oscillations.
Especially in view of the significant scale difference between both experiments (∼ 0.3m2

cross-sectional Cryogel® Z area in the mock-up, against 3 × 10-4 m2 in the small-scale
tests), the correspondence between both results can be called satisfactory.
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Figure 6.29. The temperature-dependent thermal conductivity of Cryogel® Z subjected to 1 bar
compression. Red data points (square dots) are obtained from the small-scale experiments described
in section 5.3, blue data (point dots) correspond to the present mock-up data. Linear regressions
are fitted to the data points.

Effect of different levels of compression load on the heat flux through blankets
of Cryogel® Z

The pressure acting on the Cryogel® Z inside the cryostat of a detector magnet may well
differ somewhat from 1 bar, depending on design choices. The heat flux through Cryogel®
Z is therefore also investigated under compressive loads of 1.2 bar and 1.4 bar.

Since the temperatures of the cryocooler stages do not vary significantly with compression,
the direct capacity map method used to estimate the heat flux to the thermal shield cannot
provide an accurate comparison between the runs at different compression levels.

The heat flux to the cold mass at different compression levels, calculated with the more
precise regression method (section 6.4.1), is presented in figure 6.30.
This cold mass flux varies consistently from one compression level to the next, increasing
as expected with pressure.
The heat flux values recorded at 1.4 bar are systematically about 17% higher than the
ones found at 1.0 bar, corresponding to a relative increase of about 40% · bar-1.
Taking into account also the additional compressive strain on the Cryogel® Z blankets
(∼ 38% at 2 bar against ∼ 30% at 1 bar, see section 4.3.3), this implies an increase of
about ∼ 35% · bar-1 in the thermal conductivity λ.

133



6.5. CONCLUSION

Figure 6.30. Observed heat flux from the thermal shield to the cold mass in the mock-up cryostat,
plotted against heating power applied to the thermal shield at various compression levels of the
Cryogel® Z blankets. Linear regressions are shown to guide the eye.

6.5 Conclusion

A test setup representative of the minimum radiation thickness cryostat concept inves-
tigated in the framework of the FCC detector R&D is designed and manufactured at
CERN.
This mock-up cryostat can be filled with an insulation material of choice and thus allows
to study heat fluxes through the insulation by conduction, both from the room tempera-
ture vessel walls to the thermal shield and from the shield to the cold mass.
With this new setup, the thermal performance of Cryogel® Z is investigated under dif-
ferent compressive loads, for thermal shield temperatures ranging from 30 K to 80 K and
a cold mass kept at approximately 4.5 K.
The realization of the setup can be considered as a research result in itself, since it will
allow for a flexible future analysis of the heat fluxes inside a cryostat through different
insulation materials under vacuum conditions.
The setup is cooled with a two-stage Cryomech® PT420 cryocooler and its capacity map
is separately established for the relevant 1st and 2nd stage temperature ranges.
Due to the inner workings of the cryocooler, temperature oscillations with two different
periods are registered at the cryocooler’s cold heads during the test on Cryogel® Z. From
the average temperature values, the average heat flux through Cryogel® Z is derived,
while the amplitude of the oscillations serves to estimate the dominant uncertainty in the
obtained flux values.
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Given an operational temperature of 45 K for the thermal shield and 4.5 K for the cold mass,
heat flux values of (25 ± 1)W m-2 from the vessel to the shield and of (0.5 ± 0.1)W m-2

from the shield to the cold mass are estimated.
These values are not corrected for parasitic heat loads, since the relatively large uncer-
tainty in the heat flux is dominated by the temperature oscillations and allows secondary
error sources to be neglected in first comparison.
Also the effective thermal conductivity of Cryogel® Z is derived from the heat flux through
the material and is found to increase from 0.3mWm-1 K-1 to 2mWm-1 K-1 throughout
the temperature range from 30K to 80K. Within the uncertainty of the experiments,
the results obtained with the large-scale mock-up are comparable to those found in the
small-sample experiments (section 5.3.6).
The increase in heat flux through Cryogel® Z with compressive loading is investigated
by repeating the 1 bar experiment also for 1.2 bar and 1.4 bar pressure. The heat flux
through the material is found to increase by about 40% · bar-1, the thermal conductivity
(taking into account also the compressive strain) by about 35% · bar-1.

In chapter 7, the heat fluxes here presented for the mock-up cryostat will be rescaled to
the case of the surface areas of the IDEA solenoid in order to estimate the heat loads
that can be expected when using a Cryogel® Z insulated cryostat for this detector mag-
net, thus allowing to compare the present “crumbling cryostat” concept with alternative
designs.
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Chapter 7

Conceptual design of a novel
cryostat with thin walls and
Cryogel® Z insulation in
vacuum

In this synthesizing chapter the various issues discussed earlier in the thesis are brought
together. Size, radiation thickness and thermal budget are estimated for a novel conceptual
cryostat with thin metal walls for vacuum tightness and insulated with Cryogel® Z. The
design is then compared to other solutions in terms of mass, transparency and cooling
requirements. Dimensional requirements are based on the case study of the so-called IDEA
detector solenoid. This allows to make a critical evaluation of the feasibility of such a
cryostat concept for large-scale detector magnets.

7.1 Introduction

Following the concept proposed for the IDEA detector, placing the solenoid around the
inner tracker allows to reduce the radial dimensions of the magnet to roughly half its
bore size and thus to reduce stored energy and cost.
Even so, to allow the particles to reach the hadron calorimeter, the cold mass and cryostat
must be as radiation-transparent as possible. In order to satisfy this key requirement,
their thickness must be minimized while at the same time materials with a high radiation
length must be used.
Starting from the conclusions reached in chapters 3 to 6, in this chapter a conceptual
design of a cryostat insulated with Cryogel® Z in vacuum is presented and its feasibility
discussed. Figure 7.1 schematically presents the main components of such a cryostat
enclosing a solenoid.
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(a) Baseline 3D model (courtesy H. Silva).

(b) Axi-symmetric longitudinal cross section.

Figure 7.1. Schematic representation (not to scale) of the main components of a conceptual
cryostat under vacuum, enclosing a cold mass at 4.5K (solenoid): thermal insulation material
(Cryogel® Z), a thermal shield and outer metallic walls for vacuum tightness.

In section 7.2 we start with a brief report on the materials and on the main dimensions
of the cryostat components. In section 7.3 the minimization of the radiation thickness
of the solenoid cold mass and of the cryostat is considered. In section 7.4 the heat load
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of the solenoid is estimated. The heat fluxes via conduction through Cryogel® Z to the
cold mass and to the thermal shield are extrapolated from the reduced-scale experiment
conducted on the cryostat mock-up, described in section 6.4, and for this case study
rescaled to the IDEA geometry.
The conceptual design thus presented is discussed and compared to a conventional cryostat
with rigid vacuum walls and to a cryostat with a honeycomb-structured outer wall, both
presented in the study by Silva et al. [38] that was conducted in parallel, in the same
R&D team, as part of the ongoing research for FCC relevant detectors. The study is
briefly summarized in section 2.4.2.
Based on the comparison, in section 7.5 we draw our main conclusion regarding the
feasibility of the cryostat for the magnet system.

7.2 Selection of materials and size estimate
Suitable materials and estimated sizes of the main components of the IDEA solenoid
are presented and compared to a conventional cryostat and to the “honeycomb cryostat”
studied in the same team by Silva et al. [38].

The 6m length, 4m inner bore diameter and 300mm maximum radial thickness of the
cryostat were set as requirements at the start of the project.
To allow for a straightforward comparison, the inner radius of the outer wall is set to
2.25 m, as for the designs proposed by Silva, resulting in an approximately 250 mm radially
thick solenoid.

Solenoid cold mass and support cylinder

As reported in section 2.4.1, the most recent cold mass design comprises a 5.8m long
winding pack with a thickness of 36mm. The coil is based on using a NbTi/Cu based
Rutherford cable in a Ni-doped pure aluminum stabilizer [29].
A 12 mm thick Al 5083 support cylinder is around the coil windings to help reacting the
hoop stress and to facilitate cooling by conduction of the coil windings. When considering
the electrical insulation and the support cylinder as well, the total thickness of the cold
mass amounts to the challenging number of 53mm.
As in most state-of-the-art superconducting detector magnets, cooling at 4.5 K is ensured
by a helium flow passing through a serpentine pipe of aluminum alloy welded to the outer
surface of the support cylinder.
The reader is referred to Deelen et al. [29] for the mechanical design and quench analysis
of such a coil.

Thermal shield

The function of the thermal shield, with its active cooling system, is to act as an inter-
mediate thermal screen between the vessel walls at room temperature and the cold mass
that is kept at 4.5 K, thus reducing the incoming heat load to the coil.
The shield design will most likely evolve from the one of the ATLAS Central Solenoid [25],
with curved panels of 2 mm thick aluminum placed on both sides of the coil-and-support-
cylinder assembly. On each side, the panels are welded to a serpentine cooling pipe that
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holds them together, forming a cylindrical thermal shield that is cooled with helium gas
at some 40K.

Outer vacuum vessel wall

Since the outer wall has the largest thickness in a conventional cryostat, it must be
reduced as much as possible. Thereby, this vacuum wall consists of an aluminum alloy
foil in the estimated thickness range of some 50 to 200 micrometer, yet to be analyzed
and optimized.
When the cryostat is pumped vacuum, the foil will crumble onto the enclosed insulation
layer composed of densified Cryogel® Z, adapting to its profile. Depending on the resulting
shape, the wall will therefore be subjected to rather complex stress conditions.
Assessing the thickness required to support this local stress, such that the wall does not
tear under vacuum, is a rather challenging problem. A FEM analysis is hardly useful due
to the difficulties of reproducing the detailed local mechanical response of the insulation
material, and analytical formulas are not readily available in literature.
However, the tensile properties of aluminum foils have been tested experimentally by
many researchers, who found that they depend not only on the thickness of the foil, but
also on the possible presence of an oxide layer and on the ratio of thickness to grain size.
The problem therefore includes the microstructure of the aluminum foil and requires a
separate study, which lies outside the scope of this thesis. The interested reader is referred
to [130–136].
The weight of the cold mass is transferred to the cryostat’s end flanges through supports
made from, for example, fiber-reinforced epoxy resin or an equivalent low conductivity but
high-strength material like titanium. To sustain the load, the flanges, welded to the inner
and outer mantles of the vacuum vessel, must be relatively thick. To allow the movement
caused by the corrugation of the foil-based walls without ripping in the connection region,
special stress-release areas need to be designed.

Inner vacuum vessel wall

The inner wall of the cryostat must primarily withstand the 1 bar pressure from the
cryostat bore and secondly the roughly 10 t weight of the inner tracker installed on it. A
thin metallic foil, like the one foreseen for the outer wall, is therefore ruled out and has
to be replaced by a much thicker and homogeneous metallic wall.
With high yield strength and elastic strain limit, aluminum alloys are a proven structural
choice for cryostats. Moreover, when also radiation transparency becomes a key parameter,
such as in our case of a radiation-thin cryostat, aluminum alloy, with a radiation length
5 times higher than that of stainless steel, constitutes a much better solution (aluminum
X0 = 9 cm; stainless steel X0 = 1.8 cm [54]).
These findings are in accordance with the comparison between commonly used materials
for the vacuum vessel presented by Silva et al. [38] and reported in table 2.7 (section 2.4.2),
showing that the alloys Al 5083-O and Al-Li 2195-T8 outperform both stainless steel and
titanium alloys in their capacity of combining high radiation length with high mechanical
strength. Since the yield strength of Al-Li 2195-T8 (σy = 560MPa [38]) is much higher
than that of Al 5083-O (σy = 145MPa [38]), the former constitutes the best choice for
the inner vessel wall.
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Since the requirements for the inner wall are the same for both designs, the 1.0 mm thick
Al-Li 2195-T8 shell proposed by Silva et al. [38] is also adopted here as a suitable solution
for our vessel.
Its thickness is obtained through a FEM analysis and benchmarked against the ana-
lytical formula for the minimum wall thickness of an Al alloy cylinder subjected to an
internal pressure, expressed by the standard EN13458-2 for static vacuum cryogenic ves-
sels [49]:

t =
do · p

20 · σy · s−1 · fw + p
+ fc, (7.1)

where do [mm] is the outer diameter of the cylinder, p [bar] the maximum pressure applied
to it, σy [MPa] the yield strength of the material, s [/] a safety factor, fw [/] a factor
allowing for additional weakening and fc = 0 [mm] the “corrosion allowance”. Note that
the mixture of units is dictated by the standard.
When comparing the thickness and radiation transparency of the two cryostats, having
the same inner wall in both designs restricts the comparison to the remaining components,
i.e. to straightforward considerations about the different design choices for the outer vessel
wall and for the insulation material.

Total radial thickness of the cryostat

The estimated characteristics of the various components discussed above are summarized
in table 7.1.

Table 7.1. Estimated thickness and mass of the main components of a 250mm radially thick
solenoid for an IDEA-like detector magnet, using Cryogel® Z as insulation.

Component Material Thickness [mm] Mass [t]
Inner vessel wall Al-Li 2195-T8 1 0.20
Insulation layer inner wall - inner shield Cryogel® Z 73 0.90
Inner thermal shield Aluminum alloy 2 0.42
Insulation layer inner shield - cold mass Cryogel® Z 23 0.28
Cold mass (including support cylinder) NbTi/Cu in Al/Ni (Al 5083) 53 12.5
Insulation layer cold mass - outer shield Cryogel® Z 22 0.29
Outer thermal shield Aluminum alloy 2 0.44
Insulation layer outer shield - outer wall Cryogel® Z 74 0.98
Outer vessel wall Aluminum alloy 0.1 0.02

Total 250 16

The thickness and mass of the four different stacks of Cryogel® Z is determined by the
radial position of the thermal shield. This is chosen so that the energetic cost to cool
down the magnet is minimized, as will be further explained in section 7.4.
The proposed conceptual design allows to reduce the thickness of the outer vacuum wall
from about 20mm for a conventional cryostat to less than 200µm for our “crumbling”
design. An indicative thickness of 100µm is reported in table 7.1. This way, the 270 mm
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radial envelope of the conventional cryostat is reduced to 250mm. Note that the thick-
nesses of the layers of Cryogel® Z are those of the non-compressed material. Knowing
from sections 4.3.3 and 6.4.3 that Cryogel® Z compresses to approximately 70% of its
original thickness under 1 bar pressure, the total radial thickness of the cryostat can be
expected to reduce from 250 mm to about 190 mm during pumping.
The reduction of mass that comes with the outer wall thickness reduction (∼ 4.8 t) is
partially lost by adding ∼ 2.5 t of Cryogel® Z. However, the mass of a conventional
cryostat is still reduced by about 40%.
In comparison, the honeycomb outer wall proposed by Silva et al. [38] allows for a 70%
reduction of the cryostat mass (14.3 t overall weight of the solenoid system), but the cryo-
stat is in this case significantly less convenient in terms of size reduction. With a 40 mm
outer wall thickness, it exhibits a total radial thickness of approximately 290 mm.

7.3 Radiation thickness
Arguably the key parameter in this comparison is radiation transparency. Based on the
data presented in section 3.2, the radiation thickness of a detector cryostat with Cryogel®
Z as insulation is estimated and compared to those of a conventional one and of the
advanced “honeycomb cryostat” proposed by Silva et al. [38].

As discussed in section 2.1, the radiation thickness is defined as the ratio between the
thickness of a component and the radiation length characteristic of its material:

X =
t

X0
. (7.2)

With the materials composing the different parts of a cryostat identified in the previous
section, the corresponding radiation length values can be used to calculate the total
radiation thickness of the solenoid system.
To ensure that a sufficient amount of particles is able to traverse the solenoid, the target
value for the radiation thickness of cold mass and cryostat for the IDEA-like solenoid is
X ≤ 1.
For Cryogel® Z, since its exact composition is protected by the manufacturer and for the
concentration of each component only an indicative range is provided, the minimum and
maximum possible values of its radiation length were estimated in section 3.2. However,
the difference between the two has only a negligible influence on the total radiation
thickness of the cryostat.
Table 7.2 gives a summary of the estimate of the radiation thickness of the different
cryostat elements. An indicative thickness of 100µm for the outer vessel wall is used in
this analysis: note that the actual thickness of this layer anyway has only a very small
impact on the total radiation transparency of the solenoid.
To allow for a fair comparison, the thicknesses of the cold mass and of the thermal shield
that are proposed in the work by Silva et al. [38] are replaced by our present values
derived for the “Cryogel® Z cryostat”.
With this choice of cold mass and shield, the radiation thickness of the solenoid is estimated
to be X ≃ 1.06 with a conventional cryostat and X ≃ 0.86 with a honeycomb outer wall.
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Table 7.2. Radiation thickness of a 250mm thick solenoid with Cryogel® Z as insulation. Both
the minimum and maximum estimated values of radiation length for Cryogel® Z are shown. The
data for the cold mass are provided by [29].

Component Thickness Radiation length Radiation thickness
t [mm] X0 [mm] X [/]

Inner vessel wall 1 90 0.01
Inner thermal shield 2 90 0.02
Cold mass (including support cylinder) 53 / 0.76
Outer thermal shield 2 90 0.02
Outer vessel wall 0.1 90 0.001
Cryogel® Z insulation 192 1720 (1780) 0.11

Total 250 0.93

A cryostat filled with Cryogel® Z lies in between these two options, with an estimated
solenoid radiation thickness X ≃ 0.93.
When the cold mass is not considered, the radiation thickness of the conventional cryostat
alone is reduced by approximately 50% by the use of Cryogel® Z, from X ≃ 0.30 to
X ≃ 0.16.
However, with a radiation thickness of X ≃ 0.10, the “honeycomb cryostat” allows for a
reduction of 65% with respect to a classical cryostat. To note is that in this estimate, only
the 1.7 mm thickness of the two thin plates composing the honeycomb layer is taken into
account over the 43mm thick outer wall, i.e. the effect of the internal structure of the
wall is assumed to be negligible. The radiation thickness of the multi-layer insulation is
also neglected. In other words, the value of X is slightly larger than 0.10 for this solution.
Since the main goal of the project is to maximize the solenoid radiation transparency,
one could reduce the thickness of the Cryogel® Z layers (at the cost of a higher thermal
load on the cold mass and thus on the refrigerator required).
To obtain the same radiation thickness of the honeycomb cryostat, the total thickness
of the Cryogel® Z insulation must be reduced to about 85 mm, resulting in a ∼ 145 mm
thick solenoid at atmospheric pressure.
The comparison between the four different solutions discussed (classical/honeycomb/two
Cryogel® Z thicknesses) is summarized in table 7.3.

Table 7.3. Radiation thickness of different solenoids cryostat designs proposed for an IDEA-like
detector: a classical design, a cryostat with a honeycomb outer vacuum vessel wall, and two
Cryogel® Z insulated cryostats with radial thickness of 250mm and 145mm, respectively.

Proposed design Solenoid Cryostat Cryostat
radiation radiation radiation

thickness X [/] thickness X [/] thickness reduction [%]
Conventional cryostat 1.06 0.30 /
Honeycomb outer wall 0.86 0.10 65
Cryogel® Z cryostat (250mm) 0.93 0.16 50
Cryogel® Z cryostat (145mm) 0.86 0.10 65
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7.4 Heat loads of the cryostat options

Finally, we compare the different concepts in terms of thermal performance. The heat
loads by conduction through Cryogel® Z inside the mock-up cryostat that are reported in
section 6.4.3 are extrapolated to the surface areas of the cold mass and of the thermal shield
of the IDEA-like solenoid and compared to the corresponding values that are expected when
using MLI insulation in a classical metallic cryostat.

The cryogenic load of the entire magnet depends not only on the one of its bare cryostat,
but also on the layout of the cryogenics, in particular the number of valve boxes, length
of cryogenic lines, positioning of the liquifier, and more. As all this is presently not pre-
cisely known, here we restrict ourselves to the cryogenic load of the cryostat only and we
compare it for different cryostat options.
The heat loads on the cold mass and on the thermal shield vary with the radial position
of the shield itself. By setting the derivative dQ̇c/dx of the cooling cost Q̇c to the shield’s
position x to zero, the shield’s position that minimizes the cooling cost of the cryostat
can be estimated.
For a 250 mm thick cryostat filled with Cryogel® Z, this position is found to be approxi-
mately at 20mm from the cold mass and 70mm from the vacuum vessel (both in- and
outside the coil), when the cryostat is kept at atmospheric pressure (i.e. the enclosed
thermal insulation is not compressed by the 1 bar differential pressure).
Using the thermal conductivity values found in section 6.4.3, the resulting heat loads by
conduction through Cryogel® Z for a cold mass at 4.5K and a thermal shield at 45K
are then estimated as follows:

• Heat load on the cold mass: (220± 50)W;

• Heat load on the thermal shield: (4± 1) kW.

In principle, an additional heat load is present by the conduction through the cold mass
supports (figure 7.1). However, assuming the use of FRP-like supports and estimating
the cross-sectional area required to sustain the weight of the coil, this contribution is
estimated to be lower than some 10 W, i.e. negligible compared to the heat load through
the insulation.
The relatively large uncertainties in the heat loads (estimated as the maximum possible
uncertainties) originate from the propagation of the errors of both our mechanical and
thermal experiments and are particularly influenced by the temperature oscillation of the
heat transfer through Cryogel® Z test conducted with the cryostat mock-up described in
chapter 6. The uncertainty in the radial position of the thermal shield is deemed negligible
in comparison and therefore not taken into account in the propagation.

For the 145mm thick solenoid, obtained by reducing the thickness of the Cryogel® Z
layers in order to lower its radiation thickness, the heat loads through Cryogel® Z are
estimated analogously as:

• Heat load on the cold mass: (500± 100)W;

• Heat load on the thermal shield: (8± 1) kW.

For comparison, the corresponding heat loads of a conventional cryostat that uses the
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well-known multi-layer insulation in vacuum can also be estimated. The heat fluxes for a
cold mass at 4.5 K and a thermal shield at 45 K can be estimated based on conventional,
proven performance of ATLAS and CMS detector cryostats or by using aggressive targets
in principle achievable. Note that these heat loads are very dependent on the details of
the design and in particular to the manufacturing practices. Here we chose values close
to known heat loads in LHC detectors with some anticipation on improvements.
The assumed heat flux to the cold mass wrapped in 10 MLI layers in a practical large-scale
cryostat is 0.1Wm-2, while the one to the thermal shield wrapped in 30 layers of MLI
is 1Wm-2. The realistic heat loads are very much dependent on the quality of the MLI
installation.
By rescaling them to the surface areas of the IDEA solenoid, the heat loads are estimated
20W on the cold mass by radiation and conduction through cold mass supports and
0.2 kW on the thermal shield.
Table 7.4 reports the heat loads estimated for the three design variations discussed.

Table 7.4. Estimated heat loads (rough numbers) on the bare cryostats (i.e. excluding auxiliaries
and external cryogenics) to the cold mass (CM) and to the thermal shield (TS) of the IDEA-like
solenoid for different cryostat designs.

Cryogel® Z, Cryogel® Z, MLI,
250 mm 145 mm 10 layers CM,
solenoid solenoid 30 layers TS

Cold mass temperature [K] 4.5 4.5 4.5
Thermal shield temperature [K] 45 45 45

Cold mass surface area [m2] 150 150 150
Thermal shield surface area [m2] 160 160 160

Heat flux to the cold mass [Wm-2] 0.5± 0.1 0.5± 0.1 ∼ 0.1
Heat flux to the thermal shield [Wm-2] 25± 1 25± 1 ∼ 1

Heat load on the cold mass [W] 220± 50 500± 100 ∼ 20
Heat load on the thermal shield [kW] 4± 1 8± 1 ∼ 0.2

7.5 Conclusion
This chapter seeks to quantify the advantages and disadvantages of the concept of a
radiation thin solenoid cryostat with an external wall that is allowed to “crumble” under
vacuum while supported by the thermal insulation material enclosed within (very much
like a vacuum-sealed coffee beans bag).
The results that were presented in sections 3.2, 4.3.3, 5.3.6, and 6.4.3 are extrapolated
to the geometry of the IDEA detector solenoid, one of the proposed experiments for the
FCC-ee+.
The size, weight, particle transparency, and cryostat heat load of such a solenoid are
estimated and compared to a “classical” solenoid with uniform metallic vessel walls and
to one with a honeycomb-like structured external wall [38].
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The conceptual design presented in this chapter features Cryogel® Z as insulation material.
As discussed earlier in section 4.2.3, the alternative glass microspheres solution envisaged
in this thesis poses serious issues in ease of procurement and cost and it is therefore not
further considered here, though the idea is still worth to investigate.

The IDEA detector is 6 m long with an inner bore of 4 m diameter. The same cold mass
of axial length 5.8m, radial thickness 53mm and total mass 13 t (including the support
cylinder) [29] is considered for the three solenoids here discussed. Moreover, to allow for
a direct comparison between the different insulation materials and outer vacuum walls,
the thickness and weight of the thermal shield and of the inner wall are kept constant in
the analysis.

In terms of physical system thickness, the Cryogel® Z insulated cryostat is, in principle,
the preferred option: using an aluminum foil with a thickness of some 100µm as outer
shell allows to save 20 mm thickness with respect to the uniform metal wall and 40 mm to
the honeycomb sandwich. Moreover, when pumped vacuum, Cryogel® Z compresses to
approximately 70% of its initial height under the differential pressure of 1 bar, allowing for
a cryostat’s radial thickness of about 190mm during operation. Using Cryogel® Z, the
total radial envelope in high vacuum is thus reduced by 30% with respect to a conventional
cryostat. The mass of the cryostat is reduced as well by 40% and the overall one of the
solenoid by approximately 10%. However, an even higher mass reduction is achieved in
a cryostat featuring the honeycomb-like outer wall and one should furthermore consider
that the total thickness of the “honeycomb solenoid” can also be reduced if higher heat
loads are accepted in the magnet, thus matching the advantage offered by Cryogel®
Z.

In terms of particle transparency, the Cryogel® Z insulated cryostat constitutes a better
solution than the conventional one, with a radiation thickness for the overall solenoid of
X = 0.93 instead of X = 1.06. The cold mass itself, with X = 0.76, still has the biggest
impact on the transparency of the overall magnet system. The radiation thickness of
the cryostat alone is reduced by 50% for our “crumbling-type of” cryostat, due to the
comparatively high radiation length of Cryogel® Z (estimated X0 = 170 cm): even when
filling the cryostat with it, a significant gain in terms of particle transparency is achieved
thanks to the considerable reduction in thickness of the metallic outer wall from 20 mm
to some 0.1mm.
Nevertheless, the honeycomb-sandwich plate based cryostat has yet a higher transparency.
In this case, the cryostat’s radiation thickness is reduced by 65%, resulting in a total
X ≃ 0.86 for the solenoid. However, to note that the multi-layer insulation and the
honeycomb interior of the 40mm thick external wall have both been neglected in the
estimate. The radiation thickness of the external vacuum wall is then obtained considering
only the uniform outer and inner plates of the sandwich (each 2mm thick). Moreover,
to note also that the radiation transparency of the honeycomb wall is non-uniform. The
amount of material traversed by the particles is in fact very much dependent on the angle
of their trajectories and on the exact layout of the intermediate layers of the honeycomb
structure.

The radiation thickness of the magnet can obviously also be reduced to the value of
X = 0.86 in the case of the Cryogel® Z insulated cryostat, simply by reducing the
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amount of insulation material, but this comes at the cost of higher thermal loads on
the cold mass and on the thermal shield. However, the cryogenic load of the cryostat
of a detector magnet is not a primary concern, since it is relatively small to the overall
cryogenic load of the detector and of the entire accelerator complex. This solution would
result in a 145 mm thick solenoid, further compressed to 120 mm by the vacuum pressure
during operation.

As we knew beforehand, Cryogel® Z can clearly not compete with MLI in terms of thermal
performance and the higher energetic cooling cost that comes from filling the cryostat
with bulk material (Cryogel® Z) was therefore roughly anticipated at the beginning of
this research project. The choice of introducing a Cryogel® Z thickness is therefore only
justified by the radiation transparency.
The 250 mm Cryogel® Z insulated solenoid that allows for a radiation thickness of X ≃
0.93 exhibits a heat load on the 4.5K cold mass of approximately (220 ± 50)W and of
about (4± 1) kW on the 45 K thermal shield. At the cost of approximately doubling these
thermal loads, the radiation thickness of the solenoid can be reduced to the one of the
honeycomb-plate based one (X ≃ 0.86).

Bottom line, we can state that the Cryogel® Z and honeycomb concepts offer comparable
advantages in terms of transparency, but that the latter one may be significantly more
economical in terms of cooling cost, as well as technically more reliable.
Having said this, the disadvantages deriving from the use of a bulk insulation material
might be mitigated using hollow glass microspheres instead. Their radiation thickness
and thermal conductivity could, in principle, be lower than those of Cryogel® Z (as dis-
cussed in sections 3.2 and 5.4, respectively) and should therefore be further investigated
experimentally.
However, both Cryogel® Z and glass spheres require a challenging further mechanical
design effort. Significant additional research has to be embarked upon in order to solve
the issues that have been illustrated here. The main challenge consists in preventing the
outer cryostat wall from tearing under vacuum. The thin foil must withstand repeatedly
the complex stress distribution deriving from its corrugation, which is foreseen to become
particularly critical in proximity of the relatively thick end flanges that are welded to it.
Free-flowing glass microspheres aggravate the problem with their tendency to move to-
wards the bottom of the vessel throughout different vacuum cycles.
A last aspect to note, albeit less critical, is the slight displacement of the thermal shield
and of the cold mass under vacuum, due to the compression of the insulation material.
This leads to two issues that must be addressed: the consequent movement of their cooling
pipes and the bending stress acting on the cold mass supports.

In general, we conclude that, even if the corrugating cryostat studied in this thesis satisfies
the radiation transparency requirement set by the project, the alternative design that
uses an outer honeycomb shell is likely to be mechanically more reliable and easier to
achieve, being based on well-known technologies, as well as more cost-efficient.
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Chapter 8

Conclusion

In the frame of the Future Circular Collider study at CERN, the so-called IDEA detector
concept has been proposed in order to reduce the stored magnetic energy roughly by a factor
4 and the cost of the FCC-ee+ detector magnet by a factor 2, essentially by installing
the calorimeter around the solenoid and thus having the solenoid surrounding the inner
tracking detector directly. The concept also constitutes a promising option for the much
longer-term project FCC-hh scheduled for operation beyond year 2060.
However, in this design the detector solenoid’s cold mass and cryostat need to be as
radiation transparent as possible.
In this thesis a novel conceptual design of a cryostat that satisfies this transparency
requirement is described and its feasibility for the Future Circular Collider is investigated.
The study emphasizes the need to compromise between the overall radiation thickness of
the magnet on the one hand, and the energy consumption of its cryogenic cooling system
on the other.

The proposed cryostat’s conceptual design is based on minimizing the radial envelope of
its outer vacuum wall, which in a conventional cryostat accounts for most of its overall
radiation thickness.
The outer metal shell needed for vacuum tightness is reduced to an aluminum-alloy foil
of order 100 µm thickness that has no mechanical support function. Instead, the thermal
insulation in-between the cryostat’s walls sustains the vacuum pressure.
Of course, this concept poses a number of additional and severe requirements that the
insulation material of choice must meet.
As likely candidate materials, Cryogel® Z and glass microspheres (for example 3M™

spheres type K1) were pre-selected and tested in-house. Based on the test results, a
conceptual design of a cryostat with an axial length of 6m and an inner bore diameter
of 4 m — corresponding to the needs of an FCC-ee+ detector — was formulated and its
mechanical, transparency- and thermal performance were evaluated.
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8.1. MECHANICAL PERFORMANCE

8.1 Mechanical performance

In the so-called “crumbling cryostat” concept (after the case of vacuum sealed coffee beans
in an aluminum foil based bag), the differential pressure that acts on the walls of the
cryostat when this is pumped vacuum is supported by the enclosed insulation material.
Therefore, K1 glass spheres and Cryogel® Z blankets were mechanically tested under 1 bar
uniaxial compressive load, mimicking the load on a cryostat with rigid end-flanges in high
vacuum (i.e. with only a radial stress component acting on the insulation material).

In the experiments on K1 glass spheres, the height of the test batch was reduced by ap-
proximately 2% after one full loading cycle up to 1 bar and back down. The corresponding
stress-strain curves show that this reduction is not only due to an increase in the packing
factor resulting from the compression, but also to the failure of a portion of the spheres.
A sudden variation in slope is observed at 0.2 bar: below this value, the effective Young’s
modulus of the glass powder is estimated at about 20MPa, but this value reduces to
roughly 5MPa at 1 bar. Microscopy analysis of the compressed sample confirmed that,
especially in the top layer of the batch, part of the spheres got crushed during the test.
Moreover, such a slope variation of the σ(ε) curves was also observed for all the sub-
sequent loading-unloading cycles, indicating a progressive degradation of the material.
For a detector solenoid cryostat this can constitute a problem, especially in the case of
multiple vacuum cycles: crushed glass would tend to migrate towards the bottom of the
cryostat, leaving other parts less supported, while a layer of broken debris would increase
the thermal load by conduction inside the cryostat.
Note that even intact spheres will easily adjust and move onto the base of the cryostat
when the external wall contracts and expands under multiple vacuum cycles, with the
risk of enlarging its bottom and, once again, leaving unsupported areas at its top. As
possible solution for the gradual shifting of the glass powder inside the cryostat, it was
proposed to use “retaining” bags that divide the vacuum space into smaller compartments
and thus keep the microspheres in position. However, this requires extra research into
the material of the bags, since they also would have to meet the mechanical, thermal and
transparency requirements.
The manufacturer states an isostatic crushing strength of 17 bar for K1 glass microspheres.
When analyzing why part of the spheres already failed at 0.2 bar, it is important to realize
that hollow spheres react differently to uniaxial and isostatic loads. In particular, unlike
isostatic compression, the ultimate strength of a hollow sphere loaded under uniaxial
pressure is strongly related to its wall thickness.
Our SEM analysis showed that the investigated spheres’ diameter ranges from 3µm to
125µm. Such a relatively wide distribution makes it difficult to predict how the K1 glass
microspheres will behave in a large-scale cryostat. For our purpose, it would be ideal to
find a supplier of glass spheres free of wide spread dimensions, and therefore more uniform
in mechanical properties, for acceptable cost. The diameter needed to find good balance
between the mechanical and thermal properties of the spheres needs further investigation,
which may require experimental study. To our knowledge, powders of uniform-sized glass
spheres exist, but unfortunately at very high cost. It was therefore decided to prioritize
Cryogel® Z over the K1 glass microspheres for further testing.

Several tests of Cryogel® Z were conducted at different load levels, temperatures and
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gas pressures. Irrespective of the environmental factors, the strain state of the material
under 1 bar uniaxial compression was reproducibly found to be about 30%. The value
corresponds to an effective Young’s modulus of 0.4 MPa, i.e. about ten times lower than
the one found for K1 microspheres. This significant deformation of the material was later
taken into account in the analysis of the heat flux through Cryogel® Z.
After unloading, Cryogel® Z was systematically found to retain a compressive strain level
of about 10%, although this quasi “plastic” deformation component tends to relax to zero
after several days.

8.2 Radiation transparency

The main driver behind the so-called “crumbling cryostat” concept is to drastically increase
the transparency of the cryostat’s outer vacuum wall by making it considerably thinner
(from approximately 20mm to some 100µm) and by filling the vacuum space with a
thermal insulation material that is also able to support the pressure difference.

In order to gain in terms of overall transparency, this filler material must have a high
radiation length X0. This length was theoretically estimated for both glass microspheres
and Cryogel® Z. With X0 values of about 300 cm to 500 cm and 170 cm, respectively,
both materials are indeed highly radiation transparent compared to other components in
the solenoid system (for example, aluminum has a radiation length of 9 cm and stainless
steel of 1.8 cm).

The total radiation thickness of the cryostat can be minimized not only by using highly
transparent materials, but also simply by reducing the radial size of various cryostat
components. Of course, reducing the thickness of the insulation layers will cause an
increase in the heat load on the thermal shield and on the cold mass, resulting in a higher
energetic cost to keep the magnet cold in operational condition. When dimensioning
the cryostat, an optimal compromise between particle transparency and cryogenic cost
must therefore be sought. Establishing such an optimal solution falls outside the scope of
this thesis but, to illustrate the process, two proposals were presented for a Cryogel® Z
insulated cryostat. They can both be compared to a solenoid with 270 mm radial envelope
and 1.06 radiation thickness that comprises a conventional thick-walled cryostat.
The first option presented is a 250mm thick solenoid of radiation thickness 0.93. Under
vacuum, its thickness further reduces to 190 mm, due to the compression of Cryogel® Z.
When considering the cryostat alone (i.e. without the cold mass), its thickness during
operation is reduced by 30% with respect to the conventional cryostat, while its mass by
40% and its radiation thickness by 50%.
The second solenoid proposed has a thickness of 145 mm, further reduced to 120 mm under
vacuum, and a radiation thickness of 0.86. In this case, the cryostat alone is 65% more
transparent than the conventional one and its thickness during operation is reduced by
45%.

Note that for a cryostat insulated with glass spheres, based on their estimated radiation
length, the overall cryostat’s radiation transparency can in principle be expected to be
significantly higher than that of a Cryogel® Z insulated cryostat.

151



8.3. THERMAL PROPERTIES

8.3 Thermal properties
In light of their observed mechanical behavior, the thermal properties of the K1 type
glass microspheres were not tested at CERN. A further reason for this decision is that,
due to the wide size and wall thickness distributions of the spheres, the effective thermal
conductivity can only be tested as an average property of a given batch. Moreover, since
these parameters vary with the thickness of the layer tested, the thermal performance
in a large-scale cryostat is likely to be substantially different from that observed in a
small-scale test.

The thermal conductivity of Cryogel® Z was tested first on 20mm diameter samples
placed in vacuum and submitted to 1 bar compression, with 273 K and 3 K as boundary
temperatures. Under these conditions, the conductivity value was found to be (0.21 ±
0.06)mWm-1 K-1 at 10 K (i.e. close to the operational temperature of a typical detector
magnet’s cold mass) and (1.7± 0.2) mW m-1 K-1 at around 40 K (the expected temperature
of the cryostat’s thermal shield).

The heat flux through Cryogel® Z was then also analyzed in a much larger-scale and
thus more realistic mock-up cryostat realized at CERN, designed to be representative of
the mechanical and thermal conditions envisaged in the detector solenoid. The thermal
conductivity in the range of 30 K to 80 K was found to be comparable to that obtained for
small samples within the uncertainty of the experiments. For an operational temperature
of 45 K for the thermal shield and of 4.5 K for the cold mass, the corresponding heat flux
was estimated to be (25± 1)W m-2 from the vacuum vessel’s walls to the thermal shield
and (0.5± 0.1)W m-2 from the shield to the cold mass.

These values were used to estimate the expected heat load in both designs proposed for
the detector solenoid. The position of the thermal shield was chosen such that it minimizes
the overall cooling cost of the solenoid. For a 250mm thick cryostat, the heat load is
estimated at (4 ± 1) kW on the thermal shield and at (220 ± 50)W on the cold mass.
Reducing the cryostat thickness (for greater particle transparency) to 145mm increases
these heat load values to (8 ± 1) kW and to (500 ± 100)W, respectively. Although the
cooling cost must remain reasonable, radiation transparency is in principle the guiding
requirement of a detector solenoid when directly enclosing the inner tracking detector.
Moreover, one could reason that the cooling cost of the detector is not critical compared
to the overall cryogenic requirement of the entire accelerator.

8.4 Feasibility of a glass microspheres/Cryogel® Z in-
sulated cryostat and future research

In light of the observations made above, to further develop the study initiated in this
thesis work several aspects have to be studied in more detail, the main ones being:

• Experimental determination of the radiation length of both glass microspheres and
Cryogel® Z;

• Extensive testing of the mechanical and thermal properties of uniform-sized glass
microspheres;
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• Further mechanical testing of Cryogel® Z: reproducibility of the results, microscopy
observation of the samples after compression, investigation for possible creep be-
havior;

• Further testing of Cryogel® Z effective thermal conductivity in order to:

– Perform a sensitivity analysis to investigate its dependency on the chemical
composition of the material;

– Reduce the relatively large uncertainty caused by our mock-up setup;

– Take into consideration the heat load by radiation between Cryogel® Z and
the surrounding environment;

• Deeper analysis of Cryogel® Z thermal shrinkage;

• Research into viable materials for compartmentalization bags to prevent excessive
migration of glass spheres;

• Experimental determination of the minimal foil thickness required to prevent rupture
of the outer vacuum envelope, especially in the vicinity of rigid end flanges.

However, it should be noted that in parallel to the present “crumbling cryostat” study,
a conceptual design for a more traditional yet advanced FCC detector solenoid cryostat
was developed at CERN within the same R&D team [38]. This alternative design aims
to reduce the radiation length of the cryostat by using a honeycomb outer vessel wall. It
was found that such a cryostat can also meet the transparency requirement, might be
mechanically more reliable and has a lower cryogenic cost (since it is still possible to use
MLI).
Glass microspheres and Cryogel® Z remain viable insulation materials that are indeed
already widely used for their thermal properties. However, in the case of an IDEA-like
detector solenoid, if a higher cooling cost of the solenoid is accepted for the Cryogel® Z
insulated cryostat, the significant reduction of thickness that can be reached with it can
likely be achieved with the honeycomb-based option as well, by reducing the number of
MLI layers.
In conclusion we can state that at the present R&D stage and in comparison with the
honeycomb solution, the combination of glass microspheres or Cryogel® Z with a so-
called “crumbling” vacuum vessel wall likely poses significant challenges for the design
and manufacturing of an FCC IDEA-type of detector magnet cryostat.
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Appendix A

Capacity map data of the
Cryomech® PT420 cryocooler

The test setup designed at CERN to estimate the heat transferred through Cryogel® Z
inside a cryostat comprises a two-stage Cryomech® PT420 cryocooler. In order to evaluate
the test results, the cooling capacities of the cryocooler are determined through an in-house
test. The appendix presents the values of heating power applied to both cryocooler stages
and the corresponding measured temperatures on the two cold heads. Since the recorded
temperatures show a rather big oscillation, which can be considered the main source of
measurement uncertainty, the average temperatures and their standard deviations over
the oscillation are here reported, as discussed in section 6.2.5.

Table A.1. Heating power corrected for parasitic loads and corresponding average temperatures
of both stages of the Cryomech® PT420 cryocooler. The uncertainty in heating power due to
the instrumentation (6 1

2
digit Agilent 34401A multimeters) is estimated at 0.1% of the heat load

applied over the entire measurement range, for both stages. This estimate neglects the uncertainties
in losses by radiation and conduction. The uncertainty estimates in temperature shown are due
to the temperature oscillation caused by an inner behavior of the cryocooler and correspond to
the standard deviation of the temperature profile.

1st stage
power
[W]

2nd stage
power
[W]

1st stage
temperature

[K]

2nd stage
temperature

[K]
0.67 0.00 25.0 ± 0.7 2.8 ± 0.1
0.67 0.25 25.1 ± 0.7 3.1 ± 0.1
0.67 0.50 25.2 ± 0.7 3.3 ± 0.2
0.67 0.75 25.3 ± 0.7 3.6 ± 0.2
0.67 1.01 25.4 ± 0.7 3.8 ± 0.2
0.67 1.25 25.4 ± 0.7 3.9 ± 0.2
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Table A.1 continued from previous page
1st stage
power
[W]

2nd stage
power
[W]

1st stage
temperature

[K]

2nd stage
temperature

[K]
0.67 1.51 25.5 ± 0.7 4.2 ± 0.2
0.67 1.74 25.6 ± 0.7 4.4 ± 0.2
0.67 1.97 25.7 ± 0.7 4.5 ± 0.3

5.48 0.00 25.6 ± 0.7 2.8 ± 0.1
5.48 0.25 25.6 ± 0.7 3.1 ± 0.1
5.48 0.50 25.8 ± 0.7 3.3 ± 0.2
5.48 0.75 25.9 ± 0.7 3.5 ± 0.2
5.48 1.01 26.0 ± 0.7 3.8 ± 0.2
5.48 1.25 26.2 ± 0.7 3.9 ± 0.2
5.48 1.51 26.2 ± 0.7 4.1 ± 0.2
5.48 1.74 26.3 ± 0.6 4.3 ± 0.2
5.48 2.00 26.5 ± 0.6 4.5 ± 0.3
5.48 2.24 26.6 ± 0.6 4.6 ± 0.3

10.49 0.00 26.2 ± 0.7 2.8 ± 0.1
10.49 0.25 26.3 ± 0.6 3.1 ± 0.2
10.49 0.50 26.4 ± 0.6 3.3 ± 0.2
10.49 0.75 26.5 ± 0.6 3.5 ± 0.2
10.49 1.00 26.7 ± 0.6 3.8 ± 0.2
10.49 1.25 26.8 ± 0.6 4.0 ± 0.2
10.49 1.50 27.0 ± 0.6 4.1 ± 0.2
10.49 1.76 27.1 ± 0.6 4.3 ± 0.3
10.49 2.01 27.3 ± 0.6 4.5 ± 0.2
10.49 2.25 27.4 ± 0.6 4.6 ± 0.3

15.42 0.00 26.9 ± 0.7 2.8 ± 0.1
15.42 0.25 27.1 ± 0.6 3.0 ± 0.1
15.42 0.50 27.2 ± 0.6 3.3 ± 0.2
15.42 0.75 27.4 ± 0.6 3.5 ± 0.2
15.42 1.00 27.5 ± 0.5 3.8 ± 0.2
15.42 1.25 27.6 ± 0.6 3.9 ± 0.2
15.42 1.50 27.8 ± 0.6 4.1 ± 0.2
15.42 1.75 28.0 ± 0.6 4.3 ± 0.2
15.42 2.00 28.2 ± 0.6 4.5 ± 0.3
15.42 2.24 28.4 ± 0.6 4.6 ± 0.3

19.99 0.00 27.8 ± 0.6 2.8 ± 0.1
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Table A.1 continued from previous page
1st stage
power
[W]

2nd stage
power
[W]

1st stage
temperature

[K]

2nd stage
temperature

[K]
19.99 0.25 27.9 ± 0.6 3.1 ± 0.2
19.99 0.50 28.0 ± 0.6 3.3 ± 0.2
19.99 0.75 28.3 ± 0.6 3.5 ± 0.2
19.99 1.01 28.5 ± 0.6 3.7 ± 0.2
19.99 1.25 28.6 ± 0.5 3.9 ± 0.2
19.99 1.51 28.8 ± 0.5 4.1 ± 0.2
19.99 1.75 29.0 ± 0.5 4.3 ± 0.2
19.99 2.00 29.1 ± 0.5 4.5 ± 0.2
19.98 2.25 29.4 ± 0.5 4.6 ± 0.3

25.28 0.00 28.8 ± 0.6 2.8 ± 0.1
25.28 0.25 29.0 ± 0.5 3.1 ± 0.2
25.28 0.50 29.1 ± 0.5 3.3 ± 0.2
25.28 0.75 29.3 ± 0.5 3.5 ± 0.2
25.28 1.00 29.6 ± 0.5 3.7 ± 0.2
25.28 1.25 29.8 ± 0.5 3.9 ± 0.2
25.28 1.50 29.9 ± 0.5 4.1 ± 0.2
25.28 1.76 30.2 ± 0.5 4.3 ± 0.2
25.28 2.01 30.3 ± 0.5 4.5 ± 0.3
25.28 2.25 30.5 ± 0.5 4.6 ± 0.3

29.71 0.00 29.8 ± 0.5 2.8 ± 0.1
29.71 0.25 30.1 ± 0.5 3.1 ± 0.2
29.71 0.50 30.2 ± 0.5 3.3 ± 0.2
29.71 0.75 30.4 ± 0.5 3.5 ± 0.2
29.71 1.01 30.7 ± 0.5 3.7 ± 0.2
29.71 1.25 30.8 ± 0.5 3.9 ± 0.2
29.71 1.51 31.1 ± 0.5 4.1 ± 0.2
29.71 1.75 31.3 ± 0.5 4.3 ± 0.2
29.71 2.00 31.4 ± 0.5 4.5 ± 0.3
29.71 2.25 31.7 ± 0.4 4.6 ± 0.3

35.15 0.00 31.2 ± 0.5 2.9 ± 0.1
35.15 0.25 31.2 ± 0.5 3.1 ± 0.2
35.15 0.50 31.5 ± 0.5 3.4 ± 0.2
35.15 0.75 31.7 ± 0.5 3.6 ± 0.2
35.15 1.00 31.9 ± 0.4 3.8 ± 0.2
35.15 1.25 32.2 ± 0.5 4.0 ± 0.2
35.15 1.51 32.4 ± 0.4 4.1 ± 0.2
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Table A.1 continued from previous page
1st stage
power
[W]

2nd stage
power
[W]

1st stage
temperature

[K]

2nd stage
temperature

[K]
35.15 1.76 32.6 ± 0.4 4.3 ± 0.2
35.15 2.01 32.9 ± 0.4 4.4 ± 0.3
35.15 2.25 33.1 ± 0.4 4.6 ± 0.3

39.41 0.00 32.3 ± 0.4 2.9 ± 0.2
39.41 0.25 32.4 ± 0.4 3.2 ± 0.2
39.41 0.50 32.7 ± 0.4 3.4 ± 0.2
39.41 0.75 32.9 ± 0.4 3.6 ± 0.2
39.40 1.01 33.2 ± 0.4 3.8 ± 0.2
39.40 1.25 33.5 ± 0.4 3.9 ± 0.2
39.40 1.51 33.7 ± 0.4 4.1 ± 0.2
39.40 1.75 33.9 ± 0.4 4.3 ± 0.3
39.40 2.00 34.2 ± 0.4 4.4 ± 0.3
39.40 2.25 34.4 ± 0.4 4.6 ± 0.3

45.01 0.01 33.8 ± 0.4 3.0 ± 0.2
45.01 0.25 34.0 ± 0.4 3.2 ± 0.2
45.01 0.50 34.2 ± 0.4 3.4 ± 0.2
45.01 0.75 34.4 ± 0.4 3.6 ± 0.2
45.01 1.00 34.7 ± 0.4 3.8 ± 0.2
45.01 1.25 34.9 ± 0.4 4.0 ± 0.2
45.01 1.51 35.2 ± 0.3 4.1 ± 0.2
45.01 1.76 35.5 ± 0.3 4.3 ± 0.3
45.01 2.01 35.7 ± 0.3 4.5 ± 0.3
45.01 2.25 36.0 ± 0.3 4.6 ± 0.3

48.96 0.01 40.7 ± 0.2 2.6 ± 0.1
48.96 0.25 40.9 ± 0.2 2.9 ± 0.1
48.96 0.50 41.1 ± 0.2 3.1 ± 0.2
48.96 0.75 41.5 ± 0.2 3.4 ± 0.2
48.96 1.01 41.7 ± 0.2 3.6 ± 0.2
48.96 1.27 42.0 ± 0.2 3.8 ± 0.2
48.96 1.51 42.3 ± 0.2 4.0 ± 0.2
48.96 1.75 42.5 ± 0.2 4.2 ± 0.2
48.96 2.00 42.9 ± 0.2 4.3 ± 0.3
48.96 2.25 43.1 ± 0.2 4.5 ± 0.3

55.71 0.01 44.15 ± 0.01 2.57 ± 0.01
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Table A.1 continued from previous page
1st stage
power
[W]

2nd stage
power
[W]

1st stage
temperature

[K]

2nd stage
temperature

[K]
55.72 0.26 44.50 ± 0.01 2.84 ± 0.01
55.69 0.51 44.76 ± 0.01 3.10 ± 0.01
55.68 0.76 44.99 ± 0.01 3.34 ± 0.01
55.69 1.01 45.29 ± 0.01 3.57 ± 0.01
55.75 1.26 45.33 ± 0.01 3.76 ± 0.01
55.73 1.51 45.54 ± 0.01 3.95 ± 0.01
55.72 1.76 45.75 ± 0.01 4.11 ± 0.01
55.72 2.01 46.11 ± 0.01 4.30 ± 0.01
55.71 2.26 46.45 ± 0.01 4.47 ± 0.01

61.63 0.01 46.65 ± 0.01 2.568 ± 0.005
61.73 0.27 47.12 ± 0.01 2.86 ± 0.01
61.84 0.52 47.43 ± 0.01 3.12 ± 0.01
62.16 0.77 47.72 ± 0.01 3.35 ± 0.01
61.31 1.01 47.48 ± 0.01 3.55 ± 0.01
61.27 1.26 47.82 ± 0.01 3.75 ± 0.01
61.24 1.51 48.05 ± 0.01 3.94 ± 0.01
61.22 1.76 48.27 ± 0.01 4.11 ± 0.01
61.36 2.01 48.56 ± 0.01 4.30 ± 0.01
61.47 2.26 48.87 ± 0.01 4.47 ± 0.01
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Nomenclature

List of abbreviations
OFHC™ Oxygen-Free High thermal Conductivity (copper).

ReBCO Rare Earth (commonly yttrium or gadolinium) Barium Copper Oxide, a
high temperature superconducting compound.

ALICE A Large Ion Collider Experiment.

ATLAS A Toroidal LHC Apparatus.

ATLAS CS ATLAS Central Solenoid.

BESS Balloon-borne Experiment with a Superconducting Spectrometer.

BSCCO Abbreviation of Bi2Sr2Can-1CunO2n+4+x, a high temperature supercon-
ducting compound.

CEA Commissariat à l’Energie Atomique et aux Energies Alternatives.

CERN European Organization for Nuclear Research.

CLD CLIC-Like Detector.

CLIC Compact LInear Collider.

CM Cold Mass.

CMS Compact Muon Solenoid.

CZ Cryogel® Z.

DESY Deutsches Elektronen-SYnchrotron.

ECAL Electromagnetic CALorimeter.

EM Electro-Magnetic.

EMB Low-alkali glass beads of 10µm maximum diameter, page 67.

FCC Future Circular Collider.

FCC-ee+ Electron-positron Future Circular Collider.
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NOMENCLATURE

FCC-eh Electron-hadron Future Circular Collider.

FCC-hh Hadron-hadron Future Circular Collider.

FEM Finite Element Method.

FGB Soda-lime glass beads of 50µm to 1mm diameter, page 67.

FNAL Fermi National Accelerator Laboratory.

FRP Fiber-Reinforced Plastic.

GFRP Glass Fiber Reinforced Epoxy.

HCAL Hadron CALorimeter.

HGM Hollow Glass Microspheres.

HL-LHC High Luminosity Large Hadron Collider.

HTS High-Temperature Superconductors.

IDEA International Detector for Electro-positron Accelerator.

ILC International Linear Collider.

INFN Istituto Nazionale di Fisica Nucleare.

IP Interaction Point.

KEK High Energy Accelerator Research Organization.

LAr Liquid argon.

LEP Large Electron-Positron Collider.

LHC Large Hadron Collider.

LHCb Large Hadron Collider Beauty.

LHe Liquid helium.

LN2 Liquid nitrogen.

LTS Low-Temperature Superconductors.

MLI Multi-Layer Insulation.

NASA National Aeronautics and Space Administration.

PDG Particle Data Group.

PET Polyethylene terephthalate.

ppm Parts Per Million.

PTR Pulse Tube Refrigerator (or pulse tube cryocooler).

RF Radio-Frequency.

RRR Residual-Resistivity Ratio.
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NOMENCLATURE

SEM Scanning Electron Microscope.

TS Thermal shield.

TVO Carbon ceramic temperature sensor.

UTS Universal Testing Machine.

List of symbols
α Constant used to estimate the radiation length of an element, page 37.

αMLI Empirically determined factor for the MLI on the thermal shield of the
LHC cryostats, page 100.

β Ratio of particle velocity to speed of light, page 37.

βMLI Empirically determined factor for the MLI on the thermal shield of the
LHC cryostats, page 100.

∆ Used in combination with other symbols to identify the variation of the
quantity.

δ Used in combination with other symbols to identify the variation of the
quantity.

ṁN2
Boil-off flow rate of nitrogen gas.

Q̇ Heat load per unit time [W].

q̇ Heat flux (heat load per unit time and unit area) [Wm-2].

Q̇APP Heat load per unit time applied through heaters in the cryostat mock-up,
page 94.

Q̇CZ Heat load per unit time transferred through Cryogel® Z in the cryostat
mock-up, page 114.

Q̇c Cooling cost of a cryostat, page 144.

Q̇INS Heat load per unit time transferred through the insulation material in the
cryostat mock-up, page 94.

Q̇PT Cooling capacity of the Cryomech® PT420 cryocooler at given set of cold
heads temperatures, page 94.

ℓ Length.

ℓchamb Length of the cold mass test chamber for the thermal conductivity measure-
ments of 3M™ K1 glass microspheres at the NASA Kennedy Space Center,
page 76.

ϵp Effective emittance of a volume of hollow glass microspheres, page 65.

γ Surface energy of the solid material composing a microsphere, page 66.

Λ Thermal conductivity integral.
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NOMENCLATURE

λ Thermal conductivity.

λcyl Effective thermal conductivity of a cylindrical wall, page 76.

λe Effective thermal conductivity experimentally obtained through the so-
called “thermal conductivity differential method”, page 80.

λp Effective thermal conductivity of a powder of hollow glass microspheres,
page 65.

λrad Radiative conductivity of a volume of microspheres, page 65.

λsol Solid conductivity of a volume of microspheres, page 65.

λw Thermal conductivity of the solid material of a sphere’s wall.

µ Friction coefficient, page 56.

µ0 Magnetic permeability of vacuum, page 20.

ν Poisson’s ratio of a material.

T Mean temperature, page 80.

ρb Mass density of the bulk material composing the wall of a microsphere,
page 38.

ρcoil Effective density of a coil, page 20.

ρp Effective density of a volume (powder) of microspheres, page 38.

ρs Effective density of a single microsphere, page 38.

σ Mechanical stress.

σh Hoop stress, page 20.

σz Axial stress in a coil, page 20.

σB Stefan-Boltzmann constant.

σeq Von Mises stress, page 20.

σi,cr Critical isostatic stress of a hollow glass microsphere, page 50.

σi Mechanical stress on a microsphere subjected to uniform isostatic compres-
sion, page 50.

σu Mechanical stress on a microsphere subjected to uniaxial force, page 51.

σy Yield strength.

B Magnetic field vector, page 3.

E Electrical field vector, page 3.

FL Lorentz force vector, page 3.

v Particle velocity vector, page 3.
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NOMENCLATURE

ε Mechanical strain.

εθ Tangential strain, page 45.

εr Radial strain, page 45.

ϑ Solid fraction of a volume of hollow glass microspheres, page 65.

ζ Parameter representing the average excitation and ionization potential of
an absorber material, page 36.

A Area.

a Aspect ratio.

Aa Atomic mass of an absorber element, page 37.

A0 Average atomic mass of a compound, page 40.

ACZ Cross-sectional area of the Cryogel® Z samples in the cryostat mockup,
page 118.

ai Coefficient of the i-th term of a polynomial.

Aj Atomic mass of the jth constituent atom of a compound, page 40.

Alid Cross sectional area of the vessel lid of the cryostat mock-up, page 119.

B Magnetic field, page 2.

b Parameter proportional to the atomic number of an element, used to esti-
mate its radiation length, page 38.

Bc2 Upper critical magnetic field of a superconductor, page 2.

c Speed of light, page 36.

Crad Temperature-independent constant used to estimate the radiative conduc-
tivity of a volume of hollow glass microspheres, page 65.

Csol Temperature-independent constant used to estimate the solid conductivity
of a volume of hollow glass microspheres, page 66.

d Diameter.

dcb Diameter at the cold boundary temperature.

do Outer diameter.

dwb Diameter at the warm boundary temperature.

E Young’s modulus of elasticity of a material.

e Electron charge, page 36.

Ep Energy of a charged particle, page 35.

Ebeam Beam energy, page 3.

175



NOMENCLATURE

Ee Effective Young’s modulus of a material, page 45.

Estored Electromagnetic stored energy, page 20.

F Force.

Fbolt Bolt loading force measured in the cryostat mock-up, page 119.

fc Factor allowing for corrosion of a vacuum cryogenic vessel, as expressed by
the standard EN13458-2, page 141.

Fu Uniaxial force applied to a glass microsphere, page 51.

fw Factor allowing for additional weakening of a vacuum cryogenic vessel, as
expressed by the standard EN13458-2, page 141.

g Gravitational acceleration.

H Specific thermal enthalpy of a coil, page 20.

hp Height of a batch of microspheres, page 66.

hi Initial height.

HN2 Heat of vaporization of nitrogen gas, page 76.

I Current.

J Current density.

Lrad Parameter characteristic of an element, used to estimate its radiation length,
page 38.

L
′

rad Parameter characteristic of an element, used to estimate its radiation length,
page 38.

m0 Electron mass, page 36.

mcoil Mass of a coil, page 20.

mlid Mass of the vessel lid of the cryostat mock-up, page 119.

N Number density of the atoms of an absorber element, page 36.

N0 Total number of moles of a compound, page 40.

NMLI Number of MLI reflective layers, page 100.

NA Avogadro number, page 37.

Nj Number of moles of the jth element of a compound, page 40.

p Applied mechanical pressure.

pm Magnetic pressure, page 20.

pCZ Pressure applied to the Cryogel® Z samples in the cryostat mock-up,
page 118.
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NOMENCLATURE

patm Atmospheric pressure.

pi,cr Critical buckling pressure of a glass microsphere subjected to isostatic
compression, page 50.

pi Isostatic pressure applied to a hollow microsphere, page 50.

q Particle charge, page 3.

R Resistance.

r Radius.

rc Radius of the circular contact area between two microspheres subjected to
an external normal force, page 66.

racc Radius of curvature of a particle accelerator.

rcoil Radius of a coil, page 20.

re Electron radius, page 37.

S Specific energy loss (or linear stopping power) of a charged particle in an
absorber, page 35.

s Safety factor, page 141.

T Temperature.

t Thickness.

T1 Operating temperature of a coil before quenching, page 20.

T2 Average coil temperature after the full energy absorption that follows a
quench, page 20.

Tcb Cold boundary temperature.

Tc Critical temperature of a superconductor, page 2.

Twb Warm boundary temperature.

tw Wall thickness.

U Voltage drop.

v Particle velocity, page 36.

Vcoil Volume of a coil, page 20.

wj Fraction by weight of the jth element of a compound, page 39.

X Radiation thickness.

x, y, z Cartesian coordinates.

X0 Radiation length of a material.

x0 Initial position of the piston of the UTS machine, page 44.
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NOMENCLATURE

Xj Radiation length [g cm-2] of the jth element of a compound, page 39.

xp Displacement of the piston of the UTS machine, page 44.

Z Atomic number of an absorber element, page 36.

zp Atomic number of a particle, page 36.
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