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Abstract— FRESCA?2 is a dipole magnet dedicated to upgrade The whole assembled structure was cooled down timress

the present CERN cable test station FRESCA to a namal bore
field of 13 Tesla (T) in a 100 mm clear aperture. fis paper
reports on the assembly process and the three codbwn tests to
cryogenic temperature of the support structure of RESCA2.
This structure is based on an aluminum alloy shrining cylinder
pre-loaded through the use of water-pressurized bliders.

In order to verify the assembly and loading process, this
structure was assembled using full block aluminum by
“dummy coils” standing for the NbsSn coils. Then, the whole
assembled structure was cooled-down to 77 K with duid
nitrogen in a dedicated facility at CERN. The mechaical
behavior was monitored at all stages by strain gaws located on
different components of the structure. Three cryogeic tests were
made by increasing the loading gradually up to vales
corresponding to the ultimate field of 15T.

The expected stresses within the structure after asmbly,
loading and cool-down were determined from the 3D iiite
element model of the support structure. A compariso of the
model predictions with the strain gauge data is preented.

Index Terms — Dipole, superconducting magnet, accelerator,
NbsSn.

I. INTRODUCTION

to cryogenic temperature. The dummy coil loadingswa
gradually increased for each test up to valuesesponding to
the ultimate field of 15 T. Strain gauge data meaments
were systematically obtained at all stages of #wst and
compared with the expected stress values calculaiiéd
Ansyd].

Il. ASSEMBLY AND LOADING OF THESUPPORTSTRUCTURE

A. Cross-section

For the assembly and cooling-down tests, the aikpvas
assembled with full block aluminum alloy “dummy Isdi
replacing the brittle N¥Sn coils with the aim of testing
mechanically the structure and not to represenbéievior of
superconducting N§$n coils. There is one dummy block per
pole.

The cross-section of FRESCA2 with dummy coils isveh
in Fig. 1. Both vertically and horizontally, the ikas
surrounded by pads which transfer forces to the iyoke
through keys mostly in the perpendicular directidhe yoke
is made of 5.8 mm thick iron laminations maintainieg
stainless steel end-plates. Two lateral keys mr afe used in

EuCARD [1], the European Coordination for Acceleratoorder to align the forces with the coil, especiatpund the
Research and Development completed in 2013, airhed®ds. The forces on the iron are contained by e@bthick
developing new concepts and technologies for upggad aluminum alloy cylinder (shell). The total masstioé magnet

accelerators. Within this framework, the High Fidlthgnet
task focused on designing, building and testingsam long
dipole magnet, with operational flux density of T3n a
100 mm bore, in order to upgrade the FRESCA taglitiaat
CERN, used to qualify conductors at higher fieldhe
mechanical support structure was based on the étaald
key concept, approach developed at LBNL [2]

shrinking shell and longitudinal pre-compressionstem

concept [3] as well. A description about the conductor and
magnet design is given in [4] and an overview oé th

fabrication process and cable characterizationvisngin [5].
The present paper reports on the results of thehamécal

characterization of FRESCA2 support structure;

assembly and pre-loading with aluminum alloy dunmoils.
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structure is around 10 t; the yoke mass is mone fiaand the
shell less than 1 t. During the very first asserdohyl cool-
down test, the experimental strain data was cohevith the
expected stress values from the finite element mede
reported in detail in [6].
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Fig. 1. Left: FRESCA2 magnet cross-section with dyncoils replacing the
brittle Nb;Sn superconducting coils for the mechanical teftthe magnet
support structure only. Right: end of the magnebwshg the main
components: the shell, the two yoke halves, andhtirezontal and vertical
pads around the dummy coils.

(e-mailg  Components of the Support Structure

The two dummy coils are shown in Fig. 2 up-left aver
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the other with the corresponding vertical pads dabland
stacked together. The central straight sectior2® mm long
and the end-regions are tilted up at an angle 6f Each
vertical pad is made of two parts: a stainless| gpete in
contact with the coil, and an iron insert along 8teaight
section contributing to the magnetic field. Thelqaick is
shown in Fig. 2 up-right which is composed of the wertical
pads and two horizontal pads around the dummy .cohe
horizontal pads are made of stainless steel blocks.

The assembly process was performed in a similarasap
other magnet support structures fors8ib coils [7]. The shell
was slid around the two yoke-halves vertically hsven in
Fig. 2 center-left. Two bladders inserted in thetsbetween
the yoke-halves were pumped to spread apart the-jakes
until contact with the internal surface of the sh&hen the
yoke-halves were aligned and locked with tempokays in
between them.

The coil-pack was inserted horizontally in the yoks
shown in Fig. 2 center-right. Then, a clearancgeiserated in
between the coil-pack and the yoke by inflatingdblers next
to the key-slots and sliding permanently keys icdatrol the
pre-stress of the surrounding structure in ordeotopress the
coil. Vertical keys are mainly for centering thel gack while
the proper preload of the coil pack is achieveddifferent
shimming for the horizontal keys. The steps of kbading
procedure were similar to other din magnets [8] resulting in
a magnet with key interference at room temperature.

The Fig. 2 down-left shows the longitudinal

compression system similar to the system used K€ $9]:
four Al alloy rods are pre-tensioned in order tonpoess the
coil-pack by a high resistance steel end-plate.cAthponents
assembled together are shown in Fig. 2 down-right.

4 A ;:";,, Y -
Fig. 2. Components of the FRESCA2 support structupeleft: dummy coils
and vertical pads. Up-right: the coil-pack composgddummy coils and

vertical and horizontal pads. Center-left: the kslsétling around the two

halves yokes. Center-right: the coil-pack. Dowrn:lethe longitudinal
compression system; four rods and two end-platesvriright: the whole
assembled structure.

C. Instrumentation

The support structure was instrumented with 56irstra
gauges in total. Half-bridge strain gauges weregqaaon 10
points along the straight section and end-regionshe outer
diameter of the shell measuring both azimuthal and
longitudinal direction. A similar distribution of Stations was
used in the inner radius aperture of the dummyscdihermal
compensation was performed for all points by gaugesnted
on stress-free aluminum elements. Full-bridge stigauges
thermally auto-compensated were mounted on the fods
opposite azimuthal locations to compensate bendiferts,
measuring in the longitudinal direction only.

In order to perform the cooling-down of such a ctiuwe, a
test facility was specially built outside the maptest facility
of CERN. This facility is composed of a cryostat5{@ m high
and 1.2 m large) placed in a mechanical steelgrgdl m high
and 1.102 m wide) to support the magnet weighaatifiely.
This facility is now used for cooling other magnefhe
support structure was cooled with liquid nitrogé&mN§), with
a cooling-speed regulated automatically with a maxn
allowable gradient off T = 100 K in between top and bottom

COOL-DOWN TESTS

Préof the structure with the aim of minimizing thernsitesses

because of the differential shrinkage of the défgrmaterials.
The temperature was monitored by carbon-ceramisaosen
mounted at different locations of the support st An
overview of these sensors is given in [10]. Onel-cloavn
operation takes about 2 days and the warm-up psde&ss 4
to 6 days.

The procedure was exactly the same for each onbeof
three tests as follows: 1. bladder-operation, @-pretension,
3. cool-down to 77 K, and 4. warm-up to 293 K (room
temperature).

The key-interference values, which is the totatkhiess of
shimming and keys stacks to tight the componemgsther by
blocking the generated clearance, was gradualle&sed for
each test during bladder operation in order to tthee pre-
stress the surrounding shell with the aim of preyemessing
the coil-pack. The pre-tension of the four rods tofe
longitudinal compression system was gradually iaseel as
well. The strain in the shell, the two dummy caifed the four
rods was monitored during all room-temperature lpagling
operations, during the cooling-down to cryogenioperature
and warm-up to room-temperature.

IV. ANALYSIS

Finite element modelling was performed on one &igtft
the entire geometry in 3D which corresponds to qunerter of
the cross-section of the magnet over its half-leragg shown
in Fig. 3. The model computed the stress of the suappor
structure. Results have been extracted on thosgspoere the
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strain gauges were mounted. A coefficient of fatiof 0.2
was assumed on every contact surface among theormnis
overall the structure.

The average of the experimental strain data, both

azimuthal ¢, and axiale, directions of the shell, the two

dummy coils and the four rods of the longitudinaipression
system, was converted into the corresponding stas®s ¢
andg,) using the relation:

E
Osz7 = m(‘fﬂ,z +V£z,&) @)
with E the elastic modulus of 79 MPa at 4.3 K; andhe
Poisson’s ratio of 0.34 for aluminum.

vertical key
rod

horizontal key
shell

vertical pad
yoke

dummy coil
v horizontal pad

end-plate

Fig. 3. FEM model ofs of the FRESCA2 support structungth dummy coils
replacing the superconducting coils

For the first test, an azimuthal strain valueof 495um/m
was the target on the middle of the shell for beittes and a
very similar strain value for the connections s{@S) and
non-connections side (NCS) locations. Experimeptadn

average value af,= 485um/m was measured in both sides of

the shell at room temperature. This experimentalirstvalue
corresponds to an average expected valug ef 35 MPa for
azimuthal stress in the three longitudinal locatias shown in
Fig. 4. The marked lines correspond to experimedtth
measurements at different points of each of thepmmants.
The solid lines represent the expected stress satieoom
temperature of 293 K during both key-interferencel aod-
pretension, and at cryogenic temperature of 77 K.

Once the structure was warmed-up to room tempexatie
interference values were increased in order to iobta

corresponding additional stressaf= 16 MPa for the second

test after bladder operation and this was agairemented of
0, = 16 MPa for the last test.

Similarly, the evolution of the stress values at43° from
the mid-plane of both sides of the shell duringttiree tests is
shown in Fig. 5. The shell has reached about 10 MRar
after every warm-up of each one of the tests, a falhy
reversible process usually attributed to frictioBut this
difference decreased for the second test and disapg
completely for the last one. Also an excellent sygtmynof the
values on both sides of the shell
experimental values are in good agreement with ntioelel
expected results.

The evolution of the stress values in the straggittion of
the dummy coils is shown in Fig. 6. The two dumnojisc
stress values are in agreement with the finite efgrmodel at
foom temperature but a discrepancy was found justhe
straight section of the dummy coils and at cryogeni
temperature only; for each one of the tests, lovedues than
the expectations were found on the azimuthal doact
indicating an over compression transmitted from
horizontal pads of the coil-pack, resulting in bieigdeffect of
the dummy coils increasing the strain in the inaelius of the
aperture. In spite of that, the values were badkéeoexpected
values at room temperature for all the tests. Ssfae cause
of this discrepancy at 77 K could be an error oé th
temperature compensators for these strain gaugesed they
were not mounted at the same location of the stgaimges
themselves on the aperture of the dummy coils, diuthe
exterior of the component because of the limiteacep This
will be verified with an instrumentation check-ugftea
disassembly of the support structure. Similar baraaf much
higher compression than predicted was obtainedBMLLin
the pole pieces of the NBn dipole HD3 [11] and it is still
under study.
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Fig. 4. Evolution of the azimuthal stress for thelsat three longitudinal
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The evolution of the stress values at the end-regif the — [ 150
dummy coils is shown in Fig. 7. The two dummy caileess —— R12 e
values are in good agreement with the FEM expextatboth e o -/ﬁ\- H
at room and cryogenic temperatures. \H 100 £

Although the signal of one of the four rods wad fos the — ‘\\ _?:L o B
second test and an a second one was lost for sheelst, the A\ \ " 3
strain gauges mounted on the rods measuring on t _ ﬁ / / L 50 ;
longitudinal direction provided data during theetarcooling- _ | v \ s
down tests consistent with the predictions of ihid element . / \\ J-" / 2
simulations as shown in the Fig. 8. [Lgo et '\‘h;‘l S O o

key rod 77K 293K key rod 77K 293K key rod 77K 293K
1st LN2 2nd £N2 3rd LN2

o o

. —A—C11CsT ) Fig. 8. Evolution of the longitudinal stress foetfour rods of the longitudinal
7 _:_S mq r -0 compression system. The marked-lines corresponttisurements; the three
—A-CICST I~ upper solid-lines represent the expected valuds @7d the three lower solid-
—0—C2 MT ) B lines the expected values at 293 K.
IcsT —0—C2 INCST 3
[ 150 & )
L 28 A summary of the data taken during cool-down frod3 X
<% to 77 K is presented imABLE 1, showing the gradual
csT 250 — increment of the loading conditions.
£
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Fig. 6. Evolution of the azimuthal stress for themuiny coils along the

STRESS VALUES CORRESPONDING TO THE AVERAGE OF THE
MEASURED STRAIN IN THE SHELL, DUMMY COILS AND RODS

longitudinal direction of the straight-section or{l§1 and C2 correspond to Component 1 test 2'test 8'test
dummy-coil 1 and dummy-coil 2; ICST to Connecti@®ide, INCST to non- Shell long
Connections side, and MT middle, respectively. fegked-lines correspond 203 K 35 MP: 51 MP: 67 MP:
to measurements; the three upper solid-lines reptdbe expected values at 77K 100 MPa 120 MPa 145 MPa
room-temperature and the three lower solid-line&7ak.
Shell mid-plane
“ o 293 K 38 MPa 55 MPa 65 MPa
77K 90 MPa 110 MPa 130 MPa
g =0 Dummy straight
Wi M =2 N AN st A=A L 100 2 293 K -114 MPa -167 MPa -217 MPa
M N { % 3 77K -204 MPa -245 MPa -280 MPa
T \E EQM X ﬁﬁ’ 150§ Dummy end
i [:2 / a 293 K -73 MPa -107 MPa -121 MPa
g oG 03 77K -147 MPa -171 MPa -175 MPa
[——cicst o250 F Rods
——CLNCST | 2 293 K 40 MPa 57 MPa 78 MPa
—4—C205T [ 300 77K 77 MPa 103 MPa 127 MPa
———r———7— 71— T—7—7—7—+ 350
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Fig. 7. Evolution of the azimuthal stress for thenuiny coils at the end-

regions (C1 and C2 correspond to dummy-coil 1 ansnrdy-coil 2, . .
respectively). The marked-lines correspond to messents; the three upper FRESCA2, a 100 mm aperture dipole magnet aimed at

solid-lines represent the expected values at r@mpérature and the three providing a bore field of 13 T, will be used as a
lower solid-lines the expected values at 77 K. superconducting cable test station at CERN. Medahrand
assembly tests with dummy coils made of aluminidtaya
have been successfully performed. This validatesi#fsign of
the mechanical structure of the magnet as wellhaspre-
loading procedure. For these cool-down tests, dginegnnew
cryogenic test facility was built at CERN. All s&gyof the
design, assembly process, pre-load and cooling-dbawve
been verified.
The measured strain values are consistent withfittite
element model predictions except for a discrepasizzerved
in the straight section of the dummies after thel-clmwn

V. CONCLUSIONS AND FUTURE PLANS
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only, which will be further verified with an instmentation
check-up after disassembly. It was demonstrated the
structure supports properly the coil during assemdnhd
powering conditions.

Two first superconducting NBn coils will be assembled
with two copper prototype coils in order to fornmagnet that
will be inserted in the mechanical support struetthese two
copper prototype coils have been wound at CEA-$Satheen
both reacted at CERN and one of these already gnpted
successfully at the time of submission of this pape
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