This is the author’s version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available latp://dx.doi.org/10.1109/TASC.2015.2510336

MT-24: 20rAB_02 1
FERMILAB-CONF-15-633-TD

The CLAS12 Torus Detector Magnet
at Jefferson Laboratory

Cesar LuongpJoshua Ballard, George Biallas, Latifa Elouadrhiri, Ruben Fair, Probir Ghoshal, Dave Kashy,
Robert Legg, Orlando Pastor, Renuka Rajput-Ghoshal, Claus Rode, Mark Wiseman, Glenn Young,
Luciano Elementi, Steven Krave, Alexander Makarov, Fred Nobrega, George Velev

Abstract—The CLAS12 Torus is a toroidal superconducting (completing the hexagon), two beams per sector downstream
magnet, part of the detector for the 12 GeV accelerator upgrade (DS) and upstream (US) with respect to the electron beam that
at Jefferson Lab. The coils were wound/fabricated by Fermilab, runs through the hub aperture. The hex beams carry the
with JLab responsible for all other parts of the project scope, elements to make the hydraulic and electrical connections
:Eglt:ﬁlaﬂ%nde??g’ elr:iigratllg?:' CgCOStat+”h% thz ";‘rd""d“‘"?‘('j coils, - petween coils, it also contains re-coolers (counter flow circuit)

. O1Y0d ; ' ' Paper provides an hat removes the heat loads to a 1 atm helium circuit, ensuring

overview of the CLAS12 Torus magnet features, and serves as a h | he si iIs. Al coil d hex b
status report of its installation in the experimental hall. thermal symmetry among the six colls. colls and hex beam

Completion and commissioning of the magnet is expected in 2016, 'epresent a single vacuum space. Major magnet parameters are
given in Table I, further details of the magnet design are
Index Terms—Superconducting Magnets, Detector Magnets, covered in [3].
CLAS12 Torus, Conduction-Cooling

TABLE |
CLAS12TORUSMAGNET PARAMETERS
I. INTRODUCTION Magnet Parameter Value (Units)

THE 12 GeV Upgrade Project at Jefferson Lab [1] consistSbimensions (WxLxH) 7 x8x10 (m)

of an upgrade to the accelerator and four experimentalotal Weight 25,500 (kg)

halls A, B, C and D. In Hall B, The CEBAF Large Sﬁfreefr‘f”efgy ;‘7‘;3"(3/1)
Acceptance Spectrometer (CLAS) is upgraded to CLAS12 an&eak Field 3.6 (T)
optimized for detection of multi-particles in the final state. 1,71, 0.38 ()
The CLAS12 Torus magnet is based on six superconductingemperature Margin (min) 1.6 (K)

coils arranged around the beam line allowing uniform
coverage of a large angular and momentum range of produt
particles. The toroidal configuration offers a field that i SSC OUTER CABLE
always transverse to the particle trajectory, and a field-fri /

region around the target, allowing operation of polarize
targets. The magnet was designed by JLab, and wound :

COPPER STABILIZER
2.5 X 20.0 mm

potted by Fermilab (FNAL). This is a brief summary of the CONDUCTOR CROSS SECTION St 7
Torus features, and an update on the magnet portion of i)/
project, expected to be completed in 2016. 2z z = /

S \
\ N N

/

II. MAGNET DESIGN T / """"" 2 NN
A. Magnet Parameters S —

The Torus consists of six coils arranged as a sing 2330, \ HELIUM
electrical ~ circuit (series connection) and cooled b 10 e cooL ine seeeTs oIl Cagg TUBE
supercritical helium at 4.6 K, also in a configuration of i  (T0P. BOTTOM & OUTER EDGE)
smgle circuit. The coils are all meChamca”y Conn.eCted o ﬂﬁ . 1. Construction detail for the Torus coils showing the conductor,
central (cold) hub, and connected to each other via hex be uction cooling mechanism, and coil cross section.
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the conductor and copper cooling tubes or coppévésies
but has a minimum of 4 layers of 0.18 mm glasshcl&ach
coil is conductively cooled by supercritical helisnpplied at
4.6 K from cooling tubes located on the coil inéameter.
Two layers of 0.635 mm copper are soldered to thaing
tubes and surround the coil, providing the mainh pfdr
conduction-cooling. Using conservative heat loadsnf the
80 K shields to the coils, and conduction througpp®rts, the
minimum estimated temperature margin is 1.6 K (witheat
load conservatively estimated as 6 W per coil.)e Toil is
vacuum impregnated separately and is then posdicared
potted a second time in its aluminum case. Furtleails of
the coil design are given in [4].

C. Mechanical Supports

The entire torus cold mass is supported by 3 axipports
(beam direction), 4 vertical supports, 2 laterat-@fuplane
supports (OOPS), and 24 coil OOPS supports. THEOPS
take out the sag in the coil due to gravity andtreay out of
plane forces due to misalignments. The OOPS desiggists
of a fiberglass tube epoxied to a set of bellowse bellows

maintains vacuum and allows the OOPS to move durir
cooldown (Fig. 2). The assembly includes a loadl ce

connected to the DAQ so that the out of plane fa®en by
each coil is always known.

The axial and vertical support are stainless stads
connecting the cold mass to the vacuum jacket. vidrécal

supports take the entire gravity load for the 2% Told mass,

while the axial supports react any loads in thenbéaection
due to misalignments or seismic motion.

TVT
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Fig. 2. Coil out-of-plane supports (OOPS)

D. Quench Protection

Various quench scenarios were analyzed and thet wase
was determined to be a single coil quenching asdipting

2

E. Caoil-to-Coil Splices

The coils are electrically connected via soldeidt$ that
are conduction cooled through copper braids moudtesttly
onto the liquid helium re-coolers. A reliable lowsistance
electrical joint was designed involving the soldgriof an
additional rectangular-section of copper stabilizer the
conductor. The splice design tooling,
practices, aimed at preventing theg®My, solder (which
holds the SSC cable into the copper channel) frexforving
during the splicing operation. An aluminum fixtungas
designed to hold the conductor and copper stabilizeing
the soldering process. The actual splice betweeitvtb coils,
and a section view of a test splice, are shownign & The
resistance of the joint was measured at 4.2 K to.be10° Q
in high field, consistent with the entire joint bgiin the
normal state [6].

O
i

Fig. 3: (a) Actual splice mounting in the re-coaiierthe upstream héX beam
and (b) Splice longitudinal cut-away view (bothesicbf the cut) showing void
free construction, including epoxy and insulation

Splice mounted
on the recooler

Recooler

Stabilized
conductor bus
lead from CCM

Fig. 4. 80K thermal shields pfior to installationthe Cryostat Factory

F. Thermal Shields

The coil case is shielded from the vacuum jackea Bymm
thick 80 K thermal shield. The shield is activelgoted by
liquid nitrogen circulating through tubes weldedthe shield.
The shield is supported off of the coil case by pams and

the energy internally (self-protection). In thaseahe hot spot thin walled support arms. The shield is constructedl-6061

temperature is 60 K, and 75 K for the coil alonghait
including the thermal capacity of the aluminum c4Sg
During such an event all other coils are drivennmadrby the
current decay once the dump resistor is conneetill,50%
of the energy being extracted to the resistor, arakimum
terminal voltage during such a quench is < 500 Mefgh

with Al-1100 strips epoxied to the shield at maximu
temperature regions in the shield (Fig. 4). Thel6pfovides
mechanical strength to the shield while the 110(pstadd
additional cooling where needed. The shield hasnbee
segmented to reduce the effects of eddy currergala rapid
discharge of the magnet coils [7]. The shield ilfesian,

detection is by voltage taps located at either sidée splices along with MLI, is part of the activities carrieditoat JLab in
between coils. The protection is designed for distharge or the Cryostat Factory (see Section IV below).

controlled ramp down depending on the class ot.faul
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Ill. CoIL FABRICATION

Because of the large size of the coils, FNAL hadewgelop
new tooling and processes to support coll
operations. Conductor provided by JLab was initialeaned,
inspected, its length measured, and insulated éefonding
the coils into a double pancake configuration. Bsiee QA
was used to determine the integrity of the coild additional
copper stabilizer was added to the leads befordandial
Vacuum Pressure Impregnation (VPI) in a sealed mble
impregnation procedure was designed, and qualified,
proper degassing, and to prevent outgassing ofefmxy
during impregnation. The temperature of the coil af the
mold was driven and maintained through resistivatihg of
the coil itself (power supply). Temperature unifitgmwas
guaranteed through sensors along the mold. Coppat
shields were then soldered to the impregnated loefbre
moving on to a second impregnation step withinatugninum
coil case. After the second impregnation, the amdlse
modules had their cooling tubes formed before shiptnmo
JLab. A full description of the fabrication routediven in [8],
while Fig. 5 shows the general layout for the wingdprocess.

nﬁﬁnii‘lllm 'Y

i .-

i st s
Fig. 5 Partial view of the coil fabrication shop Feermilab showmg a coil
being wound, the second spool is seen above thdivgriable.

IV. CRYOSTATFACTORY

After finished coils passed their receipt inspettad JLab,
they were fully instrumented with temperature sesmsand
strain gages in preparation for an 80 K cold t@ktwhich was
part of the Cryostat Factory task. The aim of teist was to
verify the integrity of the coil's electrical instion at
cryogenic temperatures as well as to confirm tHiafy of
the CCM’s conduction cooling methodology. The Facteas
responsible for designing all the tooling neededrtimstat the
Cold Coil Masses (CCMs). An additional constrairdasathe
compressed assembly schedule which was mitigated
breaking up the work into three work pipelines whaould be
fed simultaneously, Fig. 6 shows the factory laydpecial
attention was taken in scheduling the pipelinesatmid
conflicts in the common material handling fixtur&he other
key was pre-assembly of as many components asessi

Consistent with the program risk mitigation apptoaaf
practicing every quality or schedule-critical prduoee, the
Factory practiced cryostating a full-scale emptyl aase,
which was later disassembled and returned to FN@tLuke
on a production CCM. This early practice allowefinement
of the assembly procedures and construction tinimates.

prodactio

Fig. 6. View of Cryostat Factory showmg ass ml:ﬂbeK foam box, ccMm
rotation fixture, and two welding tables

V. INSTALLATION

A. Installation Approach

Installation in the hall was based on the “spit” thoal.
Since a completed magnet cannot be brought intdhaitie it
has to be assembled from its smaller componentp-iista-
bottle philosophy). Fig. 7 illustrates the appraaktdividual
coils are brought into the hall already cryostatextept for
the opening where they attach to the hub. A cadltiached to
the hub, then the hex beams are attached to tiwopsecoil
before the next coil is brought in and attachedthie hex
beams. The sub-assembly can be freely rotated @rtbenhub
so that critical operations, such as making splmegelding
pipes in the hex beams, can always be performed in
convenient location and orientation, improving déyabnd
safety. The process of “flying” a coil for attachmi¢o the hub
is shown in Fig. 8

B. Quality Control During Installation

Given the complexity of assembling the Torus magnet
within the hall from its components, it was impaittdo pay
special attention to the in-process QA checks.Algh not an
all-inclusive list, the QA checks fall into three ajor
categories: a) Electrical, b) Leak and pressureldieand c)
Survey.

Each time a coil-to-coil splice is made in the hallFoom-
temperature resistance measurement is taken (fomt po
measurement for the splice, and lead-to-lead fer éhtire
coil). At that point, the inductance is measuredHtsy variable
gequency method, with extrapolation to the DC ealkinally,

i-pot to ground test is done for the insulatddrihe splice.
Likewise instrumentation checks are carried outinely at
the completion of each hex beam fitting, and eawte tthe
coils are rotated. Leak checks are carried outefch weld
and braze in the hydraulic circuit, and in the cafsaluminum
welds or brazes, a liquid nitrogen cold shock isoal
introduced. Pressure tests are performed at th@letion of a
circuit, followed by a final leak check. Surveys falignment
are also carried out after attaching each coihtohub, and a
global survey was done at the completion of theager.

U.S. Government work not protected by U.S. copyright.
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Fig. 7. Installation philosophy follows the “spitiethod, coils are attached to
the hub, hex beams attached to the coils, and ssémvblies can be rotated

Fig. 9. All six coils and twelve hex beams instd)Ipicture from just before
vacuum jackets are closed for the hex beams. eteate seen on the right

C. Satus and Remaining Work

As of Q3/2015, all six coils and twelve hex beanasveh
been installed (Fig. 9). Coils are electrically weoted, all in-
process electrical QA steps passed, all hydraidowits have

4

VI. POWERSUPPLY, INSTRUMENTATION & CONTROLS

The Torus magnet is instrumented extensively, al tot
130 temperature readings are processed througtDAt@,
while a total of 86 load cells and strain gages itoorthe
status of the supports and the OOPS loads.

The Torus control system has two components, thgngia
Protection System (MPS) and the PLC control systéhe
MPS ensures the magnet is protected under a nuofifault
conditions (liquid level, current lead temperatuvacuum,
guench). It is hard wired, and no general purpasaputers,
PLCs or network devices are involved in its decisioaking
process. A trip of any device in the MPS loop awtoally
opens the dump contactor in the power supply, digghg the
magnet through the dump resistor. The selectiotheofces to
include in the MPS was driven largely by the FMEe¢tion
VIl below). The PLC control system is based on diei\
Bradley series 1756 ControlLogix PLC. Rockwell Auation
software is used to program the PLC and view tatistof the
running PLC program in real-time. EPICS is used aas
operator interface, alarm handler and archivingesys

The power supply is a Danfysik 8500 rated at 400®\A
with integrated dump resistor (124 On The quench
protection system is redundant, one being incotpdravithin
the Danfysik power supply, hard-wired and with @ger
threshold of 100mV, the other running through tlestmAQ
to the PLC, where an independent logic can trigigeswitch.

VII.

The risk mitigation approach was based on an FMEA
analysis carried out for each phase of the impleatiem:
design, fabrication, installation, and commissignifilO].
Nearly 400 risk items were identified, categorizeahd
ranked; mitigation avenues were investigated fdr ahd
implemented when warranted, either because the wiak
deemed high, or implementation was easily achieved.

During the installation phase for instance, sometldd
mitigations actions stemming from the FMEA includex
Extensive use of mock-ups and practices for alligeritical
activities (splices, etc.), b) Development of venitiprocedures,
before and in conjunction with the practices, cfe8aand
risk-awareness meetings prior to each critical afen, or
each time the tenor of the installation processldv@hange,
d) Extensive use of in-process QA checks, e) Defaileekly
planning of installation activities in the hall.

RISK MITIGATION APPROACH

VIIl. COMMISSIONING PLAN

The CLAS12 Torus magnet commissioning calls for
series of gateway reviews prior to system start-lipese
reviews, a pressure systems safety review (codeliamse),
and an Experiment Readiness Review (ERR), dealitiy all
other safety aspects for electrical and cryogeggtesns, as
well as the magnet itself, are planned for earlyl&0
Commissioning will proceed with vacuum pumping bt

vacuum jacket segments have all been tack-weldegagnet energization, and field mapping. Each onghese

Remaining scope to completion is to make the iaterfto the

phases in the commissioning will take about a moshthat

fabrication and installation of the cryo serviceéo.
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