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transducers and presents the main results of the measurements.
principles, describes the design, fabrication and the calibration of the force
acquisition system. This paper reviews the magnet mechanical design
magnet quenching were also performed with a high sampling rate
excitation. Dynamic measurements of forces and temperatures during
stresses and axial forces in the coils during assembly, cooldown and
mechanical force transducers based on strain gauges to monitor azimuthal
parameters, as well as the final model magnet were instrumented with
field of 9.7 T. Short mechanical models, made to check the assembly
model, which was entirely constructed at CERN, reached at 1.8 K a peak
to initiate studies of lower field magnets for a 7 TeV collider machine. This
A twin-aperture dipole model made with standard SSC cables was launched
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ofthe instrumentation is also briefly discussed Type B

based on the static ineasureinents. but the dynamic response

measured with strain gauges. The cold test results are mainly

of the inidplane gap, and the shell tension were also

described below. The axial load in the coil ends. the closing
\

fabrication and calibration of these instrumented collars arc
/ Q//z

interference with the mechanics of the inagnct. The design.
Tye Ainstrumented collars chosen in new ot their reduced

The azimuthal coil stresses were measured with special
/

models to determine the assembly parameters
\sy/)

k . Wa ‘Ldescribes also the collaring tests done with short mechanical

this l m long model during assembly and cold tests. lt

This paper is concerned with the mechanical behaxiour ol
N -:A~ 3 ~discussed in [3].

F Fl ll'). Athis conference [2]. The mechanical calculatrons arc

called MBTRA. is reported in detail in a companion paper in

steel shell. The design and construction of this model. so

symmetry plane and held together by a bolted outer stainless collar packs was carried out on a small eollaring press
placed in a yoke which is split along the horinontal The load calibration ofthe standard instrumented halt

assembled in separate non—magnetic austenie steel collars. collars.

using smaller size cables. The coils are made in two layers. steel plate placed in a 1 mm deep groove made in the facing
studies of lower field and wider aperture dipole magnets magnetic field were mounted on a 0.7 mm thick "lloating"
aperture. made with SSC type cables was launched to initiate connected in series. The gauges for compensating the
construction of a double aperture dipole model with a So mm available in the test cryostat the two inner gauges were

been made in industry and tested at CERN [ll. The technique. Due to the limited number of connections
magnets with 50 mm aperture and l7 mm wide cable have were mounted and connected using four—wire quarter—bridge
LEP tunnel at CERN. Several short and long dipole model ln this location two single-grid gauges (HBM LC11—3/350)

high field superconducting magnets installed in the exisring giving a principle stress component in the radial direction.

The LHC. L1 7 TeV proton collider machine, will consrsl ol On the inner layer a slot in the collar `nose` acts as a spring
slots were machined on both sides of the measuring bridge.

I. I>;ii<<>i>cc’i‘1<>x
give a uniform azimuthal stress distribution, 10 mm long

results of the measurements. automatic temperature and magnetic field compensation. To
calibration of the force transducers and presents the main in a six-wire fu1l—bridge configuration. This provides an
design principles, describes the design. fabrication and the

was mounted on each side ofthe collar lamination and wired
acquisition system. This paper reviews the magnet mechanical the outer coil layer a dual-grid rosette tl—lBM XC11—3/120)
quenching were also performed with a high sampling rate

strain gauges glued next to the pole edge of each layer. On
measurements of forces and temperatures during magnet

lour rnstrumented collar laminations of type A with a pair olthe coils during assembly, eooldown and excitation. Dynamic
using collar type B. A standard measuring pack consists olstrain gauges to monitor azimuthal stresses and axial forces in
A and others in the jump/splice—section and in the coil endsinstrumented with mechanical force transducers based on

parameters, as well as the final model magnet were one placed in the standard straight section using collar type

9.7 T. Short mechanical models, made to check the assembly magnet were equipped with four instrumented collar packs.
entirely constructed at CERN, reached at 1.8K a peak field of application are shown in Fig. 1. Both apertures of the
magnets l`or a 7 TeV collider machine. This model, which was The instrumented collars which were developed for this
SSC type cables was launched to initiate studies of lower field

ll. IssraciyitrasrsritirvAbstract—A twin-aperture dipole model made with standard
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regions [4].pre—stress at liquid nitrogen temperature The fourth pack

standard instruinented laininations and to xerifv the loss of of the insulation material from the higher compressed

calihrated beam transducers were used to cross-calibrate the and outer layer respectively. This can be assigned to the flow
collar laminations whereas in the second and third pack pre about 12-17 MPa (-15 (Z) and 7-ls MPa (-11 % l in the inner

eooldown to 77K. The first pack had four instruinented smaller and continuously decreasing. The prestress lost was

the elastic relaxation of prestress after the collaring and after collaring. From then on the relaxation rate was much
were made to define the assembly parameters and to study prestress occured already during the first 24 hours after

A number of 9l) mm long instrurnented collar assernhlies collaring and yoke assembly. Roughly 50% of loss in
was a further relaxation of the coil prestress between

lll. Cr>LLARisc; Tesrs os Snokr t»1E<`ii.xsi<‘,xL Moons
for the inner layer and 30-35 MPa for the outer layer. There

azimuthal strain in the outer cylinder loss of azimuthal stress due to spring back was 54-58 MPa

l5() and LC] 1-6/350) were also used to measure the were compressed to 146 MPa and I0-1 MPa respectively. The
groove between the yoke halves Strain gauges (HBM l)BlV for both coil layers. During collaring inner and outer layers
monitored with two displacement transducers placed in a lump/splice—section and for th.e coil ends are average values
configuration The closing ot the nndplane gap was both apertures are compared in Table 1. The values for the

compensating gauges in serial tour>wire quarter—hrrdge magnets were successfully collared. The significant steps for
the magnet. Each cell comprises two active and two adjusted as a result of the first collaring trials and then both

gauges) were mounted to measure axial loads on the ends ol small increase in the coil prestress. The pole shims were

Eight axial compression load cells iso-called hullet then pushed the keys firmly into position. This resulted in a
used only at room temperature partially inserted. A set of horizontal hydraulic cylinders
collar legs. Due to the grid inaterial tKonstantanl they we key ways were aligned. The tapered keys could then be

configuration to measure azimuthal and radial stresses in the The collars were loaded with a vertical pressure until the
KY4l—2/120) on each side. wired in quarter—hridge

.·1. Collrz/·1`rr_g
and in the eoil—heads had lour small strain gauges 1HBM

The round instrumented eollars in the _|ump/spliee»seetion both apertures is presented in Fig. 2 and 3.

variations. measurements were made. The typical coil stress history for

This was then used to eompensate tor the temperature Throughout the assembly of the magnet mechanical

least square polynomial lit was applied tothe measured data.
IV. Miécnrxsic.-xc Mmseaesiervrs Durairvc Assrasrrzrv

the strain gauges and the signal from the earhowresistors. A

tlnner/Outer)slowly eooled down to 1.6 K reeording the apparent strain ol
were eyeled 45 times to liquid helium temperature and then the prestress was further decreased by 25-34/28-35 MPa

was Z1)-25/23-27% (Inner/Outer) and after eooldown to 77 Kresistors lor temperature measurement, The eollar packs
These tests showed that the loss of prestress after collaringEach instruinented standard eollai paek had mo earhon»

the pole shims for the jump/splice-section of the magnet.loading und unloading eurxes

round measuring collars for the lm model and to determinelayer uml u fourth order pt>lyno1u1;1l was then tltted on the
round (B-type) half packs. The latter was used to calibratemm long wily Pressure was rrpplred separately cm eueh mil
was an asymmetric combination of standard (A—type) andsimululinu the real cr0ss—>cu11<wn ni thc magnet usmg l()()
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MPa/kA`)[8l. The unloading of the outer layer illustrated in

but lower than in the SSC short 1,5 m models (-0.55

end and 2.7 kN in the return end MPa/kA‘) [6] or SSC 17 m magnets (-0.23 MPa/kA‘) [7].
end forces due to cooldown was 1.1 kN in the eonneetron aperture) was higher than in the MTACERN model (-0.14
which may explain the large unloading. The average loss in observed unloading rate (-0.35 / -0.39 MPa/kA. l/ 2

2" "‘l
the inner layer gauges makes them yery sensrriye to bending. between inner and outer layer or outer layer and collars. The
foree against the pole radially outwards. The orientation ol quenches 5 and 6. which could be attributed to "sticking"
stieking together. This shifted the position of the resultant The prestress loss was faster at higher currents before
mueh larger loss (75%) eaused probably by the eorl layers repeated after the thermal cycle.
25 MPa in the outer layer. Inner layer gauges showed a during cooldown. released after the first quench. It was not

The loss ol` eoil pressure due to eooling down to 4.} K was This may be due to a local build up of elastic strain energy
preload ol` 20-22 kN/magnet was applied to the eoil ends. somewhat nonuniform unloading rate. above 5.5 kA (Fig. 5).
the target range before the eooldown. Cornpressiye axial decreases during the ramping up of current. We observed a
by 18% and 3% respectively. The prestress was then within current prestress of the outer layer (Fig. 4). The prestress
yoke assembly the inner and outer layer prestress inereased quench for both eooldowns there was no change in Aero
gap was lirmly closed along the whole length. Durrng the Except for a small increase of 2-3 MPa after the first
eo1lar—yoke shims during the assernblx. ,·\tter eooldown the

A. Outer I..<1_vt·r Gaugeswhere stainless steel keys were spot welded to align the
The rnidplane gap remained slightly open rn two positions excitation. which confirms the FE-calculations [3].

tension was about 140 MPa. that the mid-plane gap remained closed during the
ambient temperature. After tightening ofthe bolts the shell displacement transducers between the yoke halves showed
enough pre—eompressi0n to elose the rnidplane gap at and compared to the quench field. The signal from the
stainless steel shrinking eylinder was tightened up to give eooldowns is shown in Fig. 4 before the current excitation,
support the horizontal cleetrornugnetie torees. The bolted configuration. The azimuthal stress history for both
ubout the medrurr plume. This ensures rr rrgrtl strueture to better since the noise is balanced out in the full—bridge
collars uml yoke ol` about 0. 10 rrrrrr. xtlrrelr exterrtls oxer ill) rnforrnation. The outer layer gauges performed considerably

There is zx r‘udiz11-ht>rrmrrt.r1 rtrtertererree betvteerr the gauges only the readings before current ramping gave useful
loop. re. pick-up for a.c. noise. Therefore. for the inner layer

H. Y0/tr) A.t;svnr/2/vA1r</ (`zm/r/mrrr /`r» J E/(
connecting the nose and bullet gauges in series provided a
different orientation with respect to the field. The wire

62/(v42nd Warrrr up t293Kr 9}/98
compensating gauge is placed about 20 mm apart in slightly

tiny;2nd Couldtrwn (1.72K) (Z8/K0)

01/61Ist Warm up (293Kr 89/100 affected since they are in the high field region and the
17/TW1stCooldown 4.36K (23/Zi) bridge configuration. Inner layer gauges were the most

ZF'}?wr)/xl 2-1/4162/61After voke ztssetnbh lOl/9*) observed on signals from gauges connected in a quarter
QS/ErrS7/82 10/2461/61Prrtrr to woke mssetrrblv 81/76

11 Xi*)I/S6 2*/11VW/(rl} changes of temperature below 4.3 K. Substantial noise wasVcrtictxl press released 98/PSS
—12r'6S$4/iiKeys rrrscrtcd 147/1-16 ‘)7Mlf>~1 102/W Karma—alloy‘ [5] gauges are severely dependent on small

Ltrycr Luxor Splrtc End Errti submitted to large magnetic fields and the Kondo-effect of
lnncr Outer Jumpw C¤>nm11m1 ReturnStep

excitation of the magnet. The collar strain gauges are
S1GmF:uxxT 5 raps 1x mm

Coil pressures and end forces were measured during the
Az1MuTH,xL Com Swrzss sx 1" 1* A»\vm<»1‘L+<u Fma
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Four strain gauge bridges on the outer laver and one Rt2FEt<t;sces

D. Dvnuniic ,M0<1s1¢rwii4·rizv any adverse effect on the magnet operation.

ratcheting observed in the ends of the magnet did not have
second test campaign. which is being improved for subsequent models. The
first thermal cycle and remained almost unchanged after the first layer gauges was not reliable during current excitation.
loads increased by about 4 kN in each aperture during the quench performance. Due to limited space the signal of the
after the assembly and during the two thermal cycles. The partial coil unloading above 9.7 kA. which did not affect the

Table II compares the forces excerted on the end plates outer layer gauges. showing linear prestress loss with I', and
SSC l7 in) [(>l.[7]. assetnbly and testing. Good results were obtained with the
kN/kA` return end. 0.15 kN/k»\` MTACFRN. ().3t) kN/kA* magnet, and monitoring of stresses and forces during
were slightly different t(>.l5 KN/k.»\’ connection end. 0.18 optimization of; coil shims. assembly parameters of the
loading rate in the connection end and in the return end The instrumentation developed for this model allowed

The compressive end force increased lmcarily with l` The
V1. C()N(`LL1Sl()NSloads did not change.

was not observed in the MTACERIN model where the axial could be found.
position after the quench t_"ratcliet1ng"t. This phenomena tnade. but no correlation to quench induced frequencies
current excitation. but did not move back to exactlv the same Mechanical itnpact tests at ambient temperature were
collar assemblv moved loneitudinallv outwards during then to recool below the lambda—point took sotne 30 seconds.
increases. This suggests that due to a sticlesltp motion the collar `nose` rose to about 20 K in 50 ms after the quench.
on the bullet gauges at zero current as quench current prestress was linear with decaying l'. The temperature on the
quench there was a gradual increase in the force measured After the energy extraction was initiated the change of coil
end before current excitation tor both cooldow ns. After each vibrations were observed about 25 ms before the quench

Fig. (1 illustrates the exolutton ot axial forces tn thc return section in the outer layer ofthe second aperture. mechanical

ln training quench 33 located next to the jump/splice
C`. End Frm·4·x

was considered

instrumentation for the calibrations. Therefore onlv the relative behaviour
pztrtly he explained hy thc chttructeristics of the used for dvnamie measurements while 0.5V/60()1-lz was used
increased from 20/30 to about 7(>/80 l\lp;t. which could measuring circuits. an excitation level of 2.5V/4.8kHz was
the first quench for both eoolclovsns. The tnitiul prestress

2l1t1\\v4L1I`1IlU{\(21)5K1 11 .1 11.0 10 3 10.8 141 13.} 13 *1
Fig. 4 shows L1 tnurked redistrthutioit in thc eoil stress tilter 2ndCoo1downt1 7ZKt 117 10.5 103 It)4 13.7 10.9 1} 6
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excitzttion levels was sutlicient

Bullet Bl B2 B3 B4 B5 B6 B7

,»·tr~ti> Rerttkrst iaNt> ismthese regions which indicittcs th;it cltitnping in high
Foitti xtmsttatitn Won Bci.i.i;’r <;.»xt.=oi;s its mt iN cowstecriow t t-ttz1ppm;1chcs zcm. Howcvcr. the magnet ehd not quench in

TABLE11
Fig. 6 shows thc curvc Hmtcning out. sueh as when prcstrcss


