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Abstract Table 1: Main parameters of MCBX-magnet
The LHC low{ triplets require a short and strong
dipole corrector. The MCBX is a superconducting single Inner/Outer
aperture magnet, which features a horizontal dipgle Coil
nested inside a vertical dipole. The cold tests of the fif§pperating dipole field [T] 3.3/33
prototype, which was designed by CERN and built fyntegrated dipole field [Tm]  1.21/1.13
Danfysik A/S, have been carried out at CERN. Peak field in the cond. (7] 4.4314.75
This paper presents the results of the magnet train ,;gargin on the load line 52.2% | 47.2p6
and quench propagation studies at 4.3 K and 1.9 K. T|{éperating current (Al 511/599
magnetic measurements carried out at constant field afffpgnetic length [m] 0.37/0.34
in ramped conditions are compared to the expeci@‘,’erallI length [m] 0.6
figures from the calculations. Wire dimension (ins.) [mm]  1.65x0.97
Wire dimension (metal) [mm] 1.53 x0.85
Cu/Sc-ratio 1.6
1 INTRODUCTION Operating temperature K] 1.9
In total 16 strong dipole correctors are needed in thRo. of turns per coil 414 | 406
LHC inner triplets to correct for the misalignment of theStored energy [kJ] 17.9/25.2
low- quadrupoles. The first MCBX prototype magnetSelf inductance [mH] 137 /140

features a horizontal dipole nested inside a vertical

dipole. The magnetic and mechanical design was madeThe field measurement was carried out by means of
by CERN [1] and Danfysik A/S did the manufacturingthree 200mm long coils assembled on a rotating shaft,
design and built the magnet [2]. The two magnets a@pproximately centred along the magnet. All the
individually powered to provide an integrated dipole fieldneasurements were corrected for feed-down based on

of 1Tm in any angular direction. cancelling of non-allowed harmonics of order 10 and 12.
The coils were wound with a monolithic, PVA-
enamelled superconducting wire, pre-assembled as a flat 3 POWER TESTS

cable. The wire terminals were connected in series on the .

. . . The RRR-value of the conductor had increased
end plate. The main parameters are given in Table % nificantly during the manufacturin rocess. The
Each coil and the subsequent inner and outer codg y 9 gp )

X . . measured value was 140-160 instead of 68 quoted by the
assemblies were vacuum impregnated with epoxy. The

. ) . . \ir lier, pr I nnealing of th r
compressive pre-stress in the coils was obtained w.%ﬁ e supplier, probably due to annealing of the coppe

o L . guring curing at about 150°C. The series connections
shrink-fitted aluminium rings. The magnets were centre . . S
were made by soldering the connecting pairs into U-

and backed up for the electromagnetic forces with an iror‘}1
: . : .. shaped copper channels. The measured contact
yoke, which was made with so-called scissor-laminations. . . .
[3] surrounded by a stainless steel outer shell resistances of the inner and outer dipoles ranged from
y ) about 14 to 670 per 100m long joint to be compared to
10-12r©2 measured on three 60mm long samples.
2 MEASURING EQUIPMENT & Apparently some of the joints were not cleaned properly.

INSTRUMENTATION The clamping system was designed to provide

The cold tests at 4.3K and 1.9K including magnegufficient rigidity for the coils at nominal conditions and
training and magnetic measurements were carried outigt therefore not rigid enough to sustain the
CERN [4]. The horizontal and vertical dipole magnet&lectromagnetic forces at critical current when the forces
were connected to a bipolar 2kA and a unipolar 20k&re four times higher. For this first test campaign the
power supply. Based on the quench simulations [5] usir¢gctor sum of the currents was limited to 800A to avoid
estimated quench propagation velocities an externdfmaging the coils.
resistor of 0.48 was connected to the circuit to absorb Both magnets were first individually trained at 4.3K.
part of quench energy and to ensure a safe operatiJr’ﬂe inner dipole reached 96% of its short-sample current
Overall 28 voltage taps were soldered to the serigfter 5 training quenches and it took 7 quenches to train
connections on the end plate across each radial coil lay8te outer dipole to 98% of itg &s shown in Figure 1. The
and another three pairs were soldered in the lead enddglay of switching the energy extraction was gradually
locate the block in which the quench was initiated. increased monitoring the induced voltages and hot-spot
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Figure 1: Inner and outer dipole training at 4.3K

temperatures in the coils, and finally the magne Figure 2: Summary of training quenches at 4.3K
absorbed their full energies. The estimated hot sg and at 19K

temperature reached 150K, corresponding to 1i€0kA

The internal voltages in the coils were always smaller

than measured across the coils’ terminals once the energy 4 MAGNETIC MEASUREMENTS

extraction was triggered. The quench propagation times The magnetic measurements were performed powering

will require some further analysis on the measurethe two dipoles independently and with different

voltage signals. combinations of horizontal and vertical dipole fields. A
There was only a slight improvement in the trainingrormalisation pre-cycle was done before all the

after the magnet had been cooled down to 1.9Kneasurements. The standard pre-cycle was:

suggesting that the energy release from mechanical® 0=»600A at 10A/s

origins is high enough to overcome the energy margin in ® flat top at 600A for 10 seconds

both operating conditions. After each dipole had been ® 6002-600A at 10A/s

trained independently, training with different field e flat top at -600A for 10 seconds

combinations were performed setting one dipole at a® -600-> OA at 10A/s

fixed current and ramping up the other one. Figure 2 )

shows the summary of the training quenches. The magrfbtl Independent powering

operates within the so-called working envelope (the inner The field harmonics were measured separately for the
circle), whose edge represents the nominal | Tm dipolgi| ends and the straight part of the magnet.

field. All quenches were outside of this area. Some (repyeasurements were performed along the loadline
training can be observed as the electromagnetic forces ggparately for inner and outer dipoles from zero current to
in different directions and the position of the peak field ifhe 600 A. The measured transfer functions along the
the conductor blocks changes. loadline for both the straight section and integrated over
0.6m at 4.3K and 1.8K for the inner dipole are shown in

Figure 3. The straight section of the outer coils was
shorter than the measuring coil and the measured field
o quality of this part was influenced by the ends.

No differences can be seen at the two different
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2 0.0055 Ea———E temperatures for currents higher than 150A. The transfer
S oo0s - central field- 19K || functions for the central field produced by the inner and
—e—field integral - 4.3 K outer dipoles at nominal current were 6.43 T/kA and 5.32

00045 “ofledintegral - 19K |7 T/KA, respectively. The iron saturation decreases the
0.004 - central field transfer function at nominal current by about
0.0035 , 0.3% as compared to that at 300A. There was a
0,003 ‘ 2 ‘ significant hysteresis in the transfer function at low
-600 -400 -200 0 200 400 600 current. The larger hysteresis at 1.9K is consistent with

current (4) the expectation of larger magnetisation. At low current

(50A) and 1.9K the magnetisation hysteresis between the
ramp-up and ramp-down branches has an amplitude of
AA1=0.046T, Aa3=17.14 units,Aa5=1.00 units in the
inner dipole and AB1=0.041T, Ab3=18.61 units,
Ab5=0.41 units in the outer dipole, measured at a
reference radius of 17mm.

Figure 3: Transfer functions of the inner dipole.
Both central field and field integrals at
4.3K and 1.9 K are shown.
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Figure 4: Relative field errors of MCBX inner and outer dipoles at nominal current.

DC-magnetisation effects were studied for both layers
separately at low ramp rate (1A/s) in 1.9K superfluid 5 CONCLUSIONS
helium. The measured normal sextupole and decapoleThe first lowf3 dipole corrector prototype, MCBX has
components agreed very well with the calculations. successfully undergone the first test campaign. Both

Warm measurements were performed at —4A and +4Ajpoles trained quickly to their critical currents at 4.3K
in both dipoles independently. Figure 4 compares thend the first quenches occurred above the operating
maximum allowed field errors [6] to the calculated fieldcurrents. Some retraining was observed when the two
integrals and to the measured values at warm and coldlajers were powered together. Apart from the significant
17mm radius. The integrated field quality of the inneskew sextupole of the inner dipole the integrated
layer meets the requirements apart from a skew sextupatailtipole content meets the tight tolerances of the LHC
of 20.23 units (maximum allowed 7.71), skew octupole ofhner triplets. There was significant hysteresis at low
0.29 (0.11) units, and skew 14-pole of 0.60 (0.24) unitfields when the two dipoles were individually powered.
The integrated multipole content of the field of the outewith combined powering, however, these effects were
dipole was practically within the specified range. Therdramatically decreased.
was a good agreement between the warm and cold
measurements up to harmonics of order 7. ACKNOWLEDGEMENTS
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