View metadata, citation and similar papers at core.ac.uk

-
brought to you by .{ CORE

provided by CERN Document Server

108 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 18, NO. 2, JUNE 2008

Coupling Current and AC Loss in LHC
Superconducting Quadrupoles

Mario Di Castro, Luca Bottura, David Richter, Stephane Sanfilippo, and Rob Wolf

Abstract—One of the issues for the operation of the LHC
accelerator at CERN are the field errors generated by coupling
currents in the superconducting cables of the main dipoles and
quadrupoles, especially during the initial phase of the energy ramp
from injection conditions. Coupling current effects have already
been measured in the superconducting dipoles, and results are
reported elsewhere. This paper reports similar measurements that
we have recently performed on different types of LHC supercon-
ducting quadrupoles (arc quadrupole, dispersion suppressor and
matching section quadrupoles) to quantify the above effects and
compare them to the values specified from the beam tolerances.
Loss and field errors due to ramping are mainly determined by
the contact resistance R. between the strands of the magnets
cables. In this paper the R is calculated for several quadrupoles
measured using both the measured energy loss and the magnetic
field errors during ramping of magnets.
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I. INTRODUCTION

HE Large Hadron Collider (LHC) now under installation
Tat CERN will provide proton-proton collisions with a
center-of-mass energy of 14 TeV. The coils of the super-
conducting accelerator magnets of the LHC are made with
Rutherford type cables consisting of two layers of twisted
strands. During the particle acceleration ramp, the magnetic
field variation in the coil induces coupling currents (eddy
currents) circulating among the strands of the superconducting
cables as well as among the filaments of the strands. In the
regime of interest for accelerator operation (slow ramps) the in-
tensity of the induced currents is proportional to the ramp-rate.
Coupling currents among strands in the cable are inversely
proportional to the contact resistance Rc between crossing
strands. In the strands, coupling currents among filaments are
proportional to the strand time constant 7. One of the issues
associated with coupling currents is that they generate a field
contribution in the magnet bore [1] that, in principle, has to
be evaluated, measured and must be taken into account in the
synchronization of the power converters that drive the main
dipoles and quadrupoles [2]. The field error associated to the
coupling currents appears as a field advance (FA), meaning that
the contribution of the eddy current to the main field component
is positive: the field is larger than expected in the magnet bore.
The second issue associated with coupling currents are AC
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losses. Losses can lead to a quench because of over-heating if
the value of R is too low. On the other hand, the cross contact
resistance has an influence on the current redistribution among
strands over lengths longer than the twist pitch, that also takes
place during the field change. In this respect, high values of
R can lead to non-uniform current distribution and pre-mature
quench. The coupling current effect has been measured in the
past for the bending dipoles and has been found to be small
[3]. The measured dipole field advance is about 2 units (1 unit
is equal to 10~* of the main field), while the ramp rate effect
on multipoles is negligible. These results are consistent with
inter-strand resistance values R, in excess of 50 u£) estimated
from AC loss measurements. To limit the field errors in the LHC
main quadrupole, we require an R. greater than 20 uf2, and
conductance differences smaller than 0.1 MS between parts of
the magnet coils [4]. This value represents a good compromise
between field advance and multipole errors (small), AC loss
(small) and premature quenches due to current distribution (not
an issue at the required ramp-rate). This paper describes the
measurements of the FA, of the ramp rate induced field error
and also of the AC loss performed on several main quadrupoles
of the Short Straight Sections (SSS) tested at CERN in cold
conditions (1.9 K) during 2006 and the first months of 2007. An
overview of the measurement system and of the data treatment
technique is presented for each type of measurements. We
report the field advance of the main field (Bs), the ramp rate
effect on multipoles (c,, ) and the AC loss measured. The cables
inter-strand resistance R, is deduced using both the measured
loss and field errors during current ramping of magnets.

II. MEASUREMENT TECHNIQUES AND DATA PROCESSING

A. Ramp Rate Effects on Main Field

The measurements, performed at the same time for both aper-
tures, were conducted on eight main quadrupoles using five
stationary coils placed in the center of each aperture and con-
nected in series [5]. The variation of field AB> between the
ramp up and the ramp down was obtained from the integral of
the voltage induced in the coils during current cycles, ranging
from 1000 A to 5000 A and performed with different ramp rates
from 10 to 50 A/s. The core of the acquisition system is a se-
ries of VME-PDI’s (Precision Digital Integrators) triggered at
1 Hz by an external, frequency controlled function generator
used to eliminate the difference between the integration time
and the current given by the power supply [3]. The acquisition
was connected to the coil “A” (top) of 5 coil sectors centered
with respect to the magnet length. The voltage measured by
each integrator is divided by the amplification gain; then the
voltage offset is computed and removed from the coils signal.
The voltage offset is in the range of 1.5-2 1V and is mostly due
to the input amplifier. However, it is constant and stable within
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Fig. 1. Magnetic field advance in a quadrupole as a function of current at dif-
ferent ramp rate.
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Fig. 2. Field advance dependence on the ramp rate averaged in the linear zone
[3000-4000 A] on a coil sector.

the noise level during the entire measurement. This feature al-
lows a precise and reliable software correction of the offset. The
magnetic flux ¢ for each coil is calculated as the time integral
of the induced voltage corrected for the integrator offset:

wz—/%ﬁ (1)

The main magnetic field for each coil (B;) is calculated by di-
viding the magnetic flux by the surface area (A;) of the coil:
Pi

B; = e 2)

An example of measured field is reported in Fig. 1, where we
have removed the linear field contribution for clarity of pre-
sentation. In order to distinguish the ramp-rate effects from the
steady-state contribution, we compare the field measured at dif-
ferent ramp-rates dI/dt. The half amplitude of the field hysteresis
AB is computed from the difference of the measured field at
a given current I, during ramp-down B9°""(I}.) and ramp-up
B"P(Iy) (at a given ramp-rate):

1 ;
ABu(I) = 5 (BY(I) - B (1) . ()

The field hysteresis AB is then plotted as a function of the
ramp-rate dI/dt (see Fig. 2). The slope S of the AB(dI/d¢t) is
the ramp rate field contribution at the current Ij,. The calcu-
lation is repeated at several values of Iy in the current range
3—-4 kA, where the hysteresis is relatively constant(see Fig. 1)

and then averaged. The dependence of AB, on the ramp rate
can be written as:

ABy = ABY 4+ Y. @)
dt
The first term is a negative offset corresponding to the effect of
the demagnetization. The coefficient S reflects mostly the inter-
strand coupling although a small correction for inter-filament
coupling is necessary and will be discussed later.

B. Ramp Rate Effects on Multipoles

Current ramps induce field distortions for all the harmonics
[6]. Like the field advance analysis, in order to distinguish the
ramp-rate effects from the steady-state contribution, we com-
pare the multipoles field measured at a different ramp-rate dI/dt.
To determine the AC contributions to the field errors, measure-
ments with the 6-m long rotating coils [7] were carried out
in both apertures during ramps between injection L;,; (760 A)
and nominal currents I, (11850 A) at different ramp rates
ranging from 10 to 50 A/s using a step of 10 A/s. The analysis
is done separately for each normal and skew harmonic. The mul-
tipoles hysteresis AB,, (n > 2) is calculated using (3) for each
ramp-rate dI/dt. The slope S of the AB,, (dI/dt) is the ramp rate
field contribution at the current I,. The calculation is repeated
at several values of I in the current range 4000-9000 A where
the hysteresis is relatively constant, and then averaged.

C. AC Energy Loss

During charging and discharging of the superconducting
magnets energy is dissipated through different mechanisms.
The main contributions are due to the magnetization of the
superconducting filaments and to the coupling currents be-
tween the strands in the cables and between the filaments in the
strands. Smaller contributions are caused by the ohmic loss in
the connection between the poles and in the splices between
the inner and outer layer, the magnetization of the iron yoke
and the eddy currents in the copper spacers and in the collars
[8]. Loss measurements can produce the same information as
the field advance measurements as R, can be also recomputed
from the coefficient of loss dependence of the ramp rate. Loss
experiments on the quadrupoles were therefore conducted at
1.9 K ramping the magnets by using standard current cycles.
The current is changing from I,;;;, = 1000 A to I;,,x = 4000 A
and back to I,;, at the ramp rates dI/dt ranging from 20 to
90 A/s [9]. Six multi-meters Keithley 2001 were used and each
one recorded one channel: the current I, the voltage V across
the whole magnet, the voltage across each aperture, the voltage
across the pole 1 + 2 and the voltage across the pole 3—4 of
one of the two apertures. The sampling time for the current
acquisition and for the integration time of the multimeters was
set equal to 200 ms. After each cycle, the total energy loss
Wiotal Was calculated in the entire magnet, while the values
W and W, are related to the loss in the first and the second
aperture respectively. The offset and the joint resistance effects
were removed from the recorded voltage signals. The total
energy loss across the whole magnet and the energy loss for
each aperture were obtained by integrating the product between
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TABLE I
MEASURED VALUES OF THE SLOPE S (AVERAGE VALUE OF THE CENTRAL
COILS) AND THE FA FOR EIGHT MAIN QUADRUPOLE

SSS  Aperture S Sigma S B; Field Advance
[uTs/A] [pTs/A] [units@R .;@760A@10A/s]
317 1 2.66 0.593 1.0
317 2 3.75 0.591 1.5
318 1 4.53 0.691 1.7
318 2 4.95 0.296 1.8
361 1 6.17 0.335 2.4
361 2 4.25 0.458 1.6
366 1 3.26 0.256 1.2
366 2 2.93 0.302 1.1
374 1 5.13 0.305 2.0
374 2 4.55 0.347 1.7
520 1 5.11 0.301 2.0
520 2 4.57 0.317 1.7
525 1 3.75 0.041 1.5
525 2 4.12 0.320 1.6
529 1 4.11 0.065 1.6
529 2 4.20 0.046 1.6
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Fig.3. The B Hysteresis for the second aperture of the SSS317. The ramp rate
effect is calculated as the average value of the slope measured for each current
(from 4 kA to 9 kA).

TABLE II
AVERAGE AND STANDARD DEVIATION OF THE RAMP RATE INDUCED
MULTIPOLES MEASURED AT COLD CONDITIONS ON 14 MAIN QUADRUPOLE

the current and the voltage for the total time t. of each current
cycle at different ramp rates:

te
W= / VIdt (5)
0

The dependence W = W(dI/d¢t) can be fitted using the linear
expression:

dl

W =W, 2k(Imax 0
n+ 2k( 7

- Imin) (6)

where Wy, = W(0) is the hysteresis energy loss.

III. EXPERIMENTAL RESULTS VS EXPECTED ONES

A. Ramp Rate Effects on the Main Field

The main result of the analysis is the quantity S, representing
the slope of the plot of the half field hysteresis AB vs. the current
ramp-rate dI/dt. Fig. 1 shows an example of the field measured
for the SSS525, where we have removed the linear field com-
ponent, proportional to the current, for clarity of presentation.
In Fig. 2 we show the dependence of the hysteresis AB on the
ramp rate dI/dt, that has an approximate linear dependence as
expected from (4).

The measured slopes S in Ts/A for eight main quadrupoles
are presented in Table I as well as the field advance at 10 A/s
and injection field (760 A), averaged over the three central coils
of each aperture. The standard deviation of the slope values of
the three central coils for each aperture is steady at about one
order of magnitude less than the average value. From Table I
the estimated field advance is in the range of 1.0-2.4 units. This
effect is much smaller than the predicted 15 units calculated for
an inter-strand resistance of 20 u£2 [10].

The mean value of the Field Advance is used to estimate the
inter-strand resistance R.:

Ro— kgLLIO:L +k‘éLLIPL
¢ dBd(dl]dt)

)

APERTURES
Multipoles AC average magnetization Sigma AC magnetization
[-] [units@R (@ 760A@10A/s] [units@Res@760A@10A/s]
b3 0.206 0.072
b4 0.080 0.007
b6 0.022 0.018
a3 0.170 0.085
a4 0.150 0.035

where Lp are the twist pitches of the outer and inner layers and
kp outer and inner layers field factors coming from a numer-
ical simulation with a theoretical field advance produced by an
inter-strand resistance of 1 p€). The resulting inter-strand resis-
tance calculated using the FA measurements is in the range of
95-230 pf2 for the three central coils.

B. Ramp Rate Effects on Multipoles

Fig. 3 shows an example of hysteresis for the Bg at different
ramp rates for 6 different Iy in the current range chosen.

In Table II the average results of the ramp analysis mea-
surements performed on seven main quadrupoles are presented
for the harmonics b, by, bg, a3, as. The results are given in
units at reference radius (Ryef) of 17 mm, at injection current
(760 A) and at a reference current ramp rate of 10 A/s The re-
sults can be compared to the expected field errors calculated for
an inter-strand resistance of 20 uf2.

The field distortion coming from the ramp rate is weak. The
measured ramp rate normal multipoles are less than 0.2 units at
injection and correspond to an inter-strand resistance of about
135 p€2 (£70 p2). The multipoles values are smaller than
the expected ones, in agreement with values of R. well above
20 pf2.

C. AC Energy Loss

The AC energy loss measurements were performed on
3 quadrupoles (six apertures); a hysteresis loss of Wy, = (140—
180) J and a coefficient k = (8.7E — 05 — 9.9E — 05) Js/A”
((6)) were found. The k coefficient allows [8] the average
contact resistance of the cable R, = (150 — 200) uf) to be
calculated. These estimations do not take into account the
inter-filament contribution but only the inter-strand contri-
bution. A correction can be done assuming the average time
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TABLE III
RESULTS OF THE AC ENERGY LOSS MEASUREMENTS PERFORMED ON THREE
MAIN QUADRUPOLES

Rc Ap.1 Rc Ap.2
SSS  kAp.l k Ap.2 RcAp.1 corrected Rc Ap.2 corrected
[Ws/A%]  [uIs/A%]  [uQ] [(nQ] (nQ] [nQ]
361 92.9 87.1 163 169 174 181
374 98.9 79.5 154 159 189 198
529 91.1 91.8 167 173 165 171
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Fig. 4. The W = W(dI/dt) dependence for the SSS529, aperture #1.

TABLE IV
COMPARISON BETWEEN THE R. MEASURED USING FA AND AC ENERGY LOSS
MEASUREMENTS AND THE EXPECTED VALUES

SSS Aperture Rc from FA Rc from Loss Range of
Measurement Measurement Expected Values
[nQ] [nQ] [(HQ]

317 1 230 #i 130-310
317 2 153 ## 30-120
318 1 135 #it 30-120
318 2 128 #i 70-210
361 1 96 169 50-150
361 2 144 181 60-220
366 1 192 # ##
366 2 208 #it 20-120
374 1 115 159 ##
374 2 135 198 150-320
520 1 115 # ##
520 2 135 #it 70-220
525 1 153 #H# 70-210
525 2 144 ##t #Hit
529 1 144 173 ##
529 2 144 171 50-130

constant n7 = 0.03 s for the strands. However, this figure is a
rough estimate because the time constant could deviate signifi-
cantly from the average value. Table III summarizes the results
of AC loss measurements and the calculation of the R. with
and without the inter-filament correction. Loss measurements
confirm that the R, value is well above the specified value of 20
€2 and the results are consistent with the R.. values calculated
using the ramp rate measurements. An example of energy loss
at different ramp rates for the first aperture of the SSS529 is
illustrated in Fig. 4.

Several measurements were conducted in the past in static
conditions on cables samples trying to estimate a range of

expected values of the cables cross contact resistance [11].
In Table IV is shown a comparison between the measured
values of R, obtained with different measurement techniques
(Field Advance and Energy Loss) and the expected values. The
measurement uncertainty for the FA is 0.1 units (25 p$2 for
the R.) while for the AC energy loss is 1.5 uJ (5 pf for the
R¢). The resulting R. measured is more or less in the range of
the expected values measured on cable samples. The minimum
values of the range of the expected R.. are measured on cables
samples at 190 C after 30 min of curing while the maximum
values correspond to measurements before the curing.

IV. CONCLUSIONS

We have found a reliable measurement method to calculate
the coupling current effect on the main LHC superconducting
quadrupoles. The field errors induced by the ramp rate on the
multipoles are generally small and about the same order of mag-
nitude as the resolution of the measurement. For the measure-
ment of the Field Advance, with the proper choice of trigger
time (of the order of 1 s) the acquisition system is capable to
measure a ramp-rate dependent field within a 4T /A /s accuracy.
This corresponds to an error of the order of 0.1 units of main
field at injection condition and 10 A/s ramp-rate, and hence fully
sufficient for the characterization of the dipole and quadrupole
field quality. The Field Advance measured on eight quadrupoles
is found to be small, on the order of 1-2.4 units at injection cur-
rent (760 A). These results lead to an estimate of the inter-strand
resistance being of order of 95-230 2. This order of magnitude
of R, is consistent with the results coming from the AC energy
loss measurements and with the expected values coming from
measurements performed on cable samples. The quadrupoles
R, values measured are suitable for the operation of the LHC.
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