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Abstract

The decay of the alowed multipoles in the Large
Hadron Collider (LHC) dipoles is expected to perturb the
beam stability during the particle injection. The decay
amplitude is largely affected by the powering history of
the magnet and is particularly dependent on the pre-cycle
flat-top current and duration as well as the pre-injection
preparation duration. With possible prospects of having
different genres of cycles during the LHC operation, the
powering history effect must be taken into account in the
Field Description Model for the LHC and must hence be
corrected during machine operation. This paper presents
the results of the modelling of this phenomenon.

INTRODUCTION

The Large Hadron Collider (LHC) at CERN can only
be controlled adequately if the main magnetic field and its
harmonics are known to the required accuracy.
Unfortunately, a control system solely based on
measurements of beam perturbations produced by the
field inhomogeneities may be too demanding for the
instruments available. Therefore, in order to reduce the
burden on the beam-based feedback, a feed-forward
system will be used to predict the behaviour of the field
errors during the machine cycle. This feed-forward
system is known as the Field Description for the LHC
(FIDEL) [1]. The latter is primarily based on a field
model which separates the effects that together contribute
to thetotal field in a magnet aperture.

One of the main error components that largely affects
the field during the injection plateau is the systematic
decay of the alowed harmonics. It has now been
established that this phenomenon is mostly a consequence
of field changes in the strands caused by current
redistribution in the superconducting cables [2], [3].
Unless the small changes of the local magnetic field are
overwhelmed by a change in the transport current, they
affect the magnetisation of the filaments in the strands
causing it to decrease. This therefore results in a net
magnetisation decrease in the aperture i.e. a field decay.
As described in [4], the decay drift can be modelled well
enough with a double exponential function of the type:

=ty _ﬂ
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which isadirect consequence of current diffusion through
the cable.
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Measurements have shown that the harmonic decay is
not reproducible from cycle-to-cycle [4], [5]. The decay
amplitude is strongly dependent on the magnet powering
history. It has been shown in [6] that this dependence can
be formulated by a composition of current imbalance
redistributions from previous cycles which partialy
cance. In the first approximation, these redistributions
can be modelled in the same way as a charging-
discharging L-R circuit.

POWERING HISTORY DEPENDENCE

Studies performed on short LHC dipole models based
on asingle powering cycle [7] have shown that the decay
amplitude is mostly dependent on the pre-cycle flat-top
current ler, flat-top duration ter and the pre-injection
plateau duration time tyeparaion. The powering pre-cycle
can therefore be characterised by these three parameters
as shown in Figure 1. In practice, measurements have
shown that the powering history of the magnet can be
condensed into a single powering pre-cycle.
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Figure 1: Parameters affecting decay during injection

MEASUREMENT PROCEDURE

Powering history dependence measurements performed
at cold on series dipole magnets were each preceded by a
guench to erase al persistent currents. A pre-cycle with
its parameters varied was then followed by an LHC cycle.
A dsandard precycle (Igr=11850A, tr=1000s,
toreparaiion= 0°S) &s used in series decay measurements was
used as areference.

When testing the influence of one parameter (e.g. the
flat-top current) the second and third parameters (e.g. the
flat-top duration and the pre-injection duration) were held
constant at the value corresponding to the standard pre-
cycle. The measurements were performed with the twin
rotating coil system [8]. The I dependence was
measured on 18 apertures, the t-r dependence was
measured on 24 apertures and the tyeparaion dependence
was measured on 14 apertures.
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MATHEMATICAL FORMULATION
The powering history dependence in the decay
amplitude &, of the harmonic n can be modelled by:
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where dyq is the decay amplitude measured for a standard
pre-cycle, i.e. with flat-top current equa to the nominal

current of | 3*= 11850 A, flat-top time t¢ = 1000 s and

pre-injection time t3¢ . =0s. 77, 77and 7} are the

time constants for the magnet memory for flat-top current,
flat-top duration and pre-injection time respectively.
EPE'T” T,", P" and p" are the fitting parameters.
These three equations are a direct consequence of the
assumption of exponential decay during constant current
excitation, i.e. Eq 1, where only the longest time constant
has been retained for simplicity.

RESULTS

The average dependence was obtained by first fitting
Eq 2, 3 and 4 to the data Figure 2 shows the
measurement results of the b decay amplitude vs. gt
(top), ter (middle) and toreparaion (POttom). Considering the
average curves of the measurements, the importance of
the three parameters can be determined for the main field
and the harmonics being considered. The difference
between the maximum and minimum value of the curves
is shown in Table 1. This table therefore shows that the
most important dependence is |+ since variations of this
parameter cause the largest change. Table 1 aso indicates
that al the three parameter dependencies for b; are
important for modelling. The I and ty eparaion dependence
for by and bs is relatively small and is comparable to the
twin rotating coils measurement system uncertainty. For
this reason we choose not to model these effects.

Table 1: The average effect of each powering history

parameter on the allowed harmonics
parameter b; (units) bs (units) | bs (units)
let 0.9 1.29 0.21
teT 0.02 0.46 0.03
toreparation 0.49 0.6 0.02
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Figure 2: The effect of avariation of |1 (top), t=r (Middle)
and tyreparaion (DOttom) on the decay amplitude at the end
of injection. (bold black line is the average dependency)

EXTRAPOLATION OF THE
PARAMETER SPACE

Egs. 2, 3 and 4 can be joined together to yield an
equation that extrapolates the powering history
dependence to a 3d parameter space:

¢sd
preperation

Pon + H”e 75 (5)
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The reference cycle is a pivot point that is common for
al three powering history parameters. However, this pivot
point has different values for the three parameters due to
the limited sample of measurements taken. To
homogenise the pivot point and to have a powering
history prediction for the entire magnet population, a
scaling law is used to scale the average curves of
Figures 2. Eq. 5 is then used to fit the three scaled average
curves to a 3-dimensional parameter space. The fit yields
the parameters reported in Table 2. The corresponding
surface plots are shown in Figure3. For bs the
parameterization is found to produce an extrapolation
with a maximum error of 0.15 units with a median error
of 0.035 units.
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mode and the data was only 0.15 units @17mm. This 3d
model is therefore quite powerful and will provide a good

extension to FIDEL.
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Figure 3: lgr V. ter (tOp), toreparation VS. ler (Middle)
toreparation VS trr (bottom)

CONCLUSION

The decay amplitude dependence on the powering
history of the LHC dipoles has been investigated by
peforming an extensive measurement program using
rotating coils. The measurements were focused on the
pre-cycle flat-top current, the pre-cycle flat-top duration
and pre-injection duration which are known to have the
largest effect on the decay. A model was constructed to
interpolate the results obtained. The modd was then
extended to a 3d parameter space to extrapolate the
powering dependence to magnetic states that were not
measured. The results of the extrapolation were very
satisfactory since the maximum error between the 3d
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Table 2: the fit parameters of the 3-dimensional

powering history dependence

[1]

(2]

(3]

[4]

(5]

6]

(8]

o Coefts b, b 3 b 5
Eo -0.467 16.981 | -0.7025
- ler E, | -1027 | 22984 | -1.0329
7. | 4665 | 0658 | 58430
Gk 12000 To - 8.18 -
ter T, - 2.063 -
z - 0.040 -
Po - -8.779 -
tpreparation Pl - 3.728 -
(0 - 0.039 -
population
decay [» 0.986 2.004 -0.302
amplitude
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