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Abstraci—In superconducting particle accelerators a fast
change of the magoetic field oecurs during the first few scconds
aftter the start of an enerpgy ramp, Standard magnetic
measnrements using a coil rotating at 1 Hz do not have the time
resolution vequired to completely resolve this phase, usually
ealted snapback. For this reason we have developed a new and
fast system dedicated to sextupole measurements. The basic
component consists of three Halt plites mounted on a ring, In an
ideal case this arrangement compensates the main dipole field
and produces a signal proportional to the sextupole only.
Mechanical tolerances and differences in the sensitivity of the
Hall plates are compensated by instrumentation amplifiers and
an in situ fine adjustment of the prohe orientation. Using this
hybrid compensation technique we have measured sextupole
variations in an LHC dipele prototype during snapback at a
rate of 5 I1z. In this paper we present details on the device and
the results of our measurements,

1, INTRODUCTION

One of the characteristics of superconducting accelerator
magnets is a relatively targe magnetic field drift during
periods of constant excilation current | 1]. This drilt has a
time constant in the order of some hundreds ol scconds,
depends on the powering history of the magnet (memory
effect) and ts caused by an interaction between the current
distribution in the cables and the magnetization of the
superconducting filaments [2]. The ficld returns rapidly to the
onginal hysleresis curve as soon as the magnet is ramped. En
the case of LHC dipoles this so-called snapback phase takes
place within some scconds [1). Henee, lor an adequate
measurement of the snaphack we nced a measurement system
with an ‘acquisition rate in the range of 5 to 10 Hz The
standard  cquipment for magnetic  mecasurements  in
accelerator magnels are rotating coils [3], slender pick-ups
that turn inside the hore of the magnet and produce a signal
proportional o the harmonics of the field. The typical
bandwidsh of measurements with rotating ceils is in the range
0.1 to 1 Hz. This rate is therefore nat sufficient to accurately
resolve the evolution of the sextupole during snapback. For
this rcason we started the development of a fast sextupole
detector capable of providing the required bandwidth, Fast
measurements during snapback coutd reveal fine details and
help to understand this phenomenon for which we have so far
only a qualitative explanation and ne quantitative model.
Note that similar sensors were already built by measurement
groups at HERA [4] and BNI. [5]. However, they are only
sparingly documented in the literature.
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11, WORKING PRINCIPLE 017 THE PROBE

We follow standard practice for accelerator magnets and
we consider thal the ficld B is two dimensional in the magnel
crass section, ignoring the ficld component along the magnet
length, For convenience we choose a cylindrical coordinate
system with the z axis along the magnet length. Every point
in the magnet cross section can be identified by a radius r and
an angle # (measured starting from the horizontal axis).
Inside the magnet bore we expand the racial and tangential
componenls in series [6]:
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w=l ref
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Here, 8, and A, are the normal and skew multipoles of
order n, The lirst cocfficicnt 8, is the normal dipole and is
equal to the main (icld generated by a hending accelerator
magnel. In a symmetric dipole magnet only the odd order
normal  multipole  components, the so-called allowed
mullipoles, are different from zero, We are particularly
interested in the hehaviour of the first allowed multipole, the
normal sextupole coefficient B;. In a well-designed dipole
magnet the higher order mullipoles are small, in the range of
107 relative to the main ficld. Thus, a scasor that measurcs
higher order harmonics must bo capable of strongly
suppressing  the  dipole  compenent.  The * necessary
compensation can be achieved using the periodic propertics
of the magnetic ficld associated with cach multipole. We
cansider a circle of radius R, centered in the origin of the
cylindrical coordinate system. From Eqgs, (1) and (2) we see
that on this circle the magnctic ficld associated with a
multipole of order # is a rotating vector of constant module.
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Fig. 1. Working principle of the scxtupole probe, Three field sensors i
placed onto the surface of a cirele at 90°, 210°, and 330°. They meastre
the projections af the ficld onto the three axes starting from the center of
the cirele, The tield vectors are shown for a dipole defty and for a
sextupole {right) (hines originating nn the cirele}.
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The frequency ol its angular rotation i1s equal to the mullipole
order, Now we suppose to sample the radial component of the
field al points placed on the circle al equispaced angular
intervals, and 10 sum over all of the sampled values.
Choosing an angular spacing ol 120° between sampling
points we obtain the following sum signai $:
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Here, ¢ is the angular position of the first sampling point
on the circle. It is easy to verily that:

I =3
1+ 2cos L”E = ? -or n=3k 4)
3 0 for n# 3k

where 4 is an arbitrary integer number. Thercfore the sum
signal contains contributions only from the normat and skew
multipotes of order 3k, i.c. the multipoles of order 3, 6, 9, etc.
Thus with this confliguration we can achieve the desired
suppression of the dipele field. Furthermore, the stgnal
generated by the normal sextupole can be maximized if we
choase to place the first sampling point at an angle ¢ =90°
(as in Fig. 1). In this particular case we obtain that:

3k | for £ odd
sinf —— |=
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The consequence is that only the normal multipoles of
order 3(2&-1) (i.e. B;, By, Bys, ...) and the skew multipoles of
order 6k (1.c. Ag, Ay, A, ..} contribute to the total smn S.
The sum signal af our device is then given by:
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Now we reeall that in a dipole the normal multipoles of
order 3(24-1) are allowed by symmetry. With increasing
order, however, they strongly deecrease in amplitude. On the
other hand the skew multipoles of the order 6k are not
allowed by symmetry. Thus, in a good magnet they are close
to zero. For this reason we can simplify Eq. (6} as follows:

5=3
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The sum signal of this ideal sensor is proportional (o the
normal sextupole only, as desived. Note finally that
multipoles of different orders could be measured with similar
sensors, using a dilferent spacing amang the sampling points.

II1, REALIZATION OF THE DETECTOR

A, Error Analysis

The sensor discussed above requires the Jocal measurcment
of a single (radial) lield componcnt, which slowly varies in
time. The most suitable devices for such a measurement are
Halt plates. In a tirst approximation Hall plates provide a
voltage signal proportional to the field normal to their active
surlace and proportlional (© the excilalion current, ‘Fherefore
the principle of the sensor discussed in the previous section
can be put into practice mounting three Hall plates with
identical sensitivities on the triangular arrangement shown in
Fig. . In practice different Hall plaies have different
scnsitivities to the ficld, in addition to a small offset signal.
Baoth, sensitivity and offset are functions of the temperature.
Finally mechanical tolerances alTect the precision, especially
due to inaccuracies in the placement of the plates. These are
the largest sources of measurement errors. For the typical
snapback of ILHC dipoles we would like to achieve an
accuracy of 3 %, corrcsponding Lo a sextupole resolution of
3 uT at 17 mm in a background dipole field of 3.5 T. Using
the above valucs as target specifications, we have estimated
the maximum tolerable inaccuracies in the Hall plale
sensitivity, mechanical tolerances, temperature gradient and
electronic noisc in the range ol 1 1o 10 Hy, The results of this
crror estimate arc summarized in Table 1. From the values
shown in the 1able it is evident that the most critical
paramcters are the Halt plate sensitivities and their tilt around
the center. These requirements cannot be achieved in
practice. Therefore, as discussed in the next sections, we have
chosen a  hybrid technique for the adjustment and
campensation in order to suppress the dipole contribution and
achicve the target resolution,

B, Selection of Hall Plates

We built the sextupele sensor using AREPOC packaged
Hall platcs of the type HHP-NP. They have a sensitivily
around 230 mV/T at an excitation current of 50 mA. In
Table 1[ we report the relevant parameters ol (he plates
selecled. As we have stated previously, we are inlerested
mainly in a detailed measurement of the snapback phase,
which takes place in the LHC dipoles at injection conditions
(.54 'T). We have therelore performed an ad hoc calibration
of the plates using a split solenoid magnet with a main lield
in the range of 0 1o 1 T and a NMR probe as a reference. The

TABLE I
SUMMARY Ol MAXIMUM TOLERANCES FOR A 3% RELATIVE ACCURACY
N TIE SEXTUPOLE SNAPBACK MEASUREMENT

Tolerance on Hall plate scnsitivity -} It
Maxinum error for the center pesition of each plate

Radius {mm) 0.3

Angle {degroes) 10
Tilt angle of cach plate around the center {degrees) n.e
Probe positioning angle (rigid rotation) (degrees) 5
Temperature gradient among plates (K) |
Electrical noise level (1-10 11z) (1Y) Lo




probes were soried in groups of three, so that the sensitivities
. e 3
in cach group matched within 5 x 107,

C. Mechanical Arrangement

The choice of material for the support stiructure is delicate.
The matcrial must have non-magnetic properlics and a high
clectrical resistivity in order to avoid perturbations of the
magnetic ficld both in steady state and doring ramps. Al the
same time a good thermal conductivity is desirable in order to
accurately stabilize Lhe temperatore of the three Fall plates on
a ring. We have chosen a titanium alloy (TiAlV, Grade 5)
as a good compromise belween a high electrical resistivity
{p= 1.7 [pQ m]) and adequale thermal conductivity (k = 7
[W/K m]). In addilion, the alloy chosen has a negligible
paramagnetic behaviour (g, = 1.0002).

Two groups of Uwee plates were mounted on the support
rings shown in g, 2, The plates were glued into the
precision machined grooves of the support rings. The
refercnee surlace at the bottom ol the grooves has a radius of
143 mm with respect to the rotation axis. Calibration
measurements  performed  alter  gluing showed (hat the
sensitive area of the Hall plates is not aligned with the
reference surface. The alignment errors among the plates
varied between 6 and 10 degrecs. We believe that these large
errors are due to the gloing technique chosen, and also due o
the lack of a reference surlace in the packaged Hall plates.
We have assembled two ol the rings on a Ti-alloy support
shaft. The shaft is equipped with rollers and ball bearings in
order to move and rotate the device inside the warm bore of a
magnet, sce Fig, 3, The Lwo rings have a variable spacing,
which can be adjusted on the support shaft. In the LHC
magnets the local amplitude of the sextupole can be allected
by a periodic pattern, which bas a wavelength equal 10 the
twist pitch of the superconducting cable of the inner layer
{(41-[5]. Placing the two rings of the detector at a distance of
half a twist pilch we can compensale for the influence of the
periodic pattern. The support shaft was equipped willh two
additional 1all plates mounted on two perpendicular
surlaces, Their purpose is to measure the two components of
the magnctic fictd on the axis of the detector, thus providing
a good approximation of the normal and skew dipole,

Finally the mechanical assembly was wrapped into an
adhesive Kapton foil in order 1o provide a good thermal
insutation against the wall of the warm bore. The Ti-alloy
used in the rings has a thermal conductivity much larger than
Kapton. Thus, in spile of the iemperature regulation
transients in the warm bore, the temperature gradient in the

TABLE [T

NOMINAL PARAMETERS FOR THE ITALL PLALES USED
Excilation current (mA) 30
Typical sensitivity {at 50 mA exeitation) (m¥/ Ty =23
Active aren {mn’) 0.5x1.25
Non-tnearity (0...1T) {%6) <02
Temperature coefficient of the sensitivity {1/K) = 10!
Offset (V) <30
Temperamure coefficient of the offset (LviKy <03
Input resistance [£9] =5
Ouliput resistance (L2 = |8
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support rings is negligible, lor this reason it was possible to
avoid & temperature regulation of the sensor. The outer
diameter of the whole probe s 32 mm and ils length,
including the housing lor the connectors, is approximately
250 mun,

0. Cabling and Acquisition

We have conneceted all the 1all plates in the detector in
serics with the current source, This ensures that the excitation
current is the same [or all Hall plates. The excitation current
chosen 15 modest (30 mA) and the input resistance of the Hall
plates is small (§ ). For this reason also the total voltage on
the plates is negligible {in the range of 1.5 V). A 15-m long
cable connects the sensor in the magnel to the conditioners
and data acquisition system. The voltage signal of cach Hall
plate in a ring is cond:tioned by a compensation card, shown
schemalically in Fig. 4. This card provides an amplilying and
summing slage. The insirumentation amplifiers Tor cach
channel] have an adjustable gain (in the range of 5 to 10) and
arc used to compensate the expected residual dilferences in
the sensitivitics as well as the angular misalignment ol the
Hall plates on the support ring. The criterion for the fine-
adjustment of the gains was to obtain an optimal bucking of
the dipole.

The sum signal from the conditioners and also the voltage
of the individual Hall plates, are measured with Keithley
Mod. 2001 DVM’s. The DVM’s are controlled with a
L.ahVicw based soltware running on a Sun-Ulra worksiation.
The acquisition sysicm was deseribed in detail in [7]. We
used the 13VM’'s as integraling voltmeters, with an integration
titne af 200 ms. This results in a data acquisition rate of 5 Hz,
within the range required. [n addition the 50 Hz background
from the power network and other electronic noise sources

Fig. 2. Ti-alley support ring with machined grooves for the Ll plaes,

ring 2 connector

ring |
]

3
@32

dipole plates
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Fig. 3. Schematic assembly of the sextupole tings on the support shaft,
showing the rollers that support the probe in the warm bore of the magnet,
as well as the signal cable connector,
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Tig. 4. Schematic cabling schenwe, sigaat conditioning and data acquisition
system for the sextupok: probe,

are strongly filiered. The typical residual noise was in the
10 uV range. Note that a shorier integration time (e.g.
100 ms, resulting in a 10 Hz acquisition rate) would still
provide a satisfactory S/N ratio.

E. Probe Calibration

A first step in the characterization of the sensor was the
calibration of the sensitivity to the field and the measurcment
of the relative alignment of the Hall plates in a relerence
dipale. As already mentioned, we observed that the plates
were tilted around their nominal position by several degrees.
The measured sensitivity values and the 6lt were used in
arder o adjust the gains of the inpul amplifier of the
compensation boxes so that the sum signal is zero. Al this
slage we have caleulated the sensitivity of each ring to all
multipoles up to order 5. The typical sensilivily to a
sextupole field, taking into account the gains of the amplifier
stage, is around 3 V/F @ 17 mm. We verilied (he correctness
of our sensitivities by direct measurements in a sexiupole.
The measurements agree with the computed sensitivity to
better than 3 %.

IV, MEASUREMENT RESULTS

A snapback measurement with our sensor was performed
inside the [5-m long MBP2N1 LHC prototype dipole. The
sensor was oriepted inside the warm bore of the magnet
maximizing the signal of the Hall plate placed at = 90°. A
subsequent fine adjustment of the angle was done cycling the
magnet from low (0.5 T) to high (8 T) ficld and minimizing
the average sum signal of the sensor. This in situ adjustment
takes into account the angular alignment and increases the
dipole bucking ratio, defined as the ratio of the signal of the
Hall plate at 90" to the sum signal. Thanks to this fine
adjustment we have achieved a bucking ratio in: the range of
1000, Aflterwards a continuous ficld ramp was measured
without stop al injection current. This curve provided a
ceference measurement that includes the contribution of the
normal sextupole, the un-bucked dipole and, if present,
contributions Irem all other harmonics. Finally we pre-cycled
the magnet and we measured the field decay at injection level
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Fig. 5. Snapback measurement at (.54 T injection field in the 15-m long
MBPINT LEIC prototype dipole.

(0.54 T} tollowed by the snapback at the start of the ramp
{sce [1] for details about the snapback phenomenon).

The main result of our experiment is shown in Fig. 5. The
corve has been drilt-corrected, so that the measuremonts
laken hefore the injeciion decay and after the snapback are
coincident with the reference cutve, The noise in the signal
was less than [0 uT @ 17 mm. Alse the resclution of the
sextupole change during snaphack is cxcellent,

V., CONCLUSIONS

The sextupele prcbe satisfies the requirements on the
bandwidth (5 Hz) and field resolution (hetter than 10 pT
@ 17 mm) for a fast snapback measurciment. At the moment
it works in relative mode, comparing measureiments to a
reference curve. We will re-work the present conliguration
using the expericnee gained. In particular we plan to use
unpackaged Hall plates for a betler mechanical alignment, An
on-board measurement of the inclination with respect to
gravity will be added in order to provide an absolute
reference {or the angular pasition. Besides, we have evidence
for a change of the periodic pattern during the snapback
phase. An array of sextupole sensors will allow simultanecus
measurements of sextupole average and variation along the
length of the periodic pattern.
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