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ABSTRACT. This paper describes a dedicated device to map the madiedticof the T2K near
detector (ND280) magnet, which runs at a nominal field vafl®eT, with an accuracy of the order

of a Gauss. A high accuracy mapping is a key ingredient inrdcderovide the required momentum
accuracy in the ND280 time projection chambers (TPCs) atigw 2K to measure precisely the
PMNS matrix parameterdma, and 6,3. This paper describes the design and realization of the
device as well as its performance during operation. Thertegaesults show that the aimed at
goals are reached.
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1 Introduction

T2K [1, 2] is the first long-baseline neutrino beam experiment whigésuan intense off-axis neu-
trino beam with the goal of determining the unknown paraméie [3] of the PMNS neutrino
mixing matrix [4]. T2K also aims to precisely measure the paramed:ﬂeré3 and 6,3 with an
improvement of an order of magnitude on the current seitgtv This is obtained from the com-
parison of the measured fluxes at a near detector stationim2&@ay from the neutrino source
(ND280), and at Super-Kamiokande, a 50 kton wéterenkov detector, 295 km away. To achieve
the aimed precision, a good knowledge of the neutrino fluxearadgy spectrum is essential, which
can be obtained from the ND280 near detector station.

The magnetic field for ND280 is generated by the former UAINNKD dipole magnet 5, 6].
This magnet (figuré&) was refurbished at CERN for the purpose of the T2K expertraed shipped
in 2008 to the Japan Proton Accelerator Research ComplPARE), situated in Tokai. The
magnet has a weight 8900 tons and its inner dimensions are 3.&8.5 mx 7.0 m. The magnet
consists of 16 C-shaped yokes and 4 coils made of 26 doubtedbas” for a total of 208 turns,
generating a dipole magnetic field of 0.2 T for the purpose 2. Tinside the coils the so-called
basket structure is placed. This support frame is made cstbofless steel with inner dimensions
of 2.3 mx 2.4 mx 6.6 m and holds most of the sub-detectors of ND280, as is slrofigure 2.
Most upstream is tha®-detector (POD), built mainly of scintillators interlacedth water, followed
by the tracker which contains three time projection champBePCs) and two fine-grained detectors
(FGDs) in a sandwich structure. The downstream electrostagoalorimeter (Downstream ECal)
completes the detectors inside the basket. The basketrisusdied by further electromagnetic
calorimeters and by the muon range detectors (SMRDs) whithument the magnet yoke.

The tracker is designed to study charged current neutrit@oaations occurring in the FGDs
and other detector parts. Each of the three rectangular Tia@lwers has an outer dimension of
2.3mx 2.4 mx 1.0 mand an inner sampling length of 700 mm. Each TPC cordfistsinner box
that holds an argon-based drift gas within an outer box thhtshCG as insulating gas. Copper
strips of precisely 11.5 mm pitch in conjunction with a cahtrathode panel produce a uniform



Figure1. Top view of the open T2K ND280 magnet with the mapping deinséalled.

electric drift field, roughly aligned with the magnetic fieBlulk micromegas detectors are used for
the gas-amplified readout of ionization electrons with asd@npad segmentation of 70 rinEach
TPC has two readout planes with twelve micromegas modutestfital of 72 modules. The signal
pattern in combination with the arrival time allows a 3D kaeconstruction of charged particles.
More details on the design and performance of the TPCs caoumel fin [7].

The precise mapping of the magnetic field in the instrumernggibn of the ND280 detector
complex has several goals. The magnetic field itself is a l@yent for precisely measuring the
momentum of the charged patrticles passing through the uetector volume. The performance
requirement of the TPCs corresponds to a momentum resolafibetter than 10% and to a mo-
mentum scale known to better than 2%. This can be achieveddaguming the magnetic field
with an accuracy of the order of a Gauss in the directionsquetigular to the drift direction of
the electrons in the TPCs. These magnetic field componesttsridihe drift of the electrons in the
TPC gas volume.

Besides distortions, it is also important to know the abisoficale of the measured magnetic
field values. This is guaranteed by a careful calibrationhef iHall probes as described in sec-
tion 2.3, More details on the construction and operation of the degen be found ing]. An
additional publication is being prepared to show resutisfthe full measurement campaid.[

2 Themapping device

2.1 Mechanicsand electronics

The coordinate reference system used for the mapping devibe same as that of the ND280
detector (figure?). The x-axis is parallel to the main component of the magrfatld, the y-axis is
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Figure 2. The ND280 detectors in the magnet with magnet outer dimessif 5.6 mx 6.1 mx 7.6 m.

antiparallel to the line of gravity, and the orthogonal #sas in the direction of the neutrino beam.
However, small deviations of the order of a mrad exist ancevaetermined by a series of surveys
(see sectiorR.2).

The mapping device was built by the CERN PH-DT group and thi€ B&rn group. It was
designed to measure a volume slightly larger than the im&nted region inside the basket. The
device has a total weight e£700 kg and consists of three parallel arms. Two long armsrcove
the width (x-direction) of the detector region (2.2 m) and arovable in y (2 m in height) and
z (6 m in length), and a shorter third arm of 1.8 m length (ediion) is used to crosscheck the
measurements at lower positions in y-direction. Movemerhé z-direction required additional
rails to be temporarily installed into the basket which waligned with the mapping device.

The whole equipment was built of non-magnetic materiald@siaum and stainless steel to
prevent undesired field distortions. The device can be mbyadeans of three pneumatic motors
(one for the movement in y-direction and two for the movenaong the z-axis). A drawing and
a photograph of the device are shown in figuBesd4, respectively.

The position of the mapping device during its operation &lreut by four optical encoders
(two for the y- and two for the z-direction) which allow theendo control the movement of the
equipment. The encoder resolution of @t allows knowledge of the actual position of the mea-
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Figure 3. Drawing of the mapping device installed into the basket.

surement bench at the order of 0.1 rnThis is an order of magnitude better than the required
precision of~1 mm.

In total 89 electronics card4.(] are installed onto the three arms of the device. Each card is
equipped with three Hall probes, which measure the voltadaded by the Hall effect for each
component of the magnetic fiel@, By, andB;), and also contains a temperature sensor as well
as the necessary readout electronics (figa)reThe 89 electronics cards are distributed over four
readout chains. The user can communicate with the cardsAli&Bus [11] to activate the routines
for the initialization and movement of the device and foradagadout. The data of the three Hall
probes and the temperature sensor are individually readraustored. The total readout time per
card is 270 ms.

Each of the two longer arms of the device holds 39 cards acuyexirange of 2166 1 mm
with a distance of 57 0.2 mm from center-to-center of each card in the x-directidme arms are
separated in z-direction by 383 mm. An additional paratélidtarm holds 11 cards spread over
1710+ 1 mm. With respect to the second arm, the third arm is instaltea distance of 201 mm
in z-direction and 255 mm lower (y-direction).

2.2 Devicesurvey

The positioning and angular deviations from the desireds axere obtained from several sur-
veys [12] of:

1Thermal expansion of the material is negligible as the teatpes fluctuations during the operation of the magnet
are below two degrees.
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Figure 5. One of the cards with its readout electronics is shown. Eldecircle in the picture indicates the
three orthogonal Hall probes which are placed on a smalsglabe.
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Figure 6. Displacements of the Hall probes with respect to each athem on the glass cube holding the
three Hall probes.

1. the mapping equipment and rails with respect to the bagkeERN.

2. the device with respect to the general ND280 referencedrhefore the actual measure-
ments.

3. the device after the field measurement campaigns.
4. the positions of the individual Hall probes on the eletits cards.

The x-axis of the ND280 reference frame was chosen to canwith the corresponding axis
of the coordinate system of the mapping device. The secortieohbove mentioned surveys
showed that the y-axis of the mapping device was rotated&®yn@ad with respect to the y-axis of
the ND280 reference frame. The center of the magnet is thaaf the mapping device reference
frame as well as of the ND280 coordinate system.

The three Hall probes of each card are displaced relativach ether as can be seen in fig-
ure 6. The measured voltages were associated to the point dalduda the center of mass of the
three probes. This method induces an error on the positibesefthan 1 mm. This is negligible,
since the magnetic field changes with less than 2 Gauss per ttra region with the strongest field

variations.

2.3 Hall probe calibration

For the Hall probe calibration, which was performed at CERB],[each card was placed in a
highly uniform field whose strength was monitored by an NMRhear with a precision of better
than 1 Gauss. This setup was originally designed for thbredion of the field mapping equipment
of the LHC ATLAS experiment4, 15]. Pictures of the setup are shown in figuiieand8. Each
card was turned to many different orientations with polagla®® and azimuth angle that were
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Figure 7. Photograph of the calibration setup. In a homogenous ntiagfiedd (directed bottom to top)
a thermally isolated box is mounted which is temperaturdrotiad by a Peltier element and a ventilator.
Inside the box an NMR probe monitors the magnetic field andhibeed to hold the cards with the Hall
probes is installed. The head can be rotated freely in thireertsions, which is done by two external
motors via driving axes.

precisely measured by three orthogonal pickup coils. Thkkup coils rotate together with the
card and monitor the change in the effective magnetic fietanfwhich the rotational angle can be
inferred. The measurements were repeated for several fielagths and temperatures. The Hall
voltage (V) is decomposed into orthogonal functions. Sphé&harmonicsy are used fof and ¢
and Tschebyshev polynomialsfor the modulus of the field B and temperature t:

V(B,t,6,0) = ZZZ Z Ckim Tk(B) dhim Tn(t)Yim (6, @) (2.1)

Using this series, a total of about 200 calibration pararsetgs calculated for each probe.
A separate angular calibration was used to find the oriemtatf the calibrated coordinate system
relative to three feet that support the card on the mappinigee

All Hall probes were calibrated at 0.2 T and 1.14 T, and théesowvhich deviated more than
2 Gauss at afield of 0.2 T were rejected. A few probes were al#wrated at 0.1 T as a cross-check,
the results were found to be consistent. Figighows the measurements for one of the probes.
The accuracy for the angular alignment between the thrdsepron a electronic card was measured
to be+2 mrad. An improvement on both values, the accuracy of thenetagfield and the angular
alignment, can be obtained from the actual mapping dateeswitied in$, 9]. All probes have an



Figure 8. Photograph of one of the electronics cards mounted ontodlileration setup.
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Figure 9. Calibration measurements for one of the Hall probes at g&arin 45 steps. The measurements
for three different magnetic field values are shown on thie(tep: 0.1 T, middle: 0.2 T, bottom: 1.14 T).
At a magnetic field of 0.2 T the deviation of B from the nominagnetic field is below 2 Gauss for all
measured angles, as can be inferred from the distributicdheoright.

intrinsic resolution of 0.2 Gauss, which was obtained frapeated B-field measurements under
identical conditions, constant B-field, temperature arglewith respect to the magnetic field.



3 Calibration data, equalization and alignment corrections

To calibrate the mapping device as a whole, a dedicated rtheitlND280 magnet was performed,
during the measurement no other detectors were installgetibasket. A ramping cycle was done
with 250 A steps from 0 A to 1000 A, and measurements were takpaints on a rectangular grid
through the volume to be instrumented with ND280 detect®s {igure2). The device was moved
in steps of 10 cm along the beam direction z as well as in thgaedirection y. The 5.7 cm pitch
of the probes in the third dimension x is determined by theipedy machined fixing points of the
cards on the arms of the mapping device.

The main aim of the mapping campaign was a detailed field mépediD280 TPC region at
a current of 1000 A equivalent to a field ©f712 G in the center of the magnet. The map consists
of more than 250,000 measurement points which correspora$ tm distance of measurements
in y- and z-direction. The procedure for the calibrationto$ tdata is discussed in this section.

For the equalization of the probes in the ND280 magnet aretisrrection was applied. This
offsetcy is determined from the data of all probes by applying theofeihg fitting function to the
main B-field component:

B[G] = co+ C1l + €161 2 (3.1)

The transverse B-field componelgandB, were not considered to retrieve the fitting param-
etersc; andcy, since the amplitude of these field components is so smalittearror is dominated
by the intrinsic resolution of the Hall probes (0.2 Gauss).

The purpose of the calibration procedure is to determindittieg parametergy, ¢; andcy
of eq. 3.1). Thec, parameter can be considered to depend solely on the magjiwiifetaures
of the iron yoke. In fact, it also takes into account the maigagon of all surrounding materials
such as the basket or the mapping device itself, but the imfluef those can be regarded as neg-
ligible. The mean value of, is obtained from the fits at each measurement point, and Wish t
given value ofc; the fit is then repeated for each probe and each direcBonBjy andB;). The
remaining two parameterg andcy describe the strength of the field and the offset value foh eac
probe, respectively. A distribution of the obtained ofésistshown in figuré.O.

Systematic effects of the mapping device geometry inclhdeskewing of the mapping device
itself and angular misalignments between the Hall probd®w data was corrected by measuring
these effects and taking them into acount. When moving thieel the z-direction the two pneu-
matic motors are individually controlled to ensure a smaentdvement along the rails. This feature
allowed for a better control of the movement and avoidanceexthanical stress on the equipment.
The two motors, separated by=2.2 m, may stop at slightly different positions in the z-dtien
for each measurement poitd= z — zp < 1 mm). This introduces a systematic skewing of the
device with an angle below 0.5 mrad, and we correct the anglignment of the mapping device
accordingly. As mentioned in secti@l, optical encoders measure the stopping positions of both
sides of the device. The data are used to determine the gkemigles. Additional skewing was
observed in y which exhibited dependence on both y positimhdirection of movement and was
found to be due to friction and mechanical stress on the devitie displacemerty was taken
from two encoders on the y-axis of the device, separated, byhe angles for the skewingj are
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Figure 10. Distribution of the fitteccy parameter (left plot) and its error (right plot) for eachipeo

small being of the order of a mrad, therefore, we obtain tHewing equations:

sindy ~ tand, = Ay/dy, sind, = tand, = Az/d,
B} = Bx(cosdy + c0sd,) — Bysind, — B,sind, ~ By

By = By cosdy + Bysind, ~ Bysing,
B, = B,C0S0, + BySind, ~ Bysind,,

The corrected valueB are used for further analysis. As an example, figuirehows the effect
of the correction foBy. With this method one can correct for effects at the levehefintrinsic
probe uncertainty of 0.2 Gauss.

The misalignment of each probe with respect to each othet brigsaken into account as
well. From the calibration procedure (secti®rd) it is known that the probes should agree within
+2 mrad. For the transverse componeBjr B, the alignment can be further refined by exploit-
ing the cartesian symmetry of the magnet geometry and theHatthe center of the magnet is
defined as the origin of the ND280 coordinate system. In thizbiastal symmetry plane of the
coils aty = 0, we expect the vertical field distortions By to vanish. An analogue statement holds
for the B, component.

In these planes of symmetry £ 0 orz= 0) either|By| or |B,| should be minimal everywhere.
The mean value of one B-field component of the 39 probes alaegaom is taken and defined to

be the reference value: s
n

— 1
By=39m i; J;Byﬂ

wheren is the number of measurement points per prabst¢ps in z-direction foBy). The mea-
surements of each probe are corrected to equal this meamalatained from the symmetry planes.
In figure 12the improvement of the data quality By in the plane wherg = 0 is shown. Fox =0,

—10 -
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Figure 11. Measurements of the Hall probexat O for all positions in y and z. This corresponds to a side
view of the ND280 TPC region. The colors indicate Biefield values in Gauss. An improvement of data
quality after correcting for skewing effects of the devisevisible (top: without correction; bottom: with
correction). The differences between neighboring measeings in z-direction are reduced (columns) and
also the mean value of all measurements moves closer to GGBus shifts of 0.2 Gauss far= 300 mm
andz = 1600 mm occurred after two earth quakes, which might haveatha small shift{1 mm) of the
mapping equipment with respect to the magnet.

the By value is not minimal since this is the main component of thiel fi@hich is intended to be
as large and uniform as possible. Hence, a correctioBfaran only be obtained from a fitting
procedure which is described in detail Bj.[

The overall effect of the equalization and alignment cdiogs can be seen in figuiks, in
which the differences foBy and B, between adjacent probes are shown. With RMS values of
0.17 Gauss and 0.24 Gauss the resulting deviations are tiblepaith the intrinsic resolution of
the Hall probes.

4 Conclusions

A dedicated, novel device was built to map the magnetic fietd@magnet of the ND280 detector
complex of the T2K neutrino experiment. The mapping devi@s wxclusively made of non-

—11-—
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Figure 12. Top view of the ND280 TPC region. The colors representBéeld values in Gauss. Each
row corresponds to the measurements of one probe. Theigaridtthe values between the probes vanishes
when applying the corrections described in the text (tophetit correction; bottom: with correction). The
blue and red colored regions on the right-hand-side of thboplot show the influence of the coils. This
influence can be determined with sufficient accuracy onbrafte corrections.

magnetic parts and completed with a set of high precisioi pfabes. The absolute scale of the
magnetic field is ensured by a careful calibration of each ptabe in a reference magnetic field.

With the help of a dedicated mapping campaign it is demotestrinat the required measure-
ment accuracy of the order of a Gauss is achieved. This meetequirements for the momentum
accuracy for particles with the use of the ND280 TPCs.

Acknowledgments

We thank all colleagues who helped to design and constrectritéipping device and to ensure
smooth measurements. Special thanks go to the T2K magngp @oo providing many sugges-

tions and a lot of support in operating the magnet, and alxetin Karlen and the CERN survey
group for their efforts in surveying the equipment.

—12 —

8T01T0d L 1SN I Z10c



Difference between two neighboured probes for By,y ~ =0mm, z=Omm h1_diff_gauss By
Entries 38
— Mean  0.004737
% AB, before correction RMS 0.166
14|77
—— AB, after correction
12|
10|
8
6
E BZ
4 -
s g / 4
- S
2 /2
- IS NS /
N /) /;/ /; %
ol i i iV 77 N N B
-4 -3 -2 -1 0 1 2 3 4
1B, [G]
Difference between two neighboured probes for Bz, y=0mm, z=Omm ] hi_diff_gauss Bz
Entries 38
— Mean  0.009737
% AB, before correction M RMS 0.2375
S
12
—— AB, after correction
10F
8-
of
4 - /)
- e
C 7 ? 7
2 L // /; 7 7
HIAAP VI // /)
r 7 N % 7/
ot i AP i ANGAd i
-4 -3 -2 -1 0 1 2 3 4
AB, [G]

Figure 13. Deviations of the measured values between adjacent phafese (shaded black) and after the
corrections (blue line) foBy (top) andB; (bottom). The fact that the distributions center around atows
that there is no rotational bias along the x-direction.

References

[1] T2K collaboration, Y. Itow et al.The JHF-Kamioka neutrino projediep-ex/0106019.

[2] T2K collaboration, K. Abe and J.B. SpitZhe 12K experiment
Nucl. Instrum. MethA 659 (2011) 10§arXiv:1106.1238].

[3] T2K collaboration, K. Abe et allndication of electron neutrino appearance from an
accelerator-produced off-axis muon neutrino be&ys. Rev. Lettl07 (2011) 041801
[arXiv:1106.2822].

[4] B. PontecorvoMesonium and antimesoniy@h. Eksp. Teor. FiZ33 (1957) 549 Sov. Phys. JETB
(1957) 429];Inverse beta processes and nonconservation of lepton ehaing Eksp. Teor. FiZ34
(1958) 247 Bov. Phys. JETR (1958) 172];

Z. Maki, M. Nakagawa and S. SakaRemarks on the unified model of elementary partjcles
Prog. Theor. Phys28 (1962) 870

[5] UA1 collaboration, G. Arnison et alExperimental observation of lepton pairs of invariant mass
around95GeV/& at the CERN SPS collidgPhys. LettB 126 (1983) 398

— 13—


http://arxiv.org/abs/hep-ex/0106019
http://dx.doi.org/10.1016/j.nima.2011.06.067
http://arxiv.org/abs/1106.1238
http://dx.doi.org/10.1103/PhysRevLett.107.041801
http://arxiv.org/abs/1106.2822
http://dx.doi.org/10.1143/PTP.28.870
http://dx.doi.org/10.1016/0370-2693(83)90188-0

(6]

[7]

(8]

9]

(10]

(11]

(12]

(13]

(14]
(15]

NOMAD collaboration, J. Altegoer et allhe NOMAD experiment at the CERN SPS
Nucl. Instrum. MethA 404 (1998) 96

T2K ND280 TPC collaboration, N. Abgrall et alljme Projection Chambers for th&K near
detectorsNucl. Instrum. MethA 637 (2011) 25[arXiv:1012.0865].

E. Frank,Precision measurement of the B80magnetic field in the 2K neutrino experiment:
confirmation of the momentum scale throlgh™ resonancesPh.D. thesis, in preparation.

T2K ND280 MAGNET collaboration]nstallation, calibration and operation of a large dipole
magnet for the NR80off-axis detector of theZK experimentin preparation.

Hall probes developed by NIKHEF webpage
http://www.nikhef.nl/pub/departments/ct/po/html/daml

Robert Bosch GmbHZAN — Controller Area Network funktionelle BeschreibiimgGerman),
Germany (1987).

D. Karlen,Aligning the tracker in the NR80basket T2K technical note T2K-TN-010,
http://www.t2k.org/docs/technotes/010/tn010/view

F. Bergsmagalibration of Hall sensors in three dimensigis proceedings of 18 International
Magnetic Measurement Worksh@l AC, U.S.A. (2003).

M. Aleksa et al. Measurement of the ATLAS solenoid magnetic,fROG8IINST3 P04003

M. Aleksa et al. Measurement of the solenoid magnetic fi&l@iLAS note
ATL-MAGNET-PUB-2007-001, CERN, Geneva Switzerland (207

—14 -


http://dx.doi.org/10.1016/S0168-9002(97)01079-6
http://dx.doi.org/10.1016/j.nima.2011.02.036
http://arxiv.org/abs/1012.0865
http://www.nikhef.nl/pub/departments/ct/po/html/dcs.html
http://www.t2k.org/docs/technotes/010/tn010/view
http://dx.doi.org/10.1088/1748-0221/3/04/P04003

	Introduction
	The mapping device
	Mechanics and electronics
	Device survey
	Hall probe calibration

	Calibration data, equalization and alignment corrections
	Conclusions

