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ABSTRACT. ATLAS is a general purpose detector designedpdoge a wide range of physics at
the Large Hadron Collider. At the centre of ATLASA tracking detector in a 2 T solenoidal
magnetic field. This paper describes the machiné bw map the field, the data analysis
methods, the final results, and their estimatecettamties. The remotely controlled mapping
machine used pneumatic motors with feedback froticapencoders to scan an array of Hall
probes over the field volume and log data at mbam 20 000 points in a few hours. The data
were analysed, making full use of the physical trairsts on the field and of our knowledge of
the solenoid coil geometry. After a series of snaalirections derived from the data itself, the
resulting maps were fitted with a function obeyMgxwell’'s equations. The fit residuals had
an r.m.s. less than 0.5 mT and the systematic emmdhe measurement of track sagitta due to
the field uncertainty was estimated to be in thegea0.02% to 0.12% depending on the track

rapidity.
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1. Field characteristics and measurement requirements

The ATLAS inner tracking detector (ID) uses an axmmgnetic field of around 2 Tesla for
measurement of charged track momentum. This fisldpriovided by a superconducting
solenoi of radius 1.247 m, length 5.283 m,ihgvl154 turns which generates the required
field when supplied with 7730 A. We work in a righanded coordinate system where x points
towards the centre of the LHC, y is vertically upgsand z is along the beam direction. In
addition we often use a cylindrical version of teme system, which is related to it in the
conventional way by tapj = y/x and r2 = x2 + y2, A small enhancement & field is provided

by the iron of the Tile Calorimeter, which has mnilaar structure between r = 2.28 and r = 3.85
m followed by girders that carry most of the retflux and extend out to r = 4.23 m. The end-
cap calorimeters are non-magnetic, so the fieldsliat the ends of the solenoid are pulled
radially out towards the Tile Calorimeter. Compaveith most other collider experiments the



ATLAS field is rather non-uniform. At r = 0 it drgmear the end of the tracking volume from
18Tatz=17mto1.0T atz=2.7 m. Almos¥déf the field is directly due to the current in
the solenoid with the remainder being due to thgmatised iron.

We have taken the measurement of the W boson rsade ariterion to set our accuracy
requirements. Muons and electrons from W decay latgical transverse momentum of 40
GeV, which gives them a sagitta of 1.1 mm in aahgiath of 0.8 m in a 2 T field. The
momentum scale of these tracks is limited by oudeustanding of the ID alignment and
magnetic field. Of these two, alignment is by fae tmore difficult and we suspect that there
will be irreducible alignment errors at the 1 mitdevel, or 0.1% of the sagitta. In order to give
ourselves the best possible chance of understaadigigment down to this level, we would like
the magnetic field to be known to somewhat betteueacy, so we set a target of 0.05% for the
uncertainty on track sagitta due to the field. Ofirse 0.1% momentum scale accuracy is not
sufficient for an interesting measurement qf, fout we believe that if we reach 0.1% accuracy
from first principles then the final calibratioreptwhich makes use of the well known value of
m, will be more reliable.

2. Appar atus and data taking

A mapping machine was designed to scan an arréialbfprobes over a volume slightly larger
than that which would later be occupied by the tnDetector. The machine had four arms
mounted on a common axle in a windmill configuratidhe axle was supported by a carriage
that rode on the ID rails. The axle could be ratatend the carriage moved along the rails by
means of pneumatic motors. Optical encoders allogeedrol of the machine movements and
readout of its stop positions with an accuracy afl+@m. This syste@] was built mostly with
standard components but some parts had to be egplaccopies made from other materials in
order to reduce perturbation of the field and pné\vaxidy currents in fast-moving parts. In the
pneumatic motofsthe cylinder and bearings were replaced with Eamsteel and the rotor
replaced with PEEK. In the motion controfter DC-DC converter that used a transformer and
relays was replaced by a charge pump and voltagalizer. However, the Piezo-actuated
direction valves and proportional pressure contables were used without modification.

Each arm held 12 Hall cards at radii ranging frorhl8 to 1.058 m. Each Hall card
contained three sensors to measure the field coemperB, B, and B. We number the Hall
cards on each side of each arm from 1 to 12 inratliecreasing radius. The four measurement
planes are labelled A (C) for the +z (-z) end @& thachine and E (l) for the external (internal)
side of the arm. In addition to the mapping machimeze are four NMR prob3] permanently
installed on the wall of the ID volume at z=0.

2.1 Scan data

The ATLAS solenoid was commissior@m] in the & weeks of July 2006 and its field was
mapped in the first week of August. The ID barrakvinstalled immediately afterwards, so there
was no opportunity to investigate puzzling featunethe data by repeating any maps or surveys.
Maps were taken with the solenoid current set 8077850, 7000, 5000 and O A, followed by a
final map back at the nominal operating current &80 A. The maps are labelled by their current

! Atlas Copco LZB 22R from www.atlascopco.com
2 Baldor NextMove ESB from www.baldor.com
% Hoerbiger S9 from www.hoerbiger.com



Figure 1. The mapping machine installed in the Inner Detecamity.
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Figure 2. A small selection of the data from map 7730a aflethe corrections that will be described
below. We have selected three radial positionsaredlp position (2@&/16) to illustrate the shape of the
field and the density at which it was mapped.

values and the first (second) map at 7730 A isndjsished by appending an a(b). Each map took
about 4 hours to record and the solenoid curreststgble to much better than 0.1 A during this
time. Each map data set contains points distribated 16 equally spaced stepspirand around

200 roughly equal steps in z between -3 m and +8mexception is map 7730b which used@4
steps. The total number of points in a map isastl20 000, which is sufficient to fit the fieldtvi
negligible statistical error. In addition to tharstlard maps some special scans were made; fine z
steps of 5 mm around z = 0, fipesteps of /64 at the middle and ends of the coil, and a scan
that took each of the four measuring planes in = 0.

2.2 Hall card calibration and stability

The primary Hall card calibratioEIS] involved piag each card in a highly uniform field
whose strength was monitored by an NMR probe. Térel evas turned to many different



orientations with angles® and ¢ that were measured precisely by pickup coils. The
measurements were repeated at several field sheagt temperatures. The Hall voltayeié
decomposed into orthogonal functions. Sphericahloaics are used fa@tandp and Chebyshev
polynomials for the modulus of the figl| and temperaturé,

V(BILE®) =D D Z_CklmTk (1B Ddym T, ()Y (6, 9) (2.1)

Using this series about 200 parameters were usezhliorate each probe. A separate
angular calibration was used to find the orientatsp the calibrated coordinate system relative
to the three feet that support the Hall card omtlagping machine.

All Hall cards were calibrated up to 1.4 T in a magat CERN and up to 2.5 T in the M5
magnet at Grenoble. Compared with CERN, the Grenotagnet had less temperature stability
and a smaller region of uniform field, which wag tayge enough to operate the calibration jig
simultaneously with an NMR probe. ConsequentlydRpected accuracy is 0.01% for the low
field calibration and 0.05% for the high field daktion. The lowest current map, 5000 A, was
chosen so that the field was everywhere below 1ahd could be entirely analysed with the
low field calibration. The alignment accuracy ipegted to be + 2 mrad for both calibrations.

Finally, we are able to make a comparison betwkersolenoid field measured by the Hall
probes and the same field measured by the four Nk&iRes. This comparison makes use of
corrections and fits described below, so ther@iBsescircular dependence which was solved by
a manual iteration which rapidly converged. We krtbat NMR is highly accurate so we can
derive from this a correction that applies to thallprobes as a whole. The difficulty with this
comparison is that the NMR probes are just outdigevolume scanned by the Hall probes, so
some extrapolation must be done. Two extrapolatiethods have been used and the difference
between them gives a measure of the uncertaintg. fifbt method is to use the field model
which is fitted to the entire Hall probe data seiptedict the field at the NMR positions. The
second method is to use only the data recordedvaya@mill arm that is at z = 0 and pointing
towards an NMR probe. A linear fit to the differengetween this Hall data and the field model
is extrapolated outwards to the radius of the NNIRe first method makes best statistical use of
the Hall data while the second takes into accoumy amall discrepancy between the
measurements and the fit in the vicinity of the NMPbes. Whatever method is used, the
correction is only measurable at the four mappett fstrengths. We can also look at the
difference between the 5000 A map data when iassed through either the high or low field
calibration. All these differences are plottedligufe 3.

This data is consistent with the hypothesis that lttw field Hall calibration is very
accurate, as expected, while the high-field Hallbcation has a systematic bias that varies
linearly with the field strength. So in all subseqtianalysis we make a correction to the high-
field Hall data using the linear fit coefficientbelled HC1 it figure]3. The possible systematic
error in our final maps resulting from this corientis evaluated by using the alternative values
labelled HC2. No such corrections are applied éolofv-field Hall data.

shows the difference between pairs of oreasents made by the same Hall
probe at the same position in space, separatedhantiy the five days between the first and
second maps at 7730 A. The measurements are artBeplane, and only the,Bomponent of
the field is used, so any tilts or imperfectiongted machine movements have little effect. The
mean is -0.01 mT and the r.m.s. is 0.06 mT, showiagthe stability is good.
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Figure 3. Differences of field measured by the NMR systerd high and low field calibrations of the
Hall probes. The error bars indicate the r.m.seagrof the data behind each plotted point; for §80in
comparing the fit to the NMR it is the r.m.s. otifmmumbers and for points comparing two calibragioh
the Hall probes it is the r.m.s. of 48 numbers.
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Figure 4. Stability of Hall probe measurements over a fiag thterval.
2.3 Mapping machine geometry and surveys

We work in a coordinate system that is linked byweys to the inner warm vessel which the
magnet cryostat shares with the liquid argon caletér. This approximately coincides with the
standard ATLAS coordinate system as describeddﬁm@. The positions of the Hall and NMR
sensors in this system are calculated by combimfagmation from four theodolite surveys: a
survey of the ID rails, a survey of the mapping hirae in the surface hall where it was built, a
survey of the machine at z = 2.5 m in the ID cajist after the mapping campaign and a survey
of the positions of individual sensors within thalHcards. Each survey individually had an
accuracy of 0.1 to 0.2 mm. When all this informati® combinecm] to calculate the position of a
map point we estimate that the resulting r.m.sui@ay is around 0.3 mm.

3. NMR measur ements, saturation and hysteresis

The Inner Detector is equipped with four NMR proldsch are fixed to the wall of the inner
warm vessel at z=0, r = 1.13 m, and equally space. They measure the field strength with
repeatability of IuT and accuracy of 10T. The NMR probes were operational throughout the
commissioning of the solenoid and the mapping effibld, and remain in place to monitor the
field strength during ATLAS data taking.



Table 1. The average NMR values for each map.

Map Average of four Average minus
probes (T) current x 0.262554 (mT)
7730a 2.029012 -0.530
5000 1.312766 0.000
7850 2.060479 -0.567
7000 1.837577 -0.297
7730b 2.029016 -0.527

We can derive information from this data about #aguration of the calorimeter iron
magnetisation. Saturation will produce a non-liftgan the relation between current and field.
This is illustrated in Table 1 by subtracting frdield the part that scales linearly with current.
The predicted distortion of the coil by magneticcﬁs, also causes a small non-linearity;
between 5000 A and 7730 A we expect the coil lengttiecrease by 1.3 mm and its radius to
increase by 0.5 mm, causing an effect of +0.22 Afler correcting for the coil distortion, the
non-linearity of the iron saturation alone is ardu@.75 mT.

During commissioning and mapping the solenoid curveas taken nine times to 7730 A
and on eight of those occasions the current wasbapped from below. The NMR reading was
recorded each time and the greatest differencedsgtvany pair of readings was 0.017 mT.
Once, between cycles 3 and 4, the 7730 A pointapgsoached from above and that time the
average NMR reading was 0.33 mT higher than norstedwing that the direction of approach
is significant. This shows that provided that wwvals approach the operating current from
below hysteresis will not be a concern.

4. Data fitting

We only fit the map data to models of the fieldttbbey Maxwell’'s equation in the absence of
current and magnetic materials. If we find that Gald model does not fit the data it either
means that our model is not detailed enough toesgmt the true field, or that there is a
systematic error in the map data that makes it ptorsical. Much effort has been spent on
tracing residuals back to one or other of thessemand thus finding a correction to the data or
improving the model. Another possible reason ftimj would be to smooth out any random
errors in the data; however the level of truly ramderrors is around 0.06 mT so the benefit of
smoothing this away is very small. Even if we hdaddadute confidence in the map data we
would still need to make use of a field model beeailhe map data points are not dense enough
to allow us to calculate the field at all points time ID volume by interpolation with the
accuracy we need. At various points in the datdyaizawe make use of the two fits described
below, and finally we combine them to get the ckbgmssible fit to our data.

4.1 The geometrical fit

For this fit we use a detailed model of the condugeometry and integrate the Biot-Savart law
using the measured conductor current to produdeld fodel that we expect to account for

most of the measured field. Within our conductoorgetry model there are several parameters
taken from surveys of the solenoid coil as For example the coil was built from four

sections, each with slightly different average Ipitand joined together by welds that can be
represented electrically by turns having just urtdece the average pitch. There are also welds
at the ends of the coil and a return conductor rilva$ axially along the outside of the support



cylinder. We include the expected distortion of ffidenoid from its surveyed dimensions due
to shrinkage on cooling and the distortion due &mnetic forces. We assume that the coil has a
perfectly circular cross section.

Two free parameters exist in our conductor modelowerall scale factor of all dimensions
in the axial direction and an independent scaléfaa the radial direction. Technically this is
achieved in the software by mixing two field modualih slightly different aspect ratios (coil
length/diameter) that bracket the true aspect,rtitén by scaling the resulting mixture equally in
both the radial and axial directions. Both miximgdascaling are simple transformations that can
be done in a second of CPU time, whereas creatfigddamodel with a new aspect ratio requires
the Biot-Savart integral to be evaluated at eveintpgn the map which takes about 2 hours. We
have a further five free parameters representirgetbffsets and two rotations of the conductor
model relative to the map coordinate system. Binak include four z-symmetric terms of a
Fourier-Bessel series, which are intended to repteake field due to the magnetised iron;

4 4
B,=YC, co{Ejlo(mj Br=>C, sin(Ejll(m) 4.1)
n=1 S S n=1 S S

Where } and } are modified Bessel functions and the length s&le/as chosen to be 2.5
m because this value allows a good fit to the field predicted by the finite element model of
the ATLAS field. So the fit has a total of 1fe€& parameters, which are found by minimising
ax? function that includes the,Aand B components of the field at all mapped points.

4.2 The general Maxwell fit

Any magnetic field in the absence of sources carepeesented by the function described below.
Furthermore, the field anywhere inside a voluméully determined by the field values on the
surface that encloses the volume. The general Mafit\8] Lises these features to find a function
that closely matches the measured data on theceurfahe mapped volume and then predict the
field at any point inside the volume. The closer@she match is limited by the truncation point
of each series and in principle the total numbesoefficients we could evaluate is limited by the
number of data points on the cylinder surface.alet fve work with a much smaller number of
terms because we have chosen an expansion thdiamdlte nearly-cylindrical character of our
field so that it converges quite rapidly. The esrdue to truncation are maximal on the surface of
the mapped volummO]. In our case the truncatioars drop almost exponentially versus the
distance from the outer surface, due to the forth@higher order Bessel functions.

In our situation the majority of the,Beld is represented by a sum of Fourier-Bessahser
of the form

Al " cosqp+a)

and
|7 |77 |77 (T
Al n(T rjcos(n¢+ ay )CO{T Z) +B, 1 n[Trjcosm¢+ B, )sm[T z]

wherel,are modified Bessel functions. The period of tharier expansion, 12 is extended by
about 20% beyond the mapped region of the solanadder to prevent the discontinuity at the
ends of the period from causing large oscillationthe mapped region. The mapped region is
smoothly extrapolated into the extension regiom@isl prescription that guarantees continuity
of the field and its gradient. The coefficie®sB and phases, f§ of these terms are evaluated
solely from the B measurements on the curved surface of the mappkadder. After



subtraction of the Fourier-Bessel terms from theasneed data one is left with non-zergp B
values on the cylinder ends. These can be repességthyperbolic terms of the form

G e q e
C J |22y |coshp+ cosh-22z+D_J |2z |cosh@g+I . )sinh 2z
nm n( R j ®¢ ynm) y[ R j nm n( R j ®¢ nm) ’—( R j

where{,m are the zeros of the Bessel functidpsThese terms are chosen so that they have a
zero at the mapper radilsin order to avoid changing,®n the outer curved surface. The
corresponding Band B, components of the field are given by rather sintgams with the same
coefficients.

After subtraction of both Fourier-Bessel and hypédterms from the data one is only left
with components of the field which are independ#fre and make no contribution tq.BB; is
represented by multipole terms of the form

E nr"cospp+e€,)

where the coefficients are evaluated from ther®asurements on the curved surface of the
cylinder.

We make use of the general Maxwell fit in calcuigtthe probe normalisation corrections
below. We also apply it to the residuals of thergetsical fit, where it allows us to improve our
representation of the data while preserving a fie#d satisfies Maxwell’'s equations.

4.3 Fit quality measures

The quantity minimised in our fit is
X2 — Z(Bg}eamred _ B(iiit )2
i,c

where the index runs over all the measured points and the compadndaxc can be one or
more of z, r and. For our final results we use the z and r comptskeuat for systematic studies
we also use z alone or all three. Another systentasit, designed to be insensitive to probe
alignment is to minimise

/Y2 _ Z(l Bimeasured I-| Bifit |)2

The standard measures of fit quality that we uselae mean, r.m.s. and extreme values of
the residual8™* - Biﬁt . We report these for each of the three field camepts separately in the

results tables. However these do not capture aenéal aim, which is to know the sagitta and
hence the momentum of a track. So we make theafimitpsimplifying assumptions about tracks:
» A track follows an almost straight trajectory frahe origin to the point where it leaves
the ID volume either at r = 1.08 m or z = £2.713The radius at which it leaves the ID
is called fax
e The track is measured by the ID at several unifpreplaced points along its path with
equal accuracy.
e Only measurements in the direction contribute to the momentum measurement
because the detector resolution in the other dimedcs relatively poor.
Given these assumptions the sagitta of a trackojsgotional toS

S= [r(ruuc—r)cB. ~c.B o
0
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Figureb. B, residuals in a fine scan at Z = -0.195 m measured by arm CI.

where ¢ and ¢ are the direction cosines of the track in z andhe integral is evaluated
numerically along straight lines at fixed valuestofand ¢. The effect on the sagitta of a
difference between the fitted and the measured f&$S, given by the same integral but with
the field components replaced by the fit residudle. usedS/S as our measure of the fit quality
for one patrticular trajectory and we use a setajéttories, uniformly spaced inand pseudo-
rapidity, to measure the quality of the whole fit.

5. Correctionsderived from the data

This section describes three corrections that we katracted from the scan data itself and then
applied back onto the data. Despite the apparerntlarity, this procedure can greatly improve
the accuracy of the results because it makes ugheoktrong physical constraints on the
possible form of a magnetic field.

5.1 Mapper dipole corrections

Early investigations of the data showed variatiohthe field versug that were unlike anything
predicted by our field model. We discuss here dhéy B, field because it is not influenced by
probe misalignments of a few milliradians, but #heriations also exist in the, Bnd B
components where they are mixed with probe alignreéfiacts and the field due to the return
conductor| Figure]5 shows a typical example pfri@asured by arm Cl in a finescan of 64
steps. We plot Bmeasured minus,B®f our model but in fact the dependence of Bn the model

is well below 0.1 mT so all the variation seenhis plot is coming from the measurements.

We now understand the featureg in figufe 5 as betirggto two independent effects. First
is a low-spatial-frequency effect gnthat is seen in probes at all radii and has aogsitthat is
approximately proportional to radius. This effebfinges, also with low spatial frequency, as a
function of z. We suspect that it is due to locatiations in the density of the windings in
different regions of the coil. Variations of ord&B% are known to exi@].

The second effect is spikes or bumps that are sady by one or two neighbouring probes
in a narrowp range. For most probes they appear near 0 andd@but for the two innermost
probes the bump is broader and is centred at 90Tdegpe features are independent of z and are
most pronounced on the inner sides of the armcedfy on arm CI. These clues all point to
the source as magnetisable components of the ngappachine itself. From the positions of the
spikes we have tracked down nine components afidggping machine which are probably the
culprits: three sets of pneumatic motor bearinjsed encoders, two pneumatic valves and a
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Figure6. B, residuals after the mapper dipoles correction.

plug. The positions of these components are knawriheir magnetisability has to be got from
the map data itself. We represent each of the nti@go@mponents by a dipole field located at
the known position on the machine and with a stitertigat is adjusted to make the residuals
plot as smooth as possible after subtraction ofdtheles. The dipole direction is aligned with
the local direction of the field, so it changestlas machine moves along the rails. The dipole
strength is constant, independent of the locadl fettength, because we found that this gives the
lowest residuals, which indicates that the magredioponents are fully saturated.

The final result for arm Cl is shown 6héFe is a significant improvement but
clearly our model of the perturbation due to thechirge is not quite perfect as some small spikes
remain. The reason for making this effort to cdrfeclocalised perturbations of less than 1 mT is
that many parts of our analysis rely on havinghfthat accurately obeys Maxwell.

5.2 Probe normalisation and alignment corrections

The strong physical constraints on the possibld f#low us to determine the three alignment
angles of each probe and to normalise thenBasurement of all probes to a common scale. Our
techniques rely on having a field which has appr@ate cylindrical symmetry and accurately
obeys Maxwell’'s equations. So before starting waraet from our measurements the expected
field of the return conductor which would otherwigmil the symmetry, and we correct for the
mapper dipoles. The calibration is applied sepbratethe low (5000 A) and high (all other
currents) field maps because the underlying Héibhicgions are different in these two cases.

The B, normalisation factor is found by applying the gahd/axwell fit to the cylinder
scanned by a single probe. A small amount of datan flower radius probes is necessary to
cover the cylinder ends, but we find that the ptdi field at the origin is very highly
correlated with the normalisation of the probe usedhe curved part of the surface. Thus each
probe individually can predict the field at thegini and we set their Bhormalisations so that
they exactly agre¢. Figure¢ 7 shows the resultimgnatisation for the high field maps. There is
no significant structure versus probe number. Tlkanris zero by construction and the r.m.s. is
0.034%, which is slightly better than the 0.05% entpd from sectio@.z. In the case of the
low field map the r.m.s. is 0.008%, also slightgttlr than expected.

We know from the Hall card calibration that the atignment angles will be small, so we
use the small angle approximation and label therthbyfield components that they mix;,A
A,zand A, To find the first two angles we use curl B=0, ehhimplies that the integral of,B
round a full circle should be zero. The integralvisll approximated by the sum of, Bver the

- 10-
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Figure7. Probe normalisation corrections for the high fieldps.

16 equally spaced steps in one turn of the machine in a standard. l@ambined with the
relation between the measurgdomponent and the true field components this gives

2B =A B, -A,D B

turn turn turn

These sums are evaluated at all z positions sodbegr a range of axial and radial field
strengths and the angles are found by a leastes)fiato the variation with z.

The alignment angle Aand the Bnormalisation factor Nof each probe are found by
applying Gauss’s theorem to a series of cylinderstred on the z axis, with each cylinder
having the same radius as the probe under cabbratid having thickness corresponding to the
Z spacing between measurements.

[ Bds=-[B,ds+[Bds+ [B,ds=0
cyl

surface endl end2

This is combined with the relations between the suoesd and true fields
B™ =B, /N, + A, B, andB)** =B, /N, — A, B, (the normalisation facto, has already
been found as described above). Applying this ® dhries of cylinders gives a system of
equation that can be solved with a least squateEdi each arm, the probes are calibrated in
order of increasing radius so that the integralerathe end faces may make use of the
calibration of lower radius probes. For our finsdps we use M1 rather than the values found
by this procedure because doing so gives lgg@én the geometrical fit. This may be because
the real calibration errors of; Bre functions of the field strength, althoughrapde scale factor
works well for B since nearly all Bvalues are close to 2 T.

shows the probe alignment correctionsverin this way for the high field maps.
All three alignment angles are used, butig\by far the most important because it mixestie
large field components which are used in thgZitThe mean angle is slightly negative and there
is an r.m.s. of 3.1 mrad, somewhat worse than thentad expected from the Hall probe angular
calibration procedure. There is no significantatite except that probe number 6 stands out; on
dismantling the mapping machine this probe was doinbe poorly attached to the arm. The
angle A, is poorly determined on the lowest radius prolmesnpers 1, 13, 25 and 37) because
both B and B are always very small for these probes; convets@yangle has little influence on
the final map. The remainder of the,And A,, angles show a scatter of around 3 mrad, with
possibly some systematic effects, but again theg hitile influence on the fit.
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5.3 Carriagetilt corrections

The B, component of the field on the axis of the mappimachine can be evaluated by using
one of the probes at low radius and taking theamgeover the 16 equally spacgdteps. If B

is plotted against z we see 9 that défferarms give inconsistent values of the
transverse field as a function of z. However, if iB plotted against the z position of the
mapping machine carriage,szthen we see if figure J10 that better agreemefutisd. These
features are explained if the carriage tilts sliglats it moves along the rails, this imparting a
common error to all measurements as a functionpfThe offset between the transverse fields
measured by arms A and C can be explained by smalis in the surveyed values of the arm
tilts, so we apply a correction to the tilts of ariy and C to bring them into agreement with
each other without changing their average value.

In order to correct for the carriage tilt versyg we need a way to separate its effects from
the true transverse components of the field whiehaafunction of z. The z component of the
field is not significantly influenced by the cagia tilts and its gradient in the transverse
directions can be measured at each z plane in #pe $0 we make use of the relations below to
get the z gradient of the transverse field
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In practice the carriage tilts affect both the nueamsent of the field and its gradients. For the x-
components:
oB oB, B

S R R L
whereé, is the carriage tilt angle and the factes zero if B is derived from the Bsensor or
if it is derived from the Bsensor. We can now integrate these relationsttthgecarriage tilt at
any z position. Note that the true fields are asslito be well behaved but the tilts are only
defined at the measured planes. The integral nestisrting point at somevalue at which the
carriage tilt or the true transverse field is knowme option is to trust the survey data, which
amounts to setting the tilt to be zero gtz 2.5 because this is where the carriage was gedve
and the data have already been corrected for thveyed axle tilt; this gives a correction set
which we call CT1.

However we are not sure that the final survey ghlyi accurate because the axle direction
measured in an earlier survey differs from it bjrad. Rather than accept a systematic error of
1 mrad we can get an independent estimate fronmige data itself. The true transverse field
must be a unique function of z, but we can evalulatedependently with each of the four
windmill arms. We find the best agreement betwdenfour arms if we change the surveyed
axle directions by 0.24 and -0.11 mrad in the hwrial and vertical directions, thus giving an
alternative correction set which we call CT2.

shows a compilation of the tilt valuesiCffom all maps. We see that the
rotations around the horizontal axi, are quite jagged, possibly due fluctuations ofeor0.1
mm in the rail height, which is below the resoluatiof the survey measurements. Any rotations
around the vertical axis caused by the rails shbaige been picked up and already corrected by
the separate encoders on the two rails, so we asthamhthe non-zero values &f are due to
imperfections of the encoders themselves.

6. Results

The Geometrical fit, alone and in combination witle Maxwell fit, was applied to all of the
available maps. The map at 5000 A was analysediwith the low-field and the high-field Hall
calibrations. We give summaries of each fit andaegetail about the map 7730a because this is
the one that we will use for our final results atminal 2 T field.
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Table 2. Quality indicators of the geometrical fit residuals

Map B, (mT) B (mT) B, (MT) 3S/S (x10%

r.m.s. extreme | r.m.s. extremg¢  r.m.s. extreme  r.m.g extreme
5000 0.296 -3.51 0.291 -3.68 0.222 -1.27 3.56 -13.7
5000h | 0.414 -4.25 0.388 -3.89 0.297 -1.52 4.16 814.
7000 0.576 -4.59 0.518 -4.37 0.372 -1.97 4.41 -17.3
7730a | 0.531 -5.42 0.506 -4.41 0.368 +2.17 3.76 -14.1
7730b | 0.452 +5.19 0.480 -3.94 0.384 -2.50 2.99 +9.0
7850 0.453 +5.10 0.456 -4.37 0.377 -2.22 2.91 +10.4

Table 3. Parameter values of the geometrical fit.
Map Offsets (mm) Angl (mrad) Scale factors Fieldextre
X y z Ay Ay z R (T % iron

5000 0.44 | -2.52 0.36| -0.11] 0.20 1.00159 0.99900 9262 4.108
5000h | 0.42| -2.54 0.35| -0.11f 0.18 1.00154 0.99913 292K2 4.099
7000 0.33| -241 0.48| -0.06| 0.16 1.00137 0.99919 098 4.074
7730a | 026 |-242 |051 |-0.08 |019 | 1.00121 0.99926 1.99775 4.052
7730b | 0.17| -2.63 0.55| -0.13] 0.23 1.00122 0.99927 99717 4.054
7850 0.35| -2.50 0.60| -0.12| 0.23 1.00126 0.9995%4 2878 4.060

6.1 Results of the geometrical fit

The results of the geometrical fit alone are shawtable 2 ang table| 3. In a survey done after
solenoid installation the offsets of the solencéditce were -0.1 + 2.3 mm axial, -0.3 £ 0.4 mm
horizontal, -2.2 + 0.4 mm vertical [11]. Our fittedfsets are consistent with these expectations
in the axial and vertical directions. The fittedizontal offset is in the opposite direction tottha
expected but the discrepancy is only &@.5At first sight the fitted scale Z and R scaletdas
appear very close to 1, however the Z scale oflR@mounts to a change of 6 mm in the total
length of the coil, which is difficult to reconcilgith the coil survey accuracy. The radial scale
factor that comes from our fit is compatible witingey information.

The conductor model used in all these fits hadettpected dimensions of the coil at 7730
A, so the slight changes of the Z and R scale faatoth current are expected due to the real
distortion of the coil by magnetic forces. Alsmya the coil is fixed at end A and free at end C,
one expects the slight movement of the coil ceinttbe +z direction as it gets shorter.
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Figure 12. B, residuals from the geometrical fit to map7730a.

We suspect that the ripples seen in the residads gfigure 1P) at |z] < 2 m are due to
variations in the coil winding density. The windidgnsity was measured at intervals of 50 turns and
45°, with accuracy 0.5 mm. This data was usedtttheeaverage pitch of each 288-turn section of
the coil in our conductor model. The data also shtvat there are smaller scale variations in the
winding density but it is not accurate enough ferta put them into our conductor model with
confidence. So it is not surprising that we seedhesidual ripples at the 0.5 mT level.

The larger features in the residuals plots at 2| could also be due to winding density
variations but we believe it is more likely thaeyhare a result of the coil not having a perfectly
circular cross section. Four points on each enthefcoil were surveyed. The deviation of the
measured points from fitted circles were up toram, indicating that it is not circular but not
giving us enough information to know its real shapkee magnetic pressure will improve but
not eliminate the non-circularity of the coil.

The 0 A map shows a field of 0.42 mT at the ceatré fits well to a single Fourier-Bessel
term with length scale 2.52 metres. The r.m.geliduals are around 0.12 mT in all three field
components.

6.2 Reaults of thefinal fit

If either of the explanations above is correct ttrenresiduals that we see after the geometrical
fit are due to real magnetic fields rather than sneament errors. In this case we can fit them
with the general Maxwell function. So we apply tieneral Maxwell fit to the residuals of the
geometrical fit. The effect is to reduce signifittarihe residuals of all probes. The fact that the
function, which was evaluated using only the outstprobes, matches the inner probes too is
strong evidence that the observed difference betwee data and the geometrical model is a
real field, not a measurement error. The inclugibthe Maxwell fit also improves the quality
as measured WS/S for high rapidity tracks.
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Table 4. Quality indicators of the final fit residuals.

Map B, (mT) B, (mT) B, (MT) 3S/S (x10Y
r.m.s. extreme r.m.s. extreme r.m.s. extreme r.m.§ extreme
5000 0.227 -2.51 0.184 -2.98 0.189 +1.13 1.75 +6.8
5000h | 0.369 -2.85 0.330 -2.94 0.272 +1.25 2.05 +8.0
7000 0.501 -3.34 0.436 -3.47 0.319 +1.59 1.62 +7.7
7730a | 0.435 -3.71 0.352 -3.36 0.296 +1.49 1.40 +7.3
7730b | 0.332 -3.24 0.343 -5.41 0.326 +1.49 1.36 +6.8
7850 0.355 -3.26 0.347 -4.86 0.312 +1.60 1.66 +10.1
1 =0.118m] [r=0.338 m}-- {305

-

residual field (mT)
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Figure 13. B, residuals from the final fit to map7730a.

6.3 Further corrections

At the time of mapping, the magnetic environmenthaf solenoid was in its final configuration
for ATLAS running except for two features. Firstligere will be a pair of 8 cm thick iron
shielding discs at z = £6.85 m covering the raddaige 0.54 m to 4.4 m. These discs were not
present when the field was mapped. A preliminaiyutation of their effect is that they will
change the field by 0.3 mT at the ends of the 1D anuch less in the centre. When the final
calculation of their effect is available the mapl wé corrected. Secondly, the barrel toroid was
off when the solenoid was mapped, but normallyiit lae on. The direct effect of the toroid
field leaking into the ID volume is expected to hegligible. However, the toroid will
magnetise the Tile Calorimeter girders in the aziralidirection and this will reduce their
effectiveness as return yokes for the solenoid. flihe result is expected to be a drop of about 1
mT in the solenoid field. We will directly measuitewith the NMR probes and any spatial
variation of the effect in the ID volume will beken from the FEA calculation.
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Figure 14. B, residuals from the final fit to map7730a.
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Table 5. Parameter values found by reasonable alternatie fi

Map Offsets (mm) Angl (mrad) Scale factors Fieldentre
X y z Ay Ay z r (Tesla) % iron

None 0.26 | -2.42 0.51| -0.09] 0.19 1.00121 0.99926 97I9 4.052
HC2 0.26 | -2.42 0.51| -0.09| 0.19 1.0012( 0.99925 7B99 | 4.053
CT2 0.27 | -2.39 0.51| +0.13 0.09 1.00121 0.99926 799 | 4.052
noMD | 0.26 | -2.42 0.51| -0.09| 0.19 1.00121 0.99926 9779 4.053
Zonly 0.18 | -2.04 0.52 | -0.01| 0.08 1.00124 0.99930 991779 4.055
ZRF 0.29 | -2.49 0.51| -0.05| 0.20 1.00121 0.99926 799 | 4.052
Bmod 0.11 | -2.08 0.48| +0.03 0.05 1.00119 0.99916 979 4.049
5000s 0.44| -2.52 0.36| -0.11] 0.2d 1.00159 0.99900 998B4 4,108

Table 6. Quality indicators of the difference between altive fits and the standard fit.

Map Modified fit - Data Modified fit — Standard fit
3S/S (x10Y 3S/S (x10Y

r.m.s. extreme mean r.m.s.
None 1.40 +7.3 0.00 0.00
HC2 1.60 +7.9 -0.02 0.28
CT2 1.29 +6.5 +0.01 6.44
noMD 1.50 +7.1 +0.01 0.09
Zonly 141 +7.4 -0.14 0.20
ZRF 1.40 +7.3 0.00 0.02
Bmod 141 +7.4 +0.25 0.36
5000sc 1.75 +6.8 -2.54 3.50

6.4 Error estimates

We divide the error into two parts; one uncertaiabout the shape of the field and another
uncertainty about its scale. We estimate the shapeertainty of our final fit by making
‘reasonable’ changes to our analysis and seeing &ffect they have on the results. One is to
change the way that we evaluate a correction, oigmore completely a small correction.
Another is to use a different choice of field comgnts in the? that is minimised in the fit. A
final possibility is to fit to the 5000 A data asdale up the result. Below are keys for these
alternative fits:

None
HC2
CT2
noMD
Zonly
ZRF
Bmod
5000sc

no change, the standard Geometrical + Maxwidth the data set 7730a.

use the alternative high field correction ditsa in sectign2]2.

use the alternative carriage tilt correctiosalibed in sectioh 5.3.

remove the mapper dipoles correction.

fit to the B component of the field only

fit to all three field components

fit to the modulus of the field

compare with the standard fit to data set 5@@88led up by the ratio of the
NMR values.

We quantify the effect of these changes by showtiegfitted parameter values[in tabje 5.
There are two interesting measures of the sagitality 6S/S; the difference between the
modified fit and the data on the left pf table @dhe difference between the modified fit and

the standard fit in the right pf table 6.
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Figure 16. Field magnitude measured by the four Hall prolies @8 m, plotted versus z and compared
with field models having various pitches for thetre weld. The asymmetry is dues to a slight déffee
in pitch between the windings on the two sideshefweld, which is included in the field model.

For our final shape error estimate we combine iadgature the numbers shown in bold in
kable . We select HC2, CT2 and noMD as being ueaértainties. Among the choices of field
components to fit we select Bmod because this sahgebiggest change. We do not use 5000sc
but we include it in the table as a somewhat inddpet estimate of several systematic errors
combined. We include the shape error due to tHerdifice between the data and the standard
fit. The resulting total shape error 88/S is 6.6 x10.

The overall scale uncertainty applies to all of itisrand comes from the limited accuracy
with which we can match up the Hall and the NMRIesaThere are two parts to this. One part
comes from the spread of the NMR-Hall differencerathe 4 NMR probes. We take the r.m.s.
of the difference evaluated by the extrapolationhoeé; 0.25 mT givingdS/S = 1.25 x108. We
do not feel that it is safe to divide the r.m.sAlyin this case because it is not really a random
error. The other part comes from the way that aMRN\NHall comparison is influenced by the
weld thickness used in our conductor mofiel. Fidifeshows the field magnitude measured by
the four outermost Hall probes in a fine z scangarad with field models from the geometrical
fit. All parameters have their best fit values etcthat the weld thickness in the conductor
model has been varied from 1.8 to 1.9 times theageepitch. A model in which the weld has
the same pitch as other turns is also shown fopewsison. Each model has been normalised to
match the data at the £0.5 m points. By inspeatifaihis plot we estimate that our multiplier for
the weld pitch should be 1.85 with uncertainty £3).This uncertainty in the weld pitch
changes the ratio of the field at the NMR probeitposto the field in the bulk of the mapped
volume by + 1.7 x 10, therefore it changes the result of the Hall to RIkbrmalisation by the
same amount and this feeds directly into the sealer. We combine the two scale errors
together in quadrature to get an ove3&IS scale error of 2.1 x 10

The total of scale and shape errors amounts to<809. Since the shape errors depend
strongly on rapidity we plot them as a functionapidity in[figure 1¥. This shows that the total
sagitta error is dominated by the scale at lowdiapiand by the shape at high rapidity. The
shape error at high rapidity is dominated by owrentainty about the orientation of the mapping
machine rotation axis, which appears as the 0.2l miange in angle ,Abetween rows 1 and 3

inftable 5.
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Figure 17. Sagitta error versus rapidity.

7. Conclusion

We have mapped the ATLAS solenoid field and founfdirection which obeys Maxwell and

matches each component of the data to 0.5 mT rTihese are a few residuals of up to 5 mT on
the edges of the Inner Detector volume but theyndbextend far enough inside to have a
significant bending effect on tracks. The relatggor on track sagitta due to the field
uncertainty,6S/S, varies from 0.023% at low rapidity to 0.12%hagh rapidity, including a

scale uncertainty of 0.021% which is independentagidity. There is an uncertainty of 0.2
milliradians in the direction of the field axis aéive to the IWV coordinate system and this is

the dominant source of uncertainty &S at high rapidity.
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