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1. INTRODUCTEICH

The requirement for magnetic field messurements on the SRS Booster
copbined function magnets and Storage Ring dipole, guadrupole and multipole
magnets has led to the setting vp of an improved Laboratory Magnat Test
Facility(ii. The main features of the Facility are its flexibility,
allowing measurement of a variety of magnets over a wide field range, and

the high degree of sutomaticn provided by computer control,

The magnetle field sensor that is used is a Hall plate ([Siemens FC32).
Hall plates are well suited o such & genoeral purpese system and have the
adyantage that the electronics associsted with them are simple and do not
require much attention. The main drawback however is tha® Hall plates
cannot be used for high precision megsurements unless they are calibrated
and subsidiary effects such as the varlation of output with temperature

are taken Ints account.

2. HALL PLATE CHARMBCTERISTICS

A Hall plate produces a voltage which is roughly proportional to the
magnetic field and to the current passed through it and which is large
enough to be read direc¢tly on a DVM. 7The value of 1.3 V/TA for tha ¥C32
is typical of many plates. The majn process by which the voltage ls
produced is called the Hall effect. It is the production of an electric
field in a crystal which is carrying a current when the crystal is acted
on by a magnetic fleld, the electrxic field, current and magnetic field
being mutually orthogonal. The Hall plate is typically a small thin
square of semiconductor with connections on the input, or control side,
for the current and on the ocutput, or Hell side, for messurimg the
voltage, as shown in Fig.l.

Several other sffects must be taken into account before a Hall plate
can be used to obtaln accurate measurements of magnetic field:

{a} The planar Ball effect(Z}

In addition to the Hall voltage prodused by the component of field
perpendicular to the plate, Bn, there is a voltage produced by the compon-
ent of fleld in the plane of the plate, Bp, which varies as 8in(2¢) with
the orientation ©f the plate, ¢ (see fig.l). This planar Hall voltage is

relatively small (% 10~2 v/T2a) but must be taken into account when measux~
ing strong flelds with componenés acting along the X and ¥ axeé of the
piate. Hall plates cam be calibrated for this effecy enabling the true
feid compopents to be caloulated from measurements taken wlth three ortho-

LI In the present case where a single plate is used

gonal plates
measurements will usually be teken in a symmetry plane with the field
either perpendicular to the plate or in the X-% or ¥-Z planes 50 that this
effect may be neglected. Alternatively, measursments <an be taken with
both polarities of field; the planar Hall voltage 1s independent of
polarity and 1s elimiﬁated whan an average is taken of the two sets of

peasuraments.

(b} Temperature effects

The Hall voltage 1S proportienal to temperature with a coefficient of
about -0.07% per OC for the PC32 plate. Changes Ln the temperature of the
plate are broﬁqht about by changes of the amblent temperature or by gelf-
heating due to varying power dissipation in the control side. {M?thod$ of
5

oyercoming this effect employing a temperature controlled oven ™ , A com-

y@nﬁat}ng network involsing a tﬁermistor{sj, or hcth‘7} have been reported.
The temperabture-controlled probes are large in size snd are only sultable

for meaguring very large Sagnets and the compensating network suffers from

the disadvantage that 1t can only be accurate over a narrow range of tempera-—

ture and for a certain range of Ffleld. In this system a new approach has
been adopted. A thermlstor is mounted In contact with the Hall plate on
the probe assembly. The measuging system automatically records the voltage
aczross the thermistor, which i proportionsd to temperature, whenever the
Hall plate voltage is read., Readings are then normalised Lo a certain

temperature using the temperasture coefficlents of the Hall voliage. The

experiments which have been parried out to determine the coefficlents and
the method of correction are described in the Appendix.

The contyxol side interpal resistance 1s a function of both temperaturs
and fleld. The effect on the current and hence the Hal) plate voltage is
eliminated when, as in this system the plate is gpgrated with a stabilized
congtant current supply. The effect of the varying power dissipation how-
ever doeg cause varying sﬁz£~hémting as mentioned above.
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{e) dHon-linearity of the Hall voitage

1f the Hall plate is cperated with a constant current sﬁpglg and LF
temperature varlations are adegquately corrected thers still remains a non-
linear variation of voltage with magneble field. It has been found that
the field values abtaineq from Hall plate readings using the best straight
line calibration vary above and below the true field values by as such as
IomT in the range & 1.47 for this FO3I2 plate.

The dominant effect is therefore the non~linearity and because of
this it is ugual to calibrate a Hall plate against an HMR probe, which
gives an absolute measurement of fisld to high agouracy, about 1 in 105,
A particuler Ball plate reading i calibrated either by evaluating the
polynomial which has been fitted to the data or by interpolating directly
retween the data points.

For the measurement of SRS magnets anm accuracy of O.1aT is reguired
ovex the range * 1.47 and so c¢learly a calibration must be pexformed.
The usual laboratory standard, however, the NMR probe can typically only
be used to measure filelds greater than 0,37 and so if the Hall plate is
reguired to operate at lowsr field wvalues, as in the present case, anothex
method of calibration must be used. This problem has not been discussed
in the litersture and so the rast of this report deals in detuil with
the measurement and data analysls technigues that bave been used in
order to cbtain a sufficiently accurate calibration over the entire range

~1.4 to l.4T. u

3. CALIBRATION METHOD

A& coil and fategrator was chosen as a segondary calibration gtandard
as it is inherently linear and can operate over the ryeguired field range.
The dewlce used was a magnetometer type-J manufactured by Newport Instru-
ments Ltd. The magnetometer had first to be calibrated against the absol-
ute standard, the MMR prebe, in order to obbiain an accurate calibration

constant.

4he method used was to take measurements of Hall plate voltage, NHR
fregquency and magnetometer voltage together in 2 bomogeneous fleld. The
magnetometer was calibrated against the NMR using the readings taken above

Q.27 and this calibration was used to convert the magnetometer readings
taken below the cut-off of the NMR inte fleld values. Thus fileld values
corresponding to each Hall plate reading wers obhtained either directly
from the NMR fregquency or indirectly from the magnetometer voltage and its
calibraticn against field. ‘These resyulis were then fitted wvsing a least~
squares fitting program to obtain a calibration curve fur the Hall plate.

4. MBASUREMENTS

‘he Hall probe assesbly was removed from its normal mounting in the
test ares anfl positioned inside a nearby W17 magnet which can provide a
suitable homogenecus field over the reguired range. The Hall plate and
thexmistor remained electrically connected to the measuring system and so
the voltage across each could be read on a DVM iIn the usueal way, With
the magnat powered the Hall plate was aligned peypendicular o the fleld
by adiusting its orienbabion to cbtals the maximum veltage.

Readings werse taken at 50 field values in the rapge ~1.4T to 1.47
with propoertionately more at low £leld to compensate for the fact that
the magnetometer readings were less accurate than those from the NMR probe,
and also because largs deviations from linearity have been reported with
some Hall plates at low fleld. At each fleld level ihe magnet was first
allowed to stabilize for about twe minutes. Even after this interval a
slow drift in field was notjceable. Readings with the NMR probe were
taken at fields above 0.27. &ix probe heads were used to cover the range
up to 1.47. To reduce errors resuliing from the fleld drift all the read-
ings were taken as quickly as possible with one oparator alternately
waking readings with the NME probe and magnetometer while a second recoxded
the Hall piate and thermistor voltages.

To measure the field with the magnetometer the search zoil was first
placed in a zere £ield chamber and the integrator geroed. Then the coil
was ingserted inte the magnet close o the Hall prebe and the orientation
adjusted to ¢btain the meximum voltage, which was read on a DVH. this
movement had to be carried cut swiftly as the magnetometer itself had a
relatively large drifit rate which made it difficult tc chserve the peak
veltage. The peak voltage was recorded and the procedure repeated with
the coil rotated through 18¢° 50 that = reading of opposite sign was’
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aptaingd. ‘Two palrs of readings were taken at each field settling

At frequent intervals during ths measurements the zero setiing and
the drift rate of the Integrator were checked. The latter was obiained
by allowing the integrator to run while the coll was located In the zere
figld chamber. If the drift rate was found to be outside a limit corres-
ponding to 2 % lO_b T/minute then adjustments were made to the integrator.
This was required approximately every hour. Adjustment of the drift rate
was found to affect the zero setting slightly but it was not found to vary
beyond the limits * 0.2 x 107  T. Fallure to make adjustments to the
integrator tc reduce the Arift rate would have resulted in discontinuities
batween data taken at different times,

% RNALNSIE OF DATA AND RESULTE
4
The readings of Hall plabe, thermistor and magnetometex woltage, and

NMR probe frequency at each field level were first averaged and then
placed in a data set on the Laboratery's central computer. A caldbration
program was writien which read in the data and performed all the necessary
computation. Firstly, each Hall plate voltage was normalised to a part-
ilcular temperatnre using the thermlstor voltage and the temperature co-
afficients of the plate, and the ¥MR freguencies were converted into field
values. & least-squares straight line fit wes made to the field and
magnetoéztar woltage data for the range 1.4-0.2T for both polarxities of
field. This gave a calibration constant for the magnetometer, 0.16023 %
0. 0000) T/Y, which wa? used to convert all the readings taken beleow ©.2T
into field values. A polynomial fit was made to the corrected Hall plate
regsdings and field &ata, with the Hall plate voltage treated as the in-
dependent variable. The coefficients of the polynomial could then be
usad to convert any Hall plate voltage intc a field wvalue.

The main preblem in performing a least-squares polynomial f£it to a
set of data lies in determining where tu terminate the infinite series.
Statistical tests such as the xz test or the F-test ¢an only be applied
when wpeascnably accurat® estlwates of the error on each measurement are
available, in prder to determine the weight given to each point. PFilrst
attemphts were made with each point given an equal weidght. In this case
the guality of fit is indicated by a goantity which is very similar to
the r.m.s. deviation of the pointe about the fitted curxrve. As a function

&

of the number of terms of the fitting polyrnomial this quantity decreased
rapidly at filrst, then remained roughly constant Batween 8 and 17 texms
bafore increasing. Thls behaviocur is typlcal of polynomlal fits. It iz
usual to take the start of the "platesa” reglon o indicate the best fit,
in this case an # term polynomial. “This function also gave the lowest
value of the estimated average calibration error over the range + 1.47,
which was * ¢.55 x 10 ' T,

In the present c¢ase where the measurement errers are not all simiiar,
mainly because of the difference in accuracy between the magnetometer and
the NMR probae, it was felt>mhmt a welghted f£iv would be more rzalistic.
Several approwimations were made in the caloulation of weights. It was

assumed that:

i) the only Hall plate vﬁltage error was due to rounding error on the
DVM,

11} each fiéld value obtained from the magnetcgoter voltage contalned an
erzor due to rounding error and derift, estimated fyom the data and
a callbration wrror estimated from the stralght iiﬁa calibration
against the NMR field values.

iii) ¢he NMR probe readings contributed no errors.

The quality of £t for weighted fita is indicated by the valoe of the
reduced chi-square (xzul. Thare 1s some ambiguity in Intexpreting this
guantity since it not only measures how well the true data values can be
fitted by the given curve but is affected by the values of the welghts
chosen for the data. In general if the value of sz 1ls vlose te 1.0 then
the fitting function is censidered appropriate for describing the data.
This test alone is not sufficlent to indicate the hest order of fit of a
polynomial. &nother test which should be applied in conjunction with this
is the F-test, whilch gives a measure of how much the addition of another
term in the fitting function impievas the valus of Xy Conversely, corrag-
ponding to a value of this statistic (Fy) for a given number of terns of a
fitting funciion there is a probability of being correct in terminating
the series at that point.

Table 1 gives the walues of ﬁav and Py as a function of the number
of terms of the polynomial {N) for the weighted fit of Field against Hall
piate voltage. It can be gseen that between M=1l and ¥=l7 the values of
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xgz are all clese to 1.Q and so indicate reasonable fits to the data.

The value of Fy for Ne=l3 shows that wexy little improvement has been made
to the fit by including the 13th texm. The value corresponds to a prob-
ability of 85% of being vorrect in terminating the series ab N=12. The
value of sz for this function 1s sufficiantly c¢lose to 1.0 to indicate
that higher order terms in the series may be.neglectsd. The table also
gives walues of the average calibration error i.e. the average error in
the fitting fenction, in the range & 1.4T, which were calculated using
the error matrix produced by the least-sguares £it, The error is a mipi-
wam for a 12 term polynomisl, glving additiconal mupport to the cheoice of
this function as the best fit. The calibration error is * 0,17 x 10 °T.

figure 2 shows the da;a and the calibration curve plotted over the
full range, The deviaticn from linearity iz hardly noticesble on this
scale. This 15 shown better in flg.3 whers the residuais from a least—
seuares stralght line £it to the data are plotted. The carve in the fig-
ure is the calibration curve with the straight line subhtracted so it is
effectively a polynomlal £t to the residuals. Xt can be seen that the
Hall plate is not symmetrical between flelds of different direction., 3
plot of the date and the calibration gurve ln the range & 0.01T is shown
in £ig.4. This illostrates the Fact thet even at low fields the Hall
plate is essentially linear.

Figure 5 shows the wariztion of calibration error with f£ield for the
B-term polynomial produged by a non-welghted £it and alse for the 12-term
polynomial prodused by a weighted f£it. It can be seen that for field
strengths less than about 0.17 the twe functions gilve roughly the same
error. For the non-welghted fit the erzoy increases up to 1.0 x 10T at
the highest £ields, whereas in the case of the welghted fit the eyror
stays roughly constant. A probable explanation of this behavicur is that
the large number of data points at low f£ield dominate the non-welghted Fit
producing large errcrs at high field, ‘Ihe inclusion of weighting Factors
zounteracts this effect giving better smoothing of the data and an almost
constant calibration erreor. The undulations in the curves are most prob-
ably saused by there being insufficlent dats points in the high field

regiom,

5. CONCELUSION

A calibration outve has been obtained for the Hall plate that will
allow a reading to be copverted into a fleld value with an average exror
of * 0.2 x 10 T over the range * 1.4T7. It 15 now appropriste to consilder
other factors contributing to the total absolute error on a fleld value
obtained from a Hall plate reading. The INM and constant current source
ara considered sufflclently stable that they do mot introduce any signifi-
cant errcr. There are twe remalning contributions:

{a} The rounding error on the reading of Hall plate valtage on the DVM.
gith the present sguipwent this is:

: {0.02 £ 1OT*IT in the range O-1E0mT
(0.2 £ 107%)T 1n the range 160mr-1 . 6T

-3

{b} The error introduced by temperatuye vorrection., I£ there are no
varying thermal gradients between Hall plate and thermlstor the errox
1s due to uncertainties in the temperature ooefficlents of the Hall
voltage {se= Appendix). The eyror is in the vange % (0.1-C.3) x 10’7
par QC of temperature variatlon, depending on the Ffleld.

The total absslute eryor of a field value obtained from a single Hall
plate reading is therefore in the range * (0.2-0.4} x IOHQT for a 1% temp -~
erature variation. For larger wariations it is the error i{n the tempera-
ture sorrectica which deminates, To date the largest temperature devia-
tion that has been chsexrved is 400 which gives rise to a 1.2 x lON“T

errocr on an absolute £leld measurement at 0.8T.

For many measurements it is the relablve acguracy only that is Llmport-
ant. In this case above lé0xT relative errors are dominated by rounding
errors, provided that the variations in field and temperature are not
large. Below 160w the rounding error is insignifivant and relative errors

are due to systematis tewperature correctlon and calibration errors.

The present calibration and correctlon method should be adeguate for
all of the measurements on the SRS magnets, If 1s hoped however to repeat
or at least check the calibration at regular inteyvals in order to debect
any ageing effects of the Hall plate. The opportunity will be taken to
extend the calibratton o higher fiplds and to increase the density of

8,
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data points above 1.0r. It has been shown that the tegperature correction
can contribute as much to the total absolute error as the calibration
error and that this conbtribution dominates for large temperature varla—
tions. Further measurements are planned in order to reduce the error

introduced by the temperature corrvectilon.
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AFPENDIX

DETERMINATION OF THE CTEMPERATURE COEFFICIENTS OF TEE
BALL VOLTAGE AND THE TEMPERATURE CORRECTION METHOD

The experiment was carried ouk with the Hall plate located in the
SRS Booster prototype magnet umder normal measurlng condlitions, apart from
there belng a plastic pipe over the probe. This had been f£itted so that
the temperature of the air around the probe could be varied. The magrnet
current was adiusted to obtain the desired fleld at the Hall plate. Eot
alr was then blown along the plpe until the temperature of the probe rose
by about 20°C as measured by the change in thexmlstor weltage. Readings
of the Hall plate voltage and thermistor voltage were taken as the probe
slowly returned to normal temperature., The probe wasd then cooled by about
107 by blowing air along the pipe which had passed over liquid nitrogen.
Readings were again taken as the probe was allowed to return to normal
tenperature . "I‘h.i.s procvedure was carxzled out at 5 £fleld settings between
* 0,87,

Graphs of Hall plate voltage agalnst tosperature were drawn for each
current setiing and these showed a linear variation with variable slope.

This can be expressed as:
¥, o=V, -+ abT
where,

Vg = Hall plate voltage at temperatpre T
Yuo = Ball plate voltage at a standard temperature £ =210y

AT-'I’“’BO

The slope & varies with f£isld and hence with the Hall plate voltage
itself, & graph of a against vfio was dvewn and thls showed a linear

variation:
@ = a, ¥ alvm

A straight line was fitted to the points to obtain the following values
for the intercept and slope: '

lo.



8, = (2.6 ¢ 1.4) x 1676 ¥/

g, = (=7.4 + 0,2) x 10 2 /%

1
The owerall veriation of the Hall plate voltage with temperxature may
thus bhe written:

?H st sqéT + {1+ ulé?} ?ho

This can ke rearfanqe& to give V¥ in terms of the other guantities:
Vg - aDET

Vao = 1 % o, &7

Thus knowing o and o, enailes any given Hall plate reading {V,} at
temperature T to be converted to a value Vﬂo at the standard temperature
T .

o

1.
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figesuits of welghted fits of fileld against Hall plate woltage
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PLGURE  CAPYLONS

Hall plate

Pleld and Hal) plate voltage deta in the range * 1.47. The curye
is 5 l2«term polynomial produced by a welghted leamt-gguares fit
to the data.

Residuals from & lsast~-sguares straight line f£it to the data of
£ig.2. The curve is effectively a i2-term polyncmial fit to this

data,

Field and Hall plate voltage data in the range * 1l0mT. "The curve
is the l2~term polynomial shown in fig.2.

Calibration exror againgt field for the non-weighted B-term poly-
nomiel £it {vurve A) and for the weighted l2-term polynomial it

{curve B).
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