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Magnetic Measurements for 11-- e -Experiment at 50 GeV 

A detailed description of the measurement apparatus, 
data taking and subsequent data analysis for a set of mag
netic measurements at the Dubna magnet SP-12 is presented. 
The magnet was used as a spectrometer in an experiment to 
measure the pion-charge radius performed at the 76 GeV pro 
ton synchrotron at the IHEP, Serpukhov. 
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I. Introduction 

The magnetic field for the Dubna magnet SP-12 was measured to an absolute precision 
of 0.1% using a temperature stabilized Hall probe which was calibrated by nuclear magne
tic resonance. This magnet was used as a spectrometer in an experiment to measure the 
pion radius that was performed at the 70 GeV proton synchrotron of the Institute of High 
Energy Physics (Serpukhov) in 1970-71 by a collaboration of physicists from the Joint 
Institute for Nuclear Research (Dubna) and the University of California at Los Angeles 
(United States). In this experiment, incident pions of 50 GeV /c were scattered by the elec
trons in a liquid hydrogen target. The recoil electron and pion were deflected by the SP-12 
magnet, and their momenta were calculated by reconstructing the trajectories from sparks 
in the wire spark chambers which flanked the magnet. The magnetic measurement precision 
of 0.1% meant that the spectrometer resolution was determined by the errors in the spark 
coordinates and not by the uncertainties in th~ measurements of the magnetic field. 

The magnet was operated at an excitation current of 1300 amperes. It is an "H" type, 
with a 3 m long gap, and aperture 20 cm high ·and 50 cm wide. The measurements of the 
field were made in a volume that was 4.25 m long, 16 cm high and 50 cm wide. The measu.: 
rements beyond the pole pieces_ were done in order to have the field mapped in the entire 
region through which the particles pass. The recoil pion and electron momenta were in the 
range of 14 to 36 GeV /c. In addition, the kinematics of the process and the geometric de
tection efficiency limited the angles of the recoil particles to less than 10 milliradians. As 
a result, the trajectories of the particle through the magnet were always inside the measu
red volume and there was no need to extrapolate the field. 

Magnetic measurements were made using a Hewlett Packard computer, model 
HP 2116 B, connected on-line to the measurement system. The data were recorded on mag
netic tape for subsequent analysis, and various checks were made on the data while it was 
being taken to guard against possible systematic errors and apparatus malfunction. 

The magnetic field measurements were used to compute the coefficients in a formula 
that gave the momentum of a particle in terms of explicitly measured quantities only. 
Having such a formula represents an enormous saving in both computer time and storage 
compared with the method of integrating each trajectory through the field when the momen
tum of many thousands of particles must be calculated. 
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II. Equipment and Measurement Technique 

"" The Hall probe was rectangular 2 mm by 7 mm and 1/2 mm thick. The box contain-
ing the probe was fixed tQ a bar on a carriage which in turn moved through the length of 
the magnet aperture on rails that were supported and aligne~ at either end. The box could 
be moved along the bar in horizontal steps of 2 cm, and the bar itself in 1 cm intervals 
vertically. The orientation of the probe could also be changed so as to permit successive 
measurements of the 3 field components. The guiding rails for the carriage were aligned 
parallel to the magnet axis to within an accuracy of several tenths of a millimeter. There 
was an adjusting screiV on the box for precise positioning of the probe. This was impor
tant for the measurements of the two compo-iients transverse to the main (verticl) compo
nent; the adjustment was done so that the probe gave a null reading at the center of the 
magnet. 

The Hall probe voltage output is proportional to the Hall current and also to the tem
perature, and so both of these parameters had to be carefully monitored in order to achieve 
the desired measurement precision. The Hall probe current came from a power supply 
that was regulated to 0.01% and it was checked continuously while the field measurements 
were being made. The Hall probe was heated by a resistor and its temperature was con
t_rolled by a mercury thermometer switch; fluctuations in the temperature caused changes 
in the central field reading of less than 0.02%, 

A motor moved the carriage along the guide rails at a constant speed of 4 cm/sec. 
Data were taken with the carriage moving in both directions to compensate the measure
ment hysteresis. A wide brass belt with slits every 2.5 cm was made to pass between a 
photo-transistor switch, positioned on the guide rails, and a collimated light source. When 
the light triggered the photo-transistor, a pulse was sent to the electronic readout system 
directing it to make a voltage measurement. 

The electronic readout system consisted of 5 parts: (1) Dynamco model DM 2022S 
self-calibrating digital voltmeter, capable of digitizing the ~ailprobe voltage in 10 millise
conds with 0.01% precision; (2) photo-transistor switch, described above, which signalled 
the voltmeter when to make a voltage measurement; (3) a system of sequentially closing 

· relays which sent various voltage signals to the voltmeter at the beginning of each measu
rement series; ( 4) the motor control ~hich remotely started and stopped the carriage mo
tor and automatically reversed its direction when it reached the end of the 4.25 m guide 
rails; (5) a diode matrix that decoded the decimal output of the voltmeter and ~ent the data 
to the computer interface. A series of data consisted of the initial voltage levels (Hall cur
rent, shunt voltage, voltage from a second, fixed Hall probe that shared the same current 
supply as the moving probe, vertical and horizontal position indicating voltages that came 
from 2' chains of resistors on the carriage), plus measurements of the field at the 171 po
sitions along the magnet axis. For each of the three components of the field there were 
(26 x 17) x 342 such measurement series, so that the field was measured at some 450000 
points. 
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The data taking was under computer control. A signal from the computer indicating 
a state of readiness enabled the readout system; the measurements were then started by 
pushing a_ button of the readout control panel. When the correct number of data points was 
received by the computer, the motor control was automatically switched off. Following 
a short analysis period, described below, and an examination of the data, the ready signal 
·was sent from the computer to prepare the electronics for the next series of measure
ments. 

The ,purpose of the analysis routines was to insure that the data were satisfactory 
and that the apparatus was performed normally. The operator at the computer console 
had the option of viewing on a storage scope either one of• 2 displays. The first display 
·was the average of the 2 measurements at each point, plotted against the measurement 
position; the second and more _useful of the 2 was a plot of the difference between the 2 
sets of measurements. Any errors in timing, measurement sequence, or unusually large 
noise interference. was very easily detected. The operator made the decision of writing 
the data onto tape by a switch on the computer panel. 

III. Treatment of the Data 

The Hall probe was calibrated by comparing its output voltage with the field measu
red by a nuclear magnetic resonance probe at the same point in the magnet for various 
values of magnet excitation· current. A least square fit to these data was made to a poly
nomial of the form: 

kilogauss== C
1

xHallvoltage +C 2 x(Hallvoltage) 
2 

+ c
3

x(Hallvoltage) 3 + 
+ higher order terms. 

It was found that with 3 coefficients, the average deviation, using 20 data points, was neg
ligible and the average absolute deviation between the data and the fit was 7 gauss. 

Before converting to kilogauss, the voltage measurements for the 2 passes were ave
raged. In the fringe field region, the averaged result was kept, but in the central field regi
on some smoothness criteria were applied to eliminate measurements with large noise. No 
correction was applied for the measurement hysteresis since the difference between the 
simple average of the results of the two passes and a·fit using the field shape was only 
0.05% at the most, and that much only in a small region where the field was rapidly chang
ing. 

IV. Analysis of the Measurements Using the Univac 1108 Computer. 

The magnetic field measurements were treated in 2 different ways by different analy
sis programs. The first program used only the values of the field on the boundary of the 
measurement volume, and then reconstructed the magnetic field throughout the volume 
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using a Fourier series expansion (ref.I). An expansion in Fourier series has the advantage 
for numerical work that there ilj no limitation of computational accuracy as the functions 
for equidistant measurements. It can also be shown that the reconstructed field values are 
more precise in the volume t_han the volume measurements themseives because the fluctu
ations of the· measurements are averaged out by making the Fourier series expansion. 
Three programs were used _for the reconstruction of a full field map from the bounda:ry 
observations. The first program calculated the coefficients for each component of the 
field expanded in Fourier series. The second used the .coefficients and calculated the 
field at some specific points for comparison with measurements made in the volume at 
the same points. The third program constructed the grid, for ~ach component separately, 
at a specified number of X, Y and Z points. A total of 13500 coefficients were ca_lculated 
for each component, but many coefficients were small and not needed for the subsequent 
calculation of the field; for By\ the main component, only 2300 coefficients were used and 
no difference was. noted by using all the coefficients to the 1 gauss level. The number of 
coefficients may seem surprisingly large, but a field of the type of magi:iet SP-12, 3 meters 
of approximately flat field and then a rapid fall off in a relatively short distance, is diffi
cult to expand in a Fourier series and convergence for some symmetry classes was slow. 
The calculation of the coefficients and the reconstruction of the entire field map each took 
about 4 minutes on the UNIV AC 1108 computer. 

The second analysis method used the volume measurements directly. The comparison 
of the two values of the magnetic field at the same points in the magnet provided a valu
able check of errors in the measu,rements (notably the Hall current variation which is the 
principal source of error). The calculated field was found to be systematically larger than 
the measured field in the center of the magnet by 0.1%. 

V. Momentum Calculation 

Hypothetical particle trajectories were traced through the magnet using a program 
•which numerically integrated the field equations. The step size along the trajectory was . 
arbitrary, and the magnetic field used at each point came from linearly interpolating the 
surrounding measurements. The step size used in the integration (that is to say the magne
tic field grid interval) was chosen on the basis of two considerations.·The first was the 
approximation in the integration of keeping only terms up to the second order. The error 
goes as B 3 IP -~ where B is the main component central field value, and P is the mo-
mentum. For a 10 GeV trajectory, the most sensitive case, the total angular error in the 
trajectory from this approximation is less than . 01 milliradians for a step size of 20 cm, 

and therefore completely negligible. The second factor in choosing the step size was the 
nonuniformity in the field, which also enters because terms higher than second order are 
not kept. This effect was estimated by comparing the field integral using different step 
sizes. The difference between a 2.5 cm step and 12.5 cm was less than 0.01% for a typical 
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central field trajectory (a conservative 5 cm was used thereafter). Several step sizes 
for the field map in the· direction transverse to the particle direction were tried and it 
was found that 5 cm was also a good choice. A smaller step gave differences for sample 
trajectories~ that were negligible compared with the measurement error itself. Thus, the 
number of magnetic field points actually' used for each component was approximately 
12000, or a factor of 6 fewer than the number of measurements. A further reduction could 
have been made by eliminating the'.transverse components of the field entirely. The diffe
rence between trajectories _calculated using an· 3 · components and those using only the 
main vertical component was.always negligible. . 

In the experimental layout, the magnet was approximately 10 m downstream from the 
target, and rotated by about 30 milliradians. The trajectories of particles tracked through 

_ the magnetic field were limited to· -4 cm and + 4 cm from both X and Y at the center of 
the target and -9 cm and + 9 cin for X and Y at the center plane of the magnet. 

Two algorithms were constructed for calculating the momentum of a particle using 
only the measurements of its trajectory before and after the magnet. The first algorithm 
was an expansion· in Tchebycheff polynomials / ii . A relatively small number of repre
sentative trajectories were computed and.then used to generate the coefficients: 

N_J N_) N..3 N..4 l'fs 
P = ~ l. l. l. i. C ~ . T ( X ) T (Y ) T (X )T (Y )T (Q 1. 

a =-J a = 1 a =1 a "'l a·=J· al :fp4a 5 al _c a2 c a3 M a4 M a5 deft 
J 2_ 3 4. 5 . 

where T; (x)=cos(jarc cosx)) is a Tchebycheff polynomial, P is the mome'ntum and the 5 
variables are chosen to be X and Y at the center_ of the target (X c and Y c ), X and Y 
at the center ·of the magnet (X M and ! M ) and the horizontal deflection angle (Q dell ). 

The procedure for calculating the .coefficients was the following: · 
. (1) trajectories were integi:ated .th.rough the field with X O Y c , X M , Y M and P as 

the 5-th variable, each chosen according to a Tchebycheff distribution: 
xa= cos [2a.- 1)1r/2N]. a= i, .... N. 

Each value of the momentum gave a certain deflection angle. 
(2) What was desired, however, was the deflection angle as the 5th variable pick~d 

according to the Tchebycheff distribution so that an interpolaUon was done between the 
originally computed values .. A total of , 2592 trajectories were calculated _to a~hieve t~e 
desired precision: for 2 different values of X c and Y c , 6 for X Mand Y M and 18 for 
P; a relatively 1~ number of momentum points was necessary because of the inaccuracy 
in the interpolation. 

(3) Since the .variables were all chosen according to the Tchebycheff distril:)ution, the 
-polynomials are orlhogonal: 

! T; (x a/•.·T . ._(xa) = 01 ,., 

As a result, the coefficients, C , can be readily calculated . 
. a1a2a 3a4a 5 
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The expansion was checked by comparing the known momentum of a sample trajec
tory with that calculated using the expansion and the observable quantities. For sample 
trajectories with momentum !n the range of 10 to 40 GeV /c, the (P known -P calculated) 
/P known values were distributed about O with an error of 0.05% ( the Pkn -
P cal~lated differences had a width of 12 Me V / c) • own . 

The second algorithm was the simple effective length approximation, P = constant/ d_e- · 
flection angle; for P in GeV /c and deflection angle in milliradians, the constant is 1625.4, 
corresponding to a field integral of 54.22 kilogauss centimeters. The distribution of 

(P k - P I I d )/P k was 0.15% in width. nown ca cu ate nown 

VI. Sources of Error 

The most serious uncertainty came from the variation of the Hall probe current; the 
current was read on a meter which calibration drifted during the measurements, and un
fortunately, the current was changed to keep the reading constant. This was corrected using 
the second, fixed Hall probe since the current for the two Hall probes came from the same 
supply. This problem contributed an absolute uncertainty to the momentum calculation of 
0.1%, or larger that the error in the momentum calculation from the Tchebycheff expansion. 
Shifts in the Hall probe caHbration, and tensor effects in the probe were hard to estimate 
but might be of the same size. 

The sensitivity of the momentum calculation to some geometrical effects was esti
mated. The position of the magnet was shifted by 5 •mm in X, Y and Z and the results sho
wed that the momentum changed by less than 5 MeV /c. The finite size of the probe was not 
important. For the worst case, when the second derivative of the field d 

2 
by dZ 2 was 

the largest, the error was .035%. 
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Fig.I. Functional block-diagram of tlie apparatus for magnetic measurements. 
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Fig.2. Average of the two measurements against the measurement position. 
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Fig.3. Difference between the two measurements against the measurement position . 
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