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ABSTRACT
The third (g - 2) experiment carried out at CERN required a storage ring
magnet with a field as uniform as possible and known with an accuracy of a few

parts per million over the whole storage region.

Here we describe this magnet, which has a useful aperture of 120 mm

horizontally and 80 mm vertically and a diameter of ~ 14 m.

The various field controls necessary are indicated, and the complex pro-
cedure adopted for the shimming work is described. The finally reached homogeneity

of the field, averaged in azimuth, was 3 ppm.

All the various error sources and field map corrections needed are

analysed.
Finally, the special aspects of the machine developed for the shimming

are described.
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INTRODUCT ION

The storage ring magnet described in this paper was designed and built for

. . 1-3 . .
the third experiment ) carried out at CERN to determine the muon (g - 2)

)

a
anomaly °.

This anomaly is related to the precession of the spin with respect to the
momentum vector of particles moving in a magnetic field according to the formula

w =W - w =.g_-._2.(_g.JB=a{iJB’

a spin c 2 me

where a is the anomaly parameter, B is the magnetic field seen by the particles,

w and w, are the angular rotation frequencies of the spin and the momentum

spin
vector; m is the particle mass, and e and ¢ are the electron charge and the light

velocity.

The experiment was done by storing muon particles in a storage ring where
they were circulating. The anomaly is deduced from the knowledge of B and the

b)
measurement of wa .

The accuracy of the (g - 2) determination thus depends strictly upon the accur-

acy of the knowledge of B.

In order to improve this accuracy as much as possible, the storage ring mag-
net for the third (g - 2) experiment was designed and shimmed for a fixed muon
momentum (p = 3.098 GeV/c) and a magnetic field as uniform as possiblec) over the
entire storage ringq). This ring had a storage volume with an average diameter
of 14 m, and horizontal and vertical apertures of 120 mm and 80 mm, respectively.
The field value was 1.47 T. The vertical focusing forces necessary to keep the
muon circulating were provided by electrostatic quadrupoless), which do not affect
the relative spin motion (wa) because of the very particularly chosen muon momen-

tumd).

Figure 1 gives the general layout of the experiment. Protons interact in a
target (at the right of the figure) from which a secondary pion beam is generated.

These pions are injected into the ring through a pulsed inflector*)‘(septum) magnet

*) G. Lebée, unpublished.
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T
presenting a very low stray field in the storage volume, and cross the storage
volume over more than half the ring's circumference. During this time some of
them decay, and a small fraction of the muons produced are trapped in stable orbits.

This method of injection assures a high degree of polarization and a low background.

Figure 2 is a photograph showing the storage ring itself.

THE DESIGN OF THE MAGNET

The product of the diameter and average magnetic field of the ring was deter-
mined by the desired Y value of the muons. The best field value was found by
studying a half-scale model of two magnet blocks. The chosen field of 1.47 T,
corresponding to a ring diameter of 14 m, enabled a very homogeneous field to be
obtained throughout a sufficiently large aperture (Fig. 3), using a reasonably

sized magnet, without running into difficulties due to excessive saturation.

The ring was actually a polygon made out of 40 identical C-shaped magnet
blocks, with their opening directed towards the centre of the ring. Each block
(Fig. 3) consisted of five pieces of solid, forged, low-carbon steel: two pole
pieces, 1.1 m long, and three rectangular yoke pieces, 1 m long. The pole pieces
were tapered by 4.5° at both ends to form, as far as possible, a continuous ring,
this continuous structure being essential to the precise determination of the mag-
netic field (Table 1). The conical slots between the blocks were necessary to
accommodate the coil supports and cooling water connections. The optimum pole
profile was determined by a trial and error method on the half-scale model. The
blocks were delivered by the factory, having been machined with the smallest pos—
sible tolerances on the dimensions of the magnet gap and the pole profile (Fig. 4).
The tolerances required on this profile and on the parallelism of the two surfaces

when the block was charged by a force equal to the magnetic force in operation
(40 tons) were *0.02 mm.

Care was taken to design the magnet for optimum stability and reproducible
mounting; therefore the contact surfaces between the poles and the yoke pieces

were limited to well-defined and precisely ground strips. Dowels were used to
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determine the precise relative position of the block pieces. In this way the im-

posed tolerances could be kept over several remounting operations.

The magnet was energized by four large continuous coils made from hollow
copper conductor (Figs. 2, 3, and 5). The two larger ones, of about 15 m diameter,
produced essentially the magnetic field in the‘gap. The two smaller ones, of 13 m
diameter, compensated the stray field, which would otherwise have been strong
and probably a source of serious difficulties that would interfere in the control
of the magnet, as well as in the operation of the experiment. All four coils were

connected in series to the rectifier.

Because of their dimensions, each coil was made up of five sectors, in which
each individual conductor was cooled by a separate water circuit. The water flow
had the same direction in all circuits to keep the temperature gradients in all
coils as low as possible. Corresponding conductors of different sectors were
electrically connected by laminated flexible copper joints (Figs. 6 and 7) to form
a complete circular coil. The cooling of these connectors was achieved through
contact with the rigid conductors of the sector, and the temperature of the connec-
tors was about 10°C above the conductor temperature. Owing to the particular
fragility of these joints, the end of each one was equipped with a thermistor, and
an automatic unit kept all 960 thermistors under permanent surveillance during the
operation of the magnet. If a thermistor value exceeded the preset high or low
limits, the magnet current was switched off, and the fault position and status
were stored and displayed. This security system proved to be very efficient in
the event of bad contacts, short circuits, or insufficient cooling in any of the

480 parallel cooling circuits.

Very good stability and control of the magnetic field, as well as geometrical
stability of the magnet parts far beyond that which is usual in the accelerator
field, were required by this experiment. The magnet system was erected on a solid,
temperature-stabilized, concrete ring, which in turn rested on five pillars erec-
ted on the underlying rock, approximately 10 m below. The temperature of the ex-

perimental hall was kept constant to about +1°C, and the temperature and pressure
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of the cooling water were also stabilized. The maximum temperature rise between

the water inlets and outlets was limited to 10°C.

Each magnet block was positioned, to within a few hundredths of a millimetre,
by means of three special jacks*). These consisted of cylinders, each of them
filled with soft polyurethane on which rested a piston transmitting the load.

The pistons were moved by compressing the polyurethane by means of bolts. On
these jacks four further bolts were provided to assure horizontal adjustment and

clamping of the blocks. The position of each block was controlled by optical and

mechanical survey devices mounted on a pillar in the centre of the ring.

The coils were supported, independently of the magnet blocks, by 20 C-shaped
stainless-steel supports (Fig. 3); in this way, the positioning of each block did
not diéturb the others and, in addition, the unavoidable thermal expansion of the
coils did not affect the blocks. This thermal expansion was absorbed by the lam-
inated connectors, thus avoiding radial displacement that otherwise might be a

source of uncontrollable field variations.

FIELD CONTROL

In order to assure the desired magnetic field stability and a sufficiently
close control of its value, a number of precautions were necessary. The magnet
was powered by a l2-phase thyristor rectifier, and passive and active filterss)
reduced the current ripple to a negligible level. Its current stability was a few
ppm short—term, and better than 100 ppm long-term. The rectifier was switched on
following a hardware-programmed pattern (Fig. 8) in order to reduce hysteresis
effects. The field level in each block was fixed by means of a permanently in-
stalled nuclear magnetic resonance (NMR) system7) (see Fig. 13). Its error signal
was fed through a power amplifier to a pair of thin coils wound around the poles
of the block. The crystal-controlled frequency fed to the magnetometer was selec-
ted such that the average field in each block was within 50 ppm from the nominal

field value. For this a set of eight crystal oscillators of different frequencies

*) D. Bois, unpublished.
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was needed. A pick-up coil was placed in the gap of each block in order to obtain
stable operation of the control loop, the pick-up signal being added to the NMR
error signal. A few blocks around the inflector magnet were stabilized using
error signals from neighbouring b10cks.> The sum of all error signals was used to

control the rectifier current setting.

Periodically the magnet was carefully mapped by NMR servomagnetometers. The
effects of the vacuum tank and all other components installed in the magnet were

measured at the beginning and at the end of the experiment.

During the data-taking, the actual field values inside the storage volume
were sampled every few hours by means of so-called plunging probes7). These probes
were servomagnetometers mounted in vacuum-tight sleeves on the vacuum tank. They
were moved radially into the useful aperture of the magnet, and their positions
and readings were recorded by the data acquisition system of the experiment. There
was a plunging probe in every block, except at the inflecto; where it was replaced
by a fixed magnetometer. Comparison of the plunging-probe readings with the com-

plete field map permitted a precise survey of the magnetic field during the experi-

ment.

SHIMMING THE RING MAGNET

A considerable amount of shimming was necessary in order to obtain the aver-
age homogeneity of a few ppm. The difficulty of this task was eased by the fact
that the magnet was designed to work only at a fixed field value. Therefore no
active corrections, such as pole-face windings, were necessary and we could re-
strict the work to passive shimming. Almost any desired field correction could
be obtained by removing iron from the pole face, and the desired average field
value could be restored by adding iron shunts on the yoke. Small field variations
in the azimuth were of no importance to the (g - 2) experiment. Therefore, provided
one took care not to leave big local gradients, which might have been difficult
to map by NMR, it was sufficient to apply corrections to the field map after

averaging over azimuthal sections. This simplified the problem to a two-dimensional
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one, which could be treated by the on-line computera), a PDP 11/20 with a disk-
operating system. Before final shimming of the assembled ring took place, all

40 magnet blocks were adjusted and shimmed in a 5 m long coil (see Fig. 17) shaped
and curved as a section of the ring. For this set, where four blocks were mounted,

)3

. . . .9
the following adjustments were required

i) The two end blocks were equipped with pole pieces of a length adjusted to
minimize the magnetic flux passing between the pole ends of the centre and
end blocks. In this way, end effects, which were absent in the assembled

ring, were eliminated, as far as possible, from the two central blocks.

ii) 1Iron shunts (Fig. 3) mounted on the open side of the magnet yoke reduced
the radial gradient, which was mainly due to saturation of the yoke, from

about 2 x 1072 to less than 10™* across the useful aperture.

iii) The azimuthal field variations were reduced from about v 1.5 x 1072 to
about 2 x 107" by introducing wedge-shaped steel pieces (Fig. 3) into the
space between the yokes of neighbouring magnets, and by making slots between
the pole and the yoke, near the centre of each block (Fig. 3). These slots
were partly filled in again with thin sheets of steel to minimize azimuthal

field variations.

iv) The average field in all blocks was equalized by adding steel shunts on the
top and bottom surfaces of the horizontal yoke. This adjustment was made
individually on each block before the final shimming, using the end blocks

as references.

Following these initial adjustments, the central blocks were then shimmed
individually. Of the several shimming methods tried on the half-scale model, the
most adequate was found to be that of removing thin strips from the pole surface
by means of a grinding tool.

In a successfully shimmed block, the radial gradient averaged over the azi-

muth in the median plane was required to be not more than a few 10~ ° across the

aperture, and the weighted r.m.s. deviations from the mean value less than 15 ppm.
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Usually one or two cycles of measurements and grinding were sufficient. The

40 blocks of the magnet were shimmed at a rate of two per week; this included

the three days needed to exchange the blocks.

For some not fully understood reasons, the field shape obtained by the first
shim process was not sufficiently well reproduced in the assembled ring. There-
fore the procedure described above had to be repeated on the assembled ring. The
final result of the vertical plane averaged over all 40 blocks is shown in Fig. 9.
The r.m.s. value of the field differences, and the r.m.s. value weighted with the
muon distribution over the measured grid of 9 x 13 points in the radial vertical

plane of the field, were 15.3 ppm and 3.2 ppm, respectively.

Care was taken not to leave low-order multipoles in the field distribution,
as this might cause beam losses. This was done by choosing the correct field
level in each block (Fig. 10), and by shimming the ring to eliminate low-order
gradients in the radial vertical field map, averaged over short sections in azi-
muth. Eventual losses of stored muons were determined entirely by the quality

of the electric quadrupole field (Refs. 5 and 10).

Although it would not have been too difficult to improve these results still
further (again repeating the same procedure), this was considered unnecessary
since errors in the experimental measurements, due to the field shape, became

negligible compared with the obtainable statistical error.

1)

The calculation for the final shimming was done in the following way1 .
One of the two central blocks was mapped, on a dense grid (10 x 10 X 40 mm) cover-
ing the useful aperture, by eight NMR magnetometers mounted on a numerically con-
trolled scanner (see Fig. 17). From this map, three average radial vertical field
maps were calculated, one from a 700 mm long section of the centre, and two from
200 mm long sections of each end. The shim corrections for each map were found
by minimizing the field differences on 28 representative points (Fig. 4). The
shims were chosen so as to produce a homogeneous field where most of the stored
muons (about 90%) would be found, without giving too much weight to the border of

the aperture where the particle density would be low. The model used treated the
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shims as azimuthally infinite current loops, together with their images in two
infinite and perfect mirrors in the pole planes. The program handled up to 16
loops of fixed radial dimension, normally 20 mm, equal to the grinding-wheel
width, at eight predetermined radial positions. This problem was represented by
a set of 28ilinear, normally independent equations of 17 variables, the 16 shim

thicknesses and the magnet current, of the form

A 1 16 8 .
o O [ )
— |[r.,z,.| == t|Jr, -r +b ]
Bo U7y m LosUd s s [z.+z (2I-1)-(-1)I]2+[r,-r s )
s=1 =1 L1is 1 s s
16 8
_% ts[ri—rs_bs] - 2 ; t AT,
=1 [z.+z (21-1)-(-1)1:, +(r.-r -b ]
I Lis i s s/

where r.,z, are the radial and vertical coordinates of the 28 representative
points; r_ and z_ are the radial and vertical coordinates of the 16 shim (loops)
positions; bS and tS are the half-width and the thickness of the shims, respec-
tively; I labels the mirror images included in the calculation (eight images were
calculated by the program); AJ is the main current change; and, finally, A is

proportional to the slope of the excitation curve at the nominal field.

The solution consisted in finding the combination of shim thicknesses tS and
current change AJ minimizing the root mean square of the field deviations. The
procedure followed was to set AB(ri,zi) equal to but of opposite sign from the
measured field variations at the selected positions (ri,zi), and then to determine
tS by the method of least squares fits. The shim position (rs,zs) and the shim
half-width bS were fixed. These were normally selected by the operator from among

a few sets of standard combinations.

The resulting shim thicknesses, the predicted r.m.s., and the weighted r.m.s.
deviations of all 117 points on the field map were printed. A display routine
produced field contour maps showing lines of equal field strength generated by

linear interpolation between mesh points. It was possible to display results of
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measurements and calculations as well as to add and subtract maps. The choice
between different solutions depended on the predicted r.m.s. values, the appearance

of the field map, and the convenience of the required profile modifications.

EVALUATION OF THE FIELD MAP FOR THE (g - 2) EXPERIMENT

In order to evaluate the field map for the experiment, it was necessary to
know everything affecting the field measurements and the field shape after the
measurements. The relation between the measured field map and the control measure-
ments obtained during physics runs by monitoring probes (plunging probes) had to

be established.

2)

This was done in the following way1 :

i) A calibration magnetometer of well-defined geometry and known susceptibility

. cal
correction § was prepared.

ii) The magnetometers on the measuring machine were calibrated against the cali-
bration magnetometer; usually a secondary standard pfobe was used. This
calibration Gmap(r,z,e) included the effect of the measuring machine on
individual probes. |

stab

iii) The change in field shape § (r,z,0) due to the effect of the measuring

machine on the stabilization magnetometer was determined.
iv) The effects Svac(r,z,e) of the vacuum tank and of all other components in-
cluding the inflector stray field, which were not present when the magnet

was mapped, were determined.

v) The effect of the vacuum tank on all stabilization magnetometers was meas-—

v-stab

ured. This effect modified the field map & (r,z,8) in the opposite

~direction.
vi) The magnet was mapped repeatedly to follow the initial drift with time and
obtain a precise field map f(r,z,6,t).
vii) The field pr(r,z,S) at the positions of all plunging probes was measured

separately after the magnet had stabilized.
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Because the field was homogeneous and all corrections were small, the correc-—

ted field map £f°(r,z,0,t) could be expressed as
£0(r,z2,0,t) = f(r,z,e,t>[1+6°a1+6‘“apcr,z,e)+a“ab<r,z,e>+6"a°<r,z,e)+<s"'5tab<r,z,e)] .

The corresponding expression for the corrected value £°PP(r,z,0) at the plunging-
probe position was obtained by replacing f(r,z,6,t) by fpp(r,z,e) in the above
formula.

The reproducibility of the average field level was found to be about *1 ppm.
Applying all above-mentioned corrections point by point and averaging over several
maps and data runs, the agreement between the measured field map and the field .

map calculated from the plunging-probe measurements was at the level of a few 1077,

This provided a good check of the procedure adopted.

Experience showed that the average field measured at the plunging-probe posi-
tions varied in time very similarly to the average field of the magnet. The rea-
son was that the plunging probes, which traversed the centre of the aperture, gave
a better representation of the average field than did the stabilization probes
located outside the vacuum tank. After an initial drifting for about three days,
the average field remained stable at a level of 1 ppm. A typical behaviour of the
average field is shown in Fig. 11. The time-dependent field value to be used for

the data analysis was then obtained according to the formula

[fo(r,z,e,t=0)'W(r,z)°P(t)]

f£(t) = —
£°PP(£=0)

where t = 0 refers to the field map before the run, and P(t) is the calibrated
mean value of all plunging-probe measurements. The bars indicate averaging over
all coordinates. The weight function W(r,z) is proportional to the time-averaged

muon density in an rz plane, assuming that their distribution in phase space is

homogeneous; it is given by the expression
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2 2 2 2
r° -ri)e(z° -zt
V/% max 1) ( max 1)

2oV Taax D " (2D

.

1

W(ri,zi) =

where r are the borders of the useful aperture.

max’ “max

The average field level during the experiment is shown in Fig. 12; the X
were obtained from the field maps, the curves from plunging-probe measurements.
The big jumps occurred when the temperature stabilization of the cooling water

failed. Values of various corrections are listed in Table 2.

MAPPING TECHNIQUE

The magnet was mapped by a computer-controlled machine (Fig. 13), pivoting
on the central pillar of the ring and rolling on the lower magnet pole. The posi-
tion of the eight NMR probes was controlled by three incremental encoders. The
encoder for the azimuthal position was mounted on the axis of one of the wheels
rolling on the magnet pole. Absolute position control was obtained by end switches
and photoelectrical sensing of a reference pin on each magnet. The useful aper-
ture of the magnet was mapped on a 10 X 10 mm grid in the radial vertical plane
(Fig. 4), and at intervals of 0.164° in the azimuth. Tﬁe total of 257,400 measure-

ments was obtained in seven hours.

The 4 m long vacuum chambers were mapped by sliding them over a set of NMR
probes, mounted on a 5 m long free-standing arm in the homogeneous region of the
magnet. The chambers were displaced by means of the measuring machine. The meas-

ured field variations represented directly a map of the effect of the chambers.

The effect of the vacuum system and other materials on the stabilization
probes was obtained by replacing the stabilizing magnetometer with a servomagneto-
meter, and reading the field variations when the vacuum chamber was moved in and

out of the magnet gap.
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MAPPING THE HORIZONTAL COMPONENTS

OF THE MAGNETIC FIELD

The radial component of the magnetic field was measured a few times during
. . . . 1 1y
the experiment, either by a flip-coil method 3 or by a Hall-plate pendulum ) at
a limited number of points (120 to 360 points). A typical result is shown in

Fig. 14.

Both methods gave consistent results. The first was reproducible to a tilt
level of a few 107° radians, the second to about 10~° radians. Locally the maxi-
mum observed tilt of the field vector with respect to the vertical was 3 x 10~“
radians. During the experiment the average value over the ring fluctuated between
+50 x 107° radians. The effective median plane of the stored beam was shifted
vertically in proportion to the average value of the first harmonic of the radial

component. This reduced the useful aperture of the ring by a few millimetres.

This instability of the field direction was observed independently by detec-
5)

. . . . 1
tors that were sensitive to the beam position in the experiment . No effort

was made to determine the source of this small instability.

The azimuthal component of the field was found to be less than 10~% of the
main component everywhere inside the storage volume. The value of (g - 2) obtained
in the experiment was insensitive to this component since its integral effect for

one revolution 1s zero.

GRINDING

As it is an unconventional technique to grind the poles of an assembled mag-
net in order to correct a measured field shape, we will describe in some detail
the tool developed for this purpose. Tests on the half-scale model magnet per-
mitted the determination of the criteria for successful grinding of the soft-iron

pole surface without use of a liquid. The important points were:
- the choice of quality of the grinding wheel;
- efficient evacuation of the products of grinding;

- periodical dressing of the grinding-wheel surface;
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- low working pressure of the grinding wheel on the pole surface;
- vibration-free displacement of the grinding wheel;
- a precise control of the metal removed.

Other essential features of the grinding tool were: it fitted into the
magnet gap and could easily be moved in and out. It could grind off in a short
time azimuthal strips 150 mm long, 20 mm wide, and up to a few tenths of a milli-
metre thick, with a precision of a few microns. Its operation was safe enough to

avoid any accidental damaging of the pole surface.

The grinding tool is shown schematically in the following figures: Fig. 15,

side View; Fig. 16, outside the magnet; Fig. 17, in its working position.

The grinding wheel was mounted on a spindle and rotated at 3000 turns/min,
pulled by an axially mounted three-phase motor. The spindle support was mounted
on the moving part of a linear bearing (on which the stone could be displaced
radially across the magnet gap) by means of a manually operated lead screw. The
radial position was read on a numerical display connected to an encoder on the
lead screw. The fixed part of the linear bearing was mounted on a pivot with the
axis in the radial direction. A hydraulic cylinder was used to raise or lower
the grinding wheel, the range of vertical movement being limited by a pair of
micrometers acting on the long lever arm of the pivoting part. The lever arm also
carried weights to counterbalance the spindle and the motor. The pivot was moun-
ted on the end of a rigid frame; the azimuthal sides of the frame were made of
the mobile parts of a pair of linear ﬂearings, the fixed part of which was mounted

on the base plane. A second hydraulic piston displaced the frame in the azimuthal

direction.

The base plate was equipped with retractable wheels, rolling on the shims of
the magnet. The machine was moved in and out of the magnet and from one working
position to another on these wheels. The wheels, as well as the strong jack on
the top of the base plate that served to clamp the tool in the magnet gap, were

actuated pneumatically. A rail, mounted at a fixed distance on the lower coil

\
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outside the magnet and parallel to the block, guided the tool when it was rolling
to the working position. Its azimuthal position was read off a graduated ruler
on this rail. The link between the base plate and the rail was made by means of

two pairs of guide wheels fixed on extensions of the base plate.

A system consisting of switches, relays, and pneumatic logic, moved the
spindle sequentially down-forward-up-back. The bottom and the top poles were
thus shimmed simultaneously, at the same position, in analogy to the procedure of
the program that calculated the shim thicknesses. The working pressure of the
wheel was controlled by the oil pressure of the pivoting cylinder. Needle valves

in the oil circuit were used to control the speed of displacement and served to

damp vibrations.

The only critical operation was the setting of the strip thickness to be
removed by grinding. To obtain precise settings, the system was first started
and the motor switched on with low torque. The two micrometers were then slowly
turned until the grinding wheel started to produce sparks. Then the micrometers
were turned to a setting corresponding to the strip thickness to be removed, using
the first reading as zero. Once this adjustment was done the motor was switched

to normal power.

The typical time taken to remove a strip 15 cm long, 2 cm wide and 0.01 cm
thick was 15 minutes. By taking some care, a precision of +5 um was achieved.
The agreement between the calculated and measured effects of shims agreed per-
fectly within the precision to which a shim could be measured, i.e. at a few
microns.

The grinding was done without the use of any liquid, which would have been
very inconvenient for an assembled magnet. The products of the grinding were
collected in a metal box, surrounding the grinding wheel, which was connected to

a vacuum cleaner.

The most frequently used grindstone quality was PA46-K8-V40W from the

Carborundum Company. Its surface was periodically dressed by a diamond.
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NOTES

The first muon (g - 2) experiment made at CERN, using a straight 6 m long
magnet, obtained the value (1162 * 3) x 10~¢ for the anomaly parameter

a = (g = 2)/2; the second one, using a 5 m diameter weak focusing storage
ring, gave the value (116616 + 31) x 10~%, The third experiment, using the
magnet described in this paper, finally gave the value a = (1165924 +8) x107°,

i.e. an accuracy of 7 ppm.

The precession w, is measured, using special counters to record the in-
stantaneous rate of electrons produced above a given energy in the decay
of the circulating muons. This rate varies in time as a function of the
instantaneous direction of the muon polarization.

In the previous experiment using a conventional weak focusing ring, the
error in the estimate of (g - 2) due to the uncertainty (about *3 mm) in

the muon distribution inside the storage volume was of the order of 160 ppm,

i.e. more than one order of magnitude larger than the final error aimed at

for this third experiment.

The expression of w, in the presence of magnetic and electrostatic fields

perpendicular to the particle motion is given by

_ e 1 _ .
wa—m—c-[aB+[F—:—1 aJBE].

The second term of this expression vanishes for Y = 29.3, i.e. for the

chosen 3.098 GeV/c momentum. Corrections due to momentum spread are small

and easy to apply.
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Table 1

Parameters of the magnet

Diameter: 14 m

Aperture: 380 X 140 mm?

Useful aperture: 120 X 80 mm?
Structure: 40 identical C-shaped blocks

Total weight: 450 t

Four main coils, two of 13 m diameter, two of 15 m diameter

Each coil 24 turns, subdivided into five sectors, connected by

480 flexible connectors
Conductor: electrolytic copper, 28 x 30 mm? with 8 mm @ bore
Coil weight: 30 t |
Current: 4200 A; excitation power: 2 MW
480 cooling water circuits
Water flow: 60 m®/h; pressure drop: 3 bar
Temperature rise 10°C; inlet stabilized at 25°C

80 small compensating coils

Nominal field: 1.47 T
Field variation in the useful aperture: AB/B < *300 ppm
Weighted r.m.s. field variations for the experiment: 3 ppm
Stability: +1 ppm
Reproducibility: short term, *1 ppm
long term, a few ppm
Field control: 1 ppm
Low-order multipole components negligible

Average field direction: vertical *50 ><V10_6 radians
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Table 2

Values of the correction applied to the field measurements

Susceptibility correction of the reference probe 6ca1:

Calibration of individual magnetometers on the machine
smep,

Correction due to the perturbation of the stabilization

by the measuring machine GStab:

Corrections due to the vacuum tank and inflector:
gvac,

6v-stab_

25.1

-0.1

I+

1+

I+

I+

1+

0.1 ppm

0.5 ppm

0.2 ppm

0.4 ppm

0.4 ppm
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Figure captions

Fig.

Fig.

Fig.

Fig.

1

.
.

..

Layout of the muon storage ring and beam line.

~ General view of the ring.

A magnet block (dimensions in mm):
(A) front view
(B) sidg view of a block, the coils, and their supports
(C) top view
C : main coils
CC : compensating coils

P contact surfaces between block parts

.

S shunts to adjust the field level

SL : slots to reduce the azimuthal field variation
W : wedges to reduce the field variation at the junction of
neighbouring blocks

RS : shunts to reduce the radial field gradient.

Cut through the aperture (dimensions in mm). The initial shim dimen-
sions are given at the top pole. The most frequently used positions
of the final shim corrections are indicatéd at the bottom pole. The
useful aperture and the grid for the field map is indicated. The

X are the points used to calculate the shim corrections. The dashed

lines are the extreme positions of the beam aperture relative to the

pole pieces.

View of the partly assembled ring. The end of a coil section with
its water inlets is visible, as well as a correction coil on the

lower pole piece.

A flexible connector. The solid end blocks are electron-beam-welded
to the laminated conductor. The thermistor housing is soft-soldered
to the solid block. The connector is mounted on the coil by two

pairs of M6 screws. The contact surfaces are silver plated.



Fig. 10

Fig. 11

Fig. 12

Fig. 13

Fig. 14

oo

.o

..

..
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Assembled flexible coil junction.

The switching-on procedure of the magnet.

A vertical field map, shown as a contour line plot for the storage
aperture obtained by averaging a three-dimensional map in azimuth.
The points lie on a square grid of 1 cm spacing, and the lines,
which connect up points of equal field strength, are obtained by
linear interpolation. The interval between contours is 2 ppm, which

is equivalent to about 3 uT.

Field variations around the ring. The average value of each block

is plotted.

Typical behaviour of the average field, obtained from plunging-probe
measurements during a long physics run. The results of nine complete
field maps obtained during five days before the runs are marked by
(X). Note the good agreement between the two measurements during

the initial drift period, and the good stability of the average

field afterwards.

Variation of the average field during the experiment. X are results
of complete field maps. The curves are obtained from the plunging-
probe measurements during physics runs. The variations in November
1975 and August 1976 are probably due to failures in the cooling-

water temperature control which occurred at those times.

The mapping machine. The NMR probes are shown in the magnet gap,
and some of the motors and position encoders are also visible. On
the left of the picture a stabilization probe, mounted in position
on the upper pole piece, can be seen. The measuring probes are
arranged to permit measurement of the complete useful aperture with

the stabilization probe in position in the median plane of the gap.

Azimuthal variation of the tilt of the field vector, measured in the
centre of each block. The curves are the average value and the first

harmonic of their radial field component.



Fig. 15
Fig. 16

Fig. 17
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A schematic side-view of the grinding tool.

The grinding tool with the control rack.

The grinding tool in its working position in the four-block set-up.

The numerically controlled scanner is visible in the foreground.
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@ Magnet blocks

@ Magnet coils

@ Inflector

@ Counters

@ Vacuum pumps

Fig. 1
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