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Summary. — The anomalous part of the gyromagnetic ratio, a=1(y—2)
of the muon has been measured by determining the precession
0= aw,Bt for 100 MeV/c muons as a function of storage time ¢ in a
known static magnetie field of the form B:f:‘,,fl—,-‘—ny—;—by:_—'cy“+dy*‘].
The result is ey =(116225)+10-% compared with the theoretical valne
Ay =c/27+0.76 0= 1165-10-%, This agreement shows that the muon
obeys standard quantum electrodynamics down to distances ~ 0.1 fermi.
Details are given of the methods used to store muons for ~ 10% turns
in the field, and of measuring techniques and precautions necessary to
achieve the final accuracy. Some of the methods of orbit analysis, magnet
construction shimming and measurement, polarization analysis, and
digital timing electronics may be of more general interest.

1. — Introduction.

1'L. Purpose of the experiment. — The correction to the gyromagnetic ratio g
of the electron, first discovered experimentally through the splitting of the
2P;-28; levels in hydrogen (Lamb shift), and explained as a consequence of
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the emission and reabsorption of virtual photons, has played a leading part
in the development of quantum electrodynamics (QED). The theoretical re-
sult for the anomalous part of the gyromagnetic ratio is

g—2 o ot -
(1) 2 (electron) =<—= = = — 0.328% = 1159.615-10-,
2n 7t

e

where one assumes

(2) (@)1 =137.0391

has been confirmed with great accuracy, notably by the recent result of
WILKINSON and CRANE (1)

(3) a,, (electron) = 1159.622 .10 =+ 0.027-10-°,

The muon, apart from its mass, appears to have properties identical to the
electron: the absence of strong interaction, the parallel role in the weak inter-
action, and the observation of the electromagnetic processes expected for a
8pin- particle point to this conclusion. The gyromagnetic ratio is close to 2,
and conclusive evidence in favour of spin-} is obtained from the experiments
on muonium and muonie X rays ().

If the muon is also to be described by the Dirac equation, similar correc-
tions to its gyromagnetic ratio will apply. In this case the main contribution
to the integrals used in evaluationg a, comes from virtual photons of
g~ (m,e)*~ (100 MeV/e)?, so the result tests QED at much shorter distances.
The prediction (3) is

a

o F
(4) 4y (Muon) = — - 0.76 ~—a‘ = 1165-10-¢,
pLi s by

ey

the coefficient of the second term (fourth order in e) being different from eq. (1)
because the contribution of virtual electron pairs produced by the virtual
photon is greater in this case.

The importance of the anomalous magnetic moment of the muon as 2 test
of QED at short distances was commented on by BERBSTETSKIS, KROKHIN

(*) D.T. WiLkINsox and H. R, CRANE: Phys. Rev., 130, 852 (1963); W. H. LouIseLL,
R. W. Piop and H. R. Craxg: Phys. Rev., 94, 7 (1954).

(*) K. Ziock, V. W. Hucnes, R. Prerosr, J. BAiLEy and W. CLELAND: Phys.
Rev. Lett., 8, 103 (1962); G. Backexstoss, K. GorreL, U. HrceL, D, QUITMANN
and B. StabLER: Nuel. Phys. (in press).

(*) A. PETERMANN: Help. Phys. Acta, 30, 407 (1957). A complete list of references
Is given in a review by A. PETERMANY : Fortschr. d. Phys., 8, 505 (1958). The numerical
coefficient of the second term has now been evaluated for more precisely, PETERMANY :
(private communication).
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[1243] THE ANOMALOUS MAGNETIC MOMENT OF THE MUON 3

and KHLEBNIKOV in 1956 (4). Upon the discovery (%) of parity violation for
muons in 1957, it was recognized that a direct measurement of the anomaly,
that is of (g—2), should be possible using the principles which had been
applied to the electron by CRANE ef al. (*). In 1958 PANOFSKY (*) reported that
experiments were in progress independently in three laboratories.

In addition to its sensitivity to QED at short distances, this measurement
gives direct information about the muon. If the muon has a structure the
contribution of high momentum transfers to eq. (4) will be reduced leading
to a lower value of a,. On the other hand, any coupling of the muon to
another field will modify the gyromagnetic ratio directly (through the emis-
sion and reabsorption of virtual field particles) either increasing or decreasing
a, according to the nature of the field (7). This provides a sensitive test of
unknown interactions of the muon which are sometimes invoked, for example,
to explain the w—e mass difference ().

Therefore, barring accidental cancellation of these effects, an accurate de-
termination of the anomalous magnetic moment of the muon would:

i) test the validity of QED at short distances;
ii) explore the structure of the muon electromagnetic vertex; and

iii) indicate whether there is any unexplored coupling to another field,
which might perhaps explain the mass difference between electron
and muon.

Experimentally measurements on muons are subject to the difficulty that
Imuon sources are weak and diffuse, and the natural lifetime requires the mea-
surement to be completed in a few microseconds. On the other hand, theso urce
(7= = decay) provides muons which are fully polarized at birth, and the
anisotropie decay (Wr—etL V,+v,) provides an indicator for the fina] spin
direction.

The best indirect evidence for the g factor is obtained by combining the pre-
cession frequency measurement for muons at rest in a known magnetic field B (°),

(5) W=

(*) V. B. BERESTETSKLS, (). N. Kroruiy and A. K. KuLesxizoy: Zurn. Elsp.
Teor. Fiz., 30, 788 (1956) [translation: Soviet Physics JETP, 12, 993 {1961)].

(*) R. L. Garwix, L. M. LEpeErMax and M. Wersgricmn: Phys. Rev., 105, 1415'
(1957).

(*) W. K. H. Paxorskr: Proceedings of the 1958 International Conference on
High-Energy Physics at CERN (ed. B. FERRETTI) (CERN, 1958), p. 4.

() W. 8. Cowraxp: Nuel. Phys., 8, 397 (1958).

(%) J. SeuwiNGeRr: lnn. Phys., 2, 407, (1957).

(*) D. P. Hurcuixsox, J. Mexes, . Suariko and A, M, Parnaci: Phys, Iev.,
131, 1351 (1963). see alzo (. McD. Bincuax: Nuowve Cimento, 27, 1352 (1963).
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4 G. CHARPAK, F. J. M. FARLEY, R. L. GARWIN, ETC. [1244]

with the mass value obtained from a study of the 88 keV (3D — 2P) transition
in p-mesic phosphorus (1°1%). This gives g =2(L.0011258%%5) confirming the
theoretical value of a to about 159,. Although w, /B is known to 1:60000,
an improvement in the mass measurement beyond the present acecuraey of
1:10000, and therefore in the determination of g, is hardly to be expected.
Here we describe the direct measurement of (g— 2) for the muon which
gives the g-factor to an accuracy of 1:250000. Two short reports on this
experiment have aiready been published. The first described a preliminary
measurement of the anomalous moment to -+ 1.7 % accuraey (1), while the
second, published a year later, gave the result of a new experiment to -+ (.49,
incorporating many refinements and improvements in the technique (14),

12, Principle of the method. — In our experiment longitudinally muons
(formed by forward decay in flight of pions from the CERN Synchro-eyclotron)
are injected into an almost uniform magnetic field B(~16 kG) in such a way
that they describe many (~1000) quasi-circular orbits before reaching the
end of the magnet and being ejected (see Fig. 1). While the muons are in the
field, the anomalous moment causes the spin to turn faster than the momentum
vector. After time d: the angle between spin and momentum (0 =06,—6,) has
changed by the amount

(6) df = aw,Bdt,

where w, is the cyclotron frequency ¢/m,c for low-energy muons in unit magnetic

field. The total change in polarization angle after time ¢ is therefore
(7) 6(t) —6(0) = A0 = aw, Bt ,

where B is the field averaged over the trajectory. By bringing the muons to
rest in a field-free apparatus (polarization analyser) and observing their decay,
the final polarization can be measured. In this way one records Af as a func-
tion of the storage time ¢, allowing a to be determined.

(1) J. I". Laruror, R. A, Lu~npy, V. L. TELEGDI, R. WinsTox and D. D. Yova-
NoviteH: Nuowvo Cimento, 17, 109 (1960),

(*1) J. F. Lataror, R. A, Luspry, S. PeExmay, V. L. TELEGDI, R. Wixston and
D. D. Yovavovirca: Nuowvo Cimento, 17, 114 (1960).

(**) 8. Devons, G. Gipar, L. M. LeperMay and G. SHAPIRO: Phys. Rev. Lett.,
5, 330 (1960).

(¥) G. Cioareax, I, J. M FarLey, R, L. Garwiy, T. MuLLer, J. C. Suxs,
V. L. Teneepr and A, Zicaicui: Phys. Rev. Lett., 6, 128 (1961).

(Y1) G. Cinawrrak, 1. J. M., Farcey, R. L. Garwriy, T. MuLrer, J. C. 88xs and
A, Zrewenr: Phys. Lett., 1, 16 (1962),
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6 G. CHARPAK, F. J. M. FARLEY, R. L. GARWIN, ETC, [1246)

Equation (6) is easily verified for the nonrelativistic case. Its validity
for relativistic particles in a uniform field has been established by BARGMANN,
MicHEL and TELEGDT (*%) who treat, in a rigorously covariant formalism,
the motion of a classical magnetic gyrostat in an electromagnetic field. The
equations also represent the average motion of a quantized spin because the
expectation value of a quantum-mechanical operator for a system in a slowly
varying field of force obeys the classical equations of motion. A purely quantum-
mechanical proof of eq. (6) also exists.

As the change in polarization predicted by eq. (6) is ~0.4° per turn, for
an accurate measurement of a it is necessary to constrain the muons to circle
many times in the field. To measure the muons’ spin direction while they are
still in the field presents many problems: it is desiderable eventually to extract
the particles and bring them to rest in g field-free region. By observing the
decay-electron asymmetry the final spin direction can then be established.

It is necessary, therefore, to set up a magnetic field into which the muons
can be injected with high efficiency. After making a large number (~ 1000)
of turns, they are finally ejected and fall on the measuring apparatus.

In our method a large conventional H-type magnet with a vertical field
of 16 kG constant in time, between poles (52 % 600) em? with 14 cm gap, is
shimmed to give a field of special form, uniform along the x axis (long axis),
but varying along the y axis (transverse axis, see Fig. 2)

(8) B, =B,(1+ ay 4+ by* 4 ... .

This is necessary in order to store and focus the particles, as explained below.
Before going further, we examine the validity of eqs. (6) and (7) in the
nonuniform fields used in the actual magnet,
Above and below the median plane there is a y-component of field

(9) ) Brz':_«_hs

which gives rise to vertical oscillations (focusing) of the particles in the magnet.
The question, is how does this affect the spin motion?

1'2.1. Spin motion in the storage magnet. The spin direction is
defined in the rest frame of the muon, and does not change when the muon
is slowed down in matter and stopped in a field-free region. (The electric
fields which slow down the muon are longitudinal on the average, and after
Lorentz transformation to the rest frame, give zero average magnetic field;

(*") V. Bareyaxy, L. Micasr and V. L. TELEGD - Plys. Rev. Lett., 2, 435 (1959).
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[1247] THE ANOMALOUS MAGNETIC MOMENT OF THE MUON 7
therefore, they do not precess the spin. The effect of multiple scattering is
considered below.)

The direction of the momentum vector p is defined in the laboratory frame.
It remains the same when transferred to the rest frame by a Lorentz transfor-
mation parallel to p.

The analysis of the spin motion is based on a result of BARGMANN, MICHEL
and TELEGDI (**). They express the spin direction with respeect to a system
of three orthogonal axes in the rest frame defined by vectors e,, e,, e,, which
all rotate in the laboratory frame as if they were momentum vectors:

(10) é.=w,Bxe,.

This system of axes is called the Michel frame. (B is the magnetic field in labor-
atory, the dot indicates differentiation with respect to proper time measured
in the muon rest frame, and the constant w, = ¢/m,c¢ is the eyclotron frequency
for low-energy muons in unit magnetic field. Vectors in the muon rest frame
are indicated thus B.)

The orientation of the Michel axes is unimportant. We use only the fact
that the whole frame rotates in the laboratory like a momentum vector, i.e.
with anguiar frequency £, =y~'w,®, where y = (1 — %)~ is included to con-
vert proper time to laboratory time.

It is shown by Bargmann, Michel and Telegdi that in the rest frame with
respect to these axes, the spin rotates at angular frequency 2, = aw,B, where B
is the magnetic field in the rest frame. In laboratory time this becomes
£, =y '-aw,B. To find the total rotation of the spin in the laboratory, we
have to add these two angular velocities:

(11) 2.4 Q, =y~'w,{aB + B} .

As the momentum vector rotates about the field at angular frequency
L, =v=1w, B, formula (6) for the case of motion perpendicular to a uniform
field (where 8 = yB) follows immediately.

In general, therefore, the procedure for caleulating the spin motion is to
calculate the rotation of the spin in the rest frame, about the direction defined
by ®; and to add to this the rotation of the Michel frame in the laboratory
about the direction defined by B. It is not, however, necessary to express
analytically the first motion with respect to the Michel axes, which may have
a complicated motion, as is done in the reference quoted; it will often be simpler
to express both motions in terms of fixed laboratory axes.

Apply this now to our magnet with main field component B. and hori-
zontal field B', remembering that [B’-dl along the orbit is zero because the
orbit does not encircle any current. The motion of the Michel frame is as follows.

3963



8 G. CHARPAEK, F. J. M. FARLEY, R. L. GARWIN, ETC. [1248]

About a vertical axis it rotates exactly as the momentum vector p- About a
horizontal axis perpendicular to P, it oscillates because of the B’ field, following
exactly the vertical oscillations of the momentum vector (-2°). It also has
a rotational oscillation about p as axis because of the component of B’ paral-
lel to p, but there is no net rotation because fB’-dl = 0. In the worst case
(ejection region where the coefficient a is as high as 10~2) the oscillations are
about =+ 5°.

To find the motion of the spin with respect to the Michel frame we must
compute B, the field in the rest frame. If at any instant the trajectory is in-
clined at angle @ to the y axis and at angle { to the horizontal, one finds by
resolving the field parallel and perpendicular to the trajectory and transforming
to the rest frame

1
(12) B.=¥B, {1 + £t (-J:— J):l + B,{(1—y) cos @ .

while the horizontal components parallel and perpendicular to the projected
trajectory are, respectively,

(13) B, =—B.(y—1) +B,[1+ (y —1)2]cos @
(14) B, =yB,sinE .

Now, averaging over the whole trajectory, as £ = 0 and ]'By cos@dl= [B'-dl= 0,
we find B,=0. Also &, is proportional to the mean vertical focﬁsing force
on the particle and must also be 0.

Further, as { =0, and there is no correlation between [ and cos @,

(15) B. =B, [1 - :-'(1— 1” =B,
g
the correction being less than 0.1 % and therefore negligible as £ 2%

The combined motion of the spin in the laboratory is therefore in the hor-
izontal plane and relative to P, a rotation about the » axis at frequency
2, =y 'w,aB. = aw,B.; plus the oscillations of the Michel frame about two
horizontal axes which are too small to affect the measurement. We conclude,
therefore, that eq. (7) is valid for our experiment.

12.2, Effect of electric dipole moment. If the muon has an elec-
tric dipole moment f-efi/me, the precession frequency of the spin would be
altered (%) by the factor 1+ 472 [z}, leading to an error in the determi-

(") R. L. Garwix and L. M. LEDERM A : Nuwovo Cimento, 11, 776 (1959),
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[1249] THE ANOMALOUS MAGNETIC MOMENT OF THE MUON 9

nation of a. This effect has been discussed in a separate baper () in which,
by looking for a storage-time-dependent vertical component of the polariza-
tion, we have shown that f<(3+6)-10-%. It follows that the error introduced
in the measurement of a is less than 0.5 D

As, however, f is expected to be zero from considerations of time reversal
Tnvariance (%), we do not include this uncertainty in the error estimates reported
below for our measurement of a.

12.3. Average over the ensemble of muons. So far we have
considered only one muon, but the spin direction can be measured accurately
only as an average over an ensemble of muons, The probability of counting
a decay electron in a direction defined by unit vector k is

(16) AP =1+ k-4,

where 4 is a vector of length equal to the asymmetry parameter and with
direction parallel to the muon Spin. Summing over the ensemble of m muons,
the decay electron count n, recorded in direction k is

(17 n.=mAQpD [l -~ k(l > A)J .
n

The vector (1/m)> A defines the muon spin direction and overall asymmetry
barameter for the ensemble. This can in principle be measured with any desired
accuracy by increasing the number of muons considered, thus increasing the
statistical accuracy of the angular distribution M.

In the case of muons of the storage magnet consider the ensemble of the
muons which all have storage time ¢. Summing eq. (7) over all muons in this
ensemble we obtain

(18) 0(t) —6,(0) = aw, B,-t,

where 6(f) is the mean polarization angle (") after storage; f,(0) is the mean
initial polarization angle for this group of muons (the subsecript ¢ labelling the
ensemble is necessary because muons stored for a different time may have
different initial conditions and different initial polarizations); B, is the mean

(") G. Cunarrax, F. J. M. Farrey, R. L. Garwix, T, MULLER, J. C. SExs and
A Zicntenr: Nuovo (fimento, 22, 1043 (1061).

(%) L. LANDAU: Nuel. Phys., 3, 127 (1957).

(") By the mean of an angle we always imply the vector mean as defined above:
this is not exactly the same as the arithmetic mean angle, but the difierence is negli-
gible for a small angular spread.
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10 G. CHARPAK, F. J. M. FARLEY, R. L. GARWIN, ETC. [1250]
B

field for the ensemble, it is an average over the time in the magnet and over
the different trajectories that contribute to storage time ¢; again the subseript ¢
indicates a possible dependence of B on ?.

This is the fundamental equation for the experiment, but it will be further
developed in Sect. 7'1 to include a number of important experimental correc-
tions. The steps necessary to measure a will now be described; namely, the
setting-up of the storage field and the measurement of ¢ and B,, the preparation
of the input beam and the determination of the correctly weighted mean initial
polarization angles 6,(0), and, finally, the measurement of the final polarization
angle 6(t).

2. — Theory of storage system.

2'1. Outlinc of method. — The problem in designing a magnet for storing
muonsg for ~ 10°® turns is to find a field shape which allows the particles to be
efficiently injected, stored and finally ejected. Long-time storage and efficient
ejection are directly contradictory requirements and are made more difficult
by the necessity to know the magnetic field to ~ 0.1 %, along the trajectory.

As the total path lenth in the maguet is ~ 1 km, vertical focusing is essen-
tial. Since it is impossible by Liouville’s theorem to injeet the particles into a
fixed orbit in a static magnetic field, like that of our magnet, a gradient field
is used which causes the quasi-circular orbit to «walk » slowly along the long
axis of the magnet, in a direction transverse to the gradient, see Fig. 1.

Muons of 150 MeV/e momentum, formed by forward decay in flight of
pions in the CERN Synchro-cyclotron, are injected and fall on a beryllium
moderator Be. They emerge with momentum ~ 90 MeV/ec and the orbit,
now of radius ~ 19 em, remains wholely inside the magnetic field. The orbit
displacement along the z axis (distance s per turn=step-size) allows the par-
ticles to miss the moderator after one turn and to continue down the magnet.
Clearly only the muons emerging from the first s centimetres at the edge of
the moderator can be stored. In the injection region the step-size is ~ 2 em
per turn. In the central section of the magnet the field gradient is small, reducing
the step-size to ~ 0.4 em per turn, and the muons spend a long time in this
region. Finally, a transition is made to the ejection region where a large gra-
dient gives step-size ~ 12 em per turn bringing the particles rapidly across the
end of the magnet with the result that they are ejected from the field.

22, Orbits in an almost-uniform magnetic field, — The approach to the design
of the magnetic field was twofold:

i) analytic; from a general parametrized field of what seemed heuri-
stically to be a useful symmetry, the important measurable quantities are

3066



[1251] THE ANOMALOUS MAGNETIC MOMENT OF THE MUON 11

deduced — drift rate of particle orbit (storage time), vertical focusing, and
storage-time distribution; specific values of the parameters were then chosen,
bearing in mind intensity, size of required magnet, cost, and minimization of
certain errors introduced into the measurement by scattering, etic;

1) numerical; for specific values of the parameters the particle trajectories
are studied by point-by-point integration of the differential equation through
the entire storage system. This numerical work established the validity of
the analytical methods. The ejection could not be treated analytically since
the magnetic field varies too greatly and too sharply in that region. The pos-
sibility of ejection was established by the numerical calculations and the field
designed from these results.

In the median plane of the storage region of our magnet the field B,(y)
is uniform in #, but varies with 4. In the median plane, z = 0, the field has only
a z-component; for zs£0, B,=0.

Consider first the motion of a charged particle whose position and velocity
lie in the median plane. We shall prove that its motion is a secular drift in =,
plus a periodic motion in @ and y. The drift in per period is defined as the step-
size. The study of the stability of the orbit with respect to z leads to a deriva-
tion of the «vertical » (2) focusing wavelength which is important in design
of the magnet for nonzero intensity. From these two quantities the storage-
time distribution and the magnet phase-space is computed, and the magnet
field shape is designed by appropriate choice of parameters.

Since the accuracy of our knowledge of the mean magnetic field over the
orbit (*) must be greater than the desired precision of the measurement of a,
we limit our discussions to fields which depart only slightly from uniformity.
Most of the results will be derived only to first order in (B — B,) [By; however,
since the particles will make very many turns in the fields, we are obliged to
prove the exact validity of two fundamental theorems : constancy of energy
and absence of a « transverse drift » in the storage field. Some of our results
proved only to first order are in fact true to all orders (which does not, of
course, mean that they are exactly true). For the proofs to all orders and a
discussion of adiabatic invariants, we refer the reader to the extensive litera-
ture developed in relation to cosmic rays and to the containment of particles
for the production of controlled thermonuclear reactions (**). Since we are con-

(") Tt should be noted that an alternative possibility of measurement exists,
Instead of measuring A6, B, and ¢ as required by eq. (7) one can make use of the equally
true integral Af=nyp, where y= (1 — @)t and @ is the angle through which the
momentum vector has turned. Such investigations were carried out by the group
and by others, extending as far as a 20-turn prototype « SCREW » magnet, Accurate
knowledge of y and ¢ would be required for a precision measurement.

{*") Por a recent review see T. (3. NorRTHROP: Rew. Geophys., 1, 283 (1963),
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12 G. CHARPAK, F. J. M. FARLEY, R. L. GARWIN, ETC. [1252]

cerned with almost-uniform fields, we may obtain many of the results by a
simple perturbation approach which is at once both compact and physically
satisfying.

THEOREM A. — In a static magnetic field, the kinetic energy of a charged par-
ticle is an absolute invariant of the motion (neglecting radiation effects).

Proor. — The Lorentz force is

(19) FE}i:vaB.

c

dr ¢
:iz'== 1?'11 —= E v )\13 = “,
the particle energy and |p| itself are constant throughout the motion.

THEOREM B. - In a field of the form B — kB.(y) in the median plane (z = 0),
and with

(20) B.(y)>0,

(i, Jy k are unit vectors along , Ys = awes), the particle co-ordinate y(t) is strictly
periodic in t and has a period less than ZmymefeB,,,, where B, is the smallest
value of B, in the vieinity of the orbit.

Proor. — Note that & = te=1(p,/p.) increases continuously with time.
[From eq. (19) we have € = (¢/mey)B.] Thus €= (e/mey)B,,_, and the time
for @ to change by 2z is 7' 2zmeyfeB,,,. By considering the motion over
the interval —mz <@ ==z, we shall show that ¥ is strietly periodic in ¢ and
that @ has, in addition to a part periodic in t, a secular increase with ¢. Since
we wish to exhibit different behaviour of # and ¥, it is profitable to write eq. (19)
in component form:

s 2 .
T=— YB.(y) = . &1 B.{
[ mye Y5:y) = 0, y B.(y)

e . .
- B.(y) = — v, & B.(y) ,
mye

e

(21) l

where o, = ejmye.
For the origin of time corresponding to @ = 0 and ¥ =10, one has a very

simple symmetry property: the eqs. (21) are invariant under @ ——2 and
t ——1t. Thus y(1) = y(—t) and #(1) =-—J(—1t). If at some time =12,
=0 and @ =z, then at t = — T2, 4 =0, ® =—zx. Thus if T2 is the min-

RElH S
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imum time to have ¥ again zero, 7T is a candidate for the period of y(¢). That
the motion is indeed periodic with period 7' follows immediately, since at the
two times {=—T/2, =+ T/2 we have § — 0, ¥(—=T/2) =y(T/2), s0
&(—T[2) = &(+ T/2) from theorem A. Also @(T[2) = —a(— T[2) = s/2.

Since ¥, ¥, ¥ and & have indentical values at ¢ = =T'/2, the y-motion obtained
by integrating the two second-order differential equations (21) will be iden-
tical in every period 7. [« does not enter explicitly since B = B(y).] In each
such interval of time  will increase by s (the step-size).

Thus we see that the particle will shift uniformly in 2 but will have no
secular drift in 4.

We now leave the realm of exact proofs and derive results good to first
order in f(y) where

(22) B(y) = B,o[1 + f(y)], \ fly) < 1.

As commented above, some of these results have been shown to be adiabatic
invariants and so to have more general validity.

2'2.1. Perturbation caleculation of step-size. Consider the unperturb-
ed system to be a particle of momentum p and charge e, but with field equa-
tion (22) with f(y) = 0. For this unperturbed case the solution of eq. (19) or
eq. (21) is well known to be

& = p, 8in (wt)

v, = const ,

-
Il

(23) ’ ¥ = — 0, ¢08 (wt)

with o,=ep/eB, and w = eB,/mye, where p and v refer to the motion in the
@,y plane. Thus the unperturbed motion is a helix. To the desired approxi-
mation we obtain the effect of the perturbing field by exhibiting the response
of the unperturbed system to the introduction of the magnetic nonuniformity
Byf(y) as a perturbation.

We are guaranteed by theorem B that the secular response can be only
4 shift in @ with step-size s centimetres per turn.

2'2.2. Step-size. We may now proceed to caleulate the step-size by
a perturbation treatment of (%) eq. (19)

¢

(24) v = v < Bly)
ney

~ e

(*) As above, [,], k& are unit vectors along z, y, # axes.

3pay



14 G. CHARPAK, F. J. M. FARLEY, R, L. GARWIN, ETC. (12547

with

(25) B(y) = kB,[1 + f(y)]

(26) V() = v,(t) + vy(2)

(27) y(t) = |, |[i sinwt + J cos wt] .

v,(t) is the unperturbed cireular motion [/(y) = 0]. Equation (24) now reads:

i ~ (] -
vy - v, = ;;‘-5’ (vo -+ vy) XkBo[l + fw)],
and suppressing the unperturbed equation and the product of the small quan-
tities v,f(y), we have
) . ¢B, - , o
(28) U, = [(vﬂ(t) X k.f{lf)) == (vl xk]} -

mey

Integrating eq. (28) over a period of the unperturbed motion we have for the f
component
i T r
wi [ - eB, ;
(29) J: rvl dt =j-[v,(T)— 2,(0)] =0 =— e { [1:0, fly)di —rfvlzdt] :
o - 0

-4
In eq. (29) the |9,d¢ would be zero if the new period 7" in the perturbed field
0
were the same as the old. Since the change of period is at most first order in fs
as s v, itself, this integral is 0(/2) and is dropped. Also

o

fvldf =s

o

to first order, and we know by theorem B that s has only an z-component.
Thus eq. (29) becomes
i

o == [rutt 102t =~ §1t9) dze = — 1o - $a, L0 gy
o o

)..
0

a§ a result of integration by parts. Since w,(¢) indicates the unperturbed motion,
we have finally

5
501 S:f%)C?‘(?”}‘-{-,,riy:A—ij{:ﬁfﬂ-rf-ndy
B,
] 1]

dy cy

J970
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or
, 1 2M,
31 § = — Qf(y) do = = Lo
(31) § fﬁflww 3.5
: )

where M, = §f B(y)dvdy = flux through the unperturbed orbit.

Equation (31) relates the step-size along x to the rate of change of flux
with y. through the unperturbed circular orbit as its centre ¥, is moved in 9.
By an obvious generalization of €q. (31) we have, to first order in 7,

1
(32) s =~z kx (V)

which would be useful for fields of lower symmetry in the median plane. Thus
in general s*VA[, =0 and the orbit centre moves along the contour lines
of flux. So to first order, 0, [0t =0, the orbit moves in such a way as to
preserve constant flux through a circle the size of the unperturbed orbit. It
would be difficult to define more accurately than to first order in f the flux
through the perturbed orbit; consideration of the motion of particles through
static magnet fields of form slowly varying in space shows that the flux is an
adiabatic invariant, i.c. in situations in which it may be accurately defined,
all the coefficients are zero in its power series expansion in space-frequency
of the magnetic field variations.
Let us now specialize to a field of the form

(33) B=RB,(1-+ ay + by* - cy® - ayt...) .
Equation (31) gives
(34) ¥, = :’E[)ﬁ[ﬂ- &= 3895 o] = :‘ZQ;':ET“”

with a,, =a + $co? for an orbit with Ye=0 and an unperturbed radius .
An orbit with centre at Y. will have

(35) 8 =mojla + feo? + 2by, + 3dy, ok ...]

all to first order in 7.

In a field parametrized in the manner of eq. (33), it is clear that the step-
size for orbits central in the magnet is determined by « and ¢ and that » and d
may be chosen for other reasons. We shall show that b provides the main ver-
tical focusing for the particles. Evidently eq. (34) implies a very strong de-
pendence of step-size on orbit radius (particle momentum). This may be muech
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reduced to zero if desired by an appropriate choice

(36 i
g = ——=—,
. EFR

We later make a slightly different choice for ¢ in order to reduce the spread
in storage time rather than the spread in number of turns. Such choices for
¢ incidentally reduce the maximum amount of iron required for shimming to
a given step-size.

22.3. Vertical focusing. We can calculate the vertical focusing to
first order in 7 by considering the possibility of z-components of the velocity v.
With v(t) = v(t) + Fv.(t), v. < vy, and B = kB,[1 - fw)] for z =0, f(y) <1,
the z component of eq. (24) reads:

iy - - c 1}
(37) v,(1) = — v, B, .
mey
However,
L B, OB, .
e T oy
80 that
. : e ch,
(38) Bl j s
mey T ocy

On the assumption that f(y)<<1, we may integrate eq. (38) over a period of
the unperturbed orbit, thus ignoring the periodic terms in the Fourier expres-
sion of

. .
I
m

i ¥)
=

The result is, if we put z = % €Xp [tw.t]

. ¢ ¢B.
(39) —winl =——z, (ﬁr.‘: — di
mey cy
1)
or
) . ¢ cB,
(40) w;=——0O—dr.
mey®T | oy
o
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Integrating by parts, we find

N ki I'e cB. T * cepyg
(41) el o 20 [f60 1) _ 3{”.5 B o1
tto,  datoimey [\ cy o e !
1]

In the bracket of eq. [41], the first quantity is zero while the second is the
second derivative of the flux through the unperturbed orbit with respect to y..
Thus,

-

. d*B, 1 ¢
(42) g ln—cﬁ 2ol e . T2
2mo5 B, cy* ¥ M, ¢y

f

Equation (42) gives the vertical weak focusing wavelength in terms of an
integral of ¢*B.(y)/6y* over the area of the unperturbed orbit, or equivalently
in terms of the second derivative of the flux through that circle. Comparison
with eq. (31) shows that

1 ¢s
2mo Sy,

(43) R

This is an important general result which shows that a field configuration which
has no variation of step-size s with orbit-position y. will also have no focusing.

The formulae (31) and (42) in terms of the derivatives of the orbit flux
are useful not only as mnemonics; but also in determining experimentally the
orbits in an existing magnet, in the following manner. A disc-shaped coil the
diameter of the orbit to be investigated, is placed in the magnet with its centre
coincident with the initial position of the orbit. A ballistic galvanometer or
other voltage integrator is attached to the terminals of the coil (fiuxmeter).
The centre of the disc may be moved along the trajectory of the orbit centre
by moving the dise in such a direction that the flux change is zero. In practice,
one makes a flux map of the magnet with this device by moving it in x and
then draws the contour lines on the flux map. The procedure is much easier
and more reliable than the characterization of the field by point-by-point
Hall plate measurements. These measurements are reported in Sect. 3°9.
The same flux coil can, of course, be used to measure the vertical focusing wave-
length 7., according to eq. (42).

2’24, Storage time. For a magnet of useful length D, the storage
time. i.e. the time required for the orbit to drift from one end to the other, is

D— 20 2omve
(44) I e G U .

s el

with s given by eq. (35).

-
@
@
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Particles leaving the injection assembly (assumed at ¥ =0) at angle @ to
the y axis (see Fig. 2) have

(45) Ye=0,P .

Thus ¢ is a function of injection angle @ and radius g, through the corresponding
terms in eq. (35) with eq. (45) and the
v term in eq. (44) (D> 20 is assumed).
By differentiation one finds

-d—g—-}_—)’dé, / 'y: I'\\( E

where f = vje, and for y, =0 |

(46)

dt
- =(p-4)

(47) d=2
1 : . 'njected beam
2bo - 3 do® -

. f{eg;_ ' i N

Fig. 2. — Co-ordinate system. z-axis, long

As already implied above, the variation axis of magnet, the pole extends from
of storage time with @ (in effect y.) *=0 to m:f.iOU em; y-axis, horizontal
cannot be cancelled without destroying VEAREVOTsE WilH iy = ”long e we Hn.e

; Lo : of magnet); o, orbit radius: @, orbit
the focusing; but the variation with ¢  angle to z-axis: @, injection angle: y,,
(orbit momentum) can be eliminated ¥ co-ordinate of orbit ecentre,
over the design region by choosing ¢
such that 4 = g2 The importance of this choice in eliminating a certain
source of error is discussed in Sect. §'4.

(48) B=

2°3. Orbit stability. — For small values of f(y), orbit stability ig assured if

A7F>0. For 727°<0 [eq. (42)] the vertical motion is unstable and exponential
build-up oceurs in the = co-ordinate. The situation is different for f(y) not
small. We are still assured by theorem B, however, that the orbit motion in
the median plane retains the same general character. It is the oscillations in
which require a more careful treatment, since the neglect of the periodic focusing
terms (« strong-focusing ») in eq. (39) is no longer justified. In faet, as c*B./oy®
is made larger, the vertical motion becomes first more stable and then finally
over-stable and blows up exponentially. This behaviour is not contained in
our derivation of the wealk focusing. For the ejection region we must use a
large j(y) and are therefore required to investigate the stabilitv bands of the
vertical motion,

Z074
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Our only assumption in what follows is that 2/, i8 small (*).
The fundamental equation is eq. (38), which can be rewritten

(49) e —

mey oy T
for which we investigate the stability in a field of the form eq. (22). Theorem B
guarantees that the coefficient of z in eq. (49) is a periodic function of time with
period 7.

Rewriting eq. (49) as

_ d=z

(50) K +2g(n) =0,

where 1 = 2xt/T and g(n) is a periodic funetion of 7 with period 2z, we
see that we have a Hill differential equation, the stability and detailed properties
of which must be investigated. It is readily shown that the entire problem may
be solved by a single numerical integration of eq, (50) or eq. (49) over a period
of the motion in the z-y plane. If one starts with #(0)=0, #'(0) = (dz/dy) (0)=1,

then, since in our problem 9m) = + g(—n), it is easy to show that if
(51) r=2(2m), g=r+(rr-1)i= exp[2am];
then

1
0= In (g)
T

ix the phase advance of the vertical oscillation per actual orbit period. For
real we have a stop-band (unstable vertical motion). For w pure imaginary
the vertical oscillation is stable. It is easily seen that w is always either pure
real or pure imaginary. '

At the two egdes of a pass-band o — 0 (.. o =g, With z = 0 and 27 at
the two edges of the band). Thus, = ¢=—1 and r = —1 at the centre
of a pass-band, corresponding to a half-eyele of the vertical oscillation per
orbit turn. The numerical ecaleulation also gives the Flocquet factors (the
detailed shape of the vertical oscillation!. Tt can be shown that the maximum

(*) The problem of the stability of the orbit in a field B=Dy1—ay-~by?) was
solved analytically hy W. K. H. Paxorsky, CERN guest professor, who found the
orbit motion and then investigated the stability of the resultant eq. (38) with & and ¥
given as a funetion of time. Our investigations were earried out by the technique
deseribed in the text, which is useful for a field arbitrary y-dependence,
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vertical deviation of the ray starting with » = 0 and dip angle 1 is less than

(52) Bogseennats

©osin (2ap)

It can be shown also that an adiabatic or invariant of the vertical oscillation
exists for slow changes in the characteristics of the strong-focusing field. If the
vertical motion is at all times stable, then under gradual distortions of the field
shape the quantity

Zrael0)

z"o)

(53)

is adiabatically constant. :} (o) is the actual maximum excursion of the orbit
at the stage o of the slow trans-
phase advance of formation of the wvertical focus-
A ;‘;"_”ff:ﬂ &se’:g’r":fs’; ing. z'(0) is obtained from eq. (52)
180 | for the static state ¢. The result
lgg.\\ ~ ' of eq. (53) agrees in the case of
wealk focusing with the wusual
adiabatic result =, A7} = const.
It should be noted that if
g(n) = g(—n), it is necessary to
integrate two rays through a evele
of the a-y motion. Similar results
! then obtain.
] These methods allow us to
ensure that the wvertical motion
is stable under the design values
—bp-10 of the field coefficients a, b, ¢ ...
Tig. 3. — First stability band for vertical mo- to be described below. In parti-
tion as a function of parameters « and b for cular, in the steep-gradient ejec-
field of form B=By(1—ay—by*) computed for tion region we found it necessary
orbit radius p=18 em. e computed point. to have b~ 0 to remain well within
the stable region. This is clear
from Fig. 3 which delineates the pass band in the (a, b)-plane for the para-
bolic field B = B,y(1 + ay - by*).

stability

[a3]

24, Storage time, storage efficiency: transition fields. — For a given value
of B, if muons are stored for time ¢ the effect to be meusured [eq. (7)] is pro-
portional to ¢, while the number of surviving muons n = n, exp[—¢/r], assum-
ing the ideal case of loss only by decay.

The statistical accuracy of the measurement is then proportional to
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{(ny exp[—t/z])}, which has a maximum at ¢ = 27~ 5.5 us, allowing for time
dilatation. So, other things being equal, an optimum design would centre around
this storage time. Also, for the anticipated value of a, the precession curve of
asymmetry vs. time crosses zero at 4 ps and 6 ps: in determining the preces-
sion frequency these points contribute most significantly to the precision.
Therefore, remembering that a larger precession angle would also reduce Sys-
tematic errors, we decided to optimize the storage system for 6 uws storage
time, corresponding to about 1000 turns in a field of 16 kG.

In this section, the orbit theory of Sect. 22 will be used to answer the all-
important question: suppose one designs a magnet large enough to hold
1000 turns, then will there be enough muons left after storage to be able to do
a precision measurement on their spins? In the design stage of the experiment
this question could be answered only in a semi-quantitative way, mostly because
the structure of the beam when incident on the moderator was not sufficiently
well known. Turthermore, the sequence in which the arguments are presented
below is somewhat artificial: no one parameter is independent of any other
and therefore frequent iterations are necessary to find suitable values. Short-
cutting this procedure we shall at various points anticipate the final values and
justifyf the choice by its consequences.

241 Choice of material for the moderator. In traversing the
moderator, the phase-space volume of the beam increases, due to multiple
scattering and broadening. For the multiple scattering the angle @,, in the
moderated beam inereases according to

(54) (16 =

where p is the momentum in MeV/e, f = v/e. and X, is the 1adiation length
in the moderator. Furthermore, the range I is given approximately for muons
below 100 MeV by

(33) R=CE*, dR =i CE AR,
where I is the kinetic energy of the particle in MeV and € i a constant: for
carbon and beryllium (2 1/30, for hvdrogen ('~ 1/160, and for copper

("~ 1/64. For slow muons pj ~ 2E. Substituting eq. (55) into eq. (54) and
incerting the radiation length, we have, after integration:

with A = 0.04 for H,, 0.16 for Be, 0.27 for (', and 1.48 for (u. In addition

te
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to the scattering there is also a broadeuing of the beam, which is given approx-
imately for a moderator of length D by

"

?

‘D_

(57) rE A

y

The phase-space added by the moderator to an initially perfect beam is
(58) F, =ar, 705 .

For muons moderated from 70 MeV down to 37 MeV, the effect of various
moderators is given in Table I.

TapLe 1.
0 D {em) | ez, . % (em?) | F,, lem® rad?)
| = b o —_— e
Be 1.83 7.5 ! 0.010 ! .19 { 0.02
c 1.8 | 7.2 L0016 1 028 0.045
H, 0.07 80 L0002 4.3 0,086
Cu 8.9 1.86 ! 0.088 0,10 | .09

Beryllinum was chosen as moderator material, since it degrades the beam
quality the least.

24.2. Maximum storable fraction of the beam: phase-space
limitations. To obthin efficient storage, angles and directions in the beam
must as much as possible fall within the range of angles and directions that the
storage system can hold. Prior to designing the magnet, data were therefore
obtained on the beam-space volume. The size of the beam was measured by
scanning horizontally and vertically with counters. To separate angular diver-
gence from momentum dispersion in the horizontal plane, the scanning was
done with a range telescope. thus keeping p and Ap fixed. The beam angles
were obtained by scanning with a small counter at a fixed distance in front
of the range telescope. By means of two quadrupole magnets the image can
be given the desired shape. In particular the horizontal width could be reduced
from —+4.5 to =1.3 em: this represents a considerable increase in the useful

TaeLe II.
horizontal angle @, (060 rad
horizontal widrh » —13em
vertieal angle &, 4.0175 rad
vertical width = —4.8% em

3
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fraction of the beam, as will become apparent below. Table IT summarizes

the data on the beam.
For the beam phase-space volume one finds, from the data in Table II:

(59) F, = nwz 70,0, = 7y @] = 0.06 cm? rad?.

One can now combine F,, of eq. (58) and F, of eq. (59) to obtain the
phase-space volume of the moderated beam: '

(60) Fo =15 4+ 72)n(0F + OF) =F, + F, + 2%(rt OF + 7% 7).

F, and F , have been tabulated in Table IIT for various values of the orbit
radius in 16 kG field after moderation. The incident momentum is fixed at
150 MeV/e.

TaepLe III.

o E r» | lin : liwb P} . s
| (em) - (MeVe) (em? rad?) . (em? rad?) fem? rad®?) J=T Fpy
T 58 | 03 1.87 | 0.0825 14107
I ¥t 67 . 0.8 L L48 | 0.081 5.5 102
' 16 T 0l LI 0.074 6.3 102

18 86 i 0.05 0.89 0.063 7.1-10-2
. 20 06 | 0.02 0.64 ' 0.046 7.2 107
- 22 106 0.008 0.52 0.025 4.8 1072

24 116 . 0.002 0,40 0 0

It is of inferest at this point to see to what extent the phase-space of the
moderated beam could have been reduced further by proper « matching » of
the beam to the moderator, i.c. by introducing lenses so that

(61) _"“ ==,
o T

In this case the moderated beam phase-space of eq. (60) is a minimum,

(62) b iy LA NI RV T

For example, for p =20 ¢m, 2 = 0.19 em?, @F =0.010 rad*: for the beam
ri = 5.6 em*, G2 = 0.0010. Equation (60) then gives F,,= 0.64 em? rad®, while
eq. (62) results in I™* =0.15 cm® rad®. A factor 4 improvement could thus
have been obtained in theory but was not possible because of physical limitations.
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Next, we consider the storage system. The storage phase-space volume is
given by:!
F, = noz 0,06, ,

where « and z are the horizontal and vertical co-ordinates perpendicular to the
direction of motion of the beam. « is given by the step-size in the storage region,
@ =s/2; 7 is determined by the gap height h, z = k{23 @, is limited by the
available width 2W of the magnet: @, = (W — 0)/o; @, is given by the vertical
focusing @, = h/27.. Therefore

. ; 7\ (his\ (W— o
s - ==E)EE:

We may express this in terms of the field parameters a, b by: s = ao*a,, (for
orbit centre at y, =0) and 7. = L/\/b:

3 o
(64) F,= (%)(a,,,\x’hh’)g(ﬂ'— 0) .

Note that the effect of » and of the field parameters can be considered inde-
pendently. F, clearly has a maximum at o= Wf2.
The maximum storable fraction of the beam f is determined by

F,
Fmb ‘

(65) Pies

with F. from eq. (64) and F,, from eq. (60). This ratio is a function of
@, by I, W, B, the magnetic field. the incident momentum P, the momentum
after moderation p, and the lateral and angular spread of the incident beam.
It is listed in Table IIT and plotted in Fig. 3 as a funetion of o for certain values
of a,, and b. It is seen that although F, has a maximum at 12 cm, the ratio f
maximizes at ¢ =19 e¢m sinee a larger residual momentum implies less dete-
rioration of phase-space of the incident beam. The peaking of storage effi-
ciency at 19 cm orbit radius is in excellent agreement with experiment. From
eqs. (64) and (60) it is evident that the optimum value of o is independent
of a,, and b.

So far we have omitted the spread in momenta as o factor in the storage
efficiency, tacitly assuming that this spread is sufficiently small, so as not to
give rise to a decrease in efficiency. The spread Ap,/p, of the incident beam
I8 =1.5",. As the range Roc pg

dp

. const - . =H1R
)
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therefore, after slowing down from momentum Po to p we have

£l i F

(66) iﬂ = (fﬂ)'ﬂ'i", 80+
12 P/ o L

|

|_.

For example, for p,=150 MeV/e, p=90 MeV /e 6D|
(e =19 cm), Ap/p = +99%,. For a design [
40 -

radius of 19 em we thus expect a band of
radii ranging from 17 to 21 cm; from the 5
F/F,, curve in Fig. 4 it is seen that this 20+
decreases the efficiency by less than LR -
This factor can thus be neglected. 0!

12 16 20 2%
orbit radius (em)

243, Injection and ejection. Equa- Fig. 4. — Phase-space volume s,
tion (63) gives an upper limit to the stored orbit radius. F, for storage magnet,
intensity. Two comments are in order: firsg, curve a. F,, for moderated beam
there is no point in making 7, larger than "' JAblE Tar pIEELon, aurye o The

i ; optimum  orbit radius p=19 em
P,y (indeed, it would require a very large corresponds to the maximum val-
magnet to make F, even equal to F,.); second, ue of F,/F,,, ecurve c.
whatever F, it is only the fraction of I,
overlapping with F),, that contributes to the efficiency.

In Fig. 5 we have plotted the horizontal and vertical projection of the
various phase-space volumes involved. Tt is seen that for the chosen values
of the storage parameters (see Sect. 2'5) there is g strong mismateh between
I, and F, in the horizontal projection. To improve the overlap G could
be made smaller and o™ larger, keeping the product constant; to obtain
complete overlap 2" = ¢*°'/2 must increase by a factor ~3. This would
require a magnet of ~ 20 m length. The alternative solution is to construct
@ special injection field, with phase-space I, which overlaps with F,,. This
field must satisfy the conditions T Ty 6‘:‘-1 C—),m, F);'a:f = @,__,.-1'_U In a tran-
sition region which connects the injection field to the storage field, the phase-
space is deformed adiabatically, the angle increases and the linear dimension
decreases, always keeping the product constant, until the storage field con-
figuration is reached. This second solution was adopted. The chosen injection
phase-space is indicated in Fig. 5. Its area, F,, is equal to F,. In the vertical
projection this opportunity does not arise since the storage phase-space is
almost completely included within the phase-space of the moderated beams.

From conservation of phase-space for the stored beam before and after the
ransition it follows that

I:{;T ) A:Jflcnl ‘\_lu] = Aﬂ:tnrl‘;alor .

This is another illustration of the fact that the orbits move along contour

dusl
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lines of the magnetic flux (see Sect. 2'2). Now Ayt is restricted by the width
of the magnet to
Ay:wr =W— a9,

4
T T | 1
oS +
| moderated beam | moderared beam |
| | | | [
0.2F ‘ 02F ‘ ’-
| ‘ | beam(F} \peam (£ ) |
| | | [\ i i
01 F I/ 01 F \ | -
. | [
! | I.-"I
”
o 0 i i V/H X ® 0 Z
|
!
e ) | — 01 =
| | 1 |
| | linjection (F ) |
| | mwection(F ) |
—p2k storage(~ | - 0.2+ r
i s | storage [":53
|
- s e : - . S—_
o 0 — 5 =2 0 2 4 3

Iig. 5. -~ Horizontal and vertical phase-space diagrams for storage and injection vegions

of the magnet, and for the moderated beam available for injection. This shows how

the efficiency is improved by using a special injection region to give a better mateh
to the available beam.

and thus with eq. (67) the useful width of the injection region is

gator
(68) Ayl = (W= g 2
gin

which means that only a fraction /s of the total available width (W — )
in the injection region contains particles that are not lost in the transition.

In an exact design one would thus arrange the moderation and incident
energy such that the moderated beam would just fill the available Ayt from
€q. (68). However, in practice we have @7°>@ or equivalently Ay™ > Ay
and some loss will oceur. Let us call

Ay
——— =
Ay
Then the fraction lost is 1 —r. The loss sets in as soon s Ay, grows bevond

Ay. = r(W—p) when going through the transition region. It may be noted.
however, that in referring the storage efficiency directly to the ratio of the
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storage phase-space to the moderated beam phase-space, as was done in eq. (65),
no such loss factor enters.

A higher intensity is injected into the injection region but the extra particles
are spilled out of the magnet sideways in going through the transition.

Having completed a sufficient number of turns the muons must now be
extracted. This requires a special ejection field for the following qualitative
reason. In any gradient field the particle orbit drifts in = direction perpendicular
to both the field and its gradient. At the edge of the magnet the fringing field
adds a strong a-gradient to the locally present y-gradient. The orbit will then
drift in a direction perpendicular to the resultant gradient. The a-gradient
at the edge is of the order 10-'/em. If the very weak storage gradient (of
order 10-%/cm) were maintained all the way to the edge of the magnet, then
the orbit would drift along the edge at the end, turn by 90° at the corner and
follow the side edge back to the injection side! Computer calculations show
that this is indeed the case for weak y-gradients near the end of the magnet.
Therefore a transition is made to a very strong gradient, q**'er — 1.2. 10-2/em,
which gives a step-size s“*U°"~ 19 em. Orbit tracing by the computer then
shows a good ejection efficiency. A consequence of this increase in gradient
Is a narrowing of the band of orbit centres Ay, by the factor so=t°n /gt ingt
the reverse of what happens in the transition region between injection and
storage. As shown in Sect. 2'3, a larger value of @ would have made the vertical
motion unstable, and in fact in this region we make b~ 0 to remain well within
the stability band. TFigure 6 shows computed ejection trajectories: trajecto-
ries established with floating wire on the final magnet are given for compa-
rison in Fig, 7.

2'5. Nuwmerical tm’urs of the field parameters. — The storage efficiency is
proportional to a,, b%, as can be seen in eq. (64). For a given percentage spread
in step-size due m the injected range of y., eq. (35) shows that b can be increased
proportionally to «,. Hence stored intensity Iocal,ccs’; thus for a given
number of turns a longer magnet is more oﬁivient The pleumon in (g—2)
for a fixed number of turns is proportional to n! where n is the total number
of analysed muons: hence for a given precision L'T is constant where I, is
the length of the magnet and 7 the data-taking time. In fact, ever ¥y argument
shows that L should be as large as possible: therefore we chose [ — 6 m as the
maximum length for which one can conveniently make coils. We shall see
below that this leads to an efficiency of several per cent and a reasonable run-
ning time for a 0.4 % experiment.

Of the 6 m, about 2 m are occupied by the injection and ejection fields and the
corresponding transitions, which contribute ~0.5 us to the storage time, To store
for an additional 5.5 us in the remaining 4 m. a step-gize of s = o7/t = 0.44 em
is required. Since s =zmo*a,,, we have, for o =19 c¢m, ( =3.9-10~ crun—1.
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The value of a,, the linear gradient term in the injection region, is found
from eq. (67) and the size of the moderated beam. Requiring @, < 6. = 0.1, we
have from eq. (67)

8 > 10.5‘,@,.

W=
¢ = 1.2 em

§; > 1ls,
i

for W =24 em (i.e. the useful width of the magnet), o = 19 em, and s, = 0.4+ cm.
In particular, as seen in Fig. 4, the acceptance phase-space will be nicely cen-
tred inside the phase-space of the moderated beam if we choose s, = 2 em,
leading to a, = 17-10-* ¢em~!, The ejection gradient term, a,, was made as
large as possible. It was verified by ray-fracing in the computer that ejection
would be achieved.

The quadratic term in the field b can, in principle, have the same value
throughout the magnet, except in the ejection field where focusing is entirely
provided by the linear term (see Sect. 2'3). We have seen in eq. (64) that the
stored intensity goes as v/3, hence b should be large; on the other hand, increas-
ing b implies increasing the spread in storage times. This can be shown most
easily by referring to eq. (35). from which it follows that

(69) As =230 Ay, = ot 20Ay. .

Algo the storage time

- g i . x

{70) t ~— which implies st = const .
&

To obtain an estimate of the desired value of b, suppose we wish to store muons
for times ranging from 2 to 8 us, centred at 5 us. For o0 =19 em, 7 = 6 ns, the
average step-size in 400 cm is ~ 0.5 em., if  — 5 us. For 2 us s = 1.2 em: for
8 ups s =0.3 cm; the spread ~=045 em. In eq. (69) we then have, since
Ay, =W—p=5:

Ax

270 (W — 0)

= 3.9-10-% ¢m—* .

(71) b=

In fact we chose b =3.4-10-3 em-—2,

The value b must not only satisfy the criteria of storage efliciency and spread
in storage time, but also be consistent with the requirements of stability
with respeet to vertical motion. The Hill equation describing the vertical motion
has been discussed in Sect. 2'3. From the plotted stability bands of Fig. 3
it is clear that the limits on & set by the stability requirement are wider than
those set by the desired spread in storage time. Equation (71) gives. therefore.
the correct design value for b.
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The « ¢ term » in the field has already been discussed in Sect. 2°2. From
eq. (46) we obtain ¢ ~ 1.3-10~° em=*, It cancels the momentum-dependence

of the storage time.

2°6. Predicted time distribution of stored muons. — As already mentioned, the
step-size s can be obtained by integrating over one orbit loop [ef. eq. (31)],

(mo o 2”sin e =
(72) -"—-Bogufﬁ'@ e ,

where the field B(y) is to be computed at Y =0, 8in@. This allows the step-size
%0 be evaluated for any arbitrary field shape. Using the actual measured stor-
age field one obtains the re-
sults shown in Tig. & which
gives s as a function of orbit
radius, and ¥, the position
of the orbit centre.

In general around y,~0

20 - ; :
‘ there is a region where s

- varies linearly with y., cor-
16 - responding to a field of para-

bolic form. At the extremes,
however, the orbit starts to
run partially into the frin-
ging field and s varies more
rapidly. Note that accord-
ing to Sect. 22 eq. (43), the
slope of the curve at any
AN point determines the strength
0 b of the vertical focusing.

' To ealculate the expec-
ted time distribution of sto-
red particles, one notes that
to a good approximation the
. injection system distributes
- P the orbit centres uniformly

=1z =% e = R in y,, while the correspond-

o

step size (man)

un
n o
m
(=

m ing storage time ¢ is given
by eq. (44),

Fig. 8. - Step-size rs. orbit centre e tor varions "
Calendating for 1 em steps

orbit radii (em), computed for the measured storage
field using eq. (72). i y., one allocates equal
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numbers of muons to the corresponding intervals of ¢, This number is then
corrected for muon decay, and for the small variation of injected intensity
with y. expected from the

scattering distribution in the 4

beryllium block. <

A typical result is given [\ _ /\ g
in Fig. 9 calculated for 0 \3/ 5 v )
0= 18 em. The reason for N "2

userul region
—4 —3

the double-peak structure is
as follows. Wherever the
range At of ¢, correspond-
ing to Ay, =1 em, is small
there will be a concentra-
tion of particles in this
range of time, and there will
be a peak. For y. <0, s is
large and ¢ is small, so Af is
small also: this gives the first
peak. Around y,=—3em
ds/dy. has a minimum so storage time (us)

At is again small; this gives Fig. 9. - Ejected intensity vs. storage time computed
the second peak. In gen-  from Fig. 8 for radius= 18 em. To be compared with

a4 storage system of experimental results Fig. 50. The upper curve is the
predicted (g — 2) precession curve. Orbit radius 18 cm.

intensity

eral.
this type will alwavs tend
to give a two-peak distri-
bution because there will usually be a minimum value of ds/dy..

As will be seen below, the experimental storage-time distribution is very
similar to this prediction (see Fig. 50).

3. — Realization of storage system.

3'L. Construction of the pole profiles.

31.1, y-dependence. As we have seen in Sect. 2’2 we need a magnetic
field of polvnomial form [eq. (33)] in order to store muons for ~1000 turns or
more. We also need an «injection » field and an « ejection » field. Moreover,
it is necessary to connect these fields, which have amongst them different
magnetic parameters [by magnetic parameters we mean the coefficients a,
by e, d in eq. (33)] and this means that we also need « transition » fields. In
Tuble IV we show the values of the magnetic parameters obtained for these

various fields.

-
-
=)
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The most important field to be constructed with great precision is clearly
the «storage » field. The muons have to spend most of their time in this field,
and irregularities in the desired field shape have to be reduced to the minimum
if we want to keep maximum stored intensity. As already mentioned, the
contour lines of the field must run straight down the magnet: otherwise the
orbits will jitter sideways and particles will be lost. We will consider the
«storage » field in some detail, the others only briefly. In order to have a more
quantitative idea of the difficulties involved in the construction of a field of
the form eq. (33) it is necessary to remember (see Sect. 25 and Table IV)
that the choice of the magnetic parameters has led us to values for a, b, ¢, d
such that the variations of the magnetic field in the storage region ave of the
order of 0.059%, per cm; consequently, the measuring apparatus has to be

Tavre IV. — Magnetie parameters for the various fields.
= Tm—— : —_—
| - a I 4 o |
10-t ¢m—? 103 ¢m—2 10-% ein—=4 |07 cu‘r‘i
Injection L 30 17.0 — 4.0 0 0 |
. 7.1 — 4.0 |
Storage o420 . - — 1.3 ;2
g ! V= 3.9) (— 3.4)
I 8.4 i — 4.0
Lnd of storage o480 T : — (.68 0
| tigp= 6.7 — 4.0
P | o 4.0 = Y
1) Ejection trans. 487.5 I . it — 0.4 =02
(= 15) (byyy=44.0)
2) Fjeetion trans. 503.5 43.0 — 5.0 ] 0
z T - _ 745 -
3) Ejection trans. 318.5 : - — 3.0 — 1.4 0
(g = T71.0)
4} Ejection trans. II 333.5 = —- o — |
e | 125.0 — 8.0
Ejeeti I a70 ; — 4.6 —3.8
Jection ] (dgg=-114) (=08 +.06 3.8

o
m ; . Copt . ; ;
The values of F' ]} are computed for 18 em radins;
Tert

Copp = 11 — 243 ¢
boge = b — 48341

N.B.: When zero appears for the value of « d v it has to be understood as being
less than 1107 e,
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sensitive and stable preferably to a level five times better, which means to
one part in ten thousand. The problem is therefore not only to construect a
field of polynomial form eq. (33), but also to measure it with sufficient ac-
euracy. :

The procedure used in shimming the magnet was to express the shape of
the shims in polynomial form, the gap height H of the magnet being

(73) H = Hy(1—a'y — b'y*— o'y* — d'yt),
where the coefficients a', b, ... L

are called mechanical parame- 4r
ters. Far away from the frin-

ging fields one expects the re- 'z 2_
quired «', b’ to be about the - 1 fpeulaneat
¥ e e

same as the parameters a, b, ... Lo magnetic ..

- —_
which define the field shape. -2- 3
Near the edges of the magnet, F )
however, the shims must be g ‘ 2

200 Y 400 600
built up largely by trial and ¥y (em )
error and the final shape can- Fig. 10. — Determination of field parameters
not be expressed in the simple and 4. The symmetric component of the field
form eq. (73), using the same shape y—2S, is plotted vs. y2. The intercept deter-
parameters over the whole range mines ) and the slope determines d.
of y. To avoid this difficulty
we parametrized the shims according to eq. (73) independently for the
inner region |y|< 19 em, and for the outer region |y =19 cm,
To deduce the field para-
- meters @, b, ¢ and d from a
given set of measurements
meehanical one forms the sums S_(y)=
S~ ) = B(y) + B(— y) — 2B(0)
RIS \ and S_(y) = Bly) — B(— y).
£ By plotting y—*S_ against =
\ one should obtain a straight
—_— = = o~ line determined by b and d
(Fig. 10). Similarly the graph
of y='S_ vs. y* (Fig. 11) de-
termines « and e.

-0

=
i
(18¢cr

Fig. 11. - Determination of field parameters a and ¢
from the odd component of field shape y=18,,.. The
intercept determines a and the slope determines e, To achieve the neces-

Sary aceuracy in gap width
[~ 0.07 mm per em in y is the desired slope), and to allow for several trials,
it was decided to build up the whole field shape Dy shimming. Any attempt
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to realize the desired field by accurate machining of solid pole-pieces would

have led to endless difficulties.
The magnet was shimmed with sheets of Armco-iron (u = 1000) _with

e
— T

—-

- ———

I
-
i TR N P

—r——

Fo | EEEE S L
————r— T —— — T

N —
T

!
~a
(&)
8 s &
e —
e

Fig. 12. — Field shape »s. y for the unshimmed magnet. The zero of the millivolt scale
of Hall voltage is arbitrary.
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11275] THE ANOMALOUS MAGNETIC MOMENT OF THE MUON 35
thicknesses varying from 0.03 mm to 5 mm. By combining them in such a
way as to have the profile of the poles with the desired shape [polynomial form
eq. (73)], we were able to construct
, in three successive approximations
' the magnetic field desired. Figure 12
shows the shape of the magnetic field
without any shimming. In Fig. 13 the
shape of the « storage » field obtained
after shimming is shown. In Fig. 14

of
[ X Fig. 13. — Final field shape in storage
— __1'0 0 10 20 region measured at »=350 em, Storage
yicm) field at w=350,
} 3
251 -
i
ﬂ
N |
20!~ | -
';' |
| |
—
15l | - Ij
L 2 —]
=T I =
— il e
] = |
— =
| I =
l ! [=1 |
.‘ -l 2| —
= SI — r "-__'_I
5 : gl 3 —
T =N | |
|
|
() S— 3
— 7§ 0 26
y fem)

Fig. 14. — Shim heights in millimetres, required to produce the storage lield of Fig, 13.
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we see the corresponding profile of the pole pieces. As mentioned above,
this profile has been obtained after three successive approximations.

Notice that the final field shape has always been obtained by correcting
the value of the « mechanical » parameters in the two above-mentioned regions
and not by introducing local corrections (which would have corrected the field
locally but destroyed its shape outside the region where the correction had
been applied).

Following the same principles, we have constructed the « injection » field
and the «ejection » field. The injection field is connected to the « storage »
field by joining the shim shapes of these two fields in a continuous way over
the region of 30 em in x separating these two fields. The storage field has

A
=
Y .4/ i
0—n g
__;;-?’
p
5 /7Y
Pt
il ;’f.‘f
. /1] |
' oy |
.f'f ’f//
/‘,- /"'::’
T /4 :
[ 2/
.-/f'
/
20 - fﬁ =
|
I| Illr'
i
|:
S T T — 0 0 20 30
yicem)
Iig. 15. — Injection fields at various values of ». showing gradual transition from the

steeper injection gradient to the storage field in IMig. 13.

been connected to the ejection field by the use of four intermediate fields with
magnetic parameters chosen by interpolating in the region of separation (60 em
in @) between the two extreme sets of values characteristic of the « storage »

AT
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| /A
o
5 A /'? ‘\\
v A
/_./i /;/ﬂ \
a/,f//:/ . g

/./
s
&
i, A
| ‘/
L/
i
/l
L | .
[10 %
| ¥
— 20 —20 =10 0 1o 20 30
y lem)

Fig. 16. — Ejection field at various » showing the inevitable decrease of field level at

the end of the magnet (x=600). To obtain good ejection it is essential to maintain

the field for as long as possible, and to maintain the gradient. Irom the constant-flux

theorem it is clear that at »=3590, for example the orbit would move over only ~1 em
in y., an acceptably small sidewavs drift. ((f Fig. 6.)
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L L 1 1 L L .
— 30 — 20 — 10 0 10 20 30
ylcm)

Fig. 17. — Transition fields from storage to ejection,

and the «ejection » fields: in Figs. 15 to 19 there are the various field shapes
(injection, ejection and transitions ) and some of the corresponding shim pro-
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Pig. 18, — Shim heights required for injection field.
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files. So far we have assumed that the magnet is perfect and infinite along
the @ axis, and we have only discussed the y-dependence of the field.

i A
45+ i = !
: a I | |
_— t.;| | 3l |
40 ~ ‘S_ o |
| | I et
35+ 3| - e
Q| —_—
1 i —E:-—_._.4—‘
30 - -SI = ——ee ]
! | ————
75‘ C e |
E“) S .
E 5
20 - o =
5! |
15 )
E
TUJ £
T
5 2
Y
|
—26 T 0 26
y{cm)

Fig. 19. — Shims for ejection field. In order to establish the desired gradient while
maintaining the field constant at y=0, it was necessary to cut away iron from the pole
face on the weak-field side.

3'1.2. w-dependence. The magnet presents some irregularities along the
@ axis and its dimensions along « are finite (6 m). This means that we have

e
7

5 | —
- b ]
oy =
cesqemes g T " A 5
4] 100 200 Joo 400 s00 597
x{em)

Plig. 20. - Shims required to correct the w-dependence of the field. This was necessary

to prevent sideways wandering (parallel to y-axis) of the orbits. The w-dependence

of the field is shown in Fig. 28, but the final r-corrections were determined from the
flux-coil measurements.

to correct «locally » along x in these regions of the magnet where we measure
the irregularities: moreover, we have to correct the two ends of the magnet
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for the natural fall-off of the field. The 2-correction has been done by making
local corrections, using sheets of iron of suitable thicknesses, and the overall
@-corrections are as shown in Fig. 20.

3'L.3. The perturbation due to the injection channel. An (y-z)
perturbation is introduced in the injection region by the iron channel used
to shield the incoming particles from the fringing field of the magnet. The
position and actual dimensions of the injection channel with respect to the

150 I'— =1
| |=18
| ¥y=0andy={—20—,
- (—22 \
149 - 23\ =
=0 (without
108 Ly 0 (without channe( | o
| X
147 -
g | +11
146 ¢ +15
c i
145 l_ +i8
: +20
14e -
; =42
163 -
+24
)
|
162 ~
141 =
140 - ,|[ _—————channel position
| it
[ o \
138 - N7 N 77\
L : \ A A .
0 620 30 40 50 60 70 80 90 100 MO0 120 130 140 150
x (em)
Fig. 21. - Loeal perturbation of field by the iron shielding channel used for the

injected beam.

magnet can be seen in Fig. 1. The function of this chunnel is to reduce the
magnetic field in the region outside the magnet gap in order to minimize the
bending of the injected beam. For this reason it is necessary to bring this
channel as close as possible to the pole pieces. The resulting perturbation in
the field can be seen in Fig. 21. The shims necessary to correct for this per-

a0

turbation along = and y are shown in Fig. 22,
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g, 22, — Loeal corrections to compensate for the effect of the injection channel
(see Fig. 21).

3'1.4. Magnet facilities. Before closing this section on the construc-
tion of the desired magnetic fields, it is necessary to mention two details con-
cerning our electromagnet,

i) The top and bottom poles terminate in 5 em thick removable pole
pieces (see Fig. 23). These pole pieces (552 <600 em?) can be taken out
from the magnet gap: this allows us to screw onto them the various shims
needed. In Tig. 24 is shown a picture of the magnet with the 5 em pole pieces

3y
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Fig. 28. - Overall view of the magnet show-
ing the removable iron blocks (20x 20x
x 31 em?) in the yokes, and the removable
top and bottom pole pieces (5 em thick),
To remove the poles the lower pole was
first raised by hydraulic jacks via vertical
push rods passing through the lower half
of the magnet. An assembly of rollers was
then introduced below this pole, and finally
the upper and lower poles were rolled out of the magnet together onto a special table
also equipped with rollers. Arrows indicate those parts of the magnet which ean
be taken out.

out from the gap; it is also possible to distinguish the shims mounted, held
down by copper plates all along the 6 m length.

ii) Both yokes of the magnet are made, in the central region of the ver-
tical plane, of iron blocks (20 %20 » 31 em®) which can be taken out. This

Pig. 24, — The magnet during the shimming operations, with injection shims removed
for changes. In the foreground one sees the lower pole Iying on the rollers of the
speeial table. The shims are finallv held in position by copper plates secured by brass
bolts. The vollers at the side of the pole are for supporting the side plate of the vacuum
chamber. The upper pole is on the floor in the richt foreground. and behind this one
sees one of the hydraulie jacks for liftine the poles with associated oil pump.
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allows the possibility of introducing counters or flaps in any region of the mag-
net gap: however, it is necessary to see whether in the region where a block i
removed the field suffers a loeal variation. Ficure 25 shows that no such effect
exists: but we have found that there is an effect on the overall field level.
We have, in fact, measured the value of the
magnetic field with different numbers of
blocks out, and find that the field level |
varies by ~0.19, per two blocks. :

iii) To facilitate movement the 86-ton | = ak®
magnet is supported on four compressed-air |+ ¢+ Ut Lepec e
platforms 1m in diameter. By correctly | -o°° 2

|
-
Lolod o

Fig. 25. — B vs. 7, showing that the removal of a

single side bloek does not give a local perturba- ‘
I L this block out at + y side

tion in the field. However, it does lower the whole 4
field by ~ 0.05%, due to the increase in voke . — . :
' : 2.0 25 3.0 35 L0
reluctance. o

to power supply
(current stabilized)

HP signal (output))

= =
4
E S
[y
5 3
U &
&3
1
I”‘n |
i
|
: |
|
L + ]
HP! H.P2
Fig. 26. -~ Compensating eireuit for using two iall plates in opposition. The Hall

voltages cannot be added directly because of the potential difference hetween then:
due to the exeitation eurrent. A matehed pair of Hall plates was used.
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regulating the compressed-air supply the magnet could be raised slightly oft
the ground and moved about by means of block and tackle traction.

3’2, Measurements of field shape. — As mentioned above, a measuring
stability of the order of 10— is necessary in order to construct a smoothly varyving
field of the correct shape. This is ten times higher than the stability needed
for the (g —2) measurement itself, and during the preparation of the shims
the generator available for energizing the magnet was stabilized only to the
order of 10-3, To cancel the corresponding field finctuations two Hall plates
were used in opposition, with the circuit of Fig. 26. Such an arrangement
also cancels to first order the fluctuations in the current supply to the Hall
plates themselves. One Hall plate is kept fixed in a standard position in the
magnet while the other is moved to survey the field, using the device sketched
in Fig. 27. An overall short-term stability close to 10-* was achieved.

ey

Fig. 27. — Carriage for moving Hall plate. The carriage rolled on rollers mounted on
the side of the lower pole. (These rollers served later for supporting the side plates of
the vacuum chamber, Fig. 33.) Control of .- and y-displacements was by means of
nylon cords. A preset vertical adjustment was also available. The r-scale was estab-
lished by means of a nonmagnetic tape attached to the carriage, and the y-scale fixed
to the carriage was read by means of a telescope. Arrows indicate degrees of freedom.

We have measured the field shapes along y in some 20 chosen a positions.
Knowing the shapes at given #'s we know how, by now fixing a value of R
the field should vary along ». We have done this measurement for y =0,
=35, =10, =15, +20, +£21, =22, 23 and =24 em. The final resuits of
these measurements are shown in Fig. 28, All loeal irregularities have been
reduced to a level of -~ 0.2 “s of the total field.

As we have seen in Sect. 22 the orbits follow contour lines of the magnetic
field: strietly speaking the quantity that remains constant is the flux through

4000
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(aB/8)Y-10°

/
e 2 . il L
c 100 200 300 =00 500 600
x{cm)
Fig. 28. - Results of traversing the Hall plate in the s-direction. Over the whole storage

region = 100460 the point-to-point uctuations have been reduced to ~ 10-* and
the flux averaged over the orbit avea will fluctuate even less. At the two ends. the
lines separate because of the inerease in field gradient. The essential point is that the
field corresponding to »=0 (plotted) remains essentially constant from injection, through
storage o the ejection region. (In the higher gradient regions larger fluctuations are
permissible as they will not give rise to serious sideways deflection of the orbit.
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the orbif. Having scanned the field along » and ¥y we could already see that
the maximum jittering of the orbit could not be more than 4L em in y; but
a more direct way of checking this point is by means of a flux coil. A coil
consisting of 50 turns of copper conductor with 19 em radius (corresponding
to the expected radius of the optimum muon orbit) is moved along the magnet.
If the flux through this coil varies, an indication is obtained on a fluxmeter
connected to the coil. To calibrate the seale in terms of orbit sideways dis-
placement, the fiux change for 2 em sideways displacement is measured. To
cancel the generator instability we used two coils in opposition: one is kept
in a fixed position in theEmugnet, while the other is moved along . In Fig. 29

100 =
n -
G .
_\\:1‘3
< 0+
@ |
T {
X .
2
|
— 100! - - L - : L
4] 100 200 300 400 300

x (em)

Fig. 29. - Flux-coil measurements of field variations in the s-direction, averaged cve

an orbit of 19 em radius. 10 finxmeter divisions correspond to I em displacement o

the orbit in y. as can be seen hy comparing the two curves. Residual sideways fine-
tuations of the orbit have been reduced to ~ =1 cm.

the results of the scanning performed at two fixed values of y all along the
w axis are shown and are quite satisfactory. The function of the coil is to
perform automatically the integration over the orbit one would like to have
on the Hall-plate data, and in fact the final correction for z-dependence of the
field was based on these fiux-coil measurements.

32.1. The median plane. For the :-dependence of the field one must
be sure that the magnetic median plane coincides with the geometric median
plane. This is achieved by making the top and bottom shims perfectly sym-
metrical and by positioning them in a symmetric way with areat care on the
top and bottom pole pieces. Apart from natural irregularities of the magnet,
this procedure should guarantee that the magnetic and the ceometric median
planes do coincide.
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To show that the magnetic median plane coincides with the geometrical

median plane two methods were used:

i) By the use of the flux coil: in this case one

the other was moved up and down. We
verified that the flux increases in both
cases and therefore the « magnetic »
median plane is located correctly in the
middle of the gap (minimum flux).

ii) By the use of the nuclear
resonance technique (which will be de-
scribed later). Here it is only necessary
to say that the variation of the field
along = is expected (*) to be ABIB~
~0.4:107*2*  This variation cannot be
detected with the Hall plates, but can
with the nuelear resonance. This check
was performed after the generator sta-
bility had been improved (**) to —=1-10-4,
We were then able to verify in many
points of our magnet that the field was
minimum in the geometric median pla-
ne: thus confirming what we already
knew through the flux coil data.

3'3. Absolute calibvation of magnetic
field. - In the Hall-plate measurements
discussed above. the field variations
were measured relative to the value at

coil was kept fixed and
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Fig. 30. - Flux-coil measurements in
the injection region, Corresponding la-

teral displacement of the orbit (in cm)
is plotted »s. x. In connection with the
determination of the scattering of the
muons in the injection assembly, it was
essential to establish that the orbits do not
jitter sideways in the first few turns (see
Sect. 6'5.4). This is established by the de-
tailed measurements shown above, (Note
that the points for Y.=—2 have been ar-
bitrarily displaced for comparisons with
the points belonging te y, =0, thus permit-
ting an expansion of the vertical scale. )

a fixed point in the magnet (v =350: y =10: 2 =0). The absolute value of the
field was obtained by nuclear resonance. Due to the dimensions of our magnet
we could not use the commercially available proton-resonance devices without

solving the problem of lengthening the maximum cable
Instead we have designed a loosely coupled resonant circunit of

factor ~10.

which the proton resonance probe is an element, fed by
generator through a matehed cable. The circuit of the 60 MHz fre-
generator and of the loosely coupled cirenit, together with the other
observing the proton resonances signal is shown in Fig. 31. The

quency
quency
details for

length (50 em) by a

an independent fre-

advantage of this system with respect to the commercial devices is that any

") As VIR =), 8B/ —
") We are grateful to iMr. T,

[LILERS

— OByt = —

2h = 0.8-10M ¢m—?,
JENvn for this very significant Improvement.
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Fig. 31. - Nuelear resonance probe. The commercial (NUMAR) probe iz modified as
shown and driven by a separatelv tuned oscillator. As output and input to the probe
2o via matched eables, virtually anv length of cable can be used,

cable length can be used between the proton-resonance probe and the frequency
generator. A disadvantage of this
system is that the resonant cirenit

A
must be retuned whenever the
16 000 - : ; E
G oscillator frequency is changed
appreciably,
15950 - Using this proton-resonance

probe placed at (@ =350: y=10:
] . . =10}, and varying the excitation
© 15900 - ~ e circuit of the electromagnet. the
alibration curve (field vs. enrrent)
shown in Fig. 32 is obtained. The

s
15850~/////
& Fig, 32, = Magnetic field measured hy
15800 - nuclear resonance at o — Sa0, = — 10,
85.50 85.00 8550 87.00 8750 rs. shunt voltage. All experiments
’ ) o were run ot 86.40 m\V,
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calibration of the magnetic field is thus known to one part in ten thousand and
was checlked before and after the experiment. The lack of jitter in the typical
proton-resonance signals of Fig. 33,
showed that there were no high-frequen-
cy fluctuations of the magnetic field.

From the knowledge of the abso-
lute field at one point, plus the rela-
tive field shape as obtained by Hall
plates, the mean field over the muon
orbit can be calculated as discussed in
Sect. 6°3.

During the experiment the shunt
voltage was set at 86.40mV, correspond-
ing to 15.909 kG at the calibration

> _ T Fig. 33. — Nuclear resonance signal ob-
point (B, =15.871 kG). The magnet cur- (yined with probe of Fig. 31 using cables
rent was monitored every few hours du- ~ 4 m long. The clean signal shows that

ring the collection of the data and never there were no high-frequency fiuetua-
tions of the magnetic field.

varied by more than 0.059, from its
nominal value. As can be seen from
Fig. 32, the corresponding change in the magnetic field is a factor of two less,

34, Tacwuwm sysiem.

3'+1. Vacuum required for muon storage, gas scatterine. The
limiting condition on the vacuum required in the magnet is set not bv the
slowing down of the muons. but by loss due to multiple seattering. This tends
on the average to inerease the amplitude of the vertieal oscillation

(7T4) 2= A1) sin (—} 3

s

where [ =path length, until 4 reaches the maximum value 4 allowed by the
magnet aperture and the particle is lost.
For a particle which has, at a particular instant, displacement = and incli-

nation to the horizontal plane

s B i

the amplitude 4 can always be found from

A==l 2%,
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The effect of scattering is to change the initial angle &, to @ =0, +6,,
= remaining the same. Therefore,

(75) —g_{ (A% = ’ci; (O =7 w; (Bh + O+ 20.0,) =
Jo a Pyt s 1 Ta Etl i |
=g =gt (p_ﬁc) f

where E,=21 MeV, and .\, is the radiation length for the gas confained in
the magnet.

If the oscillation amplitudes 4 in the magnet are populated according to
the normalized distribution function n(4, 1), the change with distance [ will
be governed approximately by the diffusion equation

(76 5% il

where D, the diffusion coefficient, can be obtained by noting that according

to eq. (76}

(77) T :fﬁ o ke 1)];12 O di 2D,
ol cd:®

w

Equating eqs. (75) and (77) one finds

iy . En - -";-ﬂ
(73) D= ([1{)”‘) ix, i

The solution of eq. (76) corresponding to the boundary conditions n(d, 1) =0
when . = —h is of the form

{(79) n(d. 1) = exp[— =] cos (MEL) with m =1,3,5 ...

By substitution in eq. (76) one finds for the mean free path

(30) L . TR 1(;,1;:"15"' l“{ﬁ" :.
x TR S I B Tty S A W D

showing that the higher modes (m=3) decay away very fast and can Dbe

neglected.
So far we have assumed that a particle is lost as soon as its oscillation
ampiitude A4 reaches the maximum allowable value &; but in faet the loss is
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only effective at the maximum phase of the oscillation eq. (74), and before
this is reached 4 may diffuse back below the critical value. We thus have a
« first passage » problem.

The real distribution function therefore extrapolates to zero slightly bevond
the edges of the magnet at 4 =h-+%,, where &, is the extrapolated length.
To estimate the correction assume that a distribution function of the form
cos[wA4/2(h—+hy)] is continuously regenerated but that twice per cycle, at in-
tervals Al ==z, the tails of the function projecting beyond 4 =/ are cut off.
The fraction of particles lost each time is (*h/Sh*) so

(81) P T LT v e

However, using eq. (80) with fm_’=l,

1cén 7D
wel ™ 4hr °

Hence, equating these two expressions,

(82) hy=V27iD .

Modifying eq. (80) accordingly, the new mean free path becomes

~ 250 LT, Il

(83 L
) pEyE B,

Computing from egs. (78) and (82) with p = 90 MeV/e, 22 =1/b=2-10% em?,
one finds, for air at pressure p atmospheres,

by =4.2p?

a negligible extrapolation correction at most pressures. From eq. (33) with
It=5 em. L =500/p cm =4/p turns. So, the mean free path determined by air
scattering drops from ~4 furns at atmospheric pressure to 3000 turns at
1 mm pressure. A vacuum less than 1 mm is therefore completely satisfactory.

In practice we found that raising the pressure to 1 mm cut the stored rate
by 30%,. The average number of turns being ~ 800, this checks well with
the caleulation.

34.2. Vacuum required for z-particle storage. In making preli-

minary tests on the storage system using =z particles of 4.6 MeV, the vacuum
requirement is determined by fthe cross-section for electron pick-up to form
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[+]4
L]

an He™ ion. If this happens, the radius in the magnetic field is doubled and
the particle has a high probability of leaving the magnet before the reverse
process He™ —He™™ oceurs. Referring to the data of RTTHERFORD (**) one
finds for 4.44 MeV o particles that the mean free path 7 for electron pick-up
in air at N.T.P. is 0.52 mm. Hence, for 7 =2000 turns one caleulates p=
=1.7-10"% mm. #

This is a much higher vacuum than required for the muon storage and
means that a diffusion pump must be used. We used a three-stage oil diffusion
pump with a speed of 500 1/s, backed by a mechanical pump giving 150 1/min.

Vacuum tank. The mechanical construction of the vacuum tank
involved some unusual features, oceca-
sioned by our desire to have easy access
to the interior (e.g., for field measure-
ments) without demounting the magnet.

The rectangular tank was assembled
from separate plates, plus four
corner pieces. The top and bottom
pole pieces, 5 em thick, pulled up to the
magnet yoke by long bolts, provided
the main strength. The long side plates
and the end plates were sucked onto the
sides of the pole pieces by the vacunm
itself which alone provided enough for-
ce to compress the O-rings. The joint
between the side plates and the end
plates at the four corners is shown in

3'4.3.

six

Fig. 34, = Corner of vacumn chamber,
showing corner post sealed above and

below by hard rubber sheet. The O.rings
for the 595 cm long side plate and the
S0 em long end plate sealed onto the
poles for their main length. then passed
across the hard rubber to run vertically
down the eorner post. Stop-cock grease
was used to improve the seal. This
chamber could be mounted and demoun-
ted without disturbing the magnetic pro-
perties of the system. 1) Hard rubber;
2) O.ring; 3) long side plate (595 cm):
4} secondary side plate (90 em) (6 each
side}: 51 corner piece: 8) pole.

(1*) E. RutHERrFoRD: Phil. Hag., 4. 277 (1921),

Fig. 34. Tt consisted of a rectangular
corner post sealed top and bottom by
Smm hard rubber sheet, the whole
assembly being greased and forced into
the magnet with the help of a small
taper on the inside corner. This provided
enough pressure for the seal. The sides
of the rubber (distorted by the com-
pression) were carefully trimmed flat so
that the O-rings of the side plates would
run smoothly aeross them and conti-

See also .. RuvTuerroen, J. Cnan-

wick and C. D, BLLis: Radiations Trom Roudioactive Substanees (Cambridge, 1930), p. 124;

and for a review 2, K. Anvisoy and 2. D,

0

Warsuaw: Rev. Mod. Phys,. 25, 779 (1953).
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nue down the faces of the corner piece itself. The corner pieces were held
in position by bolts connecting them to the end plates, which in turn were
fixed to the magnet,

The long side plates, however, were not bolted but held roughly in position
by a series of rollers below and a guide above. The initial force to compress
the O-rings was provided by adding sheets of iron. To start the vacuum the
magnet was energized, thus attracting the iron plates inward and compressing
the gaskets. Once a rough vacuum was established the iron plates could be
removed.

The system worked satisfactorily although we occasionally had leaks at the
corners. We were able fo maintain a vacuum of (1=1.7):10~* mm for the
a-particle storage, and normally ran the muons using the backing pump only
at a pressure ~ (.1 mm.

3'5. Storage of o particles.

35.1. Apparatus (see Fig. 35). Having obtained sufficient agreement
between the theoretical field shape and the measured field produced by the
shims, a final and very direct check on the storage properties of the field was
made by storing « particles of the appropriate momentum in the magnet. In

I 8
If
/ |
cataif wdn, I| I i |
ot | (.
Fig. 35, = Apparatus for establishing the storage of z-partieles. S, souree of thorinm-
active deposit: H, collimator: . graded absorber to give correet momentum spread;

T'. table, adjustable in » and » under vacuum: Cy. injection counter. plastic seintillator:

'y, caesium iodide seintillator: €/, caesium iodide scintillator: B. extension to vacuum

chamber to enable z-particles ejected from the field to be studied: I”, vaenum chamber
walls; I, voke of magnet; I, flap for entting orbits to establish position in Y-
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this way no cyelotron time was expended at this stage of the project. This
is a significant point, since moving and positioning of the 86-ton magnet re-
quires considerable effort and, once in position, it blocks access to several
other beams in the experimental area. We thus avoided untimely interference
with other experiments.

The « source consists of thorium-active deposit on an area ~ 0.25 em?
of a small aluminium plate. The dominant lines are 3.776 and 6.043 MeV,
The 8.776 MeV a's are slowed down through a graded absorber to 160. 180
or 200 MeV /¢, corresponding to orbit radii of 17, 19 and 21 em. This roughly
spans the expected distribution of muon-orbit radii. The 6.043 MeV o's s stop
in the absorber. The 8.776 and 6.043 MeV lines provide the calibration for a
silicon junction detector ("), with which it is checked that by inserting the
corrected amount of absorber the expected residual momenta are indeed ob-
tained. The source is fastened to the back of a rectangular slot of thin copper
(see Fig. 35). The «’s emerge through the front end of the slot, which is covered
with Al foils. The slot is 2.5 ¢m long (in the direction of the « beam), 1.5 em
high, and 0.4 em wide. Only o«'s emitted within ~= 167 in the vertical and
~ =45° in the horizontal direction are thus injected into the magnet. This
again is to simulate conditions for storing muons, where multiple scattering
and re-incidence on the moderator limit the angular range of aceeptable muons.

The source is mounted on o table which can be moved in both the and ¥
direction without breaking the vacuum. The » motion is made by means of
push-rods on which the table rests: the ¥ motion is made by turning a rod
which is connected to the table through a rack and pinion movement. Finally,
the angle of the slot with respeet to the table can be set. In this way the whole
available range of angles and positions of injected muons can be simulated.

On leaving the source the z particles pass through a counter consisting
of 2.56 mg/cm?® plastic scintillator covered on each side by 3 um Al placed
L.7 em in front of the source so that the 's traverse it only once. This counter
Is regarded as an element of the graded absorber mentioned above. It serves
to monitor the injected intensity and gives a « start » signal for timing the
¢ particles. The stored particles are detected by one of two counters: for stor age
out to » = 150 em, counter No. 9 is used. This counter is deseribed in Sect. 6'1
in connection with short storage of muons, the only change here being that
the plastic scintillator is replaced by a CsI crystal of the same area (see Fig, 35).
Once storage out to 150 em was established we looked for particles at the other
end of the magnet using a counter (No. 10) projecting in from the far end:
this was a (5> 4) em (sI ervstal on a 210 em light pipe, and adjustable under
vacuum from x =470 to 620 em. A speeial ¢ % ejection box » was constructed
and attached to the main vacuum system: this made it possible to retract

("} RCA Yietor Company, Ltd., silicon junction z detector, type ..
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counter No. 10 out of the magnetic field into the ejection region, and to measure
the ejected « particles under vacuum.

A conventional time-to-pulse-height converter (*') was used to display the
time-of-flight of the particles in the magnet on a 100-channel pulse-height
analyser. The period of revolution of the « particles in the magnet being 82.5 ns,
the number of turns in the field could then be ecaleulated.

35.2. Measurements. The radius distribution of particles making
half a turn in the field is first studied with the results shown in Fig. 36. This
picture is obtained by moving counter No. 9
along « and plotting the content of only those

channels of the analyser which correspond to . <

e’s arriving in No. 9 within less than 80 ns. “f .

From the position and angle of the source .

one expects a 19 em radius particle to ar- i /

rive at ®a 55 cm. The observed position is 5 /

(52 =-53) em, suggesting that the mean radius Ik 40 50 60 70

is slightly lower, ¢=18 cm. If counter No. 9 *em)

is now moved out to larger z, the counts at Fig. 36. - Counting rate vs. (,

position for z-particles making a

the half-turn decrease and the bulk of the
half-turn in the tield.

particles appears later on the time scale indi-
cating storage.
With counter No. 9 at o= 148 cm, and after optimizing the stored rate
by varying the source position and angle, the brass flap F (see Fig. 35) is pushed
into the magnet. The flap cuts the orbit
4 after ~ 1 twrn and, as the mean radius

A of the orbifs is known. enables one to

2 l" compute the position of the orbit centres

= NF tor the stored beam. It turns out that

E g with F set at y =—21 to — 22 em.

N ' half the particles are eliminated, im-

—2;— . plying that the orbits with y, = —3 em
—-3F v injection are stored most efficiently.

i I R Before looking at the far end of the

magnet a further check on the field
Fig. 37. - Vertical distribution of z-par- 4esign was made. By moving counter
ticles at o=73 em, No. 9 up and down it was established

that the beam is roughly centred in the

maguet, see Fig. 37. The full width at half height is 6.3 cm. The beam
centre is within 5 mm of the middle of the magnet. This vertical scan was

(2} J. Frscuer and A, Luxpsy: Ree, Sei. Tnstr. 31, 10 (1960},
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done at »= 75: scans at other positions gave similar results. This confirmed
that the magnetic median plane was in the centre of the magnet.

To detect now particles stored for long times, counter No. 10 with long

pipe is introduced through the ejection
A end and placed at » = 485 em. A very
. prominent bump appears between 20
and 160 us, peaking around 60 us, indi-
cating storage for an average of some
: " 700 turns and extending to 2000 turns
o1 ' (see Fig. 38).
=5 . Using storage theory [Sect. 2'2, in
0 40 80 20 160 particular eqs. (35) and (44)] and the pa-
rameters a, b, ¢, d as deduced from the
measured field shape, one expects o's
Fig. 38, z-particle storage for (500=2000)  With 19 em radius and y, =—2 to ap-
tarns observed at =483 cm. pear at 64 us, those with Y. =—1 at
Dus, y=0 at 90yus, y.=-+1 at
114 us. Figure 38 thus indicates that orbits with Y. between — 1 and — 2 em
are stored with highest efficiency.

Various means are now available to maximize this efficiency. We shall
not discuss their effects in any detail. By rotating or displacing the source,
the bulk of the injected particles can be directed into the high-efficiency region
of the magnet. The orbits can be shrunk or expanded by changing the main
magnetic field, their momenta can be changed by varying the foil thickness.
The optimum conditions were reached in Fig. 39, curve a; the mean storage
time is rather short, but the number of stored «'s is maximum. This picture
was taken at » =580 cm, and curve b shows that the x's are ejected from

)
o}
T

a's faon s
~

0 1000 2000

wrns

the field.
The trapping efficiency is best measured in terms of the number of particles
making half a turn. At the half-

turn the rate is (30=40)/5 in a 4
counter 1em high and integrated 290[’
over all momenta. As the path f /\
R T + 150 -
from source to counter =/ ~ 60 em "0 e a
U

s -7, 1

100~ Lo \

:‘; ! e A “\
Fig. 59, - Cwrve a: z-particle stor- “ ggn (! . \\

age observed in the ejection region

Le=58 em). Curve b: s-particle stor.

age obzerved in the ejection region 0 50 {"3

612 ey These curves show that

a large fraction of the particles are
ejected from the mmaonet.
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i

barticles are accepted over a vertical angular range of 1°; compared to the
acceptance of the magnet which is ZhiZ.~ 4.5°% as h~ 6 em and 7. ~ 160 cm
is the wavelength for vertical oscillations. The corrected rate at the half-turn
Is thus 160/s. At o = 458 em we observe about 3 «'s/s (Fig. 38) and under
optimum conditions (Fig. 39) 10 e’sfs at @ =589 em. The storage efficiency
is thus of the order of 6 Yo- About half the «'s are ejected (Fig. 39); the other
half is presumably lost in the violent oscillations to which they are subjected
in stepping across the magnet boundary at @ = 600 cm. After these tests we
increased the field gradient at the ejection end of the magnet by ~ 259 to
the final value reported in Sect. 31 and 3'2 above. As a result, almost complete
ejection was obtained in the muon experiments reported below.

4, — Electronics.

4’1, The polarization analyser, — The polarization analyser has been designed
to measure the muon spin direction with with @ good aceuracy (~ 0.5°), and
to collect as much as possible of the ejected muon beam. This determines the
apparently large size of the counters, 30 em wide ¥ 15 em high. The angular
spread of the beam (~ 15°), see Fig. 7, impinging on the analyser is large, but
nevertheless it is possible to measure the mean direction of arrival with the
required accuraey (see Sect. 6°4). The thickness of the target is sufficient to
embrace the range spread of the muons ejected from the magnet.

For the measnrement of the spin direction, the technique used is inspired
by the method described by COFFIN ef al. (*'). The muons are stopped in a
nondepolarizing insulating material. A pulsed vertical magnetic field is then
applied of such intensity and duration that the spin rotation in the horizontal
plane determined by [Bdt is either 180° (37 G us) or =90°. In the first case
the comparison in the same electron telescope of the decay electron intensity
at 0" and 180° flipping vields the value of the longitudinal component of the
polarization A, in the second case the same comparison at —90° and — 90°
flipping vields the transverse component of the polarization A, . The angle
of spin to the normal to the plane of the analvser is then determined from
te f,=4,/4,.

This method has the advantageous feature of giving results independent
of the counter geometry because only one counter telescope is used. However,
to inerease the efficiency of electron detection we use two electron telescopes 667
and 777 (see Fig. 40), the results for each being evalnated separately.

The flipping of the spin must be accomplished within a time short compared

1

=1 T. Cor R. L. Garwix, & Pexuay, L. M. LiEperyax and A, M. Sacns:

Piygs. Llee., 109, 073 (1058,
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to the muon lifetime. With the electronics described below, the over-all time

taken to detect the muon and to complete the flipping of the spin is 1.0us.
The decay electrons are count-

ed in a gate 5 us long starting
1.1 us after theé muon arrival;
559, of the decay times fall
within this gate.

Note that the angle -0
through which the spin is flip-
ped is not critical. If # devia-
tes from 90°, the effective asym-
metry 4 generated for transver-
sely polarized muons is reduced
(as A sin ), but there is no

cm
Iig. 40. - Polarization analyser with thin target error in the polarization angle
for mput beam measurements. 1, 2, 6, 6', 5, 7, 7', provided the angles for — and
' 4 idla S o " %
plastic seintillators: E', methylene iodide target in = _ flipping are the same. Muons

mylar bag: G, flipping coil: 4, mumetal shield: ( Ny , : .
plexiglas backing for thin seintillator No. 5: 7, .J, polarized perpendicular to the

brass collimators; [, beryllium moderator; I, car- dDalyser plane, for example, al-
bon moderator, variable: D, mirror for alignment.  Wavs give zero asymmetry. To

ensure equality of the angles
the direction of current through the flipping coil is changed by a mechanical
commutator. One can show that any capacitive currents (e.g. to earth), which
may not reverse perfectly, contribute zero to [Bd# because the voltages on
all parts of the system are the same before and after the pulse.

Also, it is not necessary for the reversible field to return absolutelv to zero
after the flipping. A residual steady or oscillatory field will slightly change the
effective value of f for the average muon which dec: ays in the 5 us time gate
buf as mentioned above this is not important.

Any nonreversible residual field will. however, cause errors, because it
processes all muons in the same direction for time (L.1—+2.2) =3.3 us on the
average, giving 16° per gauss. The stray field in the target is reduced by iron
and mumetal shields, and a small correction is applied for the residual error.
In the run with the storage magnet the residual field was 0.02 G upwards.
giving a mean spin rotation of —6 mrad. During the input beam measu-
rements the residual field was less than 0.01 G, and no correction was necessary.

4'1.1. Determination of polarization angle. As defined above, the
polarization angle § to be measured is the angle of spin relative to the
momentum § =f,—4 . This is obtained by measuring separately § and 0
relative to the normal to the plane of the analyser. Consider tirst the meas-
urement of .,
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It is assumed that for --90° flipping the decay electron asymmetry,
A =(n,—n_)/(n_+mn_), is zero when the muon spin is normal to the plane
of the analyser, 6, =0. We will now discuss this assumption. For a given
counter telescope, say 66', 4 will be zero when the spin points along the average
direction in which the electrons are counted. This average is to be computed
from the counter and target geometry, allowing for absorption of the decay
electrons by ionization and bremsstrahlung. If the counters were infinitely
wide and of uniform efficiency, the direction would be determined by
absorption effects, and would clearly be normal to the counter plane ir-
respective of the sideways distribution of stopping muons in the target. For
an analyser of limited sideways extent this remains true, except for muons
stopping so near the edge of the analyser that an appreciable fraction of elec-
trons are lost for geometrical reasons. Absorption effects have already reduced
the probability of counting oblique electrons, so these losses become serious
only in the last 5 em at each side of the analyser. Even so, with uniform illu-
mination with muons the mean direction is still normal o the analyser. Errors
arise only if, in the last 5 cm. one side is more strongiy illuminated than the
other,

It is important to realize that errors due to non-uniform illumination of
the target are opposite in the forward and backward telescopes, and should
cancel in the mean result. One can look for this effect by comparing the (g — 2)
results obtained with each telescope computed separately.

For measurements on the incident beam the illumination was confined
t0 10 em at the centre of the analyser, where this error is negligible.

The essential requirement in the analyser is therefore to maintain counters
and target strictly parallel and to reproduce the setting of the whole slab to
a fraetion of a degree. There is no difficulty in achieving 1 mm aceuracy over
the 30 em width, corresponding to 0.2°, Tt is also essential that the electron
telescopes shall have uniform efficiency: this was measured in an auxiliary
experiment and found to be always = 99.5° with no lett-right asymmetry.

As the same apparatus was used for measurements on the injected and the
ejected beam any residual systematic errors should cancel.

The determination of f, relative to the normal to the analyser is discussed

in Seet. 5 and in Sect. 6.
4'1.2. Description of the analyser-target. The targets used are
made of methylene iodide. CH,I,, chosen for the following properties (*): it

does not depolarize the stopped muons: its high density. 3.3, allows the build-
ing of targets of a given stopping power with minimum volume. thus requir-

(') These properties of CH,l, were pointed out o us by the Columbia groap
measuring the gyromagnetic ratio of the muon.
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ing a minimum power from the fipping field generator; it is nonconductive,
a necessary condition for the flipping method to be used; and, finally, it does
not dissolve lucite, thus allowing the easy construction of containers of any
size or shape, with thin walls.

Two types of target are used; a thin
target for the analysis of the polariza-
tion of beams as a function of the ran-
ge of the muons (Fig. 40), and a thick
target for the analysis of the muons ejec-
ted from the storage magnet (Fig. 41).
The first one consists of a mylar bag,
of wall thickness 0.01 mm containing
the liquid, and compressed between sty-

beam rofoam slabs with an average thickness
of the CH,I, of about 8 mm. The se-
cond one consists of a lucite container
with 1 mm thick walls, 30 cm wide,
20 em high, and 2 em thick.

The coil for the pulsed magnetic field
consists of aluminium tape of 14 mm

\ AT

T T TN

EETERAEE

g .5 width, 0.1 mm thickness, wrapped around
cm the targets at one turn per 1.8 em.
Fig. 41. - Polarization anaiyser with thiek

target. £, methylene iodide in thin-wal- 41.3. Magnetic shielding. The
led plexiglas box, I': H.I. iron shields. shielding is done in three steps. Two
For other symhols see caption to Fig. 40.  iron boxes surround the counting as-
sembly and the target. They are made
of 1 em and 2 em thick Armco iron with beam apertures in the front face of
{90 <25) em for the first one, and (30 ¥25) em for the second. An annealed
mumetal box of 1 mm thickness, 26 em width, and 60 em in height surrounds
the target. The mumetal serves the additional purpose of providing an absorber
between the electron counters of the telescope as deseribed below, thus reducing
accidental coincidences due to knock-on protons from fast neutrons.

With the box in position near the storage magnet (Fig. 41), the magnetic
field in any direction. as measured by Hall plates at the target position. is
less than 0.05 G. The vertical component was measured with o sensitive mag-
netometer as 0.02 G directed oppositely to the main magnet field.

4’14, The counter telescopes. Five counters are built into the ana-
Iyser to define the incoming muon and the decay electron. The decay electrons
are counted in two telescopes, 66" and 77, made of 8 mm thick scintillator.
30 em wide and 20 em high. The solid angle which each end of these telescopes

1014
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subtends at the middle of the target is 0.75-2 7. It is very close to the optimum
solid angle, compromising between the reduction of the asymmetry due to
integration over a big angle and increase in intensity. The asymmetry is
expected to be reduced by a factor of about 0.63 in this geometry. A
small additional reduction is expected from the fact that about 89, of the
accepted muons, with the thick target, are stopping in the lucite walls or in
the scintillators. The maximum asymmetry, in good geometry in the direct
beam, being 259, we expect a value of 159, with our analyser. We observe
120, with a thin farget in the injected beam and 159, with a thick target
in the ejected beam. This difference can be explained by the slight increase
in asymmetry expected with the thick target due to the hardening of the decay
eleetron speetrum, of which 509, is absorbed, and from the faet that with a thin
target more muons stop outside the target and are not flipped. Also some pos-
sible slight contamination of pions in the straight beam may be responsible
for the smaller asymmetry.

Counters 6 and 6' are separated by the 1 mm thick mumetal walls. as
also 7 and 7.

The incoming muons are detected by the counters 66’ and the thin counter
5, 0.3 em thick, 30 em wide. and 20 em
high, located immediately in front of
the target. A stopped muon is defined
by the signature 66’ 57, in coincidence

with one or several upstream counters. A
Counter 5 is thin to reduce the number f

of muons which stop in it before reach-
ing the CH,I, and thus reduce the elec-
Tron ELH}‘ITIIIIBI}T‘_\'.

Careful checks have been done
with beams traversing all five coun-
ters in order to prove that the effi-
ciency of the counters is uniform and
espeecially that it does not exhibit a
right-left asymmetry. The efliciency of
the counters 66" 77' was proved to bhe
very close to 1009, for fast charged
particles.

The whole assembly of counters and
target is held tight in correct geometri-
cal position by elamps and spacers. A
mirror. glued on the back of the last

Fig. 42, — Polarization analyser assembly
. ~ with iron shields removed. The whole as-
counter, allows aceurate positioning of sembly can be rotated on the trolley for
the assembly. The entire assembly fine angular adjustment.
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can be rotated about a vertical axis, for small final adjustments of angle, inde-
pendently of the iron shielding boxes. A photograph of the analyser assembly
without its iron shielding is shown in Fig. 42,

4'L5. The electronics associated with the polarization analyser.
The electronics associated with the analyser comprises the coincidence
circuit defining the arrival of the muon, and the pulsed current generator.
Both are placed close to the analyser in order to reduce the delay in triggering
the pulsed field. The circuit diagram of the pulser, which is similar to that of
Coffin et al. (*!), can be seen in Fig. 43. An EFP 60 univibrator delivers a posi-

HY (0=20) kv
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Fig. 43. — Pulse generator for energizing flipping coil.

tive 600 V pulse to the grid of a 5022 thyratron. The flipping coil is in series
with a storage capacity €, (0.006 pF) charged through the plate resistance [
to the supply voltage, adjustable from 0 to 15 kV. When the thyratron is
fired the capacitor is discharged building up current, until at maximum cur-
rent the voltage on the coil reverses and the current then decays exponentially
through the diodes.

The rise-time of the pulse is 0.3 us, decay-time 0.4 us. The delay between
the muon arrival and the beginning of the flipping pulse is 0.3 us. For 180°
flipping the largest coil requires 9 kV plate voltage on the thyratron plates.

The final adjustment of the plate voltage is done by measuring the value
of fL'd!. This integral should be 37 G-us for 180° flipping. It is measured
directly by an integrating cirenit: and for continuous monitoring in the runs
the related quantity _]‘Ir_lf is recorded, where /is the current. A 1 ul capacitor ¢
(Fig. 43), calibrated to L%, is connected in series with the coil, and vields a
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voltage step 17 which is measured with an oscilloscope

- 1 10-7
fs-i} T -—Effdf—mfﬁ’df.

(& =number of turns per em =1/1.8 em, € is the value of the capaeitor).

The direct measurement of fB dt is achieved as follows. A pick-up coil
of inductance L and calibrated surface S, of order 2000 cm?, is introduced into
the target perpendicular to the lines of flux. It is shunted by a capacity C,
such that the ringing period is large compared to the pulse duration. One can
then show that the initial amplitude of the ringing train induced by the pulsed
field is proportional to JL at,

Vit 2 :fﬁdr
{b'-‘} ‘—_lm ?) 1

where the period T of the tuned coil is to be determined in an auxiliary meas-
urement.

An over-all check on the ealibration is obtained by measuring the decay
electron asymmetry as a funetion of the eurrent in the coil.

In order to allow the high voltage on the thyratron plate to recover its
full initial value before a new event triggers it again, a 2 ms dead-time is applied
to the stopping muon coincidence cirenit after each operation. Thus with the
normal burst length of the synchro-cyelotron (200 us) only one muon can be
handled per burst (35 per s): this was the method of running with the storage
magnet. Formeasuring the injected beam, however, we used stochastic operation
of the cyclotron giving « long duty eyele,

With the 2 cm thick target the number of gated decay electrons is 209
of the total number of stopped muons, as a result of the following factors.
To the loss of 459, due to decay, and 20 % from the muons not stopping in the
target, must be added the absorption in the methylene iodide which is as much
as 50 %, because the bad geometry increases the real average thickness. This
last loss is, however, harmless since the increase in asymmetry due to hardening
of the spectrum compensates for the loss in statistical aceuracy. (Geometrieal
losses in our close slab geometry are small.

42, Counters and time measwring eirewitry. — The functions of the electro-
nics are:
1) to measure accurately the time the muon spends in the magnet;

ii) to detect a stopping muon and trigger the pulsed field which flips

its spin through -90°; and,
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iii) to detect the decay electrons emitted backwards and forwards.
42.1. Detector assemblies. Overall views of the injection counter

assembly, the ejection counters and the polarization analyser are seen in
Figs. 44, 41 and 1.

—_—
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photomuinipier aajusting screw light pipe stiding seal

Fig. 44. — Tnjection counter assembly. 1) plastic seintillator. 4 cm wide ~ 3 em high «

# 0.8 em thick: 2) plastic scintillator, 4 em wide »2 3 em high - 0.8 ¢m thiek: 3) plastic

‘scintillator, 2 em wide » § em high < 0.04 em thick; 9) plastic seintillator, 2 cm wide

#2Zem high:3em thick. All counters and the moderator adjustable in r.direction

by sliding seals. The light pipe of No. 9 passed below the median plane, permitting

storage out to r=150cm to be studied. This counter was removed for the main
experiment.

All the detectors are plastic scintillator NE 102 (") glued onto plexiglas
light guides. In the case of counter 3. however, the light is collected by means
of an aluminized mylar tent, through which the particles can vass for the first
few turns; 10 em from the scintillator the light enters a standard plexiglas
light pipe. In the injection assembly each counter can be displaced by known
amounts without breaking the vacuum so as to optimize the injection. The
counters of the polarization analvser are clamped together with spacers such
that their position is always reproduced with respect to the magnet. During
storage studies a counter (No. 10) with a 4 em diameter, 600 ¢m long, light
guide was used from the ejection end of the magnet without difficulties over
the light collection efficiency. The other light guides are long enough {(~ 60 ¢m)
for the photomultiplier housings to be well outside the main magnetic field.
The residual field at the photomultiplier location is <= 40 G. The multipliers

(") Nueiear Enterprises Ltd.. Edinburgh.
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are shielded by 5 mm soft iron and 2 concentric mumetal shields of 1 mm.
All photomultipliers are of the type 56 AVP and the current drain of the resist-
ance chain is about 4 mA at the operating voltage of 2.4 LV, Al counters
have anode and last dynode signal outputs of 125 0 terminated by their char-
acteristic impedance at sending and receiving end; no clipping lines are used.
The signal from the last dynode is inverted by a fast pulse transformer which
introduces negligible distortion and reflection. Dynode outputs are used when-
éver one counter is used in two different cireuits. For instance, in the counter
assembly 566’ 77" the combination (566’ 7) is used as a muon stop signal and
the combinations (66 74) and (77’ 6’ 1) are used in the decay electron telescopes.
The fast timing signals for muon flight-time are the anode outputs of counters
2 and 4, whereas the inverted signals from the last dynode are used in the
gating coincidence circnits (123) and (4566'7).

TABLE V. — Electrical characteristics of the counters used, 4) adjustable under vac.;

G) selected tube for good signal-to-noise ratio; Q) specially shielded against pulses

from spin flipper; T) counters used for accurate timing anode outputs; D) dynode
output used as well as anode output.
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4'2.2. Coincidence circuits. The coincidence circuits used at injection
(No. 1,2 and 3), ejection (No. 4, 6, 6, 5, 7), and for the polarization analyser
are diode coincidence cireuits with a common clamp diode (22:22), They are
capable of a resolution of 5 ns (full width at half height) when used with arti-
ficial delay-line shaped pulses. Diode pulse limitation is provided at the input.
The input to the coincidence circuit is terminated by 125 Q or else can continue
via 125 Q cable to a number of similar eireuits in turn, the last one only being
terminated by 125 (. The height of pulses in four-fold coincidence, giving
no brealk-through in five-fold coincidence, exceeds by more than 30 db the

(**) R. L. GaArwix: Rer. Sci. Instr., 24, 618 (1953).
(*) C. M. Yorg: unpublished.
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pulse height needed for five-fold coincidence. The coincidence output is detec-
ted by a fast transistorized discriminator with a 12 V positive sealer driver
and a —4 V output which, when terminated with 125 £ 18 50 ns wide. The
negative output goes also via a 20 ns lumped delay-line to an anticoincidence
gate followed by a similar discriminator. The anticoincidence gate allows
us to veto any multifold coincidence circuit of this type by the output of any
other, or directly by a photomultiplier pulse.
All cirenits are transitorized (23,

42.3. Injection assembly (Fig. 44). The signal for a muon injected
into the magnet is the coincidence 123. Counters 1 and 2 ensure that the muon
passes through the whole thickness of the moderator. Counter 3 is not in line
Wwith counter 2 but is placed ~ 2.5 em further forward in » so that particles
must make ~ 2 turns before reaching it. Tts width in  is ~ step-size (2 cm)
and its thickness 0.4 mm to minimize rescattering of the particle. As after ©
turns the particles have reached the maximum of their vertical oscillation,
the particles which give a 123 coincidence have a high probability of being
stored. The requirement that the muon counts in 3 reduces the counting rate
of the input telescope by rejecting those particles which scatter out of the
magnet in the first 2 turns. It thus decreases the dead-time of the digitron
logic (see below), and the overall detection efliciency for useful particles is
increased.

In the injection telescope, there is some time Jjitter which cannot be elimi-
nated. Due to differences in injection angles and vertical oscillations after
the moderator, the number of turns the particle makes before passing through
counter 3 varies. Since one turn takes about 6 ns, the time of pulses (12) and 3
varies by multiples of 6 ns around the mean value set by delay timing. To
embrace this jitter the pulse from 3 is lengthened to 20 ns by a fast trigger,
On the other hand an uncertainty in timing as great as 6 ns cannot be tolerated :
for this reason the coincidence (123) is used only to open a gate for the fast
photomultiplier pulse from the anode of counter 2. which defines the arrival
time of the muon.

42.4. Output telescope (Fig. 1 and 61). Muons emerging from the
the magnet are detected by counter 4, which is thin (2 mm), to minimize scat-
tering. As we are interested only in muons which stop in the correct part of
the polarization analyser, the signature (466'57) is used to gate the fast signal
from the anode of counter 4. Counter 4 then gives the accurate output timing

signal.

42.5. Decay-electron selection. The arrival of the muon as indi-
cated by the coincidence (466°57) initiates the flipping of the muon spin.
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In order to allow time for spin flipping, only electrons emitted later than 1.1 us
after the muon has stopped are accepted. The time during which decay electrons
are accepted is 5 us. To measure background, provision is also made to count
events oceurring in an identical interval of 5 s, starting 6 ps before the muon
stop signal. Figure 45 shows the decay electron logic and the time relation

s : r
46657 7
6 (veto from flipper) ||r gate generator
IJ; a! 44 ! !}— i —-_—E i

U Stop telescope
7

I

|

= |
|

!

1

2ero time
gate time for [gate fime for
accidentals | real decays

664
S
! b real
+ background

T 1 [ backward
backwara 5.9 us delay | 1 |
electron telescope | ]
i - B | | background
| J backward

I
- PR | [
forward -Sc 3.9 us delay [ -
electron ftelescope | ' ?Oﬁcg;gund

= A backgroundg
fogic uni: forward

TFig. 45, - Decay electron selection. Bignals from 77' 5§ are selected by two 3 us wide

gates centred as shown about the muon stop signal 466’ 57 to count (real— background)

events (late gate) and background only (early gate). Similarly for the other electron

teleseope signature 66' 17, The (real - background) signal was sent to the digitron to
activate the « forward » and « backward » fiip-flop: see Fig. 46:

of signals. The decay electrons are indicated by coincidence (66") and (771).

A beam anticoincidence input is also provided, rejecting any electron count
which coincides with an incoming beam Darticle. There is also a « Cross-veto »
between (66') and (77'), rejecting the output of the forward and backward
electron telescope when both count simultaneously. The ¢ beam-anti » and
« cross-veto » are essential while measuring the polarization of the injeeted
particles at high counting rates,

4'3. Digitron (Fig. 46). — The function of the digitron is to MeASUre 4ccu-
rately and correctly the time of flight of the muon in the magnet. The muons
are classified according to their flight-time in 100 ns bins. Tor each interval
the decay electron asymmetry is determined by recording separately the number
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of decay electrons emitted forwards and backwards, with < 90° and —90° spin
flipping.

The runs are normalized for equal numbers of stopping muons integrated
over the whole time spectrum. Note that fluctuations in this normalization
(due, for example, to changes in the shape of the storage-time spectrum) pro-
duce corresponding errors in the backward and forward telescopes, which
cancel out in the overall mean.

The digitron contains, as an essential feature, circuits for rejecting events
with more than one signal at injection or ejection within 12 us. Such events
could otherwise be incorrectly timed because there is no way of associating
correctly the signals with the wanted particle. During the run about 15 o
of the particles were rejected because they were accompanied by a second injec-
tion count. During the testing of the digitron at high counting rates, the rejec-
tion circuits are even more essential.

While the digitron is Drocessing a particular event, it is dead to all further
input signals.

Since there are ~ 100 times more particles at injection than at the output
of the magnet, the output particles are used to initiate the sequence of operations
in the digitron. When a single unaccompanied count is obtained at ejection
the digitron looks for the corresponding injeetion signal suitably retarded by
a delay line. If both signals are present, the timing process is initiated. Tn this
way the rate of loss of events due to digitron dead-time is much reduced.

43.1. Working principle of the digitron. The block diagram of
the digitron is shown in Fig. 46. The circuit is somewhat modified from that
described by Swanson (*), notably in that it uses a free running 10 MHz
erystal-controlled oscillator, instead of a pulsed oscillator, and in that it is
completely transistorized. Also the dead-time and confusion rejection eir-
cuits are inspired from those of digitron MKV (*%), with a few necessary
improvements.

The prineiple is to open a gate for a time whose length is determined by
the time interval between the two photomultiplier pulses. Pulses from the
10 MHz crystal-controlled oseillator are counted through this gate, into the
digitron scaler, which then determines the address in which the event is to
be recorded in the ferrite memory of a modified puise-height analyser. As a
result, the time interval to be measured Is digitized in increments of 100 ns.

For a fixed time interval the result of the measurement is statistically
distributed between two neighbouring 100 ns channels. The ratio of events
in the two channels then determines the time interval preciselv. Note that

(#) R. A. Swavnsox: Rer. Sei. Tustr., 31, 149 (1960).
(*¢) R. A. Luxpy: Rev. Sei. Instr., 34, 146 (1963,
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in the experiment many counts must be accumulated in each channel to deter-
mine the decay electron asymmetry 4. The statistical error in time determi-
nation then becomes negligible in comparison with the errorin A. The limiting
aceuracy, ~ 1 ns, is set by the stability of the triggering level of the circuits
involved and has been determined experimentally.

43.2. Digital conversion of time intervals into number of
Pulses. The gated fast signal from counter 4 (start signal) passes the normally
open dead-time gate @, (see Fig. 46), and triggers the F-pulse of exactly 12 s,
defined by a delay line. The stop signal from counter 2 is gated by F at @, and
then generates the 25 us pulse K which gates the 10 MHz clock pulses at (,. The
resulting pulse train is gated again by the pulse F at &,. In this way the 10 MHz
pulses which fall in the overlap of pulses ¥ and K are passed to the re-shaping
triggers T, and 7, and counted via input 1 in the 256-binary scaling system
previously re-set to zero by pulse V. The number of pulses is a measure of
the time difference between start and stop.

This number is determined by the interval between the rising edge of pulse K
and the moment when pulse F falls back. So the total length of pulse A need
not be accurately constant; however, the starting time of K and F, as well
as the total length of 7 must be accurately fixed.

4'3.3. Transfer of the timing information to the memory of
the TMC multichannel analyser. Once the time interval is stored
in digital form in the digitron scaler, this information must be transferred to
the appropriate channel of the multichannel analyser. Tor this burpose the
T.MLC. analyser is fitted with g special plug-in unit. The unit is trigeered by
4 negative pulse (trailing edge of pulse K via @), and then generates g series
of 1MHz elock pulses which advance the internal address register of the
analyser and at the same time are fed into input 2 of the digitron scaler.
This adds to the count already accumulated from the 10 MHz pulse train,
and the process continues until the scaler matches a number preset on toggle
switehes. A store command signal is then sent to the analyser, stopping the
address counter and adding one count into the corresponding analyser chan-
nel. (A C.D.C. 100-channel analyser has also been used in previous rumns.
In this case the method used to transfer the data was slightly'dirferent; we gave
the analyser a large pulse to analyse, thus starting the clock pulses which
were fed back to the digitron as above,)

434, Memory splitting. The position of the time spectrum in the
analyser memory is clearly determined by the preset match number set on
the toggle switches. In fact this match requirement is varied with auxiliary
logic to route the spectrum into different parts of the analyser according to
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whether a forward or backward decay electron has been detected. This is
achieved with diode gates, the jorward and backward fiip-flops allowing the
appropriate line of switches to be effective when triggered by the corresponding
decay electron count.

If the memory is thus split into two, it is essential to impose rigid cuts at
each end of the time spectrum; otherwise the tail of the spectrum belonging
%0 one half of the analyser could intrude on the other half. This is achieved
by imposing a2 maximum and minimum 10 MHz count by means of two
additional lines of switches which activate the mazimum and minimum fiip-
flops. If the imposed condition is violated the match signal is never generated
and the analyser runs to overfiow without storing.

Note that if the decay electron from the muon is not detected, the time-
of flight is again not registered in the analyser. However, for certain tests
We can arrange to suppress the electron requirement and activate the match
circuits for every muon stopping in the analyser.

4'3.5. Dead-time circuits, and protection against double
pulses. As the timing accuracy depends on the stability of the 12 us F-pulse,
it is essential to allow this trigger plenty of time to recover before being retrig-
gered by another pulse. Accordingly the dead-time gate G. is held shut for
65 us by the univibrators U, (30 @s)y Uy (20, us) and U, (15 s}, which are trig-
gered in succession. This arrangement ensuves that these triggers are never
asked to work during their recovery periods, so the dead-time can never run short,

I1 a particle is accepted for timing (K-pulse present) then the univibrator U,
is activated prolonging the dead-time for 300 us, which allows time for the
transfer process to the multichannel analyser. After this the normal dead-
time of 65 ps is recycled so that U: has time to recover before being fired again.

Double pulses on the start input are rejected as follows. Normally the
first pulse triggers the 12 ws F-pulse. The second pulse is then detected in
coincidence with I by the coincidence circuit A,, which generates the 30 w8
veto pulse (U,), which closes gate G; and prevents the transfer of the number
to the multichannel analyser. Thus, such an event is partially processed, but
the result never reaches the analyser.

This protection fails if the first of the two pulses falls in the dead period
associated with a previous event: the second pulse is then free to trigger the
I-pulse, and no veto is generated. To avoid this we ensure that an input pulse
can never occur during the last 15 us of the dead-time. If it does, the dead-
time is recycled. Coincidence cireuit <, detects input pulses during the final
15 us (U;) and retriggers the dead-time cycle at U;. The dead-time will con-
tinue to recycle until a 15 us clear period at the end is encountered. As all
dead-times end by recycling the 65 us Uy, U,, U, series at least once, this
protection is always valid.
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Double stop pulses both falling inside the 12 us F-pulse are rejected as
follows. The first triggers K, and the second is then detected by the coinei-
dence circuit 4, and triggers the veto signal T, already discussed above.

If a second stop pulse is present but falls outside the F-pulse, it does not
veto the event., Such a signal can never correspond to a genuine event as it
would mean a flight time through the magnet less than — @S, or more than
+10 ps, both of which are impossible: so no confusion is possible in this case.

Note that U, is as usual protected against premature retriggering, because
the 65 us dead-time is recycled as usual when U, re-sets.

43.6. Time measurement. The 12 us pulse length of U, is accurately
controlled by an HH 1500 delay line. This is necessary for two reasons:

i) the length of the F-pulse must be very well fixed and for this reason
the pulse length must be defined by a delay line as explained previously ;

ii) a similar 10 us delay line is used in the stop line. These lines have
4 temperature coefficient of — 0.04 %/°C. However, a temperature variation
in one is largely compensated by a similar variation in the other, and the storage
channel is not affected.

Now, consider an event corresponding to flight time zero. Since there is
a 10 us delay in the stop line, the 25 us pulse from U, starts ~ 2 us before
the end of the 12 us F-pulse. The number of 10 MHy pulses gated through
G, and G, is 20 and corresponds to zero time.

In fact, the stop pulse (injected x) can arrive as much as 2 us later, cor-
responding to 2 us of negative fiight time in the magnet: this is, of course,
unphysical and used to measure background. The stop pulse (injected x) can
also arrive up to 10 us earlier than the start and in this case there are 120 pulses
passed through the gates. This corresponds to 10 s of storage time. More
storage time cannot be examined with the 10 ps delay line, since earlier stop
pulses cannot come through G,. By changing the delay lines this range can
be extended.

In the main experiment we used a 256-channel TMC analyser, At first
we split this into two blocks of 128 channels (for forward and backward decay
electrons), so that we could display the whole 12 ys range of time. The range
from 1.8 to +1.8 s was used to determine the background, which was
thus measured with sufficient aceuracy for correction to the whole run.

For the majority of the run, however, we split the analyser into
four blocks of 64 channels displaying only the useful 6 us region of time
from 1.9 to 7.9 us. We accumulated simultaneously in two blocks the infor-
mation for backward and forward decay with - 90° flipping of the muon spin,
and then without clearing the analyser switched to — 90° flipping using the
other two blocks. Thus, no time was wasted in printing and clearing and we
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were able to run automatically, reversing the direction of flipping every
1000 stopping muons (~ 20 min), so minimizing errors due to drift.

43.7. Calibration and cheeking of the digitron.

i) Zero time. The exact fractional channel location of zero time of
the digitron itself can be obtained by feeding the same pulse into start and
stop input simultaneously. In this case, one can either open the gates G, and
G; permanently by applying +6 V to the gate inputs, or supply a coincident
gating pulse to both inputs. Care has to be taken that the repetition rate of
the input pulses to start and s$top is not foo high, otherwise the dead-time
circuits are always operative and no storage occurs. The timing stability of
the digitron has been tested in this way.

In the actual experiment one must know the location of zero time as given
by the injection and ejection counters when they receive time-coincident par-
ticles. There is a small difference between this zero time and the zero
time given by the digitron alone, arising from transit time differences in the
photomultipliers and differences in the signal cables connecting them to the
digitron. We obtain the zero time calibration by inserting the ejection coun-
ter 4 into the injection beam. With this zero the electronics measures, in eftect,
the p flight time between the two positions of counter 4 while we require the
flight time in the magnet itself. Therefore, a small calenlated correction is
applied to aceount for the flight time from counter 4 (injected beam position)
to the magnet, and from the magnet to counter 4 (ejection position). This
calibration has been repeated at various times and showed no significant va-
riation.

The stability of zero time has also been checked repeatedly during the ex-
periment by connecting the counter 4 signal cable to the counter o output
with a matched 7. When cable 4 was not connected to the T, it was replaced
there by a 125 Q termination. This procedure allows quick checks of zero time
stability once the difference due to transit time in the multipliers is known.

Various measurements showed no effect of the repetition rate on zero time,

ii) Checking of time scale. The number of nanoseconds per chan-
nel is determined by the frequency of the W oscillator. This frequenecy has
been measured with a Hewlett-Packard frequency-meter and found to be
(9.995 4-0.001) MHz. Variation of the time scale was also measured at various
ambient temperatures and found to be negligible,

iii) Linearity check. By feeding puises into start and stop input
with random time relation. one ean check the differential linearity of the whole
system. This has been done with widely different rates at both start and sTop
inputs,
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No efiect of the repetition rate on the linearity was found. All channels
gave the same count to better than 0.2 %- This checks not only that the
channel width is constant, but also that the protection circuits were operating
perfectly.

5. — Polarization of the input beam.

5'1. Polarization as a funetion of muon range. — The same apparatus is
used for measuring the polarization properties of the muon beam before and
after storage in the magnet in order to cancel minor directional errors. How-
ever, for studying the beam before injection a thin target of methylene iodide
(8 mm thick) is used, so that the polarization of the beam can be measured
as a function of the muon range. The spacing of the counters remained un-
changed, the vacant space being filled with styrofoam which kept the target
in place.

The 150 MeV/c =7-u* beam of the CERN Synchro-cyclotron was deflected
20° by an analysing magnet, and focused by a pair of quadrupoles into a slit
3 cm wide 8 em high, 2 m from the second quadrupole. This distance cor-
responded to the distance from quadrupole to beryllium block in the run with
the storage magnet. After the slit the beam was monitored by two counters
each (7 %7 x0.8) em, and then passed through a further collimator 8 em wide x
X6 em high into the polarization analyser, see Fig. 40. The 8 em Be absorber
(the same one used in the storage run) plus variable carbon was placed in front
of the second collimator. Only the central section of the polarization analyser
was illuminated with muons in these measurements. The counter assembly
and collimators were aligned with a beam trajectory previously established
with floating wire.

In principle a variation of counter efficiency from side to side in No. 5
would lead to errors in the angle measurement; but calibration of the effi-
ciency with beam particles showed that this did not occur, and, moreover,
the forward and backward telescopes gave identical results within statistical
error.

A stopping particle was indicated by the coincidence 12657, while back-
ward and forward decay electrons were indicated by 66'(12)(77) and T7'(12)(66").
That is, the electron count was vetoed if accompanied by an incoming beam
particle giving a 12 coincidence, and also vetoed if a simultaneous count oc-
curred in the other electron telescope. This reduced background due to the
beam, and background due to decay electrons originating in the beryllium
block and surrounding materials.

The flipping of the spin was initiated by the stopping muon signal, and
the electrons were counted in a 3 us gate delayed 1.1 us, as already described.
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With 0° and 180° flipping we measured the magnitude of the asymmetry
4, available with this beam and counter geometry. Then with 90° fiipping
we measured the asymmetry 4, due to the transverse component of the muon
spin. This gave the spin angle O,=tg=1(4,/4,), independent of any pion
contamination.,

The results which are given in ‘é
Fig. 47, together with the range curve [
of the stopping particles, show that L
the 4-value increases with muon mo- \§
mentum, while the spin angle chan- | ___F‘
ges 10° per em of range in carbon, g\é-'i/ -/E)é/ .
passing through zero near the peak '_ {/e \
of the range curve. The strong de- o P
pendence of spin angle on range
means that to know the mean spin
angle at injection we would have to f
know very accurately the mean range ._zooi—c-) et s rilend
of the particles which are accepted range cm carbon
by the magnet and passed throngh Fig. 47. - Muon range in injected heam
to the analyser at the ejection side. showing also effective asymmetry coefficient
In the 0.4 9] experiment we avoided and muon spin angle vs. range. Note the
this problem by reducing the magni- strong angle-range correlation obtained be-
tude of this range-dependence by fore the solenoid was added.
the use of a solenoid,

The range-dependence is due to the preferential selection of certain pion
decay angles when the muons are born inside the eyclotron magnet. Muons
whose momentum is the same as the pion momentum in the pipe must ori-
ginate somewhere along a line which runs back into the evelotron magnet and
Dasses through the cyclotron target. Pions must decay forwards on the average
to give such muons. Muons of lower momentum originate along a more sharply
curved line which passes outside the cyelotron target, and here right-handed
pion decays predominate (*). High-momentum muons, on the other hand, ori-
ginate on a line which passes inside the cyclotron target, and require predo-
minantly left-handed decays. This explains the slope of horizontal spin di-
rection »s. range seen in Fig. 47; but because of the symmetry of the eyelotron
with respect to its vertical median plane, no such correlation with the muon
momentum can exist for the vertical transverse component of the muon spin.

We therefore arranged to interchange the vertical and horizontal transverse
components of the muon spin. This was achieved by passing the beam coming
from the cyclotron through a longitudinal magnetic field produced by a sole-

RS-
o
b=
asymmetry

spin direction
o
-]
o

() The magnetic field in our cyelotron is .
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noid of length 200 ecm (see Fig. 48). The field and length of the solenoid are
chosen to rotate the transverse component of the muon spin by 90°, whereas
the component along the axis of the solenoid is not affected. For our 150 MeV/e
muons and 200 em available length, a magnetic field B=3950G is required
to obtain 90° rotation.

Fig. 48. - Final layout of experiment, showing eyclotron, solenoid, pipe through shielding

wall with the possibility of dividing each end of the pipe into quadrants to study beam

structure. Note the lead scattering foil added to seramble the muons into difterent

beam cells, thus redueing spin-angle/position correlations. I) target: 2) solenoid;

3) lead foil: 4) polarization analyser; 5) storage magnet; 6) bending magnet: 7) quad-
rpole lenses.

The polarization was re-measured with the solenoid on as a function of
range with the results of Table VI, which are plotted in Fig. 49. The results
of a least-squares fit to this data are
(86) Opeaw (8t range Y =10 em carbon) =— ( 0.5 -~ 12) mrad ,

(87) and slope (d6/dR),,. =— (19 =12) mradfcm.
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Tasre VI. — Polarization of whole input beam vs. range with solenoid on.

!R:mge (em carbon}! Ohensn (degrees)

| |
8 | 2.1241.0 i'
8.5 i 136+ 0.44 .
9 | 2.0 +1.5
9.5 | 14 +1.7
10.5 0.3 +1.7
11.0 . —1.0 +1.3

(Note that X is the thickness of carbon absorber: the true range R involves
counter thickness, ete., and is discussed
in Sect. 6°2,) =8 B
In spite of this reduction in the
range-dependence of the transverse po-
larization in the horizontal plane, we
still need to apply a correction for the

I~

L]
-
AR

8 .. \degrees)
()

L e

B -

b /7///?1/

- —_

1
-t

|
mean range of the stored particles, as ! ! _ -
described below, see Sect. 6'2 and 7'1. " L
—.21_ T
5°2. Variations of polarization in dif- [ /
ferent parts of the beam. - Because the —4 L ! R
o 8 g 10 ¥ 12
magnet only stores about 19 of the range X in cm carbon
input beam, the polarization measured Vig. 49. - Spin angle vs. range with sole-
for the whole beam is not necessarily  ,0id on. (I'or range curve, see Fig. 53.)

that of the partial beam selected by the

magnet. It is therefore essential to check whether the polarization angle is
the same in different parts of the beam. The beam in the circular pipe (4 m
long x 14 em diameter) through the eyclotron shielding wall is subdivided by
placing at the entrance and exit of the pipe two brass absorbers, each of which
leaves open only one quadrant of the pipe (see Fig. 48). The four possible
positions of each quadrant are combined to divide the beam into 16 indepen-
dent cells in phase space. For each cell the direction of arrival at the analyser
i is measured with slits, and the spin angle 8, determined as above. This
gives !}‘:8:—9; for each of the 16 cells (i =1-16). The slits for measuring
0, consisted of slit 1 (5 em wide) after the quadrupoles and slit 2 (1 em wide)
in front of the carbon absorber. A typical set of results is given in Fig. 50.
The dependence of 0 on the range was measured to be negligible. Notice that
the error in ¢ was always negligible. These measurements showed strong
variations of the order of 20° in the value of the polarization angle from cell
to cell.
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To eliminate this effect, the beam structure was scrambled by means of
a scatterer (1 mm lead foil) placed close to the eyclotron. Muons which ori-
ginally belonged to one cell were thus distributed over many cells, and
the polarization angle in each

cell was more nearly an average A
over the whole beam, and there- ¢ S
fore the same from cell to cell. 3 - 0 ¢
The values of polarization angle - /
¢° obtained with the lead foil in r
position are shown in Table VII, i c‘L_ , B e g
together with the fractions of the Le 2 s 4 R
: A - : : slit no. 2 position (cm)
intensity W, and W _ contrib- L R slit 2 (cm)
uted by each cell to the whole beam, 10 10 T
and to the particles stored in the |
magnet. Because Wi =W  the 5 2 |
average polarization angle for the 5 L*x -
beam accepted by .the magnet, o o~} Y o B
S (T 1S b, &, El
R D vV AR iAo
. L el W58 B
(88) Omae = 3 er;-.-.;S‘ ' R Y, N/J / \——uv, R, J
Lyt /4 I/ WL R, R, |
/ I|I i I\_. "-\ A
differs from that for the whole “ & ; // T { \ et 4 ||
/ | \b
heam, ¢ /] ff,-;. ; "\fl,l \ \x_\ . |
Y :f H—L! WA\ Y
10 o o '
(89) ﬁm = z W{,mﬁ‘ ; 0 10 siit 1 (cm)
A
but can now be determined. 12005
Using Egs. (88) and (89) with o T
the data of Table VII, we find that 8 ok 0 ¢,
the correction to be applied to the S
measured beam polarization to ° so0f
[s]
correspond to the beam selected < ¢ :
by the magnet is ) S
L 20 10 o 10 20 R
_ sitt no. | position (cm)
(90)  Onee —Opess = 1.04 — 146 = Fig. 50. - Angles of muon arrival 0} for the

16 cells as measured by slits, Typieal response
curves obtained on moving the slits are also
shown,

= —0.42° = — 7.3 mrad

at range 8.5 cm .

The correct determination of the average input polarization of the stored
beam is complicated by the small, but nonnegligible range-dependence of the
polarization angle. Tt was impossible to predict precisely the average range
that the magnet would store, and in fact the detailed input beam measurements
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Tasre VII. - Polarization angles 01 for input beams divided into 16 parts at R=8.5 em,
with eontribution Wi . and W:n“ of each part to the total intensily, in the beam, and stored

tn the magnet. The wncertainty in the fractional intensity 10 contributes negligibly (o

the error.

. T T |
Cell | Oenan | 6 (degree) b The (%) | Whan (%) |
1 +0.0 | —164xla 87 | 19 |

2 —1:1 | +2.80+42.3 5.4 | 3.1
3 ~0.1 ’ +2.00--2.0 ? 2.9 f 2.2 |
4 | +1.4 i — 114415 , 7.9 15.0 |
5 (. 405 . +1.20+1.6 ' 10.1 12.:

6 —10 - +4.46-41.8 9.4 ' 8.0
7 ' -+0.6 [ +4.00+1,2 4.7 4.1 ,

8 : +1.7 L 1.26L9.] 5.3 8.1
9 ? 0.0 ; —0.2241.6 6.5 ' 5.6 !
10 | — 1.0 | +2.4142.6 5.3 2.7 ,
11 ~0.0 ' ~4.81+1.3 4.9 2.2 ?
12 +1.4 ' —2.50L25 7.3 5.0 |
13 | —0.5 +1.16+1.3 6.6 6.2 ;'
14 , —1.1 +1.67L2.6 2.6 1.1 |
15 —0.5 _ +3.46-1.2 ! 3.5 : 1.9 ;
16 . +1.0 | +3.30£1.0 8.5. | 9.9 ;

of Table VII were made at range X =8.5 em c.il,rbnn, while the equivalent
injection range of the stored particles corresponded more nearly to .U = 10 cm.

It is now a question whether the correction for spatial structure of the beam
polarization determined at X = 8.5 cm, eq. (90), is valid at X = 10 em. We have

. ) 16°
“J]J !‘jmauff')':) P '-(}hum{f"zz} = E uv:nu: {Gl{ﬁ.l) T EI% (R_‘_ R])} S
. ae*
= E W {,9 (R,) — in (Rs— 11,)}
y ; = U ae6! ;
(92) = Ounael 1) = Openm( R, ) - S (Whae— W) % (R.— R,) .
T

Here it is assumed that the fractional intensities 17+ do not vary appreciably
with range: this point was checked experimentally.

The final term in eq. (92) isa product of small quantities: it was shown to
be in fact small by measuring the range dependence d6Y/dR for individual
partial beams, as follows,

To measure (d6!/dR) for every cell would take a very long time because
of the low intensity of muons in an individual beam. In fact, we measured
(d9*/dR) for six cells only. These six cells, however, constitute 439, of the
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input beam and 46 9/, of the stored intensity. From these results we can show
as follows that the final term in eq. (92) is negligible.

The individual values of (df‘/dR) showed finctuations (~=+2°cm (),
including changes of sign, but the effects largely cancel in summing over the
whole pipe. To obtain the maximum possible value of the third term in
eq. (92) we:

i) evaluate the term over the six cells for which we have information ;
this gives a partial correction of 0.01°/cm carbon; and,

ii) assume very pessimistically that for the cells we do not know (do¢/dR)
is about 2°/em with sign always equal to the sign of (WL, — Wi _);
this gives a partial correetion of 0.42° per em carbon.

Hence, the overall correction (for AR = 1.5 em) is certainly less than 0.64°
and can be neglected in comparison with our final error. We conclude that
eq. (90) is valid at R =10 cm.

Combining egs. (86) and (90) we find at our standard range, X =10 em,
the initial polarization of the beam accepted by the magnet is

(93) O (20) = — (7.8 -12) mrad .

Small corrections to other ranges are made by applying eq. (87), see Sect. 7'1.3.

Note that in the measurement of the partial intensities, Wi, and Wi,
eyclotron intensity was monitored by an independent counter telescope which
recorded particles from the cyclotron target passing down another beam pipe.
In the case of Wi.. we also recorded the storage time spectrum for the partial
beams. The differences were negligible showing that the values of Wi are not
functions of storage time.

6. — Measurement on the stored beam.

8'1 Setting up the storage system. — For injection to the storage magnet
the beam described in Sect. 5 was used, the beam line after bending through 20°
by the analysing magnet, being established by the floating wire technique.
The injection line to the magnetic channel of the storage magnet was also
determined by the floating wire method, and the magnet was positioned to
malke these two lines coincide. It was found possible to adjust the magnet
with the aid of the air platforms to millimetre accuracy. The procedure for
setting up the storage AS}-'stem was then as follows,

For initial measurements an auxiliary counter, No. 9, was introdueced through
the end plate at the injection end, as shown in Tig. 44. The light pipe ran
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below the median plane, clipping the particles which made vertical oscillations
greater than =2 em, but leaving about one-third of the stored orbits for test
measurements. The counter could be moved under vacuum along the centre
line of the magnet as far as z = 150 ¢m, and adjusted vertically by rotating
the light pipe. The scintillator was (1 em high) % (2 em in ) X (8 em in x).
Particles could miss the counter, above or below, on the first passage because
of vertical oscillation, but the length (4 turns in the injection region, which
is one-half period of the vertical oscillation) was sufficient to make the pro-
bability of a complete miss very small.

For the first measurement we observed coincidences 129 with No. 9 set to
see particles emerging from the injection assembly and making half a turn in
the magnet, an absorber being inserted to block further turns which would
have spoiled the measurement. One may then regard the 129 coincidence
system as a crude 180° spectrometer which selects muons in a given momentum
band, and by varying the carbon absorber placed in front of the beryllium block
one can make a very clean differential range curve. Having chosen the thickness
of absorber one can then move No. 9 in and out and determine the diameter
of the injected orbits: 2.2 em of carbon in addition to the beryllium and counters
were required to give o =19 cm, the chosen orbit radius,

The thin counter, No. 3, was at first lined up behind No. 2 to check its
plateau and efficiency. Tt was then advanced into its correct position to inter-
cept particles after 2-3 turns. Using No. 9 to start the digitron timing, and the
coincident 123 ag stop, we then obtained stored rates of 2.3/s at @ = 75, and
0.7/s at 2 =175 (~100 turns), showing a loss factor of ~ 3 in the transition
region as expected.

The stored rate was determined here, and subsequently from the number
v$. storage time picture presented by the digitron, the decay electron requi-
rement being suppressed at this stage. The group of stored particles was
clearly visible on top of the small and level background which was subtracted.

The position of the beam in the injection magnetic channel was now veri-
fied by alternately blocking the left-hand and right-hand side, and as a result
the injection assembly was advanced © cm into the magnet to select particles
which where more accurately centred in the channel. Thig improved the stored
rate by a factor 1.5, and including the gain due to optimizing the bending
magnet and quadrupole settings we then had at #=145, a stored rate of
2.7/s, the injection telescope rates being (12) =950/s, (123) = L06/s (but only

a fraction of this is due to stored muons),

On removing No. 9, the 123 rate increased to 135(s (more particles ean make
2-3 turns), the 12 rate remaining the same, and on observing at the far end
with No. 4, we immediately obtained stored, ejected particles: we stopped
0.2 muons/s in the polarization analyser and observed 0.03 decay electrons/s.

After further trials to find the optimum conditions of magnet current,
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moderator thickness and analyser position, we ran the first experiment [ref. (13)]
at the rates shown in Table VIIT.

TaprLe VIII. — Counting rates per second during the rums.

‘ 1st experiment 12nd experiment,

1100 i 1600

Injection (12) coincidence . |
Injection (123) coincidence 170 180 i
Timed muons stopping in analyser | 0.3 . 1.0 I
| Timed muons with decay electrons detected : 0.05 ! 0.25
| Loss due to rejection of multiple events 149, i 139 |

For the second experiment [ref. ()] in which the solenoid was introduced
in the input beam as described in Sect. 5, modifications were made to increase
the stored rate. The magnet was re-shimmed to eliminate some residual a-de-

pendence of the field, the iron

i block (see Fig. 61) was added at

the output to improve the ejec-

tion, a new output window flush

with the end of the magnet at

x =600 was used, and the injec-
tion assembly was rebuilt.

A detailed study of storage
vs. magnetic field gave the results
shown in Fig. 51; the optimum
time spectrum and intensity being
obtained in curve 2. The varia-
tions are understood in terms of
sideways deflection of the walking

rate f channel -5

Pig. 51. — Storage time spectrum for muons
at various magnet fields. (Compare predicted
spectrum, Fig. 9.) Curve 2 is chosen as giving
the best intensity in the region (4+--6) us. ma- orbits due to w variation of the

goet shunt reading: 1) 86.0mV, 2) 86.4mV, field after injection. In fact by

3) 87.0 mV. varying the magnet current we

control the fringing field eifects

in the & direction, and throw the injectied orbit ecentres into the optimum

region of y. We choose a spectrum which gives many particles at 4 us, where

the (7 —2) precession wave crosses zero, and thus place the particles in the
region that contributes most significantly to the final result.

Vertical and horizontal scans through the ejected beam gave the results
indicated in Fig. 52. These show that at the ejection window the beam is
only — 2 em wide at half height: such a conecentration in the median plane
is aseribed to increased vertical focusing in the steep-gradient ejection region.
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At the analyser position the beam is still only —4 em wide vertically, while
horizontally the width at half height is 30 em. (Cf. floating wire ejection meas-
urements, Fig. 7.)
Accordingly the analyser
was rebuilt with 30 em wide
counters (instead of 20 em) to
intercept more of the ejected
beam. Also improvements in
the pulser for flipping the muon
spin allowed us to start count-
ing decay electrons earlier,
These improvements gave
a factor ~3 in the efficiency
of the system, and including 200" A
improvements in the cyeclotron / H\-.—-_z 4 A
JA

horizontal (cm)

itself we were able to run the 5

. g
second experiment at the rates 100 .// L 100 -
given in Table VIIT: overall \

a fivefold improvement in the

rate of data collection. 0— : s pogle s g
—4 =2 ¢ 2 4 —2 02 &
windew (cm) analyser (cm)
D AMe 7, ; f y . - . . .
62. Measurement of muon Fig. 52. — Horizontal (1) and vertical (3) scans
range, orbit centre and radius through the ejeeted muon beam at position of
as a function of storage time. —  the analyser (for scanning line see Fig. 7). Also

Measurement of the position vertical scan (2) at ejection window.

and radius of the orbits as a

funetion of storage time is necessary in order to compute the average magnetic
field B, as a function of storage time, and also to caleulate the injection po-
larization which is slightly momentum-dependent.

Three distinet energy measurements have been performed on the stored
particles: range measurements: comparison of the counting rate in the back-
ward and forward telescope (B[F method); and probing of the position by
means of flaps to find y, and the orbit diameter. Here we describe the range
measurements. Interpretation in terms of momentum and orbit radius is post-
poned to Sect. 6'3.

62.1. Range measurements. The same differential range detector,
namely the polarization analyser itself, is used to determine the range of the
muons injected into the magnet, and the range of the muons which are stored
and ejected into the analyser. A careful evaluation of the quantity of matter
traversed by the latter is iecessary to establish the correspondence between
the two range curves. The thickness of the beryllium moderator and the earbon
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pieces used to slow down the injected beam is so chosen that the residual range
corresponds to an orbit radius which is optimum for storage and ejection.

i) Injection beam. For a study of the injected beam the thick
CHLI, target is replaced by a thin CH,I, farget, since it is necessary to flip the

C 2 4 8 8

Fig. 53. — Range curves in injected beam
with selenoid on, with and without lead
diffuser: e lead diffuser in, o lead dif-

fuser out.

10
tm of graphite absorber

— e
12 14

spins to measure their direction as a
function of range. This layer is equi-
valent, with the counter No. 5, to a
window of 1.72 g em™ of carbon, and
the range curve is measured with gra-
phite absorbers,

The determination of the peak posi-
tion of the muons at injection is rather
uncertain (see Fig. 53) because of the
pion contamination. However, we are
not interested in the absolute value of
the range but in the correspondence
between the two ranges at injection
and ejection. The use of the same de-
tectors to define the stopping muons
is an important factor of reliability in
comparing the two ranges. Table IX

Tepresents the evaluation of the different factors contributing to the range
of the injected muons.

TasLe IX. - Range of the in Jeeted heam.

Nature of absorber

Monitor counter ! and 2

| 4 window
| Adr 600 cm

| Counters 6 and 6' each S mm thick |

. 2 mumetal walls,
i Seoteh tape

each

0.9 mm

Total |

[Equivalent
carbon Ohservations
'in gem—?
2.16 The window consists of 5mm CH,]I,,
0.86 2 mm of plexiglas walls of the con- |
0.78 tainer, and 3 mm of plastic seintil-
1.92 lator (No. 5). The stopping power |
of the scintillator (*) relative to |
0,10 carbon is 1.18, the density is 1.05.
7.00

f (*) University of California Radistion Laboratory Iteport UCRL-2301.

This table can be summarized by the relation giving the real range in
carbon as a funection of carbon thickness X (density of carbon =2.05)

(94)

L =7.004+2.05Tgem*,
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The peak is around 9 em of carbon, corresponding to a total range of 25.45 g em™?

of carbon (see Fig., 53).

ii) Ejected beam. The thick CH,I, target is replaced by a thin cop-
per sheet equivalent with the counter No. 5 to a window of 1.36 g cm™ of
carbon. The range is measured with plexiglas absorbers of the same dimen-
sions as the polarization analyser because of the wide spread of the ejected

4
100 -

ick target limit

E

A

sos\\x\“ﬁ

¥
n
N
3

arbitrary scale

=i

thick target fimit

NN
\\\\‘

1

2 3 4

2
thickness n plexigiass (cm)

Fig. 54. - Range curve in ejected beam measured with thin copper target: x ejected
muons stopping in the analyser, » idem with decay electron requirement.

beam. In the same runs the muons are identified as particles stopping in the
window. with or without the additional requirement of being followed by a

decay electron in the telescopes 66’
or 77'. The range curve is the same
with or without this requirement (see
Fig. 54). The peak of the range
curve is at 1.6 em of plexiglas. For
each absorber thickness, the digitron
gives us the corresponding storage
time distribution: therefore we can
determine the range curve as a fune-
tion of storage time. The stopped
muons are grouped in time intervals
of 1 us width with the results plotted
in Fig. 55. There is a slight depend-
ence of the range on storage time. In
Table X we tabulate the mean range
for each time band (see also Fig. 56).
In  caleulating the average as a

1041

A
200 - -~ B 2
& S
" - =
S 5 >
: < 5’-
«. 100 - & &
o B &
=1 =
5 - 0
o &
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0— = T3
] 2 3 4
fhickiness of pleviglass (cm)
Fig. 55, — Range curve in cjected beam for

various storage times, (The total data of

Fig. 54 are divided into separate time hands.)
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TaBLE X.
| Time (us) Range (cm) (plexi) (Average radius g (em) AR*(*) (cm) (czn'bonJI'
I | s j——
|
| 23 1.96 19.40 | 0.11 !|
! 34 1.76 |' 19.15 i 0.01 |
| 4+5 1.58 | 18.90 | 0.12 |
| 56 1.64 i 19.00 f 0.09 |
| 67 1.62 : 19.00 1 0.10 |
78 156 ' 18.90 | 0.14

| - i |
i (*) Gives range relative to the standard va
measurements, see below eq. (98).

function of storage time,
Fig. 54 are taken into account (*). The
real range of the ejected particles is
calculated from the analysis summari-
zed in Table X1 of the total amount of
matter traversed by the particles to
s$top in the middle of the thin window,
The range in carbon of the particles
stopping in the analyser is therefore
given by the relation
(95) R, =428 L1991 gem—?,
where X' is the thickness of plexiglas
in front of the analyser,

lue corresponding to X

the limits of the thick

TasLe XI. - Ruange of the

= 10 em carbon in the injection

CH,I, target indicated in

A
0.4~
0.2+
e =il
nE 0 l__.r [ ! )
L Ny [
o [
_‘0.2 t Lad :,_..J
B T R
storage time (us)
Fig, 56. — Mean range vs. storage time

derived from Fig. 55 (solid line) and from

ratio of counts in backward and forward

telescopes, B/FF method, — direct meas-
urements, - —— B/F method.

eiecied pariicles,

. |Equivalent, |
[ Nature of absorber | carbon Observations |
I fin g em= |
e S — e i
: $ window (.68 The window consists of 1.3 mm Cu and |
| Counters 6 and 6 L.92 5 mm of plastic seintillator (No. 3). Stop- |
' 2 mumetal walls, each 0.9 mm | 1,18 ping power of Cu=0.815, Air path is be- |
- Scotch tape L0 tween the exit window of the magnet and
! Counter 4, » mm thiek and ' the front counter of the analyser. The stop- |
Scoteh tape R {1} ping power of plexiglas relative to carbon
Air 80 cmn 10 is caleulated to be 1,08, the density is 1.18.
' Total : 5.28

—_—

Ul lem CH.l, (p=13.2) is equivalent t

0 2.2 em™? of carbon.
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By using the range-momentum relation, to be discussed in detail in Sect. 8°5,
we can now obtain the mean orbit radius ¢ for each time band. This infor-
mation is ineluded in Table X.

iii) Correlation between the injected and ejected muons.
To know the initial polarization we must find from which part of the injected
range distribution the ejected muons are coming. We therefore evaluate the
thickness traversed by these muons inside the magnet, taking into account
such effects as the lengthening of the trajectory in the injection assembly be-
cause of the curvature in the magnetic field, see Table XII.

Tapre XII. - Fvaluation of the material thickness traversed in the magnet.

. Equivalent "
Nature of absorber ‘carbon in ge m-zi (Obgervations |
Mylar windows | 0.10 . The density of |
Counter 1 § mm { : beryllium is 1.84
Counter 2 8§ mm 1.97 ! and the stopping |
| Counter 3 0.4 mm power 0912 (),
i Helium bag 600 em ' 0.11 Helium bag is be-
Be 8 em 13.42 i tween beam vacu-
Carbon 24.5 mm 5.02 | nm pipe and mag- I
Curvature effect 0.3 net window. |
Total traversed before ejection 20.92 !

(") H. A. BETHE and J. ASHRIN: Experimental Nuclear Physics (E. SEGRE, Ed.) (New York, 1953), |
vol. 1, p. 201. '

Adding this number to relation (95) we find for the total range of the
muons stopping in the thin copper target, with X’ em of plexigias in front
of the polarization analyser

(96) R'=25.20 41290 gem—*.

Note that at the peak of the output range curve X' =1.6, giving R’ =27.26 g cm~2.
It thus appears that the stored muons have a median range 1.81 g em= carbon
higher than the apparent peak of the injected beam. This, in fact, is not sur-
prising, We compare the range curve of the injected beam obtained in a
compact geometry with that for the ejected beam obtained in loose geometry
where the seattering plays an important role in selecting out the higher mo-
menta. Very typical of this is the role of counter 3, traversed by the muons
after one or two turns in the magnet. Its thickness, 0.4 mm, has a negligible
effect on the residual range, but it scatters out 109, of the beam. Also, the
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apparent peak range at injection is shifted to lower values because of the
superimposed sloping tail of the pion range curve.

The total error in the determination of the correspondence between the
two range curves is estimated to be -+ 0.4 g em™* carbon.

Combining eqs. (94) and (96) we find that the thickness of carbon X in
the input beam measurements which corresponds to a given thickness X' of
plexiglas at the output of the storage magnet, is given by

(97) X =063+ 8.88 cm carbon .

The standard carbon thickness used in the input polarization measurements
was X =10.0 (see Sect. 51.). Therefore the discrepancy between this standard
and the stored range in each time band is

(98) AR'= AX = 0.63X'—1.12 em carbon ,

where X" is the range in plexiglas for the corresponding storage time.

Using eq. (98), the final column in Table X can now be completed. This
information will be combined with the measured change of polarization with
range (d6/dR) to obtain the true injection polarization angle for each time
band (see Sect. 52 and 7'1).

62.2. B/F method. When muons are stopped in a target the ratio B/F
of the number of decay electrons counted in the backward and forward tele-
scope is dependent on the average position of the muons in the target. The
variation of this ratio as a function of the storage time therefore gives infor-
mation about range as a function of storage time. To make this comparison
one has to eliminate the effect of different spin orientations as a funetion of
storage time. For this purpose we add the numbers obtained with the flipping
field up and down, thus eliminating all asymmetry effects, without using ad-
ditional running time.

A calibration of the amount of variation of B/F as a function of range is
done by inserting a piece of absorber, namely 0.65 em of plexiglas, and meas-
uring the variation produced in B/F. The result is that a shift of the me:n
range by 0.33 em of plexiglas changes B/F from 1.11 to 1.61. If we assume
that the relation of B/F to range is linear in that region, we obtain the results
of Fig. 56 that agree with those obtained by the direct range measurements.

6'2.3. Determination of the orbit position. The determination of
the orbit position is necessary in order to ealculate the average field 5, along
the trajectory of a stored muon. It is important to note that as the orbit
follows contour lines of the magnetic field (see Sect. 2°2), the mean field com-
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puted at one value of x is valid throughout the magnet. For this reason the
magnetic field is measured carefully at @ =350, and the position of the orbits
as a funetion of storage time is deter-
mined at this position by measuring the 1
maximum execursion ¥, of the particles
towards the weak field side. This is
achieved by introducing a brass flap
that can be moved in along the line
* =350 to intercept the orbits.
Figure 57 shows the variation of the
number of stopped muons as a funec-
tion of the position of the end of the
brass flap, for storage time intervals 1 us
wide. The average maximum ordinate
¥, reached by the orbits is calculated T 20 16
for each storage time band from these positien of flap ¥ (cm)
data. The mean position of the orbit Fig. 57. — Stored intensity vs. flap posi-
centre for each storage time is then o, on the weak field side y, for various
determined from time bands, measured at x=350 em. From
these results we calenlated the average
maximum excursion of the orbit to the
wealk field side 7, for each time band:

] o ; 2 hence we obtain ¥, wvs. storage time:
where g 1s taken from Table X, the 210 Bus, x 3 to 4us, o 4 to 5us,

results being shown in Table NITII. A5 t0 Bus, v 6 to T ous.

no. of stored muons

(99) o=, — &

TasLe XIIL - o, y, and B jor 1us time bands.

Time band 0 Je b
3. 1231 19.40 . —5.40 15.651 '
3.1+4.1 19.15 1} 15.729
4.1=5.1 18.90 | —2.68 15.753
5.1=6.1 19.00 . —a.98 15.754
6.1 =17.1 19.00 i — 0,86 5.757
7.1:-8:) 18.90 , - 0.96 15.760

6'3. Computation of B,. — For each time band we now have the mean range
of the stored particles from whieh we have compubed the mean radius 7, using
the range-momentum relation. A detailed discussion of this relation is given
below in connection with the injection scattering (Sect. 8'5) which it affects
muech more eritically.

From the flapping curves we also have Yo for each time band, measured
at @ =350 cm. We now combine this information with the known field shape
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and known absolute value, both corresponding also to @ =350 cm (see Sect. 3'2

and 3'3).
To average over the orbit shape we compute B for circular orbits, using
the measured values of g and #.. The

1 ¢ results are tabulated in Table XIIT
R0 and plotted in Fig. 58.

Later, in connection with the injec-

tion scattering measurements, we were

N obliged to compute the trajectory step

I%15] / by step to find the exact shape in the

' J region of #=2350. We took the oppor-

T tunity of computing B for the true

l shape (see Sect. 6'5); the result agreed
S with the above to within 1/2000.

SRR R, As indicated in Table XIIT the time

bands used for reducing the measure-

y5g5 . 4 = ments of y. differed by one channel

/ from the usual grouping. To avoid re-

caleulating the data we interpolated to

the correct bands using the graph of

i e Fig. 58. The resulting values of B,

2 & B B, b appear below in Table XVIIL.
storage time (us)

(K]

TFig. 58. — Mean field averaged over the . ) ;
orbit B vs. storage time t. x = point com- 6'4. Measurement of angle of arrival

puted for t=(2.1=8.1) us, ete.: X =value af analyser 9:, with « venetian dlind » coun-
read off for t=(2.0--3.0) us, etc, ter. — In order to colleet as many muons
as possible, the width of the coun-
ters in the polarization analyser is 30 cm and the height 15 em. However
the great width introduces a broad distribution in the angles befween the
momentum of the muon and the reference direction perpendicular to the plane
of the counters. It is necessary to know the average value of this angle, which
ma.y;be a function of storage time and muon momentum. In the 29, (§—2)
experiment (1*) the angle distribution was obtained by measuring the number
of muon arrivals as a function of the position of two slots. These were moved
about to define different angles, and to cover different parts of the analyser.
Tor the final measurements we devised a more precise technique of greater
acceptance. A « venetian blind »-type counter of the same width as the ana-
lvser, was placed in front of it and defined the muon direction, independent
of the position of arrival at the analyser.
This counter (see Fig. 59) consisted of 36 scintillation plates, each 10 cm
high, 5 em wide, and 6 mm thick. spaced about 0.23 em. The scintillators
rested on a light guide to which they were optically coupled by means of an

4016



[1331] THE ANOMALOUS MAGNETIC MOMENT OF THE MUON 91

0il bath. Each could rotate around vertical axis while remaining parallel
to the others. The assembly was controlled by an arm 4, the position of which
Was precisely determined by a micrometer. For these measurements the stop-
ping muon signature was ve-
toed by the venetian blind
counter. Therefore only muons
which passed between the slats .
and then stopped in the ana- Jh .“ scintillators I &
lyser were counted. 15— ""JI,'I‘LT'LJ\

The intrinsic spread in an-  |e ol batn g™
gles introduced by the width ~, .
between the slats was - 9.5°. A e e N %

To test the device it was % : \\ N
Placed in a pion beam defined \ N
by two counters (No. 1, 6 em \
wide: No. 2, 4 e¢m wide; 40 em \\
apart, see Fig. 60). The anti- |
coincidence curve nbtailled. = Fig. 59. - « Venetian blind » counter used to meas-
turning the slats is also SIVeN  yre the direction of arrival of stored ejected
in Fig. 60. The observed width muons at the analyser. Lever . controls angle

of 5.7° accords with the expec-  of scintillators. Muon must pass between seintil-
lators, giving no count.

|
!4- _.|’ gauge

T3y

ted resolution of the counter
plus the angular divergence of
the beam. This test showed the good efficiency of the device in eliminating
Darticles arriving from completely wrong directions.

To measure the distribution in angle of the muons reaching the analyser
from the storage magnet, the venetian blingd
micrometer e counter was installed as shown in Fig. 61.
This could be done without moving the analy-
ser, and great care was taken to have the new
counter parallel to the analyser assembly. Note
that the reference direction for the slats was
defined by mechanical measurements to he
perpendicular to the plane of the assembly. The
venetian blind corresponding micrometer reading therefore de-

123/ o fined normal incidence on the analvser.

pion beam
-

P —

g Fig. 60. - Test of « venetian blind » counter, with
T age resolution curve obtained, |, 2. plastic seintillators ;
micrometer setting 3, venetian blind counter used in anticoincidence,
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The position of the analyser was defined relative to the magnet by means
of a template which fitted against the yoke’s lower pole piece. This enabled us

to check that the analyser was always in the same position, and at the same
angle to better than 0.2° throughout the whole storage experiment.

| L1
B

= mylar window

._\

1ethylene jodide

Fig. 61. — Ejection end of magnet with polarization analyser in position. The « venetian
blind » counter was installed in position shown by dashed lines for measuring the diree-
tion of arrival.

The angular distribution required was that of the ensemble of muons which
were recorded in the main experiment. It was essential therefore not only to
require the muon to stop in the analyser, but also to require its decay electron
to be counted. The efficiency for counting decay electrons drops off at the two
sides of the analyser: so without this requirement one would get o wider
angular distribution.

Accordingly we used the digitron with decay electron requirement as usual,
adding the venetian blind counter as a veto to the stop telescope. In rmn 1
we recorded only the sealer readings giving gated decay electrons associated
with a stopping muon. In run 2 we operated the digitron and recorded the
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storage time distribution of the muons with decay electron requirement: in
this case the totals were obtained by summing the time analyser channels,
and we could also see if there was any correlated variation of arrival direction
with storage time. The combined data
for the two runs are plotted in Fig. 62. 501

We require only the average angle 2 _
of arrival at the analyser and its error z:.oir T .i— »
o. This was computed separately for £ LSO T
-each run using 2ot ST
< T mean angle
b,=> ?5100/}: nw , S0+ N B i
=] | | "_ —
0 =3 (0 — )2w?/(3 mwv), E 0F T 02 nce,,, .
< ]
ot I 1

% —
—200 —100 0 100 200
W angie, B; mraa

where u is the number of counts obser-
ved at angle § and this number is allo-
cated to a band in 6 of width w. (wis Tig. 62. — Distribution of muon arrival
needed to weight the measurements directions f, at the polarization analyser

when they are unequally spaced in 6.) as measured by the ¢ venetian blind »
. QBT BD20 : counter. Only muons which stop in the

The results were as indicated in polarization analyser and give a decay

Table XIV, electron count are included.
TapLe XIV. — Mean direction of muon arrivl, f,.
! Run | Requirement 6, micrometer div.,
! .
1 muon stop. gated deeay electron, background subtracted 403 L2
|2 muon stop, gated decay electron, plus correct time-
| of-flight for muon 388 = 9
! weighted 395 7
' normal to analyser | 388 L10
i ;i : , = 7T =1d
therefore, §, =arrival direction relative to normal { 4 e {_) ;
L = — 3.5+ 7.5 mrad

Note. U, is meesured in the direction of rotation of the muons in the magnet, olockwise
looking from above.

The difference between runs 1 and 2 is within the error, so the two runs
are combined statistically.

Time dependence of the angle of ejection. Because of the large
spread in angles, it is necessary to investigate the possible dependence of the
ejection angle on the storage time. We expeet little dependence from the
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spread in orbit centres because this is very much compressed in the ejection
region, and the final trajectory is almost independent of y, in the storage region.
However, the curvature of the ejected trajectories in the fringing field is a.
function of momentum, and inasmuch

&0l i as there is a (momentum-storage time)

' ! correlation not completely corrected by

|
40 - the e¢-term in the magnetic field, we

E ! s : may haveéa (storage time-ejection angle)
=20 i . correlation. To investigate this point #
= | T4 was evaluated separately for the muons
3 or < WRER ABRT stored in different 1 ps time bands
5 | - I ranging from 2 to 8 us.

§ =aR - The results, plotted in Fig. 63, show
& . . .+ mo correlation large enough to affect

our measurements.
The measurements have also been

storage time (us)

Fig. 63. — Muon arrival direction 6, as a

funetion of storage time. There is no sig-  repeated without requiring an electron

nificant correlation, so the mean value decay in the polarization analyser, thus

of 6, can be applied to all time bands. giving a better statistical accuracy.

They show that the dependence of

the ejection angle on storage time is (1.5 -4) mrad per us: a negligible effect.

Note that the average arrival angle measured here is the arithmetic mean,

while strictly speaking, according to Sect. 1'2, we need the vector mean.

However, for a distribution of width --10° it is readily shown that the error
1s negligible.

6'5. Measurement of scattering in the injection assembly., — A very serious
problem in this experiment is caused by the multiple seattering in the injection
assembly, which changes the polarization angle.

Suppose the partiele is deviated through a small angle , by a transverse
eleetric field ¥ acting for time {. Then

elit
p

. —

P

In the rest frame the particle experiences a magnetic field B =pyf for
time y~'t, which rotates the spin through angle ¢ mge- Bt =g%0,. However,
to this must be added the Thomas precession of the rest frame relative to the
laboratory through angle —(y —1)0,. The net rotation of the spin in the
laboratory is, therefore, i, = (1—1/y)0,. and the polarization angle changes by
0=0,—0,=—0,/v.

The relation between # and f, is linear and therefore applies also when the
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deflection 6, is due to a series of electric fields acting for different times, pro-
vided only that the deflection is small at all times. It is, therefore, valid when
the defiection is due to multiple seattering in matter.

If the particle is multiply scattered through horizontal angle Poeurr he
polarization angle changes by '

”UU} Ou‘al = _Tl“ccutll’lr}' *

When a muon beam is passed through matter, left and right scatters are
normally equally probable and there is no change in the mean polarization
angle. However, if scatters in one direction are preferentially selected, there
will be a net change in beam polarization. This happens at injeection to the
magnet, because left and right scatters in the beryllium moderator are not
accepted for storage with equal efficiency.

The r.m.s. scattering angle (horizontal projection) for the injection assembly
is ~7° It is possible, therefore, that the injected particles are all scattered
through an angle of this order leading to an error ~ 5° in polarization angle
[1.49% in (g—2)).

To eliminate this uncertainty it is essential to measure the scattering suf-
fered at injection for the particles
which go into storage. In fact, the
scattering angle largely determines
the storage time ¢: particles scatte-
red to the left have their orbit cen-
tres to the left of the magnet (y,< 0,
wealk field side) and walk fast (see
Sect. 2'2), and vice versa. The scatb-
tering angle is therefore to be deter-
mined separately for different sto-
rage time bands.

The prineiple of the determination
is as follows (see Fig. 64). For &
given orbit radius o the angle at TFig. 64. - Method of measuring average mul-
which the particles leave the beryl- tiplelscnttering angle in the injection assem-
lium block Be is uniguely related to bl"f o .tl‘:e e, b, % nm‘m':ll e

: ter 1 of injection assembly; 2, scintillator
the point y at which the particle 0.5 em wide < 0.8 em  thiek; 3. scintillater
crosses the line FF after making 0.5 em wide - 0.04 em thick movable along
about one quarter turn. The object line FF: 4, scintillator 0.5 em wide - 0.8 em
thick adjustable along wr-axis. defines the
orbit radius. The dashed line shows the po-
sition of the beryllium moderator when
the injected particles which have been measuring the position y,, corresponding to
slowed down in the injection assem- the unsecattered injected beam.

¥

. beam
Y\_

.

is to determine this position: i) for
the stored particles, y{  : and, ii) for

Apal
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bly, but not scattered, y,,. In each measurement the radius of the orbit must
be well defined and have the same value. Then, the correction to be applied
to the polarization angle is

(101) Orae = — VieatlV = (Yrae — Y1) 70

To find y,,, corresponding to the unscattered beam, we survey the whole
Gaussian distribution of scattered particles and take the peak as corresponding
to zero scattering.

We now describe in detail first the measurements on the injected beam,
and then the measurements on the stored particles, indicating how the radius
is defined in each case,

65.1. Measurement of g, with counters on the first half-
turn. The position y,, corresponding to the unscattered injected beam is
obtained by defining the radius with the small counters No. 2 and No. 4 (an
absorber is used to prevent multiple turns). One then probes along the line FF
with a small counter No. 3 (0.4 mm thick «5 mm wide), coincidences 1234
being recorded. In this way one plots out the whole scattering distribution
of particles of a particular o. The peak of the distribution then corresponds
to the unscattered beam and gives y,,.

For this procedure to be accurate several precautions are necessary. First,
we are assuming that the scattering distribution is symmetric about zero:
this will only be true if the particles pass through the injection assembly a
long way from the right-hand edge of the Be block and counters. Therefore
for this measurement the whole injection assembly is advanced 2 em into the
magnet. (See dotbed position in Fig. 64.)

Secondly, in defining ¢ we must remember that No. 2 and No. 4 are not
exactly at the ends of a semicirele, and, moreover, the field is not uniform.
In faet, to keep o strictly constant No. 4 must be moved as No. 3 is displaced.
Therefore we have computed trajectories in the injection field and tabulated
the position of No. 4 required to define a particular radius as a function of
No. 2 and No. 3 position. Only when this is done do we get symmetrical Gaus-
sian scattering distributions allowing us to identify the peak as the position
of the unscattered beam. See Fig. 72 for a typical set of results.

Thirdly, as the beam emerging from the injection assembly is ~ 4 em
wide horizontally, and as different parts of the beam can have different un-
scattered injection angles, the measurements are repeated with counter No. 2
displaced horizontally in steps of 1 cm. We thus find Y 88 a function of
No. 2 position. These results are then averaged, using as weighting factors the
contribution of each position to the stored intensity. This is measured in a
separate storage run using the small 5 mm wide No. 2 counter in place of the
usual No. 2.
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Figure 65 gives the results obtained for storage intensity in each time band
as a function of No. 2 position. As the step-size in the injection region is

~Z cm there is no storage from po-
sitions more than 2 ¢m inside the
edge of the beryllium block. There
is a tendency for long storage times
to favour positions near the edge, but
this is not marked because all stor-
age times have nearly the same step-
size in the injection field.

Figure 66 shows y,,, as a function
of No. 2 position for three orbit radii.
The mean 7, weigthed according to
the intensities of Fig. 65 is also indi-
cated. Conceivably the weighting fac-
tors and therefore 7, would be differ-
ent for different time bands, but a
caleulation using the weights for indi-
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edge
position of ne. 2 .cm
Fig. 65. — Stored intensity s, position of

counter 2 (em - arbitrary zern) for varions
time bands, e 2 to 3 us, »x 3 to 4us, o 4
o S us, & 510 6us, v 6torT us, o 7 to 8 us,

vidual time bands (see Fig. 65) shows that this effect is negligible. The same
weights are applied to all radii because we know that there is very little cor-

A
22r
|
__.______"._% a)
S 20b %
e - | |
e "-—\
e
18+ \
o — - . ¢}
-_-_\“"-«w-.
e T ———
2 ' e edge ©
pesition of no. 2 (cm)
Fig. 66. — y,, for unscattered injected

beam for three orbit radii o (em) as a
function of counter 2 position. The re.
sults for different counter » positions are
weighted with the contributions eaeh
position gives to the stored intensity to
obtain the mean value Vi 43 shown,

6'5.2.

Range curve and orbit radius.

relation  between radius and storage
time (see Sect. 8'2),

To show the consistency of the
data the nine measurements of Vi, QTE
plotted »s. radius in Fig. 67, together
with the three weighted averages j ..
It is convenient to find that the mean
values lie on a straight line. which
allows us to interpolate accurately to
find 7, corresponding to other radii.

We assign an error -2 mm in Fesi
to the final curve of Fig. 67. Note
that if the injected beam crosses the
magnet centre line (y=0) at right angles,
we expect to find ¢ = p for all radii.
Figure 67 shows that this condition
is nearly fulfilled, proving the successful
operation of the magnet design.

Before making flap meas-

urements on the stored particles, it is necessary to define and measure the orbit

radius.

4063

This is done by defining the range by means of the stop-telescope
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(polarization analyser), using » thin range window (1.5 mm Cu--3 mm scin-
tillator =1.36 gem~* of carbon). The range is varied by means of plexiglas
absorbers. The calculation of

the range R, in g em—* of ecar- A
bon, in terms of the thickness 2y
X" of plexiglas, has been d=- '
tailed above in Sect. 62 [sec

Table XTI and eq. (95)]: 21 -

(95) R =4.28--1.29 X,
20-
Range-energy relation.
To convert the measured range =1
to particle momentum we must
first correct the range for mui-
tiple scattering in the absorber.
MATHER and SEGRE (%) show
that the rectified range R i
larger than the measured rang.
R* according to

17 8 19 20 21
(102) (R—R*)/R=ZmR/3.5){, eroit ragws p, (cm)

Wig. 67. — y,; rs. orbit radius 9, for several po-
where m=mass of electron and  sitions of counter 2 (dashed curves). Solid curve
M =mass of incident particl-,  shows ¥, vs. orbit radius. The straight line al-
lows us to interpolate for other radii. Note that
Lhe injection is placing the orbit centres at Ye=10

- on the average as expected from the magnet design.
carbon. From the more exaer o No. 2 at #=18.25; o No. 2 at = 19.25, v No.

analysis of GVERAS (*7) we find 2 at »=20.25, e weighted mean.
AR[R =1.019,

For the range-energy relation itself there are two tabulations of the Bethe-
Bloch formula; by RicE and Mapey (**) using the mean ionization potential
I =69eV in carbon: and by STERNHEDMER (29) using [ =78 eV,

There is also a careful experimental determination by MATHER and SEGRE (26)
of the range of 339.7 MeV protons in carbon. These have the same velocity
as 97 MeV/e muons and therefore are exactly in the range of interest. The

Hence the correction is AR/R=
=Z[720=0.8°%, for muons in

(*) R. MaTHER and E. SEcxi: Phys. Rev., 84, 191 (1951).
(47) H. OveERAs: On Small dogle Multiple  Seattering in Confined Bodies. CERN
Report 60215 (1960),
=50 M. Ricn and R, Mapey: Rodiation Laboratory Report UCRL-2301 (1954).
(%) R. M. StTErNHEIMER: Erookiaven National Laboratory Report BNL-4031

(1959).
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point falls between the two theoretical calculations mentioned above, and
corresponds to
1 =7444 eV,

Figure 68 shows the orbit radius 0, defined for the field (B, =15.871 kG)
at the centre line of the magnet (y =0), plotted against thickness of plexi-
glas absorber, using the range-energy.
relation of Rich and Madey. The experi- 4
mental point of MatHER and SEGni < /
(converted to the same scale), is indica- ! HE
ted for comparison. The Sternheimer i
curve would fall 1.5 mm lower in Oo-

As a check on the method we have
made Spot measurements of the orbit
radius by probing with mechanical shut-
ters along the line #=2350. The three
points obtained in this way (see below) 18-
agree reasonably well with the curve ]
as shown in Fig. 68. The agreement
with the Sternheimer curve (1.5 mm °o 10 20 35
lower in radius, not plotted) would he thickness of plexigiass (mm)
less good. This leads us to adopt the Fig. 68. — Orbit radius g, vs. range of
tich-Madey curve for interpolating our eiected muons (cf. Fig. 54). Line calou-
diibs. However, we do not wish to In.ted.fram. chnhand Mapey (ref. (3)),
; . . : o calibration point from Marnen and
imply that this enrve is necessarily more SEGRE (ref. (2%)); ¢ direct radiug meas.
correct: we are using it to interpolate urements in our magnet using flaps.
our data, and the agreement with this
relation rather than with Sternheimer may be due to an accumulation of
eITOrs in our range measurement,

In summary the radius of the orbits is defined by the range telescope using
the curve of Fig. 68 to which is assigned an error of -2 mm in radius.

20+

UCRL—-2301

E =0.2% in a,.

w
)

radius, p_(cm)

6'5.3. Direct measurement of orbit radius by flapping at 350.
As a cheek on the orbit radius computed from range we measured the radiug
directly by probing with mechanical shutters (flaps) along the line x — 350,

The range was first defined by means of a thin range window, as above,
and we than recorded the storage time distribution as a function of flap posi-
tion. Figures 69 and 70 show how the muons stored in different time bands
were intercepted by the flaps. Note that the flaps were used one at a time,
never together.

To get a sensitive measurements of radius we analyse the results for each
time band separatelv: in effect storage time ¢ is used here as a label to identify
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A A
8o+ ) - 80
g \
3 40r <\
Q \ '\
A
20r VN
| ooy
| A “\r »
26 25 24 23 22 13
¥iem

Fig. 69. - Radius determination for range 18.5 mm plexiglas. Stored intensity vs. flap
positions y, and ¥, on weak and strong field sides, respectively. The results of these
radius measurements have been plotted in Fig. 68,

Flapping at x=350. Range=18.5 mm plexiglas,

Apparent [ o
Band il?aru. 0y (corrected) Mean o,
2.5+3 [ 4065 20-17
J =35 : 39-96 19-83 19.882-0.2
3.0 =4 L3954 1965

the same group of muons on each side of the magnet. Although the orbit
centre y, varies with ¢ and therefore the flaps cut different time bands at dif-
ferent points, we expect that the radius, as defined by range, will be inde-
pendent of ¢,

eds M-
2116 17 18 19 20 26

¥iem

Fig. 70. - As Fig. 69, but at range 26 mm plexiglas.

Flapping at 2-==350. Range=26 mm pleriglas.

Apparent | _
Band AL, |y (corrected) Mean g,
3.5 =4 41-18 i 20-46
4 =15 4074 20-25 20:312-0.15
4,03 40-67 20-22
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From the readings of the « integral flapping curve » n, of stored rate af
flap position y, with 4 increasing in equal steps A, one computes the mean
value of y from

(103) J=26—A12— (3 u,)/n.

This gives the extrema of the orbit Ywand y, on the weak field side (WIFS) and
strong field side (SFS), respectively. The crude evalnation of orbit radius
0=0.5(y,— y,) must now be corrected for the nonuniformity of the field.
We define the radius 0, as the radius at y =0 (field B, =15.871 kG), and
compute the shape of the orbit from the measured field.
For a given d@ in the direction @ of the trajectory

dy = 0 cos @AO = o,[B,/B(y)] cos O dE .

Hence the extremum of the orbit is given by

sz

" cos @46
V= 0, BQJ :

10 e
S B(y)

1]

where in B(y) we can use the approximation y = g,sin @.

Similarly for y,. This caleulation is repeated for various orbit radii 04
and position y.. At the same time one computes 5 the mean field for this
particular orbit. A typical set of results is given in Table XV,

Tasre XV. - Erlrema of orbit and mean field jor vp=1%9 ¢m,

Apparent | Apparent

Ve Y Ys . diameter centre B/n,

(em) (em) (em) | .

I {em) (em)

—7 — 26,48 —12.00 | 3815 | —24 0.979
_8 —2536 |  —i2.99 3836 | —ps 0.986
—35 — 24,29 | —13.00 18,28 | —i5.15 0,990
-4 — 23,26 i 1.4.99 75.24 | —4.13 0.9902
—3 — 2223 i 15.99 38.20 ! —3.12 0.993
-2 — 21,22 f 16.99 38.20 =211 0.993
—1 —20.20 17.09 3919 L =210 0,993
1 — [9.18 19.00 28,18 —0.09 0.993
~ 1 i — 18,16 20,01 5 38.17 — 0,02 0,994

Thus the correction, usially ~ 2.5 mm, to find the true diameter 2o, from
the measnred diameter (4,—¥,) is established.

7

11
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The points obtained in this way have been plotted on the
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range-radius

curve of Fig. 68 and, as already mentioned, check reasonably well. They are
within our error assignment of +2mm to the curve.

As already mentioned the values of 5 computed in this way agreed with
those obtained above for circular orbits (Seet. 6°3).

65.4. Position measurements of the stored particles. It re-
mains to find the position of the stored particles y.. on the line FF on their
first quarter turn. Here it is possible only to do integral measurements, killing

the storage gradually by introducing

an obstacle, or flap. An essential point

here is that the field is uniform with respect to v in the region of measurement,

|£0.2% in a

counts

% 24 22
flap position

{em)

Fig. 71. — Determination of y%,, the max-
imum excursion of the stored beam along
the line I'I (see I'ig. 64) for various sto-
rage times (. This set of curves applies
to muons of range 14 mm plexiglas as
defined by the muon stop telescope at
ejection. The corresponding orbit radius
Is read from Tig. 68, so that the com-
parable value of .. can then be found
from Fig. 67. The difference [yfm—ﬁlmj
then measures the mean seattering  at
injection of this group of muons labelled

by storage time ¢ and radius 0g-

and the orbits do not jitter sideways
during the first few turns more than
0.2 em (see Sect. 32 and Fig. 30). If
they did the position measured with the
flap could correspond to, say, the se-
cond or third turn, not the first quar-
ter turn as we require.

Preliminary measurements with 2
brass flap indicated that the stored in-
tensity was at first inereased when the
fiap was pushed in a certain distance.
Clearly particles which would normally
leave the magnet being scat-
tered into storage by the flap, thus
distorting the measurement. To avoid
this trouble the mechanieal flap was re-
placed by a scintillator which was used
to veto the signal from the injection as-
sembly. Then, any particle which touch-
ed the flap could not be registered as
a stored event.

For these measurements the normal
injection assembly was used with the
usual 2 em wide No. 2 counter. One
does not need to study y.,. as a funetion
of No. 2 position because it is defined,
not by the injeetion svstem, but by the
properties of the maegnetic field. Once
the radius and storage time are spe-
cified there is only one possible value
Of Jiee All that the injection svstem

were
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can determine is kow many particles are aviilabis at this point, and this does
not affect the present meas-

urement. (Cf., for example, A
Sect. 65.1.) 2= Vi,
. : o b TR W TTT————}e~210
= A ﬁy?lCﬂ] .Set i TN TV—— =204 Iv z0.2% mna__
1s given in Fig. 7T1l. From 20 - \_ =
the readings one caleulates _° g e T
the mean position of the 18 - T
beam for each time band o = R
using the procedure indica- (B ey

o
%]
o
m

ted in Sect. 6°5.3. The re-

SHitE g thes? mez?;surfinents Fig. 72. — Swvntheuis of injection scattering measure-
are plotted in Fig. 72 and ments. The posifion of the stored particles yl,. is
tabulated in Table XVI. We plotted vs. storage time ¢ for four different orbit radii.
thus have a detailed study The corresponding lirizontal straight lines show the
of y,. as a function of ran- value of 7, f» the same radii. The difference be-
tween (yg,, — ¥,.;) measures the scattering in the injec-
tion assembly. /mnset at right. Typical multiple scat-
. ) tering curve for the injected particles of given radius.
We asSign an error =X MM The centre of this curve gives y., the position cor-
to -y:m. responding to zero scattering.

ge and storage time. TFrom
the consistency of the data

TasrLe XVI.

ange — mm lucite

Time T T Mean values
band 5!
(1s) 4 14 | a6 32 seat
2=3 20,45 20,97 21.75 £2.
S 19,64 2025 321 i) e
Wingg CIN 425 18,45 19.60 20.71 214
i) 7.08 19.20 20,4+ 2.2
67 17.81 19.90 80,1 21.15
78 17.75 i9.0 20+ 21.1
radius em 17.50 18.92 . 2042 210 (see Fig, 68)
¥ 1.27 1.30 1,35 1.36
Vias 17.83 18.92 | 202 3128 (see Fig. 67)
223 1= 83 <2 28 G
g=d Lt G4 il 1 17
0, mrad 4=35 33 D% 1 3 gy
] 29 12 -7 = 11
[ 21 4 -7 -3 4
T=5 19 4 -7 -7 4
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65.5. Correlation of data. To combine the measurements one pro-
ceeds as follows. From the range one deduces the orbit radius using Fig. 68
(see Sect. 6'5.2), and then reads off the corresponding value of ¥y from Fig. 67
(see Sect. 6'5.1). Equation (101) then determines the correction B, to be
applied to the input polarization for each time band and range. These results
are included in Table XVT.

To find the final mean value of the correction for each time band we must
now weight the four entries according to the range curves of Fig. 55 (see
Sect. 6'2), These give, for each time band, the contribution of each range
element to the stored muon intensity. The final mean values 6:.. are also
included in Table XVT,

To estimate the error we have to combine the error assignments already
given, viz. -2 mm in Yioy» =2 mm in Ymae @0d 42 mm in correlating the ra-
dius assignments in the injection and the storage measurements. Combining
these errors in quadrature gives -+ 3.2 mm, which corresponds to - 13 mrad
in 6. As this error is systematic rather than statistical we take it to apply
over the whole range of storage time,

One further source of error remains to be considered. The direction of the
unscattered injected heam depends on where the particles come from: those
that are focused onto the injeetion assembly from the right-hand side of the
quadrupole lens tend to have — vef and a larger value of Yiaps and vice versa.
This effect was measured by blocking alternately the left- and right-hand
sides of the quadrupole, The corresponding displacement in Yipy WaS ~ 6 mm,

Therefore, if by an unlucky chance the stored particles all come from one
side of the quadrupole, our valune of Y- measured for the whole beam, could
be wrong by ~6 mm.

< priori this is unlikely, because the multiple scattering in the beryllium
block (~ --7°) is muel greater than the spread (~ =1.5°) of the incident
beam. An experimental check was made by measuring the storage time dis-
tribution with half the quadrupole blocked as above. There Was no appreciable
difference in the shape of the time distributions, but a 17 % difference in in-
tensity. Combining the two results one finds an error less than 1 mm in W%
which is negligible.

6'6. (y—2) precession data. — A major part of the running time was de-
voted to the determination of A(t) vs. 1, that is, to the (g —2) precession
curve itself. Here it was important to make sure that the running conditions
were exactly the same as in the other measurements. A careful check was
kept on all magnet currents (including the solenoid and the eyclotron). These
were held constant at their old values to ~1:1000, and the storage magnet;
itself to ~1:4 000,

At the beginning, the available core storage (TMC Licksorter) was split

R
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into two groups of 128 channels each, allowing us to record 12.8 ws of storage
time for two groups of data. corresponding to backwards and forwards muon
decay in the polarization analyser. This allowed us to record data corres-
ponding to negative storage times and thus to determine the background.

In fact there was a fiat background from —2.2 to +1.8 ©s, giving 41 time
channels which were used for the measurement. For 40000 muons stopped
in the analyser (~ 10000 decay electrons) there were 29 baekground counts
in 82 channels (41 for forward decay —+41 for backward decay), corresponding
to (0.35 =0.07) per channel. This background is, therefore, negligible com-
pared with statistical errors in a run of this length, even if one groups the
counts in 10 channels together. However, for the whole run, totalling 936 000
stopped muons, it is worth subtracting the background which is known to suf-
ficient accuracy from the above data, wiz. (8.2 ~1.6) counts per channel.

The background is understood as follows. In order to score a background
event we need a signal in the analyser simulating a stopped muon, followed
by a decay electron, and this must be associated by chance with a 123 coinei-
dence event at the input of the magnet. The background is due essentially
to stored muons which stop in the analyser and give decay electrons in the
usual way, but which have not been detected by the input telescope: they phys-
ically miss counter No. 3 for example, or give a pulse smaller than circeuit
threshold. If this event is associated by chance with a second input particle
which does actuate 123, we have a background event. (Note that the rejection
circuits do not operate because, although there are two input particles, only
one of them is detected in the 123 telescope).

To estimate this background we need P,, the probability of a stored muon
not giving a 1238 signal. This is obtained by comparing the total number of
particles passing through the magnet with the number registered by the di-
gitron, The following data were obtained for runs of 2-10% 12-coincidences
(i.e., ~6 minutes).

TasrLe XVII, - Calewlation of P

Stopping muon counts in analyser = 1518
Background measured with flaps at X=350 completely closed — 16
Therefore, total stored particles stopping in analyser = 1302
X pulses (") (measured) = 1380
Henee, number of stored muons which do not have a 123 count —

= 1502+ 1380 = 122
P, = S-l?u

(") See Fig. 46, To obtain a I pulse we need o stopping muon, plus an associated 123 count.
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The probability of finding another input particle, giving a 123 count,
within 12 us, is obtained from the double-pulse rejection probability P,.
P, =ratio of N pulses to K pulses (see digitron circuit, Fig. 46). For the same
runs we find P, =11.5 9, Hence, one expects a background in 12 ws (120 ehan-
nels) of 1502 X P P, =149, per time channel this is 0.01. % of the total stored
rate,

As this background is due to muons we expect the same ratio when we
introduce the decay electron requirement. The estimate agrees well with the
0.0099, per time channel reported above.

It remains to consider whether the background is completely uniform. As
explained above the background is not due to an electronic failure of the re-
Jjection circuits, but involves only one count in the input telescope and one
count at the output. There is therefore no possible electronic effect which can
give a sloping background. A strong cyclotron beam structure could malke
the background slope, but as the pulse length of the machine was ~ 200 s,
this was negligible.

As the background is due to decay electrons from muons stopping in the
target, it may be different for forward and backward decays, and may depend
on the sign of the flipping field. The relevant quantity is the average polari-
zation of the stored muons. Taking the average symmetry from the preces-
sion curve of Fig. 73, we find 4~ 0.015, which means that the error in as-
suming the same background for ull channels is negligible.

The change in a,, due to the inclusion of the background is only 0.04 0/,
one tenth of the quoted error.

A disadvantage of displaying in the kicksorter 12.8 ws of time for forward
and for backward decays was that we had to print and clear the analyvser
every fime we reversed the direction of the flipping field. To save time we
therefore allocated only 61 channels to each set of data (6.1 us of time which
embraced all the significant part of the time distribution). The kicksorter
was divided into 4 groups of 64 channels accumulating separately the data
for the 4 possibilities. forward or backward decay. with flipping field up or
down,

We then reversed the fipping field automatically for every 1000 stopped
muons (~ 1000 5), and printed the data after every 104 muons (~ 3.5 hours).
Out of a total of 104 runs, each of 10¢ stopped muons, 14 were rejected (11 due
to electronic failure, 2 to power failure, 1 to mistake in starting); a few doubtfu]
cases were tested by finding whether the corresponding value of a_ had a
significant deviation from the mean. The valid data. totalling 936000 stopped
muons, were grouped into 21 sub-runs of unequal length according to the way
It had been allowed to accumulate in the kicksorter, and separately analvsed
for the value of a,,, 1o check for consistenex. The final value was obtained by
adding all runs tosether, with subtraction of backeround as explained above,
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The data of electron asymmetry .4(¢) obtained for the combined data are
shown in Fig. 73, together with the best fit obtained by varying 4, and a
in eq. (108), see below.

7. — Analysis of the data.

T'1. Final equation for fitting asymmetry data. — From the decay electron
counts in a particular telescope (forward or backward), n,(t) and n;,(¢) for

= 90° flipping of the muon spin at storage time ¢, one computes the asymmetry

Rrpt) — nep(t) Agsin 6,(¢) ,

(105) Arald) = n5a(t) + nialt)

where 6,(¢) is the spin direction with respect to the normal to the analyser.
In fitting the data to the fundamental eq. (18)

(18) B(t) — 0,(0) = aw,B,-t

we have to allow for the corrections already mentioned in the initial polar-

ization 6,(0).
With the symbols defined in Sect. 51, 52 and 65

af
AR

(106) (J‘,(('} = ﬂ:na: T ﬁl:t‘ﬂl = Eﬂma:{ﬂ,u) s ( ) AR+ G:cat ]
beam

The determination of the individual terms in eq. (106) as a function of the time
band ¢ has been explained in Sect. 62 and 8.
The final polarization angle is

(107) 0(t) = 6 (t) — v,
where 0] is the angle of muon arrival relative to the normal to the analyser
as measured in Sect. 8'4.

Combining eqs. (18), (103), (106) and (107), the asymmetry observed at
storage time ¢ should be fitted to
(108) A1) = A, sinb,(1) = 4, sin{aw, Bt + ¢},

where the phase is defined by

14
(108) pr= 05 — ¥ o (Ry) — (i ) ARF = 6.0

EE =)
A8/ peam
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The results of the measurements leading to the values of o, and B, as a
function of storage time are collected together in Table XVITI.

TasLe XVIIL, - Combined data jor B and g.

. | | ! | | Correction '

E;Tg | B | AR (%i)-m, S S due to field ¢

(u8) (kG)  (em) | i) ! {wrad) (mrad) (mrad) iin analyser (mrad)

! (mrad)

23 ] 15.640 0.11 —2.1 — 0.9 +—B8 | —& —6 ! 240
34 15.725 | —0.01 +0.2 — 7.6 | 47 —3 —6 | +31
45 15753 ' —0.12 +2.3 — 5.6 —28 | —3 —6 +13
56 15.754 — 0.09 L7 | = 61, =10 | —3 — 6 — 5
67 15,7537 —0.10 —1.9 — 5.9 ~ 4 | —3 —6 | =11
78 15.760 | —0.14 3.7 — 3.1 ~4 ;=3 . -8 —10
" Error  -0.010 . —12 Ay e +5 | xa0
Notes I b r o e f il I

Notes: a) See Sect. 63,
b) See Sect. 6°2.1, Table X.
¢) Calculated from b), see eq. (87), Sect. 5°1,
d) Column ¢) — 7.8 mrad, see eq. (93), Seot. 5°9.
e) See Sect. 6°5.5, Tuble XVI,
1) See Seot. 64,
¢) See Seot. 4'1 and 4°1.3.
A1) The sum of columns d), ¢}, /) and g), eq. (109).

The value of the constant w, is obtained from the precession frequency
(L+a)w, of muons at rest in a known magnetic field as determined by
HuTcHINSON ef al. (°), namely 13.554 kHz per gauss.

T'2. Least-square procedure. — A two-parameter least-squares fit to the asym-
metry data is carried out by varying 4, and a in eq. (108) as follows.
The error in 4, (1) as defined by eq. (L03) is to a sufficient approximation

(110) (nf,(8) +n7,(0) 7 = a7t

where n are the total counts which contribute. In the case of the net asym-
metry for forward and backward telescopes combined E-—_{r(.i,--—.l,,) the er-
ror is

(n; -+ ny + N, —ny),

again corresponding to the total counts which contribute to the point.
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The observed asymmetries 4(f) are now to be fitted to an equation of
the type

(111) Y= A, sin (Bt + @) .

Putting B=B*Lb, where B* is the expected frequency, we linearize
eq. (111) in b:

(112) Yo~ A sin (B* 4 ) 4+ A,th cos (B - ?).
Applying the method of least Squares we demand
(113) 3 myy, — A sin (B* + ¢) — Aoth cos (B*t + ¢))* = minimum |
where y; are the experimental asymmetries, and =, is the total number of
counts. By differentiation with respect to 4, and b and equating to zero we
get the conditions:
(114) Sy — 4op,— Aba)(p,+ bg) =0,
(115) > nyh — Aop,— Aba)q, =0,
with p; = sin (B*+¢) and ge=tcos(B*t—p). Solving for b one finds

; D RGeS Ny pi— 2P S wep, q.
) — = Yt =t L

2 MG SRy pe— S npg S mglg,

(116)

and by inserting this value for & into

(117) dy— 2l

Snpigi—b S ng

s

one obtains the amplitude, without having to assume an a priori value for it.
Alternatively, one can assume a value 4* and write

do= A* L qa
B =RB* L}
Yo = f(t, Ag; B) = (8, 4% B% - 4 (:Ei) — (_E—’) ~
\CA/ g, g CB/ 4o, p
A AT sin (B t - ¢) — a sin (B*t L ) — A%bt cos (B*¢ + @) =yt + au,+ by,
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Applying the same least squares method as above, we find the conditions:
(118) Zia, b) = 3 n(y, — y§ — au,— bu,)* = min ,

[ = S gives > ny(F,— aw,— br,)wu,= 0

cu
(119) -
] -_“;') =0 gives > n,(F,— au,— br,) v, = 0
2

where F, =y, —y}. Solving eq. (119) for a and b:

(120) w— 2 et Fe Y ni— Y newew, > no, By
= - 2 net; > nevi— (S nou,v,)? 2

_ 2 neui Y neo F— > RV, S o I,

121 b= 5 -
=4 D ety > nywi— (> noau,v,)?

In practice, the data were analysed twice as a check: once using eqs. (116)
and (117), and onee using eqs. (120) and (121).

To calculate the errors in a and b, again two equivalent procedures were
used. Once A, and b are known from eqs. (116) and (117), we reinsert these
values into eq. (111). By varying the value of 4 and b around the wvalues
found above, we obtain two 7% carves, The change in 4 and b required to
raise the minimum value of #* to 7*=1 is then the error sought. For each
change in the value of, say, A,. z° must be «reminimized » by varying ». This
increases the error in A, slightly.

To obtain the errors in a more analytical way, it is perhaps easiest to start
from eq. (118): we again define the error in «. say, as that increment in « that
inereases ¥* by one, provided b is readjusted to minimize »* when a is varied.
We have (putting 72 =y):

‘ > > 1 ! g G Lo e E‘ﬁi}'.'
(122)  wla — da, b =~ 3b) — p(a, b) =5 (8a)* = + Ba db 3adp "3 00)gp=1

Note that the first derivatives arve zero by virtue of eq. (119). The con-
dition for minimum as far as variation of b is concerned is:

Sy ,
_— = L
ch a+da, b+8h

that is,

|
wd
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Eliminating 8 from eqs. (122) and (123) and setting (8a)* =¢* we have

_ 2(C*pfab?)
- (C*pleas)(crp/ebs) — (C*pjcach):

(124) o

From eq. (118) follows

ct . o 4 oy 5
:—"-i’ = 2% n,ud; ;—lfJ =23 fi,5l; J»— =2 ¥ num,;
ca? w ch: cadb o

and thus

; > nel

Oy = > i i)
iy ni— (> new,v,)?

(125)

The expression for o} is the same with #, and v, interchanged. The result (125)
can also be arrived at by use of the error matrix (%).

In computing the sums over time channels required in the least-square
procedure, the values of @, or B, in Table XVIII are inserted for the corres-
ponding time channels.

Note that the curve fitted to the data is not a pure sine wave because @
and B, are functions of storage time, However, for a particular ensemble of
particles labelled by the subseript ¢, B, and @: are determined by the injection
or ejection conditions and remain fixed: $0 the polarization angle of the en-
semble increases uniformly with time as the particles run through the magnet
following eq. (18).

T'3. Results. — The data were divided into 21 separate runs as described
above; for each run a value of a,, the amplitude 4,, the errors, and »* were
caleulated separately for the forward and backward telescopes. and for the
combined asymmetry J:%{A,—Ab}. The results for the separate runs are
listed in Table XIX. The values of 7* for these fits (y* =58 expected) are
in accord with the expected distribution ().

The distribution of the 21 wvalues about their weighted mean is also sta-
tistical (72 =20.3, expected value 19.3),

To obtain the final value, the runs were added together in two aroups
(an electronic modification which shifted the zero of time by 66 ns after
160000 muon arrivals made it impossible to sum all data together). The back-

_—

(*) See, for example: R. L. PrLickerr: Principles of vegression anaiysis {Oxford,
1960), p. 3.

(**) We are indebted to Dr. D, Hupsoy for a comparison of our values with the
theoretical »2 distribution using « probability paper »,
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TaBLE XIX. - Anomalous moment evaluation for separate runs of A(t) vs. {. The distri-
bution of the individual results about the combined value 1162 is statistical, »2=20.3,
expected value 19.3.

| 4* for this fit |

| : | Difference from | Statistical |
Run -108 | expectation |
| fexp | ez final value of a, error- 108 !

‘ value = 58) : |

1 1169 ; 685 ; + 7 ; 13

2 | 1155 | 70 | e 14 }

| 3 ! 1135 | 58 |' —27 15 -
| 4 | 1165 |' 49 | + 3 | 16 ‘
| 3 = 1149 | 76 I —13 | 19
6 I 1183 ; 50 +21 | 14 |

7 | 1162 i 53 ; 0 ' 13 _!

8 ; 1154 | 61 ! — 8 ‘ 15 |

' 9 | 1197 | 68 | +35 - 16 ;
| 10 1132 ! 72 | — 30 | 14 i
i 11 5 1162 - 86 0 | 19 ;
| 12 | 1178 | 50 ! +16 | 16 |’
13 1138 . 62 —29 23 |

14 1160 { 63 : — 2 13 ;

, 15 I 1154 :- 50 | — 8 | 36 r
. 16 ! 1174 i 71 : +12 i 16 i
| 17 ; 1150 57 —12 ; 26 _:
18 1145 i 51 | —17 l 17 |

| 19 | 1146 f 48 : —16 I 23 ;'
, 20 1181 | 70 +19 ; 19 |
| 21 1173 | 66 . 411 .; a7 |

ground was subtracted (see Sect. 6'6) and the same quantities were computed
for each group with the results given in Table XX, with corresponding sta-
tistical error,

Tarre XX. - Value of gy, - 10% from combined runs.

|
Forward Backward | Combined | #* (combined )|
| i
| i - o : |
Group 4 | 1167+ 3 1155+ 5 11623436 | 60 ,
Group B 116811 1149411 1161348.0 | 45 :

Combining these results and including in the error estimate the systematic
uncertainty in ¢, from Table XVIII, we obtain finally

: a,, = (1162 - 5)-10-¢
126)
= a, % (0.997 4 & 0.0043) .
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[For a,, see eq. (4).] Of the overall error of 0.43 %, statistics of the asymmetry
constitutes 0.309,, errors in the initial polarization 0.18 9, in the injection

scattering 0.209%, and in the final mean beam direction 0.119,. (*)

8. — Implications of the result,

As we have seen in the last Section, the experimental result eq. (126) agrees
within its estimated error with the theoretical prediction eq. (4) to within a
few parts per million in g. This Section will be devoted to discussing the
consequences of this remarkable agreement in terms of i) limits on the wvali-
dity of QED; ii) possible structure of the muon; iii) possibility that the pho-
ton is a Regge pole; and, iv) unknown couplings or interactions of the muon.

It is possible that several of the effects are operating simultaneously and
that their effects accidentally cancel or interfere. While this cannot logically
be ruled out, it is instructive to evaluate separately the magnitude of each
effect, and to set limits for its existence on the assumption that it is acting
by itself.

At the time we started our experiment, the muon and the electron were
known to share, within the experimental uncertainty, the same interactions
(electromagnetic and weak) and the same intrinsic properties apart from the
mass. Since then it has been shown that the neutrinos coming from = decay
produce a larger quantity (~ 50 times more) of muons than electrons (2°).
This can be interpreted as showing the existence of a new quantum number,
the muonic quantum number, which is a conserved quantity. The muonic
quantum number is the first observed difference between muon and electron ;
but does not resolve the problem of the muon-electron mass difference, which
remains one of the deeper mysteries of elementary particle physics.

8'1l. Electrodynamics of the muon. — In considering to what extent our
result verified QED and the pointlike interaction of the muon with the
electromagnetic field, it is necessary to postulate some inevitably arbitrary
modification of the laws, characterized by a parameter A. By comparing the
modified theory with the experimental result, limits on 4 can then be spe-
cified.

(") G. R. HENRY, G. Suravk and T, A, SWANSON using a different technique have
recently obtaiued the result Aoy =(1060=67)-10-% [G. R. HENRY: The:is, Princeton
University (May 1963)].

(*) G. Daxey, J. M. GarLrarp, K. Govrtanos, L. M. Lebperyax, N, Misrry,
M. Senwanrrz and J. STEINBERGER: Phys. Rev. Letl., 9, 36 (1962); G. BERNARDINI
et al.: Proc. of the Inlernational Conjerence on Elementary Particles at Sienna, vol, 1,
(1963), p. 571
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Consider the Feynman diagram (see Fig. 74) responsible for the lowest-
order anomalous magnetic moment of the muon (second order in e).

In this diagram one can alter: @) the photon propagator; b5) the muon-
photon vertices; or, ¢) the muon propagator.

The change of the photon Ppropagator B
implies a breakdown of QED, which un- B[
fortunately cannot be described in a self-

high—momentum
§ vertex

consistent way. The easiest and most po- YU S
pular assumption is to replace the nor- g "”"’?ﬂ*’
e low - momentum photon
mal photon propagator 1/K® with Vértak
(127) 1A . Fig. 74. - Feynman diagram for
(* K24 A" K K21 A:° lowest-order contribution to ay,.

However, this violates the conservation of probability; for instance as shown
by FEYNMAN (%), if, using this new photon propagator, one calculates the
probability that an electron in a hydrogen atom is in a state « @ », plus the
probability that it is in another state, one does not find unity, but (14 K2//z2)-1,

The effect on the anomalous magnetic moment due to such g change of
the photon propagator has been calculated by BERESTETSKIT ef al. (%), the
result being

2 fm,\2 i .

(128) a'la = [1 i~ (———“) J s for A* > m? |

However, if the muon electromagnetic vertex is changed from the usual Yu
to y,A*[(K*+ A%), which could imply either a modification of the basic rules
or more probably the existence of a muon form factor, the anomalous moment
is altered by the amount

4 m
129 'la=[1— -8}
(129) e [ 3/19]

—

for A* > m?

as calculated by pE TorLis (**). This author has also calculated the effect of
4 change in the muon propagator of the form

1 s 1 _ A:
(p + I)* -+ m? ' P+ HP+md (p+ K\ + my + A’
the result is
i 2oms A2 1 o
130 gl g S — -+ )|, for A*> m? .
(130) a'/a [ EWE (ln e J)J y for A* > g}

(®) R. P. PEYNMAN: Phys. Rev., 76, 778 (1949).
(**) B. pE ToLLIS: Nuowo Cimento, 16, 202 (1960).
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Another possibility is that pointlike theories do not exist in nature and that
all fields, the electromagnetic field as well as the muonic, are characterized
by a nonlocality expressed by a cut-off parameter 4. In this case all the
effects mentioned above will operate simultaneously: this supposition gives
the limit on the supposed fundamental length which is included in Table XXI.

TasLe XXI.

| 4| a4

| | S
! ! (GeV) | (fermi)
| 1 | Cut-off in the photon propagator | =0.8 ‘ < 0.24
| 2 | Cut-off in the muon e.m. vertex | =1.1 | «£0.18
L3 | Cut-off in the muon propagator | =2.0 ! =< 0.10
i 4 | Effects 14+-2+3 added to the fundamental length ‘ =>2.5 | <0.08
L5 | Cut-off in the dispersion integral | =15 | <0.14
| 6 | Cut-off in the dispersion integral (with a spectral function) | =>3.7 | <0.055 |

All figures are given with 959 confidence

As we have seen, the magnetic moment of the muon is a quantity sensitive
to the QED breakdown and to a deviation from a pointlike description of the
muon. For illustrative purposes we have kept separate the effect of a change
in the muon electromagnetic vertex and in the muon propagator. The vertex
and the muon propagator are however related by the Ward identity, and any
change in one affects the other if gauge invariance is maintained.

An alternative approach is to express the anomalous magnetic moment as
a dispersion integral (**) and to calculate the effect of stopping the integration
at an upper limit / instead of infinity (**), The result is

(131) a'fa = [.1 —2 (m—l—“) ] .

To introduce a sharp cut-off in the dispersion integral might appear to be a
little unphysical. A more reasonable way would be to cut off the dispersion
integral gradually by adding the weighting factor (or spectral function)
A*[(E*+4A4%) to the integrand. In this case the result, according to
PETERMANN (33), is

(3] Mg — —_— f_lﬁ' ? i
(132) a'fa = [l | (A) In (‘”f-u)] 5

(**) 8. D. DrELL and T". ZACIHARIASEN : Phys. Rev., 111, 1727 (1958).

(*1) V. B. BEresTerskir: Zurn. Eksp. Teor. Fiz., 39, 1427 (1960) [translation:
Sov. Phys, JETP, 12, 995 {(1961)].

(**) A. PETERMANN: unpublished.
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The values obtained for A in these various cases are tabulated in Table XXI,
assuming that the experimental result is @, > 1152-107%, i.e., allowing two
standard deviations, and so obtaining the 95 % confidence limits. The values
corresponding to one standard deviation have already been published (),

The physical reason why the dispersion integral should have a cut-off is
either because the muon or the photon, or both, are not describable by point-
like theories. The physical significance of this cut-off in the dispersion integral
is therefore related to our previous fundamental length; it is interesting to
note that these two different approaches give quite similar results.

82, Slope of photon trajectory. — Another way of modifying QED is to treat
the photon as a Regge pole. If the photon has a sloping trajectory in the
Chew-Frautschi-Regge diagram then the calculation of the anomalous moment
will be modified. DRELL (*) considered this effect by changing the photon

propagator 1/K? into
1 g\ apteah—1
Aol

where K* is the square of the momentum transfer (also denoted t), s the energy
variable, « (I*) the spin of the photon as a function of K* and s, a charac-
teristic energy to be fixed. Assuming e (K?) — 1~ nt, where % is the slope of
the photon trajectory and taking

(133) So = (Zmy,)* ~ (200 MeV)* ,
the result is 5 < 0.1 GeV-2. However, if we take
(134) So = (Zm,)* ~ (1 MeV)?,

the result is 5 < 0.03 GeV-=,
The experiment therefore establishes that the slope of the photon trajec-
tory is at least ten times less than the Pomeranchuk slope of ~1 GeV-2,

8'3. Unknown interactions of the muon. — Let us now see what limits we
can put on the interactions of the muon with an unknown field. This is g re-
levant point because of the present understanding of the masses as originating
only from interactions. The muon is 200 times heavier than the electron, and
this may be due to an interaction with an, as yet, undiscovered particle (7-5:3%),

() 8. D. DrELL: Proceedings International School of Phlysics, BEnrico Fermd,
Course xxv1 (New York, 1963), p. 231.

(*) I. Yu. Kopzarev and L. B. Okvx': Zurn. Blsp. Teor. Fiz,, 41, 1205 (1961)
[translation: Sov. Phys. JETP, 14, 859 (1962)].
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If the muon is coupled
then in calculating (g—2)

G. CHARPAK, F. J. M.

FARLEY, R. L. GARWIN, ETC. [1358]

to another field in addition to the electromagnetic
it is necessary to consider the diagram, Fig. 75,

involving a virtual quantum of this unknown field. This will to first order

Fig. 75. — Contribution to
ay, from other interactions
of the muon (ef. Fig. 74).

give an independent effect to be added to the elec-
tromagnetic corrections already discussed.

The field may be of scalar, pseudoscalar, or vec-
tor type, and the mass of the field-quantum can
have any value; moreover, the coupling strength
is also unspecified. Indicating with 7,, Tos fo, and
with M,, M,, M,, the coupling constant and the
masses of these unknown fields, scalar, pseudosca-
lar, and vector, respectively (*), the contribution
fo the anomalous magnetic moment will be

Su . 1 /m\2 M,
5 — =44+ fi=|=F 8G¢ !

(135) m - = (M,) In (mu (scalar case) ,
7] l a A

(136) % =— fr-— (fff) In (&) (pseundoscalar case) ,
Ho a \M, My
5 11 : (m\*. (M)

(137) #—‘? = 4+ f i [E (‘i{;—t) — (E}:) In (n_au) J (vector case) .

If, purely as an example,

we suppose that the mass of the hypothetical field

is equal to the nucleonic mass, we get, with

# a . . A
95 % confidence, the following limits for the 10 °k
coupling constants: £
g 80100 3
f‘ ’ 10 = vector field
(138) f,<15-10-7; ;
o 5-10-2
" ‘JD_: E
For a more massive field, however, larger B o)
coupling constants are permissible, as shown 5
3 Tiee 7 ] pseudoscalar
in Fig. 76. 107 st
Fig. 76. — Upper limit to the coupling constant f: _._ e o
for an unknown field of mass coupled to the muon, 10 0° 10’ 10°
as o function of J. Mfm

(") We profer the notation of ref. (%) to that of ref. (%) used in
cations (13), (14). Note that f*=G2/4n of the earlier papers.

our earlier publi-
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8'4. The muon mass. - By combining our result with the precession fre-
quency of muons at rest, we obtain an accurate value for the mass of the
muon

My Gu [ Tn e
139 e I tegtoy
(58 Mme g fo  fu e
where the ratio of muon and proton precession frequencies in the same field (?)
fulf, =3.1833 £+ 0.00004, Correspondingly for the electron (37) f.[1,=658.2107,
while g, and g, are determined by eqs. (3) and (126). Equation (139) yields
the result
my
M,

(140) = 206.765 4 0.003 .

The error here is determined almost entirely by the error in 1.7, and we have
made the assumption ¢, =¢,.

8'5. Vacuwm polarization effects in muon physics. — The contribution of
electron vacuum polarization effects in the magnetic moment of the muon
amounts t0 ~5-10-° which is just our experimental error. We could con-
clude that we measure the existence of this effect with 100 % error. However,
there is a way of using the (g —2) result in order to establish the presence
of electron vacuum polarization effects in muon Physics to 449 accuracy.
This result is obtained by combining the new mass value with the X-ray
energy in the transition (3.D-2P) of w-mesic phosphorus (*°%). The energy of
the y-mesic X-ray is proportional to m,e;C,, where m,, is the mass of the
muon, ¢, its electric charge, and U, a constant which contains first- and
second-order vacuum polarization effects, reduced mass, and « [see PETER-
MANN and YAMAGUCHI (%)]. Now that the muon mass is known indepen
dently by eq. (140) we can regard the X-ray experiment as a measure of
C,, instead of the mass, for which it was originally designed. The contri-
bution of electron vacuum polarization effects in C, amounts to 331.42 eV,
compared with the experimental uncertainty in X-ray energy of (*13) eV.
We conclude that electron vacuum polarization effects in muon physics are
correct to an accuracy of +49,. Notice that the existence of electron va-
cuum polarization effects in electron physics is checked by the Lamb shift
to ~ +19% and by the electron (g—2) result [eq. (3)] to 29,

8'6. Limit on the mass of hypothetical leptons. — 1f, together with the elec-
tron and muons, other leptons were to exist with the same electromagnetic

(*") J. W. M. Dusoxp: dnn. Phys., 7, 365 (1959).
(*) A, PerErmasy and Y. Yamacuen:: Plys. Rev. Letl., 2, 350 (1959).
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properties of the known leptons, their contribution to the vacuum polarization
would depend only upon their mass, m. As no such supplementary vacuum
polarization is detected we can conclude, using the result of the previous
paragraph, that m >10m, (*). The corresponding limit calculated from the
more precise determination of the vacuum polarization in the Lamb shift is
also m> 10m, (°).

8'7. Limit on the electric charge of .. — As mentioned above, the X-ray
energy of p-mesic phosphorus is proportional to m,e;C,, where m, is the
muon mass, ¢, the muon electric charge, and C, a constant (see above). The
rabio (e,/m,) is known from the combination of the (g—2) result with the total
precession frequency [see eq. (139)]. Instead of using the p-mesic X-ray ex-
periment to check vacuum polarization effects in muon physics, we can use
it to check e,. It comes out that

(141) : e, = (1.00000 4 0.00005) e, ,

where e, is the electron charge..
Because the neutron charge is known to be zero with a high degree of
accuracy (*) [e,<107'¢], by applying charge conservation to the reaction

T +p—=>n+4vy,

it is known that the = and the proton have the same charge. The equality of
the proton-electron charge is established to a high degree of accuracy (1)
[e, =¢,(L+10-1)] and therefore in the decay

w—uty,

conservation of electric charge implies that the », cannot have a charge larger
than that which is allowed by eq. (141); conclusion

(142) by, = (0.00000 + 0.00005)e, .

Note that from the absence of high-energy proton recoil tracks in the
bubble chamber during the CERN neutrino experiment (1), one can deduce

(*) We are indebted to Dr. J. S. BeLL for these caleulations.

*) E. Feryr and L. MaARrSHaLL: Phys. Rev., T2, 1139 (1947).

(1) J. C. Zorx, G. L. CnavpErLAIN and V. W. Hucurs: Phys. Rev., 129, 2566 (1963).

(#1) H. H. Bixauayx, H. BurmeIstER, D. Cuvpy, P, G. INNOCENTI, A, LECOURTOIE,
R. MorLErUD, G. Myarrt, M. Pary, D. Perxixs, C. A. Rawy, K. Scuvrtze, H, SLETTEN,
K. Soor, R. G. P. Voss and Y. Yosuigi: Proc. of the International Conjerence on Ile-
mentary Particles at Sienna, vol. 1 (1963), p. 555.
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the better limit ¢, <<1077¢,. Other evidence has been discussed by BERNSTEIN
et al. (42).
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APPENDIX

Step by step computation of trajectories.

A point on a trajoctory is specified by its (a, i) co-ordinates and the angle @
between the momentum vector and the & axis. To find the subsequent trajec-
tory one first computes the motion in the horizonta) plane. We caleulate o
succession of small steps in each of which the field can be regarded as uniform,
and the element of trajectory is therefore u cireular arc of radius (in em)
0= 3.336 p/B, where p is the momentum in MeV/e, and the field B is in kG.

For a step-length & the new co-ordinates aic:

(143) @'=0--hlo,
he

(144) @' =x+ Ncos (O + hf20) =& + hcos @ — ‘-:—( sin @ ,
S0

(145) Y =y -+ hsin (O + hf20) = ¥ =+ hsin @ +- {i cosr @,

p s

(*#) J. BErNSTEIN, G. PEINBERG and M. RUDERMAN : Phys. Rev., 132, 1227 (1963).
(#) K. T. BAINBRIDGE: FEaperimental Nuclear Phlysies, Vol. 1, ed. F, SEcrE (New
York, 1953), p. 584,
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In eqgs. (144) and (145), which are computed first, it is sufficient to use
the ¢ valae corresponding to the magnetic field at the initial point (a, ¥),
because p enfers only in the term of order h*. Having calculated (', ¥') one
finds the mid-point of the step and uses the corresponding value of p in
eq. (143): as p enters here in the first order term, the field at the mid-point
must be used. The whole procedure is then correct to order he.

The motion of the particle in the vertical plane may be followed at the
same time, using as variables z the height above the median plane, and ¢ the
inclination of the trajectory to the horizontal. The motion is determined by
the horizontal component of field normal to the trajectory,

~

oB cB .
Biiz=7% (9— cos @ — E,— sin C-)) .
Yy ox

To second order in k one finds

(146) 2 = (1— 0.5h*q)z + k{,
(147) ("= — hgz + (1 — 0.5h%q)(,
where
B OB
(148) q= (?— (:osﬂ—g—sinﬁ)/ffg
oy cx

is computed at the mid-point of the step.
As ejs. (146) and (147) are linear equations which could be written in
matrix form, the final result after mony steps will be of the same general form

20 y, a,\ [=
4 tay (522) 2

To find the matrix connecting initial and final conditions, the simplest
procedure is to follow the vertical motion of two particles, the first starting

0 1
with the initial condition ( and the other starting with (U) The final position
1

and inclination of these two tracks then give the four components of the matrix.
As a control on the calculation one can check that the determinant of the
matrix is unity.

We have used this programme in various versions depending on the way
the magnetic field is specified in the computer. With a theoretical field of
analytical form one can specify B and ¢ as functions of (z, y) by analytical
expressions. More generally one may specify values of B on a lattice of
measured points, and compute the gradients from the differences in neigh-
bouring values.

For some calculations it has been useful to have an approximate analytical
expression for the fringing field at the edge of the magnet. An expression
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which is quickly computed and gives a good fit to a typical fringing field (43) is

B 0.1—n— 3n° ;
R i i £ <0
B, ~ 0125—y— 3 WS
B 08 .
2 = £ >0,
-Bo 1+2?} T =0,

where 7 = distance from edge in gap widths.

As the exact fringing field depends on the properties of the iron and the
disposition of the magnet coils, there is nothing to be gained, in preliminary
calculations, by looking for a more exact analytical representation.

RIASSUNTO

La parte anomala del rapporto giromagnetico a = 1/2(g —2) del muone ¢ stata
misurata facendo precedere dei muoni da 100 MeV/e in un eampo magnetico statico
di forma polinomiale, BmB,,{l+ag;3+b?;ﬁ+cy3+f£y‘1, e misurandone la precessione
6=aw,Bt in funzione del tempo di cattura ¢ ». 1] risultato € a,), . meniae =(116225)- 105
da confrontare col valore teorico Byeorico =227 +0.76(e/m)* = 1165 - 10~¢, Questo aceordo
prova che il muone obbedisce alle leggi dell’elettrodinamica quantica fino a distanze
di circa un decimo di fermi. Vengono discussi in dettaglio: i metodi usati per la cattura
magnetica dell'ordine di mille giri per i muoni, le tecniche di misura e le Pprecauzioni
necessarie al fine di raggiungere la precisione voluta, Alcuni metodi di analisi delle
orbite, di costruzione e misura dei campi magnetici, di analisi di polarizzazione, ¢ di
misura eleftronica digitalizzata dei tempi di cattura puod essere di interesse generale,
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