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of the beam was determined with each of the two beam
stages from the excitation curves for the dipole mag-
nets. After about 15%%uo of the experiment was complet-
ed it was discovered that two quadrupoles were mis-
aligned. These quadrupoles were adjusted. This
changed the calculated beam momentum for the corre-
sponding stage by 0.5/o. This correction was made to
the early 15% of the data. At 4 BeV/c, the two stages
disagreed in their prediction of the absolute beam mo-
mentum by less than 0.1%, A 0.1/o change in the beam
momentum corresponds to a shift in the A2 mass scale
of approximately 0.8 MeV.

The proton-momentum resolution had a 0 better than
1.1% for all momenta. (For calculating the &2 mass
resolution, a = 1.1/o was used for the momentum resolu-
tion of the recoil proton. ) The time resolution had 0
= 0.4 nsec. The proton path length was - 8,5 m. Thus,
it was trivial to eliminate the 5-10% of events caused
by triggers due to m's, X's, or d's in the proton arm.

In the determination of the absolute beam momen-
tum, the two beam stages disagreed by 1,2% at 1
BeV/c. (The exitation curves are not accurately mea-
sured for all the magnets at this low momentum. }
This corresponds to an uncertainty of the location of
the & peak of 0.007 BeV .

~~The spatial resolution for the proportional chambers,
which had 2-mm wire spacings, had 0 = 0.8 mm. For
the spark chambers, which had 1-mm wire spacings,
o was 0.6 mm.

Figure 8 shows results that are weighted to correct
for the geometric acceptance. The average weight
from 1.275 to 1.355 BeV is 1. The weight varies grad-
ually in this region, changing by about 12% and 82% for
the data in Figs. B(a) and 8(b), respectively.

~3For each event the standard deviation of the resolu-
tion function is calculated. The calculation uses the
information given above in Refs. 8, 9, and 11, and de-
termines the proton multiple Coulomb scattering by the
Rosenfeld formula from Ref. 6. The scattering in the
aluminum wires in the first proton spark chamber is
treated statistically. We include the effects of the off-
diagonal terms in the error matrix. The 0's for the
individual events have a distribution with a full width
at half-maximum of 2,4 MeV and an average value of
8.9 MeV.

The formulas that we used are given in Ref. 5. The
width of the Breit-Wigner resonance was fixed at 95
MeV in these fits. A dipole width of 28 MeV was used.

'The distribution most suggestive of a dipole shape
is an A~ plot with —0.45-t ——0.25 (BeV/c}2 and a
vertex cut which reduces the experimental resolution—for this t range —from 3.5 to 3.4 MeV. The data dis-
carded by the vertex cut have a resolution of 8.8 MeV.
At the &2 peak there are 750 events per 5 MeV. These
data were fitted by the Breit-Wigner and dipole formu-
las. The g values for 48 degrees of freedom were
59.2 and 90.9, respectively. The results were sensi-
tive to the binning.
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We describe an extension of the Michigan g-factor work that permits measurement of
the g -2 precession frequency of free leptons by a resonance technique. Preliminary re-
sults with electrons (accurate to about 100 ppm in the anomaly) indicate that the technique
may be of use in various future experiments.

Recent precision measurements of lepton g-
factor anomalies can be classified as being ei-
ther "precession experiments" or "resonance
experiments, "depending on the technique em-

ployed. ' Precession experiments include mea-
surements of the electron, ' positron, and muon
anomalies. The characteristic feature of these
experiments is a direct observation of the spin
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motion of polarized leptons in a static magnetic
field. The resonance technique has to date been
limited to electron anomaly measurements. "
The characteristic feature of these experiments
is the presence of an oscillating electromagnetic
field used to induce transitions between the en-
ergy eigenstates of a lepton interacting with a
static magnetic field. We describe here a varia-
tion of the most recent Michigan electron g —2
work' that permits measurement of the g —2 pre-
cession frequency by a resonance method. Pre-
liminary tests indicate that the potential accur-
acy is similar to the precession method, and that
certain characteristics of the new method may be
useful in future experiments.

The method used to determine the g —2 fre-
quency is based on a resonant perturbation of the
spin motion observed in previous Michigang —2

experiments. This motion can be summarized
as follows: Consider an electron with velocity v

and polarization S undergoing planar cyclotron
motion in a uniform magnetic field B,= Bp. The
relative precession of S with respect to v will
occur at a difference or g —2 frequency arD given
by IvD =mr„where a= 2(g -2) is theg-factor
anomaly and &u, =eB,/mc. Because of the g —2

precession, the helicity S & will vary as cos~DT,
T being the time spent by the electrons in the
magnetic field. If N oscillations of S v are ob-
served between T = T, and T = T„ then IdD =2vN/

(T, —T,). We refer to this means of measuring
arD as the "cycle counting" method.

The alternate means which we have used to de-
termine eD is illustrated in Fig. 1. A current-
carrying wire oriented parallel to B, is placed at
the center of the electron orbit generating an azi-
muthal field Be. For an electron with S initially
perpendicular to both B, and v, the torque px Be
on the electron magnetic moment P, (antiparallel
to S) will tend to rotate S out of the orbital plane.
At the same time, the component of S in the or-
bital plane precesses at frequency ~~ about z. If,
after half of a g —2 period, Be has reversed di-
rection, the resultant torque will continue to ro-
tate S out of the orbital plane. Thus, if the 8

field oscillates at frequency ~ =~D, the time-
average torque experienced by the orbiting elec-
tron will rotate S towards B,.

The apparatus is identical to that described in
Refs. 1 and 2 with the addition of a wire along
the axis of the trapping cylinders and a frequency
synthesizer to supply the rf current. Transverse-
ly polarized electrons prepared by Mott scatter-
ing are injected into a weak magnetic mirror

RESONANCE WIRE

ELECTRON ORBIT

"dS
dt

S
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trap at T =0. After being held in the trap for a
predetermined length of time, the electrons are
ejected from the trap to undergo a second Mott
scattering which serves to measure their polar-
ization. The counting rate exhibits an asymmetry

R(T) =R,[1+tI cos(~DT + y)], (1)

where R, is the counting rate for an unpolarized
beam, p is a phase angle, and 5 is an asymme-
try parameter proportional to the component of
the electron polarization in the orbital plane at
the time of the second scattering. During the en-
tire time the electrons are trapped, a constant-
amplitude rf current in the central wire gener-
ates a weak oscillating 8 field Bz = 2B, cos(&vt)8
at the electron orbit. Because of the spin rota-
tion caused by the 8 field, both 6 and cp are func-
tions of the amplitude and frequency of the rf
current. To determine +D, one measures 6 as
a function of co, while holding all other experi-
mental parameters (including B,) constant. The
minimum in 5(&u) corresponds to &uD.

The parameters 6 and p were measured by
sampling R(T) over a short interval near T =1700
@sec. A least-squares fit to measurements of
R (T) versus T was used to determine O and y. '
Asymmetry data were collected with the rf al-
ternately switched on and off for 1-sec periods.
The result of each data run was normalized by
computing the ratio A = O(rf on)/5(rf off) and the
phase shift &p=p(rf on) —y(rf off). This pro-
cedure eliminates the effect of any variations in

and y arising from drifts in the experimental
parameters.

For a quantitative description, it is necessary
to discuss the equation of motion for S in the
presence of the oscillatory field:

dS/dt = [maz+2to, v cos(&ut+q)]x 8. (2)

This equation is familiar from magnetic reso-
nance, where in the near-resonant case it is
solved' by transforming to a frame R rotating
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with angular velocity + about s, and dropping
terms which oscillate at frequency 2&v. The re-
sulting equation in R is

dS„/dt =[Ruz+&II, (~ cosg+z xB sing)]&& S&, (2')

where Geo = ~~ —cv. This equation is similar to
(1); it describes a motion in which the polariza-
tion Ss(t) precesses with frequency III,„=(5III'

+ &II,')'im about the direction

n= z+ ' (vcosg+zx8sing).
gr (ver

(n) = (Ro/(v, „)z,

(n, n, ) =
I i z,.z, +2I

'
i (5,, -z,.z, ).I 4 (g j ~ J 2 ((g j &l I

Transforming back to the velocity-fixed coor-
dinate frame, we obtain

(4)

In the present experiment, the initial polariza-
tion S, is fixed, but the phase of the oscillating
current at t =0 is random .To obtain the S(t) cor-
responding to the experiment, one must hence
perform an average over g. This is done using
the results

(S(t)) = (2A —1)(z S )z +A (cos[(u t + By(t)][S —(z ~ S,) z j+ sin[III t+ Ly(t)][z x S,]]',

where

A = 1 —(Id, /(u, „)'sin'(~, „t /2).
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Note that A(t) and 4y(t) are slowly varying com-
pared with the fast spin precession (at rate = &D)
in the orbit plane. The phase-averaged polariza-
tion (S(t)) described by Eq. (5) thus corresponds
to a resonant depolarization.

The functions & and ~p are plotted in Fig. 2
in terms of the angles 4I, —= (5III)T and 80=—IIII,T,
which have an obvious geometrical significance
in the rotating frame. The experimental mea-

surements at Id/2z = 3.431 000 MHz (the antici-
pated resonance frequency) are superimposed.
The overall horizontal (current) scale of the da-
ta points has been adjusted with respect to the
00 scale so as to yield the best possible joint fit
to both the amplitude and phase curves. Fitting
the current scale provides a determination of ~,
that can be compared with the value calculated
directly from the measured rf current and orbit
radius. In Fig. 2, the first amplitude minimum
(near 8,+m) occurs at I=—1.4 mA. Using 80=m
and N= 5800, the fitted data imply that 1.4 mA
corresponds to III, = (1.9+ 0.4) &&10~ sec '. A di-
rect calculation using u&, = eI/yac'po gives Id, (1.4
mA) =2.1&&10s sec '. These data also imply a
value for 4,. The best fit to the amplitude data
occurs for 4,—= w/2, while the best fit to the
phase-shift data occurs for 40=—m. On the basis
of the data plotted in Fig. 2, we estimate that
4, =2.4+0.8 rad.

A series of measurements of A was made at
various frequencies with I=1.5 mA. The results
of these runs are shown in Fig. 3, with the two
fitted curves superimposed. The solid curve (1)
shows the expected resonance line for 8,= 3.5
and C'0=2. 4 at III/2m=3. 431000 MHz, as deter-
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FIG. 2. Expected amplitude A and phase shift 4p of
the asymmetry as a function of the resonant rotation
80. The data points obtained and the rf current used
are superposed.
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FIG. 3. Two possible fits of the line-shape data to
the theoretical line shape.
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mined from the measurements plotted in Fig. 2.
There are no adjustable parameters. The fit
would be satisfactory except for the lowest-fre-
quency point. In the dashed curve (2) both the
center frequency and 0, were varied to obtain
the best fit. The resultant fit is much better,
but the value of 00 = 4. 5 at a current of 1.5 mA

does not agree with the data of Fig. 2. More im-
portant, the center of frequency of the resonance
is approximately 3.431000 MHz. This implies
that amplitude and phase measurements made at
this frequency should give 4, =—0, in obvious con-
tradiction to the results shown in Fig. 2.

In the absence of stray electric fields in the
trapping region, the difference frequency ex-
pected in the data runs is 3 431 000+ 70 Hz, as
calculated from measurements of the magnetic
field and a = (1159657+3.5)&&10 '.' If electric
fields are present, v~ will be shifted by 4 ppm
(13 Hz) per mV/cm of average radial electric
field component. ' The offset of curve (1) can be
attributed to a radial field of 14 mV/cm, a field
which is not inconsistent with those observed in

g —2 experiments with electrodes inside the or-
bit. ' An attempt to use the cycle-counting meth-
od to measure v~ with the wire in place, but with

no applied rf, failed to rule out the presence of
a field consistent with the offset of curve (1). Un-

fortunately, a major breakdown of the apparatus
terminated the experiment before further tests
could be completed. The small number and lim-
ited frequency range of the data points in Fig. 3

make unambiguous determination of the center
of the resonance impossible. However, the var-
ious problems associated with interpreting the
data are concerned with effects which are less
than the intrinsic width of the resonance line.
Our present results do verify all essential fea-
tures of the effect.

The resonance method offers several promis-
ing possibilities for future work. Insofar as sta-
tistical accuracy is concerned, the precision of
an optimized resonance experiment at best equals
that of a cycle-counting experiment. However,
using the resonance wire to rotate S parallel to

B, (possible if the rf is phase locked to the in-
jection pulse) may permit an improved positron

g —2 experiment. In previous positron experi-
ments, polarization analysis was based on pos-
itronium formation in a plastic scintillator im-
mersed in a magnetic field B~. The asymmetry
observed was proportional to S ~ B~. Since the
optimum value of B~ is about 10 kG, a field sep-
arate from the much weaker trapping field was

necessary, and this caused a number of experi-
mental difficulties. However, by trapping the
positrons in a field B,=10 kG (under considera-
tion for future work'), using the resonance wire
to rotate S parallel to B„and then forming pos-
itronium in the same field, one can determine

A A

v~ by measuring S ~ B, as a function of &. Such
a positron g —2 experiment should yield an order
of magnitude increase in precision over the last
effort.

It might also be interesting to try to extend
this scheme to electrons (or even muons), since
it is simpler from a timing and data collection
standpoint to observe the slow rotation of S into
B„ than it is to observe the g —2 precession
curve. Unfortunately we know of no scheme for

A A

measuring S ~ B, for electrons in a manner com-
patible with other g —2 requirements.

Finally, it may be possible to apply this tech-
nique to a measurement of the magnetic moment
of the proton in nuclear magnetons p~/p„. Since
p,~/p~ = e,/e, and &uD = &u, —e„p~/g„could be
measured by applying the present technique for
measuring vD to polarized protons in a magnetic
well along with our recently developed method
for measuring u&, (rf resonance on unpolarized
protons in a magnetic well). ' We would then be
comparing two resonance lines from identical
samples of free protons instead of deriving ~,
from NMR measurements on water samples, as
is the current practice.

Theoretical calculations for this work were
carried out by G.F. and V.T. while J.L. , A.R. ,
and J.W. carried out the experimental investiga-
tion. The authors have greatly benefitted from
discussions with many colleagues, particularly
Professor R. Winston of Chicago.
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A new resonant wave with unknown isospin and J+= TI (~ not completely excluded) is
found to be necessary in order to explain the energy dependence of the higher Legendre
polynomial coefficients (A&, AI, and A8) in the expansion of the & p elastic scattering
differential cross section between 1937 and 1991 MeV. Assignment of this tentative res-
onance to a y octet with the known N(2190) and A(2100} is found to be reasonably good.

A Legendre polynomial expansion of the differ-
ential cross section do„/dQ of K P elastic scat-
tering at five energies approximately equally
spaced between 1937 and 1991 MeV requires co-
efficients up to order 8 at the second energy
(1950 MeV). Around this energy the higher ex-
pansiOn coefflcien'ts (A6~ Av~ Rlld As) display R

peculiar structure.
The data are obtained from 100000 photographs

of the Saclay-CERN S1-cm hydrogen bubble cham-
ber placed in a K beam from the CERN proton
synchrotron, tuned to nominal momenta of j..3I,
1.34, 1.37, 1.40, and 1.43 GeV/c. Out of about
22 000 two-prong events, 8258 mere essentially
nonambiguous elastic scattering events. The dif-
ferential cross sections were corrected for loss
of short (low energy) protons and for azimuthal
anisotropy' and normaIized by interpolation of to-
tal tabulated cross sections. ' This was done af-
ter checking the consistency of our total cross

sections obtained from the scanning of all types
of events and the counting of three-charged-
body decays in the beam. The differential cross
section dv„/dQ was expanded in a series of Le-
gendre polynomials:

d(IeI/dQ=X' Q AIP, (cos8*),

where 6I* is the angle between the incoming and
outgoing mesons in the center-of-mass system
and X is the reduced center-of-mass wavelength.

In addition to the elastic cross section, Table
I displays the y2 obtained for the least-squares
fit, depending upon /, „. From this table it is
clear that E~„=8 is necessary to obtain a stable

This is a convenient way to summarize sev-
eral arguments' showing that this effect is not
due to biases and/or to statistical fluctuations.

Figure 1 shoms the variation of A„A„and

TABLE I. Elastic cross sections and g as a function of the order of the fit (E~»). ~
is the number of degrees of freedom.

1937
1950
1964
1977
1991

10.93+0.33
10.32 + 0.31
9,48 + 0.28
9.26+ 0.28
8.69+ 0.26

66.29
84.36
82.40
98.07
94.76

46.69
48.01
48.11
39.80
39.36

43.66
46.10
47.32
39.80
38.76

41.68
37.79
42.86
28.94
19.08

41.48
26.10
42.13
28.66
18.61

40.83
26.48
42.12
27.81
17.73

40.77
26.26
37.75
26.37
17.72


