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jectories leaving with zero velocity the zero-potential curve at I, =0, as they proceed down the deep val-
leys except for the unique solution (up to reflections in a and f) which slowly reaches the point a = f= 0
along the curve a=f'. Figure 1 displays this behavior. We have checked that the virial theorem (21) is
satisfied to a great accuracy leading to the value

I= 7.874. (22)

We have of course to presume that our Ansatz has picked the nearest singularity of the Borel trans-
form. If this is the case we see that in spite of the new intricacies implied by the gauge field, we have
recovered the same situation as in the case of a self-coupled scalar field. After some manipulations
we obtain formula (1) with A expressed as

A = (2/mI) (23)

giving the numerical value quoted in (2).
The normalization factors (b„and c„, the latter containing all the dependence on external momenta

and polarization) can be extracted from the above numerical solution and will involve the renorma, liza-
tion counterterms.
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Precise Measurements of Axial, Magnetron, Cyclotron, and Spin-Cyclotron-Beat Frequencies
on an Isolated 1-meV Electron
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{Received 5 November 1976)

A sensitive frequency-shift technique is employed to monitor the magnetic quantum
state of a single electron stored in a compensated Penning trap. The electron sees a
weak parabolic magnetic pseudopotential in addition to the electric well, which causes
the axial oscillation frequency to have a slight magnetic quantum state dependence. Tran-
sitions at both the spin-cyclotron-beat (anomaly) frequency and the cyclotron frequency
have been measured in the same environment to yield a magnetic anomaly a = {1159652
410+ 200) && 10

The first measurement of the electron-spin
magnetic moment on free (relativistic) electrons
was carried out in 1953 by Crane and co-workers'
giving la, l ~5&& 10 ' for the "anomaly" defined as
a, -=(v, —v, )/v, . Here, v, a.nd v, denote spin a,nd

cyclotron frequencies, respectively, in the non-

relativistic limit. This study led to the famous
University of Michigan "g —2" experiments, ' fi-
nally yielding a, =(1159656700+ 3500) &&10 "
which was previously the most accurate experi-
mental value. However, the first definite value, '
a, =(1116+40)&&10 ', was obtained in 1958 at the
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FIG. j.. Geonium spectroscopy experiment (schemat-
ic). This apparatus allows the measurement of the cy-
clotron frequency, v~', and the spin. -cyclotron-beat (or
anomaly) frequency, v, ' =vs vc' n sing le tr n
stored in a Penning trap at =4 K ambient. Detection is
via Habi-Landau level-dependent shifts in the continu-
ously monitored axial resonant frequency, v„ induced
by a weak magnetic bottle.

University of Washington. None of the above
workers simultaneously measured v, ; hence in
1969, Gr'aff and co-workers" first measured
both v, —v, and v, on electrons in a Penning trap,
obtaining a, =(1159660+300) &&10"~. Sharper cy-
clotron resonances3" had been reported earlier
by Walls.

Our experiment, proposed~ and briefly reported
upon earlier, ' is the culmination of work initiated
at the University of Washington several years
ago by one of the authors after the realization
that for a Penning trap the small shift —6e in v,
due to its electric field is constant throughout its
volume and measurable. ' The experiment (see
Fig. 1) is carried out on a single electron, con-
fined in such a trap at -O'K, whose axial oscil-
latory resonance at frequency v, = 60 MHz is easi-
ly observed. ' This system may profitably be
looked upon as a synthetic ultraheavy metastable
atom, which we chose to call "geonium" because
ultimately the electron is bound to the earth via
the trap structure and the magnet. The geonium
energy levels' are given by

h 'E „~,=mv, +(n+~)v, '+(h+&)v,
—(e+k)v. ,

where v, '-=v, —6, is the shifted cyclotron frequen-
cy with' 26, v, ' =v, '. For an ideal axially sym-
metric trap the magnetron frequency v equals
5,. Spin flips and excitation of the cyclotron reso-
nance are detected by making v, slightly depen-
dent on spin and cyclotron quantum states, m =+ &,

R8IT

FIG. 2. Mechanism for inducing spin flips by the elec-
tron's axial motion in the magnetic bottle. From the
electron's frame of reference, a magnetic field is seen
rotating at v, ', but modulated by the axial motion at

a ' yielding sidebands at vc + a with vs vc +va '

n =0, 1,2, 3, .... By use of weak magnetic bottle9
the axial magnetic field, B„becomes B,+By~,
where B,= 18.3 kG and B,= 120 6/cm' or 300 6/
cm' for bvo different applied bottles. The result-
ing pseudopotential —(tz,) B, for a magnetic mo-
ment (p,) =(2n + 2m+1) pq will perturb the large
electrostatic potential energy to yield a frequency
shift, 5v, (m, n) = (m+n+-,')5 with 5 =1.0 or 2.5 Hz

depending on the bottle used. The cyclotron reso-
nance at 51 6Hz is easily measured via excitation
to n» h T/hv, ' = 1.5 by a very modest microwave
drive. However, the observation of spin flips
is normally obscured by the rapid and random
variation of n due to thermal background radia-
tion since the spontaneous emission lifetime of
the n =1 level is = 1 sec andn «4 levels are fre-
quently populated. It is nevertheless possible to
determine m from the minimum values 5v, =0
or +5 by following 5v, (m, n(t)f for = 30 sec be-
cause spin relaxation is extremely slaw. In or-
der to minimize the effect of magnetic field fluc-
tuations, spin flips are induced by an auxibary
forced axial oscillation whose amplitude is kept
smatter than thermal (O'K) through the magnetic
bottle field (see Fig. 2) at v, '= v, —v, ', chosen
near v, . Under the assumption of a thermally ex-
cited cyclotron orbit circling, for simplicity,
about the trap axis at ~ & 0, the outward pointing
radial components of the bottle field, B„, appear
to the electron as a field rotating at v, '. The
forced axial oscillation at v, now periodically
carries the electron into the a & 0 region where
the direction of 8„is reversed. This causes the
electron to see a field rotating not at v,

' but at v,
'
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FIG. B. Observed axial frequency shift, Pp (m, n), for
a locked electron. (a) Spin flips are signaled in the 1.0-
Hz bottle by + 1.0-Hz changes in the n = 0 plateau when
p ' is applied continuously. The spikes reflect thermal
cyclotron excitation. (b) Externally excited cyclotron
resonances for the 2.5-Hz bottle with large locking
drive and (c) the same for the 1.0-Hz bottle with weak
locking drive. For (c), v~ —v~ = 51 078 965 kHz.

+ v, ' instead. As v, '+v, ' equals v, , this compo-
nent induces spin flips. Thus, upon relating v,
and v, to the experimental data by means of Eq.
(1) we can obtain' a, (expt) =(v, ' —&, )/(v, '+5,).
The magnetron frequency v may be indirectly
measured because the electron also absorbs radi-
ation at v, + v . The resulting agreement of the
measured v and calculated 6, values to within
one part in 10 or 3 Hz constitutes experimental
proof that the dc trapping potential is effectively
axially symmetric as assumed in the derivation
of Eq. (1). The v, + v„absorption has been vital
in the present apparatus in continually radially
pushing" the electron into the saddle point. Here
the v -sideband spectrum of the v, ' resonance,
Fig. 3(c), indicates that indeed the magnetron
radius has been reduced to & 50 pm. This as-
sures that the electron sees the same magnetic
field throughout an entire run and helps stabilize
the axial frequency.

The apparatus, as shown schematically in Fig.
1, makes use of two important prior experiment-
al accomplishments. First, Wineland, Ekstrom,
and Dehmelt' had shown that one single electron
could be isolated in a Penning trap and that its
forced axial harmonic motion could be detected.
The trapped electron was obtained by ionizing a
residual gas atom inside the trap with a 1-keV
electron beam (& 50 nA) emitted from a field-

emission cathode. Secondly, a specially compen-
sated Penning trap, designed and tested by Van
Dyck et a/. ,

"was shown to yield a hundred times
narrower axial resonant linewidth (one part in
10') than any previous trap. The frequency of
this motion is determined by the applied ring-to-
endcap potential. When this high-resolution trap
is immersed in liquid helium, the excellent sig-
nal-to-noise ratio allows us to observe shifts in
the axial resonance as small as 0.5 Hz out of 60
MHz. The trap's dc voltage, obtained predomin-
antly from temperature- stabilized standard cells,
is phase-locked to a frequency synthesizer by
transforming the driven signal, available at the
upper cap, into an additive correction voltage
which reflects any frequency shift, 6v, (t). The
weak magnetic bottle obtained from a fine Ni wire
wound concentrically around the ring electrode is
shown in Fig. 1 for the case of 6 =, I.O Hz. A sup-
plementary large iron ring placed outside the vac-
uum envelope reinforces the Ni ring for the case
of 5 =2.5 Hz. For the excitation of the cyclotron
resonance, it was convenient to mount a small
Schottky diode outside the vacuum envelope, but
near the gap between cap and ring. The diode,
which acts simultaneously as a frequency multi-
plier and antenna, is driven from a stabilized
v, '/6 microwave source through a small coaxial
lead.

The above apparatus was now used to measure
v, ' and v, ' as simultaneously as feasible. (Since
it is kept constant, v, is known throughout the
experiment. ) For B, =18.3 kG and T =O'K, the
electron spends about half the time in the n = 0
level. Thus, the 6v, (t) signal will exhibit a very
well defined n =0 plateau with a series of positive
spikes, as shown in Fig. 3(a) (corresponding to
thermally excited cyclotron levels). The cyclo-
tron resonance can be detected through the growth
in the positive spikes upon irradiating the elec-
tron with the microwave antenna [see Fig. 3(b)].
In this way, the resonance has been measured in
the limit of a very small axial drive, as shown in
Fig. 3(c). This operation is necessary because
of the &g' term in the magnetic field; the square
of the small thermal and large drive amplitudes
yields a cross term which effectively enhances
the field jitter, thus producing broad resonances.
Likewise, the average of the term yields a shift
which is &0.1 ppm for weak locking drives (when
5 =1.0 Hz). In addition, there are also the distinc-
tive motional magnetron sidebands' [see Fig. 3(c)j
which we attribute to a gradient associated with
the twisted ends of the Ni wire producing the mag-
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FIG. 4. Anomaly frequency resonances. (a) Data ob-
tained for P = 2.5 Hz with continuous detection by count-
ing n = 0 plateau changes (spin flips) in a fixed time in-
terval (-20 min); (b) data obtained for 5=1.0 Hz with
alternating detection by counting n = 0 plateau changes
in - 20 alternating, 1-min excitation/detection time
intervals. The error bars indicate counting statistics.

netic bottle. A recent method of alternately puls-
ing on the microwave and axial drive fields has
been shown to reduce the line broadening to 0.1
ppm and to make any shift undetectable. As evi-
dent in Fig. 3(a), spin flips have been produced
by the previously described mechanism, adjusted
to create a rotating magnetic field of -0.2 pG.
During a typical anomaly run, there will be both
a rf drive at the electron's axial resonant frequen-
cy, v„used to lock the electron, and an off-res-
onance auxiliary axial rf drive near v, ', used to
induce spin flips. If both are on continuously,
again the resonance is broad, as shown in Fig.
4(a). However, if the two drives are alternated
in order to eliminate the enhanced magnetic field
jitter, sharp resonances like that shown in Fig.
4(b) can be obtained.

The anomaly is computed using the measured
v, ' and v, ' values and 5, calculated from Eq. (1).
The alternating method in the 1.0-Hz bottle typi-
cally yields an accuracy per run of + 0.25 ppm
using a linewidth as the limit of our uncertainty.
t For a sample run, we had v, ' = 51 072 915 (10)
kHz, v, ' = 59 261 337.5 (4.5) Hz, and v, = 59 336-
170.14 (10) Hz.] The present average of eight runs
to date using the 1.0-Hz bottle and the alternating
method yields

a, (ezpt) =(1159652410+200) x10 ",
where the error is the sum of the standard devia-
tion from the average (+ 100) and the estimated
maximum systematic error in v, ' (+ 100). This

accuracy is comparable to that obtained by quan-
tum electrodynamic calculations. For three sep-
arate numerical determinations of the sixth-order
terms in the anomaly, "(a, (ezpt) -a, (theory' is
300+ 650, —70+310, and —960+ 530 (all in units
of 10 "). Each of the theoretical errors includes
+ 245 {in quadrature) contributed by the uncertain-
ty of the fine-structure constant. " Our empirical
dimensionless ratio (v, /v, ) = 1.001 159 652 410 (200)
is the most precisely known characteristic param-
eter of an elementary particle t It may be com-
pared with'~'" (v, /v, )&+ =1.001165895(27) and (v, /
v,)p =2.792845600(1100), where it has been more
difficult to develop adequate theoretical models.
Future operation of our experiment at 60 kG prom-
ises a factor of 3 reduction in bottle broadening
rr 8,/B, . In addition, with averaging and line
splitting, accuracies of parts in 10' for the anom-
aly will become feasible with relativistic correc-
tions still too small (order 10 ') to be measured!

We thank the National Science Foundation for
support.
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%'e have analyzed differential distributions for a sample of high-energy v and v interac-
tions. The antineutrino data require more antiquark component than expected from low-

energy results. Also, some hints of energy-dependent effects have been observed in

these distributions.

Charged-current neutrino (antineutrino) interac-
tions Iv (v) +N tt- (p') +hadrons] have long been
recognized as providing fundamental information
about nucleon structure. From a combination of

deep-inelastic electron scattering experiments
at Stanford Linear Accelerator Center' and stud-
ies of neutrino interactions at CERN' a rather
simple description of this structure has emerged.

Basically, the low-energy data agree with an
interpretation incorporating both a scaling hypoth-
esis for the structure functions and the predic-
tions of a simple quark-parton model. In this
model, scattering dominantly occurs from point-
like, spin-&, fractionally charged constituents.
Early studies of neutrino and antineutrino inter-
actions at the higher energies of Fermilab have

shown striking qualitative agreement with this
same picture. '

The forms of the differential cross sections for
an isoscalar target in this quark-parton model
are given by

(2)

where x = Q'/2ME&, y =E„/E„, M is the nucleon

mass, and E„ is the energy transfer to hadrons
in the laboratory system. The incident neutrino

energy is E, =E„+E& and Q =4E,E„sin 8/2 is

the square of the four-momentum transfer. Here
E„and 8„are the laboratory final-state energy
and scattering angle of the muon. The structure
functions q(x) and q(n) are related to the cluark

and antiquark momentum distributions in the nu-

cleon. At low energies the antiquark component
has been determined to be small and confined to
small x.' This leads to the qualitative predictions
that (l) do"/dy -flat and do'/dy - (l -y)', (2) the

total cross sections a„and o~ grow linearly with

energy, and (3) cr"/cr"

There are theoretical conjectures which would

alter this picture. For example, the functions

q(x) and q(x) could have some Q' dependence, or
there could be finite non-spin-~ contributions of

the form Kg, Q')(l -y). Energy-dependent effects
could also arise from production (beyond some
threshold) of new leptons or of hadrons composed
of new quarks.

In this Letter we report on the observation of

deviations from predictions of the simple quark-

parton model. The data were taken with use of
the California Institute of Technology-Fermilab
apparatus and a narrow-band neutrino beam.
The experiment was performed with short-spill
(- 1-msec) extraction from the accelerator (in
order to do a neutral-current experiment simul-
taneously). The use of this short spill made it
impossible to measure directly either the neu-

trino or antineutrino flux. This represents a
serious limitation in the data sample since the

absolute cross sections have not been measured
and even the determination of the relative normal-


