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A new paper in Physical Review Let-
ters brings word of the first improve-
ment in two decades in the measure-
ment of the electron’s gyromagnetic
ratio.! The new measurement by Gerald
Gabrielse’s group at Harvard Univer-
sity of g, the electron’s magnetic mo-
ment in units of the Bohr magneton
(ehi/2m,), carries an estimated uncer-
tainty of 7.6 parts in 10%. That’s a sixfold
improvement on the celebrated preci-
sion of the 1987 measurement that won
a Nobel Prize for University of Wash-
ington experimenter Hans Dehmelt.

Quantum electrodynamics predicts
the value of g, in terms of the fine-struc-
ture constant «a=1/137.03.... Those
two fundamental dimensionless con-
stants characterize the electron’s inter-
action with the electromagnetic field.
The new g, measurement, together
with a recent numerical calculation of
high-order QED Feynman diagrams
contributing to g,, yields a determina-
tion of « ten times more accurate than
any competing method has been able to
provide.

The new a determination subjects
QED, already the most precisely veri-
fied theory in all the natural sciences, to
its most stringent test yet. That test and
the limits it puts on possible new
physics beyond QED and the standard
model of particle interactions are dis-
cussed in a companion paper? coau-
thored by the Harvard experimenters
and theorists Toichiro Kinoshita (Cor-
nell University) and Makiko Nio
(RIKEN). Kinoshita and Nio carried out
the computer calculation of the 891
eight-vertex QED Feynman diagrams
needed to predict g, to the new meas-
urement accuracy.’

Anomalous magnetic moment

If the electron were simply a spinning
ball whose charge distribution faith-
fully followed its mass distribution, g,
would be 1. Indeed g is 1 for the contri-
bution of an electron’s orbital motion (in
an atom or a magnetic field) to its mag-
netic moment. Paul Dirac’s relativistic

wave equation of 1928 not only re-
quired the electron to have an intrinsic
spin of #/2; it also predicted that g,
should be exactly 2. But with the for-
mulation of QED in the late 1940s, Ju-
lian Schwinger pointed out the first of
an infinite series of small corrections to
Dirac’s g, required by the new theory.
Successive terms, describing ever more
couplings of virtual photons, involve
successively higher powers of /.

The so-called anomalous magnetic
moment a, due to QED and any other
small corrections to the Dirac g, is de-
fined by

a, =(g.-2)/2.

To the first power in a/r, as calculated
by Schwinger, a, = a/27. That's roughly a
0.1% correction. Since the 1940s, theory
and experiment have been confronting
each other with ever-finer predictions
and measurements of the electron’s
anomalous magnetic moment.

By the time g, is measured to a part
in 10", comparison with theory requires
that one take account of predictions be-
yond QED, involving first the electro-
magnetic interactions of the electron’s
heavier siblings (the u and 7 leptons)
and then the strong and weak interac-
tions of quarks and leptons. Any unrec-
onciled anomalous moment remaining
after all that would be regarded as evi-
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Gyromagnetic ratio of a lone
trapped electron is measured to
better than a part per trillion

The new measurement subjects quantum electrodynamics to its most
stringent test yet. And the theory passes once again, thwarting hopes
of a revealing discrepancy.

dence of new physics beyond the stan-
dard model.

The trap

Precision measurements of g, exploit
the near equality of the frequencies of
two periodic motions of the electron in
a magnetic field. In a uniform field B,
the electron executes cyclotron orbits of
frequency v_= eB/2mm, in the plane nor-
mal to B. In the same magnetic field, the
precession frequency v, of the electron’s
intrinsic spin is v g./2, so that a,
equals the small fractional difference
W, v/,

To measure g, Gabrielse and com-
pany confined single electrons for
months at a time in a small Penning trap
(see figure 1) whose design has evolved
from the one Dehmelt and company
used in the 1980s. An innovation of the
new trap is its carefully designed cylin-
drical symmetry, which contributes sig-
nificantly to precision by making it
possible to understand and exploit dis-
tortions due to the confinement of radi-
ation in the small enclosure. Those so-
called cavity-QED effects bedeviled
measurements in earlier Penning traps.

The trap’s electrodes create a
quadrupole electric potential whose
vertical restoring force confines the
electron near the center and makes it os-
cillate harmonically along the vertical

Figure 1. Cylindrical
Penning trap with
which a Harvard
group carried out its
recent precision
measurement of the
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moment. (Adapted from ref. 1.)
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(z) axis with a frequency v, near
200 MHz. Horizontal confinement in
cyclotron orbits is provided by an ap-
proximately uniform vertical magnetic
field of about 5 tesla that yields v. near
150 GHz in the microwave regime.

Because the trap is maintained at a
temperature of 100 mK, thermal radia-
tion is too feeble to excite the electron’s
cyclotron motion out of its lowest quan-
tum level. “Ours is the first determina-
tion of g, from observed transitions
between the lowest quantum states of
a single trapped electron,” says
Gabrielse. “With quantum-nondemoli-
tion measurements, we fully resolve the
lowest cyclotron and spin levels, while
disturbing them as little as quantum
mechanics allows.”

Aside from small corrections, the en-
ergy of a one-electron eigenstate of cy-
clotron motion and spin orientation in
the trap is

E(n,m)=mn+1/2+m,g/2) hv,,

where n=0,1,2,... is the cyclotron-
orbit quantum number and m_ = *1/2
gives the orientation of the electron’s in-
trinsic spin with respect to the upward-
pointing B. For their determination of
8. Gabrielse and company used what
they call quantum-jump spectroscopy
to measure, within a few parts per bil-
lion, two excitation frequencies (see fig-
ure 2): the applied microwave fre-
quency (essentially v.) needed to induce
a cyclotron-level jump, and the RF fre-
quency wv,=v,—v_ that induces an
“anomaly” spin-flip transition between
the almost coincident (n, m,) levels
(0, +1/2) and (1, -1/2).

Detecting transitions

To measure the precise excitation fre-
quencies, the Harvard group had to
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Figure 2. The lowest energy levels
oFgc lone electron in the Penning
trap are characterized by n, the
cyclotron-orbit quantum number,
and m,, the spin-orientation quan-
tum number with respect to the
trap’s upward-pointing magnetic
field. The electron’s cyclotron fre-
quency v, and spin-precession fre-
quency v, in that field differ by only
0.1%. The & terms denote small rel-
ativistic corrections. The experi-
menters measure the speciﬁc
cyclotron excitation frequency f.
and the much smaller anomaly-
excitation frequency v,. (Adapted
from ref. 1.)

know the electron’s quantum state be-
fore and after each attempted excita-
tion. That’s where the harmonic axial
oscillation comes in. The axial fre-
quency v, depends primarily on the
strength of the electric quadrupole
restoring force. But ferromagnetic
nickel rings slightly distort the trap’s
otherwise uniform magnetic field into a
small “magnetic bottle” at the center.
The bottle’s weak field gradients couple
to the magnetic moments generated by
the electron’s intrinsic spin and its cy-
clotron orbit.

The resulting effect on the trap’s ver-
tical restoring force is a few-parts-per-
10% dependence of v, on n and m,. Fig-
ures 3a and 3b show the impressive
clarity of the effect, made manifest by
an innovative self-excited oscillator
(SEO) that amplifies the tiny RF signal
induced by the axial motion and feeds
it back to the electron to enhance and
stabilize its axial oscillation.

The downward v, step in 3a signals
the spontaneous decay of the cyclotron
orbit to the spin-down ground state
made possible by an induced spin flip
out of the spin-up ground state. The up
and down steps in 3b record an induced
excitation out of the spin-up ground
state without a spin flip, followed about
10 seconds later by spontaneous decay
back to that ground state.

Ordinarily an excited cyclotron state
would decay spontaneously in a frac-
tion of a second. The state’s greatly ex-
tended lifetime in Gabrielse’s cylindri-
cal trap, which makes it much easier to
know that a cyclotron excitation has oc-
curred, results from cavity-QED sup-
pression of microwave radiation
modes. The trap also has another, less
obviously useful cavity-QED effect. It
can actually shift g, from its true value

in an unbounded vacuum. In fact, the
new Harvard experiment demonstrates
such a cavity-QED shift for the first
time. But the trap’s geometry allowed
Gabrielse and company to show that
the shift becomes significant only when
the cyclotron frequency approaches
particular resonant modes of the cavity.
Therefore, by tuning B to put v. between
offending modes that would tug it in
opposite derections, they were able to
convince themselves that any cavity
shift of g, was negligible.

Quantum-jump spectroscopy

A microwave coupler (not shown in fig-
ure 1) can inject a pulse of radiation into
the Penning trap at any microwave fre-
quency the experimenters choose. Sim-
ilarly, they can inject RF radiation by
imposing an RF pulse on the endcap
electrodes. The Harvard group began
each of its many experimental runs by
examining v, with the SEO to see that
the electron was in the spin-up ground
state, or nudging it there if necessary.
Then the experimenters would apply
one of a frequency-stepped sequence of
RF pulses (figure 3c) or microwave
pulses (figure 3d).

After each pulse, they interrogated
the SEO again to see if the pulse had ini-
tiated a quantum jump. The figure of
merit in this kind of spectroscopy, plot-
ted against pulse frequency in figures
3c and 3d, is the fraction of pulses that
succeed in initiating the intended quan-
tum jump. A sudden rise in that fraction
with increasing frequency indicates the
sought-after excitation frequency.

In figure 3¢, stepping the frequency
of imposed RF pulse reveals the anom-
aly excitation frequency v, =v,—v_. And
in 3d, stepping the microwave-pulse fre-
quency reveals the relevant cyclotron-
excitation frequency f, = v —3e. The &
term is a small but not negligible rela-
tivistic correction. Note that such rela-
tivistic corrections spoil the usual text-
book simplification that all single-step
cyclotron excitations have the same
spacing (see figure 2).

The Harvard group carried out such
runs again and again with the same
electron sitting in the same painstak-
ingly stabilized magnetic field —usu-
ally late at night when electrical and
mechanical perturbations were mini-
mal. From all those runs and a model of
the spectroscopic line shapes, the group
determined v, and f, with the requisite
precision to yield the anomalous mo-
ment a, to 7 parts in 10'°. That’s much
better than one could know the trap’s
magnetic field —or, for that matter, the
electron’s mass. But, happily, those di-
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Figure 3. Typical quantum-jump spectroscopy runs in the Harvard Penning
trap. After appropriate excitation, a clean step in v,, the electron’s axial oscilla-

tion frequency, mj;nals (a) spontaneous decay to the spin-down cyclotron-level
ground state made possible by an induced spin flip from the spin-up groun
state, or (b) the excitation of the sgin-up ground state to the first excited level,

from which it srontcneous|y falls
imposed RF pu

ack 10 seconds later. (c) The fraction of
ses yielding successful quantum jumps of the kind shown in (a)

is plotted against pulse frequency. The rise indicates the spin-flip excitation fre-
quency v, of figure 2. (d) Plotting the fraction of successful jumps of type (b)
against the frequency of imposed microwave pulses reveals the cyclotron exci-
tation frequency f. The curves and their uncertainty bands are fits of line-shape

models to the J:Jk]. (Adapted from ref. 1.)

mensional quantities cancel out when
one measures the fractional difference
between the frequencies that induce
spin flip and cyclotron excitation.

QED survives its toughest test

Kinoshita and Nio have recently com-
pleted® the impressive task of numeri-
cally computing the 891 eight-vertex
Feynman diagrams that contribute to
the (a/m)* term of the QED prediction of

8. Together with the new experimental
result, that calculation (plus small ad-
ditions for standard-model physics be-
yond QED) yields a new determination
of a with an uncertainty of only 7 parts
in 10™.

That’s an order of magnitude better
than any measurement of « that does not
involve g,.. The best determination of «
by means independent of g, come from
recently reported measurements with

rubidium and cesium atoms.* They yield
atoabout 7 parts in 10°. Even though the
Kinoshita—Gabrielse « has a 10 times
smaller uncertainty, its excellent agree-
ment with the Rb and Cs results is in fact
the best test to date of QED.

So there’s still no sign of a discrep-
ancy that might point the way to new
physics beyond the standard model.
The test does set a limit on the size of
possible substructure of the electron,
which the standard model regards as a
point particle—albeit bathed in a cloud
of wvirtual photons and electron—
positron pairs. The most conservative
interpretation of the new test says that
any substructure must be smaller than
10" cm. That’s a thousand times less
than the diameter of the proton.

“We thought of QED in 1949 as a
jerry-built structure,” recalls Freeman
Dyson, one of the theory’s inventors, in
a congratulatory letter to Gabrielse. “We
didn’t expect it to last more than 10 years
before a more solidly built theory re-
placed it. But the ramshackle structure
still stands. The revealing discrepancies
we hoped for have not yet appeared. I'm
amazed at how precisely Nature dances
to the tune we scribbled so carelessly 57
years ago, and at how the experimenters
and theorists can measure and calculate
her dance to a part in a trillion.”

Bertram Schwarzschild
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Flattened clouds of ultracold atoms display
a topological phase transition

When pairs of atom clouds merge and interfere, the resulting fringes embody and reveal

the atoms’ collective coherence.

Reducing a system’s dimensions
from three to two need not impoverish
its physics. In fact, some of the richest,
most intriguing physical phenomena
show up in flat, thin layers. The frac-
tional quantum Hall effect and high-
temperature superconductivity are es-
sentially two-dimensional—as is the
topological phase transition known as
Berezinskii-Kosterlitz-Thouless.

Like the onset of ferromagnetism
and superfluidity, the BKT transition
doesn’t involve the release or capture of
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latent heat, but it differs from those
more familiar transitions in one distinc-
tive respect: When a system makes the
BKT transition, its symmetry is pre-
served, not broken. What changes is the
topology of the system’s coherence.
Vadim Berezinskii identified the un-
usual transition in an analysis that ap-
peared first in Russian in 1970.! Soon
after, and unaware of Berezinskii’s
paper, J. Michael Kosterlitz and David
Thouless derived the same result.?
Being quite generic, the transition

was expected to occur in a host of low-
temperature 2D systems. In 1978,
Isadore Rudnick and, independently,
David Bishop and John Reppy found
the predicted transition in films of su-
perfluid helium-4. (The online version
of this story links to the original
PHYSICS TODAY report from August
1978, page 17.)

Now, Zoran Hadzibabic, Peter
Kriiger, Marc Cheneau, Baptiste Batte-
lier, and Jean Dalibard at the Ecole Nor-
male Supérieure in Paris have observed
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