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The 2%P-23P; fine-structure interval vy; of helium has been measured by the atomic-
beam optical-microwave magnetic-resonance method. The result is vy;=29 616.864(36)
MHz (1.2 ppm), in which the error is 1 standard deviation. This precision is more than
a factor of 10 better than that obtained by any other method. Comparison with the pres-
ent theoretical value of vy, is given, and the possibility of obtaining a value for the fine-
structure constant o accurate to better than 1 ppm from our experimental result is em-

phasized.

This Letter reports a measurement of the 2°P-
23p, fine-structure interval v, of the helium at-
om to a precision of about 1 ppm. This experi-
mental result, together with our earlier mea-
surement’ of the 2°P,-2°p, fine-structure inter-
val v,,, provides the experimental data needed
for a very sensitive test of the quantum-electro-
dynamic theory of the electron-electron interac-
tion in helium, and also for a determination of
the fine-structure constant « to a precision of
better than 1 ppm.2™*

It has been possible to determine the fine-
structure intervals v,, and v,, of helium to a con-
siderably higher precision than that to which the
intervals in the n =2 state of hydrogen are known®
because the 2°P state of helium has a mean life-
time which is about 60 times longer than that of
the 22P state of hydrogen. All of the theoretical
calculations for helium which are necessary to
utilize our experimental accuracy have not yet
been done, but it seems reasonable to expect
that the needed theoretical accuracy can be
achieved.*

We measured the fine-structure interval v, by
the method of atomic-beam optical-microwave
magnetic resonance, which has been described
in Ref. 1. The energy levels of the 23P state as
functions of magnetic field are shown in Fig. 1.

The transition (J, M) =(0, 0) = (1, 0) at a magnet-
ic field of about 300 G was observed; and hence,
using the theory of the energy levels® and the
measured Zeeman effect,” the interval v,;, was
determined. '

A beam of 1'S, ground-state helium atoms was
excited to the 23S, metastable state by electron
bombardment in an electron gun, The three com-
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FIG. 1. Zeeman energy-level diagram of the 2%P
state of helium. The observed microwave transition
is indicated at a typical value of magnetic field used.

1613



VoLUME 26, NUMBER 26

PHYSICAL REVIEW LETTERS

28 JUuNE 1971

ponents (M ;=0, £1) of the 233, level were re-
solved spatially by an inhomogeneous magnetic
field and a collimator, and beam stops blocked
out the M ;=1 components. In the region of the
homogeneous static magnetic field, resonance
radiation from a helium discharge lamp excited
2%5,(M ;=0) atoms to the 2P Zeeman levels.
Spontaneous radiative decay with a mean lifetime®
of 1,0x1077 sec back to the 23S, state resulted in
a distribution of atoms in the three M, levels of
the 2°S, state. In the second inhomogeneous mag-
netic field, atoms with M ;=1 were deflected

out of the main beam. Our detector was posi-
tioned to observe the deflected M ;=+1 atoms.

In the homogeneous-field region a microwave
cavity was present, and a magnetic dipole transi-
tion was induced between the 2°P Zeeman levels
(J,M ;) =(1,0) and (0, 0). These two levels have
unequal optical-excitation probabilities from the
2%S,(M ;=0) level, and also unequal decay proba-
bilities to the 235,(M ;= +1) level, and hence a
change was produced by the induced microwave
transition in the intensity of the detected M ;=+1
beam. The signal for a particular value of the
static magnetic field H was the normalized dif-
ference in counts at the detector with the micro-
wave power on and off. A resonance curve was
obtained by varying H with the microwave fre-
quency and power kept constant.

Much of the apparatus used has been described
in previous papers.”” However, the electron
gun used for the 1'S; to 2°S, excitation and the
microwave system were different for the present
experiment. The cathode of the electron gun con-
sisted of several thoriated tungsten filaments
placed parallel to the height of the ribbon-shaped
atomic beam, and the anode was a block of stain-
less steel. The intensity of the metastable atom-
ic beam was more than a factor of 2 greater than
that in the earlier experiments. The source of
microwave power was a 10-W two-cavity kly-
stron tuned to about 29.6 GHz.° The frequency
was stabilized to 0.1 ppm by frequency locking to
a 1-MHz crystal oscillator through an intermed-
iate X -band (10-GHz) klystron.

A typical resonance curve is shown in Fig. 2.
Data points were taken in pairs equally displaced
from the estimated line center, and the high- and
low-field points were alternated in order to min-
imize the effects of any long-term drifts. Mea-
surement of the magnetic field H was done by ob-
serving the Zeeman transition M ;=01 of the
23S state of helium, whose frequency is given by
v(3S,) = upgs(3S)H/h. The observed peak signals
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FIG. 2. A typical observed resonance line showing
percent signal versus magnetic field as measured by
the Zeeman transition frequency v(35). The experi-
mental points are indicated by.the circles, and a typi-
cal statistical error bar is shown. The solid curve is
a Lorentzian curve fitted to the data points. The kly-
stron frequency was set at 29 596.704 MHz.

ranged from 0.3% to 0.8%. The detected atom
intensity with microwave power off (background)
is contributed principally by atoms in the wing of
the undeflected M ;=0 component of the beam and
by atoms which made the transition M;=0-M,
=+1 through optical excitation from the 23S to the
2°P state and radiative decay back to the 2°S
state, In view of our knowledge of the background,
the observed signal size is consistent with theo-
retical expectations. The linewidth of 44.1 G
(full width at half-maximum) corresponds to a
frequency width of 4.4 MHz; the natural linewidth
is 3.2 MHz, and the additional width of 1.2 MHz
is due to microwave power broadening.

For each resonance line a Lorentzian line
shape was fitted to the data points using a least-
squares procedure. The fitting involved the use
of the equations for the energy levels as func-
tions of magnetic field and yielded directly a val-
ue of v,,. Before making the fit to the data points,
a correction was made for the variation of the
signal with magnetic field associated with the
variation of the optical and microwave matrix
elements with magnetic field! (the so-called slope
correction),

We obtained 73 resonance curves, and a statis-
tical analysis yielded the weighted mean of v,
and its standard deviation: v, =29616,864+ 0,035
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MHz. The error in our measurement is princi-
pally a statistical counting error. The only ad-
ditional significant error, amounting to 7 kHz,
is that associated with the slope correction men-
tioned above. Hence we take as our final result

V1 =29616.864+0.036 MHz (1.2 ppm),

where the error is 1 standard deviation. Brief ]

preliminary reports of this work have been made.
This value is in agreement with, but represents
an order-of-magnitude improvement in precision
compared to, the value vy, =29616.76+0.40 MHz
obtained by an optical-level-crossing experi-
ment, ! ,

The theoretical expression for v,, can be writ-
ten in the form®* 2

Vor = Q°CRyet [K, + 0K, + 0K, +K,") + a(m/M)K, + a*(In@)K, +++ |

in which Rye4 is the Rydberg constant for helium,
c is the velocity of light, « is the fine-structure
constant, and the K’s are dimensionless numeri-
cal constants. The leading term with the con-
stant K, arises from the electron spin-spin and
spin-orbit interactions (the Breit interaction).® %13
The second term with the constant K, is a virtual
radiative correction which arises from the ano-
malous magnetic moment of the electron,®®

The term with the constant K; is a second-order
contribution associated with the Breit interaction
(and a correction term due to nuclear motion),6 7
The term with the constant K,’ comes from high-
er-order relativistic and virtual radiative ef-
fects.’® The term with K, is a relativistic recoil
term.'® Higher-order terms are expected to be
negligible, but the term with K should also be
calculated.

The present status of the theoretical calcula-
tions for v,, (and also for v,,) is shown in Table L.
The constant K, has been calculated to an accu-
racy of about 1 ppm by two groups using varia-
tional wave functions.'®*® Their results differ
by 3.0 ppm. To obtain the value of V., We have
used the mean of these two values. The theoreti-

cal value of the term with constant K, is known
to better than 30 kHz and hence would contribute
an inaccuracy to v,, of less than 1 ppm. The
term with K, has been partially worked out,'® "
and the Hamiltonian for evaluating the K,’ and
K, terms has recently been formulated.?® The
values available for the K, and K,’ terms are
given; they are not yet sufficiently well-known to
yield v,, to an accuracy of 1 ppm. Since these
terms with K, and K,’ are of order o relative to
the leading term, they need be calculated only to
about 1% accuracy to achieve an overall theoreti-
cal accuracy of 1 ppm. With regard to the theo-
retical value for v ;,, the leading term with K,
has only been calculated with an accuracy of 10
ppm. The absolute accuracies with which the
other terms are known is about the same as for
Vore

Comparison of the theoretical and experimental
values for v,, and v,, indicate discrepancies of
209 and 1128 ppm, respectively. These discrep-
ancies are presumably due principally to the in-
completeness in the calculations of the terms
K, K;’, and K,. It is expected that the theoreti-

Table I. Fine structure of the 2°P state of helium. The values of @~!, ¢, and Rye4 as given in Ref. 5 are
137.036 02(21) (1.5 ppm), 1.09722269(11) Xx10° cm™! (0.1 ppm), and 2.9979250(10) 10!’ cm sec™! (0.3 ppm), respec-

tively. a%cRp.4=175.16447(53) GHz (3.0 ppm).

a®cRye K, acRyetK, %R He ‘K3 a“‘RHe“Ks' Vtheor Vexpt Vexpt=Vthecr
Interval (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)
Vig 2316.885%  —22.524%P  —4.774¢ -0.9894 2288.612 2291.196 £0.005 2.584
2316.912P (2.2 ppm) © (1128 ppm)
Vot 29 560.5132 54.654% P 9.817° -1.979¢ 29 623.047  29616.864 +0.036 -6.183
29 560.596° (1.2 ppm) | (209 ppm)

2Ref. 12. The values given in the table are all based
on the use of values of the fundamental constants as
shown.

bRef. 13. The K, contributions are not given sepa-
rately by the authors, but should be identical to those
given in Ref. 12. The values quoted are for the even-
w extrapolation.

®The K; contributions include all the terms given in
Tables V and X of Ref. 17, and the result for the 21P1
admixture given in Ref. 13.

dRef. 18.

€Refs. 1 and 7.

fThis experiment.
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cal value for v,, can be calculated to an accuracy
of about 1 ppm and hence, together with the use
of our reported experimental value for v,,
should determine the fine-structure constant «
to an accuracy of better than 1 ppm.

A more detailed report of our experiment will
be submitted for publication later.
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Anomalous Microwave Absorption Near the Plasma Frequency*

Harry Dreicer, Dale B. Henderson, and John C. Ingraham
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Measurements in a highly ionized plasma of anomalously large absorption and the
threshold field required for its onset are presented as a function of plasma density for

conditions free of electron inelastic effects.

In the weak-field limit the measured absorp-

tion is in good agreement with the classical theory for the high-frequency resistivity.

Absorption of intense electromagnetic waves
near the critical density on a plasma profile,
where the electron plasma frequency w, approxi-
mately equals the wave frequency w, has recently
become important in connection with laser and
rf heating of plasmas. Theory indicates the pos-
sibility of enhanced absorption’ when the intense
fields excite high-frequency instabilities.>*® This
Letter reports such absorption measurements
made on the highly ionized plasma column of the
single-ended Los Alamos @ machine. By oper-
ating over a large range of electric fields and
plasma densities, our measurements yield (1) a
quantitative value for the classical resistivity,
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(2) the threshold electric field for the onset of
instability and anomalous dissipation, and (3) an
experimental estimate for the anomalous dissi-
pation under conditions shown to be free of elec-
tron inelastic effects.

In our experiment, potassium ions, produced
by contact ionization on a grounded 2500°K tungs-
ten hot plate (HP), drift along the applied magnet-
ic field B, until they are collected on a cold cop-
per collector biased negatively to the potential
V.. The plasma is limited by a 2.45-cm-diam
aperture near the HP. The electrostatic sheath
at the HP reduces the current of thermionic elec-
trons by the Boltzmann factor exp(e¢/kT), where



