
lie

28 JUNE 1y7y NUMQpR 26

Precisse Measuremeut of th Fille-Struqt ai ««hum

V W Hughe s
~~t's ~~oratory, ~g sic

~~ S A. +ewis, $ and p
&s'os DeP«tment, 1age U„;„. ' ~ J I'ichanick ))

a e nive~sity, Nese Haven, Cow

(Received 22 April 1971)

T, ~=, 0 (10 atThe transition (8 M ) =(0
1c field of about 300 G
using the th

was observ
e eory of the ener

served; and hence

IneRsured Z
gy evels and the

e eeman effect ' the i
detcx'IniDed.

e interval vo, rvas

A beam of I'80 ground-state hei-8 e helium Rtoms wRS
o e 2 8, metastable state b elo e 2 e y electron

in Rn electx'on gun. The three com-

l

0 I 00 200 300
Magnetic F ie ld H ( QOUss )

Fl6.6. 1. Zeeman ener -lev6. rgy- evel diagram of the 23P
e 1um. The observed microe 1um mxcrovl ave transition

c value of magnetic field used 0

me-structure interval v of he 'The 23& -23& f"

MHz (1.2
i - hd, Th

ppmp, 1n which the ex'x'or 1

o, e result is v =2961

a factor of 3.0 b
ror 1s 1 standard deviation Th

etter than that obt
a one This px'eclsion is mI ror1 a on Th ' ' more than

ic v ue of so~ is given a
e o . Comparison vrith th

ic v ', and the possibility of obtaininning a value for the fine-

as1ze
ppm x'om our experimenmenta result is em-

This Letter re ortsTh' p rts a measurement of the 2'P-
2 &, fine-structure interval v of the
omto R reprecision of about I ppm. This e eri-
m ) x' %'1 our eRx'lier Dlea-

o e2P 23/ f, me-structure inter-
v», provides the experimental data ne

fox' R very seDsiti' 've es of the quantum-
R R needed

dynamic theory of th
m-electro-

tion in helium d
y o e electron-electr on ~nterac-

ermlnatlon Of
'

m, an also for R det
-s ruc re constant n to a recision

4

J&0 My= 0

It has been opossible to determine the fin-
t tu t'1 dva1 Rn v Of he

o w ich the

y I'ogell ax'e knowilen= state of h dro 0

e theoreticale o ydrogen. All of th
s or elium which are nec

utili. ze our exp
necessary to hl

experimental Rccurac
been done b t '

u Xt SeemS rea
. y have not yet 0

that th
Rsonable to expect

0

e needed theoretical a
Rch

RCCux'RCy CRD be

red the fme structu%'e measu ' - re Interval v» by
IQ - p leal- microwavemac- earn o ti

zc resonance, vrhich hahas been described
e . . The energy levels of the 2'Pe . . The o 'e P state as

Rgne lc fieM Rre shovHl FiI 'g. I.



VOLUME 26, NUMBER 26 PHYSICAL REVIEW LETTERS 28 JUNE 1971

ponents (M~=0, +1) of the 2'S, 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'S,(M~ =0) atoms to the 2'P Zeeman levels.
Spontaneous radiative decay with a mean lifetime'
of 1.0x10 ' sec back to the 2'S, 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'& Zeeman levels
(J, Mz) = (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 2'S,(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'Sp 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 0Hz. ' 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~=0 1 of the
2'S state of helium, whose frequency is given by
&('S,) = page('S, )Hlh. 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(S). 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
%%d

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 2'S 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 0
(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 fieM associated with the
variation of the optical and microwave matrix
elements with magnetic field' (the so-called slope
corr ection).

We obtained 73 resonance curves, and a statis-
tical analysis yielded the weighted mean of spy

and its standard deviation: vpy 29 616 864+ 0 035
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MHz The ex'x'ol ln oux' measurement ls pl 1Qcl-

pally a statistical counting ex'ror. The only ad-
ditional significant error, amounting to 7 kHz,
i.s that associated with the slope correction men-
tioned above. Hence we take as our final result

v„=29 616.864*0.036 MHz (1.2 ppm),

where the error is 1 standard deviation. Bxief

preliminary reports of this work have been made. 'o

This value ls in agreement with, but represents
an order-of-magnitude improvement in precision
compared to, the value vo, = 29616.76+0.40 MHz
obtained by an optical-level-crossing experi-
ment. "

The theoretical expression for vo, can be writ-
ten in the form ''

vo, = a cR H, 4 [K, + nK2+ n2(%3+K, ') + ot(m/M)K~+ n'(lno)K, + ~ ~ .j

in which AH, 4 is the Rydberg constant for helium,
e is the velocity of light, n is the fine-structure
constant, and the E's are dimensionless numeri-
cal constants. The leading term with the con-
stant E, arises from the electron spin-spin and
spin-orbit interactions (the Breit interaction). "' "
The second tex m with the constant E, is a virtual
x'adiative corx ection which arises from the ano-
malous magneti. c moment of the electron. '4'"
The term with the constant E3 ls R second ox'del
conti lbutlon RssoclRted with the Bx'elt lnte1RctloD
(and a correction term due to nuclear motion). "'"
The tex m with the constant E,' comes from high-
er-order relativistic and virtual radiative ef-
fects." The term with E4 is a relativistic recoil
term. " Higher-order terms are expected to be
negligible, but the texm with E, should also be
calculated.

The present status of the theoretical calcula-
tions for vo~ (and also for vg2) 1s shown ln TaMe I.
The constant E, has been calculated to an accu-
xacy of about 1 ppm by two groups using varia-
tional wave functions. ""Their results differ

3 0 ppm~ To obtRln the VRlue of v t'heo g we have
used the mean of these two values. The theoreti-

! cal value of the tex'm with constant E2 is known
to better than 30 kHz and hence wouM contx'ibute
an inaccuracy to vo, of less than 1 ppm. The
term with E, has been partially worked out,
and the Hamiltonian for evaluating the E,' and
E, terms has recently been formulated. '0 The
values available for the K, and E,' terms are
given; they are not yet sufficiently well-known to
yield vo, to an accuracy of 1 ppm. Since these
terms with Ks and K, ' Rre of order n2 relative to
the leading term, they meed be calculated only to
about I% accuracy to achieve an overall theoreti-
cal accuracy of 1 ppm. Vfith regard to the theo-
retical value for u», the leading term with E,
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
&OX

Comparison of the theoretical Rnd experimental
values for vo, and v» indicate discxepancies of
209 and 1128 ppm, respectively. These discrep-
ancies are presumably due principally to the in-
completeness in the calculations of the texms
E„E,', and E4. It is expected that the theoreti-

Table l. Fine structure of the 2 P state of helium. The values of a ~, c, and AH~4 as given in lief. 5 are
137.036 02(21) (1~5 ppm), 1.097 222 69(ll) &10 cm (0.1 ppm), and 2.997925 0(10) &&10 cm sec (0.3 ppm), respec-
tively. a 2cRH~4 =175.16447(53) 6Hz (3.0 ppm).

a egHC4Kg
2

(MHz)
0' cBH~4X2

(MHz)
"rheo'
(MHz)

"exp'
(MHz)

"aqua "thee r
(MHz)

2316.885
2316.912

29 560 513'
29 560.596

-22.M4 '

54.654" b

-4.774

9.817'

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

Ref. 13. The K2 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-
~ extrapolation.

-0.989

-1.979'

2291.196 ~0.005 2.584
(2.2 ppm) (1126 ppm)

29 623.047 29 616.864 +0.036 -6.183
(1.2 ppm) (209 ppm)

The K3 contributions include all the terms given in
Tables V and X of Ref. 17, and the result for the 2~P~
admixture given in Ref. 13.

dBef. 18.
eBefs. 1 and 7.
~ This 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 Q.

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
Los Alamos ScienNfic Laboratory, University of California, Los Alamos, New Mexico 87544

(Received 12 April 1971)

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 co~ approxi-
mately equals the wave frequency co, 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-f requency instabilities. " This
Letter reports such absorption measurements
made on the highly ionized plasma column of the
single-ended Los Alamos Q machine. By oper-
ating over a large range of electric fields and

plasma densities, our measurements yield (l) a
quantitative value for the classical resistivity,

(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(ep/kT), where
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