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Precision microwave measurement of the 23P1– 2 3P0 interval in atomic helium

C. H. Storry and E. A. Hessels
Department of Physics, York University, 4700 Keele Street, Toronto, Ontario, Canada M3J 1P3

~Received 10 March 1998!

We have measured the 23P1– 2 3P0 interval in atomic helium to be 29 616.966~13! MHz ~an accuracy of
400 ppb!. The microwave transition is driven using a laser-excited thermal beam of metastable helium atoms.
The result of the measurement resolves the discrepancy between a previous, less-precise microwave measure-
ment and recent laser measurements of this interval. Comparison of measured and theoretical predictions for
this interval allows for a determination of the fine-structure constant.@S1050-2947~98!50707-X#

PACS number~s!: 31.30.Jv, 32.30.Bv
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The n52 triplet P fine-structure intervals in atomic he
lium have long been recognized as important for the tes
of quantum electrodynamics and for measuring the fi
structure constant. The fact that the 23P states are relatively
long lived~with a lifetime of 98 ns! allows for high-precision
measurements of the large~approximately 30 GHz! fine-
structure intervals. High-precision theoretical predictio
were first made by Douglas and co-workers@1# and, recently,
even higher-precision theory has been introduced by Dr
and co-worker@2#. On the experimental side, a series of p
cision microwave measurements were done by Hughes
co-workers@3#, and, more recently, the intervals have be
determined from precision laser measurements of
2 3S– 2 3P intervals@4–6#. These laser measurements are
disagreement with the earlier microwave measurements.
present here a high-precision microwave measurement.

A schematic of the technique used for this measureme
shown in Fig. 1. A dense thermal beam of metastable hel
atoms (531014/sr s) is created in a discharge source sim
to that described in Ref.@7#. A small dc magnetic field~8.9
or 25.6 G! is applied to separate the energies of the differ
m substrates of the 23S and 23P states, as shown in Fig. 1
First, a 1.08-mm diode laser~A in Fig. 1!, which is linearly
polarized in the direction of the dc magnetic field, empt
the 23S1 m50 metastable state by driving the 23S1 m50
to 2 3P0 transition. The 23P0 state decays back to the 23S
state, with equal probability of decaying into each of t
threem substates. In the approximately 6ms that the atoms
spend in this 1-cm-wide laser beam, they undergo appr
mately 30 cycles of this transition, reducing the 23S m50
population by more than 99.5%. Next, a second 1.08-mm
laser~B in Fig. 1!, this one linearly polarized perpendicula
to the direction of the magnetic field, is tuned to excite t
2 3S1 m51 population up to the 23P1 m50 state. Thism
50 state decays back down to the 23S1 m51 and m5
21 states, but is forbidden to decay down to the 23S1 m
50 state, and thus the 23S1 m50 state remains empty.

Immediately following this laser excitation, the atoms e
ter a section of WR28 waveguide~C in Fig. 1!, where a
microwave field drives the 23P1 m50 to 23P0 m50
magnetic-dipole transition. The thermal atoms travel a d
tance of only about 0.2 mm within a 23P lifetime, and thus
it is necessary that the waveguide be very close to the e
tation laser beam. To accomplish this, the excitation la
PRA 581050-2947/98/58~1!/8~4!/$15.00
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beam is focused to a waist size 30mm wide ~and 4 mm
high!. 1.6-mm holes in the narrow 3.56-mm dimensions
the waveguide allow the atoms to pass through. The w
thickness of the waveguide is 1.02 mm, and this is reduce
0.13 mm at the entrance hole. 25-mm-diam stainless-stee
wires are stretched across this hole, as shown in Fig. 1
order to contain the microwave fields to inside of the wav
guide. 16~and later 32! wires are used, leaving an averag
spacing of 75~and later 25! mm between the wires.

After the 23P1– 2 3P0 microwave transition is driven, the
2 3P0 atoms decay equally into all threem states of the 23S
state, including them50 state. Thus, driving the microwav
transition results in a repopulation of the previously empt
m50 state. This repopulation is detected 16 cm down
beamline by laser exciting them50 metastables up to th
2 3P0 state~D in Fig. 1! and observing the resulting fluores
cence. A 7.6-cm parabolic mirror~with 2.9-cm focal length!
and a Fresnel lens focus the light onto a liquid-nitroge
cooled InGaAs photodiode. Less than 10% of the total flu
rescing light can be focused onto the 3-mm-diam photo
ode, which has a quantum efficiency of 90%. A lock-
amplifier extracts the photodiode signal synchronous w
the 100% amplitude modulation of the microwave power

The resulting signal as a function of microwave frequen
is shown in Fig. 2. The final uncertainty in the measurem
is dominated by systematic effects, as discussed in the
lowing paragraphs. A summary of the line centers obtain
from the data is shown in Table I.

The first systematic effect is due to microwave fields th
leak out of the 1.6-mm entrance hole in the waveguide. T
size of these fields is greatly reduced by the presence of
25-mm wires. The leakage fields consist of both fields th
radiate out of the hole and those that bulge out between
wires but continue to travel down the waveguide. The fi

FIG. 1. Energy-level diagram and schematic of the experime
setup. Details are given in the text.
R8 © 1998 The American Physical Society
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causes shifts in our resonance because the direction of pr
gation of the radiated fields leads to Doppler shifts and
cause the radiated waves experience a phase shift as
pass by the wires. The second type of field causes no s
and the amplitude of this field is expected to decay expon
tially outside of the waveguide. The effects due to both le
age fields on the line shape and line center can be calcu
using time-dependent perturbation theory~TDPT!. The prob-
ability of repopulating the 23S m50 state is@8#

FIG. 2. ~a! Typical data for the microwave resonance. T
TDPT model described in the text~solid line! gives a good fit to the
data~points with error bars!, whereas the naive Lorentzian~dashed
line! gives a very poor fit.~b! The residuals~experimental data
minus solid line! are shown on an expanded scale at the bottom
the plot.

TABLE I. Measured line centers. The second column gives
line centers obtained from extrapolations, as shown in Fig. 3.
values in parentheses are one standard deviation uncertainties
last digits. The first uncertainty is from the extrapolation, and
4-kHz uncertainty is due to Doppler shifts~1.2 kHz!, light shifts ~2
kHz!, and microwave power variation~3.5 kHz!. The third column
is the quadratic Zeeman shift, and the final column gives the
rected centers. Centers are given for the two magnetic fields,
two numbers of stainless-steel wires, the two excitation laser p
ers, and for the two nominally identical repetitions of the data ta
during different months. In each case, the center given is the a
age obtained from all of the data that were taken with the exp
mental parameters listed in column 1. The final row uses the a
age of all data taken and gives the final measured value for
center. All values are in kHz.

Experimental
setup

Extrapolated
line center

Zeeman
shift

Measured
center

B58.9 G 29 616 954~12!~4! 16~0! 29 616 970~13!

B525.6 G 29 616 832~13!~4! 130~2! 29 616 962~14!

16 wires 29 616 897~13!~4! 73~1! 29 616 970~14!

32 wires 29 616 888~12!~4! 73~1! 29 616 961~13!

10% laser power 29 616 890~12!~4! 73~1! 29 616 963~13!

100% laser power 29 616 895~13!~4! 73~1! 29 616 968~14!

Data set No. 1 29 616 888~12!~4! 73~1! 29 616 961~13!

Data set No. 2 29 616 898~16!~4! 73~1! 29 616 971~17!

All data 29 616 893~12!~4! 73~1! 29 616 966~13!
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ub~ t !u2Ge2Gtdt,

whereC is a normalization constant,G510.2163106 s21 is
the 23P decay rate@9# and ub(t)u is the amplitude for mak-
ing the microwave transition:

ub~ t !u5
m0

A6\
U E

t852tb

t

eiDvt8Hz~ t8!dt8U,
wherem0Hz /A6 is the magnetic-dipole matrix element, an
the z component of the microwave magnetic field is

Hz~ t !5H0S 12
e2t/ta

2 D cos~vt ! for t.0,

H0S et/ta

2
cos~vt !1e cos@v~11b!t2f# D for t,0,

which includes both the radiating field~the term proportional
to e! and the exponentially decaying nonradiating field. He
v is the angular frequency of the microwave field,e andf
are the relative amplitude and phase of the radiated mi
waves~compared to those inside the waveguide!, b5v/c,
ta5a/v, andtb5b/v, wherev is the velocity of the atom,a
is the exponential decay distance for the nonradiating fie
and b is the distance between the laser excitation and
waveguide entrance hole. The full line shape is obtained
integrating over the atomic-beam velocity distribution.

The analytic expression for the result of the TDPT calc
lation is lengthy, but straightforward to calculate. The so
line in Fig. 2 is an example of the line shape. The dash
curve in that figure is the Lorentzian line shape~with full
width at half maximum ofG/p53.252 MHz!, which would
be present if the leakage fields were zero. It is clear from
plot that the leakage fields play an important role. The
siduals~experimental data minus model line shape! shown at
the bottom of the figure show excellent agreement betw
the data and the TDPT shape. Other trial line shapes~e.g., a
Lorentzian with its center and width floating! do not give
acceptable agreement.

To further study the effects of the leakage fields, data
taken with different distances (b) between the excitation la
ser and the waveguide entrance hole. The amplitude of
microwave signal shows the expected exponential decre
with distance due to the lifetime of the 23P1 state and indi-
cates that the average speed for the atoms is approxim
2000 m/s, as expected@7#. Figure 3 shows plots of the ex
perimental width and observed line center versusb. The
solid curves in these plots are the predictions from the TD
model. The choice ofa, f, e, andb0 ~the excitation-laser-
to-waveguide distance for the points atx50 in Fig. 3! is
determined by finding the best fit of these parameters to
data of Fig. 3.G is not varied in the fit. The least-squares
constrains all four parameters:a560(10) mm, f525(5)°,
b05150(30)mm, and e50.055(5) for 16 wires; anda
540(10) mm, f525(5)°, b05150(30)mm, and e
50.045(5) for 32 wires. The fit values fore imply that ap-
proximately 231024 of the waveguide power is radiated o
of the hole. The two values ofa seem reasonable given th
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25- and 75-mm spacing between the 25-mm wires. As ex-
pected,b0 is the same for both numbers of wires, although
is somewhat larger than the measured distance of 85~30! mm.
The fitted values imply, as expected, that both types of le
age field are smaller when the spacing between the stain
steel wires is reduced.

The success of the TDPT model in describing the sh
and the widths of the microwave resonance asb is varied
~Fig. 3! and the fact that the model predicts reasonable
ues for the four parametersa, f, e, andb0 , and its success in
obtaining a good fit to the experimental line shape~Fig. 2!
indicate that the model describes the physical process
sponsible for the shifts in our microwave resonance. Asb
goes to zero, the shift of the microwave resonance will a
go to zero. Thus, to obtain the unshifted center, one m
extrapolate the curves in Fig. 3 to the position of the wa
guide entrance hole~or, more precisely, the point where th
phase-shifted radiated power originates!. It would seem ap-
parent that this phase-shifted radiation originates at
25-mm wires, and thus one should extrapolate to the m
sured position of these wires: 85~30! mm. The fit values for
b0 indicate that perhaps the extrapolation should ext
somewhat further, to 150~30! mm. This difference may be
due to the inadequacy of our model in fully describing t
shifts, but we choose to include the possibility that the po
of phase shift may be inside the wires and expand our e
bars to include extrapolations back to both of these poi
The extrapolated centers are shown in the first column
Table I along with the uncertainties in the extrapolations

In the discussion thus far, it has been implicitly assum
that the microwave power is small enough to allow us to
TDPT. This is in fact the case for the 1 W of power present
in the waveguide, which leads to a microwave magnetic fi
of 0.2 G. This power is well below saturation, leading
only a 2% probability of driving the 23P1– 2 3P0 transition.
The ac Stark shift and Bloch-Siegert shift are less than
kHz and can be ignored. Power broadening is less than
and its effect on the extrapolations is negligible.

FIG. 3. Variation of line centers and linewidths with the positi
of the excitation laser for 16-wire data@~a! and ~c!# and 32-wire
data @~b! and ~c!#. The solid line is from the TDPT prediction
described in the text. The line centers must be extrapolated to w
the phase-shifted power radiated out of the microwave hole o
nates, which is determined either from the fit of these curves to
TDPT model@b0(FIT)# or from the measured position of the wire
@b0(MEASURED)#. The extrapolated line centers are also show
t
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Since the microwaves in the waveguide propagate perp
dicular to the thermal beam, Doppler shifts are small. T
spread of the atomic beam is63 mrad and the waveguide i
perpendicular to all atoms in the atomic beam to better t
5 mrad, leading to the uncertainty of 1.2 kHz included
Table I. It is possible that the wave in the waveguide sligh
distorts as it passes by the entrance hole. To ensure tha
net Doppler shift could result from such a distortion, we a
careful to ensure that the atomic beam fills the hole sy
metrically and that the atoms that contribute to the mic
wave signal also fill the hole symmetrically.

Laser light shifts due to the slight overlap of the excitati
laser and microwave fields is another major concern. T
25-mm wires and the tight focus of the laser help to minimi
this overlap. To test for possible light shifts, approximate
half of the data are taken at 90% lower excitation-la
power. The line centers obtained at the two laser powers
nearly identical. We have included an uncertainty of 2 k
in Table I to account for possible light shifts.

Because the microwaves drive aDm50 transition, there
is no linear Zeeman shift. There is, however, a quadratic s
@10# of 0.1977 kHz/G2. The dc magnetic field is produced b
two rectangular coils and is measured using two sepa
gauss meters~each accurate to better than 2%!, as well as
being calculated from the geometry and current of the co
From these three measures, the fields are determined t
8.88~9! and 25.62~24! G, which lead to shifts of 15.6~0.3!
kHz and 129.8~2.4! kHz, as shown in Table I.

Another important uncertainty is due to the possible var
tion of microwave power as the microwave frequency
tuned. The microwaves are produced by a Wiltron 6816
signal generator, followed by a 1-W DBS Microwave pow
amplifier. The amplifier is specified to have power variatio
of less than 0.1 D over 100 MHz, and is confirmed to ha
variations of less than 0.1%/MHz in the frequency range
interest. The power amplifier has a hermetically sea
WR28 waveguide output that serves as the vacuum sea
feeding the microwaves into the vacuum chamber. The a
plifier is followed by a 27.4-cm straight section of wav
guide, with the 1.6-mm hole being 16.3 cm below the a
plifier. After this section, a microwave terminator with
voltage standing-wave ratio of 1.004 absorbs the microw
power. Variations of microwave power versus frequency c
also be caused by microwave reflections from the vari
components within the microwave system. These reflec
waves interfere with the incident microwave power, and
degree of interference varies slightly as the frequency~and
thus wavelength! of the microwaves is tuned. The maximu
variation that could result from the reflections in our micr
wave system is 0.04%/MHz. As a further test of reflectio
data were taken with an extra 1/4-wave section of wavegu
added before or after the 27.4-cm section. This section se
to reverse the sign of the interference and thus reverse
sign of the shift in our resonance. The consistency betw
these measurements confirms that the effect of the refle
waves is small. An uncertainty of 3.5 kHz is included
Table I to account for both types of possible power var
tions.

Some additional data were taken at one-half microwa
power, with 10 times higher pressure in our vacuum syst
~231026 Torr as compared to 231027 Torr!, or with the

re
i-
e

.



e
c
is

a
m
av

l
er
nd
re

d

t
a

n
p

re
ld

ta

ob-

ion
ly
to
sary

ty of
are

ub-
he
-

n-
to

ro-
ry
t.

RAPID COMMUNICATIONS

PRA 58 R11PRECISION MICROWAVE MEASUREMENT OF THE . . .
excitation laser set to excite from the 23S1 m521 state
instead of them511 state. Also data were taken with th
waveguide section reversed. In all cases, there is no expe
shift and no shift is found. The dc Stark shift rate for th
interval is approximately 10 kHz/~kV/cm!2. We estimate that
the dc fields near the waveguide are less than 10 V/cm, le
ing to a negligible shift. A Cs clock standard obtained fro
the GPS satellite system is used to calibrate our microw
frequencies with negligible uncertainty.

Table I shows that the measured value for the interva
consistent for the two magnetic fields, for the two numb
of 25-mm wires, for the different excitation-laser powers, a
for the two repetitions of the data set. The final measu
result for the interval is 29 616.966~13! MHz. This is the
most precise microwave measurement of the interval an
does not agree well with the previous@3# microwave mea-
surement of 29 616.864~36! MHz. The result is in agreemen
with two recent laser measurements of the interv
29 616.962~4! @4# and 29 616.981~25! @25# ~and is within
two standard deviations of a third measureme
29 616.936~8! @16#!; and thus resolves the previous discre
ancy between laser and microwave measurements.

At present, our measurement accuracy is almost enti
dominated by the effects of the microwave leakage fie
v.
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We intend to solve this leakage-field problem@11#. Our sta-
tistical uncertainty is below 1 kHz for two weeks of da
collection and can be improved by~1! increasing the micro-
wave power and thus increasing the induced transition pr
ability above the present 2% and~2! by improving our fluo-
rescence collection optics to increase the collect
efficiency. These two improvements will not only great
reduce our statistical uncertainty, but will also allow us
perform the extensive systematic tests that will be neces
for a sub-kHz measurement of the interval.

The present best theory@2# of 29 616.974~20! is in good
agreement with the present measurement. The uncertain
20 kHz is due to as-yet uncalculated terms. These terms
presently being calculated@12#, and it is expected that the
theoretical uncertainty will also soon be reduced to the s
kHz level. A comparison of theory and experiment at t
1-kHz level will give a new determination of the fine
structure constant accurate to 17 ppb.
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