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A detailed report on the current status of measurements of the Rydberg constant is given. Our
recently reported value of R, =109737.31573(3) cm ! has been confirmed by three other labora-
tories within experimental error. An additional check on the iodine cell, the heart of our wave-
length and frequency reference, confirms a negligible pressure shift. The possible role of the Ryd-
berg constant in fundamental atomic physics lies in tests of quantum electrodynamics and in im-
provement of the realization of the meter. We propose that the hydrogen spectrum be used to real-
ize the meter in the optical domain, as an alternative to the current frequency chains. For the reali- .
zation to be useful, improvement of the current precision of the Rydberg constant by a factor of 2 or

more is required.

I. INTRODUCTION

The Rydberg constant R , is one of the most accurate-
ly measured, fundamental physical constants:!*?

R_=109737.31573(3) cm ™!
(error of 3 parts in 10'%) . (1)

R ties together several areas of fundamental physics
(see Fig. 1). R enters into the least-squares adjustments
of other fundamental constants, in which it is an ‘“‘auxili-
ary” constant, as an essentially exact input.

For example, consider the measurement of a magnetic
field B by nuclear magnetic resonance. The resonant fre-
quency v is given by v=y,B, where y, can be deter-
mined by the equation
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given by Cohen and Taylor.? As they point out the quan-
tity 7/1', can be determined more accurately indirectly by
substituting the quantities on the right, than by direct
measurement of y,. We list these quantities, with the
corresponding errors in parts in 10°, as listed by Cohen
and Taylor:?

a=7.29735308X10"3 (0.045) ,
Hp

=1.520993129X107% (0.011) ,
9]

2e _ 14
e =4.835976 7X10" A/J (0.30),

¢=299792458 m/s (0.0),
R_=10973731.534 m~! (0.001) .
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The result, from Eq. (2), is ¥, =267 515255 s~ ' T~!, with
an error of 0.31 parts in 10, which is, of course, the value
obtained by Cohen and Taylor.?

For a discussion of this example and for the details of
their computation see Cohen and Taylor.? The subse-
quent change in R _ of a few parts in 10° changes vp by
only a hundredth of its quoted error.

In turn, other fundamental constants, such as the
proton-electron mass ratio and fine-structure constant,’
are needed to interpret experimental results used to find
R . Presently, the uncertainties in these constants have
a negligible effect on the determination of R .

R is basic to all calculations of atomic and molecular
energy levels, which often are expressed in atomic units
of 27.2 eV, twice the value of the Rydberg constant.
Comparison of theoretical energy levels and experimental
wavelength measurements are made through the Rydberg
constant. In turn, determination of R ., depends on sim-
ple systems where the theory is trustworthy.

Theoretical calculations usually involve three levels of
analyses: nonrelativistic wave functions and energies, rel-
ativistic and quantum-electrodynamical (QED) correc-
tions (Fig. 1). R, is measured by means of spectra of ele-
mentary atomic systems, such as hydrogen, where it
enters the nonrelativistic formula for the wavelength of
atomic hydrogen transitions:

1
2
1
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(3)

n

This formula is subject to corrections due to fine-
structure, hyperfine-structure, reduced-mass, and
quantum-electrodynamic corrections. In turn, the inter-
pretation of these spectra often depends on a precise
value of R . For example, measurements of the Lamb
shift of the ground state of H or of the 1S-2S interval in
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FIG. 1. The Rydberg constant ties together three areas of
fundamental physics: atomic theory, spectroscopy of basic sys-
tems, and the least-squares adjustment of the fundamental con-
stants.

positronium currently depend on R . With continued
improvement in theory, the helium atom may become a
new source for the determination of R .}

The first determination of R , =109 675 cm ™! by Ryd-
berg in 1890 was accurate to better than 1 part per 10°.2
By the early 1970s optical spectroscopy had brought the
experimental accuracy to a limit of better than 0.1 part
per 10°.3 Laser spectroscopy, introduced to the hydrogen
atom by Hinsch and Schawlow,’ has further improved
the accuracy by more than three orders of magnitude to
the present value of 3 parts in 10'°. As this paper will
show, the measurement of the Rydberg constant by laser
spectroscopy has approached a limit in accuracy which
will require new approaches to achieve further improve-
ment.

2889

II. METHOD

A. General plan of the experiment

The latest experiment is a modification of previous
efforts by Amin et al.* and by us.’ In the two previous
experiments, the Rydberg constant was determined by a
set of wavelength measurements of the Balmer-a line in
hydrogen and deuterium. To achieve better precision,
the wavelength of the 25-4P Balmer-f transition is mea-
sured. Briefly, these experiments are optical analogs of
the classical Lamb-Retherford measurement of the Lamb
shift. Instead of microwaves, a cw dye-laser beam is used
to quench the metastable atomic beam through either the
Balmer-a or the Balmer-8 transition. A '?'I,-stabilized
He-Ne laser provides a wavelength and frequency stan-
dard. By using the Balmer-f3 line, we are able to improve
our previous accuracy of 0.7 parts in 10° to 0.3 parts in
10°. This improvement over the Balmer-a measurement
is partly due to the higher transition frequency
(6.17 X 102 MHz) and narrower linewidth (12.9 MHz) of
the Balmer-8 line.

An independent value of R , is calculated from each of
the four components 2S5, ,—4P,,, and 2§, ,,—4P; ), in
both hydrogen and deuterium. The consistency of these
is a measure of the reliability of our new value for the
Rydberg constant.

B. Experimental technique

Figure 2 shows the basic scheme of this experiment.
The apparatus consists of five parts: the metastable
atomic beam chamber, the dye laser, the standard laser,
the measuring étalon, and the data recording system.

In the atomic beam chamber, a tungsten oven is used
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FIG. 2. Overall plan of the experiment to measure the Balmer-3 wavelength with a direct comparison to the standard wavelength
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to dissociate molecular hydrogen (or deuterium). A beam
of H atoms emerges from a slit in the oven to be bom-
barded and excited by electrons. All low-lying excited
states return to the ground state in ~ 1078 sec, with the
exception of the metastable 25, state, which has a life-
time ~ 1 sec and lives long enough to reach a secondary
electron emission detector. (See Fig. 2.)

In place of the microwaves in the Lamb-Retherford ex-
periment, a chopped, cw dye-laser beam crosses the
atomic beam at right angles and excites the 25, ,, state to
the 4P, , or 4P;,, states. As most of the atoms in the 4P
states drop down to the ground state, there is a quench-
ing of the metastable atoms. The first-order Doppler
shift is eliminated by crossing the laser beam and its
retroreflection with the atomic beam at an angle of 90°.
A lock-in amplifier, referred to the chopper, detects the
quenched part of the atomic beam when the dye laser is
J

lock lock

dye laser external cavity

This chain precisely sweeps the dye-laser frequency
across the Balmer-f3 transition by tuning the rf oscillator.
A two-channel digital recorder makes a simultaneous
plot of the offset frequency and the signal from the
quenched atomic beam (see Fig. 2). More detailed figures
and descriptions of the experiment are given elsewhere.!

C. Apparatus

This section describes the apparatus, many of the as-
pects of which are described in previous publications.*>

(1) Metastable atomic beam machine. The metastable
atomic beam machine produces and detects a metastable
beam (2S5, ,,) of atomic hydrogen or deuterium and con-
tains a region in which this beam interacts with a crossed
laser beam. The apparatus is similar to that used by
Amin et al*

(2) Source. As before,*> atomic hydrogen or deuterium
is produced by thermal dissociation in a tungsten oven at
2850 K. The metastable atoms in the 25, ,, state are pro-
duced by an electron bombardment current of 2 mA at 15
V. The electron bombarder is improved over earlier
models by lengthening the anode to 2 cm length. Ac-
cidental quenching by electric fields is avoided by keeping
the anode near ground potential. About 3 out of 10°
atoms are excited to the metastable 25, ,, state, 99.8%
polarized in the substate a (m; = +1).

Contamination of the secondary electron emission
detector is reduced by continuous cold trapping of the
detector chamber with liquid nitrogen, by use of a low
back-streaming diffusion pump and by gold plating the
target.

(3) Laser-atomic beam interaction region. To eliminate
Zeeman shifts in the interaction region, a box made of
high permeability alloy is placed about the interaction re-
gion inside the vacuum chamber. This shields the in-
teraction region from stray magnetic fields from, for ex-
ample, the electron-gun magnet and from the earth. The
magnetic field inside the box is measured to be smaller

measuring étalon
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tuned to a Balmer-8 transition. The dye laser is stabi-
lized to an external cavity. The wavelength of the dye
laser is measured in a piezoelectrically (PZT) scanned
étalon, by comparison with a standard laser. Both laser
beams are mode matched into the étalon.

To avoid errors caused by scanning nonlinearities, a
frequency-locked chain is used. The standard laser (*He-
20Ne, !?7,) is constructed identically to the standard laser
used to establish the new definition of the meter®
(c =299 792458 m/s), to an error of 1.6 parts in 10'°,
Another He-Ne laser is offset-locked from the standard
laser with a best frequency equal to that of a scannable rf
oscillator. Two feedback loops, one fast and one slow,
lock the dye laser to an external cavity. A set of slower
loops lock the dye laser to the measuring étalon and the
measuring étalon to the offset laser.

Thus the frequency-locked chain is formed as follows:

lock lock lock

offset laser standard —— 771, peak.

than 20 mG (2X107® T). To eliminate possible Stark
shifts, a piece of copper waveguide, 2 X5 cm in cross sec-
tion and 25 cm in length, is put inside the magnetic box
to shield against stray electric fields. The electric field is
estimated to be of the order of 1 mV/cm or less.’

(4) Dye-laser system. The dye laser used in this experi-
ment was built at the National Institute of Standards and
Technology (NIST). It is in a ring configuration, uses
Coumarin 480 dye, and is stabilized to an external refer-
ence cavity. The pump is an argon-ion laser operated
with an all-line uv output power of 2.5 W. The cw out-
put power of the dye laser at the Balmer-3 transition
wavelength (486.2 nm) starts at 120 mW with fresh dye.
However, it is typically 60 mW or less during the 20-40
h lifetime of the dye. A hydrogen optogalvanic cell is
used for the preliminary tuning of the dye-laser frequency
to near coincidence with the Balmer-f3 transition. Tuning
can be done within the Doppler width of approximately 5
GHz in a room-temperature discharge.

The locking technique of Hinsch and Couillaud® is
used with a 10-cm-long confocal reference cavity. In
their scheme, the polarization of the light reflected from
the cavity is analyzed and provides dispersion shaped res-
onances which give the error signal for two servo loops
(> 100 Hz and dc to 100 Hz). When the dye laser is sta-
bilized to the external reference cavity, the rms frequency
jitter is less than 0.4 MHz. Control of the laser frequency
is done by adjusting the reference cavity length with its
PZT. This gives a continuous, stable, and smooth tuning
over a range of 300 MHz.

(5) 271, 3He-°Ne standard laser. Possible pressure
shift in frequency. The standard laser used in the experi-
ment is provided by NIST. It is a helium-neon (He-Ne)
laser with an internal iodine cell operating near 633 nm.
The He-Ne laser is third-derivative locked to one of seven
hyperfine components of the R(127) 11-5 line in 1271,
that coincide with the He-Ne laser gain curve. The
third-derivative signal is obtained by modulating the laser
at 2.5 kHz with a modulation width of 6 MHz.
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The Bureau International des Poids et Mesures (BIPM)
assigns an error of 3.4 parts in 10'° to this standard
laser.® However, the one used in this experiment is con-
structed identically to the one used in the experiments of
Jennings et al.® in which they measured the frequencies
of several iodine hyperfine components to an error of
1.6 X 10719, The absolute frequencies of the g and i com-
ponents were measured to be

473 612 340.492(74) MHz for g ,
473612214.789(74) MHz for i .

Since the standard iodine-stabilized He-Ne laser is
mechanically, electrically, and optically identical to that
used by Jennings et al.,® we assume the same values and
uncertainty for the frequency of our reference laser when
it is locked to the g or i hyperfine components. There
could be corrections for differences in temperature of the
iodine cell (which causes changes in the iodine pressure),
for the depth of frequency modulation and for the laser
power. The values for these parameters were close to
those used by Jennings et al.,® so that the corrections
were at most a few parts in 10'! and thus were negligible.

However, one possibility is that the standard cell could
have leaked or outgassed since the original calibration,
thereby adding some foreign gas to the original iodine
filling. The order of magnitude of frequency shift due to
foreign gases can be estimated from the known value for
iodine, which is approximately 80 kHz for a pressure of
130 Pa (about 1 mm Hg), or 2 parts in 10'°, Although it
is a simple matter to check the external operating param-
eters of laser power, modulation, and temperature, this is
not the case for the interior pressure of a sealed-off cell.

Marx and Rowley developed an ingenious method for
testing standard iodine cells for foreign gases.’® They
used the Hanle effect, which is a magnetic depolarization
of resonance radiation. In this effect, the intensity of res-
onance radiation changes as a magnetic field is applied to
the atoms or molecules. This intensity change follows a
Lorentzian dependence on the magnetic field. The mea-
sured half-width is a measure of the pressure broadening
and therefore of the total pressure. This method is used
in our experiment to check for the presence of foreign
gases.

Figure 3 shows the experimental arrangement. An
argon-ion laser beam at 501.7 nm and power of 120 mW
has its vertical plane of polarization rotated by 90° by a
half-wave plate to a horizontal orientation convenient for
fluorescence detection, passes through a beam expander
and then through the iodine cell. The iodine molecules in
the cell are excited by the 501.7-nm resonance radiation
and give off fluorescence, which passes through a polariz-
er and an orange filter, and then is detected by a photo-
cell. The detector lies on an axis parallel to the original
polarization and normal to both the laser beam and mag-
netic field directions. All three directions are mutually
orthogonal. The magnetic moment of the excited state
precesses in a nonzero field, thereby increasing the light
intensity passed through the polarizer onto the photocell.
The beam expander reduces the laser intensity to 30
mW/cm?, which reduces the power broadening to a
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FIG. 3. Experimental arrangement to use the Hanle effect to
detect foreign gases in a closed iodine cell used for a standard
wavelength. The view is from above the apparatus.

negligible value. In order to know the iodine pressure
(which produces a pressure shift of its own), the iodine
cell temperature is measured with a probe attached to the
cell. The experiment differs in one detail from that of
Marx and Rowley.'o Instead of a ratiometer, the laser
light-intensity control keeps the power stable enough to
make satisfactory intensity measurement while changing
the magnetic field strength.

Marx and Rowley point out that a misalignment of the
apparatus would produce an asymmetry between positive
and reversed magnetic fields.'® As a check on the align-
ment of our apparatus, we measure the linewidth for both
field directions and take the average of the two results.
We position a magnetron magnet at different distances
from the cell to provide magnetic fields up to 0.12 T
(1200 G). The magnetic field strength is measured with a
Hall probe gaussmeter which is calibrated by nuclear
magnetic resonance. The intensity of the fluorescence
varies by about 8% from zero field to infinity. To show
the Lorentzian function graphically, the normalized
difference at each field from the infinite field value is plot-
ted in Fig. 4. Also shown is a curve of the function of the
form

Y=A,+A4,/(1+ 4 H?),

which is fit to the data by the program GRIDLS, taken
from Bevington.!! The parameter A 3 gives the half-
intensity field. The error € in A5 is found from the condi-
tion

XU As+e)=x*A5)+1, 4)

given by Bevington.!! The measured half-width for the
cell is 0.0239(4) T and 0.0253(6) T with the field reversed,
with an insignificant asymmetry. The average value is
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FIG. 4. Plot of the parameter [[( o0 )—1I1(B)]/[I(0)—1(0)],
a normalized Lorentzian function derived from the data, which
is used to evaluate the effect of foreign gases in the standard
laser.

0.0246(4) T, which corresponds to a shift of 0.0007(4) T
from the value of 0.0239 T, which is inferred for iodine at
the equilibrium vapor pressure of 26.1(3) Pa at 293.0(2)
K, the ambient temperature.!? This would correspond to
a frequency shift of 5(3) kHz if the background gas were
I,. This is a fractional shift of 1.0(6)X 107 '!, less than
the quoted error by more than an order of magnitude.
We have thus determined that foreign gas in the cell
made by one of us (H.P.L.) at NIST Gaithersburg has a
negligible contribution to our error budget.

(6) Frequency chain. To provide a tunable but precisely
known and controlled frequency source, a He-Ne laser is
heterodyned and offset locked to the standard laser. This
lock is obtained by detecting the beat frequency between
the standard and offset laser on a photodiode and by
comparing this beat note to the frequency from an rf os-
cillator controlled by a stepping motor. The voltage er-
ror derived from this comparison is used to control a
piezoelectrically driven mirror on the offset laser in such
a way as to lock tHe beat and oscillator frequencies to-
gether. The control loop forces the beat frequency to
track the rf oscillator; the offset laser is precisely scanned
by tuning the oscillator frequency. A frequency counter
measures the offset frequency, over a range of 7-100
MHz to a fraction of 1 kHz. This apparatus, along with
the range of available I, lines, provides a scannable stan-
dard laser which can be precisely frequency offset locked
to the iodine-stabilized reference laser at any value over a
frequency range of almost 400 MHz. A second servo-
control loop locks a cavity mode of the measuring étalon
to resonance with the offset-locked He-Ne laser. A third
servo-control loop locks the frequency of the dye laser to
resonance with another cavity mode of the measuring
étalon. Thus the frequency of the dye laser is known and
can be precisely scanned by scanning the frequency of the
rf oscillator.

(7) Measuring etalon. The measuring étalon consists of
a pair of mirrors, one flat and one curved. The surfaces
of the measuring étalon mirrors are good to A /200 at 589
nm. The radius of the curved mirror has been measured
by one of us to be » =284.3%0.1 cm.!* The mirrors have

a reflectivity R =949% at both 486 and 633 nm, which
gives a cavity finesse of about 50. The spacers are hollow
cervit blocks (coefficient of thermal expansion 2X 1073
K !). One mirror is movable by a piezoelectric element.

The length of the étalon is chosen by the following con-
sideration: All low-order transverse modes are set as far
as possible from the fundamental modes, by judicious
choice of cavity length, so that the resonant frequency for
the planoconcave étalon avoids overlapping modes
caused by imperfect mode matching.'3

The mirror phase shift is canceled by the method of
virtual mirrors, which involves subtracting the order
numbers for two different interferometer spacings. The
two étalon spacings are measured by gauge blocks to be

L,=12.34890 cm, L,=82.03979 cm .

The virtual mirror spacing is estimated by the difference
of spacer lengths, which is

L=L,—L,=69.69089(5) cm .

To better mode match the dye-laser beam into the
étalon, cylindrical lenses are used to convert the elliptical
dye-laser beam to a circular shape, which is then focused
onto a 25-um spatial filter. The beam transmitted by the
filter is then nearly matched into the lowest-order trans-
verse mode of the étalon. The standard and dye-laser
transmission fringes are separated by blue and red in-
terference filters. The length of the étalon is modulated,
which produces a corresponding modulation of the
transmitted power at the cavity resonance. The resulting
modulated signal is amplified and sent into lock-in
amplifiers for the locking chain.

III. DATA ANALYSIS AND CORRECTIONS

A. Line-shape analysis

The natural linewidth of the H and D Balmer-f3 transi-
tion is 12.9 MHz.!* It is broadened by the first-order
Doppler effect caused by the atomic beam divergence (17
MHz for H and 12 MHz for D), by laser power broaden-
ing (typically about 2.5 MHz), and by hyperfine structure
(hfs) (about 2.5 MHz or less). The broadened linewidth is
about 28 MHz for H and 23 MHz for D. Figure 5 shows
the experimental points of the H resonances fitted with a
theoretical Voigt profile of 28 MHz width.!> The only
variable parameters are the percentage quenching at the
line center and the line-center position. The fit is excel-
lent. The calculated linewidths agree with experiment for
both H and D. These preliminary experiments act as a
check of our understanding of the experimental condi-
tions.

Typically the laser power corresponds to 50% quench-
ing of the 4P;,, component, with a laser intensity of
about 2—-3 mW/cm? The signal-to-noise ratio is about
1000:1 with a 3-s time constant.

B. Corrections and errors

Corrections for each transition with error estimates for
the Rydberg constant are listed in Table I.
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2. 4P1/2 and 4P3/2 hfs

50— . Since the 4P hfs is not resolved, corrections must be es-

timated. The transition into the magnetically shielded
transition region occurs in approximately 0.5 ms. Ac-
cording to the uncertainty principle, the width of the
state is now approximately 0.3 MHz; the Zeeman split-
ting between the sublevels is approximately 0.03 MHz.
Thus the atoms lose quantization and all the sublevels of
the 28, ,, F =TI +1 state become equally populated. The
4P hfs corrections in Table I are calculated under this as-
sumption. The correction for each of the four lines is
large in magnitude (3 or 9 parts in 10'°), but the net
correction is zero. The agreement among the four in-
dependent values for R, gives credence to our analysis.

25— — -—— 28 MHz —

Signal Strength ( %)

| | 1 l | 1
-30 -20 -I0 0 10 20 30

Dye Loser Frequency Offset ( MHz )

3. Second-order Doppler shift

In order to calculate the second-order Doppler shift,

FIG. 5. Comparison of experimental line shape (points) with
theoretical Voigt profile for hydrogen, Balmer- transition. The
only adjustable parameters are the maximum percentage
quenching and the position of the line center.

1. 2S,,; state hfs

Since the motional electric field in the electron gun al-
most completely quenches the F =1 —1 levels, only the
upper level F =1+ survives after the beam leaves the
electron gun. Therefore the 2S hfs is completely
resolved. The measured values of this hfs cause negligi-

the speed of the metastable hydrogen beam is measured
by using the first-order Doppler effect. The laser beam is
deliberately misaligned, and the frequency difference be-
tween the Doppler-shifted transition peaks caused by
counterpropagating optical waves is measured. The re-
sult for hydrogen is 9500 m/s, in good agreement with
the expected value for a velocity distribution characteris-
tic of an effusive source. For deuterium the speed is
smaller by a factor of V'2 due to the doubled mass.

4. Others

Many other corrections and sources of possible error

ble errors (about 107 13) in R ,.'® The shifts due to the in-
complete quenching of the levels F =1 — 1 are negligible.

are discussed in detail by Zhao.! Only those of magni-
tude 107 !! or greater are mentioned in Table I.

TABLE I. Corrections, errors, and variance for R (parts in 10'°).

Corrections
Transition Contribution
228,, to n =4 H,P, H,P;,, D,P, ), D,P;,, Mean Error to variance
Effects”
Standard Laser 1.5 37
Statistical 1.5 33
Stark, light 1.0 14
shifts, other minor
Second-order Doppler 5.7 5.7 2.8 2.8 43 0.9 12
4P hfs 9.1 —9.1 2.8 —2.8 0.0 0.5 4
Lamb shifts and 16973.0 16921.6 16 990.8 16939.4 16959.2 0.2 1
other QED®
Fundamental constants 0.1
(@, M,/M,, M,/M,)
Photon recoil —13.6 —13.6 —6.8 —6.8 —10.2
Refractive index —0.2 —0.2 —0.2 —0.2 —0.2
2S hfs 720.0 720.0 221.2 221.2 470.6
Total® 721.0 702.8 219.8 214.2 464.5 2.6 100
Root-mean-square 1.1 2.6 23 1.3
error
Rounded to 3.0

*A possible foreign gas shift has been measured to be less than 0.10(6) parts in 10'°.
bLamb shifts, other QED corrections, and nuclear size effects are built into the calculations of Ref. 25 as corrected by us for new
values for Lamb shifts and fundamental constants and thus do not appear in the totals.
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C. Virtual mirror method

Any precise, absolute, interferometric wavelength
determination must correct for the wavelength depen-
dence of the mirror phase shift. With the method given
by one of us,'”!® the phase-shift correction can be es-
timated with an error of about 2%. Unfortunately, be-
cause the present experiments involve wavelengths that
are far apart (486 and 633 nm), a double stack coating
must be used. The phase shift for such a coating changes
by 27 between these two values and causes an unaccept-
able error of the order of 107% in the absolute wave-
length. For this reason, we use the virtual mirror
method, which eliminates the phase-shift problem by us-
ing two mirror spacings. The phase shifts are thereby
canceled.

The étalon spacings are determined by the method of
exact orders.'® This method requires knowledge of the
integral order number, which requires a measurement of
the mirror spacing to 3X 107> cm. Initially, the étalon
spacers are measured in the machine shop. Although this
is known to 0.00005 cm, because of possible lack of
parallelism of the étalon and spacer axes, the uncertainty
in the effective spacing is 0.003 cm. By means of isotope
shifts between H and D, the virtual mirror spacing is
determined to a precision of 1.4X 10~ * cm, which gives
the spacing to within a few orders. Finally, only one pos-
sible integral order is consistent with all four H,D:
4P, ,, 3, lines. A detailed description of this procedure
is given by Zhao.!

The frequency v for a measured hydrogen or deuterium
line is given by the expression
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N+é
= )
N, +6—QL, /e, —v,) 2’ (5)

v

where N is the integral order number difference between
the two mirror spacings for the dye laser tuned to the
atomic line, N is the integral order number difference be-
tween the two mirror spacings for the standard laser, and
¢ is the difference in diffractive phase shifts ¢, —¢, be-
tween the two mirror spacings, where

¢,»=—71;cos”\/1—L,»/r, i=1,2. 6

L, is the étalon length, 7 is the radius of curvature of the
spherical mirror,'® ¢ is the speed of light (299 792458
m/s), and Vs, is the frequency of the standard plus offset

used for each measurement. (For convenience, different
hyperfine components of the 633-nm !?’L, line are used.)

IV. RESULTS

The corrections and estimated errors are listed in Table
I. The major sources of error (70% of the contribution to
the variance) are statistical (1.5 parts in 10'%) and the
standard laser (1.6 parts in 10'°). The root-mean-square
errlc(;r is 2.6 parts in 10'°, which we round to 3 parts in
10"

Table II shows the measured frequencies of the four
transitions observed in our work. The 4P fine structure
and the isotope shifts can be calculated trivially by sub-
traction of the entries in Table II. The agreement be-
tween theory and experiment is excellent.'

TABLE II. Measured frequencies and calculations of the Rydberg constant.

Atom
transition H
281, 4P,

4P,

4P1/2 41)3/2

Frequency 519973.57(7)
(v—6.16X10%)
(MHz)

Fractional
correction (Av/v)
(10719

Corrected
frequency
Calculated®
frequency
Rydberg
constant®

R —109737
(cm™h)

Combined

by atoms®

R —109737
(cm™1)

Grand average

721.0 702.8

520018.02(7)
520016.169

0.315770(12)

0.315745(25)

521345.54(16)

521 388.87(16)

521387.299

0.315720(29)

687 756.82(14) 689 128.94(10)

219.8 214.2

687 770.38(14) 689 142.15(10)

687 768.960 689 140.464
0.315692(25) 0.315741(14)

0.315717(25)

R =109737.315731(16) cm ™!

2Based on Ref. 25 and R, =109737.31544 cm™!, 1/¢=137.0359895, 2S Lamb shift for H=1057.8514(19) MHz, for

D=1059.235(27) MHz, m,/m,=1836.152 701(37).
®Errors shown are statistical only.

\
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V. DISCUSSION

A. Comparison with other results: Sources of error

Table IIT and Fig. 6 compare the present measurement
of R with some recent results. Boshier et al.?! quote the
same error as our result. The other groups have larger
errors. All now agree within the quoted errors. These
Rydberg-constant determinations come from measure-
ments of wavelengths of a wide variety of transitions:
Balmer-a (2S-3P) by Zhao et al.? two-photon, high Bal-
mer series members (25-8D,10D) by Biraben and co-
workers,!” and two-photon Lyman-a (15-2S) by Beau-
soleil et al.?® and Boshier et al.?! All previous discrepan-
cies are now resolved.>?°

Tables I and IIT are helpful in comparing the major
sources of variance in this paper, in other current mea-
surements, and in planning for future experiments.

The previous experiment by Zhao et al.’ suffered from
a statistical error of 5 parts in 10'° due to the large
linewidth of the Balmer-a line. The current experiment
uses the Balmer-8 line, with its three times higher Q
value (ratio of frequency to linewidth) to achieve the
current, quoted error of 3 parts in 10'°. The other experi-
ments all use two-photon transitions to achieve much
higher Q values.!®”?! However, the larger error (6 parts
in 10'% of Beausoleil et al. arises principally from a
secondary wavelength standard with an error of 4 parts
in 10'°. The error by Biraben and co-workers (6 parts in
109 arose mainly from relative wavelength measure-
ments.

One notable conclusion follows from an examination of
these tables. In almost every case, the weakest link in the
chain of errors is the wavelength and frequency measure-
ment, which involves a standard and measuring the wave-
length ratio or the frequency interval to a hydrogen line.

At the present time, the uncertainty in the second-
order Doppler effect is not significant. In the present ex-
periment, with a beam at ~2850 K, the second-order
Doppler effect introduces a small fraction (12% —see
Table I) of the estimated variance. Merely cooling the
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FIG. 6. Comparison of recent measurements of the Rydberg
constant.

beam to room temperature would be adequate until pre-
cision of the order of 1 part in 10'! is required; cooling it
to liquid-nitrogen temperatures would be adequate until
the precision reaches a few parts in 10'2,

B. Need and possibility of higher precision
in the Rydberg constant

One test of fundamental theory is the measurement of
the Lamb shift of the ground state of hydrogen by sub-
tracting the relativistically corrected, theoretical value of
the 1S-2S wavelength (based on the Rydberg constant)
from the experimentally measured 1S-2S value. Present-

TABLE III. Comparison of measurements of R, errors, and variances.

Variances (parts in 10%°)

Relative
wavelength or
frequency
Group Transition R —10973731.50 m™! Error  Standard measurement Statistical  Other  Total
Zhao et al® 2S-3P 0.069 0.007 3 10 25 5 42
Beausoleil et al.® 1S5-28 0.071 0.007 16 18 3 38
Biraben, Garreau, 2S-8D,10D 0.069 0.006 4 15 1 7 27
and Julien®

Zhao et al.’ 25-4P 0.073 0.003 3 2 2 7
Boshier et al.® 1S-28 0.073 0.003 7 1 1 9

2Reference 5.

®Reference 20. “Other” sources of error are included in the statistical column.
‘Reference 19. See note added at end of the present paper for a new result.

9Reference 1, present experiment.
‘Reference 21.
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ly, within the experimental error of 1 part in 10* in the
Lamb shift, there is agreement with theory.?! The
theoretical uncertainty is a factor of 10 smaller than the
experimental error. A critical test of QED by this
method of measuring the wavelength or frequency of the
1S-2S transition directly requires at least an order-of-
magnitude improvement of the precision to which R is
given.

The question arises as to how such an improvement
could be accomplished. In all current investiga-
tions,">!°72! the Rydberg constant is determined by a
comparison of the wavelength or frequency of an atomic
hydrogen line with a standard line, such as I, or Te,. The
wavelength of these standards depends on the current
definition of the meter, which is defined to be the distance
in vacuum that light travels in 1/299 792 458 of a second,
where the second is defined to be exactly 9192631770
periods of the ground-state hyperfine transition in '33Cs.
Thus frequency and wavelength are equivalent by the
equation Av=c. Secondary standards of wavelength in a
particular frequency domain can be defined now by what
is called ‘‘realization of the meter,” which consists of
measuring the frequency of a particular atomic or molec-
ular line. Table IV shows the realization of the meter in
various regions of the electromagnetic spectrum, that is,
some points at which absolute frequencies and wave-
lengths have been measured.

The realization of the meter by a long frequency chain
reaching from the Cs clock into the visible range’>? by
means of the He-Ne laser stabilized to the ith component
of the R (127) 11-5 line in !?7L, to 1.6 parts in 10'° is the
major limiting factor in the current precision in the Ryd-
berg constant. The last link in this long chain reaches
from the methane-stabilized He-Ne laser in the infrared
at 3.39 um to the iodine-stabilized He-Ne laser at 633 nm
in the red. For this last link, two results can be com-
pared: for the wavelength ratio,!3

5.3590492606(11) ,
and for the frequency ratio,’

5.3590492589(9) .
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This realization of the meter in the optical domain by
direct frequency techniques® has not significantly im-
proved the results over the wavelength comparison.'?
We do not know of any major current efforts to improve
these results. Therefore it seems likely that, in the near
future, improvement in precision in the Rydberg constant
will lie in infrared and/or microwave standards, where
the realization of the meter is more precise (see Table 1V).

C. Realization of the meter
through the Rydberg constant: standards

If progress in the measurement of R_ continues, we
anticipate a precision of 1 part in 10° or better;! then
R, will be more precise than the realization of the meter
in the optical domain. At that time, an additional
method for realizing the definition of the meter in the op-
tical region could be recommended."' The wavelengths
in vacuum of atomic hydrogen lines, as calculated by
quantum electrodynamics and the Rydberg constant, can
be used to realize the definition of the meter. This
definition would allow various transitions in the hydrogen
atom to complement the frequency chains, which in the
past have linked the cesium clock with secondary wave-
length standards, such as '?’I, in the red or Te, in the
blue.

The procedure might be carried out as follows.

(1) The Rydberg constant would be measured in the in-
frared or microwave region by direct multiplication of
cesium to a hydrogen frequency or by use of secondary
standards which exist at longer wavelengths (see Table
1Vv).

(2) Secondary wavelength standards at other parts of
the spectrum (such as the visible and ultraviolet) would
be established by comparison of convenient lines of other
atoms or molecules with atomic hydrogen frequencies.

(3) Comparison of these secondary standards with
more than one atomic hydrogen line would act as a test
of quantum-electrodynamic calculations. An example of
this are the two experiments, one by Zhao et al.! and one
by Boshier et al.?! and Barr et al.?' which form the fol-
lowing chain of comparison. Balmer-3 at 486 nm—Zhao

TABLE IV. Realization of the meter.

Standard Frequency (MHz) Reliability
transition Wavelength (um) (1 standard deviation)
133Cs hfs? S =9192.631770 0"
H maser® f =1420.405 751 7667 0.6X10712
C0,:0,0,° S =29054057.446 66 3.4X10°12
He-Ne:CH,° f =88376181.608 0.44x1071°
A=3.3922313970
He-Ne: '7'1, f=473612214.789 1.6X1071°

A=0.6329913981

?Reference 22.
®Reference 23.
‘Reference 24.
dReference 9.
‘Reference 6.
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et al.—He-Ne I, i at 633 nm—Barr et al.—Te, stan-
dard at 486 nm-—Boshier et al.—frequency doubling to
243 nm and two-photon 1s-2s transition in H. The
overall precision of this comparison was to 3 parts in
10'°, which just equals the absolute accuracy quoted by
both groups.

In conclusion, the shortage of sufficiently accurate, ab-
solute frequency standards in the optical region is an in-
convenience to fundamental research, but can be over-
come by a variety of wavelength and frequency intercom-
parisons. The Rydberg constant currently plays, and can
continue to play, an important role in this area of basic
research.

D. Comments upon future experiments

One might ask, what are the sources of errors in future
experiments which aim to increase the precision of deter-
minations of R to 1 part in 10'° or better? We suppose
that the major errors in this experiment, frequency stan-
dard and statistical, can be reduced by a factor of 3 or
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more. On the other hand, errors associated with the stat-
ic, dynamic, and blackbody radiation-induced Stark effect
will not go away easily. They promise to be the most
troublesome sources of uncertainty as the principal quan-
tum number increases.

Note added. After the completion of this article, Bira-
ben and co-workers completed a remeasurement of the
Rydberg constant by improvement of their technique.
The error due to all sources, other than the standard, is 5
parts in 10'!. Their final result is

R =109737.315714(19) cm™ !,

in excellent agreement with all recent measurements.?¢
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