
VOLUME $2, NUMBER 24 17 JUNz 1974

domly between 5208 and 5017 A. Although the
lines are not identified, the strength of the fluo-
rescence and the beat structure observed en-
sured that these lines were excited from v =0, J
=40-90 ground-state levels. The wave numbers
of the transitions were measured to within 0.15
cm '. The analysis of I (t) —Igt) provided the

g~ factors with an accuracy of about 8%. The
seven values are plotted in Fig. 3 along with the

g~ values of the (J, u) =(2V, 62) and the (J, U) =(79,
40) levels. They are scaled to enable a compari-
son with the spin-rotation data G,„p. Figure 3
displays an excellent agreement between the en-
ergy dependence of G

&
and g», demonstrating

the proportionality between these coupling con-
stants. Using a least-squares fit to the hf cou-
pling data G p, we find for the energy depen-
dence of g» in the energy range investigated g»

A/(E, -E), with A = - 2.3(2) x 10'p, „cm ' and

E,=4391(40) cm '
The detection of Zeernan quantum beats has

proven to be a valuable new spectroscopic tool
for the direct measurement of I.andd factors in
molecular iodine. The only other method report-
ed to measure g factors in the excited 8 state is
the Hanle effect with modulated light. ' Unlike
quantum-beat spectroscopy, this technique is
limited to levels with rather large g» and long
lifetime v and therefore to investigations very

close to the dissociation limit. Further investi-
gations with these methods should provide a de-
tailed survey of the magnetic interactions in the
excited states of iodine and other molecules.
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Ws have determined a nsw ltydbsrg value, It =109737.3143(10) em ', with an order
of magnitude improvement in precision, by measuring the absolute wavelengths of re-
solved 5ne-structure components of the Balmer o' line in hydrogen and deuterium, excit-
ed in a dc gas discharge. Doppler broadening was eliminated by saturation spectroscopy
with a pulsed dys laser. An iodine-stabilized Hs-Ns laser was the wavelength standard.
Possible sources of systematic errors have been carefu11y investigated.

We have determined the Rydberg constant with
an almost tenfold improvement in accuracy over
recent other experiments, "by measuring the
absolute wavelength of the optically resolved
2P31z-3Ds, a component of the red Balmer line H„
of atomic hydrogen and D of deuterium in a Wood
discharge. Doppler broadening was eliminated
by saturation spectroscopy' with a pulsed, tun-

able, dye laser. An iodine-stabilized He-Ne la-
ser served as the wavelength standard. ' The
same measurements provide s, new precise value
for the H -D isotope shift. W'e have also deter-
mined the splittings between the stronger fine-
structure components in the optical spectrum to
within a few megahertz.

The Rydberg constant, an important corner-



VOLUME $2, NUMBER 24 PHYSICAL REVIEW LETTERS

INTENSITY

TUNING RAMP

CHOPPER REF.
r

l

Il
HYDROGFN DISCHARGE

REF. PROBE

PROBE
r

FABRY PEROT
INTERFEROMETER

656&A
h r I ~l'.
v&

6MSA ~ INTERF.
LEA" " ')

pUMp F iLTzR's

tp STABILIZED

He Ne LASER
Er T

FM REF.

FREQ MARKER

(TO DATA

PROCESSING)

FIG. 1. Optical scheme of saturation spectrometer
and rvavelength comparator.

stone in the evaluation of the other fundamental
constants, is related to the wavelengths in the
spectra of one-electron atoms via Bohr's formu-
la, corrected for finite nuclear mass, Dirac fine
structure, and Lamb shifts. ' Even the most re-
cent wavelength measurements of hydrogen and
deuterium discharge emission lines, using con-
ventional high-resolution spectroscopy, were
hampered by the particularly large Doppler broad-
ening of these lines, even at cryogenic tempera-
tures, and the resulting need for troublesome
deconvolutions of blends of unresolved fine-struc-
ture components. The feasibility of a dramati-
cally improved Rydberg measurement became
apparent when we succeeded in resolving single
fine-structure components of H„ in laser saturat-
ed absorption. '

The present measurement is based on these
earlier qualitative experiments. A simplified
optical scheme is given in Fig. 1. The saturation
spectrometer (top) is essentially the same as be-
fore. ' Hydrogen or deuterium is generated elec-
trolytically and continuously pumped through a
Wood-type dc discharge tube, w'here it is excited
to the atomic n = 2 state (1-m-long folded Pyrex
tube, 8 mm diameter, 0.1-1 Torr, cold Al cath-
ode, 8-20 mh, electronic switch for afterglow
measurements}. The saturated absorption is ob-
served in a 15-cm-long center section of the pos-
itive column (typical absorption at resonance,
20-50%). The light source is a nitrogen-laser-
pumped dye laser' with an external confocal-fil-
ter interferometer [71 pulses per second, 30-

MHz linewidth (full width at half-maximum), 8-
nsec pulse length j. It provides two, weak, probe
beams (1 mm diameter, 4 mm apart, symmetric
with respect to the tube axis, peak power &5 mW)
and a counterpropagating, alternately chopped,
saturating beam, which overlaps one of the probes
in the discharge (crossing angle, 2 mrad}. At
exact resonance the two counterpropagating waves
are interacting with the same atoms, those with
essentially zero axial velocity, and the saturating
beam can bleach a path for its probe, producing
a saturation signal. The use of the second refer-
ence probe in a differential-detection scheme re-
duces the noise due to randomly fluctuating laser
amplitudes which exhibit an exponential pulse-
height distribution after passsing the external in-
terferometer. '

To measure absolute waveLengths, part of the
dye-laser light is sent through a fixed Fabry-
Perot interferometer (bottom), whose spacing is
accurately known in terms of the He-Ne-laser
standard wavelength. While the saturation spec-
trum is produced by slowly scanning the laser
frequency across the line profile, the resulting
transmission maxima are recorded simultaneous-
ly as wavelength markers.

The iodine-stabilized He-Ne laser is similar
to that described by Schweitzer et al. ' Its fre-
quency is electronically locked to the n hyperfine
component of the coincident ' 9I, absorption Line.
This wavelength has been measured in terms of
the "Kr standard to within 1.4 parts in 10'. The
He-Ne-laser beam and part of the dye-laser
beam are focused through a common pinhole (140
pm diameter) and sent through a collimating
quartz lens (f=105 cm) perpendicularly into the
plane Fabry-Perot interferometer. Feedback in-
to the laser cavity is minimized by an optical iso-
lator, an attenuator, and random phase modula-
tion of the back-reflected light with a vibrating
mirror. The transmitted light passes through a
Galilean telescope (20 x), and a second pinhole
(1 mm diameter) in its image plane eliminates
any ghost fringes. The two laser beams are fi-
nally split by filters and monitored by separate
photomultiplier s.

The interferometer is mounted in an air-tight
cha, mber with high-quality windows for pressure
tuning. The plates (coating: Ag, T =5%, or Al,
T =11%) are flat to within A.j200 over the utilized
area (1 cm diameter} and are separated by a
spring-loaded Invar spacer of up to 64 mm length.
Such a large spacing greatly facilitates an accu-
rate wavelength comparison. Earlier interfero-
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metric measurements of gas-discharge emission
lines required much shorter spacers to avoid
multiple interferometer orders within the line
profile.

The spacer length / can be measured mechani-
cally to within a few micrometers. For a more
precise determination, to within 1 order number,
we compared the measured relative positions of
the Fabry-Perot fringes of up to eight known
spectral lines (Cd and Hg) with numerical compu-
tations. During the experiment, the interferome-
ter is kept in exact resonance (x 1 MHz) with the
He-Ne laser by manually controlling the pres-
sure of the tuning gas. A sensitive indicator is
the zero crossing of the dispersion-shaped dif-
ferentiated Fabry- Perot resonance observed with
a. lock-in detector, utilizing the frequency modu-
lation of the He-Ne laser (2-MHz sweep).

The strong 2P„,-SD», component (line 1 in Fig.
2) was chosen for the absolute wavelength mea-
surement because it exhibits the smallest hyper-
fine splitting. The effect of tuning nonlinearities
is minimized by selecting the order of the pres-
sure-tuned interferometer so that a marker res-
onance appears in near coincidence with this line.
The accuracy of earlier wavelength measure-
ments is sufficient to identify uniquely the order
number n of this marker, and the precise wave-
length can be determined from the relative separ-
ation of the marker and the fine-structure line.

Six parameters, as indicated in Fig. 1, are
stored for each laser pulse in digital form on a
magnetic disk memory for later processing with
a smaO laboratory computer. The saturation sig-
nal is computed, without model-dependent nor-
malization, by taking the intensity difference I~
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FIG. 2. 8abxration spectrum of Ba1mer line D~, with
simulta eou81y recorded transmission ma ima. of Fa-
bry-Perot interferoxneter.

-I„ofprobe and reference probe in the presence
of the saturating beam, and subtra, cting a correc-
tion due to imperfect balancing of the two probes.
This correction, ((I~'-I,')/Io)I, is calculated from
the neighboring parameter values without saturat-
ing beam (labeled by superscript zero). The sat-
uration spectrum is obtained by sorting these sig-
nals according to tuning ramp, i.e., laser fre-
quency, into an 800-element array. A corre-
sponding array is calculated for the normalized
wavelength-marker signal. These spectra are
smoothed, without introducing systematic line
shifts, by convolution with a Gaussian or Lorentz-
ian profile. The spectrum shown in Fig. 2 was
obtained by averaging over six individual runs of
6 min duration.

Both the center of gravity and the center of
area were calculated for that part of the fine-
structure line which reaches above half-maxi-
mum. The line profile is sufficiently symmetric
so that these two values are in good agreement,
and the cutoff level ensures that any line shifts
due to the weak neighboring 2P„,-3D„, compo-
nent (line 4, Fig. 2) and its intermediate cross-
over line remain negligible. This simple proce-
dure has the advantage of not depending on any
line-profile models.

A series of wavelength measurements was per-
formed for hydrogen and deuterium. The optical
geometry was frequently optimized in between
runs to randomize any alignment errors. The
refractive-index dispersion of the tuning gas (N,
or He) was taken into account in the data evalua-
tion. ' Most data were taken with a spacer of 63.8
mm length. It was confirmed, however, that a
shorter 31.8-mm spacer gives the same results
to within 1 standard deviation. A correction of
8 parts in 10' (for the longer spacer) was sub-
tracted from the wavelengths obtained with the
Ag etalon coatings to account for a. wavelength-
dependent phase change in reflection. '

Measurements in light hydrogen require an ad-
ditional correction due to unresolved hyperfine
splitting because saturation spectroscopy at low
intensity weights the line components with the
squares of their oscillator strengths. An upward
wavelength shift of 3.6 parts in 10' is expected
for the 2P», -3D»2 components, if crossover
lines are absent. If we assume the presence of
additional unresolved crossover lines with a mag-
nitude equal to the geometric means of their par-
ents, then we expect a shift of 4.2 parts in 10'
for Quadratic response (and of 2.1 parts in 10'
for linear response). In the final analysis, we
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applied a correction of 4.2 parts in 10' to the hy-
drogen data. The correction for deuterium is
negligible.

Several other sources of possible systematic
errors have been carefully studied. To investi-
gate possible Stark shifts we measured the wave-
length both with running discharge and in the af-
terglow, 0.5 psec after electronically stalling
the discharge. No systematic line shifts could
be found within standard deviations of 2 parts in
10'. A shift of —4.5 parts in 10' is expected for
a dc field of 10 V/cm in the positive column of
the discharge. ' %e have experimental evidence
that the Stark effect due to the microfieMs of
free electrons and ions in the afterglow is small-
er than that. A field of 10 V/cm is sufficient for
Stark mixing of the closely spaced hydrogen lev-
els 3P3/2 and SD3/2, and a corresponding cross-
over signal has been observed halfway between
the lines 2S„,-SP», (line 2a, Fig. 2) and 2P», -
SD», (line 2b, Fig. 2), if the discharge is run-
ning. This crossover signal is essentially absent
in the afterglow measurements. A Stark-shift
correction of 4.5 parts in 10' was applied to wave-
lengths measured with running discharge.

For possible pressure shifts we established an
experimental upper limit of (13 parts in 10')/
Torr, or 2 parts in 10' at the typical pressure
of 0.15 Torr, by comparing wavelength measure-
ments at hydrogen pressures of 0.15, 0.3, and
0.44 Torr. Intensity-dependent light shifts on
the order of (0.5 parts in 10")/(mW/mm') are
theoretically expected because of the weak neigh-
boring fine-structure lines 2P„;SD», (line 4,
Fig. 2) and 2P„;SS»,." Sorting of the saturation
spectra according to laser pulse height into eight
ranges from 2 to 180 mW/mm' peak power gave
an experimental upper limit for such shifts of (2
parts in 10")/(mW/mm').

The absence of unknown systematic errors was
further confirmed by optical measurements of
the intervals between different fine-structure
components of H„. Closely spaced frequency
markers were generated with a confocal calibra-
tion interferometer of 200-MHE free spectral
range. For the interval between lines 2P]/2 3D3/Q
and 28„,-3P„, (lines 2b and 2a, Fig. 2), mea-
sured in the afterglow, we obtained 1052.7(1.7)
MHz; and for the interval between 2P„,-SD»,
and 2P„,-3D», (lines 2b and 1), 9884.5(2.9) MHz.
Both values agree within their error limits with
theoretical values, and seem to give an experi-
mental confirmation for the expected smaB 3D»,-
SP„, Lamb shift (5.3 MHz). "

In the final data analysis we averaged the wave-
lengths measured under various experimental
conditions, so that the standard deviation gives
some measure for residual systematic errors.
For the 2P», -3D», component of H„we determine
an inverse vacuum wavelength of 15233.0VO 21(9)
cm ' from 17 individual spectra, where the un-
certainty is 1 standard deviation. For the corre-
sponding D line we obtain 15237.21538(8) cm '

from 33 spectra. The resulting H„-D isotope
shift is 4.1451V(12) cm '.

To determine the Rydberg constant, we fitted
the measured wave numbers with calculated wave-
numbers, which are proportional to an assumed
Rydberg value. %e used calculations by Erick-
son, "which are similar to those by Garcia and
Mack, "but take the 19VS adjustments of the fun-
damental constants into account. In this way we
obtain R„=109737.3130(6) cm ' for H„and R„
=109VSV.3150(6) cm ' for D„. If we ignore the
small discrepancy between the two isotopes and
combine all individual measurements, we arrive
at R =109737.3143(4) cm '„with a standard de-
viation of 4 parts in 10'. The final, larger rms
error of 0.001 cm ' or 1 part in 10' includes the
uncertainties of the systematic corrections and
residual systematic errors. The conservatively
estimated contributions are as follows (parts in
109): phase dispersion of etalon coatings, 4; re-
fractive index of tuning gas, 2; wavelength stan-
dard, 4; unresolved hyperfine splitting, 4; Stark
shifts, 3; intensity shifts, 2; and pressure shifts,
2. The new Rydberg value is only slightly outside
the error limits of Kibble et cl.'s recent mea-
surement' and agrees with Kessler's result. '

For future refinements of the present experi-
ment it may be desirable to replace the discharge
by a beam of metastable hydrogen atoms. A very
accurate Rydberg value can also be expected,
when the new technique of two-photon spectros-
copy without Doppler broadening" is applied to
the 1S-2S transition in hydrogen.

%e are indebted to Professor A. I . Schawlow,
Professor G. %. Series, and to Dr. B. Kibble for
many stimulating discussions and valuable advice,
and we are grateful to Professor G. EI'ickson for
making his computer calculations available to us
prior to publication.
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A new technique, cascade anticrossing spectroscopy, has been developed to determine
the effective values of (r ) for the spin-dipole, orbital, contact, and quadrupole hyper-
fine interaction terms for the 42D state of Bb. They are, in units of 1024 cm 3, (r )s=-0.86(8), (r 3)&=+0.20(2), (v ) =-4.9(l), and (r 3) =+0.79(66), respectively The.
negative value of (r 3)& and the unexpectedly large value of (r 3) are surprising. The
fine-structure splitting has been measured to be —13360.9(8) MHz.

Recently, experimental investigations of the D-
state hyperfine structures of alkali atoms' have
revealed that many D,~, states have anomalous
negative magnetic-dipole coupling constants. In
order to gain a better understanding of these
anomalies we have used a new spectroscopic tech-
nique, cascade anticrossing spectroscopy, to de-
termine the complete hyperfine Hamiltonian for
the O'D state of rubidium. The results of this
work are quite surprising. The core polariza-
tion of the 4D state is substantially larger than
the core polarization of any of the P states of
rubidium and the effective value of (r s) for the

dipole contribution to the hyperfine structure is
negative. Although many instances are known'
where the effective values of (r s) for the dipole
and orbital contributions to the hyperfine struc-
ture are not the same, the differences seldom
exceed 10%, and we are not aware of any other
report of a negative value for (r ).

The magnetic dipole and electric quadrupole
contribution to the hyperf inc-structure Hamil-
tonian of a hydrogenic atom can be written as

Xhfs X) +Xg +XI+X e

The electric quadrupole contribution is

2LQs'( I S(l T)'+ s(i ~ I) —L(L+ I) l(l+ I)
2L+ 2 ' 2L(2L - I)I(21- I)

where Q is the nuclear quadrupole moment. The orbital contribution is

X = [(2+spl )/I)('Y ) i L ' I

and the dipole contribution is

4PsP(, )
L(L+1) -

&
8 I L ~ I+I I L 5

I (2L —1)(2L+ 2) 2L(L+ 1)


