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We have performed a pure optical frequency measurement of the2S-8SyD two-photon transitions in
atomic hydrogen and deuterium. These frequencies are directly compared to a new frequency standard,
a diode laser stabilized to a two-photon transition at 778 nm in rubidium. We deduce a new value for
the Rydberg constant,R` ­ 109 737.315 685 9s10d cm21 with an uncertainty of9 3 10212. From the
isotope shift, we derive a precise value of the2S Lamb shift in deuteriumfL2S-2P ­ 1059.230s9d MHzg
and the difference of the quadratic charge radii of deuteron and proton. [S0031-9007(96)02260-0]
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Hydrogen is the simplest atom, and its properties ha
been calculated very precisely: quantum electrodyna
ics (QED) calculations have continuously improved
achieve an impressive accuracy, currently of order10211

[1]. At the same time, experimental measurements in
drogen have been performed at a comparable level of
cision to deduce the Rydberg constant and to test the Q
calculations [2]. Recently, the interferometric measu
ments have been superseded by accurate optical frequ
ones. These measurements need frequency-multiplica
chains which link the measured frequency via interme
ate standard lasers to the cesium clock. With a freque
chain starting from the methane-stabilized helium-ne
laser, Hänsch and co-workers measured the frequenc
the 1S-2S two-photon transition with an uncertainty o
1.8 3 10211 [3]. In our group, we built a frequency chai
linking the frequencies of the2S-8SyD two-photon tran-
sitions to two standard lasers (the iodine-stabilized a
the methane-stabilized helium-neon lasers) and reac
a precision of1.3 3 10211 [4]. Here we present a new
optical frequency measurement of the2S-8SyD tran-
sitions in hydrogen and deuterium with a frequenc
multiplication chain. The relative uncertainty is reduc
to about6 3 10212 and provides a more precise value
the Rydberg constant. In deuterium, we give a prec
determination of the2S Lamb shift and, from the isotope
shift, we obtain the difference of the squared proton a
deuteron charge radiir2

d 2 r2
p .

Our frequency chain connects indirectly hydrogen fr
quencies to the cesium clock (see Fig. 1). The experim
is carried out at two different laboratories, theLaboratoire
Primaire du Temps et des Fréquences(LPTF) at theOb-
servatoire de Parisand theLaboratoire Kastler Brossel
(LKB) in the Université Pierre et Marie Curie,which are
linked by two, 3 km long, optical fibers. The cornersto
of this chain is a new standard, namely a laser diode
440 0031-9007y97y78(3)y440(4)$10.00
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778 nm (i.e.,n ­ 385 THz) stabilized to the5S1y2-5D5y2

two-photon transition of rubidium (LDyRb laser) [5]. The
laser diode is used in an extended cavity configuration,
rubidium cell is placed inside an enhancement cavity,
the transition is detected by monitoring the fluoresce
from the radiative cascade5D-6P-5S. The main metro-
logical features of the LDyRb laser are a4 3 10213 short
term stability for1s integration time and a day-to-day re
peatability of 400 Hz. Two such lasers are operationa
LPTF and one at LKB. The frequencies of these las
are compared between the two laboratories using the
tical fibers. To check the frequency shift due to the fib
we have used a titanium-sapphire laser with a freque
jitter reduced to the few kHz level. After a round trip o
6 km through the optical fibers, we have observed a ma
mum frequency shift of 3 Hz. This shift is complete
negligible for our frequency measurements. The frequ
cies of the LDyRb lasers have been measured at the LP
with a frequency chain which connects the LDyRb laser

FIG. 1. Outline of the frequency chain between the2S-8SyD
hydrogen frequencies and the cesium clock.
© 1997 The American Physical Society
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at 385 THz to a standard at 29 THz, which is a C2
laser stabilized to an osmium tetraoxyde line (CO2yOsO4).
This standard had been previously measured with an
certainty of 70 Hz [6]. The details of this frequenc
chain will be published shortly [7]. The frequency o
the LDyRb standard laser working at the LKB has be
measured directly with respect to the CO2yOsO4 standard
using the optical fiber and the frequency chain of t
LPTF. Its frequency is

nRbsLKB d ­ 385 285 142 370.5 s1.0d kHz .

The uncertainty is due to the CO2yOsO4 standards13 3

70 Hzd and the day-to-day repeatability of the LDyRb
standard (about 400 Hz). Thanks to regular frequen
comparisons between the LDyRb standards, we have kep
this precision throughout the measurements in hydro
and deuterium (about four months).

The frequency comparison between the2S-8SyD tran-
sitions and the LDyRb standard is easy, thanks to the qu
sicoincidence between these frequencies (about 40 GH
hydrogen and 144 GHz in deuterium). The LDyRb laser
and the titanium-sapphire laser (used for the observa
of the hydrogen lines) are focused on a Schottky dio
[8]. For the measurements in hydrogen, the Schottky dio
is simultaneously irradiated with a microwave source
13 GHz (48.4 GHz for deuterium) phase-locked to a lo
phase-noise quartz oscillator at 100 MHz. We detect
low-frequency beat note between the two optical frequ
cies and the third harmonic of the microwave source w
a signal-to-noise ratio of 35 dB (resolution bandwidth
300 kHz). A tracking oscillator is phase locked to this be
signal, and we count continuously this beat frequency. T
frequency of the 100 MHz quartz oscillator has been co
tinuously measured with respect to a high stability qua
oscillator at 10 MHz (stability of2 3 1029 during four
months), which has been compared to a hydrogen m
several times. We estimate the uncertainty due to
Schottky diode frequency measurement to be about 15
in hydrogen and 50 Hz in deuterium.

The hydrogen experiment has been described elsew
[4,9]. The two-photon transition is induced with a high
stable titanium-sapphire laser. The frequency jitter
reduced to the level of 2 kHz by locking to a firs
cavity. The long term stability is obtained by a seco
reference cavity locked to an iodine stabilized He-N
laser [10]. To reduce the collisional and transit tim
broadening, we use a metastable atomic beam collin
with the laser beams. The atomic beam is placed ins
an enhancement cavity, where the optical power c
be as much as 100 W in each direction with a be
waist of 660mm. The laser-atom interaction regio
(56 cm long) is surrounded by a magnetic shield.
measure the metastable flux, we detect the Lymana

fluorescence at the end of the beam, where an elec
field quenches the metastable atoms. When the la
frequency is resonant with the2S-8SyD transition, optical
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quenching of the metastable atoms occurs and we obse
the corresponding decrease of the metastable yield (
Fig. 2). In this recording the linewidth is about 1.3 MH
(in terms of atomic frequency), including the natura
width of the 8D level of 572 kHz. The broadening is
mainly due to the inhomogenous light shift experienc
by the atoms through the Gaussian profile of the las
beams. To evaluate the light shift, we record the atom
signal for different laser intensities and we extrapola
the line position to zero light power (Fig. 3). We
have followed the same procedure as in Ref. [9]. F
each recording, we fit a theoretical profile which take
into account the light shift and the saturation of th
transition. Since our previous work, we have improve
the calculation of the theoretical line shape: we ha
included the small hyperfine structure of the8D levels
(143 and 222 kHz for8D5y2 and 8D3y2 in hydrogen),
the photoionization of the excited levels, as well as t
second-order Doppler shift. This effect is evaluated fro
the velocity distribution of the metastable atoms measu
by monitoring the Doppler broadened2S-6P transition
at 410 nm with a collinear laser beam. We have al
measured the population of the hyperfine levels of t
2S1y2 state (80% and 20% for theF ­ 1 and F ­ 0
levels in hydrogen), which are slightly different from th
statistical weights (75% and 25%). Each fit gives both t
experimental line center and the line position correct
for light shift and hyperfine structure of the8D levels.
An extrapolation of these data is given in Fig. 3. A
we measure continuously the beat frequency between
titanium-sapphire laser and the LDyRb standard laser, we
deduce the absolute frequency of the line. Finally, fro
the linewidth of the2S-15D transition, we find the stray
electric field to be smaller than 3 mVycm, corresponding
to a Stark shift of about2400 Hz for the 8D5y2 level
and 700 Hz for the8S1y2. We have neglected these
corrections in the data analysis.

We have studied three transitions in hydrogen a
deuterium:2S1y2sF ­ 1 or 3

2 d-8S1y2, -8D3y2, and -8D5y2.

FIG. 2. Hydrogen two-photon spectra of the2S1y2sF ­
1d-8S5y2 transition.
441
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FIG. 3. Extrapolation of the line-center frequencys±d and of
the line position corrected for light-shift and8D hyperfine
structure s≤d versus the light power in the case of th
2S1y2-8D5y2 transition of deuterium.

In hydrogen, the2S1y2-8D5y2 transition was measured
twice, at the beginning and at the end of the expe
ment. For each extrapolation we recorded the signal
about forty different light powers. Each signal is th
average over ten scans during a 20-min run. We h
tried to observe the line for very low light power. I
this case we make the mean of several runs to impr
the signal-to-noise ratio. In total we have perform
378 runs for data collection. Table I gives the measu
frequencies after correction of the hyperfine structure
the S levels. The quoted uncertainties are only stat
tical. These experimental values can be intercompa
using the theoretical value of the fine structure and
the Lamb shifts in then ­ 8 levels. We have taken
into account all the recent calculations of the high-ord
terms following Ref. [1]. Usingrp ­ 0.862 fm and
rd ­ 2.115 fm for the nucleus charge radii [11,12], th
values of the Lamb shifts areL8S1y2 ­ 16.5008s3d MHz,
442
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L8D3y2 ­ 20.0607s2d MHz, andL8D5y2 ­ 0.0714s2d MHz
[16.5223(3) MHz,20.0607s2d MHz, and 0.0715(2) MHz,
respectively, in deuterium]. We can thus deduce s
eral independent values of the2S1y2-8D5y2 interval
(see Table I). These values are in good agreem
for both hydrogen and deuterium. The mean va
ues are, respectively, 770 649 561 585.0(4.9) kHz a
770 859 252 851.5(4.4) kHz. The 4.9 and 4.4 kHz unc
tainties (one standard deviation) come from the statist
the frequency of the LDyRb laser (2 kHz), the evaluation
of the second-order Doppler effect (1 kHz), and th
imperfections of the theoretical model (3 kHz).

In hydrogen, there have been several precise m
surements of the2S Lamb shift (in fact, the difference
L2S-2P of 2S1y2 and 2P1y2 Lamb shifts) by microwave
[13] or by optical spectroscopy [14]. This latte
method used the1yn3 scaling law of the Lamb shift
[15]. Using the weighted mean value of these resu
fL2S-2P ­ 1057.8400s56d MHzg and the theoretical
value of the Lamb shifts of the2P and 8D levels
fL2P ­ 212.8356s20d MHzg, we can extract the Rydberg
constant from the hydrogen2S1y2-8D5y2 interval. The
result is R` ­ 109 737.315 685 6s11d cm21 with an
uncertainty of 1 part in1011. This uncertainty arises
mainly from the frequency measurements6.4 3 10212d,
the Lamb shiftss7.7 3 10212d, and the proton-to-electron
mass ratios1.3 3 10212d [16].

In deuterium, there exists no precise determination
the 2S Lamb shift, so we cannot deduce directlyR`. On
the other hand, using the value ofR` given above, we
deduce the2S Lamb shift L2S-2P ­ 1059.230s9d MHz.
This value is in good agreement with a previous, le
precise determination [1059.240(100) MHz [17]] but di
agrees with the theoretical value [1059.210(7) MHz [12
calculated with the deuteron charge distributionrd ­
2.115 fm. From another point of view, we can con
sider the isotope shift of the2S-8D interval. This
TABLE I. Frequencies of he2S-8SyD two-photon transitions.

Transition Measured frequency 2S1y2-8D5y2 deduced
(MHz) frequency (MHz)

Hydrogen
2S1y2-8D5y2 770 649 561.5866 s58d 770 649 561.5866
2S1y2-8D3y2 770 649 504.4535 s66d 770 649 561.5826
2S1y2-8D1y2 770 649 350.0163 s75d 770 649 561.5784
2S1y2-8D5y2 770 649 561.5886 s54d 770 649 561.5886

Mean value of the
2S1y2-8D5y2 measurements: 770 649 561.5850 s49d

Deuterium
2S1y2-8D5y2 770 859 252.8523 s32d 770 859 252.8523
2S1y2-8D3y2 770 859 195.7044 s38d 770 859 252.8492
2S1y2-8D1y2 770 859 041.2511 s52d 770 859 252.8538

Mean value of the
2S1y2-8D5y2 measurements: 770 859 252.8515 s44d
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isotope shift is mainly a mass effect. Thanks to th
precise determination of the mass ratiosmpyme and
mdymp, the uncertainty in the mass effect is only 0.6 kH
As this isotope shift is very sensitive to the nucle
volume effect, we can calculate the difference of th
quadratic charge radii of the deuteron and the proto
We obtainr2

d 2 r2
p ­ 3.827s32d fm2, in good agreement

with the result of Weitzet al. deduced from the1S-2S
isotope shift [3.822(16) fm2 [12]]. Usingrp ­ 0.862 fm,
we deduce a value of the deuteron charge distribut
rd ­ 2.138s9d fm.

If we use the1yn3 scaling law of the Lamb shift [15],
we can make another analysis of the measurements
deuterium. If we consider the frequenciesn1S-2S and
n2S-8D of the 1S-2S and 2S-8D intervals, we can form
the linear combination7n2S-8D-n1S-2S. In this way, the
theoretically well-known quantityL1S-8L2S appears [15].
If we apply this method to the precise measureme
of the 1S-2S [3,18] and 2S-8D deuterium frequen-
cies, we obtainR` ­ 109 737.315 687 1s22d cm21, in
excellent agreement with the hydrogen determinatio
The weighted mean of the hydrogen and deuteriu
values isR` ­ 109 737.315 685 9s10d cm21. This result,
with a relative uncertainty of9 3 10212, is the most
precise available. It is in fair agreement with both ou
result of 1993 [R` ­ 109 737.315 683 4s24d cm21

[4]] and that of Hänsch and co-workers [R` ­
109 737.315 684 9s30d cm21 [12]]. Finally, using
the 1S-2S isotope shift [18], we can also calcu
late the isotope shift of the quantity7n2S-8D-n1S-2S,
which is independent of the nuclear effects an
mainly sensitive to the mass ratiompyme. In this
way we derive a proton-to-electron mass ratio
mpyme ­ 1836.152 68s10d in agreement with the far
more precise valuempyme ­ 1836.152 666 5s40d ob-
tained by van Dycket al. [16].

To conclude, we have determined the Rydberg const
with an uncertainty of9 3 10212. For the future, thanks
to the1yn3 scaling law of the Lamb shifts, the compariso
of different optical frequencies provides a new metho
to reduce further the uncertainties in both the Rydbe
constant and the Lamb shifts. In this paper, we ha
provided a demonstration of this method in the case
deuterium. To exploit the potential of this approach, o
needs very precise optical frequency measurements.
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this reason, we intend to measure the optical frequenc
of the 2S-12SyD and 1S-3S transitions with respect to
the cesium clock. The comparison of these measureme
will reduce the uncertainty in the Rydberg constant to
few parts in1012.
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