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Absolute Frequency Measurement of theS-8S /D Transitions in Hydrogen and Deuterium:
New Determination of the Rydberg Constant
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We have performed a pure optical frequency measurement Qi8S /D 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 constanR.. = 109737.3156859(10) cm~! with an uncertainty o® X 1072, From the
isotope shift, we derive a precise value of feLamb shift in deuteriuniL,s-,p = 1059.230(9) MHz]
and the difference of the quadratic charge radii of deuteron and proton. [S0031-9007(96)02260-0]

PACS numbers: 31.30.Jv, 06.20.Jr, 21.10.Ft

Hydrogen is the simplest atom, and its properties hav@78 nm (i.e.,v = 385 THz) stabilized to th&S,>-5Ds»
been calculated very precisely: quantum electrodynamtwo-photon transition of rubidium (LERb laser) [5]. The
ics (QED) calculations have continuously improved tolaser diode is used in an extended cavity configuration, the
achieve an impressive accuracy, currently of ortr!! rubidium cell is placed inside an enhancement cavity, and
[1]. Atthe same time, experimental measurements in hythe transition is detected by monitoring the fluorescence
drogen have been performed at a comparable level of prérom the radiative cascadeD-6P-5S. The main metro-
cision to deduce the Rydberg constant and to test the QEDgical features of the LIPRb laser are & x 10~ '3 short
calculations [2]. Recently, the interferometric measureterm stability forls integration time and a day-to-day re-
ments have been superseded by accurate optical frequenggatability of 400 Hz. Two such lasers are operational at
ones. These measurements need frequency-multiplicatidtPTF and one at LKB. The frequencies of these lasers
chains which link the measured frequency via intermediare compared between the two laboratories using the op-
ate standard lasers to the cesium clock. With a frequencijcal fibers. To check the frequency shift due to the fiber,
chain starting from the methane-stabilized helium-neomwe have used a titanium-sapphire laser with a frequency
laser, Hansch and co-workers measured the frequency fifter reduced to the few kHz level. After a round trip of
the 1S5-2S two-photon transition with an uncertainty of 6 km through the optical fibers, we have observed a maxi-
1.8 X 107 [3]. In our group, we built a frequency chain mum frequency shift of 3 Hz. This shift is completely
linking the frequencies of th2s-8S/D two-photon tran-  negligible for our frequency measurements. The frequen-
sitions to two standard lasers (the iodine-stabilized andies of the LDYRb lasers have been measured at the LPTF
the methane-stabilized helium-neon lasers) and reachewth a frequency chain which connects the [Rb laser
a precision ofl.3 X 107! [4]. Here we present a new
optical frequency measurement of tR&$-8S/D tran-

sitions in hydrogen and deuterium with a frequency-
UV photomultipliers \ﬂ e-

multiplication chain. The relative uncertainty is reduced W
to about6 X 10~!2 and provides a more precise value of |TiSa laser I ¢ : : 1
the Rydberg constant. In deuterium, we give a precise |:| AN
determination of th&S Lamb shift and, from the isotope  Microwave Sehottly H(2S)
shift, we obtain the déf‘ference of the squared proton and ~ *"* diode 25-8S/D apparatus
deuteron charge radif; — r2. _

Our frequency chain cor[;nects indirectly hydrogen fre- @ "
guencies to the cesium clock (see Fig. 1). The experiment Optical

fiber

is carried out at two different laboratories, thaboratoire (3 km)

Primaire du Temps et des FréquendePTF) at theOb- o olook 000 oy
servatoire de Parisand theLaboratoire Kastler Brossel 9 Gz 20t ;??HZ
(LKB) in the Université Pierre et Marie Curiewhich are

linked by two, 3 km long, optical fibers. The cornerstoner|G. 1. Outline of the frequency chain between #%8S/D
of this chain is a new standard, namely a laser diode atydrogen frequencies and the cesium clock.
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at 385 THz to a standard at 29 THz, which is a L£O quenching of the metastable atoms occurs and we observe
laser stabilized to an osmium tetraoxyde line (Z0sQ,).  the corresponding decrease of the metastable yield (see
This standard had been previously measured with an urig. 2). In this recording the linewidth is about 1.3 MHz
certainty of 70 Hz [6]. The details of this frequency (in terms of atomic frequency), including the natural
chain will be published shortly [7]. The frequency of width of the 8D level of 572 kHz. The broadening is
the LD/Rb standard laser working at the LKB has beenmainly due to the inhomogenous light shift experienced
measured directly with respect to the §0sQ, standard by the atoms through the Gaussian profile of the laser
using the optical fiber and the frequency chain of thebeams. To evaluate the light shift, we record the atomic
LPTF. Its frequency is signal for different laser intensities and we extrapolate
. the line position to zero light power (Fig.3). We
vro(LKB) = 385285142370.5 (1.0) kHz. have followed the same procedure as in Ref. [9]. For
The uncertainty is due to the G@DsQ, standard(13 X  each recording, we fit a theoretical profile which takes
70 Hz) and the day-to-day repeatability of the /Rb  into account the light shift and the saturation of the
standard (about 400 Hz). Thanks to regular frequencyransition. Since our previous work, we have improved
comparisons between the |/Bb standards, we have kept the calculation of the theoretical line shape: we have
this precision throughout the measurements in hydrogeimcluded the small hyperfine structure of tB® levels
and deuterium (about four months). (143 and 222 kHz for8Ds;, and 8Ds/, in hydrogen),

The frequency comparison between ##%8S/D tran-  the photoionization of the excited levels, as well as the
sitions and the LPRb standard is easy, thanks to the qua-second-order Doppler shift. This effect is evaluated from
sicoincidence between these frequencies (about 40 GHz the velocity distribution of the metastable atoms measured
hydrogen and 144 GHz in deuterium). The [Rb laser by monitoring the Doppler broadenexs-6P transition
and the titanium-sapphire laser (used for the observatioat 410 nm with a collinear laser beam. We have also
of the hydrogen lines) are focused on a Schottky diodeneasured the population of the hyperfine levels of the
[8]. Forthe measurements in hydrogen, the Schottky diod&S,,, state (80% and 20% for th& =1 and F =0
is simultaneously irradiated with a microwave source atevels in hydrogen), which are slightly different from the
13 GHz (48.4 GHz for deuterium) phase-locked to a lowstatistical weights (75% and 25%). Each fit gives both the
phase-noise quartz oscillator at 100 MHz. We detect thexperimental line center and the line position corrected
low-frequency beat note between the two optical frequenfor light shift and hyperfine structure of th&D levels.
cies and the third harmonic of the microwave source withAn extrapolation of these data is given in Fig. 3. As
a signal-to-noise ratio of 35 dB (resolution bandwidth ofwe measure continuously the beat frequency between the
300 kHz). A tracking oscillator is phase locked to this beattitanium-sapphire laser and the Rb standard laser, we
signal, and we count continuously this beat frequency. Theéeduce the absolute frequency of the line. Finally, from
frequency of the 100 MHz quartz oscillator has been conthe linewidth of the2S-15D transition, we find the stray
tinuously measured with respect to a high stability quartzlectric field to be smaller than 3 mi¥m, corresponding
oscillator at 10 MHz (stability of2 X 107° during four to a Stark shift of about-400 Hz for the 8Ds/, level
months), which has been compared to a hydrogen masand 700 Hz for the8S,,. We have neglected these
several times. We estimate the uncertainty due to theorrections in the data analysis.

Schottky diode frequency measurement to be about 15 Hz We have studied three transitions in hydrogen and
in hydrogen and 50 Hz in deuterium. deuterium:2S, »(F = 1 or %)-851/2, -8D3 2, and 8Ds ;.

The hydrogen experiment has been described elsewhere
[4,9]. The two-photon transition is induced with a highly
stable titanium-sapphire laser. The frequency jitter is
reduced to the level of 2 kHz by locking to a first
cavity. The long term stability is obtained by a second
reference cavity locked to an iodine stabilized He-Ne
laser [10]. To reduce the collisional and transit time
broadening, we use a metastable atomic beam collinear
with the laser beams. The atomic beam is placed inside
an enhancement cavity, where the optical power can
be as much as 100 W in each direction with a beam
waist of 660um. The laser-atom interaction region
(56 cm long) is surrounded by a magnetic shield. To £ 1 MHz
measure the metastable flux, we detect the Lyman- . : . .
fluorescence at the end of the beam, where an electric
field quenches the metastable atoms. When the lasgiG. 2. Hydrogen two-photon spectra of thes, ,(F =
frequency is resonant with ths-8S /D transition, optical  1)-8Ss/, transition.

metastable yield

atomic frequency
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L A R E L Lgp,,, = —0.0607(2) MHz, andLgp,,, = 0.0714(2) MHz
[16.5223(3) MHz,—0.0607(2) MHz, and 0.0715(2) MHz,
respectively, in deuterium]. We can thus deduce sev-
eral independent values of theS;,-8Ds, interval
(see Table l). These values are in good agreement
for both hydrogen and deuterium. The mean val-
ues are, respectively, 770649561585.0(4.9) kHz and
770859252 851.5(4.4) kHz. The 4.9 and 4.4 kHz uncer-
tainties (one standard deviation) come from the statistics,
the frequency of the LERb laser (2 kHz), the evaluation
of the second-order Doppler effect (1 kHz), and the
P T T T W T R imperfections of the theoretical model (3 kHz).

0 20 40 60 80 (W) In hydrogen, there have been several precise mea-
FIG. 3. Extrapolation of the line-center frequen@y and of surements of thaS Lamb shift (in fact, the difference

the line position corrected for light-shift anD hyperfine  L2s-2p Of 251> and 2P/, Lamb shifts) by microwave

structure (o) versus the light power in the case of the [13] or by optical spectroscopy [14]. This latter
281/,-8Ds ), transition of deuterium. method used thel/n? scaling law of the Lamb shift

[15]. Using the weighted mean value of these results

[Lys-op = 1057.8400(56) MHz] and the theoretical
In hydrogen, the2S;,,-8Ds/, transition was measured value of the Lamb shifts of theP and 8D levels
twice, at the beginning and at the end of the experi{L,p = —12.8356(20) MHz], we can extract the Rydberg
ment. For each extrapolation we recorded the signal foconstant from the hydroges;,-8Ds,, interval. The
about forty different light powers. Each signal is theresult is R. = 109737.3156856(11) cm™! with an
average over ten scans during a 20-min run. We havancertainty of 1 part in10''. This uncertainty arises
tried to observe the line for very low light power. In mainly from the frequency measuremeit4 X 10~ 12),
this case we make the mean of several runs to improvthe Lamb shiftg7.7 X 10~'?), and the proton-to-electron
the signal-to-noise ratio. In total we have performedmass ratig1.3 X 10~'?) [16].
378 runs for data collection. Table | gives the measured In deuterium, there exists no precise determination of
frequencies after correction of the hyperfine structure othe 25 Lamb shift, so we cannot deduce direcRy. On
the S levels. The quoted uncertainties are only statisthe other hand, using the value & given above, we
tical. These experimental values can be intercomparededuce the2S Lamb shift Log-2p = 1059.230(9) MHz.
using the theoretical value of the fine structure and ofThis value is in good agreement with a previous, less
the Lamb shifts in then = 8 levels. We have taken precise determination [1059.240(100) MHz [17]] but dis-
into account all the recent calculations of the high-ordemagrees with the theoretical value [1059.210(7) MHz [12]]
terms following Ref. [1]. Usingr, = 0.862 fm and calculated with the deuteron charge distribution =
rq = 2.115 fm for the nucleus charge radii [11,12], the 2.115 fm. From another point of view, we can con-
values of the Lamb shifts arkgs , = 16.5008(3) MHz, sider the isotope shift of th&S-8D interval. This

laser frequency

1/2

TABLE I. Frequencies of h&S-85/D two-photon transitions.

Transition Measured frequency 25, /,-8Ds/, deduced
(MHz) frequency (MHz)
Hydrogen
281/2-8Ds> 770649 561.5866 (58) 770649 561.5866
281/2-8D3> 770 649 504.4535 (66) 770649 561.5826
281/2-8Dy 2 770649 350.0163 (75) 770649 561.5784
281/2-8Ds> 770649 561.5886 (54) 770649 561.5886
Mean value of the
28,/2-8Ds;, measurements: 770649 561.5850 (49)
Deuterium
281/2-8Ds)> 770 859252.8523 (32) 770859252.8523
281/2-8D3> 770 859 195.7044 (38) 770859252.8492
281/2-8Dy 2 770 859041.2511 (52) 770859252.8538
Mean value of the
28,/2-8Ds;, measurements: 770859252.8515 (44)
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isotope shift is mainly a mass effect. Thanks to thethis reason, we intend to measure the optical frequencies
precise determination of the mass raties,/m, and of the 25-125/D and 15-3S transitions with respect to
mq/m,, the uncertainty in the mass effect is only 0.6 kHz.the cesium clock. The comparison of these measurements
As this isotope shift is very sensitive to the nuclearwill reduce the uncertainty in the Rydberg constant to a
volume effect, we can calculate the difference of thefew parts in10'2.
quadratic charge radii of the deuteron and the proton. The authors thank M. D. Plimmer for critical reading of
We obtainr] — rl% = 3.827(32) fm?, in good agreement the manuscript. This work is partially supported by the
with the result of Weitzet al. deduced from the §-2S  Bureau National de Métrologie and by the Direction des
isotope shift [3.822(16) frh[12]]. Usingr, = 0.862 fm,  Recherches et Etudes Techniques.
we deduce a value of the deuteron charge distribution
rq = 2.138(9) fm.

If we use thel/»n? scaling law of the Lamb shift [15],
we can make another analysis of the measurements in

deuterium. If we consider the frequenciess-»s and *Permanent address: Laboratoire Kastler Brossel, UPMC,
vys-sp Of the 15-2S and 2S-8D intervals, we can form 4 Place Jussieu, 75252 Paris Cedex 05, France. Affiliated
the linear combinatio vas-sn-vis-2s. In this way, the with Université d’Evry Val d’Essone, France.
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