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Optical Frequency Measurement of the2S-12D Transitions in Hydrogen and Deuterium:
Rydberg Constant and Lamb Shift Determinations
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We have performed a pure optical frequency measurement o2ShE2D two-photon transitions
in atomic hydrogen and deuterium. From a complete analysis taking into account this result and all
other precise measurements (by ourselves and other authors), we deduce optimized values for the
Rydberg constantR. = 109737.31568516(84) cm™! (relative uncertainty of7.7 X 107'2) and for
the 1§ and2S Lamb shiftsL;s = 8172.837(22) MHz and L,s.,p = 1057.8446(29) MHz [respectively,
Lis = 8183.966(22) MHz, andL,s.,p = 1059.2337(29) MHz for deuterium]. These are now the most
accurate values available. [S0031-9007(99)09458-2]

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

For many years, Doppler free two-photon spectroscopynd a CQ laser stabilized to an osmium tetraoxyde
has been applied to the hydrogen atom in order to tedine (labeled CQ/0sQ;, A = 10 um, v = 29 THz). In
guantum electrodynamics calculations and to improve th&996, the frequencies of three I/[Rb lasers, one in the
precision of the Rydberg constait. [1]. Recently, Laboratoire Kastler Brossel (LKB) and two in the Labo-
the uncertainty of the measurements has been reducedtoire Primaire du Temps et des Fréquences (LPTF),
to a level below10™!'! thanks to optical frequency- were measured with a frequency chain which connected
multiplication chains, which link the measured frequencythe LD/Rb laser to the C&/Os(Q; standard [4]. More
via intermediate standard lasers to the caesium clockecently, the frequency measurement of this,@QsQ,
With such a chain, Hansch and co-workers have takestandard has been remade with respect to the Cs clock
advantage of the small natural width of th&-2S two-  with an uncertainty of 20 Hz (i.e., a relative uncertainty
photon transition (1.3 Hz) to measure this frequency withof 7 X 10713) [5]. This last measurement corrects the
an uncertainty o8.4 X 1073 [2]. In our group, we have previous one of the C{OsQ, standard by—87 Hz.
made absolute frequency measurements of2th&S/D  With this correction, the frequency of the I/Bb standard
transitions with an accuracy better th8nx 107'2 [3].  laser working at the LKB is 385285 142 369.4(1.0) kHz.
In this last case, the precision was limited by the lineWe have kept a conservative uncertainty of 1 kHz which
shape analysis which becomes complicated by a largekes into account the day-to-day repeatability and the
broadening (up to 1 MHz) due to the inhomogeneoudong term stability of the LIJRb standard and the
light shift. The comparison of théS-2S and25-85/D  accuracy of the C&/'0OsQ, standard13 X 20 Hz).
measurements has provided very precise determinations The frequency gap between ti¥S-12D lines (A =
of R. and of the Lamb shift [2,3]. Nevertheless, in 750 nm, v = 399.5 THz) and the LDRb standard is
order to confirm ouRS-85/D frequency measurements, almost equal to half of the COsQ, standard frequency.
we have built a new chain to measure the frequenciegVe have built an optical frequency divider to reduce this
of another transition, that is tH&S-12D transition. This frequency by a factor of 2 [2,6]. The different parts
transition yields complementary information to our studyof the experiment are carried out simultaneously at the
of the 25-nS/nD transitions, because it is very sensitive LKB and LBTF (see Fig. 1). The two laboratories are
to stray electric fields (the shift due to the quadratic Starkinked by two, 3 km long, optical fibers which are used,
effect varies as:’), and so such a measurement is avia a phase coherent chain, to transfer the, G050,
stringent test of Stark corrections to the Rydberg levelsfrequency reference from LPTF to LKB. The frequency
In this Letter, we present these new results and make shift introduced by these optical fibers is at most 3 Hz [7].
complete analysis of the optical frequency measurement#/e use an auxiliary laser at 809 ntm =~ 370.5 THz)
to determine the best values fBr. and the Lamb shifts.  and the laser frequencies satisfy the equations,

Our new frequency chain uses two standard lasers, a _
laser diode stabilized on tH&-5D two-photon transition »(25-12D) + v(809) = 2vgs ,
of rubidium (LD/Rb laser,A = 778 nm, v = 385 THz) v(25-12D) — v(809) = v(CO,).
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tion with a beam waist of 64@am. At the end of the

/ SFG :
; /] AgGas, €0, P®) : atomic beam, an electric field qguenches the metastable
; L.P.T.F LD (inl) C0./050 atoms and we detect the Lymanfluorescence to mea-
; 750 nm r ; sure the metastable yield. As the excitelD states de-
""""""""""""""""" g < LD(int) : cay preferentially to théS ground state in a proportion of
o : 305 om : 95%, the optical excitation can be detected via the corre-
optical fiber &Y b . . - -
3 km L sponding decrease of tl& beam intensity. The acquisi-

(3 km) optical fiber (3 km) ' : ;
............................................................................... tion and analysis of the experimental data follow the same
: : : procedure as in Ref. [8]. To evaluate the light shift, which
: : is the major source of shift and broadening, we record the
Ti-Sa laser L2\ JSFG] N atomic signal for different laser intensities, and we ex-
: 7 7| LB.O. : trapolate the line position to zero light power. For each

: recording, a theoretical profile is fitted to the experimental
Ti-Sa laser I LD/Rb || LD(int) [ [SHG curve. This theoretical line shape takes into account the
: 7/ |58-5D)" [ 778 nm |"|LB.O. : light shift, the saturation of the transition, the small hyper-
Y I e § fine structure of the2D levels, the photoionization, the
. w\; 25-12D apparatus small deviation of the atomic trajectories due to the light
UV photomultpliers H \H(lS) : forces, as well as the second-order Doppler shift. The ve-

locity distribution is measured by monitoring the Doppler
FIG. 1. Outline of the frequency chain between 12D  shifted2S-6P transition. Each fit gives both the experi-
hydrogen frequencies and the Rb and CQ/OsQ, standards.  mental line center and the line position corrected for light
The details are explained in the text. shift and hyperfine structure of th2D level. As we

measure continuously the various beat frequencies of our
frequency chain, we can deduce the absolute frequency of

A laser diode (power of 50 mW) is injected by the [IRb  the line. Finally, the result is corrected for the shift due to
standard at 778 nm and frequency doubled in a;0B  black-body radiation (2.1 kHz for th2D levels at 330 K
(LBO) crystal placed in a ring cavity. The generated[10]) and for the Stark shift due to stray electric fields. To
UV beam is frequency compared to the frequency sunevaluate these fields, we have studied 2§20D transi-
(made also in an LBO crystal) of the 750 and 809 nmtions. In this case, the broadening due to the linear Stark
radiations produced by a first titanium-sapphire laseeffect is large (it varies as?) and, from the line shape
(about 300 mW) and a laser diode (about 30 mW). Onef the 25-20D transitions, we deduce a mean value of
part of the 809 nm radiation is sent via one fiber to thethe stray electric fields of 2.0 (1.0) m@m. A careful
LPTF. There, a 809 nm local laser diode is phase lockednalysis of the Stark effect, including the mixing of the
on the LKB one. A frequency sum of this 809 nm laserquasidegenerate levelB{,,-Fs,, andD3,-P3/,), gives a
diode and of an intermediate GQaser in an AgGasS  Stark shift of—2.1 (1.2) kHz and—6.0 (4.9) kHz for the
crystal generates a wave at 750 nm. This wave is uset2Ds;, and12D3/, levels.
to phase lock a laser diode at 750 nm which is sent We have studied the2S;,(F =1 or3/2)-12Ds/,
back to the LKB by the second fiber. In such a way,and2S,,,(F = 1 or 3/2)-12D3, transitions in hydrogen
the two equations are simultaneously satisfied and atnd deuterium. For each transition, the atomic signal is
the frequency counting is performed in the LKB. A recorded for at least 50 light powers, and, in total, we
second titanium-sapphire laser induces the two-photohave used 237 runs (20 min long) for data collection.
transitions. For the hydrogen measurements, the COThe measured frequencies (after correction of the hy-
intermediate laser uses thy8) line [respectively, C@  perfine structures) are reported in Table I. The quoted
R(4) line for deuterium], and the residual frequencyuncertainties are due only to the statistics. The two
difference between the two titanium-sapphire lasers igxperimental results for the2Ds,, and12Ds/, levels can
about 2.5 GHz (respectively, 41.3 GHz for deuterium).be compared by taking into account the theoretical value
These frequency beat notes are detected with a photodiodé the fine structure and the Lamb shift of theD levels.
or a Schottky diode. Following recent calculations of the Bethe logarithm

The hydrogen experiment has been described elsewhejtl], these Lamb shifts arelisp,, = —17.6(2) kHz
[3,8]. To reduce the collisional and transit time broaden-and Li2p,, = 21.5(2) kHz in hydrogen and deuterium.
ing, the two-photon transitions are induced in a metastablEinally, we obtain two independent values of the
atomic beam collinear with the laser beams. We use a5,,,-12Ds, interval (see Table I) which are in fair
highly stable titanium-sapphire laser with a frequency jit-agreement for hydrogen and deuterium. The average
ter and a long term stability of a few kHz [9]. Thanks values are, respectively, 799191727 402.8(6.7) kHz
to an enhancement cavity surrounding the atomic beanmand 799409184 967.6(6.5) kHz. These uncertainties
the optical power can be as much as 50 W in each dired-l standard deviation) are due to the statistical error, the
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TABLE |. Frequencies of theS-12D two-photon transitions.

Measured frequency 2S81/2-12Ds/, Deduced

Transition (MHz) frequency (MHz)
Hydrogen
2/81/2-12Ds) 799191 727.4037 (47) 799191 727.4037
281/2-12D53), 799191710.4727 (62) 799191727.3999
Mean value of the
281/2-12Ds/, measurements: 799191727.4028 (67)
Deuterium
2/81/2-12Ds 5 799409 184.9668 (45) 799409 184.9668
281/2-12D53), 799409 168.0380 (44) 799409 184.9698
Mean value of the
281/,-12Ds/; measurements: 799409 184.9676 (65)

Stark effect (2.1 kHz), the second-order Doppler effecthy microwave spectroscopy [13] and by the anisotropy
(1 kHz), the stability and the measurement of the/HD  method [14]. Using the mean value of these results
standard laser (2 kHz), and the imperfections of the thed-L,s.,p = 1057.8454(65) MHZz], we can deduce from our
retical model (4.5 kHz). These measurements are slightlfS,,-12Ds/, determination a value of the Rydberg con-
less precise than our previous ones of 2#5e8S/D tran-  stantR.. = 109737.315684 5(13) cm~!. The uncertainty
sitions [3,12], because of the smaller signal-to-noise ratigl.2 X 10~!') comes from the frequency measurement
and the larger quadratic Stark effect. (8.4 X 10712), the 25 Lamb shift (8.1 X 10~'?), and
Table 1l gives the values of the Rydberg constant dethe proton-to-electron mass ratib.3 x 107'2) [15]. To
duced from different transitions by several methods. licompare our present result with our earlier one [3],
is convenient to express an energy level in hydrogen a$able Il gives the Rydberg constant value deduced from
the sum of two terms: the first, given by the Dirac equa-the2S-8D measurement with the same procedure. These
tion and by the first relativistic correction due to thetwo values are in acceptable agreement (they differ by
recoil of the proton, is known exactly, apart from the about 1 standard deviation). Although slightly less pre-
uncertainties in the physical constants involved (mainlycise, our new result confirms our previous one and shows
R=). The second term is the Lamb shift, which con-that the correction due to the quadratic Stark effect is well
tains all the other corrections, i.e., the QED correctionsanalyzed (this correction is 17 times larger for thzD
the other relativistic corrections, and the effect of thethan for the8D levels). Table Il gives the average of
proton charge distribution. Consequently, to extrBgt  these two results with an uncertaintykf - '!. This result
from the accurate measurements one needs to know th&the most precise if we do not make theoretical assump-
Lamb shifts. For this analysis, the theoretical values otions concerning théS and2S Lamb shifts.
the Lamb shifts are sufficiently precise, except for those The other methods to determing. use the1/n?
of the 1§ and 2S levels. In hydrogen, there have beenscaling law of the Lamb shift which gives the theoretical
several precise determinations of % ,-2P/, splitting  value of the linear combination of the Lamb shifts

TABLE Il. Determination of the Rydberg constaRt.

Method and transitions involved (R» — 109737) cm™!
Determination ofR.. from the2S-nD and2S-2P measurements

28-12D and2S-2P in hydrogen 0.3156845(13)
25-8D and2S-2P in hydrogen 0.3156858(13)
28-12D, 25-8D, and2S-2P in hydrogen 0.3156852(11)
Determination ofR.. without the2S-nS/D measurements

15-28, 25-2P, and1/n? law in hydrogen 0.315 6854 (20)
Determination ofR.. from linear combination of optical frequencies measurements

25-12D, 1§-28, and1/n3 law in hydrogen 0.3156838 (17)
25-12D, 15-28, and1/n? law in deuterium 0.3156838 (16)
25-12D, 1§-28, and1/#3 law in hydrogen and deuterium 0.3156838(13)
25-8D, 15-2S, and1/n? law in hydrogen and deuterium 0.3156861(12)
25-8D, 28-12D, 15-2S, and1/x* law in hydrogen and deuterium 0.3156850(10)
General least squares adjustment in hydrogen and deuterium 0.31568516 (84)
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L1s-8Ls [16]. Using this relation and the measurements10~'2. We present also an exhaustive analysis of the most
of the2S Lamb shift, it is possible to extract a value®f  accurate measurements in hydrogen and deuterium which
from the very precise measurement of 1i§e2S transition  shows that the optical frequency measurements have
[2]. The result, independent of oRf-nD measurements, superseded the microwave determination of2Z8d_amb

is given in the second part of Table Il and agrees perfectlghift. The precision is now limited by the uncertainties of
with the value deduced from th&S-nD frequencies. the2S-nD frequencies.

Finally, in the third part of Table Il, we give the  The authors are indebted to B. Cagnac for many
values of R.. obtained from the linear combination of stimulating discussions, and they thank M. D. Plimmer for
several optical frequencies. For example, if we considecritical reading of the manuscript. This work is partially
the frequenciesvis.os and vas.12p Of the 15-2S and  supported by the Bureau National de Métrologie.
25-12D intervals, we can form the linear combination
Tvas.12p-V1s-2s, Where the theoretically well-known quan-
tity Lis-8L,s appears. This method is independent of
the microwave measurements of miél__amb shift and IS [1] See, for example, B. Cagnac, M.D. Plimmer, L. Julien,
relevant for both hydrogen and deuterium. If we consider :

. . and F. Biraben, Rep. Prog. Phys, 853 (1994).
the15-2S and2S-12D transitions, the values obtained for 2] Th. Udem et al., Phys. Rev. Lett.79, 2646 (1997):
hydrogen and deuterium are in excellent agreement (se€ * A Huberet al., Phys. Rev. Lett80, 468 (1998).
Table 11). With a least squares procedure, it is possible to[3] B. de Beauvoiret al., Phys. Rev. Lett78, 440 (1997).
apply this method to several transitions. If we use all the [4] D. Touahriet al., Opt. Commun133 471 (1997).
precise optical frequency measurements in hydrogen and5] G.D. Rovera and O. Acef, IEEE Trans. Instrum. Meas. (to
deuterium (transitiond §-2S, 25-8D, and 25-12D), we be published).
obtain a value oR.. more precise than the previous ones. [6] H.R. Telle, D. Meschede, and T.W. Hansch, Opt. Lett.
This method also provides very accurate determination of _ 15 532 (1990).
the 1§ and 2§ Lamb shifts, ;s = 8172.834(26) MHz g% ?.C(:jeg:ﬁ:\éﬁlrelt\/lalkﬁggriiryi Jju[llile;nzzgn(églgg)éiraben
and Lysop = 1057.8442(34) MHz [respectively, T L o y . '
8183.963(26) MHz and 1059.2333(34) MHz for deu- i'zgsh’(’lséé(;a”sﬁl’ 2263 (1990);51, 2275 (1990):54,
terium]. This result for th&S Lamb shift is independent '

; . > [9] S. Bourzeix, M.D. Plimmer, F. Nez, L. Julien, and
and more precise than the direct determinations made by * £ gjraben, Opt. Commurgg, 89 (1993).

microwave spectroscopy. _ ~ [10] J.w. Farley and W.H. Wing, Phys. Rev. 23, 2397
To make an average of these various determinations  (1981).

of R., we have performed a least squares adjustmenil] G.W.F. Drake and R. A. Swainson, Phys. Rev 1 1243
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which takes into account the measurements of 28e (1990). _
Lamb shift [13,14], the optical frequency measurement$l2] We have remade the analysis of oR§-8§/D mea-
of the 15-28 [2], 25-8D [3], and 25-12D transitions surements to take into account the improvements of the

in hydrogen and deuterium, and also the measurements theoretical line shapes and the corrections due to the
of the 1S Lamb shift made by frequency compari- standard laser, the black-body radiation, and the Stark ef-
son of the 1S-2S and 28-4S/P/D transitions [17,18] fect. With the same more conservative uncertainties, the
or of the 15-35 and 25-65/D ones [19]. We 0b1tain results arev(2S;,,-8Ds;;) = 770649561 581.1(5.9) kHz

. and v(2S,/2-8Ds/,) = 770859252 848.3(5.5) kHz for hy-
the values R. = 109737.31568516(84) cm™!, L5 = drogen and deuterium.

8172.837(22) MHz,andLjs.p = 1057.8446(29) MHz [re-  [13] S.R. Lundeen and F. M. Pipkin, Phys. Rev. Ld, 232
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