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We have measured the 15-2S transition frequency in atomic hydrogen with a precision of 7 parts
in 10'° by continuous-wave Doppler-free two-photon spectroscopy. We employ cavity-enhanced
multimilliwatt radiation near 243 nm produced by sum-frequency generation, and we observe the
1S-2S transition in a low-pressure hydrogen-helium cell with a resolution of 3 parts in 10°. For a
frequency comparison we detect an optical heterodyne signal at the difference frequency between
the 243-nm light used to excite the 1S-2S transition and the second harmonic of a reference laser
locked to an interferometrically calibrated '*°Te, absorption line near 486 nm. After determining
systematic corrections due to the pressure shift of the F =1 hyperfine component in a 0.7 vol. % hy-
drogen-99.3 vol. % helium gaseous mixture, we obtain the energy-level separation f(1S-25)
=2466061413.2(18) MHz. Choosing a value of the Rydberg constant measured independently by
high-resolution spectroscopy of the hydrogen Balmer-§ transition, we find the hydrogen ground-
state Lamb shift to be f15(15)=8173.9(19) MHz, in good agreement with the theoretical value of
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8172.89(9) MHz.

I. INTRODUCTION

Precision spectroscopy of one-electron atoms has
played a central role in the development of quantum elec-
trodynamics (QED). In particular, increasingly refined
microwave spectroscopic measurements of the 2S5, -
2P,,, Lamb shift have inspired much of the progress
made in QED calculations of hydrogen energy levels,
which can be performed very accurately due to the ex-
treme simplicity of the hydrogen atom. The most recent-
ly published measurements of this Lamb shift are due to
Lundeen and Pipkin,l 1057.845(9) MHz, and Pal’chikov,
Sokolov, and Yakovlev,? 1057.8514(19) MHz, and are in
good agreement with the calculated value of 1057.849(11)
MHz.>* Eventually, however, the accuracy with which
this number can be experimentally determined must be
limited by the 1.6-ns lifetime of the 2P state. Since the re-
sult of Pal’chikov et al. already has an uncertainty of
only 2 parts in 10° of the 100-MHz natural linewidth of
the 2S,,,-2P,,, transition, significant improvement in
this measurement may be difficult to achieve.

Instead, the 1S, ,-25, /, transition (hereafter simply re-
ferred to as the 1S-2S transition) in atomic hydrogen® '
may someday offer the ultimate confrontation between
the theory of bound-state QED and the experimental
techniques of high-resolution laser spectroscopy. Be-
cause the Lamb shift of a particular state is proportional
to the square of the electron wave function at the nu-
cleus, it scales as 1/n3, so that the shift of the 1S level is
eight times larger than that of the 25 level. Also, since
the lifetime of the metastable 2S state is limited only by
spontaneous two-photon emission to the 1S state, the 1S-
2S transition has an unusually narrow natural linewidth
of 1.3 Hz, offering an eventual experimental resolution of
5 parts in 10'®. Consequently, a measurement of the ab-
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solute frequency of this fundamental transition and com-
parison with other hydrogen transitions could provide a
stringent test of the low-energy behavior of QED.

As a step towards this goal, we have used continuous-
wave (cw) Doppler-free two-photon spectroscopy to ob-
serve the 1S-2S transition in atomic hydrogen gas with a
resolution of 3 parts in 10°. This has allowed us to mea-
sure the frequency of this fundamental transition with a
precision of 7 parts in 10'?, and as a result, we have been
ab‘lte to determine the 1S Lamb shift to within 2 parts in
10°%.

II. EXPERIMENTAL APPARATUS

A schematic diagram of the entire hydrogen 1S-2S ex-
periment is shown in Fig. 1. There are four major com-
ponents: (1) the 243-nm sum-frequency synthesizer,* (2)
the hydrogen 15-2S spectrometer,* (3) the 486-nm telluri-
um optical frequency standard, and (4) the optical hetero-
dyne system for frequency comparison.

Continuous-wave 243-nm radiation is generated by
efficient 90° phase-matched sum-frequency mixing of a
790-nm ring dye laser (Coherent 699-21) and a 351-nm
argon-ion laser in a potassium dihydrogen phosphate
(KDP) crystal heated to 62°C. The 790-nm fundamental
beam is enhanced using a servo-locked passive ring cavi-
ty. This enhancement cavity closely resembles the ring
dye laser resonator and is stabilized to the 790-nm laser
frequency with the polarization stabilization scheme of
Hinsch and Couillaud.'> We routinely obtain enhance-
ment of 60-70 of the 500-600 mW of input power. The
principles behind the design of the 790-nm enhancement
cavity are well known. 3717

Approximately 500-800 mW of narrow-band cw 351-
nm fundamental laser radiation is provided by an argon-
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FIG. 1. Schematic diagram of hydrogen 1S-2S experiment.
AO modulator is acousto-optic modulator.

ion laser (Coherent 1-100) with a prism wavelength selec-
tor and an uncoated fused quartz intracavity etalon to
force single-frequency operation.'?> The argon-ion laser is
servo locked to a temperature-stabilized, passive refer-
ence étalon in much the same way as the dye laser.

Our KDP crystal is 45° z cut, has a volume of
25X 8X8 mm?, and has faces at Brewster’s angle. We
achieve type I, 90° phase matching by varying the tem-
perature in the crystal.!® The radius of the 790-nm beam
waist within the KDP crystal, 40 um, is about S5um larger
than the value which is expected to maximize the sum-
frequency output.!®!® We are able to generate 3-5 mW
of 243-nm light under favorable fundamental beam condi-
tions.

The 243-nm radiation is mode matched into a servo-
locked standing-wave cavity that surrounds the excita-
tion and observation region. The ultraviolet light is
enhanced by a factor of 8-16 and the cavity is stabilized
with the method of Hiansch and Couillaud!” by analyzing
the polarization of the light reflected from the outer sur-
face of one of the Brewster windows.

Hydrogen atoms in the ground state are produced by
2.45-GHz microwave dissociation of molecular hydrogen
in a flowing gas discharge. Atoms leave the discharge
through a small constriction and are transported to the
observation cell by a length of Teflon tubing. The cell is
made of Pyrex and the pressure in the cell is measured
with a Baratron gauge. The discharge is typically run
with a pressure of several Torr which produces a cell
pressure of less than 1 Torr. The discharge is operated
alternately with 100% H, and a 0.7 vol. % H,-99.3
vol. 7% He mixture in order to investigate the pressure
shift and broadening of the 1S-2S transition. The reso-
nance signal is detected by counting Lyman-a photons
emitted when excited 2S atoms are collisionally
transferred to the 2P, ,, state. The fractional solid angle
of the photomultiplier is 2.5X 107% and the total detec-
tion efficiency is 4 X 1075,

III. FREQUENCY STANDARD

Our optical frequency standard is a Doppler-free tran-
sition in molecular tellurium vapor ('3°Te,) near 486 nm.
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FIG. 2. Doppler-free spectrum of '**Te, at 486 nm in the vi-
cinity of the hydrogen 1S5-2S reference line i,. Also shown are
the expected locations (at 486 nm) of the two hyperfine com-
ponents of the hydrogen 1S-2S transition.

This reference line, shown in the Dopper-free saturated-
absorption spectrum of Fig. 2, is labeled i, and is a com-
ponent of the Doppler-broadened line labeled No. 1286 in
the *°Te, atlas®® at 20564.7181(20) cm~'. The isotopi-
cally pure (~99%) '*°Te, is contained in a sealed cell
which is maintained at a temperature of 513(5) °C, corre-
sponding to a tellurium vapor pressure of 0.89(11) Torr. 2!
At this temperature, the single-pass linear absorption on
a Doppler-broadened line (No. 1284 in the '*°Te, atlas) 10
GHz below the i, component is 23(2)%. The tellurium
transition is excited with an additional cw ring dye laser
operated with coumarin 102 dye.

The frequency of the i, reference line is determined
from two separate interferometric measurements. In the
first, the frequency of the i, line is measured with respect
to the nearby b, line, which was previously calibrated by
Barr et al.?? by comparison with an iodine stabilized
helium-neon laser at 633 nm. The i,-b, frequency sepa-
ration is only 1.4 GHz and is measured in the same
fashion as a previous measurement of another '*°Te,
reference line.?® The uncertainties in this determination
are shown in Table I and the result is shown as the first

TABLE 1. Frequency measurement uncertainties of the
"*"Te, i, component from its calibration with respect to the b,
component.

Error?®
Source of uncertainty (MHz)
Statistical 0.05
Computer fitting 0.19
Pressure shift 0.17
b, reference line® 0.25
Irreproducibility 0.34
Total 0.50

“One standard deviation.
bReference 22.
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TABLE II. Frequency measurements of the *°Te, i, refer-
ence line.

Frequency Error®
(MHz) (MHz)
i, referenced to '*°Te, 616515332.88 0.50
b, component
i, referenced to three 616515332.58 0.56
1271, lines
i, weighted average 616515 332.75 0.39

“One standard deviation.

entry in Table II. The measurement uncertainties include
a 0.34-MHz uncertainty due to the irreproducibility of
tellurium reference lines, since our cell has not been
directly compared with the cell used by Barr et al. The
cells are nominally identical, having been obtained from
the same source. We have estimated this irreproducibili-
ty uncertainty from data obtained with a second parallel
130Te, saturation spectrometer,?’ 2 as well as data from
an absolute frequency measurement of tellurium transi-
tions in our primary cell (see Ref. 25 and below). The
0.34-MHz uncertainty is the simple average of the abso-
lute values of measured differences (eight total compar-
isons) for five transitions (i,,b,,b,e;,d, components) in
four different cells (three in our lab and the one of Barr
et al. ).~

In a second experiment the frequency of the i, refer-
ence line was interferometrically measured with respect
to three high-precision iodine transitions at 515 nm, 576
nm, and 612 nm. These transitions are among those
recommended for realization of the new definition of the
meter.?® The result of that measurement (details will be
published separately) is shown as the second entry in
Table II, where its large uncertainty is mainly due to
larger systematic uncertainties associated with the inter-
ferometric technique. These two results can then be com-
bined to yield the result shown in Table II, where we
have assumed that 0.16 MHz of the systematic errors are
correlated, since both measurements were performed in
the same cell under similar conditions.

To use the i, transition as a frequency standard in the
15-2S measurement, the 486-nm dye laser is stabilized to
the transition using the technique of frequency-
modulation spectroscopy.?”?® The frequency of the sta-
bilized laser is determined as shown in Table III. We use
an angle-tuned urea crystal?®® to generate approximately 1

TABLE III. Frequency determination of 486-nm reference
laser.

Frequency Error?
Term (MHz) (MHz)

130Te, i, component 616515332.75 0.39

frequency

Acousto-optic shift —60.00 0.00
FM signal offset —0.03 0.05
Lock-point offset 0.06 0.01
Reference laser frequency 616515272.78 0.39

#One standard deviation.
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nW of the second harmonic of the stabilized 486-nm
reference laser. The frequency of this second-harmonic
radiation is compared with that of the 243-nm sum-
frequency synthesizer output by mixing the two beams on
a photomultiplier. The generated beat signal is moni-
tored with an rf spectrum analyzer. We use the spectrum
analyzer in the zero-frequency span mode so that it acts
merely as a tuned receiver. In this configuration, the
spectrum analyzer output displays a resonance peak
whenever the beat frequency is scanned through the fre-
quency to which the spectrum analyzer is tuned. As we
scan the frequency of the 243-nm radiation over the hy-
drogen 1S5-2S resonance, we discretely change the fre-
quency of the spectrum analyzer so as to record several
“beat note” resonances. We thus obtain a series of peaks
that resembles the output of a Fabry-Pérot étalon, though
here we have absolute as well as relative frequency infor-
mation.

IV. MEASUREMENT

During this experiment we have recorded and evalu-
ated several hundred spectra in order to reduce statistical
uncertainties and to determine systematic corrections.
Figure 3 shows a representative spectrum of the F=1
component of the hydrogen 1S-28 transition, obtained by
scanning the frequency of the 790-nm dye laser. For this
particular trace the cell contained 0.225 Torr of atomic
and molecular hydrogen, the circulating 243-nm intensity
was 65 W/cm? at the beam waist, and the peak excitation
rate was 4000 s~ ! with a signal-to-background ratio of
20:1. As described above, the “marker fringes” shown in
Fig. 3 are obtained from the heterodyne comparison with
the second harmonic of the 486-nm reference laser.

We determine the line center of the F=1 component of
the hydrogen 1S-2S transition by fitting the recorded sig-
nal® to a Lorentzian line shape. The quality of our

hydrogen signal
1S-2S

F=1

signal (arbitrary units)

optical heterodyne signal

L 1 Il 1 { { 1
-25 -15 -5 5 15 25 35

laser frequency detuning (MHz at 243 nm)

FIG. 3. Continuous-wave two-photon spectrum of the F=1
component of the hydrogen 1S-2S transition. The peaks in the
simultaneously recorded spectrum analyzer output are de-
scribed in the text. The laser frequency detuning is with respect
to the second harmonic of the 486-nm reference laser.
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fitting procedure is limited by both the 1S-2S signal-to-
noise ratio and small nonlinearities in the scan rate of the
790-nm fundamental laser frequency. By observing the
response of )(2 to small variations in the fit parameters,
we estimate the uncertainty in our ability to identify the
line center to be 185 kHz (at 243 nm). We determine the
center of each heterodyne signal maximum simply as the
center of gravity of the top half of the peak.

There are two potentially significant sources of sys-
tematic error in this experiment, in addition to pressure
broadening and shifting of the line shape: the second-
order Doppler shift and the dc Stark shift. The second-
order Doppler effect has an estimated value of —34 kHz;
as this is not a significant correction, we include it only as
a small systematic uncertainty. We estimate that the
nearby cathode of the Lyman-a photomultiplier may gen-
erate a dc electric field as large as 6 V/cm at the interac-
tion region. This is the most significant source of possible
electric fields and would produce a dc Stark shift of 65
kHz at 243 nm. If we include the second-order Doppler
shift and the dc Stark shift in our line center uncertainty,
then it increases to 200 kHz. We add this error in quad-
rature to the statistical errors obtained from the fits and
the subsequent averaging procedure.

Here we briefly consider the possible effects of the ac
Stark shift. The ac Stark shift of the resonance frequency
,, is given by
3

! Myl (1)

e

a

Awacsz 2R

where « is the fine-structure constant, R  is the Rydberg
constant, I is the circulating intensity, and M, s is a di-
mensionless two-photon amplitude.*3° We have comput-
ed M, ¢ for the hydrogen 1S-2S§ transition using the ma-
trix elements listed by Lee.3! In Ref. 31 the contribution
due to virtual intermediate transitions from the 2§ state
to the continuum was underestimated due to an improper
treatment of a pole in the integrand. 32 By employing the
principal-value algorithm

L e N

x—c 0 x—c e X—c
+2ef'(c)+O[€Xf"(c)] (2)

for small €, and by carefully estimating remainders after
truncation of both series and integrals, we obtain the
discrete and continuum contributions to M, ¢ listed in
Table IV. The error in each entry in the table is less than
1 in the last digit. We obtain M, ¢=753.35, and therefore
the total ac Stark shift of the 15-2S transition is (at 243
nm)

TABLE IV. ac Stark shift of the H 1S5-2S transition: contri-
butions to M, .

State Discrete Continuum Total
15 —7.18707 —1.38409 —8.57116
28 34.793 68 9.986 63 44.780 32

2S5-1S 41.98075 11.37072 53.35147
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Aw,. s(1S-2S)
47
=1.6671 HzW 'cm? . (3)

Af,.s(18-28)=

For the intensities used in this experiment ( ~ 50 W/cm?),
this effect can thus be neglected.

V. RESULTS

The observed pressure broadening of the F=1 com-
ponent of the hydrogen 1S-2S transition is displayed in
Fig. 4. Fits to the data yield broadenings of 15.1(6)
MHz/Torr (at 243 nm) for 100% H, and 9.2(5)
MHz/Torr (at 243 nm) for the 0.7% H,-99.3% He mix-
ture. The resulting zero-pressure linewidth, limited by
the linewidths of the fundamental lasers and by transit-
time broadening, is 3.7(3) MHz.

Figure 5 displays the frequency offset (at 243 nm) of
the F=1 component of the hydrogen 1S-2S transition rel-
ative to the second harmonic of the 486-nm reference
laser frequency as a function of total cell pressure for the
two data sets. The weighted linear least-squares fits to
the data are also shown and yield pressure shifts of
—5.52(48) MHz/Torr for the pure H, data set and
—0.65(33) MHz/Torr for the 0.7% H,-99.3% He data.
However, in the pure H, case, it is unclear whether the
hydrogen atoms or molecules are more responsible for
the perturbation. This is troubling in light of the uncer-
tainty of the gas composition as a function of pressure.
Observation of the discharge color and of the resistance
of a semiconductor detector downstream of the
discharge* suggests that the ratio of atoms to molecules
changes with pressure for the pure H, data set. This ra-
tio is more consistent for the 0.7% H,-99.3% He mixture
data, and is also less important because of the large per-
centage of He atoms. Thus, we feel less justified in fitting
the pure H, data to a straight line and must rely on the
0.7% H,-99.3% He mixture to determine the frequency
offset without the pressure shift.
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FIG. 4. Pressure broadening of the hydrogen 15-25 F=1 res-
onance line. The displayed lines are the best-weighted fits to the
corresponding data sets.
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FIG. 5. Pressure shift of the hydrogen 15-28 F=1 resonance
line. The displayed lines are the best-weighted fits to the corre-
sponding data sets.

The measured cell pressure includes 0.04(1) Torr of
background pressure due to a leak in our vacuum system.
The 0.7% H,-99.3% He data thus should be extrapolat-
ed to 0.04 Torr, rather than to zero, and then corrected
for the pressure shift due to 0.04 Torr of air. Unfor-
tunately, this shift is not known, so we must account for
that uncertainty. To estimate this, we assume that the
background gas is mostly N,, that the pressure shift in
the pure H, data is due to H, (as opposed to H atoms),
and that N, and H, have similar shifts. This last point is
somewhat justified by the fact that N, has a 50% larger
cross section than H, for quenching of H(2S) metastable
atoms.** The measured shift of 0.04 Torr of H, (from
above) is 0.22 MHz. We therefore estimate the uncer-
tainty caused by the background gas as 0.33 MHz. We
add this uncertainty to that of the extrapolated value and
obtain the result shown in Table V.

Finally, we must add { of the difference between the
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experimental values of 1S and 2S hyperfine splittings**3

to the observed frequency of the F=1 component (at
121.6 nm) to arrive at an experimental value for the cen-
troid of the 1S5-2S energy interval. The resultant experi-
mental 1S-2S centroid frequency is shown in Table V as

f(15-25)=2466061413.19(175) MHz . 4)

VI. COMPARISON WITH THEORY

For a comparison with theory, we adopt the conven-
tions and update the results of Johnson and Soff,? includ-
ing the recent radiative recoil corrections of Bhatt and
Grotch,*® and the pure recoil corrections of Erickson and
Grotch,?” as well as more precise computations and error
estimates.’® The energy levels of a one-electron atom
may be written as the sum of a Dirac-Coulomb contribu-
tion Epc(n,J) a reduced-mass correction Egp(n,J), the
Lamb shift E;4(n,J,L), and a hyperfine-structure contri-
bution Eygg(n,J,L,F,I):

E(n,J,L,F,1)=Epc(n,J)+Egy(n,J)
+E s(nJ, L)+ Eygps(n,J,L,F,I), (5

where n is the principal quantum number, J is the total
momentum of the electron, L is the orbital angular
momentum of the electron, F is the total atomic angular
momentum, and [ is the spin of the nucleus. We express
all energies in units of Hz.

As defined by Johnson and Soff,? the Lamb shift in-
cludes QED radiative and binding contributions, relativ-
istic radiative and nonradiative nuclear recoil correc-
tions, and corrections due to the nonzero rms charge ra-
dius of the nucleus. We write the total Lamb shift in the
form

4
ELs(n,J,L):—Z_(Z—aX)—.CRwF(Za) s (6)
e n-

where 2a’cR , /m=a’m,c?/mh=813.86288(11) MHz.

TABLE V. Determination of the hydrogen 15-25 centroid frequency.

Frequency Error?
(MHz) (MHz)
486.3 nm
Stabilized laser frequency
Srer 616515272.78 0.39
243.1 nm
Hydrogen (F=1) offset”
le szre( 5.68 0.40
121.6 nm
Hydrogen hyperfine splitting®
Afn(18-28)= LA f1i (1) —Af (25)] 310.71 0.00
Hydrogen 1S5-2S centroid
2466061413.19 1.75

f(lS-ZS):Zle + A fur (1S-25)

%One standard deviation.
bel = %f( 18-28)F -,
‘References 35 and 36.
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TABLE VI. Contributions to the Lamb-shift function F(Za) for hydrogen 1S and 2S states.

Term 1S 28
Self-energy 10.316 76(10) 10.546 83(10)
Vacuum polarization —0.264 38 —0.264 39
Higher-order QED 0.001 25(1) 0.001 25(1)
Relativistic reduced mass —0.01571 —0.01609
Relativistic recoil 0.002 93(3) 0.003 33(3)
Finite nuclear size 0.001 25(3) 0.00125(3)
Total F(Za) 10.042 10(11) 10.272 18(11)

The contributions to F(Za) are shown in Table VI for
the 1S and 28 states of hydrogen. These values and un-
certainties have been updated®® 3% since their original
publication.® The total energies of the 1S and 2S states
are shown in Table VII, as well as the fundamental con-
stants used in the computations.?®3°~*? We have adopt-
ed the rms charge radius of the proton given by Ref. 42
instead of the slightly larger value of Ref. 43. Use of the
latter would raise the theoretical 1S Lamb shift by 0.15
MHz. This discrepancy is larger than the theoretical un-
certainty and, unless resolved, will limit the ability of fu-
ture measurements to test QED.

Table VIII shows the steps required to determine the
hydrogen 1S Lamb shift using the experimental value of
the 1S-2S transition frequency given by Eq. (4). We begin
by summing the theoretical Dirac Coulomb and reduced
mass contributions, given in Table VII, and then sub-
tracting the experimental 1S-2S5 transition frequency to
obtain the difference between the 1S and 25 Lamb shifts,
[1s(1S)-f1s(285)=7128.85(188) MHz. We add to this
number the experimentally known 25, ,-2P, ,, frequency
separation; because of their small errors, either the value
measured by Lundeen and Pipkin,1 1057.845(9) MHz, or
by Pal’chikov, Sokolov, and Yaklovev,? 1057.8514(19),
may be used without affecting our result. Finally, we can

TABLE VII. Hydrogen 1S and 2S energy levels and transi-
tion frequencies (in MHz). The following values of fundamental
constants were used: ¢=299792458 m/s (Ref. 26), R
=109737.31573(3) cm ! (Ref. 39), a=1/137.0359895(61)
(Ref. 40), m, /m,=1836.152701(37) (Ref. 41), and r, =0.805(11)
fm (Ref. 42).

confidently add the theoretical 2P,,, Lamb shift,>*
fLs(2P)=—12.8299(3) MHz, to obtain the ground-state
Lamb shift

f1s(18)=8173.9(19) MHz , %)

in good agreement with the theoretical prediction of
8172.89(9) MHz shown in Table VII. In Table IX we
compare our result with those of previous experi-
ments’~7* as well as the subsequent experiment of
Boshier et al.*> We have updated the measurements of
Ref. 6 to conform to the reduced mass convention of
Johnson and Soff.?

This procedure may be summarized by a simple formu-
la that includes the Rydberg constant as a parameter:

f1s(1S)=8172.39 MHz+(224.7 MHzm)
X(R,—10973731.57 m™")
+[2466061 414MHz—f (1S —25)] . (8)

The corresponding one-sigma error in f;s(1S) can be
found in terms of the experimental uncertainties in
f(18-2S) and R, from the expression

Afig(15-28)=Af*1S5-2S)+(224.7 MHz m)*AR?, .

)

On the other hand, if we trust the theoretical deter-
mination of the 1S Lamb shift, then we can interpret our
experimental result as a measurement of the Rydberg

TABLE VIII. Determination of experimental hydrogen 1S

Term

Value

Dirac energy
Reduced mass
Lamb shift

Total energy

Dirac energy
Reduced mass
Lamb shift

Total energy

£(15-25)

1S
— 3289885 760.01(90)
1790 728.67(04)
8172.89(09)

—3288086858.45(91)
28
—822474177.42(22)

447 688.12(01)
1045.02(01)

—822025444.28(22)

2466061414.17(68)

Lamb shift.

Value Error?

Term (MHz) (MHz)
S Dirac (15-2S) 2467411 582.59 0.68
Frm(1S-2S) —1343040.55 0.03
— f(18-25) —2466061413.19 1.75
f1s(28)— fLs(2P)° 1057.85 0.01
SfLs(2P) —12.83 0.00
fis(1S) 8173.87 1.88

“One standard deviation.

"References 1 and 2.
‘References 3 and 4.
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TABLE IX. Measurements of the hydrogen 1S Lamb shift.

Reference Isotope Afiamp(1S) (in MHz)
Herzberg® D 7900(1100)
Hinsch et al.® D 8300(300)
Lee et al.© D 8260(110)
Wieman and Hinsch® D 8189(30)
Boshier et al.© D 8183.96(80)
Hinsch et al.® H 8600(800)
Lee et al.© H 8220(100)
Wieman and Hinsch? H 8175(30)
Hildum et al.f H 8184.8(54)
This work H 8173.9(19)
Boshier et al.© H 8172.93(84)

“Reference 44.
®Reference 5.
‘Reference 6.
dReference 7.
‘Reference 45.
'Reference 8.

constant. By solving Egs. (8) and (9) for R, and AR _,
respectively, with f;¢(1S)=8172.89(9), we obtain

R_=10973731.57 m !
f(15-25)—2466061413.50 MHz

, 10
+ 224.7 MHzm 1
219 2

AR = Af*(15-25)+(0.09 l\zlle) ‘ 11
(224.7 MHz m)
For f(1S5-25) given by Eq. (4), we have
R, =109737.31569(8) cm™!, (12)

as shown in Table X, in good agreement with the most
recent measurements. >4~ 47

VII. CONCLUSION

In summary, we have measured the absolute frequency
of the hydrogen 1S-2S transition with a precision of 7
parts in 10'° using continuous-wave Doppler-free two-
photon spectroscopy. As a result, we have determined
the hydrogen 1S Lamb shift with an uncertainty of 2
parts in 10*. This error is limited primarily by the *°Te,
frequency reference and secondarily by pressure shift un-
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TABLE X. Recent laser measurements of the Rydberg con-
stant.

Reference Transition R,.—109737 cm™'
Zhao et al.? H,D 2S-3P 0.31569(7)
Biraben et al.® H,D 2S-8D,10D 0.31569(6)
Zhao et al.¢ H,D 2S5-4P 0.31573(3)
This work H 1S5-2S 0.31569(8)
Boshier et al.® H,D 15-28 0.31573(3)

*Reference 46.
"Reference 47.
‘Reference 39.
9Reference 45.

certainties in the cell. The frequency reference limitation
can be surpassed by employing a frequency chain that
takes advantage of the near coincidence between the
seventh harmonic of a 3.39-um CH, stabilized He-Ne
laser and the 486-nm light used above. The pressure shift
problem is more easily overcome through the use of a hy-
drogen beam. Unfortunately, the current experimental
uncertainty in the Rydberg constant’® means that an ab-
solute frequency measurement cannot determine the 1S
Lamb shift to better than 675 kHz. However, direct
comparison with other narrow transitions in hydrogen
can overcome this limitation. In particular, the two-
photon 2S-nD transitions (for n=8, 10, and 12) have re-
cently been measured*® with a precision of 4.3 parts in
107! (and an absolute accuracy of 1.7 parts in 107 '9).
Comparison with the 1S-2S transition would allow a
determination of the 1S Lamb shift to 100 kHz.
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