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We have measured the hydrogen and deuterium 1S Lamb shift by direct optical frequency comparison of the
1S5-2S and 25-4S/4D two-photon transitions. Our result of 8172.874(60) MHz for the 1.S Lamb shift in
hydrogen is in agreement with the theoretical value of 8172.802(40) MHz. For the 1S Lamb shift in deuterium,
we obtain a value of 8183.807(78) MHz, from which we derive a deuteron matter radium of 1.945(28) fm. The
precision of our value for the 1.5 Lamb shift has surpassed that of radio frequency measurements of the 25-2 P
Lamb shift. By comparison with a recent absolute measurement of the hydrogen 1S5-2S transition frequency,
we deduce a value for the Rydberg constant R, =109 737.315 684 9(30) cm™ .

PACS number(s): 32.30.Jc, 06.20.Jr

L. INTRODUCTION

The hydrogen atom plays a unique role in atomic physics.
Because of its simple configuration (one proton and one elec-
tron) it can be described with an unequalled level of preci-
sion, which allows stringent tests of fundamental physics
laws and the determination of fundamental constants [1].
Measurements of the hydrogen 2.5 Lamb shift by rf spectros-
copy have long provided one of the best tests of quantum
electrodynamic theory (QED) [2,3]. Further improvements
appear now limited by the 100-MHz natural linewidth of the
nearby 2P state.

In this paper, we report of a measurement of the 1S
ground state Lamb shift that does not suffer from this limi-
tation. We determine the 1S Lamb shift by measuring the
difference between the frequency of the 25-4S (respectively
2S-4D) transition and a quarter of the 1S5-2S transition fre-
quency. In this difference the main energy contributions, de-
scribed by the simple Rydberg formula E,= — R/n?, cancel
out. From the relatively small residual frequency difference
of about 5 GHz the 1S Lamb shift can be derived [4]. Since
most quantum electrodynamic effects scale with the principle
quantum number n as 1/n>, the 1S Lamb shift is the largest
in atomic hydrogen. The 1S5-2S two-photon transition has a
natural linewidth of only 1.3 Hz, and experimentally [5] has
recently been resolved to 1 part in 10''. The natural line-
widths of the 25-4S and 2S5-4D two-photon transitions,
0.704 and 4.36 MHz, are well below that of the 25-2 P tran-
sition.

By comparison of the sharp two-photon transitions, we
have determined the 1S Lamb shift to 7.5 parts in 10° for
hydrogen and 1 part in 10° for deuterium. Our measurements
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may be considered as the best test of quantum electrodynam-
ics on a bound atomic system to date. Compared to the pre-
vious generation measurements of the 1.5 Lamb shift [6,7] an
order of magnitude increase in accuracy has been achieved.
Very recently, one of us (K.P.) has obtained an unexpectedly
large value for two-loop binding corrections to the Lamb
shift [8,9]. These contributions shift the theoretical value of
the hydrogen 1S Lamb shift down by 295 kHz and bring
experiment and theory, based on a proton charge radius as
measured by Simon ef al. [10], into agreement. Previously a
disagreement of up to three standard deviations remained
between experiment and theory for both the 1S (Refs.
[11,12], and Refs. [13,14] combined) and 2S (Refs. [2,3])
Lamb shifts. While the new theoretical results bring theory
and experiment into agreement for hydrogen, a measurement
of the 2S-2 P splitting of the He" ion based on observation
of the quench radiation asymmetry in a static electric field
[15] does not agree with theory any more.

In two recent Letters [11,12] we have described measure-
ments of the 1.5 Lamb shift in hydrogen and deuterium. We
give here a detailed description of the experimental setup and
the data analysis. Since a detailed description of the 15-25
spectrometer has been published elsewhere [5], we concen-
trate here on the 25-4S spectrometer. Due to the larger natu-
ral linewidths of 25-45,4D, this spectrometer limits our ex-
perimental accuracy. For our data analysis, we use the latest
values for the excited state Lamb shifts and fundamental
constants. Therefore our results differ slightly from earlier
published values [12].

The quantum electrodynamic contributions to the Lamb
shift are quite similar for hydrogen and deuterium. From the
measured difference of the hydrogen and deuterium Lamb
shifts [or from the isotope shift of (Ess-E;5)-3(Ess-Es)]
we can determine the rms difference of deuteron and proton
nuclear charge radii, from which we derive the deuteron mat-
ter radius. We note that in a direct measurement of the hy-
drogen deuterium isotope shift of the 15-2§ transition [16] a
more accurate result for the deuteron matter radius was ob-
tained due to the high Q of the 15-2S transition. Using both
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measurements, terms scaling as 1/22 and 1/n? can be elimi-
nated and simultaneous determination of the electron to pro-
ton mass ratio and nuclear size or structure effects is pos-
sible.

II. ENERGY LEVELS OF THE HYDROGEN ATOM

Neglecting hyperfine structure, the hydrogen energy lev-
els are given by the sum of the following contributions [17]:

E(n,J,L)=EDC(n,J)+ERM(n,J)+ELS(n,J,L), (1)

where Epc denotes the Dirac-Coulomb energy as the main
energy contribution, Egy, the leading recoil corrections due
to the finite mass of the nucleus, and E g the Lamb shift.
Since the first two energy contributions are well-known func-
tions of the Rydberg constant R, the fine structure constant
a and the ratio of the electron and nuclear mass m,/my, we
briefly discuss here the last contribution.

The Lamb shift contains QED corrections and corrections
for the finite size and polarizability of the nucleus. Reviews
of the contributions in hydrogenic atoms have been given by
Erickson [18], Johnson and Soff [17], Sapirstein and Yennie
[19], and will be given by Pachucki et al. [9]. We follow here
mainly the latter reference; for some corrections to the 4D
energy not included in Ref. [9] we use results given by
Erickson [18]. The Lamb shift can be written as

a(Za)*m,c?

ELS(n9J’L)=7;T~]:l——F(Za)a (2)

F(Za) =F3°(Za) +FRR(Za) +FNR(Za)+FNs+Fp0] N
3

where a(Za)*m c*/mh=2(Za)*cR,/ma =813.862 88(11)
MHz for Z=1. For an infinitely heavy point nucleus,
F(Za) can be expanded as

Fo(Za)=Au+In(Za) 2Au+(Za)As
+(Za){Ag+In(Za) 2Ag+103(Za) "2Ag}

o
o —(Bygt aBso)+ . (4)

The dimensionless coefficients A,, and B, depend on the
quantum numbers L and J, some of them also on n. Terms
with A, correspond to self-energy and vacuum polarization
(one-loop corrections); terms with B, give corrections due
to two-loop diagrams. The calculation of two-loop binding
corrections Bsy has been completed very recently by one of
us [8]. A surprisingly large Bsy=—21.4(1) for S states was
obtained, contributing — 295 kHz to the 1.5 Lamb shift [8,9].

If we account for nuclear recoil motion due to the finite
nuclear mass, further corrections occur. These contributions
are usually divided into the radiative and nonradiative recoil
corrections Fri and Fyg, which are now known with suffi-
cient precision [20,9]. The finite nuclear size also causes an
energy shift for S states. This contribution can be calculated
in nonrelativistic perturbation theory:

3 2
M\ 2T e ,
P L

TABLE 1. Theoretical Lamb shifts as discussed in Sec. II.

Hydrogen Deuterium
State (MHz) (MHz)
181 8172.802(40) 8183.785(47)
281 1045.003(5) 1046.375(6)
2P —12.8357(15) —12.8349(15)
481 131.6752(6) 131.8468(7)
4D, —0.5204(1) —0.5205(1)
4D, 0.5364(1) 0.5370(1)

where rg, denotes the rms nuclear charge radius, r,= a’a,
the classical electron radius, and u the reduced mass [19].
Corrections due to the nuclear polarizability are accounted
for in Fp,, which contribute about —60 Hz/n*® and
—22(2) kHz/n* for hydrogen and deuterium, respectively
[21,22].

The rms charge radius of the deuteron r, , can be calcu-
lated [2,3] from the rms charge radius of the proton r, , and
the deuteron matter radius rg 4:

2 2 4.2 42, 342 6

Fehd=Vehp TVEdT T Zr;zzc_’ (6)

where rﬁ= —0.1192(18) fm? denotes the neutron charge ra-
dius and 3h2/4m§cz=0.033 17 fm? is the Zitterbewegung
contribution. For a calculation of the theoretical Lamb shifts,
we use a proton charge radius r, ,=0.862(12) fm measured
by Simon etal. [10] and a deuteron matter radius
rg.q=1.953(3) fm derived in an analysis by Klarsfeld et al.
[23] (which however is probably too low, see Sec. V C). This
results in a deuteron charge radius r ., ,=2.115(6) fm. Our
results for the theoretical Lamb shifts of the states 15, 2.5,
2P,,, 4S, and 4D are presented in Table I. The different
contributions to the 1.5 Lamb shift are given in Table II for
hydrogen and deuterium. The differences of these values
compared to those quoted in our previous paper [12] are due
to the new result for Bsy, and some more precise values for
higher order self-energy, radiative, and nonradiative recoil
corrections [20,9]. For deuterium we now also include small
corrections due to the nuclear polarizability [22] and a spin-
dependent recoil contribution [24]. We use the 1986 recom-
mended fundamental constants [25], except for recent, more
accurate determinations of the Rydberg constant [14]

TABLE II. Contributions to the 1S Lamb shift of hydrogen and
deuterium as discussed in Sec. II.

Energy Hydrogen Deuterium
contributions (MHz) (MHz)
Self-energy 8396.456(1) 8396.456(1)
Vacuum polarization —215.168(1) —215.168(1)
QED higher order 0.724(24) 0.724(24)
Radiative recoil corr. —12.778(6) —6.396(3)
Nonradiative recoil corr. 2.402(1) 1.190(1)
Nuclear size 1.167(32) 7.002(40)
Nuclear polarizability 0.000(0) —0.022(2)
Sum 8172.802(40) 8183.785(47)
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FIG. 1. Experimental setup for measurement of the 1S Lamb
shift in atomic hydrogen and deuterium.

R..=109 737.315 683 4(24) cm™ ', the electron proton mass
ratio [26] m, /m,=1/1836.152 664 6(58), and the deuteron
proton mass ratio [27] m,/m,=1.999 007 501 3(14). The
influence of these newer values on our results for the experi-
mental 1.5 Lamb shift is negligible. Our result for the Ryd-
berg constant is slightly affected by using the more recent
value for m,/m,, .

III. EXPERIMENTAL SETUP

Our experimental setup for measurement of the 1S Lamb
shift by comparison of the 15-2S and 25-45,4D two-photon
transitions is shown in Fig. 1. For the 15-2§ spectrometer a
very frequency stable blue dye laser is doubled to produce
ultraviolet light near 243 nm. The 1S5-2S transition is excited
by Doppler-free two-photon spectroscopy of a cold hydrogen
atomic beam with a collinear standing wave of the ultraviolet
light. A Ti:sapphire laser produces light near 972 nm to ex-
cite the Doppler-free 25-4S and 2S5-4D two-photon transi-
tions in a beam of metastable hydrogen atoms, which have

==

been excited into the metastable level by electron impact.
The 1S Lamb shift is obtained by measuring the small fre-
quency difference between the doubled infrared light and
part of the blue dye laser light as a beat node on a fast
photodiode.

A. The 15-2S spectrometer

The 1§-2S spectrometer has been described elsewhere in
detail [5,28]. We use a commercial cw dye laser (Coherent
699-21) emitting about 500 mW light near 486 nm, which is
pumped by a 6-W krypton-ion laser. The dye laser frequency
is locked to an external reference cavity using a radio-
frequency sideband technique [29]. Inside the laser cavity a
galvo-mounted Brewster plate, a piezo-mounted mirror, and
an additional electro-optical modulator compensate for fre-
quency fluctuations with a servo bandwidth of about 1.5
MHz. The reference cavity consists of a Zerodur spacer with
gyroscope quality mirrors contacted to the ends. The spacer
is suspended by soft springs in vacuum chamber in order to
minimize the transport of acoustic noise to the resonator.
Whereas the laser frequency is locked to the resonator to
within a rms linewidth of 10 Hz, the absolute frequency sta-
bility of the laser is limited by the stability of the reference
cavity to a linewidth of about 1.5 kHz. The laser frequency
can be tuned by changing the drive frequency of an acousto-
optic modulator which is placed between laser and reference
cavity. The blue light of the dye laser is coupled into a ring
buildup cavity, where a B-barium borate crystal generates
about 15 mW of second harmonic light at 243 nm. This UV
light is coupled into a linear enhancement cavity inside an
atomic beam apparatus, producing a standing wave field of
up to 90 mW power.

Molecular hydrogen is dissociated in a microwave dis-
charge. A nozzle, which can be cooled to the temperature of
liquid nitrogen or helium, emits an atomic beam collinear to
the optical standing wave. Hydrogen atoms in the 1S ground
state are excited by Doppler-free two-photon transitions into

stable reference PD
cavity
Ti:Sapphire
argon-ion crystal
laser
Lyot filter
A2
0 il 1 4
. u J N L -
piezo thick  thin  optical 1 S
etalon etalon  diode 28-4S
excitation

FIG. 2. Ti:sapphire laser with frequency stabilization (EOM: electrooptic modulator; AOM: acoustooptic modulator; PD: photodiode;

DBM: doubly balanced mixer).
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the metastable 25 state. After an 11-cm-long interaction re-
gion the atoms enter the detector, where a small electric field
mixes the 25 and 2P states. The excited atoms decay and
emit a Lyman-a photon, which can be detected with a solar-
blind photomultiplier. If the nozzle is cooled to the tempera-
ture of liquid nitrogen, the observed linewidth is about 30
kHz at 243 nm for hydrogen.

For measurement of the 1S Lamb shift, the laser fre-
quency is locked to the maximum of the 15-2S signal with a
personal computer (see Sec. IV A).

B. The 25-4S spectrometer
1. Stabilized Ti:sapphire laser

The light at 972 nm for two-photon excitation of the 2.S-
4S and 2S5-4D transitions is produced by a Ti:sapphire laser
(Fig. 2). We use a commercial cw ring laser (Schwartz
Electro-Optics) that is frequency locked to an external stable
reference cavity [30,31].

The Ti:sapphire laser is pumped by 10 W at 488/514 nm
from an argon-ion laser (all lines), and produces about 1 W
infrared light near 972 nm. The high pump power level and
the long wavelength requires a special optical diode consist-
ing of a strongly rotating terbium gallium garnet crystal Far-
aday rotator and an optically active plate. In contrast to the
commercial version, we have replaced the 1-mm uncoated
etalon by two uncoated 0.2- and 3-mm étalons, which im-
proves the stability at high pump powers.

The linewidth of the free running laser is of the order of
several MHz. We have stabilized the frequency of the laser to
a longitudinal mode of a stable reference cavity consisting of
two mirrors of high reflectivity (finesse=2000), which are
contacted to the same Zerodur spacer as used for the blue
dye laser reference cavity. The Ti:sapphire laser is tuned by
varying the drive frequency of an acousto-optic modulator
(AOM 2) placed between the laser and reference cavity. In
order to correct for the frequency-dependent deviation angle,
the modulator is used in double pass. An error signal— rep-
resenting the frequency difference between laser and refer-
ence cavity—is generated with a radio frequency sideband
technique [29]. The error signal is amplified and integrated.
Frequency components of the error signal up to about 5 kHz
are fed to a piezo-mounted mirror in the laser, whereas fre-
quency components between 5 and 150 kHz are fed to a
voltage controlled oscillator, which drives an acousto-optic
modulator (AOM 1) right behind the laser. The faster branch
of the servo loop appeared to be important especially when
higher argon-ion laser pump powers (about 10 W) were used.
At higher pump powers the amplitude noise of the argon-ion
laser increases strongly, leading to fluctuations in the Ti:sap-
phire laser crystal temperature, which are converted into fre-
quency noise due to the temperature-dependent refractive in-
dex of the crystal [32].

At 1 W output power the laser rms linewidth relative to
the cavity is about 700 Hz. The actual linewidth of the laser
has been determined by measuring the beat signal between
the frequency doubled Ti:sapphire laser light with the highly
stable dye laser to be less than 10 kHz.

2. Atomic beam apparatus for metastable 2S atoms

The atomic beam apparatus of the 25-45,4D spectrom-
eter is shown in Figs. 1 and 3. We produce a metastable

hydrogen beam in two steps [33]. Molecular hydrogen flows
through a needle valve into a Pyrex glass tube (inner diam-
eter 10 mm) that narrows at the end to an inner diameter of 2
mm. The tube is placed inside an air-cooled microwave reso-
nator driven by 20 W microwave power at 2.45 GHz. At an
optimum hydrogen pressure of about 0.6 mbar a red dis-
charge can be excited. With this kind of discharge a disso-
ciation degree of 90% has been reported [34].

The hydrogen is guided by Teflon tubes into a first
vacuum chamber. This chamber is evacuated with a turbo
pump (Leybold Turbovac 360 V, pumping speed for H,: 330
1/s) to a pressure of about 1X10™% mbar with hydrogen
flow. We estimate an atomic hydrogen flux of 1X 10'® per
second. In order to avoid oil degradation inside the turbo
pump due to atomic hydrogen, the turbo pump bearings were
flushed with nitrogen gas. The ratio of nitrogen to hydrogen
flow is about 6 to 1. In this first vacuum chamber, the hydro-
gen atoms are excited into the metastable 25 state by elec-
tron impact. Electrons are emitted by three closely spaced
thorium doped tungsten filaments (0.25-mm diameter) and
accelerated by an average voltage of 12.8 V. The cathode
current reaches a value of 6 mA at a heating current of 15.8
A. Hydrogen atoms are emitted from a 3-mm-diam Teflon
nozzle. Since the metastable 2S5 atoms are quenched easily
by electric fields due to the nearby 2P state, the excitation
and transport of the metastable atoms takes place in a Fara-
day cage. The electron momentum transfer deflects the hy-
drogen atoms onto the laser axis. The angle between the
initial hydrogen beam and the laser axis is 20°; the diver-
gence angle of the metastable hydrogen beam produced is
about 10° [33]. The position of the nozzle is adjusted for
optimum efficiency of metastable atom production.

For two first sets of measurements we used an early ver-
sion of the electron gun with a single tungsten filament. The
new electron gun with the thorium doped tungsten filaments
was designed mainly to minimize the emitted light and thus
the background for the Balmer-B fluorescence signal, but
also provided a four times higher metastable flux than previ-
ously. This is mainly due to the lower work function of tho-
rium doped tungsten.

The excited atoms leave the first vacuum chamber
through an aperture of 4-mm diameter and enter a second

[, ] photomuiltiplier

hydrogen nozzie lightguide

IR standing
wave channeltron
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“u,d

e” impact
1S—»2S

elliptical mirror

FIG. 3. Metastable hydrogen atomic beam apparatus with fluo-
rescence detector.
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vacuum chamber, where they travel collinearly with the laser
beam along a 33-cm-long interaction region, until they are
detected behind a second aperture of 2.5-mm diameter. The
second vacuum chamber is evacuated by a turbo pump iden-
tical to the one used for the first chamber. Because of the
lower gas load, the pressure here is about 6X 1076 mbar.
Differential pumping is necessary to ensure a high flux of
hydrogen atoms as well as a low background pressure.

The metastable atoms are detected after the second aper-
ture with a channeltron detector as shown in Fig. 4. An elec-
tric field of about 50 V/cm is generated by two wires, which
are oppositely charged (12 V) in order to appear neutral in
the far field. This quench field mixes the 28 and 2P states;
the metastable atoms decay and emit a Lyman-a photon,
which can be detected by two potassium-iodate coated chan-
neltrons (CEM 4039, Galileo). The quantum efficiency of the
coated channeltrons is 20—40 % [35]. The cones of the chan-
neltrons are negatively charged (—70 V) to minimize back-
ground pulses from electrons emitted by the filament. The
total quantum efficiency of this detector was measured to be
better than 10%. During the experiment, the metastable
count rate is detected during a period of 0.5 s with applied
quench voltage, followed by a second period of 0.5 s without
quench voltage. Subtracting the two count rates eliminates a
small quench field-independent background, which is caused
mainly by Lyman-a photons emitted from the electron im-
pact excitation region. With the latest version of the electron
gun we observe typical metastable count rates of 100 000 per
second. Using the heavier and thus slower deuterium atoms,
the count rate is about 40% higher.

For our latest measurements the 25-4S transition was de-
tected not only by monitoring the metastable flux, but also by
simultaneously observing the blue 45-2 P Balmer-8 fluores-
cence along a 15-cm-long part of the atomic beam starting
15 cm behind the first aperture. The 4S-2P decay channel
has a branching ratio of 58% [36]. One crucial experimental
problem was to guide the divergent fluorescence radiation to
a photomultiplier tube with high quantum efficiency. Prin-
ciples of nonimaging optics have been reviewed by Welford
and Winston [37]. We used an elliptical mirror (aluminum
galvanically coated with silver) which images the atomic
beam through a vacuum window onto a focal line outside the
vacuum apparatus, as shown in Fig. 3. Endcaps (not shown
in Fig. 3) let the mirror appear infinitely long. A Plexiglas
lightguide with its entrance facet along the outside focal line
of the elliptical mirror guides the fluorescence light via mul-
tiple internal total reflections onto the 21-mm-diam entrance
window of the photomultiplier (Hamamatsu R1924, quantum
efficiency at 486 nm: 18%). The lightguide is subdivided into
five segments which overlap in the photomultiplier, but do
not touch each other. Subdividing the lightguide into seg-
ments increases its efficiency, since in this way only a slight
focusing of the light in the direction longitudinal to the
atomic beam is necessary, and thus the longitudinal accep-
tance angle for total internal reflection is increased. A nu-
merical Monte-Carlo simulation was used to calculate a
quantum efficiency of 25% for the mirror and 65% for the
lightguide. It also allowed the iterative optimization of the
system.

For reduction of stray light from the filament a combina-
tion of Schott color filters with a transmission bandwidth of

90 nm FWHM around 486 nm was placed below the en-
trance facet-of the lightguide. Most of the 1800-K thermal
emission spectrum is shielded from the photomultiplier in
this way. Interference filters, although available with spec-
trally much narrower transmission bandwidth, cannot be
used due to their small angular acceptance. The total quan-
tum efficiency of the fluorescence detector for Balmer-3 de-
tection is estimated to be about 2%.

For the first and second group of measurements, the inter-
action region between the two apertures was shielded from
electric and magnetic fields using a double Mu-metal tube
coated by graphite on the inside. For the more recent mea-
surements with the fluorescence detector this Mu-metal tube
could no longer be used. The interaction region is shielded
against stray electric fields by a mesh tube coated with col-
loidal graphite. This grid absorbs only a few percent of the
fluorescent light. Since the interaction region is no longer
shielded against the earth’s magnetic field, we have recorded
with the new setup only 25-4S lines. These are less sensitive
to magnetic fields than the 2S-4D transitions (see Sec.
V A2).

We have measured the longitudinal velocity distribution
of the metastable atomic beam by observing the Doppler-
broadened 25-4 P transition. For this measurement, we have
sent about 1 mW of blue light near 486 nm collinear to the
metastable beam. In order to avoid the problem of absolute
frequency calibration as well as to minimize shifts due to the
dynamical Stark effect, a standing wave of blue light was
generated with a retroreflecting mirror. During the measure-
ment we have recorded the metastable flux with the channel-
tron detector while varying the frequency. The frequency
axis has been calibrated by two Fabry-Pérot resonators with
free spectral ranges of 332 MHz and 7.5 GHz. We observed
two minima of the metastable count rate caused by absorp-
tion from the copropagating and counterpropagating laser
beam. Atoms which are excited into the 4 P state by the laser
field decay (lifetime 12 ns [36]) mainly into the 1S ground
state. Therefore, when an atomic velocity class is on reso-
nance with the laser, a decrease in metastable flux can be
observed. For hydrogen the observed two minima are about
10 GHz apart and have a width of about 5 GHz each. As-
suming a velocity distribution of the flux of metastable atoms
proportional to v*exp(—v?/vj) [38] for our latest version of
the metastable source we obtain vy=2580(100) m/s for hy-
drogen and v = 1490(100) m/s for deuterium. This velocity
distribution differs from a Maxwellian atomic flux distribu-
tion by an additional factor of v, which is due to the smaller
angular dispersion for faster atoms after electron impact
(—v?) and the fact that the electron excitation probability is
proportional to 1/v.

3. Enhancement resonator

For excitation of the 25-4S and 2S5-4D two-photon tran-
sitions, we couple about 400 mW of the Ti:sapphire laser
radiation into a linear resonator. Optical isolation of the laser
is ensured by the acousto-optic modulator (AOM 1 in Fig. 2)
which is used also for laser frequency stabilization. The reso-
nator consists of a curved input mirror (radius of curvature
— 1000 mm, reflectivity 99.4%) and a plane high reflector
(reflectivity >99.9%, mounted on a piezo transducer) 710
mm apart. The mirrors are placed outside the vacuum cham-
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FIG. 4. Channeltron detector for metastable hydrogen atoms.

ber. The light enters the vacuum chamber via two fused silica
Brewster windows. The finesse of the resonator is about 500.
A servo loop locks the resonator to the Ti:sapphire laser fre-
quency. The error signal for the servo loop is generated by
observing the polarization of the reflected light [39] and is
amplified, integrated, and fed to the piezo crystal. We obtain
a maximum circulating optical power of 40 W on an average
beam waist of 0.5 mm.

In an earlier stage of the experiment we observed strong
fluctuations of the intracavity power and a breakdown to
about 20 W circulating power when the cavity was locked to
the laser frequency. At that time we used two thick (9 mm
each) quartz Brewster windows. If for testing purposes only
one of the windows was left in the resonator, the breakdown
occurred at approximately twice the power level. We assume
that these observations can be explained by self-focusing of
the optical beam due to thermal lensing in the windows. An
optical path difference is generated between the beam axis
and the 1/e? point which is proportional to the power ab-
sorbed in the substrate, but it does not depend on the beam
diameter. If the path difference becomes comparable to the
optical wavelength, the resonator mode changes significantly
and less laser power can be coupled into it. Using the formu-
las given by Winkler er al. [40], we estimate an absorption of
the order 1000 ppm/mm for our fused silica quartz windows,
which is believed to be caused by OH impurities. Since
quartz windows of better purity were not readily available
and the breakdown power is inversely proportional to the
window thickness, we moved to thinner windows. All results
reported below have been obtained using a 1-mm-thick,
small Brewster window of a commercial argon-ion laser on
the far end side of the resonator and a 5-mm-thick window
on the side next to the electron gun. Its larger diameter al-
lows easier removal of filament residues. After these modi-
fications we did not observe any breakdown effects for avail-
able power levels.

C. Frequency comparison

About 10% of the Ti:sapphire light is used for frequency
doubling in a nonlinear potassium niobate crystal
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(KNbO3), as shown in Fig. 1. 90° phase matching occurs at
a temperature of —19.5 °C. The crystal is placed in a small
vacuum chamber (not shown in Fig. 1) to avoid condensation
of water. The length of the crystal is 4.6 mm. Using a beam
waist of 21 um in the crystal, we produce about 8 uW of
blue light near 486 nm with 100-mW infrared light. The
second harmonic is overlapped through a 50:50 beam splitter
on a fast photo diode (Antel AR-S2, active area diameter: 60
um) with about 1 mW of blue light from the 15-2S spec-
trometer. Both beams are carefully mode matched. We ob-
serve a beat signal of about 4.8 GHz when comparing the
1S5-2S8 with the 25-4S transition, and 6.5 GHz for the com-
parison of 1S5-2S with 25-4Dg,. The signal-to-noise ratio
of the beat signal is about 25 dB in 100-kHz bandwidth.

The precise frequency of the beat signal is determined
first by a rf spectrum analyzer (HP 79000 A), which is phase
locked to a rubidium frequency standard (Rohde & Schwarz,
XRKS and XKE 2) which itself is locked to a radio signal of
the PTB for compensation of long term drifts (precision
>10'""). The dominating frequency error is caused by the
sharp frequency filters in the spectrum analyzer. This error is
proportional to the spectrum analyzer bandwidth and was
measured to be less than 2 kHz at 486 nm. The frequency of
the beat signal is also determined with a frequency counter
(Advantest, TR 5214). For proper operation, the counter re-
quires an input signal with the power of the carrier much
higher than the integrated noise power in its 500-MHz analy-
sis range. It therefore is necessary to filter the beat signal
with a bandwidth of about 1 MHz. Since filters of this low
bandwidth are not readily available in the microwave region,
the beat signal is mixed down to a radio frequency of about
19 MHz using a microwave synthesizer (also phase locked to
the rubidium standard) as a local oscillator, and then filtered
by a bandpass. During the measurement, the synthesizer fre-
quency is adjusted for every data point to center the expected
counter frequency in the bandpass transmission curve. The
obtained signal to noise ratio of 13 dB is sufficient to ensure
proper counter operation. For future measurements, the use
of a fast avalanche diode or an electronic signal tracker
should improve the signal-to-nose ratio.

The 25-45,4D spectrometer and data acquisition is con-
trolled with a personal computer that adjusts the frequency of
the infrared laser by setting the drive frequency of the
acousto-optic modulator (AOM 2). It also controls the mi-
crowave local oscillator for the frequency counter. Simulta-
neously, the computer records the metastable count rate, the
fluorescence detector count rate, the beat frequencies as mea-
sured by the spectrum analyzer and by the counter, and the
power in the enhancement resonator. It also checks the fre-
quency lock of the infrared laser to the stable reference cav-
ity by monitoring the transmitted power. A computer card
(Metrabyte, DASH 16) provides the required analog-digital
and digital-analog converters and allows counting of the
channeltron pulses. The fluorescence photon pulses are
counted with a photon counter (Stanford Research).

IV. MEASUREMENTS AND DATA ANALYSIS
In this section we describe the procedure for recording

experimental data. The frequency of the blue dye laser is
locked to the maximum of the extremely sharp 1S5-2S tran-
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sition, which serves as a precise frequency reference for the
25-4S spectrometer. The infrared laser is scanned repeatedly
over the atomic 25-4S and 2S-4D resonances. Their exact
line shapes are recorded and interpreted later. We also de-
scribe the calculation of theoretical line shapes for the 25-4.5
and 25-4D transitions and how we obtain an accurate com-
parison of the 15-2S5 with the 25-4S and 2S5-4D transition
frequencies by fitting the experimental spectra with calcu-
lated line shapes.

A. Measurement procedure

For the 1S-2S transition we have obtained a resolution of
1 part in 10! by cooling the hydrogen atomic beam with a
nozzle at the temperature of liquid helium, limited by transit
time broadening and by the second order Doppler effect [5].
In our Lamb shift measurements for simplicity we usually
operate the beam at liquid nitrogen temperature, resulting in
a resolution of 3 parts in 10!!, The blue dye laser is locked to
the maximum of the 15-2§ line with a personal computer.
The 28 signal is recorded first at a frequency about 4 kHz
above the atomic resonance, then 4 kHz below the reso-
nance. The difference of the count rates is multiplied with a
constant and added to the instantaneous frequency of the
laser. We thus obtain a lock to the center of the atomic line
with typical fluctuations of a kHz at 486 nm. The frequency
error of the 15-2§ spectrometer is below a kHz, and thus
more than an order of magnitude smaller than the statistical
and systematic uncertainties associated with the 25-45,4D
spectrometer.

The infrared laser is scanned continuously over the atomic
25-4S and 2S5-4D resonances while the beat frequency with
the blue dye laser, locked to 1S-2S, is monitored. Since the
electron excitation generates a flux of metastable atoms
which fluctuates on a time scale of a few minutes, it is cru-
cial to average many atomic spectra. The spectrum is divided
into 100 (25-4S) or 200 (25-4D) frequency points. For each
laser frequency, the metastable count rate is recorded for half
a second without and for half a second with applied quench
field, while the blue Balmer-B fluorescence is monitored
continuously. The infrared laser is then tuned four frequency
steps further and the next data point is recorded. The missing
frequency points are recorded during the next three spectra.
After four frequency sweeps, two with increasing and two
with decreasing frequency, all frequency points have been
taken once. For every laser power we record 40 (25-4S) or
24 (25-4D) spectra. One measurement takes about 20 min-
utes and is repeated for several light powers within a day, in
alternating order of laser power.

We have recorded data for the determination of the 1§
Lamb shift in three measurement periods. Between these pe-
riods several changes of the apparatus have been made. The
most important change took place between the second and
third measurement period, when a detector for observation of
the blue 45-2 P fluorescence has been installed in the 25-4S
spectrometer. This change resulted in an about twofold re-
duced statistical error. All previous data had been taken only
by observing the decrease in metastable signal. Results of the
first measurement period for hydrogen have been published
in Ref. [11]. In a second measurement period we have deter-
mined both the hydrogen and deuterium 1S Lamb shift

[31,41]. Since the second measurement period, we have ex-
cited the 15-2S transition on a hydrogen beam cooled to
liquid nitrogen temperature rather than room temperature.
Results including the third measurement period, where the
2S5-4S transition was detected both by the emitted Balmer-
B fluorescence and the decrease in metastable flux on reso-
nance, have been published in Ref. [12].

For the analysis of our experimental data, we first correct
for a slow drift of the infrared laser’s reference cavity. This
drift causes a slow change of the frequency scan range of the
infrared laser during the measurements. It is compensated for
by observing the measured beat frequency between the
doubled Ti:sapphire laser light and the blue light from the
dye laser. We plot the temporal behavior of the beat fre-
quency minus four times the drive frequency of the acousto-
optic modulator which tunes the infrared laser frequency
(AOM 2). Since the modulator is operated in double pass and
the beat frequency is measured at twice the infrared fre-
quency, we can display the frequency drift (a few kHz/min)
of the infrared laser reference resonator as shown in Fig. 5.
The resonator drift is fitted to a polynomial of up to fourth
order using nonlinear regression. For further data analysis we
use the analytical expression for the resonator frequency. We
do this, first because frequency fluctuations of the blue dye
laser due to the locking procedure to the 1S5-2S signal are
eliminated. Second, because we can interpolate over time
periods in which the dye laser frequency lock to the 15-2§
signal was not sufficiently reliable due to vibrations of the
cryopump evacuating the 15-25 atomic beam apparatus. The
cryopump is switched on automatically approximately every
10 minutes for about 2 minutes. The fit is done indepen-
dently for the beat frequency data as measured by the spec-
trum analyzer and by the counter. We have varied the regres-
sion time interval and the order of the polynomial for testing
purposes. The maximum difference of the interpolated beat
frequencies as determined from the spectrum analyzer and
from the counter was 4 kHz at 486 nm.

Next, we subdivide the data points—now corrected for
the slow reference cavity drift—again into 100 or 200 fre-
quency intervals (we use the average value of the beat fre-
quency as derived by counter and spectrum analyzer) and
average over the data in each of the frequency intervals. The
uncertainty of the determination of the beat frequency is es-
timated to be 2.8 kHz using the independent frequency
counter and spectrum analyzer measurements. Data points,
where either the laser or the enhancement cavity frequency
lock has failed (this can be detected by a lower transmission
of reference or enhancement cavity), are discarded. After av-
eraging, we obtain 25-4S or 2S5-4Ds, spectra as discussed
below.

B. Experimental spectra

Typical hydrogen 25-4S and 2S-4Ds5, two-photon spec-
tra fitted with theoretical lineshapes are shown in Fig. 6.
These data have been recorded with the channeltron detector.
The maximum signal decrease is about 5% for the 25-4S
and 20% for the 25-4 D5, transition. The latter transition is
highly saturated especially for atoms which travel directly on
the laser axis. Figure 7 shows typical hydrogen 25-4S spec-
tra observed by simultaneous detection of the blue Balmer-
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B fluorescence and the decrease in metastable flux. For the
fluorescence spectra, the signal at full laser power is about
300 counts/s on a background of 600 counts/s. Typical de-
tection rates for the channeltron detector with the improved
metastable source are 50 000 counted metastable atoms per
second with a signal decrease of 2.5% on resonance. Thus
the signal-to-nose ratio of the fluorescence signals is about a
factor of 2 better than that of the corresponding channeltron
signals, and could be further improved if the background
radiation of the filament could be reduced.

The observed linewidths of the 25-4S and 2S-4Dg/, tran-
sitions typically are about 1.5 and 7 MHz, corresponding to a
resolution of 4 parts in 10% and 1 part in 108, respectively.
The natural linewidths of the transitions are 0.704 and 4.36
MHz. The additional broadening is mainly due to saturation
broadening and the ac Stark effect. The ac Stark effect not
only shifts the line center but also broadens the lines due to
the spatially inhomogeneous light intensity. The observed
linewidth therefore increases with laser power.

The frequency axis in Figs. 6 and 7 refers to the measured
beat frequency with the dye laser locked to the 1S5-2.S signal.
Hydrogen and deuterium spectra of the 1S5-2§ transition are
shown in Ref. [5]. Without Lamb shifts or relativistic effects
the beat frequency on resonance would be exactly zero. In
reality we observe a beat frequency of about 4.8 GHz for
25-4S and 6.5 GHz for 2S-4D5,, when the infrared laser is
tuned to the line center. The 1.5 Lamb shift can be extracted
from those spectra.

C. Calculation of theoretical line profiles

Since considerable light intensities are necessary for an
observation of the weak 25-4S and 25-4D two-photon sig-
nals with a sufficiently good signal-to-noise ratio, saturation
effects occur and the transition frequency is ac Stark shifted.
For a typical optical power of 30 W per direction, the inten-
sity on the beam axis reaches 8 kW/cm?, which corresponds
to an excitation rate of about 5000/s for the 25-4 S transition.
The ac Stark shift of the 25-4S line reaches about 500 kHz.
Since this shift is linear in laser intensity, we can determine
the unshifted center frequency to first order by recording
spectra at different light intensities and simply extrapolating
the line center to zero power. The expected line shapes how-
ever are slightly asymmetric and the ac Stark shift of the line
center does not grow strictly linearly with laser power, since
atoms that travel directly on the laser axis are already sig-
nificantly depleted. Therefore we have fitted our spectra to
theoretical line shapes which include saturation effects, the
ac Stark shift and the second-order Doppler effect.

We start with a brief review of the theory of Doppler-free
two-photon spectroscopy [42]. The atom absorbs two pho-
tons from opposite directions, each of them providing half of
the energy necessary to excite the transition. The selection
rules require A/=0 or 2; for A/I=0 only AF=0 and
Amp=0 are observed. The excitation rate R, in second-
order perturbation theory for a transition from the initial state
|i) to the final state |f) is [43]
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FIG. 5. Drift of the reference resonator (the beat frequency as
determined by the spectrum analyzer subtracted by four times the
drive frequency of AOM 2) vs time.
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Here w denotes the frequency, p the polarization, I the in-
tensity of the exciting light field per direction, I" the line-
width of the transition, and w;=(E;—E )/# the atomic tran-
sition frequency. The sum in the expression for the matrix
element M, of all possible intermediate states |n) includes
the bound P states and the continuum states, for which the
sum has to be replaced by an integral. vy is the value of the
matrix element M in atomic units.

At high light intensities, the atomic transition frequency is
shifted: w;= w;(0) +c;f, where the coefficient of the light
shift ¢, is

4maj
Cis= mcla (Bi‘ﬁf)’ 9
with B,(k=1i,f) as (in atomic units)

Bk=2( (k|z|n)? (klz|n)? )

n Ek_En+w Ek_En_(J)

(10)

The coefficients y and B, and the natural linewidths I" , are
given in Table III for the transitions 1S5-2S, 25-4S, and
25-4D.

Taking into account ac Stark shift and also the second-
order Doppler effect but still neglecting saturation, we obtain
the following expression for the excitation rate with
Q=2w— w;/(0) as the laser detuning:

r
R,y=k,I? . an
A Q=+ Hu/e) R+ (T12)?

where k= (4maj/mc?a)?® |y|?> Cgs. The constant Cgg ac-
counts for the distribution of the oscillator strength due to the
excited state fine structure. Cgg is equal to 1 and 0.6 for
2S5-4S and 2S-4Ds),, respectively, according to the statisti-
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FIG. 6. Hydrogen two-photon spectra of the transitions
28 1,(F=1)-48,(F=1) (left, light power P=40 W) and
2S,,(F=1)-4Ds, (right, P=25 W). The quoted beat frequency
has been measured with the dye laser locked to the 1S5 ,(F=1)-
28,p(F=1) transition.

cal weights. Note that the units of w; and I' are angular
frequencies, while we obtain R, in Hz.

The complete pump scheme for the two-photon transi-
tions including all relevant hyperfine states is shown in Fig. 8
for 2S(F=1)-4S(F’=1). Initially the metastable 2§ atoms
populate the two hyperfine levels F=0 and F=1 (deute-

rium: F=3} and F=3) according to their statistical weights.
The statistical weight of F=1 is Cyps=3 (deuterium F=32
level: C grs=3). The excited 45 and 4D states rapidly decay
via either the 3P or the 2P intermediate level mainly into
the 1S ground state. From the 3P state there is a decay
channel back into both of the 2S5 hyperfine levels. The re-
pumping probabilities p, into 2S(F;) for an atom initially
excited from 2S(F=1) into 45 and 4D 5, are given in Table
Iv.

We first describe the calculation of the Balmer-8 fluores-
cence signal. Since we have used the fluorescence detector
only for the 25-4S signals, we now concentrate on this tran-
sition. The lifetime of the unperturbed 4.5 level is 7=226 ns
[36]; the probability for a decay into 2P is p=58% during
which a blue fluorescence photon at 486.3 nm is emitted.
Since the binding energy of the 4§ state is only
—hcR,/16, the atom is ionized by absorption of a further
972-nm photon. Due to the high intensity of the infrared light
used in our experiment, the ionization rate R;(/) is compa-
rable to the spontaneous decay rates R;=(1—p)/7 and
R,=p/7 into the 3P and 2P states and thus cannot be ne-
glected:

R,=2.56X10%s,
R;=1.85X10%s,
R(I)=1X0.01579 m*/W s.

The linewidth I' of the transition is increased by ionization:
I'i)=R(I)=R,+R3+R;(I). At maximum power typi-
cally 20% of the atoms which are excited into the 45 state
will ionize. For the ionization cross section of the 4 state at
972 nm we use the value o=1.613X 1077 cm? [36,46].
The probability for an atom initially in 2.5 ,(F=1) to be
excited into 45;,(F=1) and to emit a blue fluorescence
photon during the decay from 4§ can be calculated by solv-
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FIG. 7. Hydrogen two-photon spectra of the transitions
281,(F=1)-48,(F=1) at a light power of 31 W, simultaneously
detected by Balmer-8 fluorescence (left) and by decrease of meta-
stable 25 signal (right). The quoted beat frequency has been mea-
sured with the dye laser locked to the 1S ,(F=1)-25,(F=1)
transition.

ing the rate equations. We have obtained the following ex-
pression for the probability F(0,T) of this decay during the
time interval O and T

R,
Rio(1)

— | dt'"\ 1=p5—~ t
0 PrRa(y) ™

F(0,T)= JOTdt R,(2)

Xexp

(12)

Along its trajectory, the atom experiences a time-dependent
light intensity. We convert the time integrations into line in-
tegrals along the trajectory of the atom traveling through the
light field with velocity v. Next we average over the velocity
distribution of the flux f(v)OCv4exp(—v2/v§) of the meta-
stable atomic beam (Sec. III B 2).

For a systematic treatment of the possible atomic trajec-
tories through the light field, we assume the starting point of
a trajectory on a first aperture of radius r,,; directly behind
the metastable source. The end point is on a second aperture
with radius r,,, after an interaction region of length L. Due
to the cylindrical symmetry, a trajectory is characterized by
only three variables r, r,, and ®, where r; and r, denote
the distance of the trajectory to the axis on the first and
second aperture, respectively, and ® (0,—0,) is the relative
angle between the intersections on the apertures. A typical
atomic trajectory through the light field is shown in Fig. 9.
The infrared standing wave has a Gaussian intensity distri-
bution in transverse direction. The atom experiences a laser
intensity that is determined by the distance r(z) to the axis

2
—2( ’(Z)) } (13)

w(z)

I(z)=1yexp

The waist of the laser beam w(z) is determined by the ge-
ometry of the optical resonator (Sec. III B 3) [47]. The fluo-
rescence detector can detect Balmer-8 photons which are
emitted in the region /<z<L. The probability F}, for a tra-
jectory i to contribute to the fluorescence signal for a detun-
ing Q is
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TABLE III. Natural linewidth I' ,,, matrix element y, and coef-
ficient of light shift B for some transitions of interest.

a2
Transition (atomic units) (atomic units) (kHz)
15-28 7.85% 35.57° 0.0013¢
25-48 16.63¢ 653.90¢ 706
2S-4D —213.54¢ 732.98¢ 4360
#Reference [44].
PReference [45].
‘Reference [36].
dReference [43].
dv f(v J' dz ————
J' f)g Rtot(I(Z))
o kaT (I(2))*(z)
T'((2)))?
[Q—c,sl(z)+%(v/c)2wﬁ]2+ (2( )))
% 1 f d (1 R,+R; )
exp| — — z —
P h R [1(z")]
o kal (2" NI*(2")
rucz'))
[Q—cl(2’ )+2(v/0)2wﬁ]2+( (2 ) )
(14)

For a calculation of the theoretical line shapes, we have to
sum the contributions of all possible atomic trajectories to
the signal. We use a numerical Monte Carlo method and
assume an equal distribution of the start and end points over
both apertures. The parameters r; and a point on the exit
aperture are chosen randomly and independently from each
other. For each trajectory selected in this way Fp, is calcu-
lated by numerical integration in v, z, and z'. The fraction
of atoms F which emit a fluorescence photon in the detec-
tion region is given by the weighted sum of F b of the ran-
domly selected trajectories

> g'Fy
FQ=CHFS—’ (15)
8i

i

where g;,=2mr; is the weighting factor for a trajectory. A
typical value for F in the line center is 0.31% for trajecto-
ries with r,,=2 mm and for 30 W infrared light power
(=2 mm, wy=0.38 mm, L=330 mm). Sufficient conver-
gence is obtained when summing the contributions of
200 000 trajectories for each of 91 equally distributed fre-
quency points €. The line center then converges to 1073 of
the linewidth.

The calculation of the expected 25-4S line shape for the
channeltron signal is analogous to that for the fluorescence
signal. For the decrease in population of the 2§ state we
obtain for a transition starting from 2S(F=1):
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FIG. 8. Complete pump scheme for the 2S,,(F=1)-
4S51,(F=1) two-photon transition in atomic hydrogen.
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(16)

This formula accounts for the fine and hyperfine structure of
the levels and also for the repopulation of the 25 state de-
scribed by the probabilities p; and p,, as shown in Fig. 8.
Note that for the channeltron signal the total interaction
length of atoms and light field contributes, and we have to
take into account repumping into 2S(F=0). For a deute-
rium transition starting from 2.5 ;,(F = 3), the factors p, and
p; are replaced by p,/, and p3j,, respectively. Ionization has
a negligible effect on the channeltron signals, since it affects
only a small fraction of atoms (4.2%) which are repumped
into the 28 ,,(F=1) state (for deuterium: 2.4%).

The numerical calculations were done on a SPARC 10
workstation, where the calculation time was approximately
10 h per lineshape. Figure 10 shows three theoretical 25-4S
line profiles for different laser powers, which predict the sig-
nal as detected by the fluorescence detector. The ac Stark
shift of the line, the increase in linewidth due to ionization at
higher laser powers, and saturation can clearly be observed.

TABLE IV. Probabilities p; for optical pumping back into the two
hyperfine levels i of the 2§ state for an atom initially excited from
2S(F=1) in hydrogen and 2S(F= %) in deuterium into 4S5, and

4Ds, by two-photon spectroscopy (see also Fig. 8).
R,=0.049 21, R,=0.030 11 [43].

Hydrogen Deuterium
Transition Po Pi Pir P
28,481, 42TXR,  23/27XR, 16/81XR, 65/81XR,
285,,-4Ds;,  2/15XR, 13/15XR, 8/45XR, 37/45XR,
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FIG. 9. Atomic trajectory through the infrared standing wave.

The calculated line profiles were fitted to our latest ex-
perimental fluorescence and channeltron 25-4S spectra. In
our first and second group of measurements we have re-
corded 25-4S and 2S5-4D spectra with the channeltron de-
tector. To analyze these spectra, theoretical line profiles were
calculated using a full integration method, as described by
Garreau et al. [43]. The decrease in the count rate of meta-
stable 2§ atoms was computed by numerically calculating
the integral over all atomic trajectories:

4 "m1 "m2
Sa=Curs — 77— dryr dryry
wr 0 0

m1¥m2
.
Xf do Sq(ry,ry,0). (17)
0

Since we only recorded the decrease in metastable signal, it
was not necessary to include ionization. To save computation
time, we did not carry out the integration over the atomic
velocity distribution. Instead we assumed a mean atomic ve-
locity vy={(1/v)~'=3\mrv, for all the atoms. In the limit
of low light powers the obtained expression is exact. The
second-order Doppler effect was accounted for by calculat-
ing the overall shift of the line center instead of adding the
Doppler shift to the laser detuning in the expression for the
excitation rate. This is justified by the fact that the second
order Doppler sift is much smaller than the natural linewidth.
The resulting shift of the line center can approximately be
derived by the following integral for a velocity distribution
of the flux f(v)°<v4exp(—v2/v(2)), if we assume an excitation
rate proportional to 1/v:

Ay it [ov exp(—v*/vg)dv 18
Va= 32 jg’v3exp(—v2/v(2))dv ) (18)

We obtain the average second-order Doppler shifts as given
in Table V. The broadening of the line due to the velocity
distribution is of the same order of magnitude. In order to
verify whether this approximation is still correct for higher
laser powers where saturation is significant, the resulting line
shape was compared with the exact calculation for one ex-
ample [43]. The relative frequency error turned out to be
about 10713, which may be neglected.

D. Fit with the calculated line shapes

In the preceding section, we described how the theoretical
25-4S and 2S5-4D line shapes were calculated. Additional
broadening mechanisms such as laser frequency or intensity
fluctuations and stray electric fields have been accounted for

by convolution of the theoretical line shapes with a Gaussian
profile. We have fitted the theoretical line shapes to the ex-
perimental spectra by using a Levenberg-Marquard algo-
rithm [48]. Due to the long computation time which is nec-
essary for the theoretical line profiles it is not possible to
solve the multidimensional calculation during each step of
the fit procedure. We have calculated the theoretical line pro-
files for several laser powers from 5 to 50 W in steps of 5 W
and as a function of laser detuning in steps of 100 kHz
(25-4S5) and 500 kHz (2S-4D). During the fitting procedure
we interpolate between these points quadratically in fre-
quency and cubic in laser power. The quality of this interpo-
lation was estimated by doubling the lattice spacing to be
better than 0.1%. The whole fitting procedure is designed to
correct for the ac Stark effect.

1. Channeltron signals

We fit the theoretical line shapes to the experimental 2.5
quench signals using the metastable flux, the corrected center
frequency, the laser power, and the Gaussian broadening as
adjustable fit parameters. A backup value for the light power
is obtained from a photodiode mounted behind the slightly
transmitting end mirror of the enhancement cavity. The fit-
ting procedure used for channeltron signals is very similar to
that described in Ref. [43]. Figure 11 shows the calculated
center frequency as generated by the fit plotted versus the
photodiode signal for all atomic spectra taken during one day
of measurement. The upper curve, for comparison, gives the

“shift of the line center as a function of power. The shift at

maximum intracavity laser power (about 30 W) is about 600
kHz. By fitting the experimental spectra with calculated line
shapes the bulk of the ac Stark shift can be corrected as
shown in the lower curve of Fig. 11. To correct for a slight
residual dependence of the fitted center frequency on light
intensity, we take spectra for different laser powers and ex-
trapolate to zero power.

We note that for the first and second group of measure-
ments using the first version of the metastable beam source
we observed a variation of the fitted center frequency on
laser power of approximately 10% of the shift of the line
center, when we assumed the effective radius of the aperture
of the metastable atomic beam to be equal to the geometrical
one (2 mm). We believe that this was due to a spatially
inhomogeneous distribution of the electron current causing a
smaller effective aperture of the metastable beam. When we
assumed an effective radius of 1.25 mm for the radius of the
first aperture, the extrapolation line was horizontal within the
errors bars. For the third set of data using the newer version
of the metastable source with three filaments, the effective
radius was comparable to the geometrical radius of 2 mm.
Mainly in our earlier data sets we also had the problem that
we could not measure the dark count rate directly. In our
initial measurements a residual electric field in the channel-
tron detector quenched about 25% of the metastable flux
even when no quench voltage was present [11]. By coating
all metal parts in the detector with graphite, we have reduced
this fraction to an estimated fraction of 3%. We estimate the
actual dark count rate by a comparison of the signal satura-
tion with and without applied quench voltage [41]. When
varying the true dark count rate from the estimated rate of
typically 1800/s to zero, the extrapolated beat frequency
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FIG. 10. Three theoretical fluorescence signal line profiles of the
28 1p(F=1)-4S5(F=1) two-photon transition in atomic hydro-
gen for different light powers.

changes by less than 1 kHz for the latest data, which will be
accounted for in the determination of the systematic errors.

As a further test of the fitting procedure, we have com-
pared the light power as generated by the fit procedure with
the photodiode signal. Although we cannot determine the
absolute intracavity power with the photodiode to better than
a few percent, we can monitor the proportionality of calcu-
lated and measured power. To account for a slight nonlinear-
ity, we have performed the extrapolation of the measured
beat frequency to zero power not only using the photodiode
signal, but also using the power derived from the fit program.
The difference between both results was 5 kHz for hydrogen
and 0.3 kHz for deuterium for our latest set of data. For
determination of the 15 Lamb shift we have used the average
of both extrapolation results. We estimate the systematic er-
ror of the fitting procedure for the averaged result quoted
below (the latest data set) by dividing the differences by
V2 and adding the quoted variation of the fitted center fre-
quency on the estimated dark count rate.

2. Fluorescence signals

Whereas for the channeltron signals the fit program could
derive the light power from the saturation of the signal, the
percentage of atoms excited into 4S cannot a priori be de-
rived precisely from the fluorescence signals, since it in-
volves the detector quantum efficiency. We use two different
methods for the data analysis. For the first method, we as-
sume the intracavity light power to be known, being propor-
tional to the measured transmitted power of the enhancement
cavity. The proportionality constant is derived from the re-
quirement that the fitted center frequency is independent of
the light power for all spectra taken during one day of mea-
surement. We fit the theoretical line shapes to the fluores-
cence signals by using background count rate, quantum effi-
ciency of the detector multiplied by the metastable flux,
Gaussian broadening, and corrected center frequency as ad-
justable fit parameters.

For the second fitting method, we assume the detector
quantum efficiency to be known. Using the metastable flux
determined from the channeltron signals we then can derive
the signal saturation. The detector quantum efficiency is de-
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termined from the requirement, that the fitted center fre-
quency is independent of the laser power for all spectra taken
during one day of measurement. As in the case of the chan-
neltron signals we now use the light power as a fourth fitting
parameter.

The difference in the derived center frequencies between
both fitting methods was 5.7 and 6.5 kHz at 486 nm for
hydrogen and deuterium, respectively. For further analysis
we use the average of both results. We estimate the system-
atic error of the fitting procedure for the averaged result by
accounting for this difference and adding a typical variation
of the result (about 3 kHz) on the assumed constant for each
of the methods.

V. RESULTS

A. Determination of the atomic (E 45 4p-E,s)- WE,5-ELg)
difference frequency

We describe here the determination of the atomic differ-
ence frequencies (E4S,4D-E25)-i(E2 s-E1s) from our experi-
mental results. We have performed the extrapolation of the
measured beat frequencies for the channeltron and fluores-
cence data separately for every day of data taking. The av-
eraged results (25-45) for our latest data set are given on top
of Table V. Several corrections are applied, in addition to the
corrections for the line shape and the reference cavity drift
already discussed in previous sections.

. 1. Second-order Doppler shift

We have measured the velocity distribution of both
atomic beams by excitation of the Doppler broadened 25-4 P
transition. For the 1§ ground state beam of the 15-2S spec-
trometer, we obtained a most probable velocity of the flux of
950(120) m/s for hydrogen and 670(90) m/s for deuterium
for a cooling of the beam to liquid nitrogen temperature. The
corresponding second-order Doppler shift is given in Table V
and represents the largest uncertainty associated with the 15-
2§ spectrometer.

For the metastable beam of the 25-4S spectrometer, we
obtained the atomic velocities given in Sec. III B 2. As de-
scribed previously, we have accounted for the second-order
Doppler shift of the 25-4S transition in the calculations of
the theoretical line shapes for our latest data set. For clarity
in Table V we give the mean second-order Doppler shifts,
which are calculated as described in Sec. IV C.

2. Zeeman shift

In the 1S5-2S spectrometer magnetic fields cause a
second-order Zeeman shift. Assuming an equal initial popu-
lation of all my levels, the shift of the line center is 0.804
kHz/G? at 486 nm for the hydrogen 1S(F=1)=2S(F=1)
transition, which can be neglected [5]. For deuterium the
Zeeman shift is larger due to its smaller hyperfine structure.
By applying a magnetic field of a few Gauss, we separate the
second-order magnetic field sensitive 1S(F=3/2),mp
=*1/2-28(F=3/2),mp= % 1/2 transition from the field in-
sensitive F=3/2,mr= * 3/2 components, and only excite the
latter transition.

In the 25-4S5,4D spectrometer, magnetic fields broaden
the 25-4D resonance. For the first and second group of mea-
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TABLE V. Calculation of the hydrogen (E44-E, S)—ﬁ( E,¢-E ) atomic transition frequency from the mea-
sured beat frequencies (third data set only).

Hydrogen

Deuterium

(MHz) (MHz)

fluorescence signal channeltron signal fluorescence signal channeltron signal

(MHz) (MHz)

Extrapolated beat

frequency 4836.137(10) 4836.146(15)
Corrections:

line shape 0.000(5) 0.000(5)

second-order Zeeman shift —0.005(3) —0.005(2)

dc Stark effect 0.000(2) 0.000(0)

Corrected beat
frequency

Averaged corrected
beat frequency

4836.132(12) 4836.141(16)

4836.135(9)

4813.660(12) 4813.586(28)

0.000(5) 0.000(1)
—0.032(16) —0.029(15)
0.000(2) 0.000(0)

4813.627(21) 4813.557(32)

4813.616(20)
0.000(3)

—0.002(0)

0.015(2)
—11.935(0)

4801.694(20)

Reference cavity drift 0.000(3)
Second-order Doppler shift

15-2S (80 K line) —~0.003(1)

25-48 0.046(4)
Hyperfine structure —38.838(0)
(Eus-Ea5)-3(EssE )

(hyperfine centroid) 4797.340(10)

surements we have shielded magnetic fields in the interaction
region of the 25-45,4D spectrometer with a Mu-metal tube.
The residual field was measured to be below 10 mG within
4/5 of the interaction length, corresponding to a broadening
of approximately 100 kHz. For the 25-4S transition there is
only a second-order Zeeman shift. The shift of the line center
is 25.72 kHz/G? for the 2S(F=1)-4S(F=1) line of hydro-
gen, and 167.39 kHz/G? for 2S(F =3/2)-4S(F=3/2) in deu-
terium. In our latest measurements the Mu-metal shield was
removed in order to detect the atomic resonance via the blue
Balmer-8 fluorescence. After completion of the measure-
ments, we discovered that the residual inhomogeneous mag-
netic field was larger than expected. We have measured the
magnetic field along the beam axis (about 400 mG rms) and
performed a numerical Monte-Carlo calculation (similar to

4837.5

4837.0 1

4836.5

beat frequency [MHz]

4836.0

4835.5
0 200 400 600 800

measured power [arb. units]

FIG. 11. Dependence of the fitted center frequency (M) and the
line center (X) on light power for channeltron data.

that described in Sec. IV C, however neglecting signal satu-
ration). We are summing the contribution-of all possible
atomic trajectories to compute the second-order Zeeman shift
of the atomic resonances. The results are given in Table V,
especially for deuterium the shift is significant due to is
small 4S hyperfine structure.

3. dc Stark effect

We estimate residual stray electric field in the excitation
region to be less than 50 mV/cm for the channeltron signal
and negligible (<10 mV/cm) for the fluorescence signal due
to the large distance of the observed atoms from the electron
gun. The corresponding uncertainties for the channeltron sig-
nals are 1.5 kHz for 25-4S and 3 kHz for 25-4D5,.

4. Hyperfine structure

For the hyperfine structure of the 1S5-2S states we use
published experimental values [49]. For that of the 45 and
4D states we use values extrapolated from the 1§ level. In
the nonrelativistic limit the state dependence of the hyperfine
energy is described by the Fermi formula. The largest state
dependent correction to this formula is a relativistic correc-
tion to the probability of the electron being at the nucleus of
order (Za)? [19,50]. Including this correction, the hyperfine

energy for § states is given by
1 1 ! + > 19
3 2|t (19

where Ege; (proportional to 1/n%) denotes the hyperfine en-
ergy as given by the Fermi formula. The relativistic correc-
tion has been derived by Breit for n=1 and 2 [51]. Account-
ing for this correction, we can determine the hyperfine

EHFS:EFermi{ 1+(Za)?
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energy for all hydrogen S-states to a precision of some parts
in 10°. The obtained hyperfine splittings for 45, and
4Ds), are given in Table VI.

For the 25-4Ds;, line we simultaneously excite transi-
tions to several 4D 55, hyperfine substates, since the hyperfine
structure of the 4D, state is smaller than its natural line-
width. The hyperfine structure of the 2.5 initial state however
is resolved, and we start from a distinct 2S5 hyperfine level.
Therefore for the 25(F)-4D 5, line a correction is necessary
which takes into account the relative excitation probabilities
[43]. For example, the relative excitation probability from
28(F=1) to 4Ds,(F=2) is 3, whereas to 4Ds,(F=3) itis
Z, which does not correspond to the statistical weights. The
corresponding shift of the line center is 222.0 kHz for hydro-
gen and 68.2 kHz for deuterium.

5. Results of the frequency comparison

If we average our latest results from fluorescence and
channeltron detection, we obtain the atomic (Esg-E,g)-1
(E,s-E5) difference frequencies listed at the bottom of
Table V. For our first two data sets we also have compared
15-2S8 with 25-4D5;,. The obtained difference frequencies
of the hyperfine centroids were (E;5-E,5)-1(Eys-Eqg):
4797.322(25) MHz and 4801.674(74) MHz, (E4D5/2-E23)-4l

(E,5-E g): 6490.144(24) MHz and 6494.841(41) MHz for
hydrogen and deuterium, respectively [31,41].

The weighted average of all data sets for the atomic dif-
ference frequencies (E4g4p-E,5)-3(Es-Es) are given in
the second line of Table VII (these values will be used for
determination of the 1§ Lamb shifts). These results are the
most precise ones today. They are in agreement with the
theoretical values given in the first line, which were obtained
assuming a proton charge radius r,=0.862(12) fm as mea-
sured by Simon et al. [10].

B. Lamb shift

After these corrections, we can determine the 1S Lamb
shift from the measured difference frequencies:

A=(Ey54p—Es5)— 5(Ess—Eqs)
=Apc+ApmtiLis—iLos+Lasap, (20)

where L denotes the Lamb shift of the corresponding state.
Dirac and reduced mass corrections are contained in Apc and
ARy - As the simple Bohr model suggests, the bulk of the
energy contributions in Apc and Agy scales as 1/n? and thus
cancels. The deviations from this simple scaling law are
mainly due to relativistic effects, which are small and well
known. After taking them into account, we obtain a com-
pound “hyper-Lamb-shift” jLg -3L,5+ Lyg4p (Table VII).
Since quantum electrodynamic and nuclear size effects scale
with the principle quantum number n approximately as
1/n3, the 1S Lamb shift is the largest in hydrogen. Using the
experimental value for the 25-2P Lamb shift in hydrogen
and the theoretical values for the smaller Lamb shifts of the
states 2P and 4S5 in hydrogen and 2S5 and 4S in deuterium
(Table I) we can determine the 1S Lamb shift. For the hy-
drogen 25 ,,-2 P, Lamb shift we take the value 1057.845(9)
MHz obtained by Lundeen and Pipkin using radio frequency
measurements [2].

Our result for the 15 Lamb shift is L;=8172.874(60)
MHz for hydrogen and L,s=28183.807(78) MHz in deute-
rium [53]. Contributions to the total uncertainties are sum-
marized in Table VIII and a comparison with other recent
measurements of the 1.5 Lamb shift is given in Table IX. Our
results are in agreement with those of earlier work, and are
currently the most precise. Figure 12(a) compares our result
for hydrogen with the theoretical predictions with and with-
out recently calculated two-loop binding corrections [9]. In-
cluding these corrections the agreement between theory and
experiment is good, while it is not satisfactory neglecting
these corrections, as was noted previously [12]. We base the
theoretical predictions on a proton charge radius as measured
by Simon et al. [10] [rp=0.862(12) fm], which is believed
to be more reliable than an older measurement
[rp=0.805(11) fm] [52] since data points were taken at
lower electron-proton momentum transfers reducing the ef-
fects of disturbing mesonic and quark resonances. Assuming
the older value for the proton charge radius the theoretical
value decreases by 149 kHz, lessening the agreement be-
tween theory including two-loop binding corrections and ex-
periment (while the agreement between theory based on the
old proton charge radius and without two-loop binding cor-
rections is satisfactory). Improvements in the measurement
of the proton charge radius are highly desirable for a more
critical comparison between experiment and quantum elec-
trodynamic theory on bound systems, and should be possible
by a Lamb shift measurement in muonic hydrogen [56].

For the hydrogen 2S5 Lamb shift, theory including two-
loop binding corrections is also in agreement with experi-
ments, as shown in Fig. 12(b). However there now is a dis-
agreement of five combined standard deviations between the
theoretical value for the 25 Lamb shift of He* and measure-
ments based on quench asymmetry [15].

C. Isotope shifts

The isotope shift of the atomic energy levels (corrected
for hyperfine structure) between hydrogen and deuterium is
due to the difference in nuclear masses and sizes of the iso-
topes. For an nS state, the isotope shift of the hyperfine
centroid is

0=[Erm(H)+ E s(H)]—[Erm(D) + Ers(D)]
4a*R.c

2 rT 3 T2
n m,/m, n 3r,

Roc 1—m,/my 1

2
Yehd rCh,p) P

21

where S, contains well-known terms such as reduced mass
corrections higher order in m,/m,, , recoil terms of the Lamb
shift, and corrections due to the nuclear polarizabilities.
From our measured isotope shift of (E4S’4D-E25)—%(E15-
E,s) we can, since terms scaling as 1/n~ are eliminated,
determine the difference of the deuteron and proton nuclear
charge radii: 73, 472, ,=3.70(11) fm*. Using Eq. (6), we
can replace rg, 47, DY r‘,zz,d+ rﬁ+3ﬁ2/4m§c2 and deter-
mine the deuteron matter radius using the neutron charge
radius. Our result for the deuteron matter radius is
rg.q.=1.945(28) fm.
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TABLE VI. Hyperfine splittings of the states 1S5, 25, 45, and
4Djs), in hydrogen and deuterium.

Hydrogen Deuterium
State (MHz) (MHz)
18, 1420.405 751 766 7(9) 327.384 352 521 9(17)
281 177.556 86(5) 40.924 439(20)
48 22.194 54(11) 5.115 54(3)
4Dsp 1.1414(1) 0.1462%
0.2046°

For F=3/2-F=5/2.
YFor F=5/2-F=1/2.

Recently the hydrogen deuterium isotope shift of 15-25
has been measured to be 670 994.337(22) MHz [16]. This
shift potentially can be measured extremely precisely due to
the small natural linewidth of 1S5-2S. There are two possible
interpretations of this measurement. First, combining this re-
sult with our measured isotope shift of (E g4p-E, $)-3(Eqs
-E,) we can eliminate both terms scaling as 1/n% and 1/n3
in the isotope shift [see Eq. (21)] and simultaneously deter-
mine the electron proton mass ratio and nuclear size or struc-
ture effects. We derive an electron proton mass ratio of
m,/m,=1/1836.153 12(40). which is in fair agreement
with  the much more precise value m,/m,
=1/1836.152 664 6(58) obtained by van Dyck et al. via
mass spectroscopy in a Penning trap [26].

A second interpretation of the result for the isotope shift
of 15-25 using the electron proton mass ratio measured by
van Dyck et al. yields a very precise determination of the
deuteron matter radius [22]. Especially due to the latest re-
finements of Penning trap mass spectroscopy this interpreta-
tion may seem more reasonable. From the isotope shift of
15-2S we derive rgh’d-rzh,p =3.822(16) fm?, and from that a
deuteron matter radius rg ;= 1.977(4) fm (this value differs
slightly from that given in Ref. [22] due to the new value for
m,/m, and the improved recoil corrections [20] to the Lamb
shift).

While the deuteron matter radius determined from the iso-
tope shift of (E4g4p-Eas)-5(Eas-E s) is in agreement with
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the radius obtained in an analysis of low energy electron
scattering data [rg 4=1.953(3) fm] [23], the more precise
value determined from the isotope shift of 15-2S disagrees
with the electron scattering result by 4.6 combined standard
deviations. A more recent electron scattering experiment us-
ing higher momentum transfer suggests the larger value
rg.q=1.964(7) fm [57], which is in better agreement with
the radius determined from the isotope shift of 15-2S. Theo-
retical nuclear models also seem to favor a larger value for
the deuteron matter radius. Friar ef al. obtained a theoretical
value rg ;4= 1.968(1) fm [58], which is not compatible with
earlier electron scattering data [23] but is in better agreement
with the deuteron matter radii extracted from both of our
isotope shift measurements.

D. Rydberg constant

The absolute frequency of the 1S-2S transition has re-
cently been determined with a phase locked frequency chain
[13]. Applying our measured ground state Lamb shifts, we
can determine the Rydberg constant from the measured
2 466 061 413.182(45) MHz for the hyperfine centroid of the
hydrogen 1S-2S transition frequency. The result [59] is
R.,=109 737.315 684 9(30) cm~ ! corresponding to a preci-
sion of 2.7 parts in 10'!, which is in agreement with the
ValueI given by Nez er al. [14] R.= 109 737.315 683 4(24)
cm™ .

VI. CONCLUSIONS

By means of a direct comparison of the hydrogen 15-2S
with the 25-45,4D two-photon transition frequencies, we
have determined the 1S Lamb shift to an accuracy of 7 parts
in 10® and 1 part in 10° for hydrogen and deuterium, respec-
tively. The precision exceeds the accuracy of earlier mea-
surements and also that of radio frequency measurements of
the 25 Lamb shift. While ours as well as earlier measure-
ments of the hydrogen 1S and 25 Lamb shifts are in agree-
ment with quantum electrodynamic theory, the agreement be-
tween theory and experiment for the 25 Lamb shift in He™ is
presently poor. An alternative interpretation of our hydrogen
1§ Lamb shift result assumes the ‘“‘completeness” of quan-

TABLE VII. Comparison of the theoretical values with the experimental results for the atomic difference frequencies (E;s4p-E,s)
-3(E,s-E,s) (hyperfine centroids), and determination of the 1S Lamb shift (all data).

Hydrogen Deuterium
2812481 2812-4Dspp 2817481 28124Dsp
(MHz) (MHz) (MHz) (MHz)

(E4s,4D'E25)~%(E25‘E1s)

Theory 4797.329(5) 6490.128(5) 4801.692(5) 6494.816(5)

Experiment 4797.338(10) 6490.144(24) 4801.693(20) 6494.841(41)
Dirac and reduced mass corr. —3928.707(0) —5752.644(1) —3931.867(0) —5757.301(1)
Mg -3Los+ Lasap 868.631(10) 737.450(24) 869.826(20) 738.540(41)
HLos,,-Lap,) " 1322.306(11) 1322.306(11)
Theoretical Lamb shifts ® —147.702(2) —-16.581(2) 1176.122(8) 1307.432(8)
%LIS Lamb shift 2043.217(15) 2043.225(26) 2045.948(22) 2045.972(42)

*Exp. 25,,-2P,;, Lamb shift [2].
®For hydrogen: ilap -Lasap,,; for deuterium: §L2S‘L4S,4Ds,2-
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TABLE VIII. Error contributions to the experimental 15 Lamb
shift in hydrogen and deuterium (all data).

Hydrogen Deuterium
(kHz) (kHz)

Statistical error 30 43
Line shape 15 18
Zeeman shift 9? 63°
dc Stark effect 4 4
Reference cavity drift 11 11
Second-order Doppler shift:

18-28 3 2

25-45.4D 16 10
Expt. 28 ,,-2 P, Lamb shift ® 45
Theoretical Lamb shifts 8¢ 304
rms sum 60 78

2Third data set only.
PReference [2].

c

dLZPuz’ Las, and Lapg,
L251/2’ L4Sl/2’ and L4D5/2'

tum electrodynamic theory and yields a determination of the
proton charge radius which is found to be in agreement with
the value given by Simon et al. [10] based on electron scat-
tering experiments. From a comparison of our measured deu-
terium and hydrogen Lamb shifts we find a value for the
nuclear matter radius of the deuteron.

For future, even more precise Lamb shift measurements it
seems reasonable to compare the experimental value of the

difference frequency of 25-4S and a quarter of 15-2S di-
rectly with the corresponding theoretical value as a test of
QED, since our present determination of the ground state
Lamb shift is largely limited by the uncertainty in the 2.5
Lamb shift. This difference frequency determines a com-
pound “hyper-Lamb-shift” 3L, -3L,s+ L4s. Karshenboim
has suggested alternatively to make use of the fact that the
small deviation in the 1/n> scaling law of the Lamb shifts is
comparatively well known [60] which allows a determina-
tion of both the 1S and 2§ Lamb shifts from 3L,g
-3Las+ Las [9].

Substantial further improvements in precision should be
possible by using the optically excited slow metastable beam
of the 1S5-2S8 spectrometer for excitation into the 45 state,
which is currently being investigated in Garching. At the
expense of the simplicity of the frequency comparison with
15-28, and with higher sensitivity to stray electric fields,
alternatively transitions from 2.5 into a higher Rydberg nS or
nD state (n>4) with a smaller natural linewidth can be
excited. Detection of the nS-2 P fluorescence similar to the
present experimental setup is especially well suited for spec-
troscopy on an optically excited metastable hydrogen beam,
since there is less stray light at the detection wavelength. In
the current experimental setup the obtained signal to noise
ratio of the 25-45 spectrometer is limited by stray light from
the electron gun filament.

An alternative possibility for a comparison of hydrogen
transition frequencies is to choose the 1S5-3S5 and 2S-6S
two-proton transitions. Such an experiment is currently being
performed in Paris. The advantage of the 25-6S transition
compared to 25-4S is a smaller natural linewidth (298 kHz)

TABLE IX. Some recent laser spectroscopic measurements of the 1.5 Lamb shift in hydrogen and deute-

rium and comparison with theory.

1S Lamb shift Excitation Frequency
(MHz) of 15-28 comparison
Hydrogen
Hinsch et al. [4] 8600 (800) pulsed 28-4P
Lee et al. [54] 8220 (100) pulsed 2S-4P
Wieman and Hansch [55] 8175 (30) pulsed 25-4pP
Beausolcil et al. [6] 8173.3 (1.7) cw Tellur. std.
Boshier et al. [7] 8172.6 (0.7) cw Tellur. std.
Weitz et al. [11] 8172.82 (0.11) cw 25-4S5.,4D
Garching 15-25 and
Paris 25-85,8D [14] 8172.815 (0.070) cw He-Ne std.
This work 8172.874 (0.060) cw 25-45,4D
Theory:
old 8173.097 (0.040)
with two-loop corr [8,9]. 8172.802(0.040)
Deuterium
Hinsch et al. [4] 8300 (830) pulsed 25-4P
Lee et al. [54] 8260 (110) pulsed 25-4P
Wieman and Hansch [55] 8189 (30) pulsed 25-4P
Boshier et al. [7] 8183.7 (0.6) cw Tellur. std.
This work 8183.807 (0.078) cwW 25-4S, 4D
Theory:
old 8184.080 (0.047)

with two-loop corr. [8,9].

8183.785(0.047)




2680
H1S i a
—o— experiment
e theory without
e with 2-loop binding correction
T T 1
81725 8173.0 8173.5 MHz
H 2S8-2P e )
—e—i experiment | b
e theory without
e~  With 2-loop binding correction
T 1
1057.8 1057.9 MHz
He" 2s-2P ,
i experiment c
—e— theory without
——i with 2-loop binding correction
T [ T
14 041 14 042 14 043 MHz

FIG. 12. Comparison of experimental hydrogen 1S (this work)
and 25-2P (Refs. [2] and [3]), and He* 25-2P (Ref. [15]) Lamb
shift with the theoretical prediction including and without recently
calculated two-loop binding corrections [8,9]. For the theoretical
hydrogen Lamb shifts we assume a proton charge radius as given in
Ref. [10], assuming an older measurement for the proton charge
radius [52] the theoretical values for hydrogen decrease by 149
kHz/n3.

and a larger transition probability [43]. However, the diffi-
culty is the observation of the 1S5-3S two-photon transition
with an excitation wavelength of 205 nm. A first signal has
recently been observed on this transition, which should lead
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to an improvement of the measurement of the 1.5 Lamb shift.

More precise measurements of the proton charge radius
would then permit a test of QED with still higher precision.
Laser spectroscopy of muonic hydrogen should provide a
more accurate nuclear charge radius in future [56]. In this
exotic atom, due to its small Bohr radius (7 y,,,~207m,),
nuclear size effects have a considerably larger influence on
the energy levels. A precise measurement of the 25-2 P split-
ting in muonic hydrogen should allow a determination of the
proton charge radius to an uncertainty of 1 part in 103.

An alternative method for a precise Lamb shift measure-
ment in hydrogen involves an excitation of the 25-4S tran-
sition using a 486-nm laser beam resonant with 25-4P and a
radio frequency resonant with 4 P-4S (or 2S-2P and 2P-4S,
respectively). Spontaneous emission from the intermediate
short-lived P state can be avoided when the transfer is done
using adiabatic passage, based on a slow change of the Rabi
frequencies of the two fields, via a dark superposition state of
2S and 4S. A high frequency resolution and a Doppler-free
resonance can be achieved when an atomic interferometer
method with four adiabatic pulses is used. This method has
previously been demonstrated in a Raman level scheme [61].
It has been shown that using this method with resonant light,
no ac Stark shift in a pure three-level system occurs even
when the transfer is not completely adiabatic [62]. In the
present hydrogen experiment the systematic uncertainties are
dominated by the amount to which the ac Stark shift of the
exciting laser field can be corrected for. We have performed
a preliminary analysis of the effect of the additional levels
present for an adiabatic transfer between the hydrogen 2.5
and 48 levels, suggesting a transfer from 2S(F=1),mg=1
to 4S(F=1),mp=1 via4P(F=2),mp=2.
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