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Two-photon spectroscopy of the hydrogen 15-2S transition in a cold atomic beam has reached a reso-
lution Av/v of 1 part in 10! in hydrogen and 7 parts in 10" in deuterium. The hydrogen and deuterium
15-2S transition frequencies have been determined with a precision of 1 part in 10!!. This leads to an ac-
curate value for the Rydberg constant, while the 1S Lamb shift and the isotope shift are determined with
order of magnitude improvements over previous measurements. We describe in detail the 1S-2S spec-
trometer, calculate the line shape of the resonance, and compare it to the experimental data.

PACS number(s): 32.30.Jc, 42.62.Fi, 42.50.Wm, 06.20.Jr

I. INTRODUCTION

High-resolution spectroscopy of simple atoms permits
confrontations between experiment and fundamental
physical theories. Precise absolute measurements and
comparisons between different transition frequencies
yield accurate values for fundamental constants and al-
low stringent tests of basic physical concepts such as, for
instance, the quantum electrodynamic theory of the
Lamb shift [1]. Recently dramatic advances in measure-
ment precision occurred due to the development of new
techniques for synthesizing, stabilizing, and measuring
optical frequencies [2]. This enhances interest in narrow
atomic transitions, among which the 1S-2S transitions of
hydrogen (and deuterium) is one of the most intriguing
candidates. It has an extremely small natural linewidth
of 1.3 Hz and may be observed Doppler-free by two-
photon excitation near 243 nm. In our experiments we
now have reached a resolution Av/v of 1 part in 10! in a
cold atomic beam. With this result the 1S5-2S transition
is the best resolved resonance in atomic hydrogen by far
[3]. We give here a detailed description of the 1S-2§
two-photon spectrometer which had been used in a series
of recent precision measurements [4—6].

To avoid collisions we excite the 1S5-2S transition in an
atomic beam such that transit time broadening and the
relativistic Doppler effect remain the dominant broaden-
ing mechanisms. Both have been reduced by cooling the
beam nozzle with liquid nitrogen or liquid helium. In-
elastic wall collisions inside the nozzle lead to a thermal
beam with a temperature down to a few kelvin. The reso-
lution possible with this spectrometer made it necessary
to improve the monochromatic laser source which we
used in former studies of the 1S-2S transition [7]. A spe-
cial ultrastable high-finesse Fabry-Pérot resonator has
been added to the dye laer system near 486 nm and an
efficient and reliable second-harmonic generation stage
has been developed for the present experiments.

First we give a detailed description of the 15-2S spec-
trometer including the laser system near 486 nm, the
frequency-doubling stage for the generation of coherent
radiation near 243 nm, and the atomic beam apparatus
(Sec. II). We also discuss recent experimental tests of the
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laser frequency stability. Section III describes the line-
shape analysis of the two-photon resonance. We give an
approximated analytic expression for the excitation prob-
ability of a single atom and calculate the line shape by
averaging over the different trajectories and the velocity
distribution. Theoretical and experimental line shapes
are compared for several different experimental parame-
ters. In Sec. IV we discuss various systematic effects due
to electric and magnetic fields, ionization broadening,
light shift, and other perturbations. We estimate the ulti-
mate precision possible with our present experimental
setup. The Zeeman shift of the 1S-2S transition of hydro-
gen and deuterium may be studied by applying a weak
magnetic field. At field strengths of several gauss all Zee-
man sublevels have been resolved and interpreted in
terms of the Breit-Rabi equation. In Sec. V we review re-
cent measurements which exploit the ultrahigh resolution
of the 1S-2S spectrometer. The 1S Lamb shift has been
determined with an accuracy of 7.5 parts in 10° [5] which
exceeds the precision of the best mesurement of the “clas-
sical” 28 Lamb shift [8]. With this result the 1S Lamb
shift experiment establishes the current best test of quan-
tum electrodynamics for an atom and complements the
well-known measurement of the g factor for a free elec-
tron [9]. We have also measured the isotope shift be-
tween hydrogen and deuterium which provides informa-
tion about the nuclear size of simple hadronic systems
[4]. With our tabletop experiment, we rival the accuracy
of high-energy electron-hadron scattering experiments
and are able to observe nuclear properties at low energies
which are inaccessible in accelerator experiments. Final-
ly, we describe the measurement of the absolute 1S-2S
transition frequency by means of a frequency chain,
which is used to determine the hydrogen 1S-2S frequency
with help of the cesium time standard [6]. From this ex-
periment we derive a value for the Rydberg constant with
an accuracy of 3 parts in 10!, in good agreement with a
more recent measurement [10]. These new measurements
of the Rydberg constant not only play a key role in the
determination of a self-consistent system of fundamental
constants, they also provide a new set of reference fre-
quencies throughout the ultraviolet, visible, infrared, and
microwave region, since the frequencies of other hydro-
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gen transitions may now be calculated with improved ac-
curacy. Finally, we point out that with the resolution
now achieved one may even think of experiments to mea-
sure small drifts in fundamental constants, as discussed
on the basis of grand unified theories [11].

II. THE 15-2S SPECTROMETER

A. Dye laser

Our laser system is based on a commercial ring dye
laser operating at 486 nm with an output power of ap-
proximately 500 mW (Coherent CR-699, Coumarin 102).
It is pumped by a 5.5-W Kr™-ion laser (Coherent, Inova
200) (see Fig. 1). To improve the passive frequency stabil-
ity of the dye laser, the standard dye nozzle is replaced by
a commercial high-pressure nozzle (Radiant Dyes, Wer-
melskirchen, Germany) made of polished stainless steel.
It has a slit width of 200 um and is operated at a pressure
of 11.5 bar. In addition, the standard pump mirror
mount as well as the original étalon assembly were re-
placed by commercial substitutes (Radiant Dyes) which
allow for more exact and stable adjustment of the pump
focus and for separate adjustment of the two étalons in-
side the laser. As a result the laser output power is
enhanced by roughly a factor of 2 with the high-pressure
pump and the exact focus adjustment as key points for
better performance. We use an air reservoir to damp
pressure fluctuations of the dye. Inside the laser cavity
the commercial galvomounted Brewster plate, the piezo-
mounted mirror, and an additional electro-optical modu-
lator (EOM) (Gsanger PM 25) compensate frequency
fluctuations up to about 1.5 MHz. If the laser is stabi-
lized to the coherent reference cavity by the commercial
electronics, we measure a frequency jitter of 1.5 MHz.

B. Laser frequency stabilization

For high-resolution spectroscopy we require a narrow
laser bandwidth on the order of 1 kHz. Thus we lock the
laser frequency to a very stable external reference cavity
by means of a radio-frequency sideband modulation tech-
nique [12,13]. For this purpose a small part of the 486-
nm laser light is phase modulated with an electro-optical
modulator (LM 0202, Gsanger) which is driven by a func-
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FIG. 1. Schematic overview of the experimental setup. The
dye laser is stabilized to the reference cavity. The light frequen-
cy is doubled in order to excite the 1S-2S two-photon resonance
in an atomic beam of hydrogen or deuterium.
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tion generator (Hewlett-Packard 8116A) at 21.1 MHz. A
5-W amplifier (Kalmus Engineering, model 302F)
enhances the output of the function generator, yielding a
modulation index of 50%.

Proper mode matching into a TEMy mode of the
reference cavity is achieved with a telescope formed by
two lenses (Fig. 2). Higher-order transverse modes are
suppressed by a factor of 10. The radii of the mirrors
(R =—1 m) and the length of the cavity (I =0.45 m) are
chosen such that the resonance frequencies of higher-
order modes do not coincide with the resonance of the
TEM, mode.

The light reflected from the cavity (0.5 mW) is detected
by a photodiode (FND 100, EG&G), followed by a
current-to-voltage converter. After further amplification
(Miteq AM-1299, 1-GHz bandwidth, 40-dB gain) the sig-
nal is demodulated with a mixer (SRA 1, Mini Circuits).
The resulting error signal is again amplified (BurrBrown
3554, gain approximately equal to 125, 3-dB point ap-
proximately equal to 10 MHz) and then split into three
paths of different response time. The fast components of
frequencies up to 1.5 MHz are directly fed into one elec-
trode of the EOM inside the laser cavity. A high-voltage
amplifier (BurrBrown 3584, gain approximately equal to
70, 3-dB point approximately equal to 3 kHz) is used to
supply the other electrode of the EOM and controls the
intermediate frequency range between 100 and 3 kHz.
The slow branch is formed by an amplifier (gain approxi-
mately equal to 100, 3-dB point at 300 Hz, Tektronix,
AM 502 Differential Amp.) whose output is connected to
the commercial laser frequency control box (test point 1
on the differential amplifier board, Coherent CR-699)
[14]. In addition we use the error signal from the simul-
taneously operating commercial laser stabilization and
add it to the slow branch of our control scheme. This er-
ror signal uses the resonance of a low-finesse cavity and
provides an auxiliary signal at large deviations of the
laser frequency.

A reliable test for the quality of the servo loop is ob-
tained by recording the beat signal between two different
dye lasers locked on the same resonantor. Using a fast
photodiode (Antel) we observe a 20-Hz-wide beat note
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FIG. 2. Scheme of the heterodyne frequency stabilization.
FM sidebands are modulated at 21.2 MHz. The frequency is
shifted by a tunable AOM in a double-path geometry and cou-
pled into the reference resonator. The carrier phase shift of the
reflected light is detected and serves as an error signal for the
laser servo loop.
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with a resolution bandwidth of 10 Hz. This agrees well
with the estimation based on the residual fluctuations of
the radio-frequency error signal of 10 Hz within a 100-
kHz bandwidth.

To detune the laser frequency we use an acousto-optic
modulator (AOM) (Crystal Technology 3200-120) placed
between the laser and the reference resonator (Fig. 2).
The AOM is driven by an amplified (Kalmus Engineer-
ing, model 302F, 5W) high-precision signal generator
(Rohde&Schwarz, SMG). After passing a polarizing
beam splitter and a quarter wave plate, the light is
transmitted through the AOM in first order, resulting in
an adjustable frequency shift. The light is reflected back
from a curved mirror and passes the AOM a second time.
The light frequency is thus shifted by twice the AOM fre-
quency relative to the incoming light. The AOM fre-
quency is controlled by the computer and may be
scanned between 140 and 280 MHz providing a tuning
range of the laser of 280 MHz.

As a coarse gauge for the laser wavelength we use a
commercial wavemeter which is precise up to 1 pm. To
find the narrow hydrogen and deuterium resonances it is
mandatory to tune the laser to the proper frequency
within a range of 10 MHz. This is easily done by observ-
ing well-calibrated tellurium resonance lines (i, and g,)
using Doppler-free saturation spectroscopy [15] (Fig. 1).

C. Stable reference cavity

Since the laser frequency stability is dominated by the
stability of the reference cavity, some care has to be taken
in its construction [16]. The cavity consists of two mir-
rors of gyroscope quality which are optically contacted
on the polished front surfaces of a 45-cm-long cylindrical
Zerodur spacer of 10 cm diameter. Four longitudinal
holes of 10 mm diameter are drilled in the spacer 22 mm
off the center and are used for four different resonators.
Two of them operate at 486 nm. Additional orthogonal
holes allow for evacuation of the free space between the
mirrors.

We have measured the finesse of our reference cavity
by observing its decay time. We first lock the laser fre-
quency to the resonance of a TEM, mode. After block-
ing the light in front of the resonator with an acousto-
optic modulator we observed the exponential decay of the
light emitted through the rear mirror of the cavity. From
the 28-us decay time we determine a finesse of 57 000 cor-
responding to a linewidth of 5.6 kHz. Both mirrors (sub-
strates, General Optics, Inc.; coating, Ojai Optics, CA)
are from the same batch and specified with equal 25-ppm
transmission and 25-ppm losses adding up to 75-ppm to-
tal round-trip losses (excluding the transmission of the in-
put coupling mirror). From these values we calculate a
finesse of 63 000, in reasonable agreement with the mea-
sured value. On resonance 75% of the incident light is
reflected by the resonator.

The resonator spacer bar is suspended from soft
springs inside a vacuum chamber evacuated to a pressure
of <107 % mbar. To minimize acoustical and vibrational
noise we use an ion getter pump (Leybold IZ 120) (Fig. 3).
The requirements for noise isolation are extreme: Any
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FIG. 3. Mechanical setup of the reference resonator. A rigid
Zerodur bar with four longitudinal drilled holes is suspended by
weak springs inside a UHV chamber (p <107% mbar). The
outer surface of the vacuum chamber is temperature stabilized
using a heating foil and a hermetically closed box provides addi-
tional thermal and acoustic isolation. Gyroscope-quality mir-
rors are optically contacted to the polished Zerodur spacer.

length fluctuations of the resonator will translate into fre-
quency jitter of the laser with a rate of 140 kHz/A. Since
acoustic waves are effectively isolated by the vacuum,
noise is coupled to the resonator bar mainly by the spring
suspension which acts like a low pass filter: Noise at fre-
quencies w higher than the resonance frequency of the
suspension ) are reduced by a factor 1/(@—Q)> The
mechanical resonance Q of the Zerodur bar suspension
system is 1.5 Hz. Around this frequency we expect the
main contributions of external noise transported to the
resonator. In addition there are transverse string reso-
nances of the suspension springs with eigenfrequencies
Q,=nQV'M/m (M is the mass of the resonator and m
the mass of the spring) [17].

We have measured the beat note between our laser sys-
tem and a second almost identical dye laser, both stabi-
lized on two different optical resonators on the same
spacer (Fig. 4). The width of the beat signal of less than 1
kHz is probably limited by the mechanical oscillations of
the Zerodur bar in a transverse bending mode. We
suspect that since the holes for the optical resonators are
drilled off center through the Zerodur bar, bending
modes of the spacer are transformed directly into length
variations of the optical resonators. Thus, in the future
we will use a center drilled spacer. We have also mea-
sured the power spectrum of the light intensity transmit-
ted through one of the resonators, with the laser locked
to the second cavity on the same Zerodur bar (Fig. 5). As
expected, the resonances of suspension system and string
resonances of the springs appear as pronounced peaks at
1.5 Hz and near 120 Hz. For the future we plan to fur-
ther improve the resonator stabilty by actively damping
the motion of the bar. For a genuine measurement of the
laser frequency stability we have set up a second 11.5-
cm-long completely independent reference cavity (diame-
ter of the Zerodur bar 50 mm). Similar to the 45-cm cav-
ity, it consists of a Zerodur spacer and is placed inside a
second vacuum housing. With the laser locked to the
11.5-cm resonator, we tune across the resonance of the
45-cm resonator by means of the AOM and observe the
radio-frequency error signal (Fig. 6). This detection
method provides a signal whose zero crossing is almost
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FIG. 4. Measurement of the 45-cm reference cavity’s stabili-
ty. Two lasers near 496 nm are stabilized to different optical
reference resonators mounted on the same 45-cm-long Zerodur
spacer. The beat note is observed on a photodiode, amplified,
and detected on a spectrum analyzer with a resolution band-
width of 215 Hz and a scan period of 1.4 s. The central peak
with a width of less than 1 kHz is probably caused by the bend-
ing oscillation of the Zerodur spacer. At 2 kHz we observe the
servo bumps of the low-frequency branch of the laser stabiliza-
tion as sidebands.

independent of laser intensity fluctuations. Thus the dis-
tortions of the observed dispersive Lorentzian shape
directly reflect the frequency fluctuations of both the
lasers. From the noise of the error signal we estimate an
absolute laser frequency stabilty of about 2 kHz in our
rather noisy laboratory.
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FIG. 5. Fourier spectrum of frequency perturbations. The
laser is locked to the reference resonator on the 45-cm Zerodur
spacer and tuned across a resonance of a second optical resona-
tor mounted on the same spacer. The transmitted light is
detected by a photodiode. We adjust the frequency to the wing
of the resonance and record the Fourier transform of the
transmission signal. The main perturbations originate from
eigenoscillations of the resonator suspension at 1.5 Hz, while at
120 Hz the first string resonance of the springs enhances the
noise coupled to the resonator (the different strengths of the two
pairs of springs result in two slightly different resonance fre-
quencies).
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FIG. 6. Radio-frequency error signal. The laser is frequency
stabilized to a 11.5-cm-long reference cavity while part of the
light is tuned across the resonance of a 45-cm-long reference
cavity with an acousto-optic modulator. We observe the radio-
frequency error signal of the 45-cm cavity. Distortions on the
wings of the dispersive signal are due to oscillatory frequency
fluctuations that are mainly due to suspension resonances of the
11.5-cm cavity near 1 Hz. From this signal we estimate the fre-
quency stability of the 45-cm cavity to be better than 2 kHz.

The long-term drift stability of the reference resonator
is improved substantially by stabilizing the temperature
of the vacuum chamber. We heat the chamber to 27.5°C
by running a current through a thin graphite-coated plas-
tic foil which covers approximately three-quarters of the
chambers outside surface. An electronic servo loop con-
trols the current. At the control point the temperature is
kept constant within 5 mK. A box made from special
wood —lead-rubber—wood sandwich material covers the
whole system and serves as additional thermal and
acoustical isolation. We observe a frequency drift of the
reference cavity of about 10 Hz/s relative to the hydro-
gen resonance (see also Sec. III).

D. Frequency doubling

From the output of the blue dye laser we couple up to
450 mW into a passive ring resonator which contains a
B-barium-borate (BBO) crystal for generation of second-
harmonic radiation at 243 nm (Fig. 7). The input cou-
pling mirror (1.8% transmission at 486 nm) and one of
the two curved mirrors (piezomounted high reflecting
“tweeter” with R = —75 mm) are taken from a Coherent
dye laser. The second curved mirror (R =—100 mm,
high reflecting at 486 nm and 95% reflection at 243 nm)
also reflects the generated uv light which leaves the reso-
nator through the second flat mirror (85% transmission
at 243 nm and high reflecting at 486 nm). Coatings and
substrates of the two latter mirrors are custom made
(Laser Optics, Garbsen, Germany). The 11.5-mm-long
crystal is cut for Brewster angle and 55° type-1 angle
tuned phase matching. The optimal focusing of the blue
light inside the crystal has been calculated following the
theory of Boyd and Kleinman [18]. To determine the
theoretically expected second-harmonic yield we have ex-
tended the theory to astigmatic optical beams. The beam
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FIG. 7. Enhancement cavity for 486 nm and frequency dou-
bling. A 11.5-mm-long B-barium-borate (BBO) crystal is placed
in the focus of a buildup cavity (the beam waist is 19.5 mm).
The optical path length between r; and r, is denoted d,, while
the rest of the round-trip is d,.

geometry of the resonator is calculated by standard tech-
niques [19], taking into account the astigmatism caused
by the curved mirrors and the Brewster crystal. The
length of the cavity is adjusted for a beam waist inside the
crystal of 19.5 um corresponding to a confocal parameter
b =4.4 mm (distance between the curved mirrors via the
crystal, d,=97.5 mm; distance between the curved mir-
rors via the plane mirrors, d, =808 mm). The incident
angle on the curved mirrors of 13° is optimized for max-
imum overlap of the stability range in the azimuthal and
vertical plane (Fig. 8).

The finesse is 250, limited by the losses of the mirror
coatings. We observe only small additional loses due to
the crystal. On resonance about 75% of the incident
light is coupled into the cavity and we estimate a power
enhancement of the fundamental light by a factor of 60.
The position of the mirror is servo controlled (bandwidth
11 kHz) so that the enhancement resonator stays in reso-
nance with the laser. The error signal is generated by
analyzing the polarization of the light reflected off the in-
put coupler [20]. With 20-W circulating power inside the
cavity we measure 7 mW of uv light behind the uv output
coupler. Taking into account reflection and transmission
losses for the uv inside the resonator and at the crystal
surface (uv polarization is orthogonal to the blue and
thus there is no Brewster angle for the generated uv radi-
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FIG. 8. Beam radius inside the crystal. At an angle of 13° the
astigmatism of the Brewster-cut crystal is compensated for by
the non-normal reflection of the mirrors 7, and 7,.
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ation) the generated uv power of 10 mW corresponds to a
conversion coefficient of approximately P, /P%,.=2.5
X 1075, This is three times lower than the theoretically
expected value of 8 X 1077,

The walkoff inside the 3-barium-borate crystal leads to
a strong ellipticity and astigmatism of the uv output
beam. We use an f =300 mm lens, 250 mm behind the
uv output coupler, and a tilted concave mirror
(R =—100 mm, 75° incident angle) to compensate for the
beam shape distortion. Roughly 80% of the light intensi-
ty is transformed into a Gaussian TEMy, mode.

E. uv enhancement cavity

About 5 mW of uv power is coupled into an approxi-
mately 25-cm-long standing-wave cavity inside the vacu-
um chamber of the atomic beam apparatus. The cavity is
formed by a flat input coupler (4% tranmission) and a
curved (R =—500 mm) high reflector (Tec Optics,
fluoride coatings) which is mounted on a piezotransducer
(Fig. 9). The almost confocal cavity geometry leads to a
beam radius of 140 um, which varies only by 15% in the
excitation region. Outside the vacuum chamber an elec-
trooptic phase modulator (Gsanger, LM 0202 Phas/UYV,
modulation index 50%) generates sidebands at 21.1 MHz
necessary to lock the resonator to the frequency of the in-
put light with the radio-frequency heterodyne technique
[12,13]. The measured finesse of 97 and the coupling
efficiency of 77% lead to an enhancement factor of 24.
At optimum conditions we observe 110-mW circulating
uv power inside this resonator. In vacuum, the intracavi-
ty power slowly decreases to about 90% of the maximum
value and then stays constant for hours.

F. Atomic hydrogen beam

Molecular hydrogen from a commercial pressure bottle
is cleaned with a palladium leak and dissociated inside a
microwave discharge made from an air cooled Pyrex tube
(9 mm diameter) and a commercial microwave oscillator
(2.45 GHz, 30 W, Oxford Instruments, Microtron 200).
The hydrogen atoms are guided in a 10-cm-long Teflon
tube (diameter 9 mm) to a nozzle inside the vacuum
chamber of the beam apparatus. The chamber is evacu-
ated by a cryopump (diameter 0.5 m, 10* liter/s, Leybold

liquid
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hydrogen Lyman-o detector

atoms

\HHHHHHHIH!HIIH\III!IHHIHE”“H[H%I
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L
243 nm e
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FIG. 9. uv buildup cavity and excitation geometry of the hy-
drogen and deuterium two-photon transition in a cold thermal
beam.
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cryopump RPK) which allows for a high flux of 10'7 hy-
drogen atoms per second, even at a pressure of 10~°
mbar. The nozzle is formed by a hole inside a copper
block connected to the bottom of a bath cryostat (Ley-
bold, BBK 150). The cryostat is operated with either
liquid nitrogen or liquid helium (see Fig. 9). A slit be-
tween the nozzle and the Teflon tube of approximately
0.2 mm width avoids thermal contact between the tube
and the nozzle. It also helps to reduce the strong hydro-
gen recombination on Teflon surfaces which is to be ex-
pected at temperatures below 50 K [21]. The efficiency of
the gas discharge is monitored by a mass spectrometer
(Balzer, QMG 420) attached to the vacuum chamber.
From the density ratio of H and H, inside the chamber
we obtain a lower limit for the dissociation efficiency of
30%. Inside the nozzle the hydrogen atoms (estimated
flux 5X 10! s7!) lose kinetic energy due to collisions
with the wall and form a cold thermal atomic beam. The
length (2.5 mm) and the diameter (1.2 mm) of the nozzle
were adjusted for an average number of 10 wall collisions.
We take this for optimum thermalization on the one
hand and moderate recombination probabiilty on the oth-
er [21]. However, recombination still turned out to be a
serious loss mechanism at temperatures below 20 K.

G. Excitation and detection

The atoms are excited to the metastable 2S state on
‘trajectories almost parallel to the standing wave inside
the uv cavity. The 11.6-cm-long excitation region is
shielded from stray electric fields by a graphite coated
net. All surfaces close to the atomic beam are also coated
with graphite. The whole vacuum apparatus is surround-
ed by Helmholtz coils which generate an adjustable verti-
cal magnetic field on the order of several gauss. At the
end of the excitation region the atoms enter a detector for
the metastable 2S state. Inside a closed p-metal cylinder
with an entrance hole of diameter 5 mm, an electric field
of approximately 100 V/cm mixes the 2S5 and 2P states
and quenches the excited state. We detect the decay by
monitoring the emission of Lyman-a photons with a solar
blind photomultipler (Hamamatsu, R1459). At 243 nm
the quantum efficiency is suppressed by a factor of 108
compared to the maximum efficiency of 10% near 121
nm. The MgF, window is shielded by a graphite coated
net and the cathode is set to ground potential. With a
solid angle of 0.727 and losses due to the shielding net
and quench electrodes, we estimate a total detection
efficiency of about 0.5%. Typical count rates at 79 K
with 50-mW circulating uv power are 5X10° s~!. The
pulses from the photomultiplier are amplified (Le Croy
612A), discriminated (Le Croy 623B), and counted (Le
Croy, scaler 2551) with commercial CAMAC modules.
For data acquisition and laser frequency control we use
an IBM-compatible personal computer.

III. SPECTRUM AND LINE SHAPE
OF THE TWO-PHOTON RESONANCE
A. General remarks

According to the selection rules for a two-photon tran-
sition between S states (AL =0, AF =0, and Am;=0),
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the hydrogen 1S-2S transition consists of two com-
ponents corresponding to the two possible values of the
total angular momentum quantum number F =1 and 0.
Because of their threefold degeneracy, the transition be-
tween the F =1 energy levels is 3 times stronger than the
F =0 transition. In the case of deuterium with its nu-
clear spin quantum number I =1, the two hyperfine com-
1

ponents (F =1 and 2) are twofold and fourfold degen-

erate and thus show a line strength ratio of 1. Since for
both atoms the hyperfine splitting is very well known, we

~ may restrict ourselves to the stronger component (F =1

and 2, respectively).

The important feature of the two-photon excitation
spectrum is a narrow Doppler-free peak due to absorp-
tion of the two photons from opposite directions. If rela-
tivistic effects are neglected, the linear Doppler shifts for
both photons cancel and all atoms are resonant simul-
taneously, independent of their individual velocity. In
addition, there is a Doppler-broadened pedestal originat-
ing from absorption of the two photons from the same
direction. Since the Doppler width of typically several
gigahertz exceeds the observed linewidth of the Doppler-
free signal by a factor of approximately 10°, the
Doppler-broadened pedestal is insignificant and will be
neglected in the following. At the light intensities typical
in our experiment (100 W/cm?) the corresponding Rabi
frequency is on the order of 100 Hz. The interaction time
is well below 1 ms even for cold atoms and thus satura-
tion plays practically no role and may also be neglected
in the calculation.

B. Shape of the resonance line

To analyze the shape of the resonance line we model
the atomic beam as a flux of independent particles propa-
gating on straight trajectories starting in a plane normal
to the beam at the end of the nozzle and ending in plane
of detection, 11.6 mm downstream. The frequency
response of a single atom is determined by transit
broadening and the relativistic Doppler effect. The reso-
nance frequency of a moving atom is redshifted propor-
tionally to v? when observed with a laser at rest in the
laboratory frame, while the transit broadening depends
only linearly on the atomic velocity v. Therefore, the
average Doppler shift will decrease faster with tempera-
ture, leaving transit broadening the dominant effect at
low temperatures. The most probable thermal velocity
for hydrogen can be varied from 2230 m/s at 300 K, 1150
m/s at 79 K, down to 380 m/s at 8.7 K.

The density of atoms inside the nozzle may be estimatd
from the measured pressure inside the discharge (between
0.5 and 1.5 mbar) and from the area and the length of the
nozzle (4.5 mm?X2 mm). We find that the mean free
path for the atoms inside the nozzle is comparable to the
nozzle diameter; therefore we cannot totally exclude in-
teratomic collisions inside the nozzle. Nevertheless, in
our model we only regard atoms that start their flight at
the nozzle wall and have completed their interaction with
the laser beam before they reach the detector. This
simplification allows for an approximate analytic expres-
sion of the flux F of excited atoms through the detector



51 HIGH-RESOLUTION SPECTROSCOPY OF THE 1S5-2S . ..

(see the Appendix):
2 w3
F=”T|D,,,,I|2N,,L—03M(ao), (1)
t

with the dimensionless line-shape function
-2

1+220 | {exp(— Q| /AS)

M(Qy)= Af

+ A4 exp(— Q.| 7Ar)} ,

where A4 and § are given by

2
— |Af—Ar _q. | Ly L
4 Af +Ar 1= Ar+Af
1 1
Ll v Af ||

S=—1 if Qy<0; 4 =0, S=+1 if Q;>0.

Here N, denotes the atomic density in the detection
plane, the detuning Qy=w—1/2w,,, w, is the waist of
the laser beam, L describes the distance between nozzle
and detector, and |D,,I| contains the two-photon transi-
tion matrix element and the light intensity I (D,, =4.63
X107* W™ 2m?s™!). The two independent fit parame-
ters

2

Vo

c

@

1
Ar:=—
D)

and

Uy

Af: 20y
contain the parameters v, and v, of the longitudinal and
the transvese velocity distribution (see the Appendix). Ar
and Af may be interpreted as the average relativistic
Doppler shift and the average transit-time broadening,
respectively.

The theoretical line-shape function is fitted to the mea-
sured data by varying the amplitude, the overall ampli-
tude offset, the frequency offset, and the two distribution
parameters v, and v,. The fit was performed by means of
commercial data analysis software based on the
Levenberg-Marquardt fit algorithm [22]. The set of pa-
rameters that minimizes this sum is used to determine the
line strength and, most importantly, the resonance fre-
quency for an atom at rest. In Figs. 10 and 11 we show
the experimental data for hydrogen and deuterium to-
gether with the theoretical line shapes at various temper-
atures. Compared to hydrogen, the deuterium resonance
is considerably sharper, as expected from the larger deu-
terium mass which reduces the thermal velocity by V2.
The resonances recorded near liquid-helium tempearture
are by far the best resolved hydrogen or deuterium reso-
nances. The relative linewidth of 1 part in 10!! is even
two orders of magnitude smaller than that of the hydro-
gen maser. By comparison with the theoretical line
shape, one may determine the relativistic Doppler shift,
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FIG. 10. Spectrum of the 15-2S transition, F =1 component
of atomic hydrogen at several temperatures.

i.e., the frequency by which the maximum of the reso-
nance line is shifted to lower frequencies compared to the
resonance frequency of an atom at rest. At 178 K this
shift has a value of —21 kHz, while at 80 and 8.7 K it de-
creases to —5.7 and 0.5 kHz, respectively. We observe
small discrepancies of the theoretical line shape from the
measured data. They are caused by the restriction in the
calculation to atoms that traverse the light beam com-
pletely. The observed discrepancies decrease for lower
temperatures of the atomic beam.

Sdv=20kHz

T=9K

dv=9kHz

photomult. signal (arb. units)

60 40 20 0 20 40

uv detuning in kHz

FIG. 11. Spectrum of the 1S-2S§ transition, F =3 component
of atomic deuterium at 79 and 9 K.
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An exact solution would require a numerical integra-
tion of the excitation probabilty along the trajectory of a
single atom. Such a calculation is under preparation and
may become important for future ultraprecise measure-
ments in which the relativistic Doppler shift of the 15-2S
spectrometer contributes significantly to the systematic
error.

At 8.7 K the signal drops to 700 s !, which is 107> of
the expected rate. This dramatic decrease in signal
strength at low temperatures is also observable in the sig-
nal of the mass spectrometer. It is caused by surface ca-
talyzed hydrogen recombination inside the nozzle [21].
The resonance at 8.7 K has been recorded with the help
of a chopper which blocks the uv light with a period of
0.1 ms. For data taken only during the dark period, the
background noise from uv light scattering at the cavity
mirrors is completely suppressed and the signal-to-noise
ratio increases dramatically.

During the high-precision measurements [5,8,9] we
lock the laser to the maximum of the 79 K resonance.
This is done by the data acquisition computer. It com-
putes the difference between the count rates at two fre-
quencies separated by 4 kHz. The numerically deter-
mined derivative has a zero crossing at the maximum of
the resonance and establishes a suitable error signal.
With the servo loop closed, the drift of the reference reso-
nator shows up directly in the frequency of the AOM,
which is used to tune the laser relative to the reference
resonator during the period shown in Fig. 12. The reso-
nator drift of roughly 10 Hz/s can be observed. The fluc-
tuations of the AOM frequency indicate the quality of the
lock. For an averaging time of 10 s the statistical error of
the servo loop falls well below 100 Hz and the total error
is dominated by the uncertainty with which we are able
to derive the position of the maximum relative to the res-
onance frequency of an atom at rest. We conservatively
estimate this uncertainty to be 6 kHz at 79 K, which
equals the total Doppler shift that we obtain by compar-
ison with the line-shape function.

700

600 -
. . e e oo
500 cee

.
400 | . o

300

200 |

drift of reference cavity (Hz)
.

100 -

0

(o} -10 * Zb 30 40 5‘0 6‘0 7‘0 80
time (s)

FIG. 12. Drift of the reference resonator. The dye laser is
locked to the resonance of the hydrogen 1S-2S transition by
means of a servo loop which controls the frequency separation
between the reference resonator and the dye laser with an
acousto-optic modulator (AOM). The change of twice the
AOM frequency directly monitors the drift of the reference
resonator.
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IV. SYSTEMATIC EFFECTS
ON THE 15-2S TRANSITION FREQUENCY

A. Pressure shift

The pressure shift of the 15-2S5 transition frequency is
well known from previous hydrogen experiments by
Beausoleil et al. [23]. Using the reported linear shift rate
of 5.6 MHz/Torr, we calculate a shift on the order of 10
Hz at 243 nm.

B. Electric fields

A static electric field in the excitation region couples
the 2S5, ,, state to the 2P,,, and 2P, ,, states and shifts
the 25, , level by 3.6E2 kHz cm?/V? to higher energies.
In addition, the lifetime of the 2§, ,, state is reduced to
T =Top (E/475 V/cm) ™2, with 7,,=1.6 ns. Since we
still observe atoms with a time of flight on the order of
5% 107 s (at 9 K), the survival of these atoms provides
an upper limit for the electric field of 1 V/cm equivalent
to a shift of 1.8 kHz. The actual electric stray field is
probably much smaller. All surfaces near the excitation
region have been coated with graphite spray. The flight
path is additionally shielded by a graphite-coated cylin-
drical grid. As reported by Garreau et al. [24], the stray
field expected for such an environment is on the order of
2 mV/cm. Even if oil diffusion pumps are used the elec-
tric stray field stays below 30 mV/cm. If we conserva-
tively assume a value of 100 mV/cm, the shift of the 1S-
2S resonance would be 180 Hz.

The ac Stark shift has been calculated in Ref. [28] to be
Av=1.67I Hzcm?/W for atoms excited on the passage
through a Gaussian mode with intensity I. At 100 mW
circulating power the intensity inside the uv resonator of
I =162 Wcm™? shifts the transition to higher frequency
by an amount of 271 Hz. Ionization from the 2S state to
a continuum state additionally broadens the resonance by
1.8 Hzcm?/W, i.e., 292 Hz at 100 mW.

C. Magnetic fields

We have studied the influence of a static magnetic field
by means of a pair of coils mounted around the vacuum
chamber. Figure 13 shows the transitions between the
different Zeeman sublevels of the F =2 states in deuteri-
um. The two components with |m F|=% and the ones
with |mg|=2 are clearly split at a magnetic-field strength
of 8 G. The recorded data agree well with the predic-
tions of the Breit-Rabi formula. For high-precision mea-
surements we apply a magnetic field of several gauss that
separates the different Zeeman components. Then we
stabilize the laser frequency on the transition with
|mp|=1 (Imp|=3 in the case of deuterium). The fre-
quency of this component is nearly not shifted in a mag-
netic field. The small shift is due to the relativistic Zee-
man effect, a small dependence of the electron g factor on
the binding energy. This slits the F =1, my=—1, and
mg=1 components of the spectrum by approximately 36
Hz/G (at 243 nm), which is obviously of minor impor-
tance for the precision experiments described in the fol-
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FIG. 13. Spectrum of the Zeeman sublevels |my|=2 and 1,
of the 15-2S, F =3 component of atomic deuterium (magnetic
field 8 G, nozzle temperature 79 K).

lowing section. In the future, however, it may be in-
teresting to observe this effect directly. A magnetic field
of 300 G, necessary to observe this splitting, can be pro-
duced by water-cooled electromagnets.

V. HIGH-PRECISION MEASUREMENTS
BASED ON THE 15-2S SPECTROMETER

The above-described 1S-2S apparatus is part of a hy-
drogen project which was started in the MPQ in Garch-
ing in 1986. Other important parts of the project are a
phase-coherent frequency chain and a beam apparatus for
the observation of the 25-4S, D hydrogen two-photon res-
onances. Both have been constructed by different sub-
groups and are described elsewhere. The complete
description of the whole project is clearly beyond the
scope of this paper and, in the following, we will restrict
ourselves to a brief review of the measurements and their
results.

A. Isotope shift between the hyrogen
and deuterium 1S-2S transition

For the isotope shift measurement a second dye laser
similar to the one described above serves as an auxiliary
frequency reference. This second laser is locked to the
stable reference resonator and sidebands are superim-
posed at 84 GHz by means of a fast electro-optical
phase modulator [25]. The modulator frequency is phase
locked to a rubidium frequency standard. If the refer-
ence laser is tuned halfway between the hydrogen and the
deuterium resonance, the sidebands nearly coincide with
the two atomic transition frequencies and the isotope
shift may be derived from the beat signals between the
sidebands of the reference laser and the laser we use to
excite the transitions. Since we cannot observe hydrogen
and deuterium simultaneously, the drift of the reference
resonator during the time it takes to switch between the
two isotopes turns out to be the main error source. Dur-
ing the measurement we alternate between hydrogen and
deuterium and record the two beat signals versus time.
For the missing data points during the time the laser ex-
cites the other isotope we interpolate with a polynomial
of fourth order and finally correct for hyperfine structure

and the different second-order Doppler effects. As the re-
sult we obtain an isotope shift of 670994 337(22) kHz [4].
The theoretical prediction of 670994 445(33) kHz com-
bines reduced mass corrections, nuclear size effects, and a
small correction due to the polarizability of the deuteron
nucleus [26]. This 30 discrepancy is probably due to an
incorrect experimental value of the deuteron radius.

B. The 1S Lamb shift

A precise determination of the 1S Lamb shift without
exact knowledge of the Rydberg constant is possible if
the frequency of the 1S-2S transition is experimentally
compared to four times the 25-4S, D transition frequen-
cy. Applying the simple Bohr model for the hydrogen
atom one finds that both those frequencies should
exactly coincide. The actually measured difference of
4836.136(10) MHz [5] is mainly due to relativistic and
quantum electrodynamic corrections. A precise measure-
ment leads to a substantially improved knowledge of the
1S Lamb shift.

The 25-4S spectrometer used for this measurement [5]
is based on a metastable beam of hydrogen or deuterium
atoms in the 25 state. Similar to the 1S-2S spectrometer,
a standing-wave cavity is placed inside a vacuum
chamber. The standing light wave is parallel to the atom-
ic beam. 60 W of circulating power stimulate a two-
photon transition to the 4S or the 4D state from where
the atoms rapidly decay to the ground state. The transi-
tion is detected as a signal drop of the metastable rate in
a detector at the end of the excitation region and by
detecting the fluorescence light of the 4S-2P decay at 486
nm with special fluorescence collecting optics. The exci-
tation light is provided by a titanium sapphire laser at
972 nm, which is locked to a stable resonator similar to
the one used in the 1S-2S experiment.

Part of the laser output is used to generate its second-
harmonic frequency near 486 nm in a potassium niobate
crystal. The doubled light is superimposed on a fast pho-
todiode with light from the blue dye laser which is locked
to the 1S5-2S resonance. The weighted mean of the ob-
served beat notes correspond to a 1S Lamb shift of
8172.86(6) MHz. Also at this level of accuracy one
should take the QED two-loop corrections to the Lamb
shift into account, which have recently been calculated
[27].

C. Frequency of the hydrogen 15-2S transition

The value of the 1S-2S transition frequency has been
measured by comparison with the international time
standard, i.e., the hyperfine transition of cesium. This
was possible by means of a methane-stabilized helium
neon laser near 3.39 um, which serves as an intermediate
standard. It was calibrated at the Physikalisch Tech-
nische Bundesanstalt in Braunschweig with a relative ac-
curacy of 6X 10713, The full accuracy is transported to
the visible part of the spectrum by means of a phase-
coherent frequency chain, which generates harmonic fre-
quencies up to the eighth harmonic near 424 nm. In ad-
dition, we make use of a near coincidence between the
hydrogen 1S-2S transition frequency and the fourteenth
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harmonic of the methane resonance frequency. There-
fore, if the frequency of the helium neon laser at 3.39 um
is added to the frequency of the dye laser near 486 nm in
a nonlinear crystal, the resulting wavelength also happens
to be near 424 nm and may be compared to eighth har-
monic of the helium neon laser. Unfortunately, the coin-
cidence is not perfect, and calibration of the dye laser
with the full accuracy of the standard is only possible at
484 nm. To bridge the remaining difference of 2 nm the
stable reference resonator is used whose longitudinal
mode spacing has been calibrated to better than 1 Hz by
means of the above-mentioned high-speed electro-
optic modulator. The measured value for the
hyperfine corrected 1S-2S transition frequency is
2466061413.182(45) MHz [6]. We derive a value for
the Rydberg constant of 109737.3156844(31) cm™!
making use of the 1S Lamb shift measurement to correct
for quantum electrodynamic effects [5], in excellent
agreement with a more recently measured value of
109 737.315 683 4(24) cm ™! [10].

VI. CONCLUSION

In this paper we have described in detail our apparatus
for spectroscopy on the 1S-2S transition of hydrogen in a
cold atomic beam. About 450 mW of coherent light at
486 nm are produced by a single-mode dye laser that is
pumped by a Kr™ laser. The dye laser is stabilized with
the Pound-Drever locking scheme to a highly stable
reference cavity. The resulting linewidth of 2 kHz in 1 s
is mainly limited by acoustic and seismic perturbations of
the reference cavity. The output of the dye laser is reso-
nantly enhanced in a passive bow-tie ring resonator,
which contains a BBO crystal for generation of the
second harmonic. We achieve an output of 10 mW at
243 nm. The uv light is coupled into an enhancement
cavity inside a vacuum tank. A cold atomic beam, whose

Va(t')

p:=p2(t)=exp(—yt) f_t dt’

Here ha,, is the 1S-2S energy separation, Aw,, the ac
Stark shift, and y the decay rate of the 2S state. In the
reference frame of the laboratory the interaction poential
is given by

Vab( 1)
#

Here D,,=4.63X10"* W™ !m?s™! contains the transi-
tion matrix elements for the two-photon transition and
E, and E, denote the electric fields of the two counter-
propagating Gaussian waves inside the uv enhancement
resonator. They have equal amplitude but opposite sign
of the wave vector and thus

:Dab%EOCEl(ryt)Ez(r,t) .

—2r/wy)?  _o;
E|(5,1)-Ey(r,t)=E2% =" ¢ ~2iat

exp [iwabt'+ift’ dt"Aa),,,,(t")+yt’/2]
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temperature can be controlled by changing the tempera-
ture of the copper nozzle from which it is emerging, is
propagating parallel to the standing-wave field inside the
uv cavity. On resonance some of the atoms are excited to
the metastable 25 state. For detection the excited atoms
are quenched in a small electric field. The resulting
Lyman-a fluorescence is observed with a solar-blind pho-
tomultipler. The observed shapes of the resonance line at
different nozzle temperatures were compared to an ap-
proximate expression for the shape of the resonance line.
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APPENDIX: DERIVATION OF THE RESONANCE
LINE-SHAPE FUNCTION

We start with an expression for the probability p to
find an atom in the excited state as derived in Ref. [28]
for a two-photon transition in the semiclassical approxi-
mation:

2

detector

nozzle

laser beam

- T

L

FIG. 14. Excitation geometry (for an explanation see the
text).
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The waist w, of the laser beam is assumed to be constant
in diameter along the z axis and the geometrical phase
shift is neglected. The electric-field amplitude E is given
by the light intensity I at the center of the Gaussian
beams:

t
r
p=I|D,I* ft‘ drexp

— —2—2[r2+u,21'2—2rv,fcos¢]
Wo

with the detuning parameter (Q,

Qv )=wB—w,, /2=Qy+ Lo

2
el
c

Qozw'—wab /2 .

and

N S
V1=(v, /)

The trajectory of the atom is defined by its displacement »
from the optical axis in the plane of the detector and by
its velocity vector, which is expressed in cylinder coordi-
nates (v,, v,, and ¢@; see Fig. 14). The integration limits ¢;
and t, are established by the initial condition p(z;)=0
when the atom leaves the nozzle and by the time of flight
to the detector.

To obtain an analytic expression for the average flux of
excited atoms through the detector we describe the
geometry of the atomic beam, assuming two independent
velocity distributions for the transverse and the longitudi-
nal velocity component of the atoms v, and v,:

2

UZ
- ‘dvz "
Vo

B

n,(v,)dv, = 4 v2exp

Virod

exp[=(2iQ+y /2)7]
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where P is the circlating power inside the cavity.

Next we neglect the ac Stark shift Aw,, and transform
V. into the reference frame of the atom by means of a
Lorentz transformation, substitute it into the expression
for p,,, and carry out a second transformation back to
the laboratory system. We neglect all terms of order
(v,/¢)? and v, /c? and find, for the excitation probability
of an atom which has passed the light field on a particu-
lar trajectory,

2
(A1)

UZ

r
Y ] v,dv, .

= —z—-exp
2 v/

U,

n,(v,)dv,

The spatial distribution of the atoms is assumed to be
homogeneous. The flux of excited atoms through the
detector may be expressed as

F=Nf0wdvz fjvdqﬁfowdv, fODr drv,n,(v,)n,(v,)

Xp(v,,v,,d,7) . (A2)

Here N is the density of atoms at the entrance plane of
the detector and D is the radius of the entrance aperture
of the detector. We also assume that all atoms have com-
pletely passed the light field before they are detected, i.e.,
that the trajectories start and end outside the laser beam.
In this case the time integration limits may be extended
to ;= —o and f,=c0. As a last simplification we use
the decay rate y to limit the time of flight and set
y=v,/L, where L is the distance between the nozzle and
the detector. The integral (A2) may be solved by first in-
tegrating over dr, d¢, and dv,. The time integration may
be carried out in the limit D >>w, and y <<v,/w, by
means of the integral theorem for Laplace transforma-
tions. The remaining integration over dv, is straightfor-
ward and leads to Eq. (1).
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