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High-resolution spectroscopy of the 1S-2S transition in atomic hydrogen

A. Huber, B. Gross, M. Weitz, and T. W. Ha¨nsch
Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany

~Received 27 July 1998!

The sharp hydrogen 1S-2S two-photon transition is a promising candidate for the realization of a frequency
standard based on an atomic transition in the optical region. In recent work we have used this transition to
precisely determine the Rydberg constant, the 1S Lamb shift and the hydrogen-deuterium isotope shift. In this
paper we focus on substantially improved spectroscopic methods leading to a much higher spectral resolution
of the 1S-2S transition in hydrogen and deuterium. We have successfully applied a time-delayed measurement
scheme, which allowed us to reduce the linewidth to 1 kHz at 243 nm corresponding to a spectral resolution of
Dn/n58310213. A theoretical line-shape model based on a solution of the Master equation allows us to
determine the unperturbed hydrogen 1S-2S two-photon transition frequency from our spectra to a level of
1.5310214. @S1050-2947~99!06202-2#

PACS number~s!: 32.30.Jc, 42.62.Fi, 06.20.Jr, 07.60.Rd
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I. INTRODUCTION

The hydrogen atom has played a central role in the de
opment of fundamental laws of physics. The Doppler-fr
1S-2S two-photon transition with a natural linewidth of 1.
Hz offers a challenging potential for precision measu
ments. Based on this transition, measurements of the R
berg constant, the most precisely known constant in phys
and of the 1S Lamb shift have been performed@1–3#. The
experimentally determined value of the 1S Lamb shift is
currently the most stringent test of the theory of quant
electrodynamics~QED! in an atom. Further, from the differ
ence of the 1S-2S frequency in hydrogen and deuterium th
structure radius of the deuteron, an important quantity
nuclear physics, has been derived with unrivaled accur
@4#. Moreover, two-photon spectroscopy of the 1S-2S tran-
sition has proved to be a valuable tool in the recent succ
ful study of Bose-Einstein condensation of magnetica
trapped atomic hydrogen@5#.

Here we report on recent advances concerning the spe
resolution of the 1S-2S transition, which is recommende
for the future realization of an atomic clock in the optic
region@6#. By refined spectroscopic methods in combinati
with elaborate theoretical calculations, we can determine
unperturbed hydrogen 1S-2S two-photon transition fre-
quency from our spectra to a level of 1.5310214. This paper
describes in detail the theoretical model used to analyze
experimental hydrogen spectra.

II. THE HYDROGEN 1 S-2S SPECTROMETER

Figure 1 shows the spectrometer we use to excite
1S1/2(F51,mF561)22S1/2(F51,mF561) transition in
hydrogen. This Doppler-free two-photon transition is driv
in a cold atomic beam with the frequency doubled radiat
of an ultrastable dye laser at 486 nm. The resulting UV
diation at 243 nm is resonantly enhanced in a linear ca
inside a vacuum chamber. A detailed description of the la
system is given in Ref.@7#. A liquid-helium-cooled nozzle
forms a beam of hydrogen atoms produced by dissociatio
molecules in a gas discharge. The beam is traveling
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linearly to the UV standing wave. At a distance ofd
.13 cm from the nozzle the fraction of atoms that ha
been excited to the metastable 2S state is probed by an elec
tric quenching field forcing the emission of Lyman-a pho-
tons, which can be detected by a solar-blind photomultip
tube. A chopper periodically blocks the 243-nm UV ligh
The photomultiplier is read out only in the periods wi
blocked UV light to avoid background counts. A delay tim
t between blocking the laser light and registering the sig
of excited atoms selects the signal of slow atoms with
locities v less thanvmax5d/t. By using only slow atoms to
contribute to the signal, the two main systematic effects t
both depend on the atomic velocity, i.e., time-of-flight broa
ening and the second-order Doppler shift, are substanti
reduced. With the help of a multichannel photon counter
register all signal photons as function of their arrival time
a set of discrete stepst i . This allows us to reconstruct th
signal corresponding to different delay times by adding
all signal photons that arrived with a delay time oft.t i
after the light was blocked. A time-delayed spectrum, co
sisting of seven single spectra simultaneously recorded
shown in Fig. 2. The temperature of the nozzle was 70.2

FIG. 1. Experimental setup for the excitation of the 1S-2S two-
photon transition in a cold beam of atomic hydrogen, oriented c
linearly to a standing wave of UV light at 243 nm inside an e
hancement resonator.
1844 ©1999 The American Physical Society
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In this spectrum the reduction of the linewidth with increa
ing delay time is clearly visible. More importantly, the sh
due to second-order Doppler effect also decreases sig
cantly with higher delay times.

While the spectrum recorded at 70.2 K is presen
mainly for illustration purposes, a higher resolution is o
tained when the nozzle temperature is lowered to 7 K. F
ure 3 illustrates how the maximum velocity depends on
chosen delay time. Due to the selection of atoms from
slow tail of the velocity distribution, the amplitude of th
observed signal is reduced for increasing delay times. N
ertheless, with the method of time-delayed signal detec
we have observed hydrogen 1S-2S spectra with linewidths
down to 1 kHz at 243 nm, corresponding to a spectral re
lution of Dn/n58310213, as shown in Fig. 4. For this fig
ure two scans have been averaged leading to a total mea
ment time of 2 s per point. The temperature of the nozzle
7.4 K and the delay time 1600ms. Only atoms with veloci-
ties less than 80 m/s contribute to the signal, resulting in
upper limit for the second-order Doppler shift of only 44 H
at 121 nm.

III. THEORETICAL LINE-SHAPE MODEL

In this section we present a line-shape model worked
to compare the time-resolved experimental spectra to th
retical predictions. Fitting of the calculated data to the e

FIG. 2. Time-resolved 1S-2S spectrum in atomic hydrogen, re
corded at a nozzle temperature of 70.2 K. The solid line is a fi
the experimental data using the line-shape model presented be

FIG. 3. Selection of slow atoms. The higher the delay timet,
the smaller the maximum velocityvmax of an atom that can con
tribute to the 2S signal.
-
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perimental spectra allows the determination of the unp
turbed 1S-2S transition frequency from the experiment
spectra to high accuracy.

Our calculations are based on a description of the hyd
gen atom as a quantum mechanical two-level system
density matrix formalism@8–10#. We chose the representa
tion of the density operator in the basis of energy eigensta
The time evolution of the density matrixr obeys the Master
equation:

ṙ5
1

i\
@H,r#1 ṙ relax , ~1!

with

r5Fraa rab

rba rbb
G ~2!

and

H5H01H85F\va 0

0 \vb
G1F 0 Hab*

Hba* 0 G . ~3!

Here, the diagonal elementsraa andrbb stand for the popu-
lation of the 1S1/2(F51) ground state and 2S1/2(F51) ex-
cited state, respectively. The off-diagonal elements desc
the coherence between both states induced by the actio
the driving light field whererba5rab* sincer is Hermitian.
The unperturbed atomic Hamiltonian is denoted asH0 . The
interaction operatorH8 acts on the time evolution of the
density matrix and leads to a population transfer. Relaxa
processes such as spontaneous decay are describe
ṙ relax . Here, in a good approximation, we can setṙ relax
50, since the lifetime of the metastable 2S state is about 1/7
s, being much larger than our experimentally possible in
action time. ForHab* , we write in the case of two-photon
excitation,

Hab* 5MabS E0
W

2
~eivLt1e2 ivLt! D 2

5Mab8 I L~ei2vLt1e2 i2vLt12!. ~4!

In this formulaI L denotes the intensity andvL the frequency
of the excitation light field. We useEW 0

252I L /c e0 . The ma-
trix element isMab5ge2a0

2/a2mc2 with g57.85 for the

o
w.

FIG. 4. Time-delayed hydrogen 1S-2S spectrum with a line-
width of 1 kHz at 243 nm, recorded at a nozzle temperature of
K.
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1S-2S two-photon transition in hydrogen~atomic units! @11#.
From this one derives the valueMab8 52.4398
310238 J (W/m2)21. In the next step we separate the slo
time evolutionr i j8 from the density matrix elements that o
cillate at optical frequencies:

r i j 5r i j8 ei2vLt. ~5!

Taking all previous definitions together and performing t
rotating wave approximation we obtain a set of coupled d
ferential equations describing the atom in the laborat
frame:

ṙaa8 ~ t !52
2

\
Mab8 I LIm@rab8 ~ t !#,

ṙbb8 ~ t !5
2

\
Mab8 I LIm@rab8 ~ t !#, ~6!

ṙab8 ~ t !52 iDvrab8 ~ t !2
i

\
Mab8 I L@rbb8 ~ t !2raa8 ~ t !#.

Here Dv52vL2vba denotes the laser detuning from th
atomic resonance frequencyvba . For fixed values ofDv
and I L the above system of equations describe the w
known Rabi oscillations. For smallt and weak fields the
upper state populationrbb8 (t) grows quadratically in time
assumingrbb8 (t50)50. With this system of coupled differ
ential equations we can calculate the theoretical line shap
the 1S-2S transition for our excitation geometry. We assum
that an atom with velocityv follows a classical trajectory
through the standing wave laser field starting in the noz
and ending in the detector. While at the beginning of a t
jectory (t50), the atom is in the 1S ground state, the inter
action with the light field transfers population to the excit
state given byrbb8 (t). This occupation is probed at timeTf in
the 2S detector. Here, we assume thatTf is the time when
the atom reaches the center of the detector, not taking
account the actual spatial dependence of the quenching
that mixes the metastable 2S state with the rapidly decaying
2P state. We model the light field as a standing wave
frequencyvL with a Gaussian beam profile given by th
geometry of our enhancement resonator@12#. To switch from
the laboratory to the atomic frame we replaceI L by
I L„r (t),z(t)…, where r (t) denotes the radial distance fro
the beam center andz(t) is the distance from the nozzle
These two parameters suffice to characterize the insta
neous light intensity experienced by the atom during
flight through the standing wave.

The relativistic Doppler shift is taken into account by r
placing the laser frequency 2vL by 2vL@11 1

2 (v/c)2#. The
detuning can now be expressed as

Dv52vL2vba1S v
cD 2

vL . ~7!

We describe the switching of the light field by the mecha
cal chopper simply by multiplying the light intensityI L with
a periodic step functionR(t), which takes the values zer
and one corresponding to light blocked and not blocked,
spectively. We assume an instantaneous switching with
-
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nitely steep slope. In the experiment, the chopper freque
is set to values between 160 Hz and 500 Hz. We define
chopper phasefch as the phase difference between the tim
when an atom starts from the nozzle and the next jump
R(t) from the value zero to unity. The contribution of a
atom reaching the 2S detector can now be written as

rbb8 ~Tf !Dv5rbb8 S Tf5
d

v
,r 1
W ,r 2

W ,fchD
Dv

. ~8!

Hered denotes the distance between the nozzle and the
tector.r 1

W5(r 1 ,u1) and r 2
W5(r 2 ,u2) give the coordinates o

the start and end point of the trajectory in which the atom
moving with velocity v. From these parameters the las
intensity I L„r (t),z(t)… as illustrated in Fig. 5 is easily calcu
lated. We assume that all starting points of atomic trajec
ries are in the nozzle orifice plane. For a calculation
rbb8 (Tf)Dv we solve the system of coupled differential equ
tions ~6! numerically with the fourth-order Runge-Kutta a
gorithm @13#. To account for the experimental situation w
have to integrate over all possible trajectories, the veloc
distribution, and the chopper phase. A calculated spectru
obtained by evaluating the following expression for a set
different detunings:

S~Dv!5E
v
f ~v ! dvE E E E

space
dr1
W dr2

W E
chopper

dfch

3rbb8 S t5Tf5
d

v
,r 1
W ,r 2

W ,fchD
Dv

. ~9!

The four-dimensional integral over the nozzle and detec
apertures can be reduced to three dimensions by symm
considerations. Nevertheless, including the time integrat
this is a six-dimensional expression, which has to be sol
for a set of detuningsDv. Altogether the entire solution is
extremely time consuming when evaluated numerically.
efficient program code has been developed such that
problem could be solved with a convergence of the line c
ter at a level of 0.1% of the linewidth.

Up to now, no assumptions have been made concern
the velocity distributionf (v), which critically affects the
dominant systematic effects, namely, time-of-flight broad
ing and second-order Doppler shift. At this point, our a
proach differs from that used in@7#. Since the temperature o
the nozzle can be varied, significantly changing the veloc
distribution, we want to circumvent the need for solving t
equations again and again for every different temperat

FIG. 5. Example of an atomic trajectory through the excitati
light field. The radii of the nozzle and the aperture in front of theS
detector are 0.5 and 1.05 mm, respectively. The distanced between
nozzle and detector is 133 mm.
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For that reason and the fact that the shape of the velo
distribution is not known exactly, we decided to determi
the characteristic parameters of the velocity distribution d
ing a fit of the calculated data to the experimental spec
We have calculated the expression given in Eq.~9! for dis-
crete velocitiesv j and discrete detunings, and arranged
results in a matrixmi j where i specifies the laser detunin
and j the atomic velocity. With these numbers an integrat
over the velocity distribution can be done subsequently d
ing data analysis. The velocitiesv j are such as to allow in
tegration via the Gauss-Legendre method. In fact, by
approach we calculate a set of typically 40 matrices, e
matrix belonging to a certain delay time in the sense of
time-delayed measurement technique. To fit the theore
data to the experimental spectra we prepare the experim
spectra as follows. Since the spectra shown in this pa
have been recorded with the laser locked to an external
erence cavity that slowly drifts in time, we first compensa
this drift. The maximum signal recorded in each single sc
can serve as an absolute frequency marker that is use
approximate the drift rate. For this procedure we usually
the signal with a delay time of 800ms. The compensation o
the drift is necessary for a subsequent averaging over se
scans. For further data analysis we only use data points
have been recorded under similar conditions as far as
nozzle temperature, the pressure in the vacuum chamber
the UV power of the excitation light field are concerne
Then, in a second step, the signals with different delay tim
are rescaled to a uniform amplitude to ensure that all spe
are statistically equally represented during the simultane
fit with the Levenberg-Marquart algorithm, which is pe
formed with spline interpolated values of the line-sha
model similar to the appoach in@14#. After a successful fit,
the amplitudes are scaled back in a third step.

For an atomic beam formed by a nozzle as in our exp
ment, a Maxwellian velocity distribution is expected for th
flux of atoms at the 2S detector@15#:

f ~v !5
1

N
v3e2~v/v0!2

~10!

with

v05A2kT/M . ~11!

Here,v is the atomic velocity,v0 the most probable velocity
k the Boltzmann constant,M the atomic mass,T the tempera-
ture of the atomic beam, andN a normalization factor. The
approximationv5Avx

21vy
21vz

2;vz is made since the aper
tures select only atoms withvz>85uvx,yu. This velocity dis-
tribution of the flux can be used to fit the theoretical data
the experimental spectra. The minimum number of fit para
eters is three: one universal amplitudeA valid for all spectra
with different delay times, the most probable velocityv0 ,
from which the corresponding temperatureT can be easily
derived, and a quantityDdet to adjust the frequency axes o
the theoretical and experimental data with respect to e
other. The fitted value ofDdet permits correcting the transi
tion frequency for the second-order Doppler shift. The te
perature corresponding to the fitted value ofv0 is a measure
of how well the atomic beam is thermalized with the walls
ity
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the nozzle. From the amplitudeA, in principle, the number of
hydrogen atoms in the atomic beam can be determined
turns out that with only these three fit parameters, it is
possible to model the amplitudes of the spectra with differ
delay times correctly. The amplitudes of the highly tim
delayed experimental spectra are considerably smaller
expected from the theoretical model assuming a pure M
wellian velocity distribution. We observed this effect at a
investigated nozzle temperatures.

According to @15# and @16#, a modification of the pure
Maxwellian velocity distribution occurs, which depends o
the Knudsen numberK defined as

Kª

l̄

Ln
, ~12!

wherel̄ is the mean free path of the atoms in the nozzle a
Ln the length of the nozzle. For Knudsen numbersK,10 a
deviation from the pure Maxwellian shape is predicted. T
is caused by collisions inside the nozzle leading to a red
tion of the number of slow atoms in the atomic beam. T
effect is known as Zacharias effect@17#. For long nozzles
with radiusr n andLn /r n@1 ~hereLn /r n.20), the Zachar-
ias effect can be expressed with the help of the funct
P(K,x) leading to the corrected fluxf c(x5v/v0):

f c~x!5 f ~x!P~K,x!, ~13!

with

P~K,x!5
Ap erf@g~x!#

2g~x!
,

g~x!5Ax2 2/5Fa0~6,x!

23/2K
.

Here, thev r
22/5 dependence of the total scattering cross s

tion on the relative velocityv r of colliding particles at typi-
cal energies is accounted for. A table with values of t
function Fa0(6,x) is given in Ref.@16#. For K.10 the cor-
rected distributionf c(x) converges to a pure Maxwellian dis
tribution since then collisions inside the nozzle become v
unlikely. ForK,10 the effect of collisions leads to a shift o
f c(x) to higher relative velocities. This effect can be seen
Fig. 6, where the velocity distribution of flux is shown as
results from the fit of the time-resolved spectrum of Fig.
During the fit procedure the Knudsen number and the te
perature of the atomic beam were free parameters. The
perature measured at the nozzle was 70.2 K. The bes
gives a temperature of 71.2 K, in fairly good agreement w
the measured value. In this case of a relatively high temp
ture, the Knudsen number has been set to 0.05 correspon
to a mean free path inside the nozzle of 0.5 mm. The shift
effect on the modified velocity distribution is clearly visible

For our high-precision measurements we usually cool
nozzle further down to temperatures around 7 K. At such l
temperatures a considerable fraction of nondissociated
lecular hydrogen in the atomic beam freezes to the walls
the nozzle, which leads to fewer collisions inside the nozz
On the other hand, the pressure of background gas decre
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from 1025 to about 1026 mbar due to the additional pump
ing of the cold surfaces. Thus at lower temperatures, a c
siderably higher flux of slow atoms will reach the detect
This effect is shown in Fig. 7 where the signals with del
times of 0 and 200ms are shown for different temperature
of the nozzle. For temperatures below 10 K, signals wit
delay time up to 2000ms can be recorded with drastical
reduced velocity-dependent systematic effects. Figure
shows a time-resolved spectrum recorded at a nozzle
perature of 7.4 K.

FIG. 6. Modified velocity distribution of the fluxf c(v) as de-
termined during the fit of the theoretical line shape to the exp
mental data as shown in Fig. 2. There is a deficiency of slow at
in the beam due to collisions inside the nozzle.

FIG. 7. Comparison of the signals with delay times of 0 a
200 ms for different temperatures of the nozzle. At temperatu
below 10 K the flux of slow atoms increases substantially. The s
line is the theoretical line-shape model fitted to the data.
n-
.

a

8
m-

For temperatures of the nozzle ranging between 7 K and
100 K, all time-resolved spectra can be fit using a set
seven fit parameters with good agreement between the
culated and experimental spectra, as shown in Fig. 7. Bes
the amplitudeA, the temperatureT of the atomic beam, the
relative detuningDdet, and the Knudsen numberK, three
further fitting parameters are necessary. First, the theore
spectra must be convolved with a Lorentzian profile of lin
width GLor to account for broadening effects in the expe
mental spectra that have not been incorporated in the ca
lation and that will be discussed later. Moreover, tw
additional parameters are needed to further modify the
locity distribution to describe an additional supression
very slow atoms. We ascribe this loss rate to collisions w
the background gas, which preferably reduce the numbe
slow atoms reaching the detector@18#. We have modeled this
suppression empirically by introducing two parametersvs
and vexp as follows. Below the velocityvs the exponent in
f (v) is chosen asvvexp instead ofv3. Values forvexp be-
tween 4 and 5 give good agreement for the amplitudes of
highly time-delayed spectra. Reference@18# gives an analyti-
cal expression for the probabilityP(v) that an atom of the
atomic beam with velocityv passes the interaction regio
and reaches the detector without colliding with a backgrou
gas particle. In our case the background gas mainly cons
of molecular hydrogen, helium, and nitrogen, as measu
with a mass spectrometer. To obtain the functionP(v) for
our atomic beam experiment we calculated the total cr
sections according to Refs.@19–21# for typical collisional
energies between beam and background particles. For a
perature of the background gas of 250 K and a pressur
1026 mbar, a suppression of the signal of slow atoms
predicted in a similar way as modeled by the two empirica
introduced parametersvs and vexp. We incorporated this
analytical model of collisions in our line-shape model
taking the pressure of the background gas as a fit param
instead of the two empirical parameters. It turned out that
x2 yielded in a fit is about a factor of 2 worse indicating th
the analytical model does not describe the atomic beam p
erties the same way. This is probably due to the fact that
small collisional energies the total cross section strongly

i-
s

s
d

FIG. 8. Time-resolved 1S-2S spectrum in atomic hydrogen, re
corded at a nozzle temperature of 7.4 K. The solid line is the t
oretical line-shape model fitted to the experimental data. In
upper part, the five spectra with highest delay times are shown
a magnified scale. The corresponding atomic velocity distribut
of the flux is shown in Fig. 9.
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pends on the relative velocity whereas inP(v) the effect of
the background is averaged and described by the behavi
particles at the most probable velocity. Moreover, a veloc
dependent collisional quenching effect of excited hydrog
atoms is not accounted for inP(v). Given the better fitting
results of the empirical model and the simplifications nec
sary for the analytical model, we have decided to prese
proceed with the empirical model.

Figure 9 shows the velocity distribution of the flux co
responding to the spectrum shown in Fig. 8. Here the
charias effect is quite small since molecular hydrogen free
to the nozzle walls leading to a more dilute atomic bea
Below vs.90 m/s, an exponent ofvexp54.7 instead of 3 in
the velocity distribution gives a good agreement with t
signal strength of the observed experimental spectra.
temperature of the nozzle was measured to be 7.4 K.
fitting procedure gives a temperature of 7.2 K and a Knud
number of 2.4. The additional modification for velocities b
low vs is essential to describe the amplitudes of the hig
time-delayed spectra correctly. This shows how sensitive
experiment is to small changes in the velocity distributio
Therefore, this line shape model is an interesting tool
study the gas kinetic properties of our atomic beam with v
high sensitivity.

From the fit parameterDdet the unshifted center frequenc
of the spectra, corrected for the second-order Doppler eff
can be determined. Figure 10 shows the second-order D
pler shift of the spectrum at 7.4 K for different delay time
The points with error bars give the position of the line ce
ters as found by fitting Lorentzian profiles to the tim
resolved spectrum of Fig. 8. For comparison, the solid l
represents the spline-interpolated position of the peak of
theoretical spectra. For small delay times the experime
line shape significantly deviates from a pure Lorentzian l

FIG. 9. Modified velocity distributionf c(v) corresponding to
the time-resolved spectrum shown in Fig. 8. The slight shift
higher velocities with respect to the pure Maxwellian distributi
f (v) is due to collisions inside the nozzle. In the lower part,
additional modification of the distribution is visible. This effect
caused by collisions with the background gas, which further
crease the number of very slow atoms. The dotted line indicat
pure Maxwellian velocity distribution of the flux at the same te
perature.
of
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shape leading to the difference in the result between the
methods. As can be seen in Fig. 10 the relativistic Dopp
shift of the individual spectra converges asymptotically
wards zero with increasing delay time due to the decreas
velocity of the contributing atoms. For delay times high
than 800 ms fitting the line-shape model gives a result co
patible with that obtained by fitting Lorentzians but wi
much better statistics. In fact, with this method the line ce
ter of a time-resolved hydrogen spectrum can be determ
to an accuracy of about 1/100 of the linewidth since info
mation from all individual spectra enters such a fit, the
maining uncertainty being only about 20 Hz at 121 nm.
this point, we wish to stress that the quantityDdet is very
robust with respect to the values of the other fit paramet
While it is not possible to extrapolate the line centers fro
Lorentzian fits with high accuracy due to the poor statist
of the highly time-delayed spectra, the presented method
lows a very accurate determination of the transition f
quency.

Note that in the evaluation of the expression in Eq.~9!,
only a full integration over the entire orifice of the nozz
leads to a good agreement between the model and the ex
mental data. We assume the starting points of the trajecto
to be equally distributed over the orifice of the nozzle. A
ternatively, we calculated a set of theoretical data assum
that all atomic trajectories start from the nozzle walls. As
turned out, this approach leads to a poor agreement an
unphysical values for the fitted temperature of the atom
beam, being typically only about half as large as the value
the measured temperature. As discussed previously,
Knudsen number given in our experiment implies that co
sions in the nozzle are expected to influence the propertie
the beam. According to@15# a nozzle is called transparent
K@1. Then the properties of the atomic beam are sol
determined by collisions with the walls of the nozzle. F
smaller Knudsen numbers, as in our case, the flux is ca
viscous. The magnitude of the Knudsen numbers as de
mined for our nozzle are consistent with the assumption
atomic trajectories start from the whole orifice of the noz
and not only from the walls. A more detailed discussion
this aspect is given in@22#.

IV. SYSTEMATIC EFFECTS AND TOTAL UNCERTAINTY

In this section we give a short overview of known sy
tematic effects that are important for the 1S-2S transition at

-
a

FIG. 10. Line centers as given by the theoretical model fit to
spectra of Fig. 8. The shift relative to the asymptote is due to
relativistic Doppler effect. The points with error bars are the li
centers resulting from Lorentzian fits to the single spectra.
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the present level of accuracy. All frequencies are given
121 nm. In two-photon excitation the first-order Doppl
shift cancels. The second-order Doppler effect redshifts
transition frequency. The shift strongly depends on the te
perature of the atomic beam. As demonstrated in the pr
ous section, the Doppler shift can be corrected with a
maining uncertainty of about 20 Hz at 121 nm by fitting o
theoretical line-shape model to a time-resolved spectrum
corded at temperatures below 10 K.

The ac-Stark shift blueshifts the transition frequency l
early with the intensity of the excitation light field
Dnac-Stark52Ibac-Stark and bac-Stark51.66731024

Hz (W/m2)21 @23#, whereI is the intensity in each direction
in the enhancement resonator. We can record time-reso
spectra with a good signal-to-noise ratio at light powers
only 20 mW in each direction to keep the ac-Stark sh
small, although more UV power is available. Taking in
account the beam size and averaging numerically over
trajectories through the standing wave light field yields
corresponding ac-Stark shift of about 50 Hz. Even if th
shift is poorly compensated by measuring at different lig
powers and extrapolating, the total uncertainty can be k
below values of about 20 Hz.

Static electric fieldsE mix the 2S and the nearby 2P
state. The dc-Stark effect shifts the transition frequency
an amount of Dndc-Stark513600E2 Hz (V/cm)22 @24#.
Therefore, the interaction region in our setup is surroun
by a graphite-coated Faraday cage to avoid static charges
to keep an atom on the same electrical potential along
way from the nozzle to the detector. Fields below 30 mV/
have been measured@14# by Biraben and co-workers using
similar apparatus. The effect on the 1S-2S transition fre-
quency thus is just a few Hz.

The pressure shift of the 1S-2S transition was experimen
tally measured in a hydrogen gas cell to beDnp
58.4 MHz/mbar@25#. A slightly smaller coefficient of the
pressure shift is given in@3#. At nozzle temperatures below
10 K, the pressure in our vacuum chamber is ab
1026 mbar, resulting in a pressure shift of less than 10 H

For the case of two-photon spectroscopy in an ideal sta
ing wave, the wave vectors of counterpropagating phot
are oriented exactly anticollinearly with respect to ea
other. Nevertheless, in a collimated optical standing wa
the transverse localization of the photons leads to an un
tainty Dk in the orientation of the wave vectorsk. Therefore,
two absorbed photons may not propagate exactly anti
linear. In first order a termDk v appears, corresponding t
the well-known time-of-flight broadening that is already i
cluded in the calculations. In second order a recoil shift
order Dk2/2M remains that is not yet included but contri
utes less than 10 Hz with the experimentally realized be
waist of 230 mm @26#. An admixture of higher-order mode
in the optical resonator due to imperfect adjustment may l
to a remaining first-order Doppler shift. The resulting sh
has been estimated in@22# to be below some few Hz. Fur
ther, we want to point out that no shift due to the geometri
phase of the standing wave field occurs, since the two p
tons are absorbed instantaneously, i.e., at the same pos
in the case of two-photon excitation.

Taking into account all these systematic effects, it is p
sible to determine the unperturbed hydrogen 1S-2S transi-
t
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tion frequency from the time-resolved spectra with a rema
ing uncertainty of about 40 Hz, corresponding to an accur
of about 1.5310214. The total measurement time necessa
to record a typical time-resolved spectrum is on the orde
100 s. The good agreement between the theoretical l
shape model and the experimental spectra indicates tha
major systematic effects are well understood. To date,
accuracy of our last absolute frequency measurement@1# is
limited to 3.3310213 by the reproducibility of the secondar
He-Ne frequency standard, which we use as an intermed
reference for our phase-coherent frequency chain. There
in our recent measurements of the 1S-2S absolute frequency
and the hydrogen-deuterium isotope shift of this transition
was sufficient to fit Lorentzian profiles to the time-delay
experimental spectra to determine the center frequency.

An important feature of the time-delayed measurem
technique could be investigated with the help of our lin
shape model. While the simple calculation of the maximu
velocity vmax5d/t just sets an upper limit to the velocity o
atoms contributing to a signal with delay timet, a closer
examination reveals that in fact the main contribution is d
to atoms at velocities aroundvmax/2, which results in a rela-
tivistic Doppler shift four times smaller than roughly es
mated@22#. This is due to the fact that atoms close tovmax
interact for too short a time with the light field and thus ju
give a minor contribution to the signal.

It is also interesting to look at the major effects that cau
the width of the experimental 1S-2S spectra to considerably
exceed the natural linewidth. The line-shape model pred
time-of-flight broadening and broadening arising from t
different second-order Doppler shifts of the different veloc
classes in the atomic beam. Stray electric fields may cau
broadening of spectra via the reduction of the lifetime. W
apply a static magnetic field to separate the field-sensi
component of the 1S-2S transition (F51→1,mF50→0) to
excite only the 1S-2S(F51→1,mF561
→61) transitions. ThemF521→21 and themF511
→11 transitions are split by about 72 Hz/G due to a sm
relativistic difference in the electrong factors of the 1S and
2S state@7#. With an applied magnetic field of about 3 G
this splitting is too small to be observed in our strongly tim
of-flight broadened spectra. Nevertheless, the splitting
about 200 Hz acts like an additional broadening effect a
may be included in the additional 1 or 2 kHz Lorentzia
linewidth GLor with which the theoretical spectra must b
convolved to achieve good agreement with the width of
experimental spectra. The absorption of a further photon
243 nm is sufficient to ionize an atom from the 2S state to
continuum. This effect increases the linewidth byDn Ioni
52Ib Ioni where b Ioni51.80331024 Hz (W/m2)21 @23#.
Again, I is the intensity in each direction in the enhancem
resonator. With the help of our line-shape model we ha
calculated a net broadening of 3.5~8! Hz/mW for our excita-
tion geometry. For high light powers on the order of 1
mW, this additional broadening is observable in the spec
at the present level of resolution.

Since the additional linewidth can be partially ascribed
the above discussed effects, we do not believe that only
linewidth of our dye laser system limits the spectral reso
tion of the 1S-2S spectra. Nevertheless, from the typic
value GLor51.2 kHz at 121 nm, an upper limit of roughl
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300 Hz at 486 nm for the linewidth of the dye laser can
derived.

V. CONCLUSIONS

We have presented a theoretical line-shape model th
in good agreement with our experimentally observed hyd
gen 1S-2S spectra and allows us to fully exploit the spect
resolution that can be achieved with our time-resolved m
surement scheme. We now can determine the 1S-2S transi-
tion frequency from the experimental spectra within 1
310214. TheQ factor we have achieved in spectroscopy
the hydrogen 1S-2S transition is the highest in any neutr
M
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ev

K.

.

.

s

e
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l
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f

atom. In the future, we plan to further improve the frequen
uncertainty by using laser-cooled hydrogen atoms@27#. The
hydrogen 1S-2S transition is a promising candidate for a
optical clock. Moreover, this atom, being accessible for p
cise calculations of its transition frequencies, allows both
test of basic physical theories as well as the determinatio
fundamental constants.
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