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High-resolution spectroscopy of the B-2S transition in atomic hydrogen
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The sharp hydrogen32S 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, t8d Amb 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
Av/v=8X10"13 A theoretical line-shape model based on a solution of the Master equation allows us to
determine the unperturbed hydrogeB8-2S two-photon transition frequency from our spectra to a level of
1.5x 10714 [S1050-294709)06202-9

PACS numbgs): 32.30.Jc, 42.62.Fi, 06.20.Jr, 07.60.Rd

. INTRODUCTION linearly to the UV standing wave. At a distance df
=13 cm from the nozzle the fraction of atoms that have
The hydrogen atom has played a central role in the develbeen excited to the metastabl8 &tate is probed by an elec-
opment of fundamental laws of physics. The Doppler-freetric quenching field forcing the emission of Lymanpho-
1S-2S two-photon transition with a natural linewidth of 1.3 tons, which can be detected by a solar-blind photomultiplier
Hz offers a challenging potential for precision measuretube. A chopper periodically blocks the 243-nm UV light.
ments. Based on this transition, measurements of the Rydrhe photomultiplier is read out only in the periods with
berg constant, the most precisely known constant in physicglocked UV light to avoid background counts. A delay time
and of the B Lamb shift have been perform¢d-3]. The 7 between blocking the laser light and registering the signal
experimentally determined value of theSlLamb shift is  of excited atoms selects the signal of slow atoms with ve-
currently the most stringent test of the theory of quantumocitiesv less tharv,,=d/ 7. By using only slow atoms to
electrodynamic$QED) in an atom. Further, from the differ- contribute to the signal, the two main systematic effects that
ence of the 5-2S frequency in hydrogen and deuterium the both depend on the atomic velocity, i.e., time-of-flight broad-
structure radius of the deuteron, an important quantity okning and the second-order Doppler shift, are substantially
nuclear physics, has been derived with unrivaled accuracyeduced. With the help of a multichannel photon counter we
[4]. Moreover, two-photon spectroscopy of th&-2S tran-  register all signal photons as function of their arrival time in
sition has proved to be a valuable tool in the recent successr set of discrete steps. This allows us to reconstruct the
ful study of Bose-Einstein condensation of magneticallysignal corresponding to different delay times by adding up
trapped atomic hydrogefb]. all signal photons that arrived with a delay time of 7,
Here we report on recent advances concerning the spectrafter the light was blocked. A time-delayed spectrum, con-
resolution of the $-2S transition, which is recommended sisting of seven single spectra simultaneously recorded, is

for the future realization of an atomic clock in the optical shown in Fig. 2. The temperature of the nozzle was 70.2 K.
region[6]. By refined spectroscopic methods in combination

with elaborate theoretical calculations, we can determine the | LHe
unperturbed hydrogen SE2S two-photon transition fre- Y
quency from our spectra to a level of K30 4 This paper atomic cok;zo;zle

describes in detail the theoretical model used to analyze the hydrogen

. Lyman-o detektor
experimental hydrogen spectra.

Uquench
................ quenc
Il. THE HYDROGEN 1 S-2S SPECTROMETER & g ________________
. . graphite coated .
Figure 1 shows the spectrometer we use to excite the faraday cage photomultiplier
1S (F=1mg=%1)-2S;(F=1mg==*1) transition in e
hydrogen. This Doppler-free two-photon transition is driven chopper "
. . . . ime resolved
in a cold atomic beam with the frequency doubled radiation 043 photon counting
of an ultrastable dye laser at 486 nm. The resulting UV ra- M acuum Chaﬂtﬂ/

diation at 243 nm is resonantly enhanced in a linear cavity

inside a vacuum chamber. A detailed description of the laser F|G. 1. Experimental setup for the excitation of th&-2S two-
system is given in Refl7]. A liquid-helium-cooled nozzle photon transition in a cold beam of atomic hydrogen, oriented col-
forms a beam of hydrogen atoms produced by dissociation dfnearly to a standing wave of UV light at 243 nm inside an en-
molecules in a gas discharge. The beam is traveling colhancement resonator.
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FIG. 4. Time-delayed hydrogenSi2S spectrum with a line-
a0 delay time [s] width of 1 kHz at 243 nm, recorded at a nozzle temperature of 7.4
K.
FIG. 2. Time-resolved $-2S spectrum in atomic hydrogen, re-
corded at a nozzle temperature of 70.2 K. The solid line is a fit toperimental spectra allows the determination of the unper-
the experimental data using the line-shape model presented belowurbed 1S-2S transition frequency from the experimental
spectra to high accuracy.
In this spectrum the reduction of the linewidth with increas- Our calculations are based on a description of the hydro-
ing delay time is clearly visible. More importantly, the shift gen atom as a quantum mechanical two-level system in a
due to second-order Doppler effect also decreases signifdensity matrix formalisni8—10. We chose the representa-
cantly with higher delay times. tion of the density operator in the basis of energy eigenstates.
While the spectrum recorded at 70.2 K is presentedrhe time evolution of the density matrpxobeys the Master
mainly for illustration purposes, a higher resolution is ob-equation:
tained when the nozzle temperature is lowered to 7 K. Fig-
ure 3 illustrates how the maximum velocity depends on the - i Hoolts 1
chosen delay time. Due to the selection of atoms from the p= ih[ P1% Pretax: @
slow tail of the velocity distribution, the amplitude of the
observed signal is reduced for increasing delay times. Newith
ertheless, with the method of time-delayed signal detection

we have observed hydrogerSRS spectra with linewidths _|Paa Pab )
down to 1 kHz at 243 nm, corresponding to a spectral reso- Pba Pbb

lution of Av/»=8x10 '3 as shown in Fig. 4. For this fig-

ure two scans have been averaged leading to a total measuf!

ment time & 2 s per point. The temperature of the nozzle is o 0 0 *

7.4 K and the delay time 160@s. Only atoms with veloci- H=Hy+H'= a + ab 3)
ties less than 80 m/s contribute to the signal, resulting in an 0 ‘wy Hia O

upper limit for the second-order Doppler shift of only 44 Hz

at 121 nm. Here, the diagonal elementg, andp,, stand for the popu-

lation of the 1S;,,(F=1) ground state and,,(F=1) ex-

cited state, respectively. The off-diagonal elements describe

the coherence between both states induced by the action of
In this section we present a line-shape model worked ouithe driving light field wherep,,=p3,, sincep is Hermitian.

to compare the time-resolved experimental spectra to theoFhe unperturbed atomic Hamiltonian is denotecHas The

retical predictions. Fitting of the calculated data to the ex-interaction operatoH’ acts on the time evolution of the

density matrix and leads to a population transfer. Relaxation

Ill. THEORETICAL LINE-SHAPE MODEL

delay time processes such as spontaneous decay are described by
. 250 Prelax- Here, in a good approximation, we can $gLjax
E Maxwellian velocity =0, since the lifetime of the metastapls Rtate is ab<_)ut 1_/7
& Z disgibu;ignKofﬂuxf(v) s, being much larger than our experimentally possible inter-
® 500ps 2 ar=t action time. ForH},, we write in the case of two-photon
“ excitation,
1 ",E. 2 — 2
Z E
] 0, w
2ms Z H§b=Mab<—(e"”L‘—l—e toLt)
o = 1 2
0 400 800 1200 =Mp ) (e'?ett+ e 1201t4 2), (4)

v [m/s]

FIG. 3. Selection of slow atoms. The higher the delay time In this forr.nullal L (-:IenoFes the Interlszlty ang, the frequency
the smaller the maximum velocity,,a, Of an atom that can con- Of the excitation light field. We usBg=2I /c €. The ma-
tribute to the 2 signal. trix element isM = ye?ad/a®mc with y=7.85 for the
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1S-2S two-photon transition in hydrogei@tomic unit$ [11]. r1, ©1 UV-standing wave r2, ©2
From this one derives the valueM}, =2.4398

X 10738 J (W/n?) 1. In the next step we separate the slow

time evolutionpi’j from the density matrix elements that os-

cillate at optical frequencies:

i nozzle 28 detector
pij=pije'?eL. 5

i I . definiti h d f . h FIG. 5. Example of an atomic trajectory through the excitation
Taking all previous definitions together and performing t eIight field. The radii of the nozzle and the aperture in front of tise 2

rotating wave &}pprOXimati_or.‘ we obtain a Sgt of coupled dif'detector are 0.5 and 1.05 mm, respectively. The distdrizstween
ferential equations describing the atom in the laboratory,g;zje and detector is 133 mm.

frame:

> nitely steep slope. In the experiment, the chopper frequency
plt)=— gMétﬂ LmLpap(H ], is set to values between 160 Hz and 500 Hz. We define the
chopper phasé,;, as the phase difference between the time
when an atom starts from the nozzle and the next jump of
R(t) from the value zero to unity. The contribution of an

. 2
bo(H)==M_ I Im[p.,(D)], 6 . :
Po(t) hoant [Pas(V)] © atom reaching the  detector can now be written as

T_d —~
T

,I‘_I,rz,d)Ch) . (8)

Aw

) . ’ I ' ’ ' ’ ’
Pap(t)=—T1Awpyp(t)— 7 Mapl LLppp(t) —paa(t)]. Pob(TH) aw=Pbb

Here Aw=2w, — w,, denotes the laser detuning from the
atomic resonance frequenay,,. For fixed values ofA w
and |, the above system of equations describe the well
known Rabi oscillations. For smatl and weak fields the
upper state populatiop,(t) grows quadratically in time
assumingpy,,(t=0)=0. With this system of coupled differ-
ential equations we can calculate the theoretical line shape
the 1S-2S transition for our excitation geometry. We assume
that an atom with velocity follows a classical trajectory
through the standing wave laser field starting in the nozzl
and ending in the detector. While at the beginning of a tra
jectory (t=0), the atom is in the & ground state, the inter-
action with the light field transfers population to the excited
state given by ,(t). This occupation is probed at tinTg in
the 2S detector. Here, we assume thigtis the time when
the atom reaches the center of the detector, not taking into

Jrwal[]]

v S

Hered denotes the distance between the nozzle and the de-

tector.r;=(r,,60;) andr,=(r,,6,) give the coordinates of
the start and end point of the trajectory in which the atom is
moving with velocityv. From these parameters the laser
intensityl, (r(t),z(t)) as illustrated in Fig. 5 is easily calcu-
(I)?ted. We assume that all starting points of atomic trajecto-
ries are in the nozzle orifice plane. For a calculation of
Pob(Ts)ae We solve the system of coupled differential equa-
éions (6) numerically with the fourth-order Runge-Kutta al-
gorithm[13]. To account for the experimental situation we
have to integrate over all possible trajectories, the velocity
distribution, and the chopper phase. A calculated spectrum is
obtained by evaluating the following expression for a set of
different detunings:

account the actual spatial dependence of the quenching fields(A w) = dr, dr, J deen
C

that mixes the metastableSXtate with the rapidly decaying pace hopper

2P state. We model the light field as a standing wave of d

frequencyw_ with a Gaussian beam profile given by the X Ppp t:Tf:_vr_Lr_;vd’ch) - C)
geometry of our enhancement resondfict]. To switch from v Aw

the laboratory to the atomic frame we replatg by

I (r(t),z(t)), wherer(t) denotes the radial distance from The four-dimensional integral over the nozzle and detector

the beam center ang(t) is the distance from the nozzle. apertures can be reduced to three dimensions by symmetry

These two parameters suffice to characterize the instantgonsiderations. Nevertheless, including the time integration,

neous light intensity experienced by the atom during thehis is a six-dimensional expression, which has to be solved

flight through the standing wave. for a set of detuninga w. Altogether the entire solution is
The relativistic Doppler shift is taken into account by re- extremely time consuming when evaluated numerically. An

placing the laser frequencys? by 2w, [1+21(v/c)?]. The  efficient program code has been developed such that the
detuning can now be expressed as problem could be solved with a convergence of the line cen-

ter at a level of 0.1% of the linewidth.
Up to now, no assumptions have been made concerning

o - () the velocity distributionf(v), which critically affects the

dominant systematic effects, namely, time-of-flight broaden-
We describe the switching of the light field by the mechani-ing and second-order Doppler shift. At this point, our ap-
cal chopper simply by multiplying the light intensity with proach differs from that used [I7]. Since the temperature of
a periodic step functiofR(t), which takes the values zero the nozzle can be varied, significantly changing the velocity
and one corresponding to light blocked and not blocked, redistribution, we want to circumvent the need for solving the
spectively. We assume an instantaneous switching with infiequations again and again for every different temperature.

v 2
AwIZwL—wba-i- E
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For that reason and the fact that the shape of the velocitthe nozzle. From the amplitud¥ in principle, the number of
distribution is not known exactly, we decided to determinehydrogen atoms in the atomic beam can be determined. It
the characteristic parameters of the velocity distribution duriurns out that with only these three fit parameters, it is not
ing a fit of the calculated data to the experimental spectrapossible to model the amplitudes of the spectra with different
We have calculated the expression given in &).for dis- delay times correctly. The amplitudes of the highly time-
crete velocitiesy; and discrete detunings, and arranged thedelayed experimental spectra are considerably smaller than
results in a matrixm;; wherei specifies the laser detuning expected from the theoretical model assuming a pure Max-
andj the atomic velocity. With these numbers an integrationwellian velocity distribution. We observed this effect at all
over the velocity distribution can be done subsequently durinvestigated nozzle temperatures.

ing data analysis. The velocitieg are such as to allow in- According to[15] and [16], a modification of the pure
tegration via the Gauss-Legendre method. In fact, by thidMaxwellian velocity distribution occurs, which depends on
approach we calculate a set of typically 40 matrices, eacthe Knudsen numbef defined as

matrix belonging to a certain delay time in the sense of the .

time-delayed measurement technique. To fit the theoretical N

data to the experimental spectra we prepare the experimental K =L (12
spectra as follows. Since the spectra shown in this paper "

have been recorded with the laser locked to an external re(/'vherefis the mean free path of the atoms in the nozzle and
erence cavity that slowly drifts in time, we first compensatel_n the length of the nozzle. For Knudsen numbirs 10 a

this drift. The maxmgunr ?g?al recorded |nkeactrr1] st|ngle SC(;" eviation from the pure Maxwellian shape is predicted. This
can serve as an absolute frequency marker that 1S use caused by collisions inside the nozzle leading to a reduc-
apprquatg the drift ra_te. For this procedure we usu_ally YS€on of the number of slow atoms in the atomic beam. This
the signal with a delay time of 80@s. The compensation of ef‘fect is known as Zacharias effef@7]. For long nozzles

the drift is necessary for a subsequent averaging over severghy radiusr . andL. /r.>1 (hereL, /r,~20), the Zachar-
scans. For further data analysis we only use data points tha n non non ’

. o s effect can be expressed with the help of the function
have been recorded under similar conditions as far as thg x) leading to the corrected fluf,(x=v/v,):
nozzle temperature, the pressure in the vacuum chamber, an(s ' o’
the UV power of the excitation light field are concerned. f.(x)=f(x)P(K,X), (13
Then, in a second step, the signals with different delay times
are rescaled to a uniform amplitude to ensure that all spectrgith
are statistically equally represented during the simultaneous

fit with th_e Leve_nbe_rg-Marquart algorithm, Which is per- J erfg(x)]
formed with spline interpolated values of the line-shape P(K,x)= 2—()()
model similar to the appoach {14]. After a successful fit, g
the amplitudes are scaled back in a third step. —57

For an atomic beam formed by a nozzle as in our experi- X TPFag(6x)
ment, a Maxwellian velocity distribution is expected for the 900 = 2302k '

flux of atoms at the 3 detector{15]:

Here, thev, ?® dependence of the total scattering cross sec-
f(v)= iv?,e—(v/vo)z (10) tion on th_e rel_ative velocity, of colliding pa_rticles at typi-
N cal energies is accounted for. A table with values of the
function Fay(6,x) is given in Ref[16]. For K>10 the cor-

with rected distributiorf .(x) converges to a pure Maxwellian dis-
tribution since then collisions inside the nozzle become very
vo= V2KT/M. (11)  unlikely. Fork <10 the effect of collisions leads to a shift of

f.(x) to higher relative velocities. This effect can be seen in
Here,v is the atomic velocityy, the most probable velocity, Fig. 6, where the velocity distribution of flux is shown as it
k the Boltzmann constarit) the atomic mass] the tempera-  results from the fit of the time-resolved spectrum of Fig. 2.
ture of the atomic beam, arld a normalization factor. The pyring the fit procedure the Knudsen number and the tem-
approximationy = \/vxz+vy2+ vzz~vz is made since the aper- perature of the atomic beam were free parameters. The tem-
tures select only atoms witzhz>85|vxyy|. This velocity dis-  perature measured at the nozzle was 70.2 K. The best fit
tribution of the flux can be used to fit the theoretical data togives a temperature of 71.2 K, in fairly good agreement with
the experimental spectra. The minimum number of fit paramthe measured value. In this case of a relatively high tempera-
eters is three: one universal amplitullevalid for all spectra  ture, the Knudsen number has been set to 0.05 corresponding
with different delay times, the most probable velocity, to a mean free path inside the nozzle of 0.5 mm. The shifting
from which the corresponding temperatufecan be easily effect on the modified velocity distribution is clearly visible.
derived, and a quantity 4., to adjust the frequency axes of  For our high-precision measurements we usually cool the
the theoretical and experimental data with respect to eachozzle further down to temperatures around 7 K. At such low
other. The fitted value ol 4¢; permits correcting the transi- temperatures a considerable fraction of nondissociated mo-
tion frequency for the second-order Doppler shift. The temdecular hydrogen in the atomic beam freezes to the walls of
perature corresponding to the fitted valuevgfis a measure the nozzle, which leads to fewer collisions inside the nozzle.
of how well the atomic beam is thermalized with the walls of On the other hand, the pressure of background gas decreases
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FIG. 6. Modified velocity distribution of the flux (v) as de- delay time [us]

termined during the fit of the theoretical line shape to the experi-

mental data as shown in Fig. 2. There is a deficiency of slow atoms FIG. 8. Time-resolved $-2S spectrum in atomic hydrogen, re-
in the beam due to collisions inside the nozzle. corded at a nozzle temperature of 7.4 K. The solid line is the the-

oretical line-shape model fitted to the experimental data. In the
- upper part, the five spectra with highest delay times are shown with
from 10°° to about 10° mbar due to the additional pump- 5 magnified scale. The corresponding atomic velocity distribution
ing of the cold surfaces. Thus at lower temperatures, a coref the flux is shown in Fig. 9.
siderably higher flux of slow atoms will reach the detector.

This effect is shown in Fig. 7 where the signals with delay For temperatures of the nozzle ranging betw@eK and
times of 0 and 200us are shown for different temperatures P 9’ .
100 K, all time-resolved spectra can be fit using a set of

of the nozzle. For temperatures below 10 K, signals with aseven fit parameters with good agreement between the cal-
delay time up to 2000us can be recorded with drastically P 9 9

reduced velocity-dependent systematic effects. Figure ulated and experimental spectra, as shown in Fig. 7. Besides

shows a time-resolved spectrum recorded at a nozzle te ne gmphtudeﬁ_\, the temperaturd of the atomic beam, the
perature of 7.4 K. relative detuningA4e, and the Knudsen numbe, three

further fitting parameters are necessary. First, the theoretical
spectra must be convolved with a Lorentzian profile of line-
4000 - detay e 0 s width T ,, to account for broadening effects in t.he experi-
100 K mental spectra that have not been incorporated in the calcu-
lation and that will be discussed later. Moreover, two
additional parameters are needed to further modify the ve-
locity distribution to describe an additional supression of
very slow atoms. We ascribe this loss rate to collisions with
the background gas, which preferably reduce the number of
slow atoms reaching the detecfds]. We have modeled this
70K suppression empirically by introducing two parametegs
anduey, as follows. Below the velocity ; the exponent in
f(v) is chosen ag’exr instead ofv®. Values forvey, be-
tween 4 and 5 give good agreement for the amplitudes of the
highly time-delayed spectra. Referends] gives an analyti-
cal expression for the probability(v) that an atom of the

0
0
18000 1 atomic beam with velocity passes the interaction region
40K and reaches the detector without colliding with a background
0

8000

gas particle. In our case the background gas mainly consists
of molecular hydrogen, helium, and nitrogen, as measured
with a mass spectrometer. To obtain the functi®fv) for
our atomic beam experiment we calculated the total cross
sections according to Ref§19-21] for typical collisional
energies between beam and background particles. For a tem-
perature of the background gas of 250 K and a pressure of
10°% mbar, a suppression of the signal of slow atoms is
predicted in a similar way as modeled by the two empirically
introduced parameterss and vey,. We incorporated this
— analytical model of collisions in our line-shape model by
0 5 %0 B 0 B0 taking the pressure of the background gas as a fit parameter
detuning [kFiz @ 121 nml instead of the two empirical parameters. It turned out that the

FIG. 7. Comparison of the signals with delay times of 0 andx? yielded in a fit is about a factor of 2 worse indicating that
200 us for different temperatures of the nozzle. At temperaturesthe analytical model does not describe the atomic beam prop-
below 10 K the flux of slow atoms increases substantially. The solicerties the same way. This is probably due to the fact that for
line is the theoretical line-shape model fitted to the data. small collisional energies the total cross section strongly de-

14000
7K

28 signal [counts/s]

04
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FIG. 10. Line centers as given by the theoretical model fit to the
spectra of Fig. 8. The shift relative to the asymptote is due to the
relativistic Doppler effect. The points with error bars are the line

0 centers resulting from Lorentzian fits to the single spectra.

shape leading to the difference in the result between the two

FIG. 9. Modified velocity distributionf (v) corresponding to Methods. As can be seen in Fig. 10 the relativistic Doppler
the time-resolved spectrum shown in Fig. 8. The slight shift toShift of the individual spectra converges asymptotically to-
higher velocities with respect to the pure Maxwellian distribution Wards zero with increasing delay time due to the decrease in
f(v) is due to collisions inside the nozzle. In the lower part, anVelOCity of the contributing atoms. For delay times higher
additional modification of the distribution is visible. This effect is than 800 us fitting the line-shape model gives a result com-
caused by collisions with the background gas, which further defatible with that obtained by fitting Lorentzians but with
crease the number of very slow atoms. The dotted line indicates J1UCh better statistics. In fact, with this method the line cen-
pure Maxwellian velocity distribution of the flux at the same tem- t€F Of & time-resolved hydrogen spectrum can be determined
perature. to an accuracy of about 1/100 of the linewidth since infor-

mation from all individual spectra enters such a fit, the re-

pends on the relative velocity whereasR(u) the effect of ~Maining uncertainty being only about 20 Hz at 121 nm. At

the background is averaged and described by the behavior §§iS POInt, we wish to stress that the quantifye, is very

particles at the most probable velocity. Moreover, a velocity-mb.L'St.\’v.Ith respect to the values of the oth.er fit parameters.
hile it is not possible to extrapolate the line centers from

dependent collisional quenching effect of excited hydroge O oo o
atoms is not accounted for R(v). Given the better fitting Lorentz[an f|t§ with high accuracy due to the poor statistics
results of the empirical model and the simplifications nece59f the highly time-delayed spectra, the presented ”.‘_ethf’d al-
sary for the analytical model, we have decided to presentl)lpwS a very accurate determination of the transition fre-
proceed with the empirical model. quency. . . L

Figure 9 shows the velocity distribution of the flux cor- Note that in the evaluation of the expression in &),

responding to the spectrum shown in Fig. 8. Here the Zainy a full integration over the entire orifice of the nozzle

charias effect is quite small since molecular hydrogen freezel§dS t0 @ good agreement between the model and the experi-

to the nozzle walls leading to a more dilute atomic b(_:“,immental data. We assume the starting points of the trajectories

Belowvs=90 m/s, an exponent af.,,=4.7 instead of 3 in EO bet_eq:JaIIy d|st|r|bL|1t?ddover Ehef ?P:mce t(')f tlhg ?OZZIG' A!'
the velocity distribution gives a good agreement with the ernatively, we calculated a set of tneoretical data assuming

signal strength of the observed experimental spectra. Thg]at all atomic trajectories start from the nozzle walls. As it
rned out, this approach leads to a poor agreement and to

temperature of the nozzle was measured to be 7.4 K. Th ) . .
fitting procedure gives a temperature of 7.2 K and a Knudse nphy5|ce_1l valu_es for the fitted temperature of the atomic
eam, being typically only about half as large as the value of

number of 2.4. The additional modification for velocities be- . )
he measured temperature. As discussed previously, the

low v is essential to describe the amplitudes of the highlyt d ber ai ) ; timolies that coli
time-delayed spectra correctly. This shows how sensitive thsirc])ﬁssiﬁr;hr:eurr:;ziiegzl;/rzneI)?pggtre?jxt%eirr:?ueennclg]t%Ieezrop?er(t:i(;sl_of
experiment is to small changes in the velocity distribution. . ) .

P 9 y the beam. According tpl5] a nozzle is called transparent if

Therefore, this line shape model is an interesting tool to =1 Then th " f the atomic b lel
study the gas kinetic properties of our atomic beam with ver - [hen the properties of the atomic beam areé solely

high sensitivity. determined by collisions with t_he walls of the nozz!e. For
From the fit paramete 4, the unshifted center frequency smaller Knudsen ngmbers, as in our case, the flux is called
cYiscous. The magnitude of the Knudsen numbers as deter-

of the spectra, corrected for the second-order Doppler effect, " ) . )
can be determined. Figure 10 shows the second-order Doﬁijlned for our nozzle are consistent with the assumption that
X atomic trajectories start from the whole orifice of the nozzle

pler shift of the spectrum at 7.4 K for different delay times. ) : .

The points with error bars give the position of the line cen-ar?d not only frc_)m the walls. A more detailed discussion of
ters as found by fitting Lorentzian profiles to the time- this aspect is given ifi22].

resolved spectrum of Fig. 8. For comparison, the solid Iinelv. SYSTEMATIC EFFECTS AND TOTAL UNCERTAINTY
represents the spline-interpolated position of the peak of the

theoretical spectra. For small delay times the experimental In this section we give a short overview of known sys-
line shape significantly deviates from a pure Lorentzian linetematic effects that are important for th&2S transition at



1850 A. HUBER, B. GROSS, M. WEITZ, AND T. W. HAISCH PRA 59

the present level of accuracy. All frequencies are given ation frequency from the time-resolved spectra with a remain-
121 nm. In two-photon excitation the first-order Dopplering uncertainty of about 40 Hz, corresponding to an accuracy
shift cancels. The second-order Doppler effect redshifts thef about 1.5<10™ 1. The total measurement time necessary
transition frequency. The shift strongly depends on the temto record a typical time-resolved spectrum is on the order of
perature of the atomic beam. As demonstrated in the previt00 s. The good agreement between the theoretical line-
ous section, the Doppler shift can be corrected with a reshape model and the experimental spectra indicates that the
maining uncertainty of about 20 Hz at 121 nm by fitting our major systematic effects are well understood. To date, the
theoretical line-shape model to a time-resolved spectrum reaccuracy of our last absolute frequency measurerfigns
corded at temperatures below 10 K. limited to 3.3 10~ 13 by the reproducibility of the secondary
The ac-Stark shift blueshifts the transition frequency lin-He-Ne frequency standard, which we use as an intermediate
early with the intensity of the excitation light field: reference for our phase-coherent frequency chain. Therefore,
Avacsiank= 2l Bacstark and Bacstar=1.667<10"%  in our recent measurements of th8-2S absolute frequency
Hz (W/m?) ~1 [23], wherel is the intensity in each direction and the hydrogen-deuterium isotope shift of this transition, it
in the enhancement resonator. We can record time-resolvadas sufficient to fit Lorentzian profiles to the time-delayed
spectra with a good signal-to-noise ratio at light powers ofexperimental spectra to determine the center frequency.
only 20 mW in each direction to keep the ac-Stark shift An important feature of the time-delayed measurement
small, although more UV power is available. Taking into technique could be investigated with the help of our line-
account the beam size and averaging numerically over aghape model. While the simple calculation of the maximum
trajectories through the standing wave light field yields avelocity v .= d/ 7 just sets an upper limit to the velocity of
corresponding ac-Stark shift of about 50 Hz. Even if thisatoms contributing to a signal with delay time a closer
shift is poorly compensated by measuring at different lightexamination reveals that in fact the main contribution is due
powers and extrapolating, the total uncertainty can be kepgb atoms at velocities aroungd, /2, which results in a rela-
below values of about 20 Hz. tivistic Doppler shift four times smaller than roughly esti-
Static electric fieldsE mix the 2S and the nearby P mated[22]. This is due to the fact that atoms closevt@a.y
state. The dc-Stark effect shifts the transition frequency bynteract for too short a time with the light field and thus just
an amount of Avgesia= +360E? Hz (Vicm) 2 [24]. give a minor contribution to the signal.
Therefore, the interaction region in our setup is surrounded It is also interesting to look at the major effects that cause
by a graphite-coated Faraday cage to avoid static charges atite width of the experimental&2S spectra to considerably
to keep an atom on the same electrical potential along itexceed the natural linewidth. The line-shape model predicts
way from the nozzle to the detector. Fields below 30 mV/cmtime-of-flight broadening and broadening arising from the
have been measuréii4] by Biraben and co-workers using a different second-order Doppler shifts of the different velocity
similar apparatus. The effect on theés-2S transition fre- classes in the atomic beam. Stray electric fields may cause a
guency thus is just a few Hz. broadening of spectra via the reduction of the lifetime. We
The pressure shift of theSk2S transition was experimen- apply a static magnetic field to separate the field-sensitive
tally measured in a hydrogen gas cell to kv, componentofthe &2Stransition F=1—1mg=0-0) to
=8.4 MHz/mbar[25]. A slightly smaller coefficient of the excite only the B2S(F=1—1mg=*1
pressure shift is given if3]. At nozzle temperatures below — *1) transitions. Them=—-1——1 and themg=+1
10 K, the pressure in our vacuum chamber is about—+1 transitions are split by about 72 Hz/G due to a small
10 % mbar, resulting in a pressure shift of less than 10 Hzrelativistic difference in the electrog factors of the 5 and
For the case of two-photon spectroscopy in an ideal stand2S state[7]. With an applied magnetic field of about 3 G,
ing wave, the wave vectors of counterpropagating photonthis splitting is too small to be observed in our strongly time-
are oriented exactly anticollinearly with respect to eachof-flight broadened spectra. Nevertheless, the splitting of
other. Nevertheless, in a collimated optical standing waveabout 200 Hz acts like an additional broadening effect and
the transverse localization of the photons leads to an uncemay be included in the additional 1 or 2 kHz Lorentzian
tainty Ak in the orientation of the wave vectdks Therefore, linewidth T’ ,, with which the theoretical spectra must be
two absorbed photons may not propagate exactly anticoleonvolved to achieve good agreement with the width of the
linear. In first order a terndk v appears, corresponding to experimental spectra. The absorption of a further photon at
the well-known time-of-flight broadening that is already in- 243 nm is sufficient to ionize an atom from th& 2tate to
cluded in the calculations. In second order a recoil shift ofcontinuum. This effect increases the linewidth Ry,
order Ak?/2M remains that is not yet included but contrib- =218, Where B,oni=1.803x 10" % Hz (W/n?) 1 [23].
utes less than 10 Hz with the experimentally realized beamAgain, | is the intensity in each direction in the enhancement
waist of 230 wm [26]. An admixture of higher-order modes resonator. With the help of our line-shape model we have
in the optical resonator due to imperfect adjustment may leadalculated a net broadening of 8bHz/mW for our excita-
to a remaining first-order Doppler shift. The resulting shifttion geometry. For high light powers on the order of 100
has been estimated [22] to be below some few Hz. Fur- mW, this additional broadening is observable in the spectra
ther, we want to point out that no shift due to the geometricaht the present level of resolution.
phase of the standing wave field occurs, since the two pho- Since the additional linewidth can be partially ascribed to
tons are absorbed instantaneously, i.e., at the same posititine above discussed effects, we do not believe that only the
in the case of two-photon excitation. linewidth of our dye laser system limits the spectral resolu-
Taking into account all these systematic effects, it is postion of the 1S-2S spectra. Nevertheless, from the typical
sible to determine the unperturbed hydroge®2iS transi-  valuel', ,,=1.2 kHz at 121 nm, an upper limit of roughly
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300 Hz at 486 nm for the linewidth of the dye laser can beatom. In the future, we plan to further improve the frequency
derived. uncertainty by using laser-cooled hydrogen atd&i4. The
hydrogen B-2S transition is a promising candidate for an
V. CONCLUSIONS optical clock. Moreover, this atom, being accessible for pre-
cise calculations of its transition frequencies, allows both the

~ We have presented a theoretical line-shape model that igg; of basic physical theories as well as the determination of
in good agreement with our experimentally observed hydrof,ndamental constants.

gen 1S-2S spectra and allows us to fully exploit the spectral
resolution that can be achieved with our time-resolved mea-
surement scheme. We now can determine t8e2$ transi-

tion frequency from the experimental spectra within 1.5 We are grateful to C. J. Bordand C. Zimmermann for
X 10~ 1* The Q factor we have achieved in spectroscopy ofmany helpful discussions. We thank P. V. Storm and M.
the hydrogen $-2S transition is the highest in any neutral Niering for carefully reading the manuscript.

ACKNOWLEDGMENTS

[1] Th. Udem, A. Huber, B. Gross, J. Reichert, M. Prevedelli, M. [11] F. Bassani, J. J. Forney, and A. Quattropani, Phys. Rev. Lett.
Weitz, and T. W. Hasch, Phys. Rev. Let?9, 2646(1997). 39, 1070(1977).
[2] B. de Beauvoir, F. Nez, L. Julien, B. Cagnac, F. Biraben, D.[12] H. Kogelnik and T. Li, Appl. Opt5, 1550(1966.
Touabhri, L. Hilico, O. Acef, A. Clairon, and J. J. Zondy, Phys. [13] W. .H- Press, B P. Flannery, S. A Teukolsky, and W T..Vet-
Rev. Lett.78, 440(1997 terling, Numerical Recipes in Pascé&Cambridge University
' o . : Press, Cambridge, 1989
[3] E;?;;T;%T;ESA Hinds, and M. G. Boshier, Phys. Rev'[14] J. C. Garreau, M. Allegrini, L. Julien, and F. Biraben, J. Phys.
4] Ae I-.|ub;er Th Uden.1 B. Gross, J. Reichert, M. Kourogi, K (Francg 51, 2263(1990; 51, 2275(1990; 51, 2293(1990.
[ : v r e e v » ™ [15] G. Scoles, D. Bassi, U. Buck, and D. Lain&omic and Mo-

Pachucki, M. Weitz, and T. W. Hsch, Phys. Rev. Let80, lecular Beam Method$Oxford University Press, New York,
468 (1998. 1988, Vol. I.

[5] D. G. Fried, Th. C. Killian, L. Willmann, D. Landhuis, S. C. [16] K. Berkling, R. Helbing, K. Kramer, H. Pauly, Ch. Schlier, and
Moss, D. Kleppner, and Th. J. Greytak, Phys. Rev. L&ii. P. Toschek, Z. Phydl66, 406 (1962.
3811(1998. [17] N. F. Ramsey, Rev. Mod. Phy§2, 541 (1990.

[6] Recommendation (Cl-1997 adopted by the Comiitmterna-  [18] N. F. RamseyMolecular Beams2nd ed.(Clarendon, Oxford,
tional des Poids et Mesuré&IPM) at its 86th meeting in 1997 1989.

[19] E. Gislason and M. Sizun, J. Chem. Ph98, 2469(1990.
W [20] R. Gengenbach, Ch. Hahn, and J. P. Toennies, J. Chem. Phys.
' 62, 3620(1975.
[21] S. P. Walch, J. Chem. Phy83, 2384(1990.

[Metrologia (to be published.
[7] F. Schmidt-Kaler, D. Leibfried, S. Seel, C. Zimmermann,
Konig, M. Weitz, and T. W. Hasch, Phys. Rev. &1, 2789

(1995. ) [22] A. Huber, Ph.D. thesis, LMU-Nuchen, 1997.
[8] C. Cohen-Tannoudji, B. Diu, and F. Lalouantum Mechan-  [23] R. G. Beausoleil, Ph.D. thesis, Stanford University, 1986.
ics (Wiley, New York, 1977, Vol. I. [24] H. A. Bethe and E. E. SalpeteQuantum Mechanics of One-
[9] P. Meystre and M. Sargentlements of Quantum Optics and Two-Electron Atomg@lenum, New York, 1977
(Springer, Berlin, 198p [25] D. H. Mclintyre, R. G. Beausoleil, C. J. Foot, E. A. Hildum, B.
[10] C. J. Borde in Advances in Laser Spectroscomgited by F. Coulliaud, and T. W. Hasch, Phys. Rev. 89, 4591(1989.

T. Arecchi, F. Strumia, and H. WalthéPlenum, New York, [26] C. J. Bordeet al. (private communication
1983. [27] J. Walz and K. Eikemdprivate communication



