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Abstract. Using optical phase-locking and a buffer gas, co-  In order to assess the true potential of coherent population
herent population trapping resonances with linewidths belowrapping for precision measurements it is essential to under-
50 Hzcan be observed in a thermal cesium vapor. External instand the system itself and its behavior under a variety of
fluences on the cesium multilevel system, such as magnetéxternal influences. Accordingly, the focus of this work lies
fields, laser polarizations and intensities, have been studiezh a detailed study of coherent population trapping in cesium
and can quantitatively be described by intuitive theoreticalapor as a function of experimental conditions.

models. Based on these investigations we have performed In the first section we will give a brief introduction to the
precision measurements, for instance the sensitive detectitimeoretical basis of coherent population trapping in a three-
of magnetic fields in the pT (ac) and nT (dc) range and théevel atomic system. Section 2 will describe the crucial ex-

determination of-factor ratios. perimental technique used here, optical phase-locking at fre-
qguency differences of several GHz, and Sect. 3 will give de-
PACS: 42.50.Gy; 32.70.Jz; 32.10.Dk tailed information on the experiments in cesium vapor includ-

ing the effects of an additional buffer gas. In Sect. 4 a rather
simple method is described that allows one to extend the con-
cept of coherent population trapping from a simple three-level
Coherent population trapping, discovered more than twentgystem to the cesium configuration with 32 atomic levels in-
years ago by Alzetta et al. [1], has in recent years foundolved. The dark resonances are characterized in detail for
application in areas as diverse as laser cooling below the onarbitrary polarizations and magnetic field directions, and ex-
photon recoil limit [2], atomic beam frequency standards [3],cellent agreement between theory and experiment is found.
and in proposed high-sensitivity magnetometry [4,5]. Co-A collection of important systematic frequency shifting ef-
herent population trapping is a resonance phenomenon dfiects —such as the influence of the ac Stark shift — is presented
to a quantum mechanical interference effect in an atomiin Sect. 5, together with theoretical models describing them.
system that cancels the absorption of a bichromatic lighSuitable operating points for precision applications are iden-
field. In a suitable level configuration, which can be found tified. Three chapters on specific examples of precision meas-
for instance, in alkali atoms, this allows one to probe co-urements — magnetometry, determinationgefactor ratios,
herences between long-lived ground states in an all-opticditequency standards — conclude this work.

way. The introduction of the optical phase-locking technique,

combined with the use of vapor cells containing an addi-

tional buffer gas, has recently allowed one to obtain resonance Coherent dark states inA systems

linewidths of less thab0 Hzat good signal-to-noise ratio and

stability [6]. Due to the combination of extremely narrow res-Coherent population trapping resonances with a narrow
onances at vanishing absorption with the advantages and thieewidth can occur in systems with two long-lived stat&s
experimental ease of an all-optical device, such a system &nd|2) and one excited stai®) coupled by two light fields

a very promising candidate for precision measurements baséfi exp(—iwit —ig1) andE; exp(—iwat — igp) in an arrange-

on the detection of frequency shifts. In fact, a magnetometenent of energy levels similar to the Greek lettefso-called
with sub-picotesla sensitivity for ac fields has already beem system, Fig. 1). This configuration is realized, for instance,
constructed [7]. Further improvements in sensitivity might inin the alkali atoms whergl) and|2) can be identified with the
the long run lead to more sensitive tests of parity and timéwo hyperfine components of the ground state jdwith
reversal violation in atomic systems. Other possible applicathe first excited level. It is assumed here that each light field
tions are a compact primary atomic clock and the determininteracts with only one of the transitions. According to the
ation of the ratiag, /g, of nuclear and electronig-factors. definitions Apss = §22 — £21, optical detuningd. = w, — wsy,




so that withAg = g1 — ¢, the transition dipole matrix elem-

Aenergy /h ents into the excited state are
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When the difference frequency of the two light fields matches
Qo1 | 20 the ground state splittings¢ = 0) at proper relative phase
(A = 0) only transitions starting fror) are possible:
] h . .
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Fig. 1. The three-leveld system
|—) is called a coherent dark state. Atomic population that
is optically pumped out of statgt) becomes trapped in
and Raman detuningk = (w1 — wz) — Anss the figure shows [—) \{vhich reduces the fluorescence intensity and make; the
the case of, < 0 andsg < O. _medlum appear “darker”. The_ process of optical pumping
If wp ~ w3 the population in level2) can be excited into into t_he coherent dark state is calle_dherent population
13) from where it can decay not only back intg) but also  trapping (CPT) [8, 9] orelectromagnetically induced trans-
into |1) (optical pumping). The increased population|bf pare_ncy(EIT) [10] and was first identified in experiments on
leads to a higher absorption of light field 1 as compared to th€2dium vapor [1]. It has since been observed in a variety of
case ofE, = 0. A similar argument holds for reversed roles of Systems and has been applied to areas as diverse as laser cool-
light fields 1 and 2. If, as in the case of a three-level systenind 0f atoms [2] —acknowledged by a share of the 1997 Nobel
the two transitions involve the same excited state an interfeR/12€ in physics for C. Cohen-Tannoudji —and isotope separa-
ence effect occurs that reduces the absorption of both fieldstion in optically thick media [11]. o
The underlying physics of this process can most easily be _1he reduction of absorption is due to the destructive in-
seen when the atomic system is described in a different basi§rference of the transition amplitudes along the two possible
Instead of the energy eigenstat&sand|2) for an atom at rest excitation pathways to leveéB). The coherent nature of the

the linear combinationis-) and|—) are introduced: process manifests itself in the coherent superposition of states
1 in (1) and (2) and in the appearance of the light phases in (10)
— = (g # and (11). If the relative phase of the two light fields changes
= A (611 +6:12) . D fom Ag =010 Ap = 7 the staté—) becomes “bright” while
1 |4+) becomes “dark” for equal Rabi frequencies. Therefore
|=) = a (%11 —0112) , (2)  in an experiment the relative phase stability of the two light
4 . ) ) ) sources plays a crucial role.
where the Rabi frequencigsare defined interms of the tran- | 3 more realistic model one has to introduce dephasing
sition dipole moments: and decay constants for all levels. The standard way to de-
g1 = —ds1E1/h, ©) scribe the system is the density matrix formalism using the
original energy eigenstates as basis. The coherent superpo-
92 = —Us2E2/h, (4)  sitions in (1) and (2) are then replaced by ground state co-
9a = V19112 + 1021, (5) herences, i.e., a non-zero off-diagonal density matrix element
ds = —e(3|r i), i=12. 6) P The solution of the equations of motion for the density

matrix o in the steady state allows one to calculate the com-
For Ants # O the new states are noenergy eigenstates but delex susceptibility of the medium near the Raman resonance,

velop in time: for instance for fixedv, = w32 and variable;. In a recently
1 _ published review article by Arimondo [12] this standard treat-
[+)(t) = —e 't (07 12) +e 't gl |2)) | (7) ment is shown and many references to related articles are
glA given. For example, an analytical formula has been derived by
OV amiegt it Kelley et al. [13] for a number of special cases. Using com-
== Ae (gz 1) —e G |2>) ' (®) puter algebra Grishanin et al. [14] obtained a fully analytic

solution for the population in the excited state ofasys-
tem in the rotating wave approximation. It takes the form of
a rational function o6 anddgr:

In the rotating wave approximation the electric dipole opera
tor coupling ground and excited states is

h o
Vaip = % exp(—iant —ig1) |3) (1] + c.c. As2+ B

N3 = ,
h C82 +2Cs, 82+ (D + E82)82 + F§. 8p + G2 + H
+%exp(—iw2t—i<pz) 13) (2] +c.c. ©) R 2R D%+ PoLor+ G (14)




with coefficients

A=8I11>0%05,

B = 2I010%05(1 G5 + 1205+ 4001 1)
C=16y11%03,

D = 4| — 211503 + AT Do(y2 92 + y1199)
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dispersion atigr = 0. This behavior follows the theoretical
prediction [16].

What makes coherent population trapping resonances so
interesting for precision applications is the small linewidth of
the dark resonance. The relevant parameter is the lifetime of
the ground state coherence responsible for the trapping effect.
Since|l) and |2) have equal parity the dominant radiative
decay process is the magnetic dipole transition connecting

+ 4Ty 105+ [Foayy — Do+ v2 — 619205}
E = 16(y2110% + 710203)
F= 4{21/11129121 — 2)/21*19‘11 — 8F221y11"29§

|1) and|2) with a spontaneous lifetime of several thousand
years. This is clearly negligible so that experimental param-
eters determine the observed linewidth: the stabilityAaf
- and Ag, Doppler broadening, power broadening, collisions,
+ 1%l (1 +y2) 2 — ') — By +y2)1} and external fields. In multilevel atoms the coherence can
G = 8I[201(y2l1G; + v1l28) + (11 + 72)9763) | also be destroyed by optical excitation into additional excited
H = (Rt [o02 AT I I 615010202 states through one-photon absorption. Furthermore, h|ghe_r—
= (Ng; + 1203+ 40 l10) X [(r1+ 72+ 61210103 order processes, for example, four-photon processes, can give
+ yzg‘l1 + )/19‘21 + 41“21(;/21“29% + ylFlgg)] . a small contribution under special circumstances [17]. Some
of the broadening mechanisms also cause shifts of the res-
Herey; andy, are the population decay rates from the excitedbnance frequency, with important consequences for the accu-
state into ground state$) and|2), I'; andl% the correspond- racy of precision experiments.
ing dephasing rates, arid, the dephasing of the ground state ~ The characteristics of coherent population trapping res-
coherencen;s is proportional to the absorption coefficient for onances are determined by the behavior of the ground state
the combined laser beams [14]. The only approximation thaltyperfine coherence induced in the presence of the two light
was used for the derivation of (14) is that direct populatiorfields. Such coherences have long been studied in radio fre-
transfer between the two ground states is neglected (inclguency (rf) spectroscopy and it is expected that the basic
sion of this process makes the resulting formutaechmore  physics of coherent population trapping resonances and of rf
complicated). resonances are the same. For instance, this is true for vari-
Figure 2 shows an example for the shape of the dark reus relaxation cross sections and systematic effects, as will
onance on thé, line in cesium vapor at room temperature,be shown in later parts of this work. There are, however,
measured both in absorption and dispersion [15]. Here some differences (Fig. 3). Because two photons are used to
was held constant at, = w3, andwi was scanned around couple the two ground states at a dark resonance it is possible
w31. As long asw; is detuned fromwsz; light field 2 opti-  to induceAm =0, +1, +2 coherences as opposed to stan-
cally pumps the population into staf®). When light field 1 dard (one-photon) rf excitation where ondym=0, 1 is
becomes resonant it therefore experiences increased absoppssible. This becomes apparent, for example, when a small
tion. However, when both fields are fully resonant with theirmagnetic field lifts the degeneracy of the lower magnetic
respective optical transitions and one would naively expectublevels.
maximum absorption a narrow dip is seen: the coherent popu- A distinct advantage of the optical dark resonances com-
lation trapping cancels the absorption. The overall absorptiopared to radio frequency excitation is that glass fibers can be
curve looks approximately like a Lorentzian with the width of used to transport the excitation radiation to the sample. This
the homogeneously broadened optical transition and a muds especially beneficial for sensitive magnetometers because
narrower inverted Lorentzian at the center. Correspondinghgll magnetic and electric components can be kept away from
the index of refraction is the superposition of a dispersivahe measurement volume. Furthermore, in principle a spatial
Lorentzian with anomalous dispersion néar= 0 and a nar- resolution in the micrometer range is possible with optical
row dispersive Lorentzian of opposite sign, i.e., with normalexcitation, as opposed tom-sized excitation regions in rf
experiments.
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Fig. 2. Low-resolution absorption and dispersion spectra measured in the
vicinity of the coherent population trapping resonance as a function ofig. 3. Similarities and differences between coherent population trapping
Raman detuningr resonances and rf resonances
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2 Optical phase-locking only 1.77 GHz the AOM technique is the method of choice,
such as, for instance, for the construction of an atomic beam
2.1 Light sources: diode lasers frequency standard [3]. It is completely impractical to use

AOMs at the long wavelength860 nn) and high modu-
All experiments described in the following chapters werelation frequency .2 GH2) required for cesium vapor. The
performed neaB50 nmwavelength. In this spectral region high modulation frequency poses a problem even for EOMs
AlGaAs semiconductor diode lasers are the most conveniehgcause they require a traveling-wave design with matched
source of narrow-band radiation: they are small, affordablephase velocities for the laser light and the modulating ra-
and their spectral characteristics can easily be adjusted Iso frequency field. Modulation frequencies 8 GHz and
a variety of techniques, among them optical and electricainore have been achieved in special designs [21, 22], and for
feedback. The operation of diode lasers for precision spe®.2 GHzthere is even a commercial model (NewFocus 4851)
troscopy has been perfected over the last few years, and wiging a tuned rf resonator with high driving power. However,
have developed and optimized a robust and versatile desigas Will be shown in Sect. 5.2.2, even small changes in the light
The basic concepts are similar to those published in two réntensities cause a frequency shift [14] of the coherent popu-
view articles [18, 19]. lation trapping resonances. It is therefore extremely important
The setup consists of a commercial laser diode (includto have constant modulation efficiency, which can only be
ing the glass window of the SOT-148 package) with feedbackbtained with a thermal stabilization of the EOM and its rf
from a holographic diffraction grating in Littrow configura- resonator to within about a millikelvin. Because at the same
tion. The spectral characteristics of these laser sources aligne several watts of rf power are sent into the device, elec-
of particular interest. While the linewidth for short averag-trooptic modulation is not feasible here either.
ing times « my) is less thanl MHz, acoustic and thermal A very attractive option is the direct modulation of the
fluctuations cause jumps and drifts of this narrow line in a relaser diode injection current. Efficient modulation is possible
gion of a few MHz width. In order to eliminate these slow up to the relaxation oscillation frequency of the laser medium,
effects it is standard routine to lock the laser frequency wititypically 1-3 GHzin edge-emitting semiconductor lasers. At
a relatively slow servo loop to a stable reference, here usudigher frequencies the intrinsic modulation efficiency drops
ally a Doppler-broadened absorption line of cesium vapordramatically, an effect that is made even worse by the low
If necessary, the laser can also be stabilized to Doppler-fréged-through efficiency of the standard SOT-148 package of
saturated absorption lines [20] which increases the reprdhe laser chip.
ducibility of the central frequency because of the narrower There have been reports on a cesium magnetooptical trap-
spectral featureslQ MHz width as opposed t400 MHzfor ~ ping experiment [23] and on coherent population trapping
a Doppler-broadened absorption line). in a cesium beam [24] where a commercial laser diode was
modulated a®.6 GHz using high rf power so that the first
upper and lower sidebands were driving the two hyperfine
2.2 A brief overview of modulation techniques components of th®; line. For coherent population trapping
experiments using vapor cells containing an additional buffer
In order to achieve narrow linewidths for precision measuregas this approach has the disadvantage that the pressure-
ments the coherent population trapping resonances have lsoadened optical transition would also be more or less res-
be excited by two light fields that are coherently coupledonant with the strong carrier wave and therefore lead to
The general definition of coherent coupling of light fieldsa destruction of the coherent dark state through one-photon
demands a fixed phase relation between the two fields. F@xcitation. One could overcome this limitation by spatially

example, in order for the two fields separating the carrier from the sidebands but in general com-
plicated and delicate experimental setups are required.

E1 = Epicoqwit + ¢1(t)), (15) In our experiments we have not been able to achieve a sig-

E» = Egz COSwat + ¢a(1)) (16)  nificant modulation index b9.2 GHz current modulation of

a packaged commercial diode laser. There are, however, new

to be coherently coupleds (t) — ¢»(t) has to be constant. Perspectives for the near future because recently vertical cav-

Note that the frequencies, andw, do not have to be equal ity surface emitting lasers (VCSELs) were demonstrated at
but that the instantaneous frequency difference wavelengths near the cesium and rubidium lines wigho®

modulation bandwidth of more thatD GHz[25]. Very re-
d cently we have obtained first results with such a prototype
Aw= a(w1t+<p1(t) —wt — o)) = w1 — o, (17)  VCSEL. It is envisioned that a directly modulated VCSEL
could eventually become the system of choice for the ob-
is fixed in time. The stabilization of the relative phase of twoservation and application of coherent population trapping in
light fields is therefore a convenient way of keeping the differ-cesium or rubidium vapor.
ence frequency of the two optical oscillators strictly constant.
A rather straightforward way to obtain coherently coupled2.3 Optical phase-locking
light fields is to modulate a laser beam and to exploit the
fixed phase relationship between the carrier and the modd-he most versatile strategy for the coherent coupling of light
lation sidebands. Several modulation techniques are possitfields is the use of optical phase-locked loops where an elec-
in principle: acoustooptic modulation (AOM), electrooptic tronic servo loop controls the optical phase of a laser light
modulation (EOM), and direct laser current modulation. Folbeam (“slave”) relative to that of a reference laser (“mas-
experiments on sodium, where the ground state splitting iter”). In principle arbitrarily high difference frequencies are
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possible using nonlinear optical techniques. Hundreds of tebetween the two light fields is lost but the frequency detec-
ahertz have been used in optical frequency metrology [2Gjon mode helps to pull the slave laser frequency back into the
27]. The two phase-locked light beams are geometricallyange where the phase-locked loop can recapture it.
completely independent so that both can have any direc- The servo loop is closed by a passive loop filter tailored
tion, diameter, polarization, and power, as opposed to alo compensate part of the electronic phase delay accumu-
other methods. Optical phase-locking, first demonstrated itated along the servo loop. The filtered servo signal is directly
1965 [28], has been studied for applications in communicaeoupled to the pins of the laser’s SOT-148 package in order to
tions [29] and phased-array laser radar [30] and perfected fdrave good high-frequency response. Low-frequency drifts are
pulse synthesis [31, 32] and optical frequency multiplicatioreliminated by electronically integrating the error signal and
chains [33, 34]. adding it to the offset voltage of the grating piezo element.
The setup of the optical phase-locked loop employed in.oop bandwidths in excess @MHz can be obtained, and
this work is sketched in Fig. 4. The light beams from mastewithin the servo bandwidth the optical phase of the slave laser
and slave laser are mode-matched and superposed on a pfallows the master laser phase typically withigp,,s = 4°.
todiode (Antel Optronics AR-S2) that is fast enough to detect The coherent coupling can routinely be maintained for
the 9.2 GHz beat signalS,e,: required for the cesium vapor hours, and both large and small difference frequencies are

experiments: possible. Note also that offset voltages in the servo amplifiers
may cause constant phase offsets but no frequency offsets

Sreat= (| Estave+ Emastel’); (18)  since frequency is the derivative of phase. This particular
practical advantage has been used in experiments designed to

= <| Eo1 COS(w1t +¢1(1)) check the accuracy of the 1:2 frequency ratio between fun-

2 damental and optical second harmonic [36], of the frequency

+ Eoz COSwat + p2(D)| >t (19) accuracy of a degenerate optical parametric oscillator [37],

= Eo1E02 COS(Awt + Agp(t)) +dc terms (20) and of an optical frequency comb generator [38].

Finally, two important points about the requirements for
with Aw = w1 — wy and Agp = ¢1 — @p. After amplification  an optical phase-locked loop should be mentioned. In the
the beat signal is compared with a rf signal from a local ospresence of external noise the residual instantaneous fre-
cillator at the desired difference frequenty/2r in a two-  quency difference
step process. In a double-balanced mixer the beat signal q
is down-converted into th€0 MHz range where a digital _
phaséfrequency detector gives an output signal proportionalﬁw(t) a a(q)l(t) B <1>2(t)) ’ (21)

to the phase difference betweawp and the local oscillator
phase®L o1+ ¢L02. where @1 (t) and @, (t) are the total accumulated phases of

The design of this phase detector follows an idea by HalMaster and slave, is not constant but fluctuates around a mean
et al. [35] and its implementation is similar to that described’@lu€ @1 — wz. The maximum phase excursion that can sitill
by Prevedelli et al. [34]: one of the input signals is fed tobe followed is limited by the detection range of the phase de-
an upward counting 5-bit TTL counter while the other onet€ctor. While the simplest phase detectors for phase-locked
is connected to a downward counter. When both lasers at@ops allow no more thas-z excursion the detector used
phase-stable the 5-bit sum of the two counters remains b&€re has a phase error rangeie827 which makes it much
sically constant and its time-average is proportional to thénore robust. Furthermore it is important how quickly(t) —
phase difference. In this way phase excursiogsof +£327  ?2(D fluctuates. In a frequency chain for metrological appli-
around the reference phase can be detected, which makes f#ions [27] this parameter is uncritical because only the total
servo loop robust enough to phase-lock two grating—stabilize_alalfmi)e'r of optical cycles during the averaging time of typ-
lasers for many hours even in a noisy laboratory environically 1'sper data point is important. In the experiments on
ment. Additionally, logic gates switch the detection mode tofOherent population trapping, however, phase excursions of
frequency detection when large phase excursions cause B}Pre tham/2 during the lifetime of the ground state coher-

overflow of the adder. During this time the coherent couplingEnce. typically milliseconds, would lead to a destruction of
the coherence and a broadening of the resonance line.

Laser 2 3 Experimental test of the three-level theory
Photo 3.1 Atomic properties of cesium
Laser 1 Diode
A The cesium atom is very convenient for laser spectroscopy
20 MHz 917GHz Vs because itsD; and D, resonance lines are accessible by
- Local Local Mixer diode lasers and because at room temperature its vapor pres-
LoopFilter| | 5 ciiaor 2| | Osdillator 1 sure of aboutl.6 x 10~4Pa s sufficient for spectroscopic

experiments. Most measurements discussed in the following
Phase/Frequency el | sections were performed with grating-stabilized diode lasers
Detector < | (a few older experiments used diode lasers stabilized to ex-

ternal high-finesse FabryéPRot cavities by resonant optical
Fig. 4. Setup for optical phase-locking at large difference frequency feedback, “Hollberg” design [39—-41]).



The cesiumD; line only provides an approximation to an ments can also avoid this loss chan®€Ps6 reduction of flu-
ideal three-level system (Fig. 5). In zero magnetic field theorescence has been seen in a sodium beam experiment [42].
681/2 ground states witlF =3 andF =4 can be identified
with |1) and|2) in Fig. 1 while the one-photon electric dipole )
selection rules allow bottfPs,, F =3 and ®Ps,, F =4 3.2 Experimental setup
to play the role of the excited staf8). In a magnetic field ) ) N
the degeneracy of the Zeeman levels is lifted, and each stalde core of the experimental setup are two grating-stabilized
Sp“ts into 2: + 1 Components W|th a Zeeman Sh|ft as givend|0de Iasers _phase—locked to eaCh OthéXZlGHZdlffel’ence )
in Fig. 5. frequency (Fig. 6). A small part of the power from the lasers is

In a thermal vapor all the optical transitions are DopplerSuperposed on a fast photodiode for the optical phase-locked
broadened to abol®70 MHz so that the upper levels over- Io_op. The first Iocal oscillator is allqw phase noise dielec-
lap while the ground states are still completely separated. FdiC resonance oscillator 8t172 GHzinjection-locked by the
each optical detuning there are two velocity groups of ce- 183rd subharmonic &0.12367 MHzprovided by a stable ra-

sium atoms (labeledvy” and “v4”) that can forma systems:  dio frequency synthesizer. A second synthesizer, stabilized to
group “v3” is resonant with the transitions t6Ps/», F = 3), the samel0 MHz reference oscillator as the first one, pro-

and group 4" forms a A system with| %P35, F =4). As vides a computer-tunab®) MHz signal as the second local

will be shown in Sect. 4.3 one can treat the resulting darescillator frequency. In a typical experiment laser frequency
resonance spectra as if for each atom the light fields inw2 is locked to theF = 3, 4 crossover transition of the satu-
teracted witheither the upperF = 3 or the upperF =4  rated absorption spectrum [20] in an auxiliary cesium vapor
level. The dark resonance spectrum is therefore the sum &ll while laser frequency, is scanned across the Raman
two spectra, one fof3) = | °Ps/», F =3) and another one resonance by detuning local oscillator 2.

for |3) = | %P5/, F =4), each weighted with the number of Since the residual Doppler effect would broaden the dark

atoms in the corresponding velocity group according to théesonance line t800 kHz even when the two light beams

Maxwell distribution. make an angle of onl0.5 mrad with each other [43, 44]
The D;, line is not ideally suited for experiments on co- the major part of the laser powers is coupled into a stretch

herent population trapping because due to the Doppler broa8f single-mode optical fiber. At the fiber output both beams

ening the excited® = 2 andF =5 levels can be populated Overlap perfectly in a clean circular Gaussian mode.

by off-resonant one-photon absorption from the ground state The laser beams are polarized and sent through a glass

F =3 andF = 4 levels, respectively. These loss channels fofell containing the cesium vapor. The cell is surrounded by

the ground state coherence give an additional small contribdibree mutually perpendicular pairs of current-carrying coils

tion to the width of the dark resonance line and — more imfhat compensate static magnetic fields such as the geomag-

portant'y — provide background absorption_ Therefm@/o netic f|e|d. By C'hang”’]g. these currents Sma” magnetIC f|e|dS

transparency cannot be reached usingDadine in a vapor.  ¢an be applied in any direction.

This should be different on th@; line atA = 894 nm(where

diode lasers are harder to obtain and were not available for Fiber

Vapor Cell
the experiments described in this work). Atomic beam experi- i

@_

Polarizing Photo
- Optics Diode
energy Zeeman splitting
in kHz/uT Laser 2
6Py, F=5 e +5.60 S
oto
251.4 MHz Laser 1 Diode Dgtg_ <
6P, F=4 -X +3.73 y\ Acquisition
201.5 MHz
3/2 151.3 MHz oop
6P, F=2 -9.34
A Fig. 6. Experimental setup for the observation of coherent population trap-
ping resonances in a cesium vapor cell
~ ~ 352 THz
' "~ (852 nm)
3.3 Observation of dark resonances in pure cesium vapor
6S), F=4 +3.51 Usually the signal transmitted through the atomic vapor is
recorded. Alternatively the spatial distribution of the fluores-
25 9.19 GHz cence intensity of the cesium vapor can be recorded with
a CCD camera (Fig. 7a). The intensity decreases towards the
- ; end of the cell because part of the laser power has already
6S;,, F=3 351 : ;
been absorbed in the preceding stretch of the cell. When

Fig. 5. Participating energy levels in the cesiubs line (not to scale) Aw is tuned to the coherent population trapping resonance



phase-locked
laser beams

Fig. 7. Grayscale images of the spatial
distribution of fluorescence from a ce-
sium vapor cell of length7 cm in the
presence of a bichromatic light fieid.
Experimental setupb Laser difference-
frequency tuned to th®.2 GHz hyper-
fine splitting: the dark resonance Small
Raman detuning: a bright resonance. Ab-
sorption along the cell reduces the fluo-
rescence intensity towards the end of the
cell

(Fig. 7b) the cell becomes darker (hence a “dark” resonanc®.4 Effects of an additional buffer gas
than for a small Raman detuning (Fig. 7c).

The dark resonance has the interesting property that thefiehe narrowest dark resonance lines that could be obtained
is a steep dispersion at the resonance center where the ab-cesium vapor cells have a full width at half maximum
sorption vanishes (Fig. 2). This is in contrast to the behavio(FWHM) of about10 kHz limited by the short interaction
of a bright resonance where at the point of steepest dispetime of 35us for atoms with thermal velocity and a laser
sion the absorption has a maximum. In order to measure tHeeam diameter 00.7 cm [6]. In order to narrow the reson-
dispersion near the dark resonance simultaneously with thence lines even further the effective interaction time between
absorption the vapor cell was placed inside a Mach—Zehnd@toms and light has to be increased.
interferometer where laser 1 has equal power in both interfer- Using Ramsey excitation of a sodium atomic beam with
ometer arms [15, 44]. Along one arm the light from laser 2 isa zone separation 030cm a Ramsey fringe ofl.3 kHz
superposed. Both arms meet on a beamsplitter with exactlinewidth was observed by Thomas et al. [49]. Further re-
50% splitting ratio. The difference of the signals from the duction by almost two orders of magnitude is possible using
two interferometer output ports was held constant by changmproved vapor cells. One possibility is to coat the cell
ing one arm length via a mirror mounted on a piezo elementwalls with a suitable substance, for example, paraffin [50] or
The piezo voltage is then proportional to the nonlinear indexrganosilanes [51]. Alkali atoms bounce off these films with
of refractionny, so that undistorted spectra fj can be ob- very small sticking probability so that the ground state coher-
tained [15] (Fig. 2). This is in contrast to an experiment onence survives hundreds or thousands of wall collisions, thus
a dark resonance in a cascade-type level schélpe-(23in  effectively increasing the interaction time by a large factor.
Fig. 1) in rubidium vapor [45]. Another approach is the use of “buffered” cells: an inert

Experimentally one finds that on resonance the nonlingas, neon for instance, at pressures of several kPa is added
ear part of the absorption coefficient is almost zero while theéo the cesium vapor. Frequent collisions with neon atoms
change of refractive index is — to our best knowledge — thémpede the free motion of cesium atoms through the light
strongest ever measured [15]. Whilg is very small, its fre- beam so that transit times of many milliseconds are possible.
quency dependence is dramatin/df =1.1x10"*'/Hz  Since the ground state coherence has magnetic dipole charac-
(for comparison, BK7 glass in the near infrared dagdf =  ter millions of collisions with neon atoms (no net spin, very
4.4x 107" /Hz). Since the density of cesium vapor at roomsmall polarizability) are necessary to destroy it. The optical
temperature is T8 times lower than that of glass the disper- transitions, in contrast, are strongly broadened by buffer gas
sion per atom is more than ¥0times higher in the dilute collisions to several00 MHzalready for a few kPa of neon.

vapor than in the glass. Fine-structure changing collisions, i.e., an exchange of pop-
A different measure for the steepness of the dispersionlation between théPy, and °Ps/, levels, are completely
is the group velocityyg = dw/dk or the group indexig = negligible for cesium in neon [50].

C/vg=n+wx dn/dw. For example, Schmidt et al. found Buffered cells have been used in optical pumping experi-
a maximum value ohgy = 3400 at the center of the reson- ments in rf spectroscopy since the mid-fifties. There is a large
ance in a room-temperature cell [15]. The group index goebody of literature on the effects of wall coatings, buffer gases,
through a maximum as a function of laser intensity. Heatingand their combination on rf and optical transitions. Because
the cell increases the vapor density, anpd=c/10000 was of the similarity between the physics underlying rf and pop-
easily obtained in this way. ulation trapping experiments one can expect these findings to
These values aiy have to be compared withy =14  be transferable to coherent population trapping. In the com-
found in the vicinity of a conventional one-photon resonancg@rehensive review by Happer [50] several hundred references
in rubidium vapor [46],ng = 1000 for the special pulses in to theoretical and experimental work on relaxation processes
self-induced transparency [4#]y = 13.2 for the dispersion and cross sections are given together with tables of exper-
in the rubidium ladder system [45], amg = 165 at a dark imentally determined values. It is therefore surprising that
resonance in lead vapor [48]. Group velocitiescpgf000Q  no systematic studies of buffer gas effects on coherent pop-
as obtained here, are less than a factor of 10 higher than tl#ation trapping existed. The only exceptions are a plot of
speed of sound in solids — “slow” light indeed! the dark resonance linewidth and contrast in sodium vapor
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as a function of helium pressure [52], a similar but uncom- 10000-¢
mented curve in [53] and a plot of the dark resonance line
shape for sodium in helium in [54].

Because of the broad homogeneous linewidth the con:
trast of coherent population trapping resonances is Iowet 1000
in buffered cells so that frequency modulation (FM) spec-=
troscopy is used to measure the transmission spectra. F&f
that purpose the frequency of local oscillator 2 (cf. Fig. 4)%
is modulated with typicallyl kHz frequency and. kHz am-
plitude. Profiles of resonance lines broader thadiHz look
basically like the derivative of the underlying absorption line
profile, whereas for narrower lines the profiles are more com-
plex [55] With a simple numerical procedure even the line 0 2 4 6 K 8 10 12
shapes in the most general case can be inverted, and both the Ne pressure (kPa)
absorpton and the dispersion lie shapes can be caloulatgf ® Ful weth & el T () 0 oo pepueion fop
from a single transmission measuremen_t using the in-pha Ssolld lineis calculated wnh%ut any free parameters sep
and quadrature components of the FM signal [56, 57]. How-
ever, the modulation frequency must be a multiple of the
frequency step size in order for the method to work so thalhe numerical values were computed using the cross section
most of the spectra taken before the development of the inveand diffusion data determined by Beverini et al. [58] in an
sion procedure had to be analyzed by fitting position, heighptical pumping experiment. The good agreement with the
and width of the calculated FM signals to the experimentaéxperimental points is a further indication that the optical
spectra, assuming Lorentzian absorption and dispersion prphase-locked loop really eliminates all difference frequency
files for the dark resonances. fluctuations as expected.

In order to observe the effect of the buffer gas more clearly The data of Fig. 8 were taken with laser intensities around
the vapor cell was placed in a small longitudinal magneti®.01 mW/cn¥. For higher intensities power broadening sets
field (B = 24.T). The ground and excited states are split byin (Fig. 10). A linear relation between FWHM am is ex-
the Zeeman effect, and for equal circular laser polarizationpected [12, 59]:
the dark resonance splits into seven components at different
resonance frequencies. The details of the behavior of the dafRWHM = 215+ 95/ (r1+72), (24)
resonance in magnetlc fields will be discussed in the follow-
|ng section. Here it is sufficient to know that there is a Com_lf the |ntenS|ty is below the coherence saturation |nten5|ty
ponent (corresponding to the coupling |6f = 3, mg = 0) 3
and|F =4, mg =0), the so-called 0-0 component) that re- lc = 4rhclh2/34°. (25)
mains at the original resonance frequency because in first
order it is not shifted by the magnetic field. Its width is not in-
fluenced by field inhomogeneities and therefore it was chosen
for further detailed studies. ]

A special cesium vapor cell was used that could repea ‘E .
edly be filled with different buffer gas pressures using a glassS |
valve. For each neon pressure a series of measurements f& |
different laser intensities and magnetic fields were taken and_ _| 42 H
fitted with the theoretical line shape in order to obtain the § | —>» Z
values for height, width, and position of the resonance. Ing —
Fig. 8 the full width at half maximum (FWHM) of the co- § 1
herent population trapping resonance is plotted versus neof§ ]
pressure. For increasing pressure a dramatic decrease due to |
longer interaction time is followed by a slow increase due® |
to collisional broadening. There is a broad plateau where the&e _
FWHM is below 100 Hz The narrowest resonance line ob-
served has a FWHM af2 Hzand is shown as an example in &
Fig. 9. The broader pedestal is due to residual line frequency;;
interference into the phase-locked loop. U |

The solid line in F|g 8 is a calculation taking into account -=

N
o

diffusion (ygir) of cesium atoms in neon and collisional relax- > |
ation (/con): g —
5
l T T T T I T T T T I T T T T I T T T T
FWHM = — ()/diff + Yeoll) (22) -1 -0.5 0 0.5 1
D Raman detuning (kHz)
3

(23) Fig. 9. Absorption and dispersion spectrum of a very nartaxrk resonance

=1.3x 105——+4 103 =
sp P line, obtained by numerical inversion of the FM line shape
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Fig. 10. Power broadening of the 0-0 component with and without buffer
gas JE—
Using the axis offset value of the linear fit curves to the
data in Fig. 10 as an upper limit faf, one obtainsl; =
8.0 x 103 mwW/cn? andl. = 2.5 x 10~*mW/cn? for 0 and
2.1 kPaneon, respectively. So the coherence saturation inter —_ \— = F=4
sity is much smaller than the smallest laser intensity for whict +4
the dark resonance spectrum can be measured with sufficiemg =-4 -3
signal-to-noise ratio. Experimentally one still finds a linear _—
relationship with a slope of abo@0 kHz/(mW/cn?) which  m3 = 3002 F=3
is a factor of 200 lower than predicted from (24) fok I.. | | | | | |
Such a decrease in slope has also been seen — although mi >

less dramatic — by Akulshin et al. [43,59]; they were able tc ) resonance number 71

measure the dark resonance width both above and bklow relative frequency

because due to the instability of the laser difference frequency 11ab. Zeeman-split cesium dark resonances in a longitudinal field

H H - . ,0. - I u | Itual |

in their setup the relaxation rate qf the ground Stat_e .COheren h a oTo™, b oto™ excitation. The selection rules allow seven (or

(and therefordc) was a hundred times larger than it is here. six) 4 resonances, with frequency positions indicated by the short vertical
lines. Possible couplings between pairs of ground state levels are indicated
schematically by diagonal lines

4 Multilevel theory

In order to use coherent population trapping resonances favill be compared to experiments on tbe line in cesium va-
precision measurements of magnetic fields it is essential tpor. This section basically covers the work described in more
have a detailed understanding of their behavior in magnetidetail in [60].
fields. This includes selection rules, positions, and relative
strengths of all Zeeman components.

For the relatively small flux densitieB considered here 4.1 Theoretical model
the complete Breit—Rabi formula for the energy levels as
a function of magnetic field reduces to the linear Zeeman cadeor a complete description of the behavior of the atom in the
where the magnetic substates are Zeeman-shifted at a rggeesence of the two light fields the equations of motion for
of —&Bmg and +&Bmy, respectively, withe = gjug/(21 +  the density matrix have to be solved. This is a rather cum-
1)h =3.5kHz/uT. gy is the electronig-factor andug the  bersome calculation because of the large number of levels
Bohr magneton whilens, m4 are the magnetic quantum num- involved (48 levels for thé; line of cesium). Many authors
bers in theF = 3 andF = 4 ground states. Hence instead of have solved this problem numerically (see Arimondo’s review
just two lower states there ard 4 2 (I is the nuclear spin article [12] for references). The numerical solution, however,
guantum number] = 7/2 in cesium), allowing the forma- makes it hard to obtain physical insight. On the analytical
tion of severalA systems, depending on field direction andside, there is a series of papers by a theoretical group in
laser polarizations. Two examples are shown schematically iNovosibirsk that culminated in [61] where for zero magnetic
Fig. 11. Each component is offset in frequencyfay= néB,  field the density matrix was expanded into a series of invari-
wheren = mz + m;. ant parts, valid in the case of purely radiative damping. Hioe

It is not immediately obvious how to extend the simgle and Carroll [62] found general invariants in multilevel quan-
system picture to this multilevel system in the general caséum systems, while Kanokogi and Sakurai [63] gave another
In the following, symmetry arguments are used to calculatelegant approach which, however, takes only one excited level
the selection rules and relative line strengths in a superpodiato account.
tion of A systems in alkali atom ground states, both with and  The key idea of our own model is to separately consider
without the presence of a buffer gas. In Sect. 4.3 the resul@ll possible “Zeemam systems”, i.e..A systems involving
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pairs of magnetic substates with one state taken from eaegh2 Two-photon matrix element

ground stateF level. Here the statef§y F mg)} are a suit-

able basis wher¢y) is a shorthand notation fgv L S J)  Following the treatment of two-photon absorption in [64]

(v is the principal quantum number while, S, andJ are  the two-photonA transition amplitudeA, can be derived in

those of the orbital, spin, and total electronic angular momensecond-order perturbation theory for stimulated two-photon

tum). The ground state sublevels and the bichromatic lightt processes between initial staiteand final statef). When

field are mainly characterized by their respective angular mad<eeping only resonant terms one obtains:

menta. Hence the elegant formalism of tensor algebra can be . ,

used in order to derive geometry-dependent selection ruleg 3 (fldx E3|s) (sld x Ex i) 28)

and coupling strengths. w1 — wsj +1ys/2

However, in order for the reduction to tensor algebra to be

valid, several simplifying assumptions have to be made: Hered = —er is the electric dipole operator,the position
vector of the valence electrofs) are all possible interme-

No Zeeman optical pumpinghe overall shape of a dark diate excited statesy; is the frequency of the light field

resonance spectrum in a magnetic field can be influencel;, ws; the frequency difference between stafgsand |i),

by optical pumping. But for sufficiently low laser power or and ys the decay rate of statgs). In the case of the ce-

high buffer gas pressure optical pumping can be neglected, a&im D, line discussed herd,) = | 681/2, F=3 mg),|f)=

shown in [60]. 19S1/2, F =4, my), and|s) =| %P3, Fs, ms). The detailed
derivation is presented in [65].

No one-photon absorptiomn the case of alkaliD, lines With both the dipole operator and the electric light fields,

the excited stateE = | +3/2 cannot couple tbothground

states simultaneously. These levels therefore form a loss1 = Eio(a181 +aog +a 18 1), (29)

channel for the coherent state thr_ough one-pho_ton absorpti_oE; = Epo(b18; + boty +b_18_ 1), (30)

In general the one-photon transition rates are different for dif-

ferent coherent states and can change the population balareganded in terms of the standard spherical tensor bagis

between the coherent dark states. This one-photon loss meghe dipole energy takes the form

anism is ignored here.

1

No multilevel coherenceRepending on the experimental pa- d x E1 = —eEio Y (—1)Pa_prp (31)
rameters some sublevels of the ground state can simultan- p=—1

eously be coupled to more than one other ground state sub- )

level. In this simple model all interference effects (i.e., coher@nd (28) can be written as:

ences involving more than two photons) due to shared levels (f1rqls) (sl Tp i)

among pairs of ground states are ignored. The compariso, ZZ(—l) PHa_pb_q (32)
with experimental results shows that this approach is, indeed, s pq N(v. 9
justified. 2 K
Under these assumptions it is reasonable to assume that Z Z (_1)Qa£K$ (f] RSO li), (33)
the total line strength of the resonance is distributed among K0 0—K
the Zeemamd systems according to their relative strengths.
Since in the unsaturated case the contrast oftlesonance where
line increases with laser intensity [12], i.e., Rabi frequency,
the relative strength of a Zeemahsystem is given by the a{?K) = Z(l plglK Q)aphy, (34)

two-photon coupling strength between the pair of ground p.q

states involved. In the frame of the model this couplingo)

strength is obtained for each pajiy; F my), |[vs Frms)} = Ry’ = Z Z(l PL1aK Q)rpls) (sirq /N, Fs), (35)

{li), | )} by calculating the matrix element of an effective s P

two-photon operatot9, for the transition from|i) to | f). _ L K)

This includes a summation over all possible upper states arff'd N(¥- Fs) = @1 —wsi + 'VSK/)Z' Hereag ™ depends only on

all polarization components present in the light fields: the laser polarizations arg;” contains only atomic quanti-
ties. Application of the Wigner—Eckart theoremto Rgo li)
allows us to split off theQ dependence:

Sel(mi, mp) = [Ax(mi, mp)|? (26) i Wl F K EN
oc | (Wi Frmi| Oalys Fimi) 2. (27) AAO(KXC;(_D f’“f*Qa_Q(_mf Q ml>‘M( g (36)
here

The effective two-photon operat@?, describes a process
where one photon is absorbed from one of the lightbeams angy (<) _ (_1)Fi-Fi+K /oK 11 Z(_l)ZFs/ N(¥, Fe)
a second one emitted into the other light beam. In the unsat-

L F
urated case discussed here the absolute laser intensities enter K F vire
as proportionality factors that are equal for all components so X { 1f E 1'} (FellrIFs){FslIr|IFi) (37)
that they do not have an effect on the relative line strengths. s
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is the multipole amplitude of the coupling with multi- V(K, Fs) = (—1)Fi tFstFrtltditdstJi+K
polarities K =0, 1, 2 corresponding to scalar, vector, and

quadrupole couplings. For coherent population trapping res- x {Ff P 1 } {' Fs ‘]S}

onances in alkali atom ground states, whEfe Fi, the 3j LKEL ) F

symbol in (36) vanishes fdf = 0: scalar coupling is not pos- F R 1 1

sible. From (36) one also sees immediately that for each pair X {J 31 } N ED (42)
of initial and final states the sum (33) reduces to the two terms s W, Fs)

with Q = m; —my: = W(K, Fs) /N, Fs). (43)

Ax oy (FI R [i) +a%, (FIRG i) - (38)

For the case of two-photon absorption a similar separ
tion into a sum of tensor products was discussed by Cagnac
al. [66] for the casev; = w, and by Herrmann et al. [67] for
w1 # wy. The polarization-dependent part was also derived b
Bonin and Mcllrath [68] in order to study selection rules for 2" : oo
two-photon absorption. Yuratich and Hanna [69] found a gen& Width corresponding to the homogeneous widtlgive the
eral expression for multiphoton processes of arbitrary ordeflminant contribution of leveks to the dark resonance line
based on symmetry arguments, and discussed Raman trarﬁtf—ength' Inan unbuffered cesium vapor the stagehiave
tions as a special case. a fr_e_quency difference much Iarger than SO that for e_ach

The beauty of the tensor model lies in the fact that it easilyf7dvidual atom only oner level will effectively enter into
allows us to directly trace the influence of various parameterﬁe' because for the other level the optical detuning is too

: e (K) rge. In a buffer gas, howevey; is strongly collisionally
Apart from the separation of laser polarlzatlcrng:< from broadened, and for each atom bk levels must be in-

atomic quantitieﬁgo andM ¥ there are two more aspects. cluded. Therefore, apart from using the appropriate value of
] ] ) ys, the model accounts for the buffer gas by performing the

GeometryGeometric aspects, i.ez, components breaking summation over all possible excited states for transitiges

spherical symmetry, only enter vi@—l)Qa((gK) and the 3 (no buffer gas):

symbol. Hence any change in geometry can be accounted for

by a rotation of the polarization tensor whereas all the re-

maining formula remains the same. This applies not only tosrno buffer gas Z

polarizations but also to changes of the magnetic field di- el

rection. If an external magnetic field is not along the laser

In a vapor cell at room temperature the Doppler width of
the cesiumD;, line is 370 MHz which is comparable to the
perfine splittings in théPs/, state (Fig. 5). If the laser fre-
uencies are tuned into the hyperfine manifold of fif,
tate two different velocity classes are resonant with the tran-
ition|i) — |s) for Fs = 3 and forFs = 4. These classes with

« ( Fr KK
a5 g m)
Fs ' K.Q

2

propagation directio®;, all one has to do is to transform the
input polarizations into a coordinate system wéhalong B x UK)V(K, Fo)| (44)
(as the quantization axis is chosen aldByg By definition,
for spherical tensors this is done using the rotation matrices
DW._ - or transitionamplitudes(with sufficiently high buffer gas
QY pressure):
ay’ =Y ay’ Dy (39) e
Q SFeulffer gas ZZ(_l)QaiKQ) <_ ff 0 m,)
Fs K.Q
Excited statesThe properties of the excited states;,( ys, 2
hyperfine splitting) enter intax™ only and it becomes x UK)V(K, F)| . (45)
straightforward to account for the influence of a buffer gas. ’

MK can be written as the product of a tef(K, Fs) de-
pending on the total angular momentum quantum nurkber

. - When the summation is over amplitudes (45), interference
of the excited state and a terfii(K) containing theFs- b (45)

effects can play an important role. In fact, the model shows

independent terms: that at sufficiently high buffer gas pressure, i.e., largehe
K K = 2 contributions cancel: in a buffer gas no quadrupole
M =UK) ZWK’ Fs)., (40) coupling is possible. This can be seen the following way:
¥ Fs With § = w1 — wsi(Fs = F) andés = w1 — wsi(Fs = F¢) the
summation over the two possible valueskafcan be writ-
ten as
U(K) = (=)' HHi+SH34Ls+5 290 4+ 1) /(2K 4 1)
xR+ DR+ DRI + DRI+ 1 T V(K Fo) = WK RS lrs/2
9 9 : 2
X{Lf Js sf”L J g,} s 5 +vé/A
J Ls 1(]J L 1 Se —ive/2
WK, P2t =12 (46)

X (LellrfILs)(Ls|Ir(ILi), (41) 5 +v2/4
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For largeys the termss? ands? in the denominators quickly
become negligible:

4
D VK, Fy) = Bl WK R +8 WK, Fo)]
Fs s

—iE[W(K, F)+ WK, F)]. (47)

Vs

After some angular momentum algebra one finds that th
imaginary part vanishes fak = 2 (for details see [65]) so
that the transition amplitude scales likg? and the line
strength likeyg . In contrast, fork = 1 the imaginary part
does not vanish but in general dominates because ¢fits
dependence for the amplitude apgd? for the rate. There-
fore the K = 2 contribution to the transition amplitude de-
creases with increasings and becomes negligible, for ex-
ample, above a few kPa of neon in cesium vapor. A similar™
argument was given by Happer and Mathur [70] for the case
of one-photon optical pumping of atoms with a hyperfine
splitting smaller than the Doppler broadening.

M signal (arb. unitsP

4.3 Experimental test of the multilevel model :

4.3.1 Line strengths in a magnetic fielthe dependence of — T — P

the relati\{e Iine strengths on magnetic field direction is |I 30 -20 -10 0 10 20 30

lustrated in Fig. 12 with a series of spectra recorded with normalized Raman detuning (kHz/uT)

identical circular laser polarizations in a cell w7 kPaof Fig. 12. Dark resonance spectra fer"o™ excitation and different angles
. . . o

neon as buffer gas. At such a hlgh pressure OnIyKhe 1 B between laser beam and external magnetic figld=(10uT, 8.7 kPaNe

component effectively contributes to the coupling. WHEN  pufter gas). Thelispersive lineshapes are due to the lock-in detection
is increased the seven even-numbered resonances seen at low

B gradually vanish while the eight odd-numbered resonances _ ) .
continually grow until, for8 approaching(, they alone are presentin a cell without buffer gas while in a buffered cell
make up the spectrum. ’ like here, whereK = 2 does not occur, only odd-numbered

For a quantitative comparison with the theoretical modeP&aks [Q| = 1) remain. _ N
the total strength of each component was determined by per- The transition rates vary with the square of the probability
forming a “running sum” on the raw spectra in Fig. 12, i.e. amplitudes so that here one obtains in the limit of high buffer
for each frequency the intensities of all data points to the lef§aS pressure.
of itare summed. The resultis a series of lines with absorptive Uffer das
shapes whose areas can be determined by integration. THg,  ° occos g for Q =0, (49)
area is taken as a measure of the relative line strengths. uffer gas -

The spectra in Fig. 12 can be used to check two differentel PPocsin’ - for Q=1 (50)
predictions of the model: the angular dependence of the frac-
tion of overall line strength contained in the even or odd peakd e strengths of the even-numbered resonances are therefore
and the relative strength of different peaks for a fied expected to decrease as £swhile those of odd-numbered

resonances should increase ag gin
Total line strengthsln this experiment both light beams are ~ For each of eight spectra for differefif five of which
ot polarized with respect to a magnetic field along theirdr® shown in Fig. 12, the suiBhen of the strengths; of
propagation directio@, (8 = 0). After a rotation by around the seven even-numbered resonances and theSsyaraf the

they axis the polarization tensor components are eight odd-numbered resonanc®s; ; were normalized to the

total strengttb = Syven+ Sydd (Squares and circles in Fig. 13).
A2 — _1sirP g, The solid line represents the pure €8sand sirf g dependen-
@ ‘1‘ ) O 1 cies anticipated from (49) and (50). While there is qualitative
a" =—zsin2g, d" =—3sing, agreement there are small systematic differences: the squares
52 — 1 3sitp-1), a" = —L cosB, (48) are mostly too low and therefore the circles too high. Such
) ~/61 i ) 1ﬁ a systematic deviation could be due to a spurious magnetic
ah= 3zsin2, di= 3Sing, field component in the direction.

a? = -1sirp
—2 4 : . .
Relative line strength#t a buffer gas pressure 8f7 kPathe
For g = 0° only theQ = 0 components do not vanish so that resonance denominatok&+, Fs) are mainly determined by
only even-numbered peaks are allowed; this is the situatiothe collisionally increasegs, as discussed above. It is there-
depicted in Fig. 11a. Fg8 = 90° all 15 possible components fore possible to simplify the calculations by treatiNg/, Fs)



13

1.0 ]
" | 0.2 B =13°
5, 0.8 ]
= | ol
% 0.6— 0.1
© 0.4 |
= i ] 1@
3 02 8'2
o U 1 = . B = 450
0.0 §; i
0 15 30 45 60 75 90 .023 0.1- )
B (degrees) g |
Fig.13. Measured resonance strengths for the 7 *“longitudinal” peaks_g
(square$ and the 8 “transverse” peaksirCles), cf. Fig. 12, normalized to 0.0
the total strength of all resonances. Budid linescorrespond to cds8 and :
Sir? 8 0.2 = 86°
. p=
as a constant and by omitting it from (37) for a calculation of 01—
relative line strengths (for mathematical details see [65]). The ™
results for circular light polarizations are shown in Fig. 14 as i
dots connected by solid lines (to guide the eye). For complete-
ness the slightly better results of the full calculation using 0.0 T TOT TOTTOTTOT TOT 7O
(37) including the resonance denominatdi&/, Fs) with 76-5-4-32-1012345¢67
ys = 2t x 300 MHz are shown as dashed lines. The value of peak number

s was estimated from a fit of Voigt profiles to the Doppler- rig. 14. comparison of measureddlumng and calculateddotg resonance
broadened absorption profile of the buffered vapor cell. Thetrengths for selected spectra of Fig. 12. Hashed linegor g = 45> cor-
experimental and theoretical spectra have each been normégdspond to a complete calculation using (36) with= 27 x 300 MHzwhile
ized to a total line strength of unity. The good agreemen r the dots (connected bysolid lineg the limit of high buffer gas pressure
S . . 7’ . .~ was used
justifies the omission in the theoretical model of interaction
effects between differemt systems with shared lower levels.
For g = 86° the outermost lines are the strongest compo-
nents (columns in Fig. 14) although in Fig. 12 they have the
smallest height. This purely visual effect is due to field inho-
mogeneities which broaden the lines at the expense of their
heights while leaving the peak areas constant.

input ey
polarization

-~

4.3.2 Change of multipolarityThe circular polarization used

to record the spectra shown in the previous figures is pro-
duced with a quarter-wave plate whose optic axis is aligned
along thex axis. The direction of the linear input polarization g optic axis
makes an angle @f = 45° with the x axis (Fig. 15a). Whep
is reduced fromi5° to 0° the polarization gradually changes ~ 1.00—
from circular to linear: ]

E1 = Eio(cosp x & +i sing x &) (51) - 0.75
= E1o((cosp —sing) x & — v/2sing x o*) (52) _0%; 1
- L . (K) 2 0.50
and similarly forE3, resulting in the following non-zera, " = i
1 e ] A OkPa
a? = 5C0S%, 0.25 0 13kPa
52 = —i 5D = i sin 2§0 ] O 8.7kPa
\/6 ﬁ 0.00 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1
1 30 -15 0 15 30 45 60
~(2) _
27 5 Cos%p. 53) b waveplate axis angle ¢ (degree)

In a buffer gas, where onI;K — 1 contributes, the line Fig. 15._ Depender_\ce of resonance strength gn 'Iaser polanzogn_on in zero
magnetic field for different neon pressures=45°: circular, ¢ = 0°: linear

strength should thus depend gnlike Sir? 2. This was  pojarization. Thesolid lineis a numerical fit with a sf2y dependence on
checked experimentally in three cesium cells with differentop of a constant offset
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determination of their position or of changes in those pos-
itions due to external influences is possible. For instance,
Zeeman shifts of the dark resonance lines can be detected
even for very weak external magnetic fields. In a strong mag-
netic field, on the other hand, the positions of the Zeeman
components of the dark resonance not only reflect the elec-
tronic but also the nuclear magnetic moment of the cesium
ground states. With proper analysis the rafigg; of nuclear

to electroniog-factors can be extracted. If, in contrast, the va-
por cell is shielded from external influences the position of
the undisturbed resonance can serve as a frequency marker,
thus forming the basis of a compact atomic clock.

Apart from the attainable precision (i.e., the number of
significant digits or the sensitivity, depending on context)
the possible accuracy (i.e., the “correctness” of the numeri-
cal value) and reproducibility are important. Before particu-
lar applications can be discussed in detail one has to study
systematic effects that shift the coherent population trapping
resonance.

lin || lin

— o relativeheight, ., o

5.1 Basics of precision measurements

Apart from the control of systematic effects the main experi-
+ - + + mental problem in precision measurements is how to maxi-
—_— mize the signal-to-noiseg( N) ratio without sacrificing sensi-
tivity. The experimental applications discussed below all rely
500 _-250 0. 250 250 0. 250 500 ihe sensitive detection of resonance line positions. The
Raman detuning (kHz)  Raman detuning (kHz) . - - PR
Fig. 16. Polarization dependence of line strengths in a cesium cell withousma”eSt line Shifta frin that can be detected is given by the
buﬁ;er Qas ¢rosses calculated values). The highest peak in each spectrumtsrr!a”e_St dete_Ctable Slgnal Chan‘gé}“i” in the _pres_ence of
was normalized to unity (experimental data taken from [44]) noise in relation to the steepned§/df of the line, i.e., the
change in signal for a small shift of the line:

Ne pressure at zero magnetic field. In Fig. 15b the normalized fmin = % .
total line strength of the dark resonance is plotted as a func- /
tion of polarization angle. The solid lines are numerical fits The signal detection limit is reached@tN = 1 so thatA Sy,
ofan A+ (1— A) sir? 2¢ dependence. corresponds to the noise level. Obviously it is best to choose
From the fit one obtaing\ = (0.45, 0.095 0.036) for  the point of steepest slope (maximud®/df) of the line
pressureg0, 1.3, 8.7) kPg respectively. This confirms the shape as operating poirdS/df itself can be optimized in
gradual change in multipolarity implied by (47) and mighttwo ways: by reducing the width of the resonance or by in-
be a way to determings as a function of pressure without creasing its height.
actually having to measure lifetimes or detailed line shapes.  Not only the narrow linewidths of the coherent population
trapping resonance makes it a good candidate for precision
L , , measurements but also the fact that the resonance is “dark”,
4.3.3 Polarization dependence in pure cesium vapbe o there is no absorption at line center. The ideal precision
spectra for various polarization configurations in a cesium vaayperiment with a dark resonance would therefore detect the
por without buffer gas [44] can be reproduced quantitativelyynase shift near the center of the resonance which provides
(Fig. 16). Small deviations betwee“n experiment and theory sieep slope (see Fig. 2). This slope can be greatly increased
can be explained by an imperfect “quarter’-wave plate. Thy heating the vapor cell so that the density of interacting
polgrlzatlon configurations for the three spectra on the 'efbarticles becomes higher. While near a “bright” resonance
of Fig. 16 correspond to pure quadrupole couplifg= 2);  the medium would become optically thick so that no more
in cells with buffer gas no spectra can be seen under thesgh; reaches the detector, it remains transparent near a dark
conditions. The three spectra on the right of Fig. 16 havgesggnance.
bothK =1 andK = 2 contributions. This is the reason why | order to maximize the/N ratio one has to study the
the relative line strengths here are different from the spectrgharacteristics of the noise sources influencing the particular
for oo™ configuration in buffer gas cells (see Figs. 12, 14)exneriment. Since some important noise sources have spec-
where onlyK = 1 contributes. tral densities that drop with increasing Fourier frequencies,
for example, 1 f noise, a modulation technique is usually
superior to pure dc detection. Many noise contributions are
5 Precision measurements independent of the signal level; their influence can therefore
be suppressed for high enough signal levels where signal-
Since the dark resonance lines obtained with the help of calependent noise processes dominate, the most important of
herently coupled lasers are so narrow (Fig. 9) a very precis&hich is detector shot noise.

0&\\'\\\()\-'(\)-\\\'\\\\

(54)
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In the absence of systematic background effects the shots 1.0 o—0
noise level usually forms the ultimate sensitivity limit for an '€ { @
optical detection scheme. Shot noise is due to the statistic% 0.8 | oo o
nature of the photodetection process and is usually quantifie@, i
by the rms fluctuationgshot of the photocurrentphot,, meas- > gg - ®
ured in a bandwidth: E | o
2 04 -®
Ishot= vV 2e |ph0tob~ (55) § ]
(5}
If all other noise sources can be neglected$hi ratio of an % 0.2 _'
optical detector, T 00 | | | | | |

| i 0 2 4 6 8 10 12 14
SN = P _ ;hot;o, (56) Ne pressure (kPa)

|
shot Fig. 18. Buffer gas pressure dependence of the sensitivity for the detection

increases with the square rootlgfer. Naively it seems best ©f small shifts in the dark resonance position

to use as much optical power as possible before the detector

saturates in order to increase BN ratio. However, increas-

ing optical power in general leads to saturation broadening.2 A collection of frequency-shifting effects

of the optical resonance (Fig. 10) so that there is an optimum

intensity as a trade-off betwe&@iN ratio and line steepness. In order to simplify the discussion of systematic effects it is
This optimum can be found experimentally for coherentconvenient to keep an atomic frequency standard as a specific

population trapping resonances in buffered and unbuffereeixample in mind (Sect. 8). The results can easily be trans-

cesium cells. The steepness of the line is proportional téerred to the other precision measurements discussed in this

I photo, may' FWHM so that in the shot-noise limit paper.
The general idea of an atomic frequency standard is to
FWHM stabilize an oscillator (in the case of coherent population trap-
A frin o (57)

mx‘ ping resonances the rf generator that determines the laser
’ difference-frequency) such that the signal from the atomic
The reciprocal of this quantity is plotted in Fig. 17 [6]. A sen-resonance line remains constant. In the simplest case this
sitivity improvement of a factor of 25 can thus be gainedcould be a point at half the height of the transmission peak
in buffered cells as compared to unbuffered ones. For cddashed line in Fig. 19). Two types of frequency-shifting ef-
sium abou® kPaof neon is the optimum buffer gas pressurefects can be distinguished.
(Fig. 18). In the first type a shift of the center of the resonance line
Although the group index (i.e., the steepness of the dispeteads to a corresponding shift of the lock point (Fig. 19a). The
sion curve) has not yet been measured directly for buffere@econd type of shift is less obvious. When the resonance line
cells one can estimate it using the ratigoto, may FWHM. is broadened without a change in total strength the concomi-
A comparison for the data of Fig. 17 gives an increase of thigant change in line shape can lead to a shift of the lock point.
quantity by a factor of 16 due to the buffer gas. Assumingn Fig. 19b this is illustrated for a Lorentzian line shape
ng = 3400for the case without buffer gas [15] one obtains
ng ~ 55000which translates into a group velocity roughly £(8) =
equal to the speed of sound in glass.

- 58
w&+I? (58)
with a half width I" at half maximum, a total peak area of
unity, detunings, andL(I") = 1/2xT". If for some reason the
width I" changes, the point with heighf2r I, i.e., the lock-
ing point, moves.

710
=

308 % ® 21kPaNe

g 06 B OkPaNe

E . . disoriminator [\
@ 0.4 level

8 o

202 o

©

D00 : B —B : * a frequency —p» b frequency —p»

0.0 0.2 0.4 0.6 0.8 2 10 12 Fig.19a,b. Two types of effects can shift the frequency of an oscillator
|aser intensity 2 (mW/cm?) locked to a constant signal levalgshed ling at the side of an atomic res-
Fig. 17. Sensitivity according to (57) for the detection of small shifts in the onance linea Shift of the line centerb Change of linewidth at constant
dark resonance position as a function of intensity peak area
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The broadening mechanisms can be classified accordirnie two lower states. Changes in buffer gas pressure can there-
to whether they leave the total line strength constant (likdore cause comparatively large systematic shifts. For instance,
magnetic field inhomogeneities) or not (like power broadenusing the equation of state for an ideal gas a temperature rise
ing). Both types can be modeled by the modified line shape of 1 K for a sealed-off cell witt2 kPaneon increases the res-

onance frequency b§2 Hz

£(5) = 1 1w (59) The influence of buffer gas pressure variations can largely

w824 I2u2’ be compensated when a mixture of different gases is used. For

) ) ) ) ) ) heavier and easier polarizable noble gases suckr as Kr
whereu is a dimensionless linewidth broadening factor andhe pressure shift rate is negative due to the dominance of the
n=0 for power broadening ang =1 for line strength- yan der Waals interaction during the collision [50]. A mixture
preserving broadening. The new position of the point ahf 38% neon ands2% argon should therefore lead to a can-
height J2zI" is §' = I'v/2u" —u?, corresponding to a rela- cellation of the buffer gas shift while the line should broaden
tive shift of 1—6'/I" = 1—+/2un—u? (Fig. 20). Since the py a factor of 2 to 8 (depending on which of the published
power broadening of the dark resonance line is proportiongklaxation cross sections of the rf transition is correct). The
to intensity (Fig. 10) the broadening factor can be writtenproadening leads only to a slight decrease in sensitivity be-
asu=1+bl/I". For a cell with the optimum neon pres- cause the estimate for Fig. 17 shows that the best sensitivity
sure of 2kPa (Fig. 18) the width increases at a réite=  for a neon-buffered cell is reached at a laser intensity where
4.1kHz/(mW/cn¥). A Taylor expansion around the opti- the line is already slightly power-broadened.
mum intensity lopt = 0.01 mW/cn?* (Fig. 17) allows us to Another interesting phenomenon is a change inghe
estimate a shift rate 4 Hz/(mW/cn¥), corresponding to  factor of the electron due to the net effect of the buffer gas
3.4 mHz shift for a 1% fluctuation in laser intensity which collisions. This could affect the line positions in a magnetic

might require an active intensity stabilization of the laserfield. Herman [72] has calculated a change of
source for some applications.

A 4
10 % =3 NouffOkin+/Odis » (60)
0.5 where Nyt is the number density of buffer gas atomgy,

n= 1 the kinetic cross section, angljs the electron randomiza-

1 tion cross section due to the interaction between electron spin
and the relative angular momentum of the collision partners.
0.0 There has been unpublished work at the former National Bu-
reau of Standards in Boulder [73] where a relative change
] (dgy/dp)/g; = —(3.95+0.11) x 10~13 /Pafor rubidium in

relative shift

n= 0 helium was found after a correction for the diamagnetism of

-0.5—1— I e T w helium, in accordance with Herman’s theory. Kristensen et

0.0 0.5 1.0 15 2.C al. [74] find changes in the Faraday effect at high buffer gas
linewidth broadening factor u pressure which could also be accompanied by changgs in

Assuming that the same pressure dependence as for rubidium
Fig. 20. Shift of the lock point versus broadening factofor a Lorentzian  in helium also holds for cesium in neon, the effect of a change
line shape, normalized to the unbroadened linewidth in g with pressure would only give a negligible contribution

of about10-8 Hz/(uT Pa in small fields for the outermost

(n = =£7) components of the dark resonance. The 0-0 com-
5.2.1 Buffer gas pressuralith the help of an inert buffer gas ponent will be affected even less.
such as neon the effective interaction time between cesium
atoms and light can be increased greatly, leading to very nar-
row resonance lines (Figs. 8 and 9). Whereas collisions with 79
neon atoms have only a very small probability of destroy- 1
ing the ground state coherence they nevertheless influence it. 60
In a simplified picture two regimes have to be distinguishedN 50—
while a cesium and a neon atom are approaching each othé 1
during a collision. At large interatomic separations the vangz - |
der Waals interaction tends to pull the cesium valence elec; 30
tron away from the core while at small separations it is pushed 20_*
closer. Since neon is only weakly polarizable the van der=

Waals interaction is small and the net effect of the collisionis 10—
an increase of the hyperfine interaction, i.e., a blueshift of the [

coherent population trapping resonance (Fig. 21). L L BN NI BN I LA
The shift increases at a rate 6£.8040.10) Hz/Pa[6]. 0 2 4 6 8 10 12 14
This is in agreement with a value 64.52+ 0.2) Hz/Pade- Ne pressure (kPa)

termined by Beverini et al. [71] for the rf transition betweenFig. 21. Shift of dark resonance position versus neon pressure
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5.2.2 Light shift. The presence of a resonant light field not|1)—|3) and|2)—|3):
only induces transitions between two atomic states but also
shifts the relative position of the two energy states throughiot (§r) = lo1 €xp(—2kn; (3r)!)

the dynamic (ac) Stark effect. This light shift is proportional + lozexp(—2kn (8r)1) (61)
to the light intensity and to the strength of the transition. Be- o | ol (1o (8 o (s 62
cause on resonance the dark statgaccording to (13) does ~ o1+ loz = 2K (loing (8R) + lo2Nz (3R)) - (62)

not couple to the light fields its position is independent OfHereI denotes intensit is the wavevector, andthe length

g%rsltjlrmt?gr?Ié%cﬂ?¥%¥e;,;:r::lIWRegnlm(ggVégtTr? thvev;m?rlcr)nntljm of the optically thin vapor cellln” is connected to the excited
P R@way state populations by

the position of the dark state [12], and the position of this

minimum depends on light intensity. For precision measure-
ments this shift is a very important aspect to understand an@t"1=hcNgIm <|l> <3|>/4= heNyins (8L, 8r)/4, (63)
control. "_ _

In the experiment the light shift was measured with theloznz_thg2|m<|2> <3I>/4_hCNV2n3(8L’ OR)/4, (64)

usual setup for a cell containing no buffer gas (Fig. 6). With . .

both lasers circularly polarized the one-photon detusing ~ Where N is the vapor density. The center of the dark res-
ws— w3 Was held constant by stabilizing laser frequencyP"@nce line can therefore be obtained from the center of
wy to the Doppler-broadened absorption profile in an aux3(L, 8R):

iliary cesium vapor cell, at a frequency position near the

crogsover transi'gi)on from thE = 4qgroun)(/j gtate to the ex- Mot(6r) = loa+loz—KINCN(y1+y2)n3(3L. 6r)/2. (65)
cited F = 3 andF =4 levels. In order to exclude additional
frequency shifts from spurious magnetic fields a longitudi
nal magnetic flux density oR4uT was applied. Accord-
ingly, the dark resonance split into seven Zeeman comp
nents, of which only the one corresponding to the coupling o
19512, F =3, mg=0)and|%S,,, F=4, mg=0)was con-
E:Sye(r)?(ljagee?%u\?vzlst 822’6?;2%%1%%32%f[gdf"zﬁ—mhs\;/néfrg_ clude the ground state coherence into the calculation.

ey X . We have not been able to find a completely general for-
(@bout the saturation intensity of the optical one-photon ranz,yla like (14) in an extensive body of literature on three-level

sitions) while the intensity of the other laser was alwaysSystems [12.75, 76]. However, many approximate solutions
a factor of 23 lower. These intensities correspond to thewere derived [1é] For examplé for the case of a weak field
most interesting range for precision applications because fof,, o 12)_|3) ‘fransition an expression for the susceptibil-
higher intensities the sensitivity is reduced by power broadlrt was given in [5]; starting from there we find the position
ening of the resonance [6]. For each intensity a frequenc¥¥the local minimdm of their line shape & = 5 I1/v»
modulation spectrum of the dark line was recorded and SuQ/Y/hich is just the limit obtained from our (14) fog < g2 )
sequently its position was determined from a numerical it ™, -\ 20 cell the situation is complicated by the distribu-
assuming Lorentzian line shapes. Figure 22 shows the exp lon fo(8) of atomic velocities, causing a Doppler shift of
imentally determined dependence on intensity together wit} | detunings, — o, 48,8 = ku. for the copropagating light
a zero-parameter curve resulting from a rather straightforﬁelds. ' '
ward theoretical model to be described in the following. '

The shape of the transmission curve for a low-density ,,
vapor is basically given by the imaginary part&(ég) and  'D(L ) 0‘/ fo(&)ns (L +4, dr) dS (66)
n;(6r) of the refractive indices at the two optical transitions

n3(SL, 8r) can directly be taken from (14). This formula ex-

“hibits asymmetric line shapes (with respect to Raman detun-

ing) for 8, # 0, and the minimum can be shifted fréf@= 0.

NMe should note here that this shift is not simply given by the
ifference of the ac Stark shifts of the two optical transitions,

as one might intuitively assume. Instead it is essential to in-

= / fo (8 — 8L)N3(8, SR)DS . (67)

This tends to wash out the line shape asymmetry found for
a stationary atom. A small asymmetry remains because the
shape ofn, depends on the offsét of nz with respect to
the center of the Doppler distribution: the curvgés, ) effec-
tively sit on a sloping background.

The experimental situation for cesium vapor is further
complicated by the hyperfine structure in the cesififg,
state (Fig. 5). While the ground statd$ and|2) of Fig. 1 can
] be identified with the cesiunfS; 2, F = 3, 4) states, the two
-5 excited stateg®Ps 2, F =3, 4) can both play the role of state
|3). This is taken into account by an incoherent sum of two
three-level resonance lines:

resonance shift (kHz)

-6 T T I T T I T T T I T T I T T I T T I
0 0.2 0.4 0.6 0.8 1 1.2
laser intensity (mW/cm?) ND, 1ot(BLs 8R) = NR (813, 8R) +Np (814, SR) (68)

Fig. 22. Comparison of the theoretical dependenseli€l line) of the dark . .
resonance shift on the laser intensity of the stronger laser with the exper?Ne€red s ands 4 correspond to the laser detuningswith
mental data points. There is no free parameter in the theoretical model respect to the upper levels =3 andF = 4 of an atom at
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rest. It was shown above that such an incoherent sum ade—~ 0
quately describes the situation in a vapor cell without buffer “g
gas. In our casé s — §L4 = waz Wherewys is the hyperfine L g
splitting of the upper levels = 4 andF = 3. With laser 2 % 5] =
locked to the cross-over resonance we haige= 101 MHz ﬁ’-
The 6P3/2, F =2,5 levels lead to off-resonant one-photon T
excitation that produces additional dephasing of the ground<
state coherence. For the calculation a total dephasing rate o% -4
I3 = 27 x 10 kHzwas used, corresponding to the minimum E @
linewidth expected for transit time broadening at our laser &
beam diameter. 2 5
Special care has to be taken to map the relaxation rates= " ' !
and Rabi frequencies of the theoretical three-level model to 0 5
the two three-level subsystems of the cesium multilevel sys- neon pressure (kPa)
tem. As a very rough approach the Rabi frequengieand Fig. 23. Slope of the linear approximation for the intensity shift rate of the
g» were scaled with the strength of the corresponding oneO_—O dark resonance component versus neon buffer gas pressure
photon transition between the angular momentum eigenstates
of the cesium atom:

S|

Fetl

a straight line to experimental data similar to that in Fig. 22
P P for each pressure. For instance, at a pressure of d@dded
91— 01k + D(2F + D(@2Fs+1) <—1 10 where thglinewidth has its minimum, tFr)1e light shift rate is re-
duced already by a factor of 10. So the use of a buffer gas not
x { only reduces the linewidth but also the light shift of the dark
resonance.

e ) For precision applications requiring the determination
and similarly forg,. Here J; and F5 are the electronic and ot jine positions the intensity-dependent line shifts can be
the total angular momentum quantum numbers in the eXmportant. For instance, for cesium in neon the optimum
cited state, andVi(F3 = 3) = 3/8, Wi(Fs = 4) = 25/168,  gensitivity for Zeeman shifts is reached at an intensity of
Wo(F3 = 3) = 1/24, andWa(Fs = 4) = 7/24. Furthermore o 91 mwj/cn? and a neon pressure 2kPa (Figs. 17, 18).
the proper branching ratios for spontaneous transitions froyqer these conditions an intensity variation18y causes
the excited stateBs = 3, 4 to the lower states = 3, 4 were 4 ghift 0f0.2 Hz. Depending on the application it might there-
used to scale the total decay rate/of-y, = 27 x 5.3MHZ:  fqre e better to increase the buffer gas pressure in order to
reduce the influence of intensity fluctuations.

Not only the laser intensity but also the detundagof
y2/y1=1/3 the laser frequency from the optical resonance influences the

position of the dark resonance because the relative weights

The result of the numerical Doppler integrationrgf ., of the contributions of the exciteB =3 andF = 4 levels
(8L, 8r) (solid line in Fig. 22) shows good agreement with thechange. For instance, using the theoretical model for an un-
experimental data even without the use of any free parantuffered vapor a reduction of the light shift by more than
eters. Given the well-known experimental difficulties whena factor of 50 is predicted when the lasers are tuNMHz
trying to determine an accurate value of intensity it is surpristo the blue side of the transitions to the excitee- 4 state. Of
ing that there is only such a small discrepancy. For instanceourse, this would be an elegant method to suppress unwanted
for the calculations the transverse Gaussian intensity profilghifts in precision measurements. Figure 24 shows as an ex-
of the laser beam was approximated by a rectangular dis-
tribution of equal area, and an increase of all intensities by
only 25% would make the small difference between experi-
ment and calculation disappear. An additional effect is the
dependence of the total shift on optical detunipgin the
experimen®, was held constant only to within a few mega-
hertz, causing a small uncertainty in the slope of the curve o
a few percent. 2

However, the model described above only applies to theg
situation without buffer gas. In the presence of a buffer gas& 10
the optical transitions suffer from strong collisional broaden- 2 .

Fs 1 F1)2

J F3 7/2

FoJ 1 (69)

2
} = g?Wi(F3),

forF3 =4,
for F3 = 3.

(70)
(71)

v2/y1=17/5

N 20
=
5§ 15

D —1

ing which for several tens of mbar can be of the same ordeic 5

O
A4

U

o

of magnitude as the hyperfine splitting in tiRg,» excited
state. Hence the model will have to be extended to accou

nt O T

A4

o
A4

for the fact that now both laser fields can coherently couple to
both theF = 3 andF = 4 upper levels. Therefore, performing

an incoherent sum as in (68) is no longer a valid approxiz
mation. Figure 23 shows the experimentally determined shitg

-150 -100 -50

o
0

50 100 150 200 250

detuning of laser 2 from 3,4 cross-over (MHz)

ig. 24. Position of the dark resonance line center versus detuning of laser 2
om the 3,4 crossover resonancgircles no buffer gasitriangles 4 kPa

rate as a function of buffer gas pressure, obtained by fittingeon pressure
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ample two measurements without buffer gas and wikiPa  a coherent dark-state magnetometer has a similar principle of
neon where the position scales with detuning from the (3,49pperation as an OPM there could be a fundamental difference
crossover resonance 88 Hz/MHz and—2.8 Hz/MHz, re-  that should make it two orders of magnitude more sensitive
spectively. Since it is easy to stabilize the laser frequency ahan an OPM. With such a sensitivity it would not only be
the sub-kHz level with respect to a Doppler-free resonance iguperior to today’s SQUID magnetometers, but it would also
a saturated absorption spectrum fluctuationd gilay a mi-  have a much better spatial resolution at high sensitivity and
nor role. One could even hope to find a combination of opticalvould operate at room temperature.

detuning and neon pressure where the shift rate vanishes. As

discussed before there are, however, other criteria that also

influence the optimum choice of buffer gas pressure. 6.1 Measurement principle

5.2.3 Rotation of the eartiWhen a spin system is rotated the In a magnetic field the coherent population trapping reson-
effect of the rotation is equivalent to an additional magneti@nce is split into several components that are Zeeman shifted
field. So even in a perfectly shielded environment a sensitivét different rates (Fig. 11). This field-dependent shift can be
magnetometer or a frequency standard will always experiendésed to determine the strengths of magnetic fields and vari-
a small magnetic fielByseudodue to the rotation of the earth ations in their strengths with very high sensitivity. For flux
with angular frequency2ea For a cesium magnetometer densities belowd T (i.e., when the Zeeman energy is much
locked to resonance numbethe total Larmor frequency is smaller than the ground state hyperfine splittifgand me
given by are good quantum numbers. For a stéte= | +£1/2, mg) the
Breit—Rabi formula gives an energy of

@Larmor = 27TNEB + Qearth, (72) hAps
with g =35 kHZ/}J«T so that ( s F) 16 + FUBJI
hAws(l +1/2) Ame
Bpseudo= $2eartn/27n& = 3.3fT/n x cos¢. (73) + 8 Mot X2, (74)

With the geographical latitudg = 51° for Bonn this gives where x = 4(g; — g))us B/hAnis(I +1/2) and for cesium
a fictitious field of Bpseudo= 2.1 fT/n for the worst possible | =7/2, Ay = 27 x 9.192631770 GHzy; = 2.0025402 [81],
orientation of the apparatus relative to the rotation axis ofng g1 = —0.39885395« 1073 [81], so thatx = 3.0496x
the earth, which is negligible except for the most demanding /T, In the linear Zeeman regime & 1) the dark resonance
applications. labeledn = mz 4+ my shifts with a rate

£= % (92(Mz+my) + g (7my — 9my))

~ 3.51 kHz/pT x (mz+my) . (75)

There is the common notion that precision and high-sensitivity
magnetometry is the exclusive realm sfiperconducting For a given linewidthAv of the individual components
quantum interference devi¢€QUID) magnetometers. How- two operating regimes have to be distinguished: strong field
ever, similar performance can also be obtained with othefAv « £B) and weak field Av > £B).
types of magnetometers.

A SQUID consists of a superconducting ring with a nar-Strong field. When B is larger thanAv/¢ the individual
row gap of normal conductivity. The magnetic flux that components are well separated. Since the line shape does
threads the ring can be measured with very high sensitivitpot change with field strength the relative accuracy is inde-
using the Josephson voltages it induces. Even the weak magendent ofB. A fit of the peak positions according to the
netic flux density £ 200 fT) produced by the human brain Breit—Rabi formula (74) gives the value »f from which
can be detected with high temporal and moderate spatial res8- can be calculated. For the spectra in Fig. 25 one obtains
lution [77]. Since a SQUID actually measures magnetic fluxB = (21.22654 0.0006 uT and B = (8736904 0.028) uT
the sensitivity to magnetic fields increases with increasingvhere the relative uncertainty of abouk30-° in both cases
diameter of the flux collection ring while the spatial reso-is that of the numerical fit of the parameter
lution decreases. Even with perfect statistics the relative accuracy of this

Apart from a more “traditional” way of determining mag- method will be limited to about 2 10-6 because the propor-
netic fields with pick-up coils that can in extreme cases detedtonality factor between the fitted parameteaind the calcu-
flux densities belovl fT there is the class of optical pumping latedB involves theg-factors which are known with a relative
magnetometers (OPM) that in commercial models routinelyincertainty of 13 x 106 [81]. However, by setting the laser
reach sensitivities of better thdmT in less than a second of difference-frequency to the side of one of the resonance lines
integration time. Special adaptations for laboratory applicaene could monitor changes &fwith a sensitivity ofl nT or
tions have been able to detec2@0 fT magnetic flux dens- better.
ity produced by spin-polarized nuclei fiHe gas [78]. The
current record stands 4t8fT/+/Hz for a potassium mag- Weak fieldWhen B is smaller thanAv/¢ the components
netometer [79]. Applications range from submarine detecef the dark resonance overlap, giving rise to a more compli-
tion (with undisclosed sensitivities, obviously) to archaeolog-cated line shape. The imaginary palftof the refractive index
ical and geological prospecting and surveying [80]. Althoughh = n"+in” of the atomic vapor near the dark resonance can

6 Application 1: magnetometry
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be modeled as a sum of Lorentzians, weighted with the re
tive resonance strengthg := S, as calculated with the help
of (36):

wj (T Av)?
21 jEB)2 4 (T Av)2’

7
n”(w) =n —n3N 76
b= "G ,-; e (76)

HereN =1/ 217?7 wj, or is the detuning from the dark res-
onanceny is a background absorption index, amffla meas-
ure for the overall strength of the resonance.

During their passage through the medium of lerigtte
input fields E1 2 exp(ikl) 4+ c. c. acquire an additional expo-
nential factor exp—3812+i®12) whered;» = winf ,/c and

ce
lawherea = 70 EZexp (79)

w
—2—In”) ,

( c °?
,3=2%|Nn6. (80)

In first experiments small ac fields were detected using
a lock-in amplifier that picks out the Fourier component of
the signal oscillating at the amplifier's reference frequency.
For a fieldB = Byc+ BacCoSwnt) a Taylor expansion to first
order,

dl(ér, B)
dB

shows that the lock-in amplifier is mainly sensitive to the first
derivative of the line shape (strictly speaking, this is only true

1(6r, B) = 1(dr, Bdc) + BacCOSwmt) (81)

b

Bdc

@12 = wln) ,/c. The transmitted signal detected on a slowif @m/27 and§B,c are much smaller thav):

photo detector contains only the absorptive part:

| = &0

2 (E2e %1 4 Ee22) .

(77)

If we assume for simplicityg; = E; it follows that§; = 5>
and

wi (T Av)?

|(8r, B) = o ex ) , (78
(6r, B) = rexp ﬁzj:((SR—angB)2+(nAv)2 (78)
£ |
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Note thatSeck-in = 0 for By = O if the peak height distribu-
tion is symmetric {; = w_;) like, for instance, in a buffer

gas foro*t-polarized lasersSock-in can also be written in
terms of absorptive and dispersive Lorentzians:

8Bacl 2IN i
2 = c E L o,
n6 » j " absfdlsp

= 4n&Bycl (Or, B)B
Jwj (8r — 27 JEByc)
((6r — 2B + (1 Av)?)°

Sock-in = Bac

(82)

(83)

ock-in — —

In a demonstration experiment with"-polarized laser
beams small longitudinal magnetic fields were applied to
a cesium vapor cell using two wire loops in Helmholtz con-
figuration [7]. Then allw; with odd j are zero andw; =
{0.47,0.68,0.88,0.91,1,1,0.75} for j ={—6,—4,...,6}.

In order to shield the cell from stray fields it was placed in-
side a longu-metal cylinder with an estimated longitudinal
shielding factor ofL000(detailed information about the per-
meability of thep-metal shield was not available). The dots
in Fig. 26 show the absolute value §fcx.in for Bac= 7.2 pT
while the solid line is a numerical fit to the absolute value
of (82). From the fit parameters one obtaiis = 40 kHz x
(1£0.1), n§ =2x107°x (1£0.5), and Bge = —31.6 nTx
(1+0.084), whereAv is consistent with the expected power
broadening for a laser intensity of abdumW/cn? (Fig. 10)
andng is plausible when compared to the values published
in [15].

Since the signal amplitude detected at the maximum of the
line shape was found to be proportional to the amplitude of
the modulating field one can estimate the possible sensitivity
by extrapolating to &/N ratio of unity. Near the maximum
of the line theS/N ratio is about 15 so that one can expect to
be able to detect flux densiti®&.= 7 pT/15~ 500 fT within
the averaging time 00.5 s in this case. It is even possible
to measure weak dc fields although for that purpose it is ne-
cessary to take a full spectrum and analyze the line shape.

Fig. 25a,b. The magnetic flux density can be determined with better thanln principle, however, one could choose a convenient point

3x 1075 relative accuracy from a fit of the Breit-Rabi formula to the ex-
perimentally determined resonance positianB. = (21.2265+ 0.0006 pT,
circular laser polarizations an8l7 kPaneon buffer gas in a longitudinal
field. b B = (873690+0.028 uT, parallel linear laser polarizations with-
out buffer gas in a transverse field. T$teort vertical linesndicate the fitted
resonance positions

along the line shape and attribute any changes in signal to
a change oBy.. A rough estimate shows that the sensitivity

to small dc fields should be comparable to the ac sensitivity
— even though the Zeeman components of the dark resonance
are not resolved.
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external magnetic field via the differential Zeeman shift of
|1) and|2). Magnetometers of this type are available commer-
B . cially. For instance, the Canadian company Scintrex offers
a cesium magnetometer operating in a self-oscillating con-
figuration where the transmitted signal of the lamp provides
feedback to the rf source [83]. Such a device offers a noise
spectral density o8 pT/+/Hz for less than $0 000 The best
laboratory setup even reache8 fT/+/Hz [79].

For maximum sensitivity it is useful to increase the lamp
or laser intensity in order to reach the shot-noise limit of the
detector. However, increasing light intensity also increases
the linewidth of the resonance due to saturation. A com-

-20 -10 0 10 20 30 plete calculation by Scully and Fleischhauer [4, 5] shows that
Raman detuning (kHz) the best sensitivity is reached for a probe Rabi frequency
Fig. 26. Line shape for field modulation &kHz with 7 pT amplitude. The 02 X /Flz)/s where I'1, is the effective dephasing rate be-
solid lineis a numerical fit using the absolute value of (82) tween |1) and|2) and ys is the decay rate of the optical
transition.
The same authors also calculated the sensitivity of a DSM

The detection of the relatively strong dc offset filgl is  detecting the phase shift near the resonance with a vapor cell
an indication that the magnetic shielding is probably also noin one arm of a Mach—Zehnder interferometer. They found
sufficient for ac fields. It was therefore decided to postponéhat for largeg; the probe Rabi frequency can be increased to
a more detailed investigation of the dependence of magnaboutg, o ,/ysys before power broadening becomes notice-
tometric sensitivity on modulation frequency and averagingble. Since in the shot-noise limit the sensitivity is inversely
time until a better shielding is available. But even now theproportional to the square root of the power on the detector
result for small ac fields compares favorably with the sensithis means an improvement of a factghs/ 12 > 100 for
tivity of good OPMs (Fig. 27). The best SQUID systems andbuffered vapor cells, pushing the theoretical sensitivity limit
OPMs today are, however, still two orders of magnitude mordelow1 fT in 15 i.e., better than today’s best SQUID detec-

o
N
o

signal (arb. units)
o o
= =
o (6)]

o
o
a

sensitive. tors. Future measurements using a sufficiently good magnetic
shielding should be able to explore the actual sensitivity lim-
its of a DSM.

6.2 Advantages of a dark state magnetometer Another crucial point for sub-fT sensitivity is the stability

of the electronic reference oscillator for the optical phase-
At first glance, a dark-state magnetometer (DSM) seems vetlpcked loop. For a cesium-based setup a relative change of its
similar to an optical pumping magnetometer (OPM). In anfrequency by 103 (the stability of the best commercial ce-
OPM a lamp or a laser optically pumps the atomic popusium clocks) is indistinguishable from a change in magnetic
lation out of stateé2) via the excited stat) into state|l) field by
so that the vapor becomes transparent (see Fig. 1 for nota- 4B

tion). Part of the population ifl) can be transferred back Ag_— 2= A f (84)
into |2) by a magnetic dipole transition induced by an exter- df

nal rf field, leading to a reduced transparency of the vapor.  — (7 x 3.5kHz/uT) * x 10 13 x 9.2 GHz= 40 fT.

The optimum radio frequency depends on the strength of an (85)

This effect can be corrected for by a combination &fRb
: . . . . . and a cesium magnetometer because the ratio of gyromag-
l— geostatic field netic factor to hyperfine splitting is different for the two
B 1 atomic species and therefore allows a discrimination between
i field changes and oscillator frequency fluctuations.
geomagnitic ~~laboratory noise Possible applications of such an optimized DSM could
NS . be the detection of weak biomagnetic fields or experiments
e— heartbeat searching for parity or time-reversal symmetry-breaking in an

[
[STERS)
= =
o N

5]
0

power spectral density (fT/VHz)
=
Q (@]
= )]

evoked o] atomic system [84].
102 S—bfaln\ﬂeldsf.’ X] The recent theoretical result by Grishanin et al. [17]
o| opc SQUID \[&)hsg brain noise shows another fundamental difference between a magne-
10° ' themal noise T T T — . tometer using Zeeman levels and one using the dark reson-
02 | , , , , , ance between hyperfine levels. When the three-level system
0001 001 O1 1 10 100 1000 10000 in Fig. 1 is calculated in higher order of the optical interaction
Fourier frequency of oscillating magnetic field (Hz) so that also four-photon processes are included an additional

relaxation mechanism for the (two-photon) coherence be-
Fig. 27. Typical field strengths of various sources, and typical sensitivitiesyyeen the two lower states appears. The four-photon process
of selected magnetometers. The symbol8 kitiz Fourier frequency repre- : - p -~ . )
sent the first test experimentiicle) and its extrapolation to &/ N ratio car! be mtgrpreted as the flt‘;t hlgher order fcerm Ina 'pertur
of unity (cros3. “RbyXe” stands for a particular type of optical pumping Pation series for the saturation of the transition and is pro-

magnetometer [82] portional to the square of the optical intensity. Since it scales
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inversely proportional to the square of the frequency sepa- From (86) one can see that fio < 7 each odd-numbered
ration betweenl) and|2) it is negligible for rubidium and peak actually consists of two components differing only in
cesium hyperfine coherences: at an intensity where the addhe nuclear contribution{F = 3, m3 = (n—1)/2) coupled
tional relaxation gives & Hz contribution to the linewidth the with |[F =4, my=(n+1)/2), and |F =3, m3 = (n+1)/2)
resonance is already power-broadened to more iifiekHz  coupled with|F =4, my = (n—1)/2). The splitting is 2,
by the “usual” first-order term. But for an OPM using a Zee-independent ofi, and increases at a rate ofyZg/h =
man transition in th&Hz range it can make a large contribu- —11.16 MHz/T. The linewidths of aboub kHz in Fig. 28
tion. are not small enough to resolve the calculated splitting of
120 HzatB =111 uT. Each odd-numbered peak is therefore
a superposition of two slightly shifted Lorentzians of differ-
7 Application 2: g-factor ratio ent relative heights (Fig. 29). These heights can be calculated
using the formalism developed in Sect. 4. At a ratio of split-

In the case of a strong magnetic field discussed in Sect. ®19 to width of 1: 40 in the present experiment the maximum
the theoretical maximum for the accuracy of a magnetic fluyf the combined unresolved waveform shifts by a negligible
density determination is given by the uncertainty in the ~amount. For the numerical fit @ only the strongest com-
factors. If these were known perfectly an increase in ultimat@onent of each pair was included in the fitting function.
accuracy by two orders of magnitude would result, limited ~For the spectrum in Fig. 28 one obtains
by the accuracy of the values bfandug. It is therefore de- o »
sirable to obtain a better knowledge of thdactors. Since — = —1.87(11) x 10", (88)
the electronia-factor can also be calculated when the exact®”
wavefunctions are known this would provide a test of wavewhich is consistent with the literature value gf/g; =
function calculations. Precise knowledge of the wavefunc--1.991740@26) x 10~#[81] but much less precise.
tions, in turn, is important for experiments on the violation of
fundamental symmetries in atoms [85—-87].
The current knowledge of thg-factors in cesium and

rubidium stems from a magnetic resonance experiment in
the early seventies [81] where a_ccuracies.r3_f>11(r6 were  _Tpn=76 5432101234056 7
reached. It turns out that there is an experimental geometry2 _|
where the ratiay; /g; can be determined from the positions S
of coherent population dark resonances in a strong magnetig¢
field. Although the experiment is currently far from being <= _|
competitive with the older results it is nevertheless consistents
and could offer the same principal advantages as a dark-statg
magnetometer.

®

— 1 1 T 1 T T T

7.1 A proof-of-principle experiment 300 -200 -100 0 100 200 300
frequency shift (kHz)

For equal circular laser polarizations the dark resonance splitsy. 28. The 15 dark resonances obtained for oblique magnetic field meas-

into 15 components when a magnetic field is applied at aored atB =111 uT

angle of g = 45° with respect to the laser propagation direc-

tion (Fig. 28). The even-numbered peaks correspond to cou-

plings with Am = 0 and the odd-numbered peaksAon =

+1. From the Breit—Rabi formula (74) the positions of the

dark resonances are given by

A f(mz, mg) = a(mg —mz)

A m. m
o <\/1+74X+X2+\/1+73X+X2) :

4
86 ™

wherea = g, ug B/h. Since the positions of the even-numbered
resonances do not depend arone can numerically fit the
peaks with evem = mz+ my to (86) and obtain the optimum
valueXopt = (93 — 91) e B/hAnts = h(gs/91 — L)aopt/ Ans

and an overall shifSper due to a buffer gasagy follows
from a fit of peak positions for oda with fixed Xopt anddpufter

so that Fig. 29. Calculated relative peak heights for the two components of the
odd-numbered resonances, symbolized by the column heights for each
(OK] Ahfs Xopt pair ofmz andmy. For example, the coupling ofF =3, m3=1) and

g Z % . (87) |[F=4,my=2) is five times as strong as that ¢F =3, m3=2) and
I pt [F=4ms=1)
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7.2 Improvements for future experiments state preparation by optical pumping has contributed to an im-
provement down to a few parts in *dn the NIST-7 atomic

In order to become competitive with the precision of the lit-clock at Boulder. The latest developments are clocks based

erature value the magnetic flux density has to be increasexh atomic fountains where instabilities better than*t&eem

by at least a factor of 100 because at an applied field of onlgealistic in the near future [88].

11T the nuclear influence is very small (White et al. used Instead of using the rf waves directly Ezekiel and cowork-

5mT [81]). In fact, only because of the precision offereders have optically excited and probed the “clock transition”

by the technique of phase-locked lasers could the nucle@m sodium and cesium atomic beams. For a sodium experi-

contribution be detected optically already at these flux densiment [3, 49, 89] an electrooptic modulator impoded/-GHz

ties. It is furthermore important to have a very homogeneousidebands on a dye laser beam. With a Ramsey zone sepa-

field because small relative inhomogeneities lead to a strongtion of 15 cmthey reached relative frequency fluctuations

broadening of the dark resonance lines. (Allan standard deviation [90]) of.6 x 10~ atz = 100 5[3]

A further optimization concerns the angléetween laser and 15x 107! at = 1000 s[89]. In a cesium beam ex-
propagation direction and the magnetic field. In (87) the relaperiment [24] with15 cmzone separation and a diode laser
tive uncertainties okopt andagp enter with equal weights. current-modulated a4.6 GHz, i.e., half the hyperfine fre-
However, since the influence afon the peak positions is quency, an instability of & 10~11/,/T was projected.
rather small the uncertainty afp; is in general larger than In principle a frequency standard based on a vapor cell
that ofxqpt. Therefore it could be advantageous to increasevould be much more practical because it is not as bulky as
B aboved® in order to increase the fraction of the total line an atomic beam machine and is also much easier to shield
strength contained in the odd-numbered resonances, leadifrgm external fields. However, the wall coating or the buffer
to an improved fit obgpt. Furthermore, fluctuations of the cell gas that is commonly used to increase the effective interac-
temperature have to be suppressed to bdlomK in order tion time also introduces systematic frequency shifts that have
to eliminate the influence of the buffer gas pressure (Fig. 21}0 be characterized and controlled with very high accuracy. In
One also has to take a possible sloping background into atdrn, a big problem of Ramsey-type clocks, thermally induced
count because while the laser difference frequency is scanngthase shifts between the two zones, would be eliminated.
across the spectrum by changing the current of the slave laser,
its output power also increases.

An alternative way of extracting, /gy from a 15-peak .
spectrum is to compare the resonance frequencies of each pgirConclusmn
of adjacent resonances. Each of the 14 pairings gives a pair
(Xopt: 8opt) Which could then be averaged. In this way it will It has been shown that phase-locked lasers allow spectro-
also be possible to check for the presence of drifts (for exscopic measurements in atomic vapors with unprecedented
ample, ofB) during the measurement of the spectrum. accuracy and precision. The experimental technique relies on

In the end it might be possible to study in more detail thean electronic servo loop that controls the difference phase of
dependence af; on collisions with buffer gas atoms, as dis- two laser light fields to within fractions of a radian, allowing
cussed in Sect. 5.2.1. the preparation of coherent population trapping resonances

with extremely narrow linewidths. These resonances have

been characterized as a function of experimental parameters.
8 Application 3: frequency standard A theoretical model has been developed that exploits the

symmetry properties of cesium atoms under bichromatic ex-
The narrow coherent population trapping resonance lines caritation on theD5 line and gives quantitative agreement with
be exploited for an atomic frequency standard. The gener#sthe experimental dark-resonance spectra for arbitrary combi-
idea has already been introduced in Sect. 5.2. The rf oscillaterations of light polarizations and magnetic field directions.
that determines the frequency difference of the phase-lockéthe symmetry considerations greatly simplify the complex-
loop is tuned to a specific point on the dark resonance lingy of the problem and allow deeper insight into the physical
shape, for instance the point at half height where the linstructure of the coupling between the atomic system and the
shape has the steepest slope (in practice one would probaliilyht fields.
prefer the use of a modulation technique to lock the oscillator The interaction time of the atoms with the light beams
to the center of the resonance). Fluctuations in the frequen@an be increased by adding neon as a buffer gas to the ce-
of the rf oscillator lead to a change in measured signal whiclsium vapor, leading to very narrow resonance linewidths of
can be used by a servo loop to tune the oscillator back to thHess tharb0 Hz There are two interesting side effects of the
desired frequency. pressure broadening by the buffer gas: the ac Stark effect is

Cesium is a particularly attractive candidate for an atomicstrongly reduced, and there is a change in the multipole order
frequency standard because the Sl unit of one second is defthe dominant coupling between atoms and light that can be
fined as 9,192,631,770 periods of the 0-0 ground-state hyescribed quantitatively by the theoretical model.
perfine transition in an unperturbed cesium atom. A standard The narrow lines readily lend themselves to precision
directly based on that transition is thereforgramary stan- measurements:
dard. Currently the second is realized with cesium atomic
beams that are spin-polarized using a magnetic state selddagnetometrydc fields larger that . T can be detected with
tor and then interact with 8.2 GHz rf field in two Ramsey 3 x 10~ relative uncertainty, independent of field strength. In
zones separated by abalim. For several years the attain- first experiments ac flux densities pT have been detected
able accuracy has been hovering aroundl@®*. Recently in 0.5 sintegration time. An extrapolation to a signal-to-noise
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ratio of unity gives an estimate for the detection limit of the 22.

current setup 0500 fT.

23.
24.

g-factor ratio. For a suitable combination of laser polariza-
tions and magnetic field direction the ratip/g, of nuclear

of-principle measurement can be greatly increased when th
experiment is repeated in much stronger magnetic fields. |

of the atomic wavefunctions.

Frequency standardn a shielded vapor cell the position of

the coherent population trapping resonance could be used as.

areference for 8.2-GHz oscillator, thus providing a compact
primary frequency standard in the near future.

25.
to electroniag-factors in cesium atoms can be extracted from 26.
the dark resonance spectrum. The precision of a first proof27:
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