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l. Introduction

The devetopmieni of nevel methods of noulinear laser speciroscopy, high resoludion
frequency stabilization, cooling of ions and atoms, and optical [requency measurements
have introduced strong impacts in several felds, in particular in atomic physics and
frequency moetrology.

Basically, the resolution of a narrow absorplion feature is determined by the lollowing
line Lroadening effects

—he lifetime of Lthe energy states iuvolved in the transition (natural Ninewidth),

~Doppler broadening due to the velocity distribution of the thermnal absorbing

particles

—collision broadening reducing the undisturbed interaction time of the atoms with

the light field

—power broadening causing sidebands if the Rabi frequency is large compared to

the natural linewidth

~transit-time broadening caused by the limited interaction time of the absorbers

wiLth the laser beam

-the residual linewidih of the laser itself.
In these lectures we shall first  discuss some  basic methods of Doppler-limited
spectroscopy. Tl now, dye lasers are used in most applications of laboralory laser
spectroscopy. Therefore we describe methods of dye laser stabilization in the third
chapler and present a dye laser spectrometer which is capable of very high resolution (
3 kllz). In chapter 1V we discuss Doppler-free methods of laser spectroscopy for single
photon transition and give a phenomenological description of saturated absorption, We
shall see that surprising line shapes may be observed il we apply saturation spectroscopy
1o longlived transitions in an atomic beam. The highest resolution in atownic beamns is
observed by Ramsey's method of spatially separated excitation. With this method it is
possible to resolve Lhe recoll splitting which is in the range of a few parts in 10" for most
optical Lrangitions.

This manuseript cannot give a complete description of atl wethods and results in
Doppler (ree laser spectroscopy. Very good and complete descriptions ol the various
aspecks and methods of laser spectroscopy are given in the text books mentioned jn the
references |1 - 3.

R

i



11 Doppler-limited speclroscopy
It conventional ahsorption specttoscopy (see Fig. 1), an absorbing gas —usually

contained in a codl— is illuminated by white light and the spectrum of the light which is
transnitted throngh the colt is detected by means of a spectrum analyzer. In most cases,
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Fig. 1 Absorption spectroscopy using a white light source (taken from [t ]).

the resolution is then limited by the resolving power of the spectromeler and the
Dappler-limit is not reachid. Furthermore, the detectable absorption 18 usaally limnited
by Lhe woise of the light source and the detector Lo values of 1042 ALY 1070,

Tunable lascrs, on the other hand, with their narrow emission bandwidths provide the
opportunity Lo probe the absorption continuously in a wide spectral range from the
infrarced to the ultraviolet. A typical laser spectrometer used for Doppler-limited
spectioscopy is shown in g, 2. In this setup, the requency of a tunable single frequency
taser is seanned continuonsly over the absorption spectrumn and the fight intensity Ty
transinitted through the coll and detected by a photodetector Pt s recorded. The
reference beatn (13} is used to compensate intensity Tuctuations of the laser source. "The
Lransmission peaks of the long Fabry-Perot interferometer are used as frequency markers
for the seanning laser. Since the laser linewidth is small compared to the Doppler

Broadening, Lhe resolution s Doppler limitaed.
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Iig. 2 Absorption spectroscopy using a tunable single mode laser (taken from

[1])-

Apart freen the potential higher resolution, laser spectroscopy provides following
advantages:
—detector noise can usually be neglected due to the high spectral power of the
laser.
~the detection sensitivity Al/l increases with the resolution w/Aw as long as the
detection bandwidth is larger than the absorption line.
~the good collimation of the laser beam allows muliiple passes through the
absorption cell which is important for small absorption coefficients.
—ahsorption spectroscopy can be used to stahilize the [requency of lasers
providing references for spectroscopy and meirology.
~profiles of absorpiion lines can be measured with kigh acciracy.
~the high intensity of ihe lasers can be used to change the population of the
absorbing gas to excited stales allowing nonlincar methods of laser spectroscopy

(saturated absorption, two photon spectroscopy, oplical pumping,...).

Ihe absorption covfficiont per length x - afw) is defined by the relation
Lp(w) = 1y oxp|—aw)x}.
For small absorptions a{w)x € 1 s
Epw) = 1y ~o{w)x]



and we can write

a{wx = [lufl,l.]/io.
Sl absorption coclficients can therefore be recorded by measuring the small difference
of large intensities. In Lhese cases the uncertainly depends critically on the splitting ratio
of the reference bean (see Fig. 2). Furthermore, spurious interferences —caused fur
exiinple by scattered faser light— may also influence the detected siguals. Several
nwihods have been developed to reduce such detrimental effects.

The first method employs frequency modulation of the laser and phase-sensitive
detection of the transmitted intensity (see Fig. 3). The value i,l,(w+Aw) - lT(w)
can be expanded into

LR da(w)
LplwtbwH(w) = {dlp/dw)dw + 7T Tz A ... ¥ ~lgx g Awt
ta) Sttpe t{aft

lig. 3 Principai setup of the method of frequency modulation

Il the modulation width Aw is small compared to the width of the spectral structure, the
first term of the expansion is proportional to the first derivative of the absorption

da{w) —1 dl'l'

du =~ Toxdw
High sensitivity can then be achieved by means of phase sensitive detection allowing

sinall detection bandwidih (long time constants for signal integration). To improve the

6
sigial-lo-noise ratio, the modulation width Aw is often of the same order of magnitude

as Lhe spectial feature to be observed. In these cases the first harmonic used for the
detection can be derived from a Fourier expansion [4).

A second method —very sensitive in the visible and ultraviolet range— monitors the
absorbed power directly by detecting the laser excited flucrescence. This method js
shown schematically in Fig. 4. It is {requently applied in collimated atomic/molecular
beams where the absorbed power is extremely small due Lo the low density of absorbers
and Lhe small absorption length x. In this scheme, the exciled atoms decay by emission
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Fig. 4 Principal setup for fluorescence detection (taken from [1]).

of radiation into a lower state and the intensity of the radiation is measured. If the laser
frequency w; is tuned to an absorbing transition, the number of photons n , absurbed per
second and path-lenglh Ax is

n, =NiaiknLAx
where N is Lhe density of absorbers in the initial state, ;) the absorplion cross section
per absorber, and ny, the number of incident photons. If all laser excited absorbers decay
under cmission of une photon, the number of ftuorescence photons ng emitted per secoud
is given by

n = NkAk =,
where Nk is the exciled state densily and Ak the total probability for spontaneous
crission. The fluorescence intensity detected by the photomultiplier is reduced due to
the quantum efficiency of the photocathode Tpy and due to the limited collection
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7

efficiency & Assuming 7= 0.2 and & = 0.1, single photon counting, and a dark counting
rate ol the photomultiplier of 10 7, the ninimum detectable rate of fluorescence
photons (8/N = 1) is given by np o= 500 s-b. For a wavelength of 500 nm this value

corresponds 1o a migimum detectable power of P” min = how " min 2- 10716 W,

1. Iigh resolution dye lager spectrometer

High resolution faser spectroscopy requires stable (narrow bandwidth) lasers of which
the frequency can be buned precisely. In most applications dye lasers or color center
lasers are employed. They can operate continuously at a single frequency making
available any transition in the visible range. Single frequency output powers of more
than one Watt have been reported, The spectral range of these lasers can be further
extended by frequency mixing or frequency doubling. In the following we shall
concentrate ourselves on dye lasers (the "working horses" in laser SPECLTOSCOpY ).

A typical setup of a single Trequency dye ting laser is shown schemadlically in Fig. 5. In
principal, the dye laser congists of an amplifying dye jet stream which is pumped by a
high power ion laser, This jet is positioned inside an optical resonator which in Fig. 5
consists of five mirrors and a Mach-Zehnder interferometer {(MZI). The laser frequency is
roughly determined by means of a birefringent hilter and a thin etalon (FSR ~ 670 Gilz).

Turning Flale ptical diode’

‘not “useol) Erale | Lyot- Fi .
/ GP0GH ynf e #pT Eon

Pev

Mg[
~1?aH;
‘ f"""/’ bf’dm
Dye-}ef
ipCM)
Fip. 5 Srheme of the D'IB dye laser designed  for bigh  resolution lasor
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‘The MZL selects the correct cavily order, Travelling wave operation in one direction of
he ring resenator is achieved by means of an opticat diode (unidirectional device), The
frequency of the dye laser can be changed by applying voltages to an ADP clectro-optical
phase modulator (fast changes) and to the PZT of one of the mirror mounts. The fast dye
slresun ingide the laser cavily causes [ast thickness fluctuations of the jot which are
skowing up as frequency fluctuations of the emitted radiation and resulling in an
increased laser linewidth of a few MMz Line narrowing can be achieved by stabilizing
the laser frequeney to & resonance of a stable optical (reference) resonator. With this
methexl, the linewidth can be reduced by several orders of magmitude. Frequency
scanning can then be performed either by scanuing the frequency of the optical resonalor
or by applying optical modufation techniques.

Fast frequency stabilization to an optical resonator.
"The design of a suitable frequency stabilization requires the knowledge of the frequency
noise spectrum of the laser. A typical spectrum is shown in Iig. 6. This gpectrum

extends up Lo frequencies of several hundred kHz. Correspundingly, a fasy servo system is
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Fig. G ‘T'ypicat spectral density of the frequency lluetuations of a free running dye

laser.

needed to reduce the frequeney noise efficiently. A simple stabilization inethod is shown
in Fig. 7. In Chis setup, the laser beam usced fur the stabilization is split into a reference
beat 1 and a signal heam | imode matcehed into the cavity. The power of the reference

heam is alizned 1o about ene hall of the power transmitted through the cavity al the
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Fig. 7 a) 'T'ypical sctup for the frequency stabilization of a dye laser o the half
point of a cavivy fringe. b) Typical error signal versus the laser frequency.
The marked points can be used as references for the stabilization.

center of its Tesonance. The difference of the detected signal is shown in Fig. 7h. There

are Lwo zero crossings at the hall points of the cavity resonance. Either of these points

can be used as error signals for the frequency stabilization. After suitable integration,

this signal is wsed to correet the optical length of the cavity. With this method, laser

linewidths below ten kHz have already been observed using fast servo electronics [5,6].

Method of phase modulation

The narrowest laser linewidths are observed by means of a "phase—modulation (pm)
method" [7] shown in Fig. 8. This stabitization method was first applied to microwave
oscillators. For the stabilization, part of the laser beam i3 split off the main laser beam
and mode—natched into an optical resonator. The incident beam is phase modulated by
means of an clectro-optic nodulator (EOM). The modulation frequency in the range of
10 MHz w20 MIlz  should be Jarger than width of whe cavity resonance. After
reflection al the resonatur, the phase modulation is partially converted to a power
modulation which contains information about the offset from the center of the cavity
resonance. This power modulation is phase—sensitively detected by mwans of a
photodetector (1), amplified and sent to a double-balanced mixer (DBM) which is
driven al the modulating frequency, The detected photo signals are depicled in IFig. 9.

dye {aser

oplical resonator

Servg - DaM
control
Fig. 8 Frequency stabilization of a dye laser to an eigenfrequency of an oplical

resonator by the method of phase modulation.

The curves "a" and "b" show the transmitted and the reflected powers, respectively, as
functions of the laser frequency. The carrier and the adjacent sidebands of the phase
modulation are clearly resolved. Figs. 9c and 9d represent the demodulated signals at the
output of the mixer: "c" is in phase and "d" is in quadrature with the modulation at the
EOM. The zero—crossing of the central part of the dispersion like curve (¢) coincides
with an cigenfrequency of the resonator. This dispersion signal is used as error signal for
the stabilization. Laser linewidths below 1 Hz with respect to the eigenfrequency of the
resonator have recently been reported [8 — 10]. In the cases of refs. 9 and 10, these
linewidihs were estimated from the error signal indicating that the electronic servo
systenu is capable of sub-Hz resolution, in principle. The frequency at unity servo gain
was in the range between 2 MHz and 3 MHz. Compared to the stabilizalion method
described Lefore, the phase-modulation method offers the following advantages:

—Lhe frequency is Jocked to the center of the resonance rather than to the wing,

—the detection band is transformed into a frequency range where wechnical laser

tse can be neglecled.

—the capture range of the servo-control is increased Lo the vatue of the modulation

lrequency which is larger than the cavity resonance width.

~the serve-bandwidth can be larger than the resonance width since the transient
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method. Photocurrent transimitted through the cavily (n.g‘ reflected al the
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hehiavior of the cavity s described by an integrating behavior which can easily
compensalod by the servo-control.

Longlerm stabilization and precise frequency tuning

The [requency of the "cavity stabilized" dye laser depends on the stability of the
reference cavily itsell. At PTB, we have developed a "solid-ingot" resonator consisting of
e low expansion naterial "zerodur” (see Fig. 10). The zerodur mirrors are optically
contacted 1o the zerodur spacer. The cavity is hanging on five thin wires in a
Lemperature stabilized vacuum container [7]. This support system is used to avoid that
noise of the optical Lable couples into length variations of the cavity. Presently, the
resonance width of our reference cavity i3 approximately 700 kHz (FWHM). The
lungterm stability of the cavity has been measured by stabitizing a single frequency He-
Ne 1o a syuitable cavity resonance and measuring the beat frequency against an iodine

Fig. 10 Reference resonator.

stabilized Ho-Ne—laser used as frequency reference (see below). The corresponding
frequency change is shown versus time for an interval of almost two years in Fig. I1.
Presently the drift rates are in the ranpe of approximately 2 Hz/s. However during data
aeguisition when local heating of the resonator may occeur, this drift rade can be more

than ten thmes higher.

Fie 12 shows a block dingran of a dye laser speclronieter developed wt PRI for (e
[ 8 |
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investigation of super-narrow speciral structures. With our spectromeler care was taken
Lo address the problems of longtern stability, repeatability, and precise [requency
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Fig. 11 Change of Lhe resonance frequency of a Zerodur optical cavity vs lime

(X = 657 mn}

scanning. For stabilizatior, part of the laser beam is first focused into an acousto—optic
modulator (AOM). The Bragg—reflected beam is then retroreflected coaxial, phase
modutated and mode matched into the cavity. In this way the light beam incident into
the resonator is shifted by twice the [requency vy driving the AOM. Using a servo
bandwidth of 2.5 M1z at unity gain for frequency stabilization, the rms laser linewidth
was in the range of | kiz. This linewidth was deduced from the gpectrum of the beat
{requency between the dye laser and o He-Ne laser, both [requency stabilized to their
individual reference cavities. Precise frequency scanning of the laser is performed by
Luning the modulating frequency vy, Regidual drifts of the resonator are detected by
measuring the beat frequency vy, between a He-Ne laser stabilized 10 a resonance of the
cavity and an le-stabilized He-Ne laser. The resonator drift i3 compensated
automalically by correcting vn  according to the equation fvn = Jub()\“eNe/x\dye)ﬂ
(bvm: frequency correction applied to the AOM, &, change of the beat frequency
between the two He-Ne lasers, AlluNe and Adye; wavelengths of the He-Ne laser and Lhe

dyc laser, respectively).
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Fig. 12 Ultra-high resolution dye laser spectromever [11].

With Lhis spectrometer the frequency fluctuations of the dye laser within a time interval
of approximately six hours were less than + 2.5 kHz During several months, the
frequency of the spectrometer could always be reset 1o the same value within + 10 klz.
Presently, the useful spectral resolution of approximately 3 kllz is lunited Ly the
residual lrequency instabitity of the ly—stabilized He-Ne laser.

[V.  High resolution sub-Doppler gpectiroscopy.
Doppler broadening

Usually, the Doppler broadening provides by far the largest contribution Lo the line
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Fig. 13 Doppler effecy of an atom moving at a velocity v.
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hroadening. In the frame of an alom meving at a velocity v and under an angle o 10 a
laser beant of Lhe frequency vy {sce Vig. 13) the frequency can be expressed as
2 2
v, =V [L -~ (v/cheos a + v‘!/(2c )]
It this equation, the term  (v/cleos @ represenis the linear Doppler effect. It is
proportional to the velocity component v; in the direction of the laser beam. Note that
the sign of the lincar Doppler shift reverses if the direetion of the jaser beam or the
velotity is reversed. Fhe third term which is quadratic in v and independent of the

velocity direction represents the second order {relativistic) Doppler effect.

The atomic velocities along a fixed direction of a gas in thermal equilibrium at a

temperature T can be expressed by the Maxwellian distribution

w(v) = /Y7 o) exp [(~v*/u%))
with
= 2KT/m
where K represents the Boltzmann constant and m the atomic mass. ‘This Gaussian
velority distribution causes a Doppler-hroadencd linewidth of a Gaussian profile if other
line broadenings can be neglected. In this case, the absorption profile is expressed as

alw) = o exp[- (w- w0)2,r'(wbu,"c)2]

and the Duppler width (HWHM) is
Wao

Aupy = win2 = 0833w, ufc.

c
The Doppler width of most gases at room temperature is usually in the range of 1076w,
Whereas the second order Doppler offect, is in the range of 1072w, We shall see later that
al very high resolution, the uncertainty to find the true line center is limited mostly by

the second order Doppler effect.

16

Collimaled alomic bearns
We have seen that the first order Doppler shift depends on the direction of the atomic

Fig. 14 Hlustration of Doppler-reduced laser spectroscopy using an atomic beam
(taken from [1]).

velocity relative to the laser beam. It vanishes if the atomns cross the light beam under a
right angle. In a gas cell, the atomic velocities are isotropically distributed in all
directions and no Doppler suppression is expected in linear speciroscopy. On the other
hand, colliinated atomic beams [12] crossing perpendicularly with a monochromatic
laser beam provide the opportunity to reduce the Doppler-broadening to a high degree.
Collimation ratios of 1/1000 are easily achieved, Fig. 14 shows a schemaltic setup of such
an experiment. The collimation of the atoms leaving the atomic beam source (oven} is
provided by an aperture B at a distance d from the source. For a paint source, the
collimation ralio is b/d = VZ/V. The Doppler-shifted frequency (first order Doppler-
cffect) in the rest-frame of the moving atom is

5
wj = wo—ﬁ-v: wy — kv,
where % {1 k| = 2n/)) is the wave vector. Only thase atoms with a velotity corponent
1
v,¢q | vib/d

can contribute 1o the absorption af the monochromatic laser beam and the corresponding

Duoppler-shift. is redaced approximatety by the collimation ratio to ‘5“’1) =k v,
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Iig. 15 High resvlution specirum of molecular iodine observed in a molecular beam
by means of laser fluorescence spectroscopy [12].

Fig. 15 shows a typical absorption spectrum of iodine observed at A = 514.5 nm
observed by exciting & molecular iodine beam with a single frequency argon-ion laser
[12]. The absorption peaks represent narrow hyperfine struclure components (HFS} of
the P(13) (43 — 0) and the R{15)} {43 — 0) lines of the electronic B — X transition. Since
the scparation of the HE'S components is smaller than the Doppler width they could only
be resolved by means of sub-Doppler spectroscopy.

Saturation Spectroscopy
Saturation spectroscopy is based on the selective saturation of a certain velocity group of
an inhomogeneously broadened line. As it is shown in Fig. 16, the velocity component, v,
of an absorbing gas is sclected by the laser frequency wy, according to the condition

v, 2 dv, = (w, - wp * Suw)fk
Because of the depletion of the population difference An(vz) the absorption cocflicient
Hw) = AN(v )o, {w“ — w=vk) decreases {rom ity unsaturated value ay(w) to the
salurated value

us{w) = uU(w)N'l +8 0 .
Where SU = P/Py is the saturation parameter (Py saturation powet) at line center.
Since the the absorption coelficient a, depends on the laser intensity, the absorbed

pawer depends nonlinearly on the laser power. Therefore saturated absorption is called 4

ta) {b) [mn'»wux v
Fig. 16 Hole burning in the initial level and corresponding poputation peak in the
excited level of a Doppler-broadened line (taken from fl)] ).

Doppler-[ree saturation spectroscopy makes use of the fact that the absorption coefficient
of a gas can be gaturated at a certain velocity, selected by the laser frequency wp. This
narrow hole can be probed selectively, for example, with a second laser beam of which

L SR
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Fig. 17 Saluratiwn holes "burned” symmetrically into the velocity distribution by

two counterpropagating waves (laken from [1]).
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the Trequency is scanned over the Doppler-broadened line profile. At low intensities, the
width of this "Bennett hole® |13] equals the natural linewidth of the Lransition {if
further hroadenings can be neglected). If the laser beam is retroreflected after leaving the
cell, the retroreflected beam generates a second hole into the population disiribution
placed symmetrically to the line center at v, = 0 (see Fig. 17). If the laser frequency is
tuned, these holes move symmetrically (o v, = 0. At line center, both holes overlap and
whe number of atoms available for absorption is reduced. Consequently, one obscerves a
narrow Doppler-free absorption dip when the laser frequency is tuned over the center of
the Doppler-broadened line. Fig. 18 shows a typical experimental arrangement for
saturation spectroscopy. T'he laser beam is split into a pump and a probe beam. Both
heamns are passing through the cell in (almost) opposite directions. The pawer of the
probe bearn is detected versus the laser frequency after passing the cell. Chopping of the
purnp beam allows to detect the difference of the power absorbed in the probe bearmn
when the pump beam is turned on and off {i.e. the nonlinear part of the absorption,
containing the Doppler-free signal). This can be performed by phase sensitive detection.

detector

Iig. 18 Lxperimental arrangement for saturation spectroscopy.

Saturated absorption has been applied successfully using laser intra-cavity absorption
celis. A typical example i3 the iodine stabilized He-Ne laser operating at 633 nm
wavelength (see Mg, 19). This laser is requently used as a precise wavelength standard
in spectroscapy (soe dye laser specirometer above) and length metrology. The emssion
line of the laser coincides with the R{127) line of the 11 — 5 band of "1, "T'he condition
of conterpropagating waves is automatically fullilled in a linear standing wave lager
resonator. ‘The laser resonator containy the He-Ne gain tube and the iodine absurption
cell. The frequeney of the laser can be changed within the Doppler-width of the gain

20
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Fig. 19 Schematic setup of an 1,-stabilized [le-Ne laser {A = 633 nm).
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profile by moving one of the mirrors mounted on PZT-transducers. The output power
increases when the laser frequency is tuned 1o the cenler of a cotresponding absorption
line (see Fig. 204). Intracavity salurated absorption provides very high sensitivity due to

aj b)
o
=
o
W
d e f g
g, 20 a) Output power of an iodine stabilized 1le-Ne laser v the cavily length.

The size and width of the dips are approximately 0.1% of the sutpul power
and 1078 of the laser frequency, b) Absorptian spectiuin ohserved by using
the third harmonic detection techiigue.
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the strong dependence of Lhe laser output power ob cavity losses near the laser threshold.
‘T'o find the true line center, the effects of a sloped background needs to be suppressed.
This can be done by applying the “third harmonic detection technique" [14,15]. For this
purpose the laser frequency is modulated by applying a harmonic voltage to the PZT of
the second mirror-mount. In the vicinity of the absorption line, the output power will
then be also modulated with the modulation frequency and its harmonics. For a
symunetrical line all odd harmonics will show a zero crossing and a phase change of
when the frequency is tuned through the center of the resonance. If we assume that the
background can be approximated by a linear and a quadratic term, the signal containing
the third harmonic will not be influenced by the background and can be used to generate
an error signal for the frequency stabilization. Therefore, the third harmonic is selected
from the photo-current, amplified, and phase-sensitively detected, The servo-loop is then
used Lo control the length of the cavity such that the third harmonic signal vanishes.
Using this setup, frequency reproducibilities in the range of a few 10V'v have been
achieved at several international laser comparisons between various lasers of different
mesrological institutes [16,17,18].

i"hase-modulation spectroscopy

liven though intracavity saturation spectroscopy provides a very sensitive Lool to delect
very small absorplion features with high accuracy, this method cannot be applied in
every case. For example, intracavily absorption cells would prevent low-gain lasers 1o
oscillate. Furthermore, in intra-laser-cavity saturated absorption the signal profile
depends on & variety of operation parameters which can hardly be separated
experimentalty.

A very sensitive method closely relaled to saturation spectroscopy is provided by phase-
modulating the probe beam. Using modulation frequencies above the range where
technical laser noise can oceur (usually above a few MHz), shot-noise limited detection
can be achieved. The method of phase-modulation wag first introduced by Bjorklund
[19] and Hall et al. [20]. A typical setup for Dopplerfree phase-modulation
spectroscopy is shown in Iig. 21 [20]. ‘This setup s very simitar 0 the one shown in Fig,
18. However, the chopper of the pump beawn i replaced by an acousto-optic modulator
(AOM} which frequency oflsets the pump frequency and allows higher chopper
freguencivs. Furthermore, the probe beam is phase-modulated at a freguency high
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Fig. 24 Experimental setup used for Doppler-free phase-modulation spectroscopy
{taken from [20]).

comparced 1o the linewidih, The superposition of the two counterpropagating waves

5 = By exp [iw (b - z/c]
and g = Ey-exp [i(w + Aw)t +2/c)]
results in a "walking wave"

By + By =2 Ej exp[int (L + 2/c)Aw/2]- cos{Dut/2 + (w+ Aw/2)z/c]
of which the nodes and antinodes move at a velocity of

Vy = Awef/(2w + Aw) = Awe/(2w)
Aloms moving with a velocily component v, = v, "see" both counterpropagating
beams at the same frequency. In this frame we have again the case of salurated
absorption. Correspondingly, the laser frequency at resonance is Doppler-shifted by
wv /¢ which is half of the frequency applied to the AOM. With the pump beam being
lrequency oflset, any interference between the probe beam and light of the pump beam
being scattered into the detector oceurs at the offset frequency and does not fall into the
detection bandwidih {21]. Chopping of the pump beam is provided by modulating the
rf-power applied to the AOM. The chopping frequency has to be smaller than the
linewidth in order Lo allow the atomic population to follow,

Sensitive probing of the saluration dip is provided by phase-modulating the probe beam
before it enters the absorption cell. When the probe beam crosses the hole burned into
the velocity distribution of the population difference, the phase modulation is partially
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ranslormed into a power snodulation which can be detected phase-sensitively (see the
chapler of dye aser stabilizatiou).
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Fip. 22 HE'S spectrumn of iodine observed by phase—modulatinﬁ spectroscopy in the
emission range of a He-Ne laser of 543.5 nm wavelength [22].

AL PTB, we have used this technigue to stabilize the freguency of an He-Ne laser,
operaling at A = 543.5 nm, 1o iodine absorption features {23]. In this case inlracavity
saluration spectroscopy was impossible due to the very low gain of the laser Lransition
and due 10 the Tact that only lasers with inlegrated mirrors were available al that time.
Fig. 21 shows the jodine absorption spectrum observed with this technique. It should be
noted that only 90 gW and 37 4W were available for the pump and the probe beam,
respectively, to record these specira. Two lasers stabilised independently by this method
gave the same [requency within approximately 1 kHe.

Crossover transitions in saturalion spectroscopy

In the saluration experiments diseussed above, only two levels have been involved. In
wany  applications however such a two-level atoms may not provide o realistic
deseription. In a three level atom for example (see Fig. 23), where one level (a) tan

couple with e two others {b and ¢) then a further resonance, the "erossover transition”
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can oceur. In the frame of a three level atom moving with the velocily component v,
(see Fig. 23 a) the two counterpropagating waves have the frequencies
w_=w{l - v,fc+.)
for the wave copropagating with v and
w, = wL(l v jet.)
for the counterpropagating one. Doppler-free crossover signals can he observed if
W_ = Wy and wy =
This condition is fulfilled if

Wy, = (W + wah)/‘!

[
ac

arl

vz/(: = (wa.c - wab)/(wac + wah)
The crossover resonance is observed if the laser frequency is tuned to the mean of the
two Lransition freguencies v, = (wab + wm:)/‘z. [L is clear that such crossovers can onty
oceur if the difference w, | — w  is smaller than the Doppler width,

ac  “ab

Saturated absorplion speciroscopy in an atomic beam
The widlh of spectral profiles ohserved by saturated absorption in absorption cells i3
frequently determined (for smialt natural line widths) by collisions between the atoms.
Such collisions can be reduced Lo negligible values by wsing alomic/molecular beams.
Fyven though lincar speettoscopy nsing atomic beams s capable ol stub Doppler
resolution, Lhe line may still be inhemogeneonsly broadened dne to the residual velocity
distribution in the direetion of the propagating wave v, The application of saturated

absorplion i atomic beams allows Lo suppress the inflluence of collisions efficiently. Due
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10 the simaller Doppler widlh, crossover transitions can also be avoided in mmany cases. 1f
the lifetime of the levels involved in the transition is tong enough, probe and puinp
beams can be spatially separated. Such experiments were performed at the Ca intercom-
bination line #4155 (A = 657 nm) of which the excited 3P Hevel has a long life time of
approximately 0.5 i3 (see chapler V). The experimental setup is shown in Fig. 24.

l Computer
o dh Photodetektor
Co Ofen =
-— Ca-Atomstrahl
SaM- Probe -
Furg- sheak
Sirahl
IFig. 24 Experimental setup for saturation spectroscopy in a Ca atomic beamn

We shaill see in later that at high laser powers the corresponding line profile depends
strongly un the excitation geometry i.e. whether 8 standing wave or two counterpropaga-
ting travelling waves are applied [24].
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lig. 25 Saturated absorption signal observed in a Ca atomic beam.

Fig. 24 shows a typical setup for saturated absorption specteoscopy in a calcium atomic
beam. 'F'he collimated laser beam (w = 1.5 mm) from a dye laser spectrometer crosses
the Ca beam perpendicularly and it is retrorellected by a cat's eye. The cat's eye can be
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moved paradlel to the Ca atomic bean thereby changing the distance between the two
connterpropigating laser beams. Saturated absorption by a standing wave taser field is
ubserved when the axis of cat's eye coincides with the incident beam. The absorption by
one travelling wave can be observed if the retroreflected beam is blocked bhefore it
reenters Lhe atamic beam apparatus. The absorption is detected about one decay length
downstream via vhe fluorescence emitted when the excited level decays into the ground
state. ‘The Ca oven has a temperalure of approximately 930 K and an aperture of
0.5 mm diameter. An aperture of | mm diameter placed between the interacting zone
and the PM determines the diameter of the Ca beam.

A typical saturation spectruin of the Ca intercombination line is shown in Fig. 25. In
this example, the fine was split by a magnetic ficld into three Zeeman components with
AmJ = ), +1. Conscquently, we observe six components —three Zeeman components and
the corresponding three crossover transitions. The central crossover line coincides with

the central Zeeman component /_\.mJ = .

g, 26 shows measurcd saturation features observed at different laser powers for an
excitation with a standing—wave ficld (2) and two counterpropagaling travelling waves
(b). The laser frequency was scanned from po—1.5 MHz up to wp+1.5 MHz (g center
froquency ). In holh cases the saturation dips bave their largest depths at a laser power of
about 2 mW. e saturation dip generated by two travelling waves is much deeper than
that by a standing-wave and the relative depth size is even more than 50 %. The
saluration dip generated by a standing—wave field becomes very small when the power
increases 10 about 4 W and turus into a peak at 6 mW. When the power is further
increased, Lhe total width of the {Doppler-)profile increases and two more peaks at both
sides of the central peak appear P = 10 mW. At P = 20 mW, these peaks hecomne even
larger than the central peak. On the other hand, no peak was observed when the Ca
hesun was excited by two counterpropagating travelling waves.

Fisure 27 shows the photocurrent measured at line center in dependence of the laser
power for exeitation with a standing wave (4), two counterpropagating travelling waves
(h), and as arelerence twice the signal of one travelling wave {24). Tor laser powers
Botween 1.2 mW oaid 4.5 W, the photo-—current 1y generated by two travelling waves is

sialler than that penerated by one travelling wave, Consequently, the atomic bean
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Fig. 27 Photocurrent, measured and calealated vs laser power for a single traveliing

wave (1), two counterpropagating waves le and a standing wave |

absorbs more power from one travelling waves than frem two counterpropagating waves
fiold. Own the other hand, if the laser power is larger than 4.5 mW, Lhe photo—current for
standing--wave excitation () is larger than for the reference {26). In this case, the
absorption of the standing wave is more than twice as large as that of one travelling
wave and a peak appears instead of a saturation dip.

The experimental results described here are different compared to usuwal saturation
speetroscopy . The difference is due to the lifetime of the exited state which is long
compared to the trangit-time and the inverse collision rate. In normal saturated
absorption the lifetime of the excited state is shorter (duc Lo collisions) and the ratio
hetween the ground state and the excited state is wsually determined by collisions. In
such a case, the saturation can be described by a suluration parameter. In our
experiment here, we need to consider only the interaction time and the transition
probability. The origin of thig strange line profile is not yet completely understood. We
tave verified the fluorescence signal observed al line center by solving the probabibity
amplitude equations |1,3]. Basically, the features shown in Figs. 26 and 27 can be
interpreted as demonstrations of Rabi-oseitlations within the atomic beam. 1L is clear
that ditferent behavior is expected for standing waves due Lo the inhomogencons lield
stiengble in Lhe 2 direction and the corresponding inhiomogencous broadening ol the Rabi-

lrequency in standing waves.
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V. Optical Ramgey [ringe Speclroscopy

Uiilizing conventional saluration spectroscopy, the observed linewidth is ultimately
determined by the short interaction titne of the thermal absorbers with laser light field.
For atoms of the velocity v and for a radius w of the laser beam, such (ransil-tinie
broadening is of the order of v/2w (in the range of 1 MHz for typical experimental
conditions). 1t can be reduced by increasing uhe value of w [25]. With increasing bean
diameters and the corresponding higher resolution however, the number of resonant
atoms (given by v,) decreases rapidly with increasing resolution and consequently the

size of the Doppler-free gignal is also reduced.
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Fig. 28 Scheme of Ramsey excitation in the microwave range (a) and absorbed
signal power vs frequency (b) (taken from [1]).

In general, the transit-titne broadening can be largely reduced by applying the method of
separated ficld excitation. It was first introduced to microwave spectroscopy by Ramsey
[26] utilizing {wo interaction zones in an atomic beam (see Fig. 28). The atoms of an
atomic beam pass sequentially through two excitation zones driven by the same
vscitlator of the frequency w. In the first zone, a dipole moment between the ground
state and Lhe exciled state is generated. In the Tield-free region this dipole precesses with
the iransition frequency wp. When il enters the second interaction zome, it has
accumulated a phase angle Ag = opT where T = Lfv is the flight-time of Lhe atoms
between the two interaciion zones. 1n the same time, the phase of the field in the second
has changed by oT + A® where A® represents a potential phase dilference between the
ficld in the two zones. 'be interaction between the dipole and the second zone depends
on the phase dilference (w—wy)1' + Ad between the precession and the exciting field.

o\/ U/\m
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For a mono-velocily atomic bear, we observe the signal

S(w) = ONLEZos|{wy = w)L/v + A®].
When the frequency of the osciliator is tuned S(w) cscillates with a period of b = v/L
(13 clectric field, N: number of atoms passing through the interaction regions). The
[ringes wash out al higher detuning due to the trausit-time broadening in ene zone. In
thermial beams with their wider velocity distribution the "side fringes" wash out even
faster and only the central [ringe and its wext neighbors remain. The friuge width

b = v 2L (FWHM) is determined by the time of flight between the two zones. It can
be reduced by inereasing the separation between the two zones. If we assume zero phase
crrors (A = 0) and neglect the second order Doppler effect the observed Ramsey
resonance structure is symimetrically distributed to the line center and can be used 1o
determine the line center precisely. It should be noted that all primary atomic clocks
apply the method of Ramsey's separated field excitation.

At oplicul requencies with the lateral dimensions of the atomic beam being large
compared 10 the wavelength, such two zone excitation would result in zero signals for
single photon transitions. Optical Ramsey fringes, however, can be generated either by
means of spatially modulated atomic beams [27] or by nonlinear excitation methods
using more than two interaction zones [28].
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I'ig. 24 a) Simplified scheme of optical Ramsey excitation by travelling waves;
explanation of fringe generation using Bloch's formalism in the rotating
wave approximation [29) (tbl 994" phase of the light at z = 0).
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Separated Tield excitation of optical transitions has been realized in onc photon
spectroscopy  [28 — 34| utilizing standing and/or travelling waves. Fig. 2%9a shows
schentieally the Ramsey excitation with travelling waves of one atom cut of a hean.
The atom is excited sequentially by two pairs of parallel but counterpropagating laser
heats. Following the theory of Bordé et al. [29], the generation of Ramsey [ringes can
he exptained according to Fig. 20b by applying Bloch's formalism in the rotating wave
approximation. In this figure, each of the four pictures correspond to one interaction.
For the sake of simplicity, we assume the optimutn condition that the pseudo spin [35]
is totated al cach interaction by x/2 around the {1)—axis {x/2-pulse). During the first
excitation, the pseudo spin is flipped from the (3)—direction —represenling the
population— into the {1,2)—plane representing the coherence between the initial and the
exciled states. In the field—{ree region between the first two laser beams, the spin rotates
around the (3)—axis. The rotation angle at correct phase alignment A, = (wovz/c +
Aw)D/vy can be large compared to 7 depending on the Doppler shift wyvz/c and the
detuning Aw (v, component of atomic velocity in the z—direction of the laser beam).
During the second excitation, the spin is rotated again around the (1}-axis into the
(1,3}-plane. Correspondingly, the spin component in the {3)-—direction will oscillate
versus the velocity v, and the detuning Aw. Summing over all v, after the second
excitation al an arbitrary fixed frequency would therefore give a zero fringe signal with
the populiation of the atomic beamn modulated in the vz—space. {In the microwave range,
snch modulation does not exist due to the much larger wavelength and Ramsey fringes
can be observed with two zones, only). The population modulation is then transferred to
the next excitation zone where the atoms are interrogated with a laser beam (3)
propagating in opposite direction. Due to the reversed beam direction, the phase of the
pseudo spin is nol conserved. The (3)—component of the pseudo-spin is again rotated
inta the (1,2)-plane by the laser field. For betier understanding, the spin vector can now
be split into the orthogoual components "a" and "b" with "a" pointing into the direction
paralle] or antiparaliel to the spin direction A®y al the end of the hirst field—free region.
Sinee the Doppler shift is reversed for the counter—propagating beams "3" and "4", the
retation of the phase i also reversed and the spin component "a" will coincide with the
(24 direction at the cnd of the third field—free region, independently of v, A
macroscopie dipole moment will therefore exist at the location of the fourth excitation.
The conponent. "B, however, will average to zero after velocity inmegration. Puring the

fast excitation. the spin component "a" is eventually rotated into the (3)- dircclion
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resulting in a tonlinear optical Ramsey interference. With the detuning of Aw, the phase
ol the coherence rotates by AwD/fvy around the (3)—direction both in the first and the

third field-free space. Consequently, a periodic change of the population versus the
[requency will appear. The total Ramsey structure will be obtaiued by suinming over all

atoms.
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Fig. 30 Experimental setup for the detection of oplical Ramsey fringes with

travelling waves. Laser beam reversal is performed by stopping direction 1
or 2. The phase error A® can be aligned by rotating the phase plate.
A typical setup for the detection of optical Ramsey fringes in a Ca atomic beam is shown
in FFig. 30: An interaction geometry of four travelling waves is achicved by Lwo cat's cyes
providing phase alignment and precise retroreflection. ‘The Ramsey signal can be
detected by monitoring the fluorescence of the excited level versus the frequency. The
corresponding signal 1(w) can then be writlen as

w
L(w)= JA(I’.L,u}- H(vx)- cOS(20uD/vx + A} dvy
0

where
Aw = w—wy[l — v/ (2c?) £ hwf{2ine)|

represents Lhe detuning from the atomic resonance, {(vy) the velocity distribution and
A(P.L,w) the signal amplitude {depending on laser power 1) inleraclion time t in one
zone and weakly on the frequency w). The terms v/f(2¢7) and hwf(2me?) describe
frequency shifts cansed by the second order Doppler effect and by the photon recoil.
Sinee only the first but not the second order of the Doppler effect is suppressed by
Doppler Tree methods, integration ever all velocities eads G an inhomogeneons seeond

order Doppler broadening and a shilt of the Ramsey structive [36]. The photon reeuil
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causes o synunetric line splitting of he w?/{mc?) (vypically a flew kilohertz). The
expression Ad = ¢y — &, + ¢4 — ¢y describes the phase error between the excitations.
Neglecting the second vrder Doppler effect and the recoil splitting and assuming perlect
phase atignuent, the Ramsey signal can be described as a bilateral damped cosine. The
center of the central {ringe coincides with the atomic transition frequency and the [ringe
width of Av = vi/(4D) (FWHM) is only determined by the excitation geometry.
Principally, subnatural linewidth resolution is possible, however for the cost of reduced

sigieal size. . . — . \ . r - . .
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Iig. 31 Typical Ransey signal observed in a Ca atomic beam.

A typical optical Ramsey structure observed by exciting a Ca atomic beam is shown in
ig. 31. The curve describes a Doppler—broadened atomic resonance with a Doppler—free
Lamb—dip in the center. The Ramsey siructure in turn appears in the center of the
Lainb—dip. The Ramsey structure consists of a central fringe and a pair of side fringes.
Higher order fringes are washed out due to the thermal velocity distribution of the Ca

aloms.

Very narrow resonance structures can be achieved at large ficld separations and slow
atomic velocities. ‘The nuwinber of atoms contributing to the Ramsey structure is
determined by the relatively small diaroeter of the laser beamn in one excitation zone,
Consequently, the signal size is largely imcreased at high resolution compared o
conventional saturated absorption. At very high spectral reselution, comparable to the
second order Doppler broadening however, Ramsey structures will be distorted and
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shilted [36]. Consequently, the uselul resolution and the uncertainty to determine the
line center of Lhermal absorbers at rest is limited by second order Doppler broadening,

Velocity delection by pulsed excitation

The uncertainty caused by the second order Doppler effect can be reduced by sclecting a
narrow velocity interval of atomic absorbers if the light fields are pulsed (sce Fig. 30). In
these experiments [37], equal separations D between ali four interactions were chosen.
The light was chopped by means of an acoustcoptic modulator,

The time of Might between the interactions can be determined conveniently by pulsing
the laser radiation thereby selecting the velocity
v =D/(uT) n=1.23,..
of Lhe absorbers contributing to the Ramsey signal. The selecied velocivy interval is
determined by the pulse width t and the radius w of the laser beam
Aviv< [2/(3n)](2w/D+L/T)
The second order Doppler shift
Avfw = (1/2)[D/(aTe)]2
and broadening
vpfv = |2/ (3n){D/nTc)2(2w/D+t/T)
can then be calculated allowing the correction of the corresponding offsets. Vig. 32 shows
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an exampie of Ramsey fringes observed with this method. Compared Lo the [ringe signal
of Fig. 31 observed a1 ew operation, the number of fringes is significantly increased due
10 the narrow velocity interval. The velocity distribution can be investigated by Fourier
analyzing the fringe structure. Utilizing pulsed separated field excitation and suitable
pulse separations T, only one single velocity interval (n = 1) contributed to the Ramsey
gsignal. In this experiment, the second order Toppler broadening was decreased by
approximately one order of magnitude to 9 10713, The contribution to the frequency
uncertainty, caused by the sceond order Doppler effect can therefore be estimated o be
below the 10713 Jevel,

Atomi¢ beam cooling

The most rigorous approach to reduce transit-time broadening and the Doppler effect in
all orders, is Lo increase the interaction time of the light with the absorbers by
decreasing the kinetic energy of the absorbing partieles. Such "cooling® can be performed
by laser radiation applied to stored jons or alomic beams. In this chapter, the basics
about laser deceleration of a Ca atomic beam will be discussed in view of applications to
optical frequency standards,

Deceleration of atomic beams was first demonstrated by Andreev et al. [38]. 1t is
accomplished by resonant. laser radiation counter—propagating an atomic beam. During
the cooling process, pholons are continuously absorbed by the atomic beam and
reemitted spontancously. At each absorption process, the momentum of the absorbed
photon he w/c is transferred to the atom in the direction of the laser beam whereas the
recmnission 18 randomly distributed in all directions. Consequently, there is a mean
veloeity reduction of i w/inc at each absorption process (m: atomic mass}. For 40Ca
atnms excited from the 185 ground state to the Py state (A = 423 nm, lifetime of excited
state: 7= 4.6 ng) the velocily change is 2.35 cmn/s per event. The maximum deceleration
rabt apax ¢an be estimated under the assumption that the aloms spend half of their time
it the excited state corresponding to a minimuem cycling time of 2 7
ax = T w/(2mer).
The minimuns time and fesgeh of deceleration are

T v J"“-mux

L= w2,
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respectively, with v being the mean velocity of the atomic beam. T'e stop 40C'a atums of
700 m/s velocity, we estimate apay = 2.55- 108 cinfs?, ' = 0dms, L = 0.1m, and a
saturation intensity of approximately 2 mW/mm? About 30000 absorpion/emission
cycles arc necessary. TFransversal heating of the beam can be reduced by a slightly
converging laser beam.

During the deceleration, however, the Doppler shifted frequency of the atoms changes.
The resonance condition 18 then no fonger maintained and the cooling is interrupted.
Consequently, only one velocity group of the total distribution will be transferred to its
next smaller value (see Fig. 33). In order to cool and compress all velocity groups it is
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Fig. 348 Atomic velocity profile of a Na atomic beamn produced by laser cooling at a

constan|, frequency and constant magnetic ficlkl [38].

necessary 1o keep the transition frequency always in resonance with the decelerating
absorbers. Such resonance condition can be maintained either by chirping the laser
frequeney or by Zeeman tuning the transition in a spatially varying de magnetic field.
Both methods Bave been realived using Na atomic beams |39,40). Atomic beam cooling

has also been demonstrated in other gases.

Deceleration of a Ca atomic beam hag first been accomplished by 1. Strumia et al. [4i].
Fig. 31 shows a velacity prolile of a Ca atomic beam cooled by a fixed laser frequeney in
a spatially varying magnetic field at PTD 142]. Curve a represents Lhe unmodified

veloeity profite. Deceleration and veloeily compression is clearly demonstrated,
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Fig. 34 Velocity profile of a laser cooled Ca atomic beamn [42]

Atomnic beam cooling presents a novel wol of precision laser spectroscopy. It opens the
possibility, 1o confine atoms in shallow traps [43], to produce "optical molasses” [44],
and "fountain geometries" [45]. Atomic beam deceleration is now ready Lo be applied to
frequency metrology. o orepresents s powerful method for the development of optical
Irequency standards.

Influence of phase errors

IMig. 35 shows Ramsey [ringe signals in dependence of the frequency for differeny
separations 1Y {33]: The width of the fringes decreases inversely with D. At D = lom,
Lhe splitting induced by the photon recoil effect [36] is partially resolved.

In these carly experiments, the fringes at the highest resolution were distorted prolably
due to nonperfee aligniment of the cat's eyes and residual phase errors. ‘These problemns
have been addressed in the meantime leading to aligmuent procedures for the cat's eyes
as well as for the phase correction [47{: The fine adjustment of the cal's eyes is tested
—after interferomelric prealignment— at the atomic beam, by monitoring the frequency
shifv of the Lamb—dip versug a parallel displacement of the laser beam from the optical
axis. For perfect alignment, the center freguency should not depend on the displacement.
Using this method, even small lense aberrations of the cat's cye can be observed and
cnnpensated. Residual sinall frequency shifts of the saturated absorption signal can be
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coipensaled by laser bean reversal.
The dependence of the center frequency of Ramsey fringes upon the phase dilference

between Lhe excitations has been investigated experimentatly for traveling wave
excitation [47]. Fig. 36 shows Ramsey {ringe signals observed at various phase
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dilferences. The location of the Ramsey structure depends linearly ot the phase
dilfevence Adr — g + udd (n= 0, £1,22,...). [n the example shown in Fig. 36, the

50

photecurrent

=100 100 0 100 kHz 200
[requency tuning ——=

Ramsey fringes observed with travelling waves (direction 1, see Fig. 30) for

Fig. 36
different settings of the phase plate (D = 0.75 cm, 0.5 s per point) [47].

T T T

o
-

wr
~

s

.

sUm signai
2z
Fd
1

on
-
—T
H
f, 4,

wh
el
v :|
L L 1

50
|00 100 1] 100 kHz 200

Fig, 37 Sum of optical Ramsey fringes observed in direction 1 and 2 {sce Fig. 30}
for different, settings of the phase plate correspending o g, 36.
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fringes shift towards lower froquencies with increasing Ad®. H the laser beams are
reversed, this shift also reverses and we expect synunetric, unshifted Ramsey fringes at
cach phase setting if the signals of the two directions are added. Such summed signals
are shown in Fig. 37. The phase settings were the same as in Fig. 36. Within the
experimental resolution {detertined by the frequency stability of the faser and the signal
10 noise ratio), the center frequencies of the fringes do not change with Ad, however, the
fringe contrast changes through zero and fringe inversion occurs. Subtracting the two
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Iig. 18 Difference signal of the curves b and d in Fig. 37. Note that the

background is suppressed.

inverted Ramsey dignals of maximum contrast results in high contrast symmetrical
Ramsey {ringes lree of background which are shown in Fig. 38.

Enfluence of the photon recoil

Fig. 39 shows a bigh resolution high contrast Ramsey stroctmre. The fractional {ringe
width of approximately 2.10°0 (FWIHM) is about 500 times narrower compared to that
of the prosent primary standard of time and frequency. The peak to peak signal size is
about X% ol the wotal Muorescence signal in this example Pringe sizes up to 17% have

heen ohserved promising a [ractional frequency instabiiity of approximately  o{2,7)

6o 10 T'}/z (with 7in 8).
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A serious problem Lo determine the true line center is caused by the recoil splitting in
saturated abgorption spectroscopy and in particular in Ramsey spectroscopy: AL low
resvlution, the unresolved doublet structure may lead to line asymmetries caused by
slightly dilferent sizes and broadenings of the two components. At high resolution with
Lhe recoil components resolved, the signals will be strongly reduced in saturation
speclroscopy or, with Rainsey excitation, the fringe signaly will be distorted due to the
20 order Doppler broadening of the thermal absorbers. On the other hand, utilizing cold
absorbers of narrow velocity distribution and Ramsey excitation, the fringe signals of the
two cormnponents will overlap due to the increased number of fringes [37]. One of the
recoil components can be suppressed, by removing the population holes in the initial
state (high frequency component) or the enhanced population in the upper state (low
{frequency component) i the atomic beam belween the separated saturating and probing
laser beans. Poputation decay of the upper state inlo a variety of other states was
applied, for example, to iodine trausitions [48,49}. However, the natural linewidth of the
ioddine transitions did not allow the suppression to be seen.

A novel method o suppress the low frequency recoil component uses optical puinping of
the upper level into motastable states [50]. This method is very suitable for transitions
o longlived excited states. In these experiments, suppression of the recoil component
way demonstrated at the Ca intercombination line utilizing traveling wave Ramsey
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excitation (see Fig. 30). The population of the 3Py state was pumped via the 95—slate
into the metastable states 3P and 3P; between the second and third inleraction zone.
The transit—time broadening was reduced to approximately 15 kllz. Fig. 40 shows Lhe
corresponding fringe signals a) without and b} with suppression of the low frequency
recoil cotmponent. The Ramsey fringe signal of the low frequency vomponent is
essentially eliminated. Suppression of the low frequency recoil component was also
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I'ig. 40 High resolution Ramsey fringes observed in a Ca atomic bearn a) without

and b) with suppression of the low frequency recoil component

abserved indirectly in saturated absorption using spalially separated large diameter laser
beains: the widih of the Lamb dip was reduced froin about 60 kHz to approxiniately 40
klfz and its center was shifted by about 10 kHz tewards higher frequencies. The
described wehnique to excite only a single recoil avoids detrimental effects of the recoil
splitting and c¢an be used in any quantum system.

V0. Ca opical [requency gtandard

This chapter describes the PTB activities in the ficld of precision wavelengih/frequency
standlards cnitting visible radiation. ‘The intercombination line 3P,—1Sp of 0Ca (A =
637 nm) provides an altractive reference frequency for applications in optical frequency
melrology |32):

~the natural linewidgth is in the range of only 400 1Lz (8. 10-13),

—10Ca has no hyperfine structure since its nuclear spin is zero,

gt T
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—the ground state is not degenerated. Consequently, every alom can conlribute to

Lhe signal.

--for transitions with AmJ = 0, the transition frequency shows only a very gmall

quadratic dependence on electric and magnetic fields of 1Hz/(V/em)? and

108Hz /12, respectively.

—efficient, stable laser dyes are available at the atomic transition.

—atomic beam cooling i3 possible (see chapter V).

—a precise measarement of the transition frequency iy in preparation.

—with the development of laser diodes operating in the vigible range and their

refinement to emit narrow linewidth and stable frequency, simple, low cost, Ca-

stabilized lasers can be envisaged for practical length measurements and optical

frequency transfer.
The necessary high resolution is achieved in our experiment by exciting optical Ramsey
resonances inoan atomic beam. Most of the investigations were carried oul by traveling
wave excitation as explained in chapter V but geometries with three standing waves
[28] have also been used. The Ca atoms pass sequentially two pairs of traveling waves
parallel but  counter—propagating. The parallelism and the phase conditions are
maintained by two cat's eyes, carefully focused. The cat's eyes also serve Lo project the
beam waists at the axis of the atomic beam. Three zone standing wave excitation can be

achieved by moving one of the retroreflectors parallel to the atomic beam.

In the first experiments, the dependence of the fringe position of the optical Ramsey
resonance on A$ (see [ig. 36) has been used to develop a simple stabilization scheme
using oplical Hamsey fringes: The difference of two fringe signals corresponding to the
two beamn direclions gives antisymmetric fringe signals free of background which are
suitable as error signals for frequency stabilization. The maximum slope in the center is
obtained if A® = x/2, Fig. 41a shows the siguals {for both beam directions "1" and "2"
(A% = x/2). 'The difference of the two signals is depicted in Fig.41b. A dispersion—ike
signal free of buckground is clearly observed. We have stabilized our laser specirometer
utilizing the central zere crossing of curve b {46]: The observed error signal was used to
servo-control the freguency of the synthesizer which in turn controls the dye lascr

[requency (see chapter 11).
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ig. 41 Ceneration of an error signal for frequency stabilization by means of an
optical Ramsey resonance. a) Curves 1 and 2: Ramsey struciures observed
at a fixed setting of the phase plate (A® = 7/2) for laser beam directions 1
and 2 (see Fig. 30). b) Error signal gencrated by the difference of the two
curves in a) [46].
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As a lirst appiication of the " Ramsey—~fringe stabilized" dye laser was used 1o monitor
the stmall frequency drift of the optical reference resonator used in the dye laser
spectrometer. Fig. 42 shows this drilt measured with the "Ramsey fringe stabiliced" dye
laser (curve a) and with a He Ne offset baser {curve b, see also Fig. 11). A frequency drift
of about 25 Hgfs was observed which is probably caused by slight heating ol the
tesonator during the experiment. Both measurements show the same betravior of Lthe
resonator. However, the standard deviation of the measurements obtained with the
dye—laser is much smailer, indicating that the useful resolution of our dye laser
spectrometer is predominantly determined by the residual frequeacy instability of the
I,-stabilized He-Ne laser. AL the present state the uncertainty of our Ca—stabilized dye
laser o find the line center is estimated to be smaller than a tenth of a Ramsey [ringe
width, corresponding to a f(ractional uncertainty of about 210712 al maximum
resolution. A second atomic beam has recently been constructed and used as a precision
reference  frequency for the specirometer allowing improved studies of the
reproducibility. Utilizing conventional saturated absorption for the stabilizalion, the
frequency of the dye laser changes by less than 360 Hz, if the stabilization is switched
from one atomic beam to the other one [51].

“There has been significant inprovement in the stabilization of lasers and development of
precision optical frequency standards, The major limitations caused by the second order
Doppler effect are being addressed in many laboratories investigating velocity selection
and laser cooling. The ost promising results are expected from optical [requency
standards based on cocled and stored ions or slow atomic beams. At PTB, we are
investigating laser cooling of a Ca beam. Slow Ca atoms will probably allow to decrease
the uncertainties caused by phase errors and by the second order Doppler effect below
the 1014 level.

Presently, the uncenainly of optical frequency standards is mostly determined by the
uncertainty Lo which optical frequencies can be measured. Most of the major steps to a
[requeney chain towards the visible have already been demonstrated in scveral
laboratorics. There is clearly an urgent need of phase—coherent optical frequency
measurements.  Precise knowledge of optical frequencies would provide significant
impacts Lo frequency/wavelength  mewrology, precision optical spectroscopy, and
determination of fundamental constants.
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