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Observation of large atomic-recoil-induced asymmetries in cold atom spectroscopy
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The atomic-recoil effect leads to larg25%) asymmetries in a nearly ideal form of saturation spectroscopy
based on Ca atoms that have been laser-cooled taKl0Starting with spectra from the more familiar
Doppler-broadened domain, we show how the fundamental asymmetry between absorption and stimulated
emission of light manifests itself when shorter spectroscopic pulses lead to the Fourier transform regime. These
effects occur on frequency scales much larger than the size of the recoil shift itself, and have not been
described before in saturation spectroscopy. These results directly impact precision spectroscopic

measurements.
DOI: 10.1103/PhysRevA.71.023404 PACS nuniber32.80—t, 42.62.Fi
I. INTRODUCTION the atomic masd) is Planck’s constant, andlis the speed of

light. For a two-level atom with an energy level spacing of

The effects of atomic recoil have been of conS|derabIeEO:hVO, this absorption resonance occurs at a frequency,

interest to laser spectroscopists for more than 30 ygHrs
and are the foundation of laser cooling of atoms. The first 1 hi2 1

) : . . - 0 _
experimental evidence that saturation absorption spectros- vpa=1pt omd Vot S (1)
copy produced a recoil splitting in the Doppler-free spectra

of atomic and molecular lines was demonstrated by HallEquation(1) shows that the incident photon needs to supply
Bordé, and Uehara using a high-resolution laser spectrometehergy for both the internal and external degrees of freedom
[2]. Since then there have been several beautiful demonstrg-e., atomic excitation and recdilFor an atom at rest but

tions of recoil splitting via various forms of saturation spec-starting in the excited state, a similar analysis shows that the

troscopy(see, for example, Refg3-6]). In all of these stud-  resonance for stimulated emission occurs at a frequency
ies the closely spaced recoil components were superimposed

on a broad Doppler background, thereby obscuring the _ 1hv§_ 1
recoil-induced asymmetries inherent in light-atom interac- VSET T 5 h@ T 0T o (2)
tions.

In the work presented here, we use a nearly ideal saturdn this case the energy of the internal degree of freedom
tion spectroscopic configuration to show how the small effecthry) must supply the energy for both the emitted photon and
of atomic recoil can cause large asymmetries in the spectrthe recoil kick. Thus the stimulated emission resonance is
of samples of freely expanding microkelvin atoms. At subre-red-shifted relative to that for absorption loy, the splitting
coil resolutions, we take advantage of the narrow width ofof the recoil doublet, which is typically tens of kilohertz for
the Doppler backgrountbnly seven times that of the recoll
splitting) to clearly expose the asymmetry of the recoil com- 0.6 : :
ponents. Moreover, by gradually reducing the resolution, we
show how the recoil effect leads to large spectral asymme- 0.5 A .!\
tries in the Fourier-transform limisee Fig. ], which is a
relevant regime for many precision spectroscopy experi-
ments. Surprisingly, these effects can appear on a frequency
scale more than ten times larger than the size of the recoill
effect itself. We emphasize that these recoil effects are fun-
damentally different from asymmetries described in earlier
papers, which resulted from spontaneous emission or colli-
sional quenchingl,2]. Not only is this asymmetry of interest
from the point of view of basic physics, it also has important 0 . . . , .
implications for future optical clocks based on laser-cooled 900 -600 -300 0 300 600 900
neutral atomg7,8].

Fraction of atoms excited
S
(U]

Laser detuning v -v, (kHz)

II. RECOIL SPLITTING IN SATURATION FIG. 1. Two-pulse saturated absorption spectrum as a function
SPECTROSCOPY of laser detuning from the Bohr frequency with a probe pulse du-

) ) _ration of 2.6us (corresponding to a resolution of 320 kHDue to
As described elsewhere, the recoil doublet can be readilyhe narrow velocity distribution, this spectrum is Fourier-transform

understood from conservation of momentum and energyimited, and shows a large asymmetry resulting from recoil effects.
[1,2]. When an atom initially at rest absorbs a photon ofEven though the recoil splitting of 23.1 kHz is unresolved, the
frequencyw, it recoils with a velocityp,=hv/mc wheremis  recoil-induced asymmetry is apparent over a range-6500 kHz.
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FIG. 2. Experimental sequence for a single measurement. The §
atoms are cooled first to 2 mK with cooling on the 423 nm transi- 5§ 0.054
tion and then further cooled to 10K with quenched narrow line E :
cooling on the 657 nm transition. With the trap turned off and the
magnetic fields settled, the atoms are excited with a pair of coun- 0.00 T . . t . . T
terpropagatingr pulses separated in time, after which the fraction -200 -150 -100 -50 _0 50 100 150 200
of atoms excited is measured using a normalization scheme. Laser detuning v; -v, (kHz)

ical . in | This i FIG. 3. Two-pulse saturated absorption spectigircles as a
optical transitions in low mass atoms. This frequency sp It'function of laser detuning from the Bohr frequency with a probe

ting ensures that the alternating absorption and stimulateg,ise guration of 4Qus (21 kHz resolution Clearly seen are the
emission cycles in Rabi flopping are simultaneously resonantyyration dips separated by the recoil splitting superimposed on the
even when the Doppler shift associated with the atomic repgppler background, with the stimulated emission component
coil is included. Thus the recoil Sp|lttlng is not readily ob- (“SE”) red-shifted and the absorption Componé‘m") centered.
served with a laser beam from a single direction. Instead, onghown for comparison is a simulated Doppler curve doubled in
can use two counterpropagating laser beams, the usual coReight (dashed ling Note that the much smaller features on the
figuration for saturation spectroscopy. Then the atomic recoibutside wings of the dips result from tliginx/x)? spectrum of the
due to photon absorption from one beam pushes an atoexcitation pulses.

toward the counterpropagating beam, effectively reversing

the sign of the recoil shift. In this way it is possible to see e probe the 657 nm clock transition with pulses derived
two distinct sub-Doppler features split by, although this  from a cw diode laser, which is locked tightly to a narrow
small_splitting can only be resolved in ultrahigh—resolutionfringe (9 kHz linewidth of an environmentally isolated
experiments. Fabry-Pérot cavity, producing a laser linewidth of less than
5 Hz. Some light from this stabilized master laser is used to
. EXPERIMENTAL APPARATUS injection-lock a slave laser whose output is sent through two

In this investigation, we take advantage of the capabiIitiesaCOUSto'Opt'C modulators to generate the pulses for the op-

of our optical clock apparatud] to perform a nearly ideal posing direct?ons. .The deflected light is steered into optical
form of saturation spectroscopy. We excite a laser-coole bers to spatially filter the beams. The beams coupled out of

(temperature=1@K) sample of neutral Ca atoms using the e fibers expand and are collimated with a diameter of about
P p. . g 6 mm, so that the atoms see flat wave from&dlius of cur-
closed 657 nm clock transition between #8 ground state

) e vature greater than 50)mAs much as 13 mW can be
and the metastabﬁPl excited statdlifetime of 340 us). To coupled into these beams, although we adjust the power to

a_void multiphotgn Processes and keep the interprgtation_ oducer pulses. For these measurements we illuminate the
simple as possible, we excite the atoms sequentially wit toms with a pulse from one direction, wait6 (to make

single « pulses(i.e., ones that yield unit excitation ON T8S0° 1o the first beam is completely turned)pfind then illu-
nance at the same laser frequency from two opposing direc-

tions. Sequential excitation greatly simplifies the anal Sisminate the atoms with a pulse from the opposite direction.
sincé i rgmoves the ossibiglit ofyevenﬁs containin rT3:0reFinaIIy, the fraction of atoms in the excited state is measured

P "y 0 X g Mo using a normalized shelving fluorescence detection technique
than one photon from each direction that can distort the lin

shap€/2,3,9. With transit-time broadening and spontaneousfh]' we scan thg probe frequep(ﬁyL) slowly (4 s sweep
O - . time) while continuously repeating the measurement cycle

emission negligible, we can change the spectroscopic resolu- . i

L : : duration 34.3 ms, as shown in Fig). ® generate our spec-

tion just by changing the duration of the square probe pulse fa as a function of the laser detunifg — v)

We realize these experimental conditions with the following Yo

measurement cyclésee Fig. 2 [7]. First, we load atoms

from a Ca beam into a magneto-optic trap using the strongly- IV. EXPERIMENTAL RESULTS

allowed 423 nm cooling transition. We then turn off the

423 nm light and use a 3-dimensional quenched narrow-line To make a connection with previous experiments, we first

cooling scheme based on the clock transition to reduce theonsider the Doppler-broadened regime, for which we

temperature of the atomic sample-10° atomg to about choose a pulse duratidd0 us) such that the spectroscopic

10 uK [7,10. When the atoms are cold, we switch off the resolution is about 21 kHz. This is considerably less than the

trap and turn on a magnetic bias fig€d200 u.T) to perform 150 kHz (FWHM) Doppler width of the 1QuK atoms and

the spectroscopy on the narraw=0—m=0 clock transi- slightly less than the 23.1 kHz recoil splitting of the 657 nm

tion. clock transition. In Fig. 3 we show the resulting excitation
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spectrum, whose envelope is primarily determined by the 1.0 - ' ' .
Doppler background. In fact this envelope has simply twice
the height of the curve seen with a single probe pulse, be- > ¢ g
cause for most laser frequencies the two counterpropagating g
laser beams excite nonoverlapping velocity classes on oppo- 3

offs.)

b

site sides of the Doppler distribution. 5] 0.61 \
However, at the absorption resonance frequemgy, va 8

(“A” in Fig. 3), this doubling of the Doppler background is & 0.4 1

absent, since both beams are resonant with the same velocity2

group (v=0). The first laser pulse has already excited the 0.2- 4

majority of the atoms in that velocity class to the long-lived
excited state. Note that the second pulse cannot deexcite
many of these atoms either, since due to atomic recoil they
have been shifted out of resonance for stimulated emission.
The second resonand&SE” in Fig. 3), at y =vgg, results
from atoms that started with a Velocmf‘: vy, and were thus FIG. 4. Two-pulse spectra taken for probe pulse durations of 40,
excited by the first pulséin the atoms'’ rest framey =va); 50, 10, 6, and 2.6us (bottom to top. Curves are vertically offset
now at rest in the lab frame due to atomic recoil, they arg, clarity. The resolved recoil dips are clear in the smallbigghest
resonant with the second pulse for stimulated €MISSIONhesolution curve (corresponding to Fig.)3but are washed out for

thereby reducing the net fraction of atoms excited. the lower resolutions while the recoil-induced asymmetry persists.
The two dips resulting from these resonances are analo-

gous to those seen in earlier experimeis6,11] but with At a resolution of 85 kHZ10 us pulse duration the recoil

one important distinction: due to the small width of the Dop-splitting is no longer visible as the two dips merge into a
pler background, we can readily see that the dips are asynsingle saturated absorption dip centeredgtbut the spec-
metrically located about the center of the Doppler backirum now appears to consist of two peaks whose separation
ground. Since the Doppler background results fromis determined by the spectroscopic resolution and whose am-
absorption, it is naturally centered around the resonance &fitudes differ by more than 25%. The asymmetry persists

v =w,, coincident with the absorption recoil dip. The dip for even the lowest resolution, where the maxima are sepa-

associated with stimulated emission is located one recoil fref@t€d by 280 kHz, more than 10 times that of the recoil split-

quency(v,) below the absorption resonance, on the red sidéing itself.

o . . Examination of Fig. 4 provides an intuitive picture of how
of the Doppler curve. It is important to emphasize that this uch a small effect can cause such large asymmetries. In the

asymmetry is not a result of the order of the Iase_r pu!ses. If;ourier—transform regime we find the spectroscopic condition
we reverse the temporal order, so that the pulse directions Al ere the widths of both the envelope and the dip are deter-

_reversetgz, ‘f[\;]e okif]_erve the |d(tant|§:al Il?es(?ape, tn(l)tf|tstm|rro ined almost solely by the probe time, but are slightly offset
Image. Rather, this asymmetry 1S a fundamental 1ealuré Gy, 5ne another. This small offset leads to the envelope

;aturatiop spectro;copy, though one that is easily overlookezgsymmetry because the dip intersects the Doppler envelope
in_experiments with broad Doppler backgrounds. As hasat different heights on the two sides. Thus the size of the

been noted b_y other obs_erve[rﬁ%_,l_l], th'S. asymmetry can asymmetry is related to the slope of the envelope multiplied
lead to undesired offsets in realizing optical frequency stanbg the size of the recoil effect

dards based on saturation absorption since the unperturbe

line center of the transitiomidway between the recoil com- V. SIMPLE THEORETICAL MODEL

ponent} is not centered on the backgroun_d. Alternatively, we can think of the saturated absorption
We now consider what happens to this spectrum as the

) . . stpectrum as the sum of two contributions: one resulting from
Fourier spectrum of the probe pulse is broadened, not JUSitoms that remain in the ground state after the first pulse and
beyond the recoil splitting but well beyond the width of the 9 P

Doppler distribution itself. This regime has not previously one resulting from atoms that were excited by the first pulse.

been investigated experimentally, but is becoming importan his framework allows a_5|mple model to describe our spec
. ! . . . tra well (an exact theoretical treatment of coherent saturation
in state-of-the-art optical atomic clocks based on microkelvin

atoms[7,8]. We access this regime by reducing the durationspectroscopy including multi-photon effects has been devel-

of the probe pulsegvhile maintaining the pulse area to keep gﬁﬁd tbhye ISec;(rc(:ji'?at?gr? scoé\gt?ﬂtf[?e'ﬁz{nwﬁrsrtﬁrtthzyf(ﬁggzifl_
the excitation probability constantin Fig. 4, we show a set 9 P 9

- ! ized square pulse of durationT and Rabi frequenc
pf spectroscopic line shapes taken over probe durat!ons ranﬁl'urc:)lingting a srz)imple of ground-state atoms iniﬂally a{)rest
ing from 40us down to 2.6us. Note that the fraction of '

atoms excited grows with decreasing resolution as our probThIS yields the well-known Rabi spectruii3] for the exci-

spectrum covers a larger fraction of the velocity distribution.%tlon probability:

For the shortest pulse length, the Fourier transform of the Q212 ( sif Q2+ A2T/2] \ 2
probe pulse has a spectral width approximately 2.2 times that 4 02+ AZT/2

of the Doppler distribution. As we see, changing the resolu- K
tion from 21 kHz to 42 kHZ20 us pulse durationbegins to  where A=y, —v, is the laser detuning from the absorption
obscure the recoil splitting, but the large asymmetry persistsesonancdsee Fig. %. llluminating the atoms with a square

0.0 r . . . ‘
-600  -400 -200 0 200 400 600
Laser detuning v; -v, (kHz)

Fraction of

3
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FIG. 5. Various theoretical excitation probabilities for a 2.6
pulse for an atom initially at rest. The stepectra(see Eq.(3))
result from the square pulses in the time domain. The solid line i
the excitation spectrum for an atom starting in the ground state
while its inverse(dot9 shows the probability for an atom to be left . o .
in the ground state after the first pulse. The shifted cudashed To find the total fraction in the excited state after two

line) shows the probability for an atom to be left in the excited statePulses, we simply add the two contributions:

by the second pulse. Pinar = P(A)[L -~ P(A)]+[1-P(A + 25)IP(A).  (4)

FIG. 7. Two-pulse spectrunicircles resulting from probe
ulses of 4Qus duration(21 kHz resolution along with the corre-
ponding simulatiorgsolid line).

a pulse from the opposite direction gives two sets of atomslhe first product in this expression gives the contribution of
to consider. First, there are atoms that remain in the groundtoms still in the ground state after the first pulse and is
state after the first pulse fraction equal to 1P(A)]; they ~ Ssymmetric aboutv, (both pulses are resonant at the same
will be resonant with a second pulse at frequemcy vy, so  frequency. The second term gives the contribution from at-
the above equation applies to these atoms as well. Secon@ns excited by the first puls@nd thus contains all stimu-
the atoms that were excited by the first pu[sefraction lated emission effectsbut it is asymmetric due to the offset
equal toP(A)] now have a velocity, toward the second of 2y, between arguments of the multiplicands. In Fig. 5 we
counterpropagating laser beam. The associated Doppler dfave plotted the multiplicands for pulses of 26 duration.
fect will shift the stimulated emission resonance down byln Fig. 6 we plot the products in E¢4) to show how they
one recoil, so these atoms will be resonant with light at fre-Sum to yield a net asymmetric spectrum even for atoms ini-
quency vie= vse— = vo— 1, (i.€., vie=va—21). The prob-  tially atrest. _ _ _

ability for these atoms to be left in the excited state can then We can easily connect this model with experiment by
be written as 1-P(A+2w,), using the same probability func- SUMming over the initial velocity distributiofvia the detun-
tion P but with the argument shiftetsee Fig. 5. ing) and the unequal laser intensities seen by the atoms due
to the spatial distribution of the atoms in the laser moda

the Rabi frequengy Note that the Doppler shift due to a

0.7 ' . T L . . . .
nonzero initial velocity will have opposite signs for the two
0.6 products in Eq.4) since the two probe pulses come from
g opposite directions. The free parameters in our simulation
=) 0.51 were overall signal amplitudémperfect normalization re-
S 0.4 quired a 10-15 % reduction in signal siznd atomic cloud
2‘ size (which we fixed at the same value for all simulatipns
2 037 We measured the velocity distributions and the laser mode
«g 0.2 size separately and used the resulting values for the simula-
5 tions. We see good agreement over a variety of probe reso-
0.11 lutions as shown in Figs. 7-9. At the high resolutidfgg.
2 7), both model and experiment show additional smaller dips

0'(_)900 600 -300 0 300 600 900 around the main dips that result from the wings of the %5inc
spectrum. Small differences in the wings between model and
experiment at lower resolutiofFig. 9 most likely result
FIG. 6. The theoretical spectra resulting from products of thefrom the n_onldeal square pulses used in the exper!ment_
multiplicands shown in Fig. 5. The symmetric curidots results Interestingly, we can isolate the second product in(&p.
from an atom still in the ground state after the first pulse, while thefor Psina €xperimentally by using recoil suppressig11].
asymmetric componerftlashed ling results from an excited state In this case we remove the ground-stétgmmetri¢ contri-
atom. The solid line is the sum of the two smaller curves and repbution by illuminating the atoms with a resonant 423 nm
resents the saturated absorption spectrum for an atom at rest.  pulse(duration 20us) after the first red probe pulse but be-

Laser detuning v -v, (kHz)
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FIG. 8. Two-pulse spectrunfcircles resulting from probe FIG. 10. Two-pulse saturated absorption spectfaircles for
pulses of 10us duration(85 kHz resolutioh along with the corre-  the excited state atoms resulting from probe pulses ofu®.6lura-
sponding simulatiorisolid line). tion along with the corresponding simulati¢solid line). A resonant

pulse at 423 nm with a duration of 10s has been inserted between

fore the second red pulse. This heats the atoms in the grourioPe Pulses to suppress the ground state component.

state to the point where excitation by the second pulse pro-

duces a nearly flat Doppler background, underneath the sig- ) ) . o

nal from the atoms shelved in the excited state. Figure 1689ime that has not previously been investigated but is im-
shows the resulting spectrum taken with 26 probe pulses: portant for state-of-the-art precision metrology. A simple
this Fourier transform-limited spectrum has larger asymme['nodel was developed that describes the spectra and observed
try than that of Fig. 9, since the symmetric contribution has?Symmetries well. _ o
been suppressed. Comparison of the absolute peak heights V& émphasize that these asymmetric envelopes persist in
shows that the feature associated with the excited state atorfi!/-Pulse Bordé-Ramsey saturation spectros¢agyin the

is fully responsible for the spectral asymmetry in Fig. 9, aSEourier t(ansform regime, which is u;ed in ultrahigh resolu-
predicted by the simple model. tion studies and for neutral atom optical clodks8]. To go

from the two-pulse to the four-pulse case, each of the
pulses are divided into twa/2 pulses separated in time. The
VI. CONCLUSIONS use of short pulses enables all of the atoms to contribute

coherently, thereby achieving high contrast signals. The
In summary, we have used ultracold two-level atoms to Y y g g d

b ) | off d ab ) resulting Ramsey-like high-resolution fringe patterfsee
probe atomic recoil effects on saturated absorption spectro ig. 11) have envelopes that are determined by their effective
copy at an unprecedented level. The resulting spectra clear

| the fund tal trv in the locati f .I¥vo—pulse spectrum, making them susceptible to the recoil
reveal the fundamental asymmetry in the location o reco'asymmetries described in this paper. However, the good

components on the Doppler_backgroun_d. In addltl_on we ha\/‘f’;\greement between theory and experiments gives us confi-
shown how this asymmetry in the recoil frequencies leads to

large amplitude asymmetries in the Fourier transform limit, a

0.6 T T T .
0.6
= 0.57
= 0.5 ‘g
£ S 04
5 041 g
E < 0.34
= 0.31 %
B g 0.2
§ 021 §
g & 0.14
= 0.1
0.0 ‘ T T : ;
.0 . T ; . ; -900  -600  -300 0 300 600 900
-900  -600  -300 0 300 600 900 Laser detuning v -v, (kHz)

Laser detuning v; -v, (kHz)
FIG. 11. Four-pulse Bordé-Ramsey spectrum resulting from
FIG. 9. Two-pulse spectrunicircles resulting from probe 3 us probe pulses separated by 24€ The Ramsey fringe struc-
pulses of 2.6us duration(320 kHz resolutiopalong with the cor-  ture (11.55 kHz resolutionhas an asymmetric envelope that is di-
responding simulatiofsolid line). rectly related to the two-pulse spectra described in this paper.

023404-5



OATES, WILPERS, AND HOLLBERG PHYSICAL REVIEW A71, 023404(2005
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