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State-selective Rabi and Ramsey magnetic resonance line shapes
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We carry out state-selective Rabi and Ramsey magnetic-resonance experiments on grodfiGs(&es)
atoms. Novel line shapes are obtained, which exhibit very sharp features with a width much smaller than the
inverse duration of the magnetic-resonance pulse. The sensitivity of ordinary magnetic-resonance experiments
with total spin F>1/2 is significantly less than the Heisenberg limit, which can be exactly realized only with
maximally correlated spin states. We show that the state-selective resonances yield sensitivity very close to the
Heisenberg limit, without any state preparation beyond ordinary optical pumBa§50-29479)51102-3

PACS numbsg(s): 32.80.Pj, 32.30.Dx, 42.50.Lc, 03.65.Bz

Atomic magnetic-resonance experiments are very impor¢fF)=0. In conventional magnetic-resonance experiments, a
tant to precision measurement. For example, magnetic res@gample of atoms is given a net polarizatioR), and the
nance is used to construct sensitive magnetomgtéend to  precessing magnetization of the sample is detected by optical
search for permanent atomic electric-dipole moments, yadio-frequency methods; such measurements have an un-
(EDMs) [2]. The experiments measure the torque on theeainty significantly greater thahwy, . The use of maxi-

Imagr_1et!c;d|pole rlno;n_erfjt_ of Ian atom 'rt' a rgagr;_e’:g: fiel. | mally correlated spin states has previously been discussed in
N principle, an electric-dipolé moment and a fieid may a,sothe context of a composite angular momentim 1/2 made
contribute to the torqué2]. The torque causes the atom’s

angular momentunF to precess at the Larmor frequency up of a collection of independent spin-1/2 atoi§ here we

wo=uBIhF. A measurement of the Larmor frequency de_refer to the spin states within a single atom. For

termines the magnetic field or moment, or possible EDM ifFZl’ [Wmao can be realized by subjectmg. an
an electric field is also present. |[F=1, M=0) state to am/2 pulse. However, even within

In this paper, we present results of state-selective Rat{he spin_ states .O.f a single atom, the realization of the_ state
and Ramsey magnetic-resonance experiments33@s at- W ax is not trivial for F>1. In fact, forF>1 the. maxi-
oms in their 6S,,, F=4 ground-state hyperfine level. In mally correlated state cannot be accessed with a pure

contrast to conventional magnetic-resonance experiment@aget'c'd'poIe interaction _frOT arky, elgenstate{’,G]. Suc_h
we do not prepare and detect a net polarizatiB of the states can be prepared with “quantum control” techniques

atomic spins. Rather, we prepare the atoms in a specific spl[rr%' fk?lejltdtg's requires a more complex arrangement of perturb-

state|F =4, M=0) and, to a good approximation, we only Our experimental arrangement is illustrated in Fig) 1A

detect the population in the stdté=4, Mx=0) following . .
the Rabi or Ramsey pulses. The resulting line shapes show'@Por ce_II magneto-oplical trapl\AQT) gpparatus[?] IS
housed in a three-layer magnetic shield. Cs atoms are

complex structure that differs greatly from the much simpler : A . i
line shapes observed in ordinary magnetic resonance. To ofjapped in the MOT by a combination of six 1-cm-diam, 3.5-

knowledge these line shapes have not been observed or cal-

culated previously for anfF>1. The casé==1 has been /—\(} , (a)
PD
\

realized in an EDM search with atomic T8], where a much 5
simpler line shape is observed due to the small number of LLL\ %opl

Zeeman levels. Further, we find that these line shapes exhibit n

sharp features with a width much narrower than the inverse or2 Cs atoms ¥

duration of the Rabi or Ramsey pulses. We show theoreti- /%mcom,

cally that these narrow line shapes lead to an uncertainty in a -‘

measurement of the Larmor frequency that is very close to (b)

the Heisenberg limit. —_—  Fs5
It is somewhat surprising that such a straightforward 6Py L] 3

method can yield an uncertainty in the Larmor frequency ¢ I 2

close to the Heisenberg limit. For a measurement with a 8520m Detection ) OP2

single atom, this limit isAwy, =(2FT) %, whereT is the 2" t—l— F=4

65, 9.2 GHz 3

total measurement timgt]. For an atom withF=1/2, this
limit is realized with a single Ramsey method interrogation £ 1. (s Schematic diagram of the experimental setup. The
of durationT, if the populations of the two spin states can bejnteraction region is in a Cs vapor cell housed in a magnetic shield
measured with unit efficiencf4,5]. However, forF>1/2,  not shown in the diagram. OP1 and OP2 are optical pumping
the Heisenberg limit can be realized only if the atoms areyeams. Detection beansot shown illuminate the Cs atoms from
prepared in “maximally correlated” spin stateldl .0  all three axes, and the flourescence signal is detected by the photo-
=2 "VY(|F,Mg=+F)+|F,Mg=—F)) [4]. In this case diode(PD). (b) Tuning of the optical pumping and detection beams.
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mW/cnf-intensity, —11-MHz detuning laser beams, a re- 1.0
pumping laser beam, and a quadrupole magnetic field with
an axial gradient of 10 G/cm. At the beginning of each ex-
periment cycle, the MOT is loaded for 1 s. This produces a
1-mm-diam cloud of 10atoms at a temperature between 40
and 100uK. The MOT laser beams and the quadrupole
magnetic field are then switched off, and the Cs atom cloud
freely expands and falls under the influence of gravity. Two
rectangular coils inside the chamber produce a uniform mag-

netic bias fieldB,z, with Bo~70 mG, which defines a quan-

o
»

1
'S

o
[

22000 25000 28000

Normalized Fluorescence Signal
- O
o ©o

tization axisz. This field is left on continuously, and with the 08

quadrupole field off, it induces a Larmor precession of the 06

spins at a frequency aby/27~25 kHz. Just after the atoms

are released, two optical pumping beams OP1 and OP2 are 04

pulsed on for 5 ms. OP1 has an intensity of 3 mW/cand 02 Wz
is tuned to the 6S;,(F=3)«62P,,(F=4) transition. (b)
OP2 has an intensity of uWien?, is linearly polarized 00 oo seve0 2000 25250 25500
alongz, and is tuned to the 85, (F=4)«62P5,(F=4) Rf Frequency / Hz

transition. The action of the two beams is to pump the atoms

into the ||:=4’ M,:=O> state, because OP2 induces only FIG. 2. (a) Rabi resonance line shape with a 3-mgulse. Solid
AMg=0 transitions, and the %51/2| F=4, Mg=0) to line, experimental results; dotted line, theoretical line shape with an

2 _ _ P . inhomogeneous broadeninjwg/27=27 Hz, and a Larmor fre-
6Py F=4, M- 0) transition is forbidden. . guency wo/2m=25040 Hz. (b) Magnified view of the central

leted dri fi t iti ith S'fringes. The full width at half maximunFWHM) of the central
compieted, we drive magnetic-resonance transitions wi ﬂinge is 56 Hz, and is much narrower than the width of 9@t an

transverse rad|9-frequency magnetic  fieldBrr(t) ordinary Rabi resonance line shape. Also, the envelope of the
= f(t)Brpro COS(t)X, produced by an additional set of coils. fringes is much wider than 0.8/

We study both Rabi and Ramsey resonances. For the Rabi

resonance, the envelope functid(t) is a unit amplitude
square pulse of duration, with a pulse are&) r= 7, where

the Rabi frequency)= uBgrgo/2F%. For the Ramsey reso-

contrast to the ordinary Rabi line shape whose width is
0.80/=267 Hz. Further, within the envelope, the line shape

nance,f(t) consists of two unit amplitude square pulses 0fexhibits a series of sharp maxima and minima. The transition

duration 7, separated by an interrogation tirffewhere, in  Probability out of the|[F=4, Mg=0) state is zero rather
this case, the pulse area of each square pulse is chosen than 1 in the exact c_enter of the line. A _remarkak_)Ie feature is
/2. After the radio-frequency pulse or pulses, we detect thdh€ narrow 56-Hz width of the central fringe, which is much
atoms in a state-selective manner. We do this by first pulsinggss than the inverse pulse duration. The same phe-
on OP2 for 2 ms. This removes the population from all
F=4 Zeeman sublevels except fitg=0. A calculation of
this optical pumping process shows that while a few of these
atoms are pumped into tH& =4, M=0) state, most are
pumped into the lower hyperfind=E 3) state. Finally, we
illuminate the atoms with a short pulse of laser light tuned to
the 62S;,,(F=4)«6?P4,(F=5) cycling transition and we
measure the induced fluorescence with a photodiode. In or-
der to normalize these measurements, after each measure-
ment cycle with the rf on, we repeat the same cycle, but with
the rf amplitude set to zero. We plot the ratio of the signal
level with the rf on to that with the rf off. To a good approxi-
mation, this yields the fraction of the atoms, which remain in
the|F=4, M-=0) state after the application of the rf pulse
or pulses, having been prepared in that state initially. o . - -
Typical results, showing the normalized fluorescence sig- 00l , , ‘ . b
nal as a function of the rf drive frequenay, are plotted with 24750 24875 25000 25125 25250
a solid line in Fig. 2 for the Rabi method and in Fig. 3 for the Rf Frequency / Hz

Ra_msgy method. If we were to prepare an_d detect a n_e_t PO- FiG. 3. (a) Ramsey resonance line shape. Data is obtained by
Iarlzfatlon (F) of the atoms, the;e would yield the fam|llar applying two /2 pulses of the same duratiar=0.25 ms with an
Rabi and Ramsey resonance line shgjBdsHowever, with  interrogation timeT =4 ms between them. Solid line, experimental
the state-selective preparation and detection, a much moggsuits; dotted line, theoretical line shape, with an inhomogeneous
complex resonance line shape is observed. For the Rabi resgroadening Awg/27=27 Hz and a Larmor frequency,/2m
nance, we used a pulse of durationr=3.0 ms. The line  =25040 Hz.(b) Magnified view of the central fringes. The FWHM
shape consists of an envelope that is much wider thanil/  of the central fringe is 36 Hz, and is much narrower thari1/2
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summing the occupation probability of all the Zeeman sub-
levels times their probability of decaying to the=4, Mg

1.0

(a)

08 =0) level during the 2-ms OP2 pulse. Second, we assume
06 that the resonance frequencieg have a Gaussian distribu-

P o4 tion of a half width(1/e) Awg to account for possible broad-
0.2 ening due to magnetic-field inhomogenity, and compute the
0.0 signal averaged over this distribution. In the model, the rf
1.0 field amplitude and frequency are taken to be their experi-
08 L (b) mentally measured values. The central valuawgfand its

o width Awg are adjusted to produce a good fit to the data.

2 0.6 - As shown in Figs. 2 and 3, our model fits the data very

~, 04l well. In both cases, we set the resonance frequesy2m

21 oz b =25040 Hz andA wg/27=27 Hz. The main features of the

resonance line shapes can be easily understood. As indicated
0.0 ' : ' by Eq. (3), the Rabi pulse effectively rotates the initial state
by an angle o=(JAZ+Q?) 7 around the axisn=(Az
+Q§)/\/A2+Qz. The transition probability goes to zero
FIG. 4. (a) Theoretical line shape for the=4, M=0 state- Whenevere equals an integer multiple2 In addition, for
selective Ramsey fringe, for ideal detection, negligible broadening@n initial state|F =4, Mg=0) the transition probability is
and a vanishingr/2 pulse duration(b) Inverse of the statistical zero whenA =0 and( 7=, because ar rotation abouix
uncertaintyA o in a measurement of the Larmor frequency for the |eaves théF =4, Mg=0) state unchanged. Further, because
line shape shown ir@), in units of the Heisenberg limifwy.  there are many Zeeman levels, a rotation through only a
=(2FT) % small angle is required to cause a significant decrease in the
) ) , projection of the state ontF=4, Mg=0). This explains
nomenon is seen in the Ramsey fringe, where we used WQoh the narrow width of the central fringes and their broad
/2 pulses of duratiorr=0.25 ms and an interrogation time gnyelope. Alternatively, one can understand the narrow fea-
T=4 ms. In the ordinary Ramsey fringe line shape, theyres as being analogous to a multiple slit interference fringe.
width of thg central fringe in Hz is 112, which corresponds The narrow central fringes suggest that very good statis-
to 125 Hz in our case, whereas our data show a central fegiza| uncertainty should be possible in a measurement of the

ture of width 36 Hz. . . Larmor frequency. At present, we are limited by technical
The results agree very well with calculated line shapesyise rather than statistical noise, but it is interesting to cal-

shown as the dotted lines in Figs. 3 and 4. The S#iger  ¢jate the theoretical uncertainty. In Figa# we show the

(0,~0)T /7

equation describing our experiment is theoretical projectionp=p(w)=[(F=4, MF=0|<Pf>|2 for
d the case where the nonideal effects discussed above are ab-
ihahb(t)): - %[BOEJF f(t)Brro COSwtxX]- F|i(1)). sent, andr is negligibly small compared t®. If we assume

that the noise in the experiment is limited only by the “pro-
jection noise,” during the final measurement of the atom
populations, then the statistical uncertainty of resonance fre-

For F=4 ground-state Cg is equal to the Bohr magneton. nquency can be written 48]

We then switch to a representation of the wave function i

the corotating framé8] by writing |(t))=e~tF2/%| (1)) T
and, making the rotating-wave approximation, find Awo=Vp(1-p)/|dp/de]. ®)

d . . In Fig. 4(b), we plot the ratioA wy, /Aw, for the Ramsey
'ﬁa|<P(t)>:(AFz+Qf(t)Fx)|<P(t)>a (2)  fringe of Fig. 4a). As has been noted previousl§], the
uncertainty can be a minimum nepr1 or O, even though

where A= wy— w is the detuning of the rf frequency from |dp/dw|=0, since the variance ip is also zero at those

resonance. The solution of Ep) is points. In the presence of a small amount of technical noise it
o would be desirable to operate the experiment closer to the
| s} = AR+ QRO o1y (3)  points of maximurﬂdp/qw|. It is somewhat surprising that
near the center of the line, the theoretical sensitivity of the
for the Rabi method, and state-selective Ramsey fringe reaches 79% of the Heisenberg

o R o limit, even though we employ no methods beyond ordinary
| @iy =g (AR ORI TTh g —IARTIhgI(AF+QRIr () (4)  optical pumping and magnetic resonance.

A possible application of this method is the determination
for the Ramsey method, whefe;)=|F=4, M=0) is the  of the electric-dipole momert, of the electron using laser-
initial state and ¢¢) is the atom state at the time of detection. cooled **Cs atomg9]. Laser-cooled atoms have the advan-
For an ideal state-selective experiment we would measurtage that the coherent interaction times can be much longer
[(F=4, Mg=0|¢:)]2. We also consider two nonideal ef- than in a beam or cell. However, one disadvantagé®ats
fects in our model. First, we include the small contribution tois its large nuclear spin df=7/2. This reduces the Larmor
the signal from the atoms not in thE=4, M=0) level by  frequency by a factor of 2+ 1=8, relative to the case for
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I =0. This tends to reduce the sensitivity of the experimenthat the statistical uncertainty in a measurement of the Lar-
with conventional methods, relative tb=0, since eight mor frequency with these line shapes can be very close to the
times less Larmor phase is accumulated for the same precedeisenberg limit. The result presented in this paper can be
sion time. However, if the Heisenberg limkw,, can be generalized to any spin system. Furthermore, ‘th€s atom

realized, the statistical erraxd, in a measurement af, is W€ study here is of fundamental interest because of its appli-

independent of; our work shows that it is possible to nearly Cation to the search for an electron EDM. The large nuclear
realize this limit with straightforward techniques, even for SPin of **Cs does not necessarily significantly impair the
=7/2. statistical sensitivity of such an experiment.

In summary, we investigated Rabi and Ramsey magnetic- We gratefully acknowledge helpful discussions with Dave
resonance line shapes with state-selective preparation amineland and John Bollinger. We also thank Mike Matthews
detection in anF=4 spin system. The line shapes show aand Zachary Carter for their contributions to the construction
novel structure that exhibits sharp minima and maxima, withof our apparatus. Finally, we acknowledge the support of this
a width much less than the inverse duration of the magneticwork by the R. A. Welch Foundation, the NASA Micrograv-
resonance interrogation. Due to their sharp structure, we findy Research Division, and the National Science Foundation.
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