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Spin coherence excitation and rephasing with optically shelved atoms
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We investigate the use of resonant optical Raman pulses to excite and rephase ground state spin coherences
via the partial storage or shelving of atoms. Unlike direct-rf-excited spin echoes or off-resonant Raman echoes,
the resonant Raman optical field efficiently excites and rephases the spin coherence asmh@r pulses,
respectively. In a crystal of Pt doped ¥%SiOs;, we experimentally observe spin echo efficiency as high as
46% of the free induction decay signg60163-182€08)50142-7

The excitation of spin coherent transients with lasers has To illustrate this technique in more detail, consider a
many potential applications, for example, high resolutionthree-levelA-type system interacting with resonant Raman
NMR spectroscopy of dilute spin sampfestesonant Raman  fields [see Fig. 1a)], described in terms of dark—)) and
optical memory’ high-resolution position sensifgatom  bright (|+)) stategsee Fig. 1b)]. These are defined as
interferometry’ and quantum computingFor these applica-
tions near maximal spin coherence amplitude is desired. To |=)=[Q2/ 1)~ Q4]2))/ Q, (1a)
achieve such a large spin coherence amplitude using low
intensity, cw lasers, resonant laser excitation is required. [+)=[Q4]1)+02(2))/ Q, (1b)

Commonly used resonant optical techniques to excite Spiﬂ/hereﬂ— 02+ 02 and Q. .Q : :
: . ; =+ 21 22 1,{), are the Rabi frequencies
coherences include coherent population trappit@PT), coupling statesl), [2), to state|3), respectively. In the co-

adiabatic passafi¢AP), quantum beafs(QB), and coherent herent state basiEFi - -

ig. 1(b)], only the bright statd+) is
Raman beaiQ_(CRB). Of these CPT has receptly demon- coupled to the excited stat8) so that the system behaves
strated the ability to create large amphtude.spln coherenceﬁke a two-level atom with an additional uncoupled state into
capable of producing electromagnetically Ir‘dUCEdwhich population can be trapped. The ground state spin co-

transparency (EIT) in optically dense solid¥ However, s -
CPT is inherently an optical pumping process, and hence igerenceplz can be expressed in this basis as

quequate when it is necessary to.create a large amplitude Re(po) =[ps.—p__1I2, )
spin coherence faster than the excited state decay rate. AP
has been shown to rapidly produce EIT in vapBrbut re- wherep, . andp__ are the ensemble averaged populations
quires optical pumping for state preparation in the case oin the |+) and|—) states, respectively.
spin sublevels with near equal thermal populations. QB can In the limit of long excited state lifetim¢or large Rabi
excite spin coherences more rapidly, but requires broadbarfdequency, the dynamics are simply explained by Rabi flop-
laser pulses and has shown disappointing echo efficiencying. In this case, the ground state spin coherence has sinu-
CRB also has the potential to rapidly excite large amplitudesoidal time dependence as shown by the solid curve in Fig.
coherence at low intensity, but has so far not demonstratetic). Here, equal Rabi frequencies have been assumed. As
excitation of a large-amplitude spin coherence and has naxpected, maximum cohereng@e —1/4) occurs for an opti-
been used to excite spin echoes. cal pulse area ofr, which corresponds to zero bright state
In this paper we report fast optical excitation of large-populationp, , =0. In the opposite limit of fast excited state
amplitude spin coherence using relatively low intensity la-lifetime (or small Rabi frequengythe spin coherence gradu-
sers. This technique relies on the shelving of atomic populaally increases to its maximum valuef —1/2) as the|+)
tion in the excited state via a resonant Ramapulse. We  state is emptied via CPT. This is shown by the dotted curve
also show that efficient echo generation can be accomplished Fig. 1(c). An intermediate case is plotted as the dashed
by applying a Raman® pulse. Although this technique has curve which shows how the spin coherence evolves when the
not been previously demonstrated using optical excitationpptical transition has a long excited state population decay
the 727 echo model was predicted in @B,and it was time, but short coherence decay time. Here, the spin coher-
experimentally performed in microwave regiffeThe echo  ence initially evolves sinusoidally, but the oscillations rap-
efficiency in this earlier experiment was poor because it wagdly damp out as the optical coherence dephases.
based on a Raman-like system in which only one of the two To understand how resonant Raman excitation can initiate
electron-spin transitions was allowed. rephasingechoey consider an atom left in only tHe-) and
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Resonant Raman pulse area (radian) labeled|0). For efficient detection of ground state spin co-

FIG. 1. Resonant Raman field interaction with a three-level sysh€rence, a probe beamap is used. This probe beam is red
tem in (a) bare state basis arf) coherent state basi&) Resonant ~ detuned byA=1 MHz from the beamw, and is Bragg
Raman field excited spin coherence Rgf as a function of the ~Matched to diffract light from the ground state coherence
Raman pulse aredsolid), ['=y=0; (dotted ['=y=3Q; (dasheyy  grating created by the&noncolinear beamsw; and w,,
I'=Q/30 andy=Q. which intersect at an angle of about 50 mrad. The diffracted

light wp is then a sensitive measure of the amplitude of
|3) states by the first pulse. Due to inhomogeneous broademround state coherence owing to enhanced nondegenerate
ing on the spin transition, the-) state will acquire d+)  four-wave mixing*’ The four applied laser fields are derived
state contribution with timé according to from a single frequency stabilized dye laser using acousto-
optic modulatorSAOM), driven by frequency synthesizers
|V ground T)) =[cog 8t/2)| =) +isin(6t/2)|+)], (3  as described elsewhetdhe use of AOM’s makes laser jit-
ters correlated so that laser difference frequencies are stable
ypically down to sub-kHz. To generate pulses, rf powers to
he acousto-optic modulators are controlled by rf switches,
driven by pulse generatosSRS DG 535 Typical pulse
exchanged by Rabi flopping. After an opticat dulse, the sequences begin \Mitg 3 msrepump beam pulse, followed
|+) state amplitude is returned to its original value, excepfrrgsrgigﬁ[tellqyaraé;hilﬂg irssgggl?; dR\?vr;k?nap\?;iee{b-I;h%eslz(;/ogg
Ii%rna m phase shift. This gives a new ground state ContrlbutimeTfrom the first pulse. The first pulse width isi&, and
' the second pulse width is 16s. The probe pulse has a width
|\Pérounc£T)>:[Cos( STI2)|—)—isin(6T/2)|+)]. () of 10 us, and its delay time is scanned from just before the
end of the repump pulse-10 us delay to beyond the echo
It is easy to show that this state evolves to a jurestate at  location in steps of lus. The repetition rate of the entire
time t=2T that is independent of, thereby producing an pulse sequence is 50 Hz. To average out laser jitter effects,
efficient spin echo. Finally, the excited std® will also  thirty diffracted signals are captured by a Boxcar averager
experience dephasing between pulses, especially in the prSRS 250 using a gate width of fus positioned on top of
ence of optical inhomogeneous broadening. However, thithe probe pulse. All laser beams are circularly polarized with
will not be rephased by the opticalz2pulse. Thus, even if a quarter wave plate, and focused into the sample by a 20 cm
the second pulse area is not exacthy, 2he excited state focal length lens. The beam diametéige in intensity are
contribution will not adversely affect the spin echo. ~100 um in the crystal. The size of the crystal is<8X4

To experimentally observe resonant optical Raman ex¢mm) with its optical B axis along the 4 mm direction. The
cited spin echoes, we chose a crystal g5M0; doped with  crystal temperature is kept & K and the laser propagation
Pr¥* ions. This material was chosen because the Pr ions hawirection is almost parallel to the crystalaxis.

a relatively long optical and spin coherence lifetimes. The Figure 3a) illustrates the typical experimental resonant
optical T; and T, are 111 and 164s, respectively, at 1.6 Raman pulse sequence. As mentioned above, each resonant
K.'® The ground state spin lifetimes are on the order of 10(Raman pulse is composed of bath andw,,and the second

s for T, and 500us for T,at 5 K3 For site 1, the optical pulse is twice as wide as the first pulse. Figutb) 3hows
oscillator strength of théH,— 1D, transition at 605.9 nmis the experimental spin free induction decdiD) and echo
relatively large for rare earth doped crystals, giving an absignals, as detected by monitoring the diffracted beasn
sorption coefficient as large as 10 chi® The relevant en- The signal is strong enough to be detected by a photodiode
ergy sublevels of Bf are shown in Fig. 2. The Raman reso- instead of a photomultiplier. The pulse separafiois cho-

where§is the detuning from two-photofRaman resonance
for an atom away from the center of the inhomogeneousl
broadened transition. If at time=T a second resonant Ra-
man pulse is applied, the-) and|3) state contributions are
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FIG. 3. Resonant Raman pulse excited spin echo at %aK. Iy " - - - === = -
Resonant Raman pulse sequend®.Observed echo signals. The -g.05 - * i
powers ofwg, w,, wy, andwp are 9, 21, 1.5, and 2.8 mW, respec- o 4t F ,
tively. (c) Theoretical echo signal intensities B=/10 andy={}. % 0.10 4 ° -
(d) Observed echo signals when the laser powergbjnare in- 5 | . ; o
creased by a factor of2, and beam diameters in the crystal are § o
enlarged by a factor of-1.5. ° =0.15 4
3 1 d
. 0.20
- Tt r T Tt Tttt Tt T
sen to be 1/10 of the spif,, and close to the optical popu 0 o i on o

lation lifetime T,. As shown in Fig. &), the spin echo
efficiency is 21% in intensity, which translates to 46% in
amplitude. We found that the echo amplitude is not very FIG. 4. Numerical calculation of resonant Raman pulse excited
sensitive to the width of either Raman pulse in the range ofpin echo efficiencies and amplitudes vs the Raman pulse area.
5 us—20 us. From this, we suspect that the laser jitter isCurves in(a) show echo efficiencies for fixed first pulse aremf
greater than the optical Rabi frequengy be discussed in Curves in(b) show echo efficiencies for fixed second pulse area of

Fig. 4. The absolute power of the generated signgl is 2. Plots in(c) and(d) show absolute echo amplitude correspond-

~0.1 MW which is~4% of the input probe power. The ing to plots in(a) and (b), respectively)=6.28< 10° radian and

T ) ['=2x 10" radian.
noise in the FID and echo signals comes from both laser '

intensity and frequency jitter. The broader than expected FIRlecay rates are set to zero. The spin inhomogeneous width is
signal width is attributed primarily to the probe pulse width chosen to be 15 kHz which is close to the measured value,
of 10 us. and is assumed to have a Gaussian line shape. The optical
Figure 3c) shows the theoretical diffracted beam inten- Rabi frequency in the experiment is not known exactly as
sity (<[Re(p15)]?) as a function of time using parameters mentioned above, but assumed to be the same as the laser
that correspond approximately to the experiment. This calcujitter (100 kH2. The first pulse width is adjusted to givema
lation assumes a closed three-level system with equal initighulse and the second pulse width is set forrailse. The
ground state populations. The excited state population decagalculated echo efficiency is-18% in intensity, which is
rateI" is chosen to be 10 kHz which is close to the actualcomparable to the experimental value in Fi¢h)3
lifetime at 5 K, and the optical coherence decay ratées In Fig. 3(d), we increased laser power by a factor-e2
chosen to be 100 kHz which is close to the measured dec@nd enlarged focused beam diameters by a facterlob. At
herence rate due to the laser jitter. For simplicity, the spirhigh power, the laser was unstable so that data acquisition

Pulse area (radian)
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time was shortened by increasing the probe scanning-stdgote that the echo efficiency in Fig(3) appears nearly in-
increment to 1Qus. Due to the discrete probe scanning anddependent of the first pulse area, even though the absolute
the unstable laser, the noise in the data is larger than in Figgcho amplitude varies considerably. In the case of large
3(b). The observed echo efficiency is very higtb0% in  the echo amplitude does not depend strongly on pulse area.
intensity. However, the unexpected peaks—80 us after  This case is analogous to the CPT limit in that the excited
each pulse are still under investigation. The apparent naztoms have dephased, but not yet decayed to the ground
rower widths of FID and the echo signals in comparison withstates. The fact that the echo efficiency is still close to 20%
Fig. 3(b) are an artifact of the large discrete scanning step. neans that even low-power lasers should give easily observ-

_In Fig. 4, we theoretically analyze resonant Raman €xyple echoes, and therefore be adequate for many applica-
cited echoes in detail. In Fig.(&, the calculated echo effi- tions.

ciencies(defined as the ratio of echo to FID amplitydee In summary, we demonstrated efficient coherence excita-
plotted as a function of the second Raman pulse area for fon and rephasing using resonant Raman pulses in an opti-
fixed first Raman pulse are of. The three curvegdotted, .4y dense rare-earth doped solid of RIY,SiOs. We also
solid, and dashedcorrespond to three different optical ho- ghawed that the coherence rephasing is very efficient using
mogeneous decay ratgsas shown. These are chosen so thate gpticalr-24 excitation scheme. By providing high echo
y<Q, y~Q, ar.1d.y>('2, respectlvely'. The curves in Fig(l3) efficiency without the need for atomic state preparation, high
show echo efficiencies as a function of the first pulse areq,\er |aser, or long interaction time, this technique offers
(second pulse area held fixed at)2The absolute echo am- 4 vical advantages in applications ranging from high reso-
plitudes corresponding to Figs(a and 4b) are shown in | ion  spectroscopy to high-density, high-speed optical

Figs. 4c) and 4d), respectively. memory.
As seen in Fig. 4, the echo efficiency or amplitude
strongly depends on the ratio ofto ). In particular, Figs. We acknowledge discussions with Professor S. Ezekiel of

4(c) and 4d) show that, when optical Rabi flopping is im- the Massachusetts Institute of Technology. This study was
portant(small y), the echo amplitude oscillates with a period supported by Air Force Research Laboratdfyrant No.

of 27 in the first pulse arefdotted curve in Fig. @)] and  F30602-96-2-0100 U.S. Air Force Office of Scientific Re-
41 in the second pulse argdotted curve in Fig. @)]. This  search(Grant No. F49620-96-1-0395and National Science

is as expected from the physical arguments given earlief-oundation(Grant No. ECS 9421304
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