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Spin manipulation by absorption-free optical pumping
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We present an optical pumping scheme by which atomic spin motion can be controlled without photon
absorption in the fast pumping limit. The phenomenon can be understood in terms of the quantum Zeno effect
and the interaction-free measurement in a spin-photon sy$&1050-294{©9)01005-1

PACS numbdrs): 32.80.Bx, 03.65.Bz, 42.56p

[. INTRODUCTION spin follows it. This corresponds to thaverse quantum
Zeno effect[6—8]. The spin is redirected by the pumping

Optical pumping[1] is a very useful tool and is widely light but no light absorption is associated. With this
used in the fields of atomic and optical physics. Especially, i@bsorption-free optical pumping, we can freeze the spin mo-
has played a crucial role in the recent development of laseiion against magnetic fields and also control the spin direc-
cooling and trapping of neutral atoms. It can be used for statéion arbitrarily.
preparation as well as for monitoring atomic states. Optical In the analysis of the quantum Zeno effect, what is inter-
pumping, by which the atomic population is transferred fromesting is the probability that the atom remains in the initial
one state to another via excited states, necessarily accompstate. The probability asymptotically approaches unity as the
nies optical absorption and subsequent reemission. In thisequency or the strength of measurement increases. In the
paper, we present an optical pumping scheme which is oppresent context, however, we are rather interested in the
erative even though no light absorpti¢éand of course no numbers of photons absorbed to hold the atom in the initial
reemission is associated. state. In Sec. I, using a simplified model, we will show that

Let us consider an atom with &= 3 ground state and a the (absolut¢ photon number asymptotically goes to zero as
J'=1 excited state illuminated by, circularly polarized we increase the pumping light intensity. In Sec. Ill, we in-
light. Because of the angular momentum conservation, onlyroduce a more realistic and experimentally feasible model to
atoms in them;= — 3 sublevel in the ground state can absorbdemonstrate the absorption-free optical pumping. It turns out
the photon and go to the excited state. Atoms in the excitethat the existence of intrinsic spin relaxation tends to mask
state fall back either to then;=+ 1 sublevel or to the- 3 the absorption-free feature and complicates the asymptotic
sublevel. Repeating this process, all atoms are eventuallyehavior of the consumed photon number.
pumped to them;= + 3 sublevel. Once all atoms have been In Sec. IV, in addition to the present one, we introduce
completely pumped, the atomic vapor becomes transpareio pumping schemes, both of which induce the quantum
because atoms in th@,=+ 3 sublevel do not absorb-,.  Zeno effect, and make a comparison. One scheme, which
light. does accompany photon absorption, corresponds to the ex-

When a magnetic field perpendicular to the pumping di-periment done by Itanet al. to demonstrate the quantum
rection is applied, the spins start to precess about it, or théeno effect. The other scheme, which is absorption-free, is
transition from them;=+3 sublevel to the—3 sublevel closely related to the interaction-free measurem@ntand
takes place. But if the pumping light is strong enough, thealso to the null measuremefit0].
atomic vapor remains almost completely polarized. At first
sight one might consider that the polarization is maintained Il. MODEL
simply because the flipped atoms are optically pumped back
to them;= + 3 sublevel. Under certain conditions, however, If we neglect the population of the excited state, the atom
the flipping itself is suppressed owing to the quantum Zensystem can be described by &2 density matrixpy, re-
effect[2-5]. By sendingo . -polarized light, which does not duced to the ground state. We can define a normalized spin
couple to them,= + 3 sublevel, and verifying no absorption, (or magnetic momentvectorm as pg= 3(1+m- o), where
we can infer that the atom is in tme;= + 3 sublevel. Thisis o represents Pauli’s matrices)=0 corresponds to the un-
the so-called negative-result or interaction-free measuremenpolarized state anth=e, to the completely polarized state.
Thus performed continuous measurement prohibits the tranWe use the unit coordinate vectase, ,e,. If we apply the
sition induced by the magnetic field via the quantum Zenamagnetic fieldB,=Bge,, the initial spinm=g, starts to pre-
effect. The pumping light, though not absorbed, has a cruciatess around, at the angular frequenc) =y Bo= /T,
effect on the spin dynamics. where y, is the gyromagnetic ratio.

If we view this situation from the rotating reference frame  We apply circularly polarized optical pulses propagating
in which the magnetic field is canceled by the rotation-in the z direction. It is supposed that each pulse is intense
induced effective field, the pumping direction rotates and theenough to completely polarize the spin toward zitirection

almost instantaneously.
The (average¢ number of photons absorbed for the com-
*Electronic address: kitano@kuee.kyoto-u.ac.jp plete pumping is
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— 1 -1 dm_
np(a)—z(l—cosﬂ)n , (1) H—ygmxBo—Fm— P(m—eg,). (4)

where cos=e,-m and 7 is the pumping efficiency, which T0 be realistic, an isotropic spin relaxation in the ground
depends on the atomic level structure and the collisiona$tate is introduced and its rate is represented’byrhe op--
mixing in the excited state. Fan=—e,,» ! photons are t|pal pumping rateP is written as the product qf the .ef‘fl-
required to flip it back tce,, while for m=¢, no photons are ~ ieéncy », the absorption cross sectien and the incoming
absorbed. photon flux ¢, i.e., P=7no¢. The steady-state solution to

Now we send optical pulses &£k T/N(k=1,2,...N). Ed-(4)is
Without theseN pulses, the initial spirm(0)=e, would
evolve tom(T) = —e,. Each optical pulse flips the spin back — PQ ot P(P+T) o
to g, and the tilt angled never exceeds/N. Thus the optical (P+1“)2+QZCX (P+T)%+ Q2
pulses suppress the evolution. With regard to the spin mo-
tion, everything appears quite normal but careful analysis If we measuren,, by monitoring the transmitted light, as
uncovers a peculiar feature inherent in the quantum Zené function of(), we have a well-knowripower-broadengd
effect. Hanle effect signal of the ground state.

Let us estimate the total number of photons absorbed. For In the fast-pumping limit P>T',|Q)|), we see that the
each pulsen,(7/N) photons are absorbed and therefore thespin precession is frozem~e,—O(€/P)e,.
total numbem; is given by We estimate the number of absorbed photonper half-

precession period = /). The normalization with respect
N A to the precession period is crucial because we are interested
ne=Nny(7/N)= 2—(1—COSN)~4—N (N>1). in the photons consumed to suppress the precession. With
7 7 2) Eq. (5), we have

©)

m P I(P+I)+0Q?

In the limit of N—oo, n, asymptotically tends to zero. It is ° .
70 (P+T)%+02

surprising that almost no photons are absorfedeemitted
to freeze the spin motion if we send enough optical pulses. In
practice, howeverN is limited due to the finite pumping Hereafter to simplify the expressions we uge=(7/m)n,
time. instead ofn, .

Now let us look at the above situation from a reference For P>TI", v, can be split into two terms,
frame rotating af) around they axis. The magnetic fiel&, 5
is canceled by the effective fielet v, 'Qe,. Without the - _rp N PO
optical pulses the spin stays still. In this frame the pumping et zTg P2+ 02 PpP2+02?°
directionu, changes one after another,

T
ntzﬁa(l_mz)(ﬁ:

)

The termy, which is proportional td”, corresponds to

k| ke | the number of photons consumed to compensate the intrinsic
U= SIN 7€+ COS €, (3)  spin relaxation. It approaches the constant vall@ asP is
increased.

where the prime designates the moving frame. Accordingly The ter?]VZ agcounts for_ thetﬂumbﬁrtshof phot?ns uzsed tof
the spin is guided frone, to —€,. Thus the spin is flipped Suppress Ine spin precession through he quantum zeno et-

over without photon absorption. This is a realization of thefeCt' It asymptotically tends to zero ﬁ@ncrgases. .
inversequantum Zeno effect. In order to see Fhe general asympt.otlc behavior repre-
It should be stressed that the above situation can phys;i%(:"_n'r;;j| /tl),y Ifr?(lg? ' vtlISTpAiOttid r?ns T};ut?crt_:oin qb;VP/r:"i i?db i

cally be realized simply by rotating the apparatus with no® ~ T g.t ”' thS Ot' all aW% Sdi?] enie t'e

magnetic field.(In this case, the apparatus is composed ofrause experimentally the optical powerand the magnetic
the pumping beam aloneln terms of the spins associated f|e_ld () can be varied easﬂy compa_lred W'.th the spin relax-
with the ground-state Zeeman sublevels, the spatial rotatio t:lon re.ltel“. The asymptotic behavior af; is classified as

is completely equivalent to the magnetic field. This is not ollows:

true for the fictitious spin associated with a general two-level plw (1: p<w),

system. This is the reason why the specréaland optical 5

pulse sequences are used in the proposed scheme for the r~y @/ptllo (I 0<p<o’), (8)
inverse Zeno effedt7]. Therefore, the current system would 1w (I:  »?<p),

be a convenient arena for the demonstration of the inverse

Zeno effect. wherep>1,0>1 are assumed. In regioni, is proportional

to the incoming fluxp, namely, the photons are efficiently
absorbed because the spins are rapidly rotated by the mag-
netic field. In region Il, wherp is increasedy, decreases

Let us consider a more realistic and experimentally feaowing to the Zeno effect down ter ~1/w, the residual
sible model where the spins are continuously pumped. Thphoton consumption due to the relaxation. In region Ill, we
spin evolution can be described by the Bloch equation:  only haveyr ~1/w.

[lI. CONTINUOUS PUMPING
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If we increasep keepingw fixed, we can observe the ing photons are continuously absorbed and reemitted. This
guantum Zeno effect in region Il but eventually go into re-corresponds to the level scheme used by Itanal. [3] for
gion lll, where we have residual absorption. In order to re-demonstration of the quantum Zeno effect. In their case, lev-
duce the absorption toward ®, must be increased Iikefﬁ. els 1 and 2 are not degenerate and the coherent transition is
In this case, the absorption reduces s 1/\/5, being induced by microwaves. The detailed analyses are given in

slower than 1g. (4,5]
Case(b). Level 2 is pumped to level 3 and all of the
IV. DISCUSSION population decays back to level 2. In this case, even though

the empty levellevel 2) is pumped, the coherent transition
In order to discuss our pumping scheme in a more generdtom level 1 to level 2 is inhibited. Unlike caga), no pho-
context, we consider level configurations shown in Figstons are absorbed or remitted. The suppression of transition
2(a)—2(c). In all cases, only level 1 is initially populated and for this case was verified also by Itamd al. [3] but there
level 1 and 2 are coherently coupled by an external perturseems no explicit reference to the associated photon absorp-
bation(). (In our case the Zeeman sublevels are coupled byion. This situation has a close connection to the so-called
the horizontal static magnetic fieJdThe coherent transition interaction-free measuremeffl] and also to the null mea-
to level 2 is suppressed hyepetitive or continuoysoptical ~ suremen{10].
excitationP to level 3. Case(c). Level 2 is optically pumped to level 3 and some
Case(a). Level 1 is optically pumped to level 3 and all of fraction »(#0) of the population decays to level 1 and 1
the population decays back to level 1. In the fast pumping- % to level 2. This corresponds to our present situation and
limit, the transition from levels 1 to 2 is inhibited. The pump- reduces to caséb) when »=0. As in casega) and (b), the
transition is suppressed but it is difficult to distinguish
—3 ) whether it is due to the quantum Zeno effect or just a popu-
P ¢ ‘\ p lation transfer by the optical pumping. We have seen that the
/ \ former is the case in the fast pumping limit. It can be con-
1 o-e-o-o 2 1 -o-0-0-o A 2 firmed by monitoring photon absorption.
Caseda) and(b) present a striking contrast; in the former
(a) (b) case the population is transfered between levels 1 and 3,
photons being scattered, while in the latter case neither popu-
S lation transfer nor photon scattering takes place. In either
X
\Y
Ty

case, despite the difference in the pumping scheme, the time
evolution ofp4,, the coherence between levels 1 and 2, due

1 o-o-0-o to the optical pumping can be written as

(©) dp1o
ot | T Pru €)
FIG. 2. Optical pumping schemes suppressing the transition pump
from level 1 to level 2. Levels 1 and 2 are coupled via coherent
interaction{). The solid arrow represents optical excitati®h to  This relaxation plays a crucial role in causing the quantum
level 3 and the dashed arrow represents the deéaydthe ground ~ Zeno effect. Caséc) is rather similar to caséb), but the
levels. additional repumping term, represented by
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dpqy Finally we will estimate the experimental parameters to
T =1Ppa2, (10 demonstrate the absorption-free spin manipulation. In order
pump to satisfy the necessary conditions for the Zeno effect,
=P/IT>1,0=|Q|/T>1, smalll is preferable(see Fig. L
For alkali atoms in a vapor cell, the spin relaxation rate is
about 100s?! and is rather large for the present purpose. But
for laser-cooled, trapped atoms, it can be reduced down to
I'~1s ! If we use a mechanical beam steering,

We have shown that one can control the spin motion by~100 Hz orew~ 100 would be feasible. The typical pump-
repetitive or continuous optical pumping without photon ab-ing rate is given asP~(I/mwW)Xx10 kHz, for the laser
sorption. The phenomenon can be understood in terms of tHeeam powet, therefore even with a small diode laser gen-
guantum Zeno effect and the interaction-free measuremengratingl=1 mWw, we can havep~10°. An atomic cloud
This pumping scheme might be of no practical importancecooled in a trap has enough optical density, which enables us
because recycling of the transmitted photons is not easy ito measure the photoabsorption precisely to verify &.
usual circumstances and also because the effect is easMy/e may have to turn off the lasers and the magnetic fields
masked by the intrinsic spin relaxation as shown in Sec. llIfor the trap.

But it would not diminish the conceptual importance of the We are carrying out an experiment demonstrating the
present scheme. absorption-free optical pumping and have obtained some
Another merit of the spin system under consideration ispreliminary results. The details will be reported elsewhere.

that it could be a clear example of the inverse Zeno effect

becau_se we can drag the spin direction j_ust by red_irecting the ACKNOWLEDGMENTS
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V. CONCLUDING REMARKS
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