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Spin manipulation by absorption-free optical pumping

M. Kitano,* K. Yamane, and T. Ikushima
Department of Electronic Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

~Received 1 July 1998!

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 system.@S1050-2947~99!01005-7#

PACS number~s!: 32.80.Bx, 03.65.Bz, 42.50.2p
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I. INTRODUCTION

Optical pumping@1# is a very useful tool and is widely
used in the fields of atomic and optical physics. Especially
has played a crucial role in the recent development of la
cooling and trapping of neutral atoms. It can be used for s
preparation as well as for monitoring atomic states. Opt
pumping, by which the atomic population is transferred fro
one state to another via excited states, necessarily acco
nies optical absorption and subsequent reemission. In
paper, we present an optical pumping scheme which is
erative even though no light absorption~and of course no
reemission! is associated.

Let us consider an atom with aJ5 1
2 ground state and a

J85 1
2 excited state illuminated bys1 circularly polarized

light. Because of the angular momentum conservation, o
atoms in themJ52 1

2 sublevel in the ground state can abso
the photon and go to the excited state. Atoms in the exc
state fall back either to themJ51 1

2 sublevel or to the2 1
2

sublevel. Repeating this process, all atoms are eventu
pumped to themJ51 1

2 sublevel. Once all atoms have bee
completely pumped, the atomic vapor becomes transpa
because atoms in themJ51 1

2 sublevel do not absorbs1

light.
When a magnetic field perpendicular to the pumping

rection is applied, the spins start to precess about it, or
transition from themJ51 1

2 sublevel to the2 1
2 sublevel

takes place. But if the pumping light is strong enough,
atomic vapor remains almost completely polarized. At fi
sight one might consider that the polarization is maintain
simply because the flipped atoms are optically pumped b
to themJ51 1

2 sublevel. Under certain conditions, howeve
the flipping itself is suppressed owing to the quantum Ze
effect @2–5#. By sendings1-polarized light, which does no
couple to themJ51 1

2 sublevel, and verifying no absorption
we can infer that the atom is in themJ51 1

2 sublevel. This is
the so-called negative-result or interaction-free measurem
Thus performed continuous measurement prohibits the t
sition induced by the magnetic field via the quantum Ze
effect. The pumping light, though not absorbed, has a cru
effect on the spin dynamics.

If we view this situation from the rotating reference fram
in which the magnetic field is canceled by the rotatio
induced effective field, the pumping direction rotates and
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spin follows it. This corresponds to theinverse quantum
Zeno effect@6–8#. The spin is redirected by the pumpin
light but no light absorption is associated. With th
absorption-free optical pumping, we can freeze the spin m
tion against magnetic fields and also control the spin dir
tion arbitrarily.

In the analysis of the quantum Zeno effect, what is int
esting is the probability that the atom remains in the init
state. The probability asymptotically approaches unity as
frequency or the strength of measurement increases. In
present context, however, we are rather interested in
numbers of photons absorbed to hold the atom in the in
state. In Sec. II, using a simplified model, we will show th
the ~absolute! photon number asymptotically goes to zero
we increase the pumping light intensity. In Sec. III, we i
troduce a more realistic and experimentally feasible mode
demonstrate the absorption-free optical pumping. It turns
that the existence of intrinsic spin relaxation tends to m
the absorption-free feature and complicates the asymp
behavior of the consumed photon number.

In Sec. IV, in addition to the present one, we introdu
two pumping schemes, both of which induce the quant
Zeno effect, and make a comparison. One scheme, w
does accompany photon absorption, corresponds to the
periment done by Itanoet al. to demonstrate the quantum
Zeno effect. The other scheme, which is absorption-free
closely related to the interaction-free measurement@9# and
also to the null measurement@10#.

II. MODEL

If we neglect the population of the excited state, the at
system can be described by a 232 density matrixrg , re-
duced to the ground state. We can define a normalized
~or magnetic moment! vectorm asrg5 1

2 (11m•s), where
s represents Pauli’s matrices;m50 corresponds to the un
polarized state andm5ez to the completely polarized state
We use the unit coordinate vectorsex ,ey ,ez . If we apply the
magnetic fieldB05B0ey , the initial spinm5ez starts to pre-
cess aroundB0 at the angular frequencyV5ggB05p/T,
wheregg is the gyromagnetic ratio.

We apply circularly polarized optical pulses propagati
in the z direction. It is supposed that each pulse is inten
enough to completely polarize the spin toward thez direction
almost instantaneously.

The ~average! number of photons absorbed for the com
plete pumping is
3710 ©1999 The American Physical Society
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np~u!5
1

2
~12cosu!h21, ~1!

where cosu5ez•m and h is the pumping efficiency, which
depends on the atomic level structure and the collisio
mixing in the excited state. Form52ez ,h21 photons are
required to flip it back toez , while for m5ez no photons are
absorbed.

Now we send optical pulses att5kT/N(k51,2, . . . ,N).
Without theseN pulses, the initial spinm(0)5ez would
evolve tom(T)52ez . Each optical pulse flips the spin bac
to ez and the tilt angleu never exceedsp/N. Thus the optical
pulses suppress the evolution. With regard to the spin
tion, everything appears quite normal but careful analy
uncovers a peculiar feature inherent in the quantum Z
effect.

Let us estimate the total number of photons absorbed.
each pulse,np(p/N) photons are absorbed and therefore
total numbernt is given by

nt5Nnp~p/N!5
N

2hS 12cos
p

ND;
p2

4h

1

N
~N@1!.

~2!

In the limit of N→`, nt asymptotically tends to zero. It i
surprising that almost no photons are absorbed~or reemitted!
to freeze the spin motion if we send enough optical pulses
practice, however,N is limited due to the finite pumping
time.

Now let us look at the above situation from a referen
frame rotating atV around they axis. The magnetic fieldB0

is canceled by the effective field2gg
21Vey . Without the

optical pulses the spin stays still. In this frame the pump
directionuk changes one after another,

uk5sin
kp

N
ex81cos

kp

N
ez8 , ~3!

where the prime designates the moving frame. Accordin
the spin is guided fromez8 to 2ez8 . Thus the spin is flipped
over without photon absorption. This is a realization of t
inversequantum Zeno effect.

It should be stressed that the above situation can ph
cally be realized simply by rotating the apparatus with
magnetic field.~In this case, the apparatus is composed
the pumping beam alone.! In terms of the spins associate
with the ground-state Zeeman sublevels, the spatial rota
is completely equivalent to the magnetic field. This is n
true for the fictitious spin associated with a general two-le
system. This is the reason why the special~rf and optical!
pulse sequences are used in the proposed scheme fo
inverse Zeno effect@7#. Therefore, the current system wou
be a convenient arena for the demonstration of the inve
Zeno effect.

III. CONTINUOUS PUMPING

Let us consider a more realistic and experimentally f
sible model where the spins are continuously pumped.
spin evolution can be described by the Bloch equation:
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dm

dt
5ggm3B02Gm2P~m2ez!. ~4!

To be realistic, an isotropic spin relaxation in the grou
state is introduced and its rate is represented byG. The op-
tical pumping rateP is written as the product of the effi
ciencyh, the absorption cross sections, and the incoming
photon fluxf, i.e., P5hsf. The steady-state solution t
Eq. ~4! is

m52
PV

~P1G!21V2
ex1

P~P1G!

~P1G!21V2
ez . ~5!

If we measuremz , by monitoring the transmitted light, a
a function ofV, we have a well-known~power-broadened!
Hanle effect signal of the ground state.

In the fast-pumping limit (P@G,uVu), we see that the
spin precession is frozen;m;ez2O(V/P)ex .

We estimate the number of absorbed photonsnt per half-
precession periodT5p/V. The normalization with respec
to the precession period is crucial because we are intere
in the photons consumed to suppress the precession.
Eq. ~5!, we have

nt5
p

V
s~12mz!f5

p

h

P

V

G~P1G!1V2

~P1G!21V2
. ~6!

Hereafter to simplify the expressions we usen t5(h/p)nt
instead ofnt .

For P@G, n t can be split into two terms,

n t.nG1nZ5
G

V

P2

P21V2
1

PV

P21V2
. ~7!

The termnG , which is proportional toG, corresponds to
the number of photons consumed to compensate the intri
spin relaxation. It approaches the constant valueG/V asP is
increased.

The termnZ accounts for the numbers of photons used
suppress the spin precession through the quantum Zen
fect. It asymptotically tends to zero asP increases.

In order to see the general asymptotic behavior rep
sented by Eq.~6!, n t is plotted as a function ofp5P/G and
v5uVu/G, in Fig. 1. This normalization is convenient be
cause experimentally the optical powerP and the magnetic
field V can be varied easily compared with the spin rela
ation rateG. The asymptotic behavior ofn t is classified as
follows:

n t;H p/v ~ I: p,v!,

v/p11/v ~ II: v,p,v2!,

1/v ~ III: v2,p!,

~8!

wherep@1,v@1 are assumed. In region I,n t is proportional
to the incoming fluxp, namely, the photons are efficientl
absorbed because the spins are rapidly rotated by the m
netic field. In region II, whenp is increased,n t decreases
owing to the Zeno effect down tonG ;1/v, the residual
photon consumption due to the relaxation. In region III, w
only havenG ;1/v.
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FIG. 1. Three-dimensional plot of normalize
photon numbern t as a function ofp andv. The
(p,v) plane is divided into three regions I, II
and III, according to the asymptotic behavior o
n t .
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If we increasep keepingv fixed, we can observe th
quantum Zeno effect in region II but eventually go into r
gion III, where we have residual absorption. In order to
duce the absorption toward 0,v must be increased likeAp.
In this case, the absorption reduces asn t;1/Ap, being
slower than 1/p.

IV. DISCUSSION

In order to discuss our pumping scheme in a more gen
context, we consider level configurations shown in Fi
2~a!–2~c!. In all cases, only level 1 is initially populated an
level 1 and 2 are coherently coupled by an external per
bationV. ~In our case the Zeeman sublevels are coupled
the horizontal static magnetic field.! The coherent transition
to level 2 is suppressed by~repetitive or continuous! optical
excitationP to level 3.

Case~a!. Level 1 is optically pumped to level 3 and all o
the population decays back to level 1. In the fast pump
limit, the transition from levels 1 to 2 is inhibited. The pum

FIG. 2. Optical pumping schemes suppressing the transi
from level 1 to level 2. Levels 1 and 2 are coupled via coher
interactionV. The solid arrow represents optical excitation~P! to
level 3 and the dashed arrow represents the decay (G) to the ground
levels.
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ing photons are continuously absorbed and reemitted. T
corresponds to the level scheme used by Itanoet al. @3# for
demonstration of the quantum Zeno effect. In their case,
els 1 and 2 are not degenerate and the coherent transiti
induced by microwaves. The detailed analyses are give
@4,5#.

Case~b!. Level 2 is pumped to level 3 and all of th
population decays back to level 2. In this case, even tho
the empty level~level 2! is pumped, the coherent transitio
from level 1 to level 2 is inhibited. Unlike case~a!, no pho-
tons are absorbed or remitted. The suppression of trans
for this case was verified also by Itanoet al. @3# but there
seems no explicit reference to the associated photon abs
tion. This situation has a close connection to the so-ca
interaction-free measurement@9# and also to the null mea
surement@10#.

Case~c!. Level 2 is optically pumped to level 3 and som
fraction h(Þ0) of the population decays to level 1 and
2h to level 2. This corresponds to our present situation a
reduces to case~b! whenh50. As in cases~a! and ~b!, the
transition is suppressed but it is difficult to distinguis
whether it is due to the quantum Zeno effect or just a po
lation transfer by the optical pumping. We have seen that
former is the case in the fast pumping limit. It can be co
firmed by monitoring photon absorption.

Cases~a! and~b! present a striking contrast; in the forme
case the population is transfered between levels 1 an
photons being scattered, while in the latter case neither po
lation transfer nor photon scattering takes place. In eit
case, despite the difference in the pumping scheme, the
evolution ofr12, the coherence between levels 1 and 2, d
to the optical pumping can be written as

dr12

dt U
pump

52Pr12. ~9!

This relaxation plays a crucial role in causing the quant
Zeno effect. Case~c! is rather similar to case~b!, but the
additional repumping term, represented by

n
t
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dr11

dt U
pump

5hPr22, ~10!

exists. This term, however, is ineffective becauser22;0 ow-
ing to the Zeno effect.

V. CONCLUDING REMARKS

We have shown that one can control the spin motion
repetitive or continuous optical pumping without photon a
sorption. The phenomenon can be understood in terms o
quantum Zeno effect and the interaction-free measurem
This pumping scheme might be of no practical importan
because recycling of the transmitted photons is not eas
usual circumstances and also because the effect is e
masked by the intrinsic spin relaxation as shown in Sec.
But it would not diminish the conceptual importance of t
present scheme.

Another merit of the spin system under consideration
that it could be a clear example of the inverse Zeno eff
because we can drag the spin direction just by redirecting
pumping beam. In general, more complicated series of m
surements have to be devised to define the trajectory
lowed by the system. It also helps to clarify the relation
the adiabatic following of the spin to the slowly rotatin
magnetic field@8#.
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Finally we will estimate the experimental parameters
demonstrate the absorption-free spin manipulation. In or
to satisfy the necessary conditions for the Zeno effectp
5P/G@1,v5uVu/G@1, smallG is preferable~see Fig. 1!.
For alkali atoms in a vapor cell, the spin relaxation rate
about 100s21 and is rather large for the present purpose. B
for laser-cooled, trapped atoms, it can be reduced dow
G;1 s21. If we use a mechanical beam steering,V
;100 Hz orv;100 would be feasible. The typical pump
ing rate is given asP;(I /mW)310 kHz, for the laser
beam powerI, therefore even with a small diode laser ge
erating I 51 mW, we can havep;105. An atomic cloud
cooled in a trap has enough optical density, which enable
to measure the photoabsorption precisely to verify Eq.~6!.
We may have to turn off the lasers and the magnetic fie
for the trap.

We are carrying out an experiment demonstrating
absorption-free optical pumping and have obtained so
preliminary results. The details will be reported elsewher
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