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ABSTRACT We report the observation of paramagnetic Fara-
day rotation of spin-polarized ytterbium (Yb) atoms. As the
atomic samples, we used an atomic beam, released atoms from
a magneto-optical trap (MOT), and trapped atoms in a far-oft-
resonant trap (FORT). Since Yb is diamagnetic and includes
a spin-1/2 isotope, it is an ideal sample for spin physics, such as
quantum non-demolition measurement of spin (spin QND), for
example. From the results of the rotation angle, we confirmed
that the atoms were almost perfectly polarized.

PACS 32.80.Bx; 32.80.Pj; 42.25.Lc

1 Introduction

Faraday rotation is the polarization rotation of
linearly-polarized light due to the circular birefringence of the
medium. When the refractive index of the medium is n4 for
circularly polarized light o, respectively, the Faraday rota-
tion angle ¢ becomes

wlL
Y= _(n+ —I’l,) ’
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where w is the angular frequency of the probe light, L is the
length of the medium, and c is the light velocity (Fig. 1) [1].
In particular, paramagnetic Faraday rotation is a powerful
method for probing the spin state of an atomic ensemble [2].
The rotation angle for an atomic ensemble via the paramag-
netic Faraday rotation can be written as

2

where « is a real constant, #; is the interaction time, and S,
is the total spin component in the probe region parallel to the
propagation direction of light [3].

Recently, there has been a renewal of interest in the para-
magnetic Faraday rotation for quantum non-demolition meas-
urement of spin (spin QND) [3-5]. Spin QND is not only
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a quantum measurement, but also has a wide variety of ap-
plications. For example, spin squeezing, entanglement of two
macroscopic objects, and quantum memory for light have
been demonstrated [6—9], and reversible quantum measure-
ment has been proposed [10]. These applications of spin QND
will be breakthroughs in not only quantum information pro-
cessing, but also in precision measurements [11].

The ytterbium (Yb) atoms have many merits for spin
QND. (i) Since the electronic ground state of Yb is diamag-
netic ('Sy), the magnetic moment has its origin only in nuclear
spin, which is three orders of magnitude smaller than the para-
magnetic atoms. It is experimentally easier to suppress the
fluctuation of the precessions of the spin than that by use
of the paramagnetic atom like references [5-9, 12]. There-
fore, a longer coherence time will be expected. Moreover,
the spin polarization is also easier since the optical pumping
process is faster than the Larmor precession. (ii) Yb atoms
include a spin-1/2 isotope (’''Yb). Since the interaction be-
tween spin-1/2 particles and the external electro-magnetic
field is described by scalar and vector polarizabilities alone,
instead of more general tensor polarizability [2], it can be said
that '7''Yb is one of the most ideal samples for spin physics.
(iii) Yb atoms include also spin-0 isotopes. By comparing the
signal from a spin-1/2 isotope with the signals from spin-0
isotopes, calibrations of the experimental system are possible.
In Table 1, we summarize the isotopes and the abundance of
ytterbium. (iv) Laser-cooling and trapping techniques have al-
ready been established [13-16].

As far as we know, however, the observation of the para-
magnetic Faraday rotation with spin-polarized Yb atoms has
not been reported yet. In this paper, we report the theoret-
ical estimations of the rotation angle, and its observations.

FIGURE 1
polarized light due to the circular birefringence of the medium (n4). In the
case of the paramagnetic Faraday rotation, the rotation angle is proportional
to the total spin component parallel to the propagation direction of light ()

Faraday rotation is the polarization rotation of linearly-
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Nuclear Spin (/) Mass Number (M) Abundance

0 168,170,172,174,176 69.5%

12 171 14.3%

5/2 173 16.2%

TABLE 1 Mass number and natural abundance of stable ytterbium catego-

rized by the nuclear spin

As the samples, we used atomic beam, released atoms from
a magneto-optical trap (MOT), and trapped atoms in a far-
off-resonant-trap (FORT). Simultaneously, we have almost
perfectly polarized '"'Yb and '*Yb via the optical pump-
ing [2]. From our experimental results, Yb will be considered
as one of the best samples for spin QND.

2 Theory

In our experiment, w is close to the resonance fre-
quency of 'Sy — 'P; transition, wy. The electric dipole mo-
ment (. can be written as [17]

e*oogl
Ho= 3)

¢ 8moswg

where «f is the fine structure constant, e is the charge of an
electron, o9 = 67(c/wp)? is the photon-absorption cross sec-
tion of an atom, and I" is the natural full linewidth of the
transition in angular frequency. In the following calculations,
we assume w/wgy =~ 1, and that the electric field of light E, or
the intensity / is weak,

uiE*  T?1
h2 21

Q%= & (wo— )+ (I'/2)%, 4)
which corresponds to the elimination of the higher-order elec-
tric susceptibility. §2 is the Rabi frequency, and I is the sat-
uration intensity given by Iy = hwy /200 [17]. For Yb, wy =
27 x 751.5THz, I' = 27 x 29 MHz, 0y = 7.598 x 10~ 4 m?,
and I, = 0.60 mW /mm?.

2.1 Spin-0 isotopes: 168 Yb, 170 Yb, 172 Y, 174 yp,
176 Yb

In Fig. 2, we depict the level structure and the tran-
sition probabilities for o1 light of spin-0 isotopes. The refrac-
tive indices n+ become [18]

Znafcug

ny=1+ 2 g+1N &)

where N is the number density of the atoms, g, , (m;» = £1)
is given by

W, — ®
(@, — @)+ (/2%

gmj/ = (6)

and is the dispersive function of @ at the center frequency wy ,
which is the resonance frequency between the ground state
and the excited state m ;. From (5), the rotation angle becomes

r
p= §(8+1 —g-1)NoogL . @)

] 0.04 T T T
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~
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FIGURE 2 (a) Level structure and the transition probabilities for o4 light

of spin-0 isotopes. (b) Theoretical calculation of the rotation angle when
w41 = wo 2w x 1 MHz

It should be noted that the rotation angle is proportional to
NoyL. From (7) it is obvious that the rotation angle vanishes
when the excited states are degenerated such as w;| = w_;.
This is not the paramagnetic Faraday rotation but the diamag-
netic Faraday rotation, and is useful for magnetic field com-
pensation. Since the magnetic moment of 'P; state is as large
as one Bohr magneton, the stray magnetic field parallel to the
propagation of light, which leads to the Zeeman splitting of
the sublevels m ;» = +1 in the ! P; state, can be monitored via
this Faraday rotation. In Fig. 2b, we plot (7) as a function of w.
It should be noted that the rotation angle rapidly decreases at
off-resonance.

2.2 Spin-1/2 isotope: 171 Yb

To simplify the discussions in the following, we
assume that the applied magnetic field is very weak, and so
the magnetic sublevels are almost degenerate, and therefore
we do not consider the diamagnetic Faraday rotation dis-
cussed above. For this isotope, the good quantum number of
the 'P; state is F' = J'+ 1. To derive the transition proba-
bilities of each transition, the additional rule of angular mo-
menta must be considered [19]. The expansion coefficients
(J', I mypy,m;|J', I, F', mp) can be calculated as

(1, 1/2; £1, £1/21, 1/2; 3/2, £3/2)F =1, (8)
1

(1, 1/2: %1, F1/2[1,1/2:3/2,£1/2)F =2 )
2

(1, 1/2; £1, F1/2]1, 1/2; 1/2,11/2>|2=§, (10)

and the other coefficients become zero. In Fig. 3, we depict the
levels and the probabilities of the each transitions for o1 light.
The refractive indices become

2oc i’
N4 =1+7f2 He
e

2 1
X <g(3/2)N:tl/2 + gg(l/z)N:Fl/z + gng)le/z) ,
(11)
where g is the dispersive function at the center frequency
»'F), which is the resonance frequency between the ground

and each hyperfine excited state F’, and N4, is the number
density of atoms in the ground state m; = £1/2, respectively.
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FIGURE 3 Levels and squared transition probabilities of
spin-1/2 isotope. (a) For o_ light; (b) for o light

o- | o+
me 32 -1/2 +1/2 +3/2 | B2 12 +1/2 +3/2
p F=1/2
F=3/2 E | 7 /
2/3 | 3/
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From (11), the rotation angle becomes

r
=15 (897 =g"?) pNooL, (12)
where p = (Ny12 — N_i,2)/N is the spin polarization. It is

obvious that the rotation angle vanishes when there is no
population difference between the ground sublevels such as
p =0, and is proportional to NoyL as for the diamagnetic
Faraday rotation of (7). In Fig. 4, we plot (12) as a function of
w. It should be noted that the rotation angle slowly decreases
at off-resonance.

Since the total spin component of an atomic ensemble is
written as S, = pNmw?L/2, that is, p is proportional to S.,
it can be said that from (12) the rotation angle ¢ always re-
flects S, for any detuning, where w is the beam waist of the
probe light. In the case of the atoms having complicated level
structures, (2) is only satisfied for large detunings [12]. The

0.1 T T T T

0.05
0
-0.05

Q)/pNG()L

-0.1
15 -1

-0.5 0
(0—0@2)/21 [GHZ]
FIGURE 4 Rotation angle of spin-1/2 isotope. Here, we used the value of

the hyperfine splitting, ©1/? — wG/? = 27 x 320 MHz [20]

coupling constant «t| decreases, however, for large detunings.
This is one of the reasons why the spin-1/2 isotope is the most
ideal sample for spin QND.

2.3 Spin-5/2 isotope: 173 Yb

The level structure of spin-5/2 isotope is compli-
cated as is shown in Fig. 5. To simplify the discussion, we
consider the case that the atom is polarized at m; = +5/2 state
in the ground state. From the transition probabilities, the rota-
tion angle becomes

r
p=— (10g7% =740/ —64%/?) Noy L, (13)

84
where N is the number density of the atom. In Fig. 6, we plot
(13) as a function of w. It should be noted that the rotation
angle vanishes when there is no population difference among
the ground sublevels, similar to the case of spin-1/2 isotope.
24 Spin polarization

As is mentioned above, the rotation angle has non-
vanishing value when there is some population difference
among the ground sublevels. To make the population differ-
ence in the ground states, we performed the optical pumping
by using the 'Sy — !P;(F’ = I) transition with circularly po-
larized light. In Fig. 7, we describe the schematic of the optical
pumping with o light. The atom in m; # +1 state absorb
oy light, then emit o or & light and fall to a lower state. By
repeating the absorptions and the emissions, all populations fi-

FIGURE 5 Levels and some squared transition probabilities for

m. -7/2 -5/2 -3/2 -1/2 +1/2 +3/2 +5/2  +7/2
F=7/2
'P, F'=3/2
F'=5/2
1/21
2/3
2/7
'S, 1=5/2
m, 52 -3/2 -1/2 +1/2 +3/2 +5/2

spin-5/2 isotope
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M(F") Probability M(F") Probability
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-0.05 TABLE 2 Relative transition probabilities among the hyperfine sublevels
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FIGURE 6 Rotation angle of spin-5/2 isotope. Here we used the value
of the hyperfine splitting, ©®/? —w"/? = —27 x 73 MHz, and »®/? —

@7/ = —27 x 844 MHz [20], and we assumed the population is polarized
atmy = +5/2 state
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FIGURE 7 Schematic of the optical pumping. The atom in m; # +1 state
absorb o light (solid lines), then emit o4 or 7 light (dot lines) and fall to
a lower state. By repeating the absorptions and the emissions, all populations
finally transfer to the m; = 41 state

nally transfer to the m; = +1 state. The details of the optical
pumping are given in reference [18].

3 Experiments

For our experiments, we used the external cavity
laser diode (ECLD) and injection-locking of a laser diode
(LD) technique [21]. In Fig. 8, we show the basic setup to ob-
serve the paramagnetic Faraday rotation. The pump light is
magnified with lenses so as to cover the atom distribution. For
monitoring of the rotation angle, we constructed a polarimeter
which consists of two photodiodes (PD) and a current sensi-
tive amplifier.

Here, we note the property of the polarimeter. We define
Py, Pow, Py and P_ as the power in front of the atoms, be-
hind the atoms, in front of the PD of the + sense, and in
front of the PD of the — sense, respectively. The output of the
polarimeter is proportional to P, — P_ = Py Sin(2¢). Poy
can be measured by the relation Py = Py + P_. We also de-
fine the optical depth as — In( P,y / Pin). The optical depth for
resonance is useful since it reflects Noy L, which is the propor-

tional factor of the Faraday rotation as is shown in (7), (12),
and (13). In the case of spin-nonzero isotopes, we must take
into consideration the relative transition probabilities among
the excited hyperfine states and the ground state to deduce
NoyL. In Table 2, we show the probability factors.

3.1 Polarization spectroscopy with an atomic beam

Firstly, we observed the paramagnetic Faraday ro-
tation with an atomic beam. By use of an atomic beam, we
could continuously observe the signal. The number density of
the atomic beam was stable, and less insensitive for the photon
scattering. By pumping with circularly polarized light of an
appropriate frequency, we could isotope-selectively observe
the paramagnetic Faraday rotation.

The atomic beam was generated from a metallic Yb sam-
ple in an atomic oven at about 500 °C. The oven was in a vac-
uum chamber at a pressure of 3 x 107*Pa. A Helmholtz coil
was set around the atomic beam so as to cancel the stray mag-
netic field of about 1 x 10~* T parallel to the probe light. In
Fig. 9, we show the experimental apparatus set up.

In Fig. 10, we show the absorption spectrum with the
probe light. It shows that the atomic beam was so well col-
limated that the linewidth caused by the transverse Doppler
broadening is '™ = 27 x 57 MHz, about twice that of the
natural linewidth I", obtained from thefitting with the iso-
tope shifts and the hyperfine splittings [20], and the relative
transition probabilities for 7 polarized light among the hyper-
fine sublevels (Table 2). In the fitting, we approximated the
Doppler broadening I'™* as the natural line width I", known
as the 7, — T» approximation. From Fig. 10, we obtained
NoyL = 0.18 for 171'Yb and NoyL = 0.21 for '3 Yb.

In Fig. 11, we show the Faraday rotation with the opti-
cal pumping. Simultaneously, we show the theoretical curves
assuming the 7 — T, approximations and the perfect polar-
ization by the optical pumping. In Fig. 11a and b of the theor-
etical curve, we made corrections for the resonance frequency
»®? and w7/? , respectively, for the imperfect linearity of the
frequency sweep of our ECLD. As is shown in Fig. 11, the ro-
tation angle, except for near resonance, agrees well with the
theoretical estimation, which indicates that the optical pump-
ing was ideally performed.

PBS A4 lens
Pump s1. 10 N N
ight ™= VY] current
sensitive

A2 P. P PBS P amplifier FIGURE 8 Basic setup of the system. The paramagnetic Faraday
probe 1~ LA out hd Oscillo- rotation appears after optical pumping with circularly polarized
Iight i = Yb Scope light. The rotation angle is monitored with a polarimeter. PBS: po-
PBSO atoms larization beam splitter, A/4: quarter-wave plate, A/2: half-wave
@45 plate. Pin, Pout, P+ and P_ are the power values at the each point
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FIGURE 9 Atomic beam system and experimental setup for the polariza-
tion spectroscopy. The atomic oven was heated by electric current to obtain
a high-temperature of 500 °C. The atomic beam was collimated by an aper-
ture of diameter L = 5 mm, in a chamber evacuated by a turbo molecular
pump. A Helmholtz coil was set around the atomic beam so as to cancel the
stray magnetic field parallel to the probe light

0.6
0.5
0.4
03
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0
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Optical Depth
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FIGURE 10 Absorption spectrum of the atomic beam. It shows that the
atomic beam was so well collimated that the linewidth caused by the trans-
verse Doppler broadening is I™* =27 x 57 MHz, about twice that of the
natural linewidth I'. w74 is the resonance frequency of 174yp, which is the
most naturally abundant isotope (31.8%). The numbers in the parentheses
represent hyperfine quantum numbers

The rotation angles were small at some near-resonant fre-
quencies compared with the theoretical values. We think that
this is due to the depolarization by the probe light. The photon
scattering rate of a two-level system can be written as [18]

_r 2
T4 (0o — )2+ (I72)2+(2/2)2

r

(14)

The transit time of the probe region for an atom T can be es-
timated as T ~ 2w/v = 0.9 pus, where w is the probe beam
waist measured as w = (.14 mm, and v is the squared-average
longitudinal velocity of the atomic beam estimated as v =
0.3 km/s from the oven temperature. Since the intensity of the
probe light at the atomic beam region was 0.55 mW/mm?, the
photon absorption rate at the peak of the dispersive function
wo —w=I"*/2,becomes r ~ 4 x 107 s~ L. Therefore, the scat-
tering counts becomes T ~ 4 x 10!, which is large enough
to decrease the population differences. Strictly speaking, (14)
is inappropriate for discussing the photon scattering rate at
near-resonance, because !7''Yb and > Yb are not a two-level
system. However, we emphasize that the rotation angle ex-
cept for the near resonance agrees well with the theoretical
estimation.

As (7) indicates, the stray magnetic field parallel to the
probe light leads to diamagnetic Faraday rotation. In Fig. 11,

002 T T T T
0.015 | -

0.01 |
0.005 |
0 s
-0.005
-0.01 -
-0.015
-0.02 : :
4 05 0 05 1

((1)—(1)174)/27[ [G HZ]

¢ [rad]

i)

0.05
0.04
0.03
0.02
0.01

¢ [rad]

-0.01
-0.02

-1 -0.5 0
b (0—w174)/27 [GHZ]

FIGURE 11 Results of the Faraday rotation (solid lines), and theoretical
curves assuming perfect polarization (dot lines). (a) The frequency of the
pumping light was tuned at 171(1/2) resonance. (b) The frequency of the
pumping light was tuned at 173(5/2) resonance

0.5 1

1.5

the rotation angle vanished near the resonance frequencies of
170yb, 172Yb, 174Yb, and '7©Yb, which indicates that the stray
magnetic fields were well suppressed by the Helmholtz coil,
otherwise we could in fact observe the Faraday rotation as in
Fig. 2b. We emphasize that the magnetic field is not necessary
for spin polarization because the optical pumping process is
faster than the Larmor precession. This is the reason why Yb
can be easily highly polarized.

3.2 Ballistically expanding cold 1" Yb
atoms released from MOT
Secondly, we observed the paramagnetic Faraday

rotation of the ballistically expanding cold atoms released
from MOT. By use of cold atoms, it became possible to probe
an atomic ensemble for a long time, which was impossible for
the atomic beam due to the longitudinal velocity.

In Fig. 12, we show the experimental setup. By using
a glass cell (50 x 50 x 100mm) at the MOT chamber, we
could obtain good optical access to atoms in the MOT.
The background gas pressure in the glass cell was about
5x 107°Pa. The magnetic gradient created by the anti-
Helmholz coil was 4.3 x 107*T/mm along the axis. In
Fig. 13, we show the light source system. By using injection-
lock techniques [21], the frequency stabilizations of the two
LDs were experimentally simplified. In Fig. 14a, we show
their frequencies. The frequency of the master ECLD was
tuned at the red side of »®/?, that of the slower light was at
—216 MHz from »®/?, that of MOT light was at —26 MHz
from w®/?, and that of the pumping light was close to w(1/2).

The temperature of the trapped atom was typically 4 mK
estimated from the release and recapture method with an
MOT beam diameter of 10 mm, and a release time of 7.5 ms.
The trap lifetime was 0.3 s, measured by the decay of the fluo-
rescence after switching off the slower beam. The diameter of
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valve
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anti-Helmholtz
coil
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—_—
atomic
beam

MOT MOT

pump jon pump

ECLD

FIGURE 12 Experimental setup. By using a glass cell at the MOT chamber,
we could obtain good optical access to atoms. The background gas pressure
in the glass cell was about 5 x 10~ Pa. The magnetic gradient created by the
anti-Helmholz coil was 4.3 x 10~* T/mm along the axis

cylindrical optical
flleRS Isolator 7»/n2PBS
ECLD (~—p—= >
master

(0?7m )

FIGURE 13 Schematic of the light source for the MOT and optical pump-
ing of '71'Yb. FR:Faraday rotator, AOM:acousto-optic modulator. The typical
powers are also shown

the trapped atom cloud was L ~ 2 mm, as roughly estimated
by a CCD camera. The trapped atom number was typically
estimated as 7 x 10% from the intensity of the fluorescence. It
should be noted that we also succeeded in the MOT of '70Yb,
174Yb, and '7°Yb using the same system.

The optical depth before and after the release from the
MOT is shown in Fig. 14b, which was measured by the trans-
mission of the weak probe with an intensity of 0.06 W /mm?
at the resonant frequency /% . This data can be fitted as an
exponential function d exp(—t/7), where d and t are free pa-
rameters, and 7 is the time of flight. As a result, NopL in the
probe region is estimated as NogL = 3d/2 = 7.5 x 1072, and
the decay time is estimated as t = 2.2 ms. The decay after
the release was due to the expansion of the atom distribution.
Since the beam waist of the probe light was w = 0.5 mm, the
average velocity of the atom can be estimated as v ~ w/t =
0.2 m/s, which was three orders of magnitude smaller than the
atomic beam.

With this setup, we polarized the atoms via optical pump-
ing after the release from the MOT, while probing the Faraday
rotation with an intensity of 0.3 uW/mm?. The detuning of

F'=1/2
B e £ 0.06 |
2 004
pump 8 (.02
masterT =
ECLD | MOT s 0
slower
's
a’ I=1/2 b ¢ [msec]

FIGURE 14 (a) Each frequency of light. The frequency of the master ECLD
was tuned at the red side of »®/2), that of the slower light was at —216 MHz
from w®/2 that of MOT light was at —26 MHz from ®B/?  and that of the
pumping light was close to !/?). (b) The optical depth of the MOT meas-
ured by the probe light whose frequency was tuned at @3/ The dot is the
experimental value, and the /ine is the fitting curve

0.001 [ : : : :

¢ [rad]

-0.004 : : : :
2 0 2 4 6 8

t [msec]

FIGURE 15 Experimental result of the rotation angle (dot). The rotation
angle decays caused by the expansion of the atom distribution from the probe
region. The solid line is the theoretical curve estimated from Fig. 14b

the probe beam was set at @ — »®/? = 27 x 0.16 GHz, which
corresponds to the center of the two hyperfine resonances (see
Fig. 4 and also Fig. 11a). At this probe frequency, ¢/pNogL
is 3.0 x 1072 In Fig. 15, we show the experimental result of
the Faraday rotation and the fitting curve by an exponential
function. The experimental result agrees well with the theoret-
ical estimation assuming perfect polarization p = 1. It should
be noted that the optical pumping was completed much more
rapidly when compared with the expansion time.

The probed atom number was 28 = Nrw?L =7 x 10°,
which was one order of magnitude smaller than the trapped
atom number. Therefore, the whole trapped atom could not be
observed. To improve the matching between the atomic distri-
bution and the probe region, compression of the MOT will be
required.

33 Larmor precession of trapped 171 Yb

Finally, we observed the Faraday rotation signal of
7Yb atoms trapped in a single FORT and its Larmor pre-
cession due to an applied magnetic field. By using FORT, the
decay caused by the ballistic expansion was overcome.

In Fig. 16, we describe the experimental setup. As the
FORT beam, we used a diode-pumped solid state (DPSS)
laser. After the loading of the atom from the MOT to FORT,
we polarized the atoms via the optical pumping. As a result,
the trapped atom number was 2§ = 8 x 10%, the tempera-
ture was 0.1 mK, the distribution was the pencil shape of
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FIGURE 16 Experimental setup for the observation of the Larmor preces-
sion of trapped 71 Yb. After the optical pumping, the atom precessed by an
applied magnetic field. The precession was monitored via the paramagnetic
Faraday rotation of the probe light
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0.1
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g 0
<
-0.1
-0.2
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FIGURE 17 Experimental result of the rotation angle (dot line). The bold
line is the fitting curve, based on (15). The rotation angle oscillates at the
Larmor frequency, and decays by the trap loss of the atomic ensemble

the waist 3 wm, and the length L = 1 mm [16]. The probe
beam of the diameter 30 mm was focused by a lens of
focal length 300 mm, so as to match the atomic distribu-
tion. In spite of these efforts, the beam waist of the probe
beam at the atom distribution was w = 30 wm, which was
not narrow enough for atomic distribution. Therefore, ef-
fectively NoyL in the expression of ¢ becomes smaller and
NooL = 2S0y/(mw?) = 2 x 10%. The detuning of the probe
beam was set at w — w®/? = 27 x 1.6 GHz, which was blue
detuning so as not to induce photoassociation [22]. At this
probe frequency, ¢/ pNoyL is 3.8 x 10~%. Since the magnetic
field was measured as 3.5 x 10~ T, the precession frequency
was wp = 21 x 2.6 kHz, derived from the gyromagnetic ratio
7.50 x 10 Hz/T.

In Fig. 17, we show the experimental result, where T is
the time after the optical pumping. It should be noted that this
signal represents the difference between the Faraday rotation
signals with and without the optical pumping.

This signal can be fitted by
o= ®exp(—T/v)sin (wpT +0) , (15)
where @, 7, and 0 are free parameters. The frequency agrees
with the Larmor frequency wg. The amplitude of the rotation
angle @ also agrees with the assumption of perfect polariza-
tion p = sin(wpT +0).

We think the reason for the decay is that the photon
scattering decreases NogL. Since the probe intensity at the
atom was I = 0.70 mW/mm?, the photon scattering rate be-
comes r = 8.7 x 10° s~!. The acceleration roughly becomes
a ~ hwr/Mi71c = 51 m/s?, where M7, is the mass of 7' Yb.

The hold time in the trap region roughly becomes /2L /a =
6 ms. This value is comparable to the experimental result. An-
other reason for the decay is the depolarization caused by the
photon scattering. The trap loss and the depolarization can
be suppressed by taking more off-resonance and reducing the
intensity. Moreover, by improving the probe light beam diam-
eter so as to match the atom distribution, the rotation angle
remains large enough as is calculated in [23].

4 Conclusions

In this paper, we derive the theoretical value of the
paramagnetic Faraday rotation of Yb atoms, and report its ob-
servation. As the atomic samples, we used an atomic beam,
released atoms from a MOT, and trapped atoms in a FORT.
By use of an atomic beam which includes many isotopes,
we demonstrated the polarization spectroscopy by isotope-
selective optical pumping. Using released atoms from the
MOT, we observed the Faraday rotation of the ballistically ex-
panding cold atoms. By use of the trapped atom in FORT, we
observed the Larmor precession by an applied magnetic field.
In this system, we have succeeded in almost perfect polariza-
tion, which was evaluated from the rotation angle. These re-
sults are important progresses for the realization of spin QND,
spin squeezing via one-axis twisting with coherent light [23],
the search for the permanent electric dipole moment of ytter-
bium atom [11], and so on.
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