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Parity-nonconserving optical rotation on the 6s6p 3P0\6s6p 1P1 transition in atomic ytterbium

D. F. Kimball*
Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300

~Received 29 November 2000; published 19 April 2001!

A new scheme to measure parity-nonconserving effects in atomic ytterbium is proposed. This method entails
measuring parity-nonconserving optical rotation on the 1.28mm 6s6p 3P0→6s6p 1P1 transition, for which
optical rotation per unit absorption length is predicted to be an order of magnitude larger than that for
transitions experimentally studied in thallium, lead, and bismuth. In the proposed experiment using a vapor cell
filled with buffer gas, the lifetime of the lower metastable 6s6p 3P0 state is limited by collisional de-
excitation. Atoms are excited to the lower metastable state by, e.g., short (;10 ns) near-resonant light pulses
and spurious optical rotation is subtracted on a pulse by pulse basis. The potential sensitivity of this technique
may enable precise measurements of electroweak parameters.
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Ever since it was noted that parity nonconserving effe
due to neutral weak interactions were considerably enhan
in heavy atoms@1#, measurements of atomic parity nonco
servation~PNC! have been important tests of the standa
model of electroweak interactions@2#. Early measurement
@3,4# confirmed the existence of parity-violating neutr
weak currents, and more recent precision measuremen
thallium @5,6# and especially cesium@7,8# are stringent quan
titative tests of the standard model in the regime of lo
momentum transfer. Nuclear spin-dependent PNC effe
primarily due to the nuclear anapole moment@9#, were first
observed in the Boulder Cs PNC experiment@7#. Measure-
ments of nuclear anapole moments are unique probes o
electroweak interaction in the hadron sector. In fact, both
detection of the Cs anapole moment@7# and the null result in
Tl @5# provide important information on the weak mes
coupling constants. Atomic PNC measurements also c
strain many possible extensions of the standard model~see,
e.g., Refs.@10–15#!. In order to provide improved tests of th
standard model, the next generation of atomic PNC exp
ments~for recent reviews, see, e.g., Refs.@16–18#! aims to
increase the precision of nuclear spin-independent ato
PNC measurements and to measure nuclear spin-depe
PNC effects in a variety of atoms.

The ability of atomic PNC measurements to probe fun
mental physics is limited both by experimental precision a
by the accuracy of theoretical calculations of atomic str
ture. The uncertainties in atomic theory can be circumven
by comparing PNC effects in a chain of isotopes@19#. How-
ever, uncertainties due to incomplete knowledge of nuc
structure, in particular the neutron distribution, are not elim
nated in an isotopic comparison and may eventually li
interpretation of atomic PNC measurements with respec
the standard model@20#. The nuclear spin-independent PN
effect is proportional to the weak chargeQW , given by

QW~Z,N!52N1Z~124 sin2 uW!, ~1!

whereZ is the atomic number,N is the number of neutrons
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and uW is the weak mixing angle. Thus the sensitivity
fundamental parameters of the ratio of PNC measurem
for different isotopes is reduced by;DN/N compared to the
sensitivity of a single isotope measurement, whereDN is the
difference between the numbers of neutrons for the isoto
It is therefore advantageous to measure PNC effects in
topes with the largest possible difference in neutron nu
bers.

Atomic Yb has been identified as a promising system
measurements of atomic PNC effects@21#. Ytterbium has a
pair of close-lying~separated by'589 cm21) opposite par-
ity states (6s5d 3D1 , 6s6p 1P1) which are expected to be
strongly mixed by weak neutral current interactions@21–23#.
Ytterbium has seven stable isotopes with maximumDN
58, two of which (171Yb, 173Yb) have nonzero nuclea
spin, permitting both isotopic comparison of PNC effects a
measurement of nuclear anapole moments. It is interestin
note that since171Yb and 173Yb have valence neutrons, mea
surements of the Yb anapole moments provide constraint
the weak meson coupling constants that are orthogona
those obtained from anapole measurements in Cs and T

An atomic beam experiment currently in progress in t
laboratory will measure PNC effects in Yb using the Sta
PNC interference technique with the 408-nm 6s2 1S0
→6s5d 3D1 transition@21,24,25#. This experiment will de-
tect an asymmetry in transition rates arising from the int
ference of the PNC-induced and Stark-induced electric
pole transition amplitudes,A(E1)PNC and A(E1)Stark,
respectively. Recently, the possibility of performing such
experiment in a vapor cell has been explored@26#. An Yb
PNC experiment in a vapor cell could take advantage
higher atomic densities and offer a potential improvemen
statistical sensitivity to PNC effects. In particular, PNC me
surements in less abundant isotopes, such as168Yb ~0.14%
natural abundance!, could be significantly improved by usin
isotopically pure Yb contained in a vapor cell.

Here we consider an alternative scheme for measu
PNC effects in Yb using a vapor cell, which may offer se
eral advantages. The proposed experiment would mea
PNC-induced optical rotation~rotation of the polarization
plane of linearly polarized light as it propagates through
atomic vapor! on the 1.28-mm 6s6p 3P0→6s6p 1P1 transi-
©2001 The American Physical Society13-1
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tion @27# ~Fig. 1!. PNC-induced optical rotation arises due
the interference ofA(E1)PNC with the magnetic dipole tran
sition amplitudeA(M1), which causes the indices of refra
tion for left- and right-circularly polarized light to differ~see,
e.g., Ref.@29# for a discussion of the basic principles
PNC-induced optical rotation experiments!.

This approach circumvents possible limitations due to
ac-Stark effect on the statistical sensitivity of the Stark-P
interference technique. In the atomic beam experiment u
the 408-nm 6s2 1S0→6s5d 3D1 transition @21,24,25#, a
power buildup cavity will be employed to increase the lig
intensity at 408 nm~similar to the technique developed fo
the Cs PNC experiment@7#!. Atoms interacting with the
408-nm standing wave at different locations will experien
different ac-Stark shifts, effectively broadening the tran
tion. This effect could limit the light intensity that can b
used in the experiment and thus limit the achievable stat
cal sensitivity of the Stark-PNC interference method. An o
tical rotation experiment on the 1.28-mm 6s6p 3P0
→6s6p 1P1 transition would be free from this particula
limitation, since it would employ relatively weak light~no
power buildup cavity!.

In recent, precise measurements of PNC-induced op
rotation using thallium@5,6#, lead@28#, and bismuth@30#, it
was necessary to subtract spurious light waveleng
dependent background rotation produced by imperfection
the apparatus by comparing optical rotation in empty cells
rotation in cells filled with the atom of interest. Since the Y
1.28 mm transition is between excited states, there is a c
venient method for subtraction of such spurious backgro
rotation. Namely, the optical rotation can be measured a
function of the density of atoms in the metastable3P0 state,
and rotation that is independent of the3P0 population can be

FIG. 1. Partial energy-level diagram~not to scale! of Yb show-
ing the states strongly mixed by the parity-nonconserving neu
weak interaction and the 1.28mm magnetic dipole transition.
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subtracted. In a pulsed experiment, since atoms excited to
metastable 3P0 state will decay between pulses due
atomic collisions@26# ~discussed below!, this background
subtraction can be performed rapidly~for each pulse! with-
out using empty cells or different cell temperatures. T
approach, like the recent proposal to use electromagnetic
induced transparency in measurements of PNC-induced
tical rotation @31#, would eliminate systematic uncertaintie
associated with the slow drift of background rotation.

This method of measuring PNC effects in Yb requir
efficient population of the lower state of the 1.28mm tran-
sition ~the metastable 6s6p 3P0 state!. This can be accom-
plished using nonlinear optical processes~such as amplified
spontaneous emission! generated when light at 262 nm
tuned to resonance with the 6s2 1S0→6s7p 3P1 transition
@32# ~Fig. 2!. For 262-nm light pulses of sufficient intensity
experiments have shown that;20% of the atoms can be
transferred to the3P0 state by nonlinear optical process
@32#. Efficient population of the3P0 state may also be pos
sible using two-step excitation from the ground state~e.g.,
6s2 1S0→6s6p 3P1→6s7s 3S1 or 6s2 1S0→6s6p 3P1
→6s5d 3D1) and spontaneous decay to the metastable3P0
state~Fig. 3!. Another possibility is to use a pulsed electr
discharge to populate the metastable state. It may also
important that the chosen population scheme selectiv
populates the3P0 state, and not the 6s6p 1P1 state. Since
the total angular momentumJ50 for the 3P0 state, there can
be no atomic polarization-related optical rotation due to
population of this state. However, polarization of th
6s6p 1P1 state induced during the population of the me
stable state could cause an optical rotation signal that wo
mimic the time dependence of PNC-induced optical rotati

al FIG. 2. Partial energy-level diagram~not to scale! of Yb show-
ing the population scheme using nonlinear optical processe
populate the metastable 6s6p 3P0 state, discussed in Ref.@30#.
3-2
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FIG. 3. Partial energy-leve
diagrams ~not to scale! of Yb
showing alternative methods o
populating the metastable
6s6p 3P0 state using two step ex
citation followed by spontaneou
decay.
-
to
la

t-

es

-

e

lar
n

i-
Although the lifetime of the 6s6p 1P1 state is relatively
short ('5.5 ns, see Ref.@33# and references therein!, the
population of the 6s6p 1P1 state will exist for a longer pe
riod of time under the conditions of our experiment due
radiation trapping, since it will be necessary to work at re
tively high Yb densities~discussed below!.

The PNC-induced optical rotationfPNC arises due to the
difference in the indices of refraction for left- and righ
circularly polarized light (n1 andn2 , respectively!:

fPNC5
p l

l
Re~n12n2!, ~2!

where l is the path length of the vapor andl is the wave-
length of the light in vacuum. The difference of the indic
of refraction arising due to PNC is described by~see, e.g.,
Ref. @29#!

ReS n12n2

n21 D'4
Im@A~E1!PNC#

A~M1!
, ~3!

wheren'(n11n2)/2. Thus forfPNC we have

fPNC'
4p l

l
Re~n21!

Im„A~E1!PNC…

A~M1!
, ~4!

for which the maximum rotation amplitude is given by

fPNC
max'2

l

l 0

Im@A~E1!PNC#

A~M1!
, ~5!

wherel 0 is the absorption length.
The upper state of the 1.28mm transition, nominally

6s6p 1P1, has a relatively large admixture~about 0.16 in
amplitude! of 3P1 @34#. TheM1 amplitude for the 1.28mm
transition, primarily due to this term mixing, is given by
05211
-

A~M1!5^6s6p 1P1uA~m̂1!u6s6p 3P0&

'20.16mB^6s6p 3P1uLz12Szu6s6p 3P0&

'0.13mB , ~6!

where we consider light linearly polarized along thez axis,m̂
is the magnetic dipole operator, andLz and Sz are the pro-
jections alongz of orbital angular momentum and spin, re
spectively.

The PNC-induced electric dipole amplitudeA(E1)PNC is
estimated from

A~E1!PNC5^6s6p 1P1uezu6s6p 3P0&

'b
^5d3/26s1/2uHwu5d3/26p1/2&

DE

3^6s5d 3D1uezu6s6p 3P0&, ~7!

whereHw is the PNC weak-interaction Hamiltonian in th
nonrelativistic limit, e is the electron charge,b'0.26 is a
coefficient given by an estimate in Ref.@21# that describes
the configuration mixing amplitude and relevant angu
mixing coefficients for the state with nominal configuratio
and term 6s6p 1P1 with the u5d3/26p1/2& state, andDE
'589 cm21 is the energy separation of the 6s5d 3D1 and
6s6p 1P1 states. The mixing of the 6s5d 3D1 and 6s6p 1P1
states by the weak interaction was estimated in Ref.@21#, so
in order to find A(E1)PNC, we need only calculate
^6s5d3D1uezu6s6p3P0&. This matrix element can be est
mated from the lifetime t5380(30) ns @33# of the
6s5d 3D1 state and branching ratioj'0.7 to the 6s6p 3P0
state with the formula@35#

u^6s5d 3D1uezu6s6p 3P0&u25
j

t

3\

4 S l

2p D 3

. ~8!

From Eqs.~7! and ~8!, we find that

uIm@A~E1!PNC#u'7310210ea0 , ~9!
3-3
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D. F. KIMBALL PHYSICAL REVIEW A 63 052113
wherea0 is the Bohr radius. From these estimates, we ob
from Eq. ~5! that the amplitude of the PNC-induced optic
rotation is

fPNC
max'~331026!

l

l 0
rad. ~10!

Note that this value for the Yb PNC-induced optical rotati
per unit absorption length is about an order of magnitu
larger than that for thallium, lead, and bismuth. Part of t
enhancement is due to the fact that theA(M1) amplitude for
the Yb transition is smaller, meaning also that it is mo
difficult to achieve an absorption length at 1.28mm.

The optimal statistical sensitivity to optical rotation
achieved for about two absorption lengths at the wavelen
of interest. Indeed, as can be seen from Eq.~5!, the optical
rotation angle increases linearly with the path length throu
the vaporl while the transmitted light power~due to resonan
absorption! falls ase2 l / l 0, so the signal~the product of trans-
mitted light intensity and rotation angle! is proportional to
le2 l / l 0. The shot-noise limit for any polarimeter is propo
tional to the square root of the number of photons incident
the analyzer@36#. It follows that the signal-to-noise ratio i
optimal when

]

] l
~ le2 l /2l 0!5S 12

l

2l 0
De2 l /2l 050, ~11!

or whenl 52l 0.
The density of atoms in the metastable 6s6p3P0 statenm

required to obtain an absorption length at 1.28mm can be
estimated from a calculation of the resonant absorption c
sectionsabs using the relation

l

l 0
5nmsabsl S g0

gD
D , ~12!

whereg0 /gD describes the fraction of atoms resonant w
the light, whereg0 is the natural width of the transition an
gD is the Doppler width (;2p3400 MHz). The resonan
absorption cross section is given by~see, e.g., Ref.@35#!:

sabs'
l2

2p

gp

g0
, ~13!

where gp is the partial width of the 1.28mm transition,
estimated from~see, e.g., Ref.@35#!:

gp5
4

3

~2p!3

\l3

im̂i2

2J11
, ~14!

where iA(m̂)i is the reduced matrix element for th
1.28 mm transition andJ51 is the total angular momentum
of the upper state. From these considerations, we estim
that nml;1019 cm22 for an optimal experiment. For a ce
length of 100 cm, this would require a metastable state d
sity of nm;1017 cm23.

Both the statistical sensitivity of this method and the
fectiveness of the technique for subtracting spurious ba
05211
in

e
s

th

h

n

ss

te

n-

-
k-

ground rotation depend on the lifetime of the metastable3P0

state. At Yb densities of*1017 cm23, the lifetime of the
metastable3P0 state may be limited by Yb-Yb collisions, fo
which upper limits for the de-excitation cross sections~those
for both the ground state and excited states! were found to be
;10214 cm2 in Ref. @26#. In Ref. @26#, Yb atoms contained
in a tantalum-lined stainless steel vapor cell were excited
the 3P0 state by 262-nm light resonant with the 6s2 1S0
→6s7p 3P1 transition followed by cascade decay. The e
periment used noble buffer gases~helium and neon! to limit
diffusion of excited Yb atoms to the cell walls, and the pop
lation of the metastable3P0 state was monitored by detec
ing absorption of a weak, cw probe beam at 649 nm~reso-
nant with the 6s6p 3P0→6s7s 3S1 transition, see Fig. 3!.
The upper limits on Yb-Yb quenching cross sections w
estimated from the dependence of the quenching rate on
por cell temperature. The Yb-Yb quenching cross secti
may be smaller than the reported upper limits since th
may have been a relatively high concentration of impurit
~with large quenching cross sections! following nearly the
same dependence on vapor cell temperature as the Yb
sity. Additionally, it is possible that de-excitation of the3P0
state may have been primarily due to collisions with atoms
the metastable 6s6p 3P2 state, so the Yb-Yb collisiona
quenching of the metastable state could be reduced in a
ferent population scheme. In fact, similar states in merc
~which has ground-state electronic configurati
@Xe#6s24 f 145d10, analogous to Yb’s@Xe#6s24 f 14) have
three orders of magnitude smaller cross sections for que
ing by collisions with ground-state atoms@37#. In the most
optimistic case, the lifetime of the metastable state would
limited primarily by collisions with buffer gas atoms~such as
He!, which would be used in a PNC experiment to limit th
diffusion rate of excited Yb atoms from the probe regio
The cross sections for collisional quenching of the3P0 state
by noble gases are very small,&10221 cm2 @26#, so meta-
stable Yb atoms may be able to survive many ms at bu
gas pressures of several hundred Torr. It is crucial to ac
rately determine the Yb-Yb3P0 quenching cross sections i
order to gauge the feasibility of the proposed PNC exp
ment.

To illustrate the potential of this method for measuri
PNC effects in Yb, the statistical sensitivity of the propos
experiment can be estimated, for one particular set of par
eters, as follows. Here we employ the population sche
discussed in Ref.@32# ~illustrated in Fig. 2! and assume the
Yb-Yb quenching cross sections are;10217 cm2 ~like those
for the Hg states!. For each 262 nm pulse about 20% of th
Yb atoms end up in the metastable state~roughly corre-
sponding to the expectations from measurements of non
ear emissions in Ref.@32#!. For a cell lengthl'100 cm, the
required Yb density to achieve two absorption lengths for
1.28 mm transition is;531017 cm23.

In order to sufficiently populate the metastable state,
energy per pulse at 262 nm must be;400 mJ for a laser
beam cross-sectional area of 0.02 cm2 ~achievable with
available commercial lasers!. We assume a repetition rate o
R;10 pulses/s. Continuous wave diode lasers at 1.28mm
with powers of 25 mW are also commercially available. T
3-4



s
-
-

ty

e
if
ifi

be
Yb
s

ys
as
in
th
o
a

ent

the
ly,

ion

k-
rob-
ec-
he

ll,
fied
er-
ely,
l

ity.
ac-
ass

er,
i,
and
en
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shot-noise-limited sensitivity to optical rotationdf can be
estimated from these parameters:

df'
1

ANgtm

1

ART
'~431027!

1

AT
rad, ~15!

whereNg;531016 is the number of photons at 1.28mm
incident on the polarization analyzer per second,tm
;531026 s is the Yb-Yb collision-limited lifetime of the
metastable state, andT is the measurement time in second
Using these parameters, forT;106 s, the expected frac
tional uncertaintydf/fPNC in a measurement of PNC
induced optical rotation is;1024. A measurement of PNC
effects in different isotopes of Yb at this level of sensitivi
would complement the Cs@7,8# and Tl @5,6# PNC results as
significant probes of electroweak interactions and new tr
level physics@11#. Of course, it is important to note that
the Yb-Yb collisional de-excitation cross sections are sign
cantly larger than;10217 cm2, this technique would not be
as favorable.

If the Yb-Yb 3P0 quenching cross sections turn out to
rather large, then it still may be possible to perform a
optical rotation PNC experiment by employing a multipa
cavity ~see, e.g., Ref.@29# and references therein!. In Ref.
@38#, it was found that the most significant sources of s
tematic errors for a PNC experiment employing a multip
cavity arose from birefringence of the mirror coatings, w
dows, and birefringence due to off-normal incidence of
light beam. It appears that all of these effects can be c
rected for in our experimental scheme, since they are
um

te

x,

m

ob

nd
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independent of the density of atoms in the3P0 state. Thus
the path lengthl can reach at least 104 cm, lowering the
required metastable state density for an optimal experim
to nm;1015 cm23.

In conclusion, we have proposed a new approach to
study of parity-nonconserving effects in atomic Yb, name
measuring PNC-induced optical rotation on the 1.28mm
~metastable! 6s6p 3P0→6s6p 1P1 transition. Estimates
given above indicate that optical rotation per unit absorpt
length in Yb is an order of magnitude larger than for Tl@5,6#,
Pb @28#, or Bi @30#. Spurious frequency-dependent bac
ground rotation caused by the apparatus, a significant p
lem in most optical rotation PNC experiments, can be eff
tively subtracted in an individual pulse by measuring t
optical rotation as a function of the 6s6p 3P0 state popula-
tion. Since the experiment will be performed in a vapor ce
this approach is suitable for PNC measurements on puri
Yb isotopes with low natural abundance. In order to det
mine the merits of the proposed experiment more accurat
it is crucial to experimentally determine Yb-Yb collisiona
de-excitation cross sections, which may limit the Yb dens
This approach, due to the effective mechanism for subtr
tion of apparatus rotation, may also permit use of a multip
cavity to enhance the PNC signal.
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