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Parity-nonconserving optical rotation on the 6s6p 3P,— 6s6p P, transition in atomic ytterbium
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A new scheme to measure parity-nonconserving effects in atomic ytterbium is proposed. This method entails
measuring parity-nonconserving optical rotation on the 1,28 6s6p *P,— 6s6p P, 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 metastable6p 3P, state is limited by collisional de-
excitation. Atoms are excited to the lower metastable state by, e.g., shb@ (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 honconserving effectand 6,y is the weak mixing angle. Thus the sensitivity to
due to neutral weak interactions were considerably enhancddndamental parameters of the ratio of PNC measurements
in heavy atomg1], measurements of atomic parity noncon- for different isotopes is reduced byAN/N compared to the
servation(PNC) have been important tests of the standardsensitivity of a single isotope measurement, whekeis the
model of electroweak interactiodg]. Early measurements difference between the numbers of neutrons for the isotopes.
[3,4] confirmed the existence of parity-violating neutral It is therefore advantageous to measure PNC effects in iso-
weak currents, and more recent precision measurements iopes with the largest possible difference in neutron num-
thallium[5,6] and especially cesiufiY,8] are stringent quan- bers.
titative tests of the standard model in the regime of low- Atomic Yb has been identified as a promising system for
momentum transfer. Nuclear spin-dependent PNC effectsneasurements of atomic PNC effef®l]. Ytterbium has a
primarily due to the nuclear anapole mom¢ga}, were first  pair of close-lying(separated by=589 cmi ') opposite par-
observed in the Boulder Cs PNC experimgnL Measure- ity states (85d°D;, 6s6p P;) which are expected to be
ments of nuclear anapole moments are unique probes of thstrongly mixed by weak neutral current interactigpfs—23.
electroweak interaction in the hadron sector. In fact, both thertterbium has seven stable isotopes with maximai
detection of the Cs anapole momé¢it and the null resultin - =8, two of which ¢’Yb, "3Yb) have nonzero nuclear
TI [5] provide important information on the weak meson spin, permitting both isotopic comparison of PNC effects and
coupling constants. Atomic PNC measurements also conmeasurement of nuclear anapole moments. It is interesting to
strain many possible extensions of the standard m#s, note that sincé’*Yb and *3vb have valence neutrons, mea-
e.g., Refs[10-15). In order to provide improved tests of the surements of the Yb anapole moments provide constraints on
standard model, the next generation of atomic PNC experithe weak meson coupling constants that are orthogonal to
ments(for recent reviews, see, e.g., Ref$6-18) aims to  those obtained from anapole measurements in Cs and TI.
increase the precision of nuclear spin-independent atomic An atomic beam experiment currently in progress in this
PNC measurements and to measure nuclear spin-dependéatsoratory will measure PNC effects in Yb using the Stark-
PNC effects in a variety of atoms. PNC interference technique with the 408-nms?6S,

The ability of atomic PNC measurements to probe funda-- 6s5d °D, transition[21,24,29. This experiment will de-
mental physics is limited both by experimental precision andect an asymmetry in transition rates arising from the inter-
by the accuracy of theoretical calculations of atomic strucference of the PNC-induced and Stark-induced electric di-
ture. The uncertainties in atomic theory can be circumventeg@ole transition amplitudes, A(E1)pne and A(E1)sark
by comparing PNC effects in a chain of isotopp@8]. How-  respectively. Recently, the possibility of performing such an
ever, uncertainties due to incomplete knowledge of nucleagxperiment in a vapor cell has been exploféé]. An Yb
structure, in particular the neutron distribution, are not elimi-PNC experiment in a vapor cell could take advantage of
nated in an isotopic comparison and may eventually limithigher atomic densities and offer a potential improvement in
interpretation of atomic PNC measurements with respect t@tatistical sensitivity to PNC effects. In particular, PNC mea-
the standard mod¢R0]. The nuclear spin-independent PNC surements in less abundant isotopes, such®®¢b (0.14%

effect is proportional to the weak char@gy, given by natural abundangecould be significantly improved by using
_ isotopically pure Yb contained in a vapor cell.
QwW(Z,N)=—N+Z(1—4sirt 6y), 1) Here we consider an alternative scheme for measuring

PNC effects in Yb using a vapor cell, which may offer sev-
whereZ is the atomic numbe\ is the number of neutrons, eral advantages. The proposed experiment would measure
PNC-induced optical rotatiorirotation of the polarization
plane of linearly polarized light as it propagates through the
*Email address: dfk@socrates.berkeley.edu atomic vapoy on the 1.28um 6s6p *P,— 6s6p P, transi-
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FIG. 2. Partial energy-level diagrafmot to scalg of Yb show-
weak interaction and the 1.2@m magnetic dipole transition. 9y gram 2

ing the population scheme using nonlinear optical processes to

. . . ) . ) opulate the metastablesGp 3P, state, discussed in RdB0].
tion [27] (Fig. 1). PNC-induced optical rotation arises due to Pop 80P 480]

the interference oA(E1)pnc With the magnetic dipole tran- subtracted. In a pulsed experiment, since atoms excited to the
sition amplitudeA(M 1), which causes the indices of refrac- metastable3P, state will decay between pulses due to
tion for left- and right-circularly polarized light to diffqlsee, atomic collisions[26] (discussed beloyy this background
e.g., Ref.[29] for a discussion of the basic principles of subtraction can be performed rapidlipr each pulsgwith-
PNC-induced optical rotation experiments out using empty cells or different cell temperatures. This

This approach circumvents possible limitations due to theapproach, like the recent proposal to use electromagnetically
ac-Stark effect on the statistical sensitivity of the Stark-PNGnduced transparency in measurements of PNC-induced op-
interference technique. In the atomic beam experiment usintical rotation[31], would eliminate systematic uncertainties
the 408-nm 82!S,—6s5d°D; transition [21,24,23, a  associated with the slow drift of background rotation.
power buildup cavity will be employed to increase the light This method of measuring PNC effects in Yb requires
intensity at 408 nm(similar to the technique developed for efficient population of the lower state of the 1.28m tran-
the Cs PNC experimerit7]). Atoms interacting with the sition (the metastable $5p 3P, state. This can be accom-
408-nm standing wave at different locations will experienceplished using nonlinear optical procesgssch as amplified
different ac-Stark shifts, effectively broadening the transi-spontaneous emissipmenerated when light at 262 nm is
tion. This effect could limit the light intensity that can be tuned to resonance with thes$'S,—6s7p 3P, transition
used in the experiment and thus limit the achievable statistif32] (Fig. 2). For 262-nm light pulses of sufficient intensity,
cal sensitivity of the Stark-PNC interference method. An op-experiments have shown that20% of the atoms can be
tical rotation experiment on the 1.28n 6s6p3P, transferred to the’P, state by nonlinear optical processes
—6s6p 1P, transition would be free from this particular [32]. Efficient population of the’P, state may also be pos-
limitation, since it would employ relatively weak liglfho  sible using two-step excitation from the ground stéey.,
power buildup cavity. 6s?1S,—6s6p 3P;—6s7s3S;, or  6s?1S,—6s6p 3P,

In recent, precise measurements of PNC-induced optical6s5d °D;) and spontaneous decay to the metastdblg
rotation using thalliuni5,6], lead[28], and bismuti{30], it  state(Fig. 3). Another possibility is to use a pulsed electric
was necessary to subtract spurious light wavelengtheischarge to populate the metastable state. It may also be
dependent background rotation produced by imperfections iimportant that the chosen population scheme selectively
the apparatus by comparing optical rotation in empty cells tpopulates the’P,, state, and not the $6p 1P, state. Since
rotation in cells filled with the atom of interest. Since the Yb the total angular momentuth=0 for the 3P, state, there can
1.28 um transition is between excited states, there is a conbe no atomic polarization-related optical rotation due to the
venient method for subtraction of such spurious backgroungiopulation of this state. However, polarization of the
rotation. Namely, the optical rotation can be measured as @s6p P, state induced during the population of the meta-
function of the density of atoms in the metastaBR, state, stable state could cause an optical rotation signal that would
and rotation that is independent of tAB, population can be mimic the time dependence of PNC-induced optical rotation.
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Although the lifetime of the 66p P, state is relatively A(M1)=(6s6p P,|A(1)|6s6p 3p0>
short (=5.5 ns, see Ref.33] and references therginthe s 5
population of the 86p 1P, state will exist for a longer pe- ~—0.16ug(6s6p *Py|L,+2S,[6s6p *Py)
riod of time under the conditions of our experiment due to ~0.13 6)
~0.13ug,

radiation trapping, since it will be necessary to work at rela-
tively high Yb densitiegdiscussed below where we consider light linearly polarized along thexis, it

~ The PNC-induced optical rotatiofipnc arises due to the i the magnetic dipole operator, ahd and S, are the pro-
difference in the indices of refraction for left- and right- jections alongz of orbital angular momentum and spin, re-
circularly polarized light 6, andn_, respectively. spectively.

The PNC-induced electric dipole amplitud€E1)pyc is

7l estimated from
¢PNCITan+_n7)y 2
A(E1)pnc=(BS6p 1P1|eZ6s6p °Py)
wherel is the path length of the vapor andis the wave- (5d3/2651/5/Hy|5d36P1/2)
length of the light in vacuum. The difference of the indices ~b AE
of refraction arising due to PNC is described (sge, e.g.,
Ref. [29]) X (6s5d °D4|eZ6s6p °Py), (7)
whereH,, is the PNC weak-interaction Hamiltonian in the
Re(m—n)% IM[A(EL)pncl (3  nonrelativistic limit, e is the electron chargdy~0.26 is a
n—-1 A(M1) coefficient given by an estimate in Ré¢R1] that describes
the configuration mixing amplitude and relevant angular
wheren~(n,+n_)/2. Thus for¢pyc We have mixing coefficients for the state with nominal configuration
and term 86p P, with the |5d;,6py,) state, andAE
4l IM(A(EL) pno ~589 cni! is the energy separation of thes®i 3D, and
dpnc™ TRe(n—l)W, (4 6s6p P, states. The mixing of thesd 3D, and 66p P,

states by the weak interaction was estimated in Rf], so
in order to find A(E1l)pne, We need only calculate
(6s5d3D4|e46s6p3P,). This matrix element can be esti-
mated from the lifetime 7=380(30) ns [33] of the

for which the maximum rotation amplitude is given by

max_ 1 IMA(EL)pnc] 5 6s5d °D;, state and branching ratié~0.7 to the &6p 3P,
PNC 71, A(M1) ' state with the formulg35]
. . E3R[ N\
wherel is the absorption length. |(6s5d 3D ,|eZ46s6p 3Py)|2== —(—) _ (8)
The upper state of the 1.2@m transition, nominally T 4 \27
6s6p 'P,, has a relatively large admixtur@bout 0.16 in From Egs.(7) and(8), we find that
amplitudé of 3P, [34]. TheM 1 amplitude for the 1.28um ' ’
transition, primarily due to this term mixing, is given by [IM[A(E1)pncl|=7x 10 YPeqq, 9
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wherea, is the Bohr radius. From these estimates, we obtairground rotation depend on the lifetime of the metastdiblg
from Eq. (5) that the amplitude of the PNC-induced optical state. At Yb densities 010" cm™3, the lifetime of the
rotation is metastable’P, state may be limited by Yb-Yb collisions, for
which upper limits for the de-excitation cross sectigimmse
for both the ground state and excited statesre found to be
~10" 1 cn? in Ref.[26]. In Ref.[26], Yb atoms contained
in a tantalum-lined stainless steel vapor cell were excited to
Note that this value for the Yb PNC-induced optical rotationthe 3P, state by 262-nm light resonant with thes?6'S,
per unit absorption length is about an order of magnitude—,6s7p 3P, transition followed by cascade decay. The ex-
larger than that for thallium, lead, and bismuth. Part of thiSperiment used noble buffer gasglium and neonto limit
enhancement is due to the fact that @1 1) amplitude for  diffusion of excited Yb atoms to the cell walls, and the popu-
the Yb transition is smaller, meaning also that it is morejation of the metastabléP, state was monitored by detect-
difficult to achieve an absorption length at 1.28m. ing absorption of a weak, cw probe beam at 649 (neso-

The optimal statistical sensitivity to optical rotation is nant with the 86p *Py,— 6s7s>S,; transition, see Fig.)3
achieved for about two absorption lengths at the wavelengtithe upper limits on Yb-Yb quenching cross sections were
of interest. Indeed, as can be seen from &, the optical  estimated from the dependence of the quenching rate on va-
rotation angle increases linearly with the path length throughpor cell temperature. The Yb-Yb quenching cross sections
the vaporl while the transmitted light powedue to resonant may be smaller than the reported upper limits since there
absorption falls ase™""'o, so the signalthe product of trans-  may have been a relatively high concentration of impurities
mitted light intensity and rotation anglés proportional to  (with large quenching cross sectigr®llowing nearly the
le~!"'o. The shot-noise limit for any polarimeter is propor- same dependence on vapor cell temperature as the Yb den-
tional to the square root of the number of photons incident ority. Additionally, it is possible that de-excitation of tH@,
the analyzeif36]. It follows that the signal-to-noise ratio is state may have been primarily due to collisions with atoms in
optimal when the metastable $6p 3P, state, so the Yb-Yb collisional

guenching of the metastable state could be reduced in a dif-
e 112o=q (11) ferent population scheme. In fact, similar states in mercury
' (which  has ground-state  electronic  configuration
[Xe]6s24f1%5d%0 analogous to Yb's[Xe]6s?4f1%) have
or whenl =2l. three orders of magnitude smaller cross sections for quench-

The density of atoms in the metastabls6p°P, stateny, ing by collisions with ground-state atorfid7]. In the most
required to obtain an absorption length at 1.281 can be  optimistic case, the lifetime of the metastable state would be
estimated from a calculation of the resonant absorption crosgmited primarily by collisions with buffer gas atongsuch as

|
Phe~ (3% 10*6)|— rad. (10
0

F |
a2y [ 1
ale o (1 20,

sectionops Using the relation He), which would be used in a PNC experiment to limit the
diffusion rate of excited Yb atoms from the probe region.

'_ S J(ﬁ) (12) The cross sections for collisional quenching of fii&, state

l,  map ’ by noble gases are very smai,10 2! cn? [26], so meta-

stable Yb atoms may be able to survive many ms at buffer
where y,/yp describes the fraction of atoms resonant withgas pressures of several hundred Torr. It is crucial to accu-
the light, wherey, is the natural width of the transition and rately determine the Yb-YBP, quenching cross sections in
¥o Is the Doppler width {-27x400 MHz). The resonant order to gauge the feasibility of the proposed PNC experi-

absorption cross section is given tsee, e.g., Ref.35]): ment.
) To illustrate the potential of this method for measuring
o %)‘_ p 13) PNC effects in Yb, the statistical sensitivity of the proposed
ST v experiment can be estimated, for one particular set of param-

eters, as follows. Here we employ the population scheme
where y, is the partial width of the 1.28um transition, discussed in Ref.32] (illustrated in Fig. 2 and assume the
estimated fron(see, e.g., Re{.35)): Yb-Yb quenching cross sections arel0~ " cn? (like those
3 (~12 for the Hg statels For each 262 nm pulse about 20% of the
, _4(@2m) [l (14  Yb atoms end up in the metastable stateughly corre-
P 3 728 2J+1° sponding to the expectations from measurements of nonlin-
ear emissions in Ref32]). For a cell lengti~100 cm, the
where |A(z)|| is the reduced matrix element for the required Yb density to achieve two absorption lengths for the
1.28 um transition andl=1 is the total angular momentum 1.28 um transition is~5x 10*" cm 3.
of the upper state. From these considerations, we estimate In order to sufficiently populate the metastable state, the
that n,| ~10° cm™2 for an optimal experiment. For a cell energy per pulse at 262 nm must be400 mJ for a laser
length of 100 cm, this would require a metastable state derbeam cross-sectional area of 0.02 Zcigachievable with
sity of np,~ 10" cm 3. available commercial lasersWVe assume a repetition rate of
Both the statistical sensitivity of this method and the ef-R~10 pulses/s. Continuous wave diode lasers at 1u28
fectiveness of the technique for subtracting spurious backwith powers of 25 mW are also commercially available. The
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shot-noise-limited sensitivity to optical rotatiofp can be independent of the density of atoms in tRB, state. Thus
estimated from these parameters: the path length can reach at least $0cm, lowering the
required metastable state density for an optimal experiment
5 —3
Ll X107 = rad, (15 (0w 107 cm?

\/m JRT JT In conclu§|on, we have_proposed a new a_lpproach to the
study of parity-nonconserving effects in atomic Yb, namely,
whereN,~5x 10" is the number of photons at 1.28m  measuring PNC-induced optical rotation on the 1,2
incident on the polarization analyzer per secong, (metastable 6s6p°P,—6s6p'P; transition. Estimates
~5%x10"% s is the Yb-Yb collision-limited lifetime of the given above indicate that optical rotation per unit absorption
metastable state, aridis the measurement time in seconds.|ength in Yb is an order of magnitude larger than fof5)e],
Using these parameters, fdr~ 10° s, the expected frac- pp [2g], or Bi [30]. Spurious frequency-dependent back-
tional uncertainty 6/ ¢pnc In a measurement of PNC- ground rotation caused by the apparatus, a significant prob-
induced optical rotation is-10"". A measurement of PNC o, in most optical rotation PNC experiments, can be effec-
effects in different isotopes of Yb at this level of sensitivity tively subtracted in an individual pulse by measuring the

would complement the 0¥ ,8] and TI[5,6] PNC results as optical rotation as a function of thes6p 3P, state popula-

significant probes of electroweak interactions and new tree; . . . .
level physics[11]. Of course, it is important to note that if tion. Since the experiment will be performed in a vapor cell,

L o . ... this approach is suitable for PNC measurements on purified
the Yb-Yb collisional de-excitation cross sections are signifi-_,, . .
cantly larger than-10"27 ¢, this technigue would not be Yl_a isotopes Wlth low natural abundar!ce. In order to deter-
as favorable ' mine the merits of the proposed experiment more accurately,
If the Yb—\.(b 3p_ quenching cross sections turn out to be it is crucial to experimentally determine Yb-Yb collisional
09 9 de-excitation cross sections, which may limit the Yb density.

(r)apttrifarll l?c:?aetiotr?eF?Ng S;')l(lpg}?%e?ﬁ gysjé?é?o;?nge;f%mtﬁ) ;SgThis approach, due to the effective mechanism for subtrac-
cavity (see, e.g., Refi29] and references therginin Ref. tion of apparatus rotation, may also permit use of a multipass

[38], it was found that the most significant sources of Sys_cawty to enhance the PNC signal.

tematic errors for a PNC experiment employing a multipass  The author is deeply indebted and grateful to D. Budker,
cavity arose from birefringence of the mirror coatings, win-B. DeBoo, D. DeMille, S. J. Freedman, W. Gawlik, C.-H. Li,
dows, and birefringence due to off-normal incidence of theA.-T. Nguyen, S. Rochester, J. E. Stalnaker, P. Vetter, and
light beam. It appears that all of these effects can be corM. Zolotorev for invaluable discussions. This work has been
rected for in our experimental scheme, since they are akupported in part by NSF Grant No. PHY-9877046.
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