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Possibility of Measuring Parity Nonconservation with a Single Trapped Atomic Ion
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A new way of measuring atomic parity nonconservation is proposed that utilizes the remarkable sensi-
tivity inherent in experiments with a single trapped atomic ion. The accuracy may be sufficient to pro-
vide a valuable test of electroweak theory. As an illustration, the prospects are analyzed for carrying out
such a measurement with Ba+ by observing the ground state spin rotation induced by an intense laser
beam.

PACS numbers: 35.10.Wb, 12.15.Ji, 32.80.Pj, 42.50.Wm

Atomic parity nonconservation (PNC) [1], which
arises from exchange of the Zo boson between atomic
electrons and nucleons, has been measured in optical
transitions in a number of elements [2,3]. Detailed atom-
ic structure calculations have permitted the experimental
results to be compared with predictions of elementary
particle theory. In cesium, the measurement [4] and cal-
culation [5] of PNC are now accurate to better than 2%,
and provide an important atomic probe of the elec-
troweak interaction that complements results of high en-
ergy experiments. Although the standard model of this
interaction accounts very well for all observations thus
far, more accurate experiments are needed to determine
unambiguously the masses of the predicted top quark and
Higgs boson(s), to find out whether there is another gen-
eration of quarks and leptons, or to reveal the existence of
any new physics near the electroweak energy scale such
as technicolor, supersymmetric particles, or additional Zo
bosons [6]. Further progress with atoms will require im-

proving the measurements and the atomic calculations, or
canceling atomic structure uncertainties by comparing
very accurate PNC measurements on a string of isotopes
of the same element [7-9]. The latter approach would
oA'er the cleanest atomic determination of electroweak
physics, limited possibly by nuclear structure uncertain-
ties in the heaviest atoms [9] but otherwise only by exper-
imental accuracy.

In this paper I discuss how the great advances of the
past decade in trapping a single atomic ion [10-13]might
open up the possibility of very accurate atomic PNC
measurements on ions, and I analyze one promising tech-
nique for single ions using a PNC spin rotation produced
by the "light shift" of the ground state Larmor precession
frequency. Likely candidate ions would be single isotopes
of alkalilike Ba+, Sr+, and Ca+ that are favorable cases
for accurate atomic calculations, and strings of isotopes
of these or other ions for canceling atomic structure un-
certainties.

A single atomic ion suspended in vacuum in a radio-
frequency electric trap can be cooled by laser fields to
mK temperatures and confined to an orbit smaller than
0. 1 pm at the center of the trap, where it will remain for
several hours after the cooling laser fields are turned oA.
In some ions there are forbidden optical transitions be-
tween long-lived electronic states that should be especial-

ly sensitive to PNC. These transitions can be driven
without Doppler broadening by laser fields focused to
very high intensity at the ion, further increasing the sensi-
tivity to PNC. These advantages help to compensate for
the absence of the high counting rate provided by dense
atomic beams or vapors in current PNC measurements.
Using standing wave fields, the spatial and temporal
phases at the ion can be adjusted to maximize the PNC
transition and discriminate against competing effects.
Furthermore, because the time-averaged total electric
field acting on the ion —including rf trapping fields and
stray DC fields —is necessarily very close to zero, a major
potential source of spurious parity mixing [2] is automati-
cally reduced. Finally, trace quantities of an isotope
would su%ce if a rare species is needed for single-ion
measurements on a string of isotopes.

Ba+ is a good example for illustrating all the major
points and is discussed next in some detail, leading to an
estimate of the sensitivity to be expected in a PNC mea-
surement. The sensitivity is compared with that of other
PNC techniques at the end of the paper.

Barium has nine stable isotopes; five are even-even nu-
clei, the most favorable types for understanding and cal-
culating nuclear structure corrections to atomic PNC.
The electronic energies of the lowest 5, P, and D states of
Ba+ are shown in Fig. 1. The cooling laser operates on
the 65~F2-6P~g allowed El absorption line at 493 nm,
mistuned slightly to the red of resonance to eAect
Doppler cooling [14,15]. A "cleanup" laser beam
operates on the 6P]g2-5D3y2 transition at 649 nm to avoid
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FIG. 1. The Ba+ energy levels, showing the E2 transition at

2.05 pm with the added E 1 amplitude due to atomic PNC.
Also shown are the laser cooling and cleanup transitions at 493
and 649 nm, and the E2 shelving transition at 1.76 pm.
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losing the ion to the metastable Dy2 state. In a typical
potential well of 50 eV depth created by rf fields of fre-
quency v„f=-25MHz, a Ba+ ion oscillating in the trap at
a frequency vt„,. ~=—5 MHz has been successfully cooled
[10,16] to an orbital radius & 0. 1 pm, with much smaller
rf micromotion.

To observe PNC in Ba+ the E2-allowed transition be-

tween the 6S~g2 and 5D3/2 states is of the most interest
because of the long lifetime, =-50 sec, of the excited
5D3/2 state [17]. The wavelength of this transition,
A, =2.05 pm, is much larger than the size of the cooled
ion orbit —a crucial requirement. As depicted in Fig. 1,
this transition has a small PNC-induced El amplitude

1

given by [1,3]
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where m and m' denote the magnetic quantum numbers
of the two states, II'is the electronic binding energy (neg-
ative for bound states), and H (a scalar in the elec-
tronic variables) describes the short-range electron-nu-
cleon PNC interaction due to Z0 exchange.

The matrix elements H„„=(nS-1t2I—H InP1t2) are
given by an expression derived by Bouchiat and Bouchiat
[1] for alkali atoms, modified slightly here for the case of
alkalilike ions of net charge eZ;,„,
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each evaluated at r =0, the location of the ion. Observ-
able quantities are determined by

(~.W„-)'"(a.) '"
H =i1.8—XI-O

' Z Q1PK„ (Z;.„+I )e
(2)

I

2
I ~quad+ ~ PPCI 2

=-
I n qq'I '+2Re(n 'I" *n«") (5)

with K„arelativistic factor =3 for Ba (Z=56) and =-9
for Hg (Z =80). The binding energies W increase with
the net charge, causing the matrix element to increase
linearly with (Z;,„+1).Q1P=Z(1 —4sin 81P) —N is the
so-called weak nuclear charge, with sin 0~ =0.230
~ 0.004 as determined by high energy measurements [6].
The overall factor i appears automatically for a T-even
PNC interaction.

The magnitude of 8 &m can be estimated by consider-
ing only the contribution of the nearby 6P~g2 state to the
sum in Eq. (1). Using Eq. (2), together with Bates-
Damgaard tables [18] for the radial matrix element, the
diagonal (m' =m ) component is found to be

I g PNc
I
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A calculation of the complete sum in Eq. (1) using
Hartree-Fock wave functions will be published elsewhere
[19].

Observable PNC effects can appear through interfer-
ence of 8 t" with the electric quadrupole amplitude be-
tween the same states, the latter defined by

where the small interference term linear in 0 m con-
tains the PNC effects.

If the ion is placed initially in the mth magnetic sublev-
el of the 6S~/2 state, the optical field driving the 6S~g2

5D3/2 transition will cause this sublevel to have an en-

ergy shift l'2', rp (called here the light shift [20]) as well

as a loss rate I, which together make up the complex
level shift a =hcp —i I /2 It wi.ll be useful to consider
optical fields that leave the energy diagonal in m, which
requires that the matrix elements in Eq. (4) not connect
both m =+

2 and —
2 to a common I' sublevel. When

in addition the Zeeman splitting among the magnetic
sublevels is negligible compared to I a I, the field-

dependent solution to the set of two-level equations con-
necting m to the various m' sublevels is [21,22]

a = —,
'

(tdp —rp —i yso/2)

~ r' [(top tp —iysol2) +4& ]' (6)

where 0 =pm 10~~1, h, top=W'so», —~dg, », and yso
is the decay rate of the 5Dy2 state.

For simplicity, it will be assumed henceforth that
0 » Icop

—to —iysol2I, in which case the real and imag-
inary parts of Eq. (6) take the forms

Atp (cop —rp)/2 ~ tI, I yso/2, (7)
In the presence of a light wave having an electric field
given by

E(r, t) =
2 [E(r)e '"'+c.c.],

the PNC and E2 couplings are described by the interac-
tion matrix elements

where the light shift shows the well-known sidebands at
the "Rabi flopping" frequency. For definiteness, the side-
band with the minus sign in Eq. (7) will be retained from
now on; it corresponds to the dressed state that evolves
adiabatically from the ground state when the fields are
turned on below resonance (rp & top) [23].
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~
. When the transition field

E is made as large as possible, the energy shift continues
to grow in sensitivity to PNC, while the loss rate becomes
quite insensitive as Eq. (7) makes evident. Note also that
the PNC energy shift, in this limit of large fields, depends
linearly on the external field size but does not reverse
with its direction, which is consistent with the well-known
theorem [3] that a T-even PNC interaction cannot pro-
duce an energy shift linear in the external electric field
vector.

It will be convenient to consider two standing wave
fields, E(r) =E'(r)+E"(r) (which could be applied using
two coherent intersecting beams or simply two com-
ponents of a single beam, depending upon the fields
desired) with E' a large field phased to maximize 0
and E" a possibly smaller field to control 0 "',

E'(r) =Eoe'~ cos(k. r+8'),
(9)E"(r) =ED'e'~ cos(k. r+0") .

A suitable choice of phases would be 0' =0 and 8"= ~ x/
2, with p' —p" adjusted to make Qp~ '0""~ real.

As an example, if m is specified along the z axis, the
fields

E' =xEp coskz, E"=ixE p sinkz,
or (10)

E"= I', zEp' sinkx
will produce m' —m =+ 1 quadrupole and PNC dipole
transitions. Using such fields in Eq. (4) to obtain the ma-
trix elements for the 6S~g2 5Dy2 transition needed in

Eq. (8) yields
PNC (+. )1 x 10

—1lm

"' = —2x 10 E"cap
m 2~ P

where (+ ) here indicates that hro reverses sign with
m. The PNC matrix elements are computed as in Eq.
(3), using the appropriate Clebsch-Gordon coefficient for
each m'm, and the quadrupole matrix elements can be
obtained from the measured lifetime of the 5Dy2 state.
Note that the fractional PNC light shift, dro /dco "'
= (+ )0.5 && 10 (Eo/Eo ), could in principle be
enhanced considerably by making Eo/Eo' large.

A convenient way to measure the PNC light shift is to
look for a change h.coL in the 6S~g2 Larmor precession
frequency, i.e., a change in the Zeeman splitting between
the m = ~

2 sublevels of a given dressed state,

The light shift will contain a small PNC part, h, m

due to the interference term in Eq. (5), and usually a
much larger part, h, coq"', due to the pure quadrupole
term,

d, ro =2Reg 0 & '.8(ace )
PPC*m' mm

(8)

PNC ) ~ PPC ~ PNP (12)
A major advantage of using the Larmor frequency for
measuring the PNC light shift is that the quadrupole con-
tribution, (hc0$"' ), =dcol)'2' —Aco-"1)2, cancels out when
Ace "' is independent of rn, as is the case for the fields in

Eq. (10). Therefore, fluctuations in the optical frequency
co and other sources of variation of h, co

"' do not inter-
fere with the PNC measurement. (There are also other
promising variations of the PNC light shift technique,
such as using optically resolved Zeeman splittings or Zee-
man transitions driven by modulated optical fields [19].)

The sense of PNC Larmor precession reveals the hand-
edness of the interaction, as may be seen by generalizing
Eq. (11) to vector form,

gmL = g(2(E. V) E+E x (V x E)), , (13)

where the overdots denote time derivatives and the time
average becomes ((E' V)E"+V(E' E")), when E' and
E" are optimized for PNC and E2 transitions, respective-
ly. If instead E is a running wave, the time average be-
comes a vector pointing along the wave propagation vec-
tor k. The T-even pseudoscalar g has the approximate
magnitude 10 ' eaoco/Qq"' in the large field limit con-
sidered here.

The change in Larmor frequency due to h, coL could
be measured in a small static magnetic field directed
along z, using a near-resonant rf magnetic field to drive
the hm = ~ 1 Zeeman transition. The shift in resonance
would be detected by the method of "shelving" [11,24].
A circularly polarized laser beam tuned to the 6S~/2

5Dg2 transition at 1.76 pm (see Fig. 1) shelves the
ion in the long-lived [11] (=30 sec) 5Ds~2 state with a
probability that depends upon whether a Zeeman transi-
tion takes place. Shelving prevents the ions from generat-
ing the fluorescence normally observed when the cooling
and cleanup laser beams are switched back on; the ab-
sence of such fluorescence provides detection of the Zee-
man transition with =-50% e%ciency. h, coL could be
distinguished from other shifts through the change in

Larmor frequency with changes in the directions and am-
plitudes that make up the PNC signature in Eq. (13), in-
cluding the phase angles 8 and p in Eq. (9). Competing
eAects due to imperfections in the optics, etc. , have been
considered and analyzed [25], and appear to be amenable
to adequate controls.

Parity mixing from stray electric fields would be a ma-
jor concern [2], but the ion should see only a very re-
duced net dc component of electric field, since the time-
averaged force on the ion must vanish inside the trap and
the eA'ect of magnetic, optical, and gravitational forces
can be made very small. The first-order eff'ects of the
trap and stray fields take place at sidebands displaced
from the PNC transition by multiples of v„fand vt„,~, and
therefore are not able to produce PNC-like interference.
A second-order eAect in which these sidebands combine
with the Lamb-Dicke sidebands [26] could in principle
mimic PNC, but should be small.

2385



VOLUME 70, NUMBER 16 PHYSICAL REVIEW LETTERS 19 APRrL 1993

To estimate the possible sensitivity of a Ba+ experi-
ment, assume that an optical field Eo =2X 10 V/cm
drives the PNC amplitude and, for the moment, a compa-
rable field Eo' drives the E2 amplitude. Such fields could
be obtained with 100 m W intracavity beams focused to a
10 pm diameter spot size at the ion. Using these fields in

Eq. (11) yields the shift t5, toq"' /2tr= —2 MHz, common
to each m =+

2 level, as well as the PNC Larmor shift
defined in Eq. (12),

l&~g" I/2~=- o.2 Hz (i4)
This shift could be increased by using a larger field E',
but the oA-resonant dipole coupling to the 6P and 4F lev-

els rapidly becomes important [19]. Without affecting
the size of h, coq, a much smaller field E" would reduce
Acoq""', so long as the latter remained much greater than
the linewidth of the 2.05 pm laser source.

A single measurement can determine h, mq

&&Eo/h to within an uncertainty 1/r =I —= ysD/2=10
sec ', simultaneous measurements on N atomic systems
over a total observation time t & z yield an accuracy
given by the approximate expression

g PNc g PNcE
fJNrt, (Is)

where 86 is the shot noise limited uncertainty and f is
an eSciency factor determined by the experimental con-
ditions. The efticiency is limited by the sensitivity to spin
polarization and by the fraction of the full exponential
decay time z that can be utilized each measurement cy-
cle. Using the numbers above for Ba+, with N=1 ion
and f=0.1, Eq. (15) y—ields 6' to a statistical accuracy
of 1 part in 500 in a time t =1 day.

Equation (15) is of general validity and provides a use-
ful figure of merit for comparing different PNC tech-
niques. In current PNC experiments r is shortened by
radiative or collisional relaxation to & 10 sec, and the
optical fields are not as large as the tightly focused field
assumed here. Overall, the factor EoJi that appears in

Eq. (15) can be larger by ) 10 for a single ion com-
pared with conventional atomic beams or vapors, com-
pensating for N =10' atoms or more. PNC experiments
with laser cooled or trapped neutral atoms have been pro-
posed [8], and with some elements would offer the in-
teresting possibility of having large N and long r.

A more complete discussion of most points raised here
will be published elsewhere [19].
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