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Results and current progress of a search for parity nonconservation (PNC) in a pair
of nearly degenerate opposite parity states in atomic dysprosium are discussed. By
observing time-resolved quantum beats between these sublevels, we look for inter-
ference between a Stark-induced amplitude and the much smaller PNC amplitude.
We have reported elsewhere (A.-T. Nguyen, et. al., Phys. Rev. A 56, 3453 (1997))
a value of |Hy| = |2.3 + 2.9(statistical) £ .7(systematic)| Hz for the magnitude of
the weak interaction matrix element. In order to increase the statistical sensitivity
in a new search, we will employ a cw scheme for excitation and detection. This
involves utilizing cw lasers to populate the odd parity level via two intermediate
states. We have measured various spectroscopic parameters of the intermediate
states including branching ratios, lifetimes, isotope shifts, and hyperfine structure.
Furthermore, we have modeled an efficient scheme for coherent population trans-
fer using diverging cw Gaussian laser beams and adiabatic passage. This should
increase statistical sensitivity to PNC effects by several orders of magnitude.

1 Introduction

Dysprosium (Z=66) is of interest for PNC experiments because of a near de-
generacy of a pair of opposite parity levels (see Fig. 1) which serves to enhance
the level mixing caused by the weak interaction. This small energy level sep-
aration is on the order of hyperfine splittings and isotope shift energies, and
enables one to use techniques quite different than those used in traditional
PNC experiments. In addition, the existence of many stable isotopes in dys-
prosium allows for a determination of the weak charge through isotopic com-
parisons, eliminating the uncertainties associated with atomic calculations. !
Finally, measurements of nuclear anapole moments are possible with 16! Dy
and 193Dy, both with nuclear spin I = 5/2. The anapole moments manifest
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themselves as the dependence of PNC on nuclear spin which can be measured
by comparing the PNC effect on different hyperfine components of a transition.

Unfortunately, the weak interaction matrix element is not as large as
one might expect from the regular Z® enhancement. 2 The reason is that
the dominant electronic configurations of the nearly degenerate levels are not
mixed by the weak interaction and the PNC effect arises solely from con-
figuration mixing and core polarization. We have previously reported ® a
statistically limited value for the weak interaction matrix element |H,| =
|2.3+2.9(statistical) £.7(systematic)| Hz. This result differs from a theoretical
value of H,, = 70(40) Hz obtained using a multi-configuration Hartree-Fock-
Dirac calculation. * In order to achieve a sensitivity to the weak interaction
parameters comparable to the recent measurement in Cs,® it will be necessary
to measure the PNC effect on different isotopes and hyperfine components to
~ .1 %. A weak interaction matrix element smaller than 1 Hz would make
these comparisons difficult. With moderate improvements in the the existing
apparatus, a new search is now underway with a projected statistical sensitivity
to H,, of ~ 10 mHz.

In this paper, we first give a brief description of the PNC-Stark interfer-
ence technique employed, discuss the previous experimental search, and finally
present details of the new search now underway including the results from
various spectroscopic measurements.

2 PNC-Stark Interference in Dy

Before we begin this discussion, let us say a few words about the spectroscopic
properties of the nearly degenerate pair of levels in Dy which were investigated
in an earlier work.® The lifetime of the even parity level (designated as A) is
7.9(2) us. The odd parity level (designated as B) is much longer-lived, with a
lifetime > 200 ps. Dysprosium has both even and odd nucleon number stable
isotopes (A= 156 — 164). The F = 10.5 hyperfine components of 153Dy are
the closest pair of opposite parity levels, with a separation of only 3.1 MHz.
These are the levels selected for the PNC search. These particular hyperfine
components are connected by the nuclear spin-independent part of the weak
interaction, while the nuclear spin-dependent contribution to the PNC ampli-
tude is highly suppressed.

One advantage of having two closely lying opposite parity levels is that a
small external B-field can bring the sublevels (e.g. |F mp) = |10.5 10.5)) of A
and B to near-crossing (Fig. 2). The Hamiltonian of the system can now be
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Figure 1: Partial energy level diagram showing PNC and Stark mixing of levels A and B.
Solid arrows indicate excitation; dashed arrows indicate fluorescence.

simplified to that of a two-level system:

([ —iTaj2  dE+iH,
H_(dE—in A—iFB/Q)' (L)

Here I'a /27 ~ 20 kHz is the natural width of A; in principle, I'g /27 is also the
natural width of B, however, because the lifetime of B is much longer than the
transit time Ty (~200 us) of atoms through the E- and B- field region in this
particular experiment, I's /27 ~ 1/2xTp ~ .80 kHz; A is the residual energy
separation (decrossing) which depends on the applied magnetic field; iH,, is
the PNC matrix element (pure imaginary due to T-reversal invariance); E is
the applied electric field; and d is the electric dipole matrix element connect-
ing the sublevels. The magnitude of this matrix element was experimentally
determined to be: |d/27| = 3.8(2) kHz/(V/cm).® Since dE is real and i H,, is
imaginary, interference between these two terms will only occur if E is time-
varying with a frequency sufficiently high such that changes in the system are
non-adiabatic. This interference can be observed in the temporal dynamics
of quantum beats between the two levels. A PNC detection scheme involv-
ing rapidly varying E-field was originally proposed for experiments using the
25 — 2p levels in hydrogen,” but was found to be impractical because of the
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Figure 2: Partial Zeeman structure of 163Dy F' = 10.5 sublevels of A and B. Zero energy is
chosen arbitrarily.

short lifetime of the 2p state. ®

An approximate solution to the Schridinger Equation for the two-level
system can be obtained using first order time-dependent perturbation theory.
In the interaction picture the solution has the form

(1)) = ca(t)|A)e™ 442 + cp (t)|B)e~ e T2, 2)

(in units where i = 1) which leads to two differential equations for ca (t) and
cp(t):

éa(t) = —icg(t)(dE + iHy)e ™%, (3)
ép(t) = —ica(t)(dE — iHy)et™, (4)

where Q = A +i(I'py —I'p)/2. Let E = Eycoswt and let all atoms be in state
B at t = 0. Since dEy << w (w/27 = 100kHz) in this experiment, cg(t) is
approximately constant in the time-scale of the electric field oscillation; this
allows simple integration of Eq. 3 (first order perturbation theory). Making
the further approximation w >> Q| (again as in the experiment) and only
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keeping terms of order dEy/w and H,, /), we arrive at

—iAtq—Tgt/2 _ g—Tat/2

- . )

(Alp(t)) = —_ISEO e 18t ~IB/2 gin Wt + iH,,

Note that since the Stark and PNC perturbations are off-diagonal (see Eq. 1),
the contribution from second order perturbation theory is zero. Returning to
Eq. 5, let us consider times t such that 74 << ¢ < 7g. This allows further
approximations, namely e T3%/2 ~ 1 and e~T4%/2 a 0. Thus the population of
A is given by

dEo\? dEoH, A .
(Al (6))|* = (TO) sin® wt — 2 5 (A2 +F2A/4) sinwt.  (6)

The first term shows the quantum beat signal due to Stark mixing at the second
harmonic of the electric field frequency. The second term shows interference
between H,, and dEy at the first harmonic. It changes sign with decrossing (see
Fig. 3), the overall sign of electric field and magnetic field (the latter reverses
the sign of mg, and correspondingly, that of d). It has the signature of the
P-odd, T-even rotational invariant

E-(B - B.), (7)

where B, is the magnetic field required to cross the two sublevels (Fig. 2). The
magnitude of this term is maximal for |A| =T4 /2.

A dc electric field, Eg., along the direction of B also contributes an in-
terference term with a first harmonic dependence. Such a field can easily be
included in Eq. 3 and contributes a term to the population of A (see Eq. 6) of

the form:
242 EyE 4, FA/Q .
sin wi.
w A% +T%/4

(8)

The amplitude of this interference term has a different signature than PNC
since it is even with respect to decrossing (Fig. 3).

An estimate of the ratio of PNC-Stark interference term to the leading
Stark term can be found using Eq. 6. For A =T'4 /2, this ratio (denoted as &)

is
_ 2wHy,

~ dEoTA’ ©)

In the shot-noise limit, the signal-to-noise ratio S/N is £V NT, where T is
the integration time and N is the rate of detected fluorescence photons due to
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Figure 3: The solid curve shows the calculated PNC-Stark interference term amplitude versus

decrossing A for H,, = 5 Hz (see Eq. 6). For display purposes, this curve has been magnified
times. The dashed curve shows the calculated interference term amplitude due to a dc

E-field (6 m cm)(see Eq. ). The amplitude of the oscillating E-field is = cm.
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