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Search for parity nonconservation in atomic dysprosium
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Results of a search for parity nonconservation~PNC! in a pair of nearly degenerate opposite-parity states in
atomic dysprosium are reported. The sensitivity to PNC mixing is enhanced in this system by the small energy
separation between these levels, which can be crossed by applying an external magnetic field. The metastable
odd-parity sublevel of the nearly crossed pair is first populated. A rapidly oscillating electric field is applied to
mix this level with its even-parity partner. By observing time-resolved quantum beats between these sublevels,
we look for interference between the Stark-induced mixing and the much smaller PNC mixing. To guard
against possible systematic effects, reversals of the signs of the electric field, the magnetic field, and the
decrossing of the sublevels are employed. We report a value ofuHwu5u2.362.9 ~statistical!60.7~systematic!u
Hz for the magnitude of the weak-interaction matrix element. A detailed discussion is given of the apparatus,
data analysis, and systematic effects.@S1050-2947~97!02111-2#
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I. INTRODUCTION

We present here the results of a search for parity nonc
servation~PNC! in atomic dysprosium. PNC measuremen
in atoms provide a test of the standard model and poss
extensions to it complementing experiments using hi
energy accelerators. Atomic PNC measurements have
ready reached the experimental precision of 0.35–3 %
several elements@1–4#. The highest precision, recentl
achieved in cesium@1#, also allowed detection of the nuclea
spin-dependent component of atomic PNC, which is indu
primarily by the nuclear anapole moment~see Ref.@5# and
references therein!. Measurements of nuclear-spin-depend
PNC in a variety of atoms would lead to better understand
of nucleon-nucleon weak interactions, particularly the we
meson-nucleon coupling@6#.

Dysprosium (Z566) is an attractive system for PNC e
periments. There is an enhancement of the PNC mix
caused by the near degeneracy of a pair of opposite-p
levels~both withJ510 lying 19 797.96 cm21 above theJ58
ground level@7#; see Fig. 1!. The magnitude of the leve
separation is on the order of hyperfine splittings and isot
shift energies. In addition, the existence of many stable
topes in dysprosium allows for a determination of the we
charge through isotopic comparisons, eliminating the unc
tainties associated with atomic calculations@8#. Unfortu-
nately, along with the enhancement of the PNC mixing, th
are also factors leading to a reduction of the effect. In p
ticular, the dominant electronic configurations of the nea
degenerate levels are not mixed by the weak interaction
the PNC effect arises from configuration mixing and co
polarization.

In this experiment, we look for interference between t
PNC and Stark-induced amplitudes connecting the

*Present address: Department of Physics, Amherst College,
herst, MA 01002.
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opposite-parity levels. The value ofHw is extracted from
an analysis of the time dependence of fluorescence. W
30 h of integration time, we report the resultuHwu
5u2.362.9~statistical!60.7~systematic!u Hz ~the sign ofHw
is the same as the yet undetermined sign of the elec
dipole matrix element!. This result is in disagreement wit
the theoretical prediction ofHw570(40) Hz obtained using
a multiconfiguration Hartree-Fock-Dirac calculation@9#.

In this paper we first give an overview of the experime
discuss in detail the apparatus and systematic errors,
finally give our results and conclusions.

A. Experimental overview

The spectroscopic properties of the nearly degenerate
of levels in Dy were investigated in an earlier work@10,11#.
The lifetime of the even-parity level~designated asA! is

-
FIG. 1. Partial energy-level diagram of Dy showing PNC a

Stark mixing of levelsA and B. Solid arrows indicate excitation
dashed arrows indicate fluorescence. Light is detected at 564 n
3453 © 1997 The American Physical Society
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3454 56A. T. NGUYEN, D. BUDKER, D. DeMILLE, AND M. ZOLOTOREV
7.9~2! ms. The odd-parity level~designated asB! is much
longer lived, with a lifetime greater than 200ms. Dysprosium
has both even and odd nucleon number stable isotopeA
5156– 164). The two odd nucleon number isotopes161Dy
and 163Dy both have nuclear spinI 5 5

2 . The hyperfine com-
ponents of163Dy with total angular momentumF510.5 are
the closest pair of opposite-parity levels, with a separation
only 3.1 MHz ~see Fig. 2!. These are the levels used in th
experiment. They are connected by the nuclear-sp
independent part of the weak interaction, while the nucle
spin-dependent contribution to the PNC amplitude is hig
suppressed for these particular hyperfine components.
point is discussed in the Appendix.

StateA is initially populated by two-step excitation from
the ground state using consecutive laser pulses at 626
2614 nm, respectively. A magnetic field is applied to bri
the sublevels withumFu510.5 ofA andB nearly to crossing

FIG. 2. Hyperfine structure of163Dy. Zero energy is chosen
arbitrarily.

FIG. 3. Partial Zeeman structure of163Dy F510.5 sublevels of
A andB. Zero energy is chosen arbitrarily.
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~see Fig. 3!, enhancing the PNC mixing between them. A
applied electric-field pulse~p pulse! transfers atoms from the
nearly crossed Zeeman sublevel of stateA to the longer-lived
stateB.

The PNC and Stark-induced amplitudes have a rela
phase ofp/2 ~see Sec. I B! and so they do not interfere in
static electric field. In order to achieve interference, a rapi
oscillating ~nonadiabatic! sinusoidal electric field is applied
parallel to the magnetic field to induce quantum beats
tween the two opposite parity sublevels. By observing te
poral dynamics of the quantum beats, PNC-Stark inter
ence can be detected. A similar scheme of PNC detec
was originally proposed for experiments using the 2s-2p
levels in hydrogen@12,13# and was discussed in connectio
with levelsA andB of dysprosium in Ref.@14#.

B. PNC-Stark interference

We now describe an analytical model of PNC-Stark int
ference signal that illuminates the essence of the techni
When the sublevels~F510.5,umFu510.5! of A andB are at
near crossing~i.e., the energy separation between these s
levels is much smaller than the separation between eithe
these sublevels and any other sublevel!, the Hamiltonian of
the system can be simplified to that of a two-level system

uA& uB&

H5 ^Bu
^AuS 2 iGA/2

dE2 iH w

dE1 iH w

D2 iGB/2D . ~1!

Here GA/2p520 kHz and GB/2p,1 kHz are the natura
widths of A and B, respectively;D is the residual energy
separation~decrossing!, which depends on the applied ma
netic field; iH w is the PNC matrix element~pure imaginary
due toT-reversal invariance!; E is the applied electric field;
and d is the electric-dipole matrix element connecting t
sublevels ofA and B ~F510.5, mF510.5!. The magnitude
of this matrix element was experimentally determined to
ud/2pu53.8(2) kHz/~V/cm! @10#. SincedE is real andiH w
is imaginary, interference between these two terms will o
occur if E is time varying, with a frequency sufficiently hig
such that changes in the system are nonadiabatic.

An approximate solution to the Schro¨dinger equation for
the two-level system can be obtained using first-order tim
dependent perturbation theory. In the interaction picture
solution has the form

uc~ t !&5cA~ t !uA&e2GAt/\1cB~ t !uB&e2 iDt/\e2GBt/\, ~2!

which leads to two differential equations forcA(t) andcB(t)
~in units where\51!,

ċA~ t !52 icB~ t !~dE1 iH w!e2 iVt, ~3!

ċB~ t !52 icA~ t !~dE2 iH w!e1 iVt, ~4!

whereV5D1 i (GA2GB)/2. Let E5E0 cos(vt) and let all
atoms be in stateB at t50. Since dE0!v (v/2p
5100 kHz) in this experiment,cB(t) is approximately con-
stant in the time scale of the electric-field oscillation; th
allows simple integration of Eq.~3! ~first-order perturbation
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56 3455SEARCH FOR PARITY NONCONSERVATION IN ATOMIC . . .
theory!. Making the further approximationv@uVu ~again as
in the experiment! and only keeping terms of orderdE0 /v
andHw /V, we arrive at

^Auc~ t !&5cA~ t !e2GAt/252 i
dE0

v
e2 iDte2GBt/2 sin~vt !

1 iH wFe2 iDte2GBt/22e2GAt/2

V G . ~5!

Note that the contribution from second-order perturbat
theory is zero because the Stark and PNC interactions ar
diagonal in the Hamiltonian@see Eq.~1!#.

Returning to Eq.~5!, let us consider timest such thattA
57.9 ms!t,200 ms,tB . This allows some further ap
proximations, namely,GB'0 ande2GAt'0. Thus the popu-
lation of A is given by

z^Auc~ t !& z25S dE0

v D 2

sin2~vt !

2
2dE0Hw

v S D

D21GA
2/4D sin~vt !. ~6!

The first term shows the quantum beat signal due to S
mixing at the second harmonic of the electronic-field f
quency. The second term shows interference betweenHw
anddE0 at the first harmonic. It changes sign with decro
ing ~see Fig. 4!, the overall sign of the electric field and th
magnetic field~the latter reverses the sign ofmF and, corre-
spondingly, that ofd!. It has the signature of theP-odd,
T-even rotational invariant

Ė•~B2Bc!, ~7!

where Bc is the magnetic field required to cross the tw
sublevels~see Fig. 3!. The magnitude of this term is maxima
for uDu5GA/2.

To analyze the current experiment, it is necessary to c
sider the effects due to a dc electric field (Edc) along the

FIG. 4. The solid line shows the calculated PNC-Stark interf
ence term amplitude versus decrossingD for Hw51 Hz ~for display
purposes, this curve has been magnified 50 times!. The dashed line
shows the calculated interference term amplitude due to a dc e
tric field ~Edc560 mV/cm!.
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direction ofB. Such a field, which can easily be included
Eqs. ~3! and ~4!, contributes a term in the population ofA
with a first-harmonic dependence of the form

2d2E0Edc

v S GA/2

D21GA
2/4D sin~vt !. ~8!

The amplitude of this interference term has a different s
nature from PNC since it is even with respect to decross
~see Fig. 4!.

An estimate of the ratio of PNC-Stark interference term
the leading Stark term can be found using Eq.~6!. For D
5GA/2, this ratio~denoted asj! is

j5
2vHw

dE0GA
. ~9!

In the shot-noise limit, the signal-to-noise ratio isjAN,
whereN is the number of detected fluorescence photons
to atoms decaying from stateA:

N;N0S d2E0
2

v2 DGAT<N0 . ~10!

HereN0 is the original number of atoms andT is the transit
time of the atoms through the interaction and detection
gion. Thus the signal-to-noise ratio is

2HwA T

GA
AN0. ~11!

Although T can be large, it is ultimately limited by the life
time of B, at which point the signal-to-noise ratio becom
(2Hw /AGAGB)AN0. Note that because we are able to set
decrossingD to its optimum value, the final signal-to-nois
ratio does not depend on the initial level separation; this
situation radically different from that in traditional PNC ex
periments.

II. APPARATUS

The following sections describe the atomic-beam appa
tus, the optical setup, the electric and magnetic fields, and
detection system~see Figs. 5 and 6!.

A. Atomic beam

The atomic-beam source was an effusive oven with
multislit nozzle array. The oven body was constructed fro
molybdenum tubing of outer diameter 2.54 cm, wall thic
ness 0.1 cm, and length 6.4 cm. End caps made of tanta
were tied with tantalum wire to either end of the tube. A
array of slits on one of the end caps was made using a w
electrical discharge machine. The use of a slit pattern redu
off-axis beam flux and thus the overall material consum
tion. The opening of each slit was 0.0430.5 cm2 with a
depth of 0.6 cm. These dimensions were chosen to give
same beam divergence angle (;6°) as provided by the
atomic-beam collimators~see Figs. 5 and 6!. There were 25
slits, making the total overall area of the array of;1.3
30.5 cm2. Dysprosium was loaded through a 1-cm-dia

-
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hole made in the opposite end cap. A piece of Ta sheet
press fitted to this hole in order to seal it.

Resistive heaters, made from coiled tantalum wire a
held in high-purity alumina ceramic tubes, surrounded
oven. To guard against dysprosium condensation at the
the heaters extended past the exit orifice by 3.6 cm. In a
tion, a fraction of the heaters were;50% shorter in the back
of the oven, which allowed for overheating of the front~typi-
cally maintained 100 K hotter than the back!. Five layers of
tantalum radiation shielding surrounded the heaters
oven.

The oven typically operated at a temperature of 1500
which corresponds to a Dy vapor pressure of;1021 Torr.
The material output of the oven was;0.6 g/h. Using laser
absorption measurements, it was determined that the b
density was;1010 atoms/cm3 at the laser–atomic-beam in
teraction region, in agreement with estimates based on e
sive flow from the slits.

After passing through collimators, the atomic beam e
countered a chopper wheel~see Figs. 5 and 6!, which was

FIG. 5. Schematic view of the apparatus~not to scale!: ~a!
atomic beam;~b! collimators;~c! atomic beam chopper;~d! inter-
action region of atoms with electric and magnetic fields, with
entire region enclosed in a magnetic shield~not shown!, ~e! mirror
~other mirrors are installed above and below theE-field wire grids!;
~f! light pipe; and~g! interference filter.
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used to block oven blackbody radiation. The anodized a
minum wheel was 13 cm in diameter and had two slits, e
with area 2.030.8 cm2, which allowed passage of the atom
beam. The water-cooled chopper wheel motor drive w
placed inside the vacuum chamber. The wheel rotated at
rps. A sensor of its angular position~a light-emitting diode
and a photodiode! was used for triggering of the laser pulse
the electric-field sequence, and detection electronics.

B. Lasers and optics

Pulsed laser light with wavelengths of 626 and 2614
was used in the experiment~see Fig. 7!. The laser system
was described in detail elsewhere@10#. In order to produce
626-nm light, a pulsed dye amplifier~PDA! with DCM @4-
Dicyanmethylene -2-methyl -6-~p-dimethylaminostyryl! -4H-
pyran# dye was used. The PDA was pumped by a Qua
Ray DCR-2 Nd:YAG laser~where YAG denotes yttrium alu
minum garnet! and seeded with;100 mW of 626-nm cw
light produced by a dye laser~Coherent CR599-21! operat-
ing with Rhodamine 590 or DCM dye. Typical PDA outpu
pulses had an energy of;3 mJ, a duration of;7 ns, a beam
diameter of;3 mm, and a repetition rate of 10 Hz. A po
tion of this light was split off and directed to the vacuu
chamber. This 626-nm light was attenuated to;10mJ/pulse
in order to saturate only the desired hyperfine compone
~see below!.

2614-nm light was produced by nonlinear mixing~in a
3.5-cm MgO:LiNbO3 crystal! of the remainder of the
626-nm light and light at 823 nm. The 823-nm light wa
produced by a pulsed dye laser~Quanta Ray PDL-2!,
pumped by a second Nd:YAG laser. The typical pulse
ergy for the 2614-nm light was;5 mJ. In order to stabilize
the output power, the crystal was placed inside a therm
insulated housing that was temperature stabilized to wit
0.5 K with a thermoelectric element. The residual 626- a
823-nm light was filtered from the 2614-nm light by a 0.0
cm-thick Si plate.

StateA (J510) was populated by twoDJ511 transi-
tions from the ground state (J58) via an intermediate stat
(J59) ~see Fig. 1!. In general, theDF5DJ511 transitions
are the strongest~see@15# for a discussion!. Thus, in order to
populateF510.5, umFu510.5 sublevels of stateA, it was
necessary to efficiently transfer atoms initially in theF
FIG. 6. Side cross-sectional view of the oven and the electric- and magnetic-field interaction region~not to scale!. E-field wires with
distributed potential~see Sec. II C! are not shown.
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FIG. 7. Diagram of the optical setup.
ng
d

lds
fo
ce
an
r

r
h

ie

he
fe
le
no
na
tio

he

c

ds

rge

he
ther
dja-
rids
oss

e-

ld
ial

al-

ling
0%
ne

ld

as
on
re
to
a

d
-
of

ick

76-
-

58.5,umFu58.5 sublevels of the ground state by maximizi
the probability ofuDmFu511 transitions. This was achieve
with 626-nm and 2614-nm light linearly polarized in theŷ
direction, perpendicular to the electric and magnetic fie
Both laser beams passed through collimating lenses be
entering the vacuum chamber. Knife-edge collimators pla
inside the vacuum chamber between the input windows
the laser–atomic-beam interaction region were used to
duce scattered light~see Fig. 7!.

Mirrors surrounding the electric- and magnetic-field inte
action region directed fluorescent light towards a lucite lig
pipe. Light was detected with a 7.6-cm-diam photomultipl
tube ~PMT! ~Philips XP 3461B! placed outside the vacuum
chamber behind the light pipe. The input window of t
PMT was covered with a custom designed 564-nm inter
ence filter~CVI Laser Corp.!, which had an acceptance ang
of 45°. The laser–atomic-beam interaction region was
directly visible to the PMT. Nevertheless, a substantial sig
arose both from residual scattered light due to the excita
laser pulses and from the initial fluorescence from stateA
~due to atoms not transferred to stateB!. Because of this, a
gating circuit was utilized in order to avoid saturation of t
PMT. This was accomplished by applying2300 V to the
accelerating grid electrode of the PMT for a period of 50ms
during and following the initial population of stateA. The
anode of the PMT was terminated into a 10-kV resistor. The
voltage across this resistor was recorded with a digital os
loscope~Tektronix TDS 410A!. The RC time of the detec-
tion system was 0.79ms.

C. Electric and magnetic fields

The electric field was formed between two wire gri
~5.6310.4 cm2 each! ~see Fig. 6!. Wire grids were used in
.
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order to minimize surface area and thus stray electric cha
accumulation. They were constructed by winding 50-mm-
~0.002-in.-! diam Be-Cu wire around brass frames with t
ends of the wires held tight by screws. There were altoge
40 wires per frame, with a 2.5-mm separation between a
cent wires. The average separation between the two g
was 2.588 cm, with a variation of less than 0.005 cm acr
the grid area.

In order to achieve a high level of electric-field homog
neity near the grid fringes, four additional wires~50-mm-
diam Be-Cu! were wrapped adjacent to the magnetic fie
wires. A resistive voltage divider distributed the potent
among these wires. Using computer modeling@16#, an opti-
mum resistor configuration was found, which produced a c
culated fractional inhomogeneity of&531024 over the vol-
ume occupied by the atomic beam. In addition, the mode
showed that electric field at the center was smaller by 2
relative to what would be expected from infinite, solid pla
electrodes.

The magnetic field was produced by eight turns of go
plated copper wire~0.05 cm in diameter! surrounding the
electric-field region. The separation between the wires w
0.6 cm. This separation allowed for maximal light detecti
and sufficient magnetic-field homogeneity. The wires we
wound in a pattern minimizing components perpendicular
the electric field. A precision current regulator provided
current stable to 50mA ~corresponding to a magnetic-fiel
stability at a level of 1 mG!. High homogeneity of the mag
netic field was achieved by providing a yoke for the return
magnetic flux lines. The yoke was made of 2.5-mm-th
high-permeability magnetic material~CO-NETIC AA @17#!.
In order to shield against laboratory magnetic fields, a 0.
mm-~0.030-in.-! thick CO-NETIC shield surrounded the en
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FIG. 8. Electric-field sequence used in the PNC experiment.E-field reversal is achieved by changing the overall sign of this sequen
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tire region. The yoke also provided shielding from extern
magnetic fields. The fractional variation in the magnitude
the magnetic field was measured to be&1023 over an 8 cm
length along the volume occupied by the atomic beam. A
erage fields strengths of up to 2 G were achieved within the
volume of the magnetic field region (300 cm3). All metal
parts in the electric- and magnetic-field region were g
plated. This was done to minimize possible stray charge
cumulation by dielectric films formed on the surface~see,
e.g., Ref.@18#!. In addition, it guards against the presence
stray magnetic fields due to thermoelectric currents resul
from the junction of dissimilar metals@19#.

III. PNC-STARK INTERFERENCE MEASUREMENT

This section describes the details of data collection
the method of analysis used to arrive at a value forHw .
Figure 8 shows the electric-field sequence with parame
used in the PNC experiment. It was programmed into
arbitrary wave-form generator~Stanford Research System
DS345!, which was output to an amplifier. To remove slo
dc offsets in the electric field, a capacitor was placed
series at the output of the amplifier. The initial squarep
pulse transferred atoms from stateA to stateB. The param-
eters of thep pulse were chosen to maximize the number
atoms transferred to theumFu510.5 sublevels while mini-
mizing that for umFu59.5 sublevels. The sinusoidal electr
field ~;5-V/cm amplitude! was applied after a time dela
('70ms), giving sufficient time for atoms remaining i
stateA ~in all sublevels! to decay~recall thattA57.9ms!. In
addition, during this time, atoms that were in the laser int
action region~which is not visible to the PMT! during the
population pulse have moved into the field of view of t
light detection system~see Figs. 5 and 6!. As discussed in
Sec. I B, the frequency of the sinusoidal electric field~100
kHz! was chosen to be greater than any other relevant
quency scale~i.e., GA , D, or dE0!. The initial phase of the
sinusoidal wave was chosen to minimize transient effe
due to atoms rapidly transferred to stateA at the beginning of
the wave. The laser pulses, electric-field sequence, PMT
l
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ing, and oscilloscope triggering were synchronized to
atomic-beam chopper.

To guard against various systematic effects, data w
taken at different values of the decrossing:D.2GA , 0, and
GA , corresponding touBu'1.452, 1.462, and 1.472 G, re
spectively. Data were also taken with both signs of both
electric and magnetic fields~both signs ofumFu510.5!. Here
and throughout, electric-field reversal is taken to mean
overall sign change of the sinusoidal wave and thep pulse.
A typical data ‘‘run’’ corresponds to a few hours of da
taking. Data recorded in a run consists of a series of ‘‘files
One file contains four ‘‘channels’’ corresponding to the fo
combinations of the signs of electric and magnetic fields:~1!
E1 ,B1 ; ~2! E2 ,B1 ; ~3! E1 ,B2 ; and~4! E2 ,B2 . Data in
each channel are the average of fluorescence wave fo
from 200 consecutive laser pulses. Averaging was done
ing an internal function of the digital oscilloscope. It tak
approximately 80 s in real time to produce one file.

A. Preliminary considerations

In order to analyze the data, it is necessary to account
several imperfections in the apparatus. In particular, it is n
essary to measure the time-dependent efficiency of light
tection and backgrounds. The light detection efficiency
pends largely upon the geometrical incidence angle
fluorescence light on the detection system~light pipe, inter-
ference filter, and PMT; see Fig. 5! averaged over the spatia
distribution of the fluorescing atoms. It was measured
using two consecutivep pulses of the electric field, sepa
rated in time. Following the usual population of stateA, the
first pulse transfers atoms to stateB; the second transfer
them back to stateA and fluorescence is detected. Varyin
the time interval between the two pulses reproduces the
tual temporal distribution of the detection efficiency in th
PNC experiment. Figure 9 shows a typical normalized lig
detection efficiency curve. It was verified that this curve
mained relatively constant throughout a run. Efficiency d
were taken before every run and fitted to a fifth-order po
nomial E(t).
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Three to four sets of background files were taken withi
run. Background data consist of two files: without laser lig
(B1) and with laser light but without an electric-field s
quence (B0). The primary contribution toB1 is due to elec-
tronic background from the PMT gating circuit. By takin
the difference betweenB0 andB1 , we arrive at background
due entirely to laser light (B2). Figure 10 shows typica
background data.B1 was fitted to a fifth-order polynomial
while B2 was fitted to a simple exponential curve.

Figure 11 shows typical fluorescence data from one ch
nel. BothB1 andB2 contribute to the signal. There are 50
points in a 200-ms interval. For data analysis, estimated sh
noise error bars are assigned to each point. However, a
cent points are correlated due to the finite integration time
the detection system. Therefore, the number of degree
freedomN in a fit is ;150. The data are fitted to a functio
of the form

Sfit~ t !5a11B1~ t !1a2B2~ t !1a3E~ t ! f ~E,D,Hw ;t !,
~12!

wherea1 , a2 , a3 , E, D, andHw are free parameters. Th
parametera1 is included to account for slowly varying ove
all offsets. The functionf (E,D,Hw ;t) is the fluorescence

FIG. 9. EfficiencyE(t) of the light detection system as a fun
tion of time delay between twop pulses. Points, data; solid curve
curve fit used in data analysis.

FIG. 10. Background data:B1 , background independent of lase
light; B2 , background due to laser light.
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line shape obtained by numerical integration of the Sch¨-
dinger equation with appropriateE, D, and Hw , with the
finite integration time of the detection system~0.79ms! and
lifetime of the intermediate state~2.2 ms! included.E andD
are free parameters because we allow for imperfectE andB
fields ~see Sec. III B!.

By considering only that part of the signal that occu
before the electric-field sequence (t,15ms), a1 anda2 are
determined first for each data channel. Thus the remainde
the signal must be fitted to four free parameters. Such a
requires extensive computation since the fluorescence
shapef (E,D,Hw ;t) must be calculated for each change
E, D, or Hw . To avoid this, a procedure that relies upon t
signatures of bothEdc and Hw ~see Fig. 4! was developed.
We will now present this procedure and discuss vario
checks of its validity.

B. Fitting the magnetic field and electric field

The first step in the fitting procedure is to determine t
magnetic-field calibration and to determine dc compone
of the electric field.@Note that throughout the fitting proce
dure, for a specificf (E,D,Hw ;t), a3 is fitted automatically
using a least-squares method.#

In Sec. I B, it was shown that Stark-PNC interferen
leads to a component of the signal at the first harmonic of
oscillating electric field frequency. A dc electric field applie
in addition to the oscillating electric field also causes a sim
lar component@see Eq.~8!#. However, the PNC componen
can be distinguished from the component due to the dc e
tric field since the former is an odd function ofD while the
latter is even~see Fig. 4!. As an important note, we only
need to considerz components of the electric and magne
fields. Although other components would tend to mix in
contribution from theumFu59.5 sublevel, this contribution is
negligible due to the large energy separation (;300 kHz)
and the smaller dipole matrix element connecting it to
umFu510.5 sublevel.

FIG. 11. Typical data from a given channel. Best-fit values fob
andEdc have been used for the shown fit. The first-harmonic te
due toEdc can readily be seen. Each point corresponds to an a
age over 200 laser shots~;20 s of real time!. Also the cosineE
field has been superimposed for purpose of display. The ver
scale is the same as in Fig. 10.
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There are two types of dc electric field (Edc) to consider:
one that reverses sign with reversal of the electric-field
quence,Edc~odd!, and one that does not,Edc~even!. The lat-
ter is mainly attributed to surface charge accumulation on
electric-field wires. Even after the wires were gold plat
~see Sec. II C!, fields of up to;80 mV/cm were produced
within a few months of operation. The other type of dc ele
tric field, Edc~odd!, allows for imperfect reversal of the
electric-field sequence by the amplifier. For each run, we
found the best fits to both types of dc electric field befo
fitting the value ofHw . The value of electric field used in th
fit was

Efit~ t !5Eapplied~ t !1Edc~odd!1Edc~even!. ~13!

Note that in the numerical calculations used for data an
sis, it was important to assume thatEdc interacts with atoms
at all times after the electric-fieldp pulse. This produces a
effective ‘‘premixing’’ of A andB prior to application of the
sinusoidal electric field, which slightly modifies the initia
transients in the fluorescence line shape.

Let us now discuss calibration of the magnetic field. It
possible to calibrate the magnetic field using the data. Allo
ing for an imperfect reversal of magnetic coil current a
small residual magnetic-field offsets, separate calibra
constantsb1 and b2 were used corresponding to nomin
magnetic field in the1 ẑ direction (B1) and the2 ẑ direc-
tion (B2), respectively:

Bfit15b1B1 , ~14!

Bfit25b2B2 , ~15!

whereBfit1~2! refers to the value of the magnetic field us
in the fit.

To fit for Edc and b, we first setHw50 ~the validity of
this step will be discussed below!. We next generated a two
dimensional map of reducedx2 values of the fit as a function
of both Edc and b. Typical maps are shown for an on
crossing (D50) file and an off-crossing (D;GA) file in
Figs. 12~a! and 12~b!, respectively. The contours correspo
to constant levels of reducedx2, while the minimum ofx2

(xmin
2 ) corresponds to the best-fit values forEdc and b. As

expected, xmin
2 approximately equals unity. For a two

parameter fit, choosing the contour that is 2.3/N away from
xmin

2 ~whereN'150 is the number of degrees of freedom!
will give a 68% confidence level in the choice of paramet
within the contour~see, e.g.,@20# for a detailed discussion!.

All x2 maps of a particular channel were averaged
gether resulting in four maps~one per channel! for each run.
This was done in order to combine information in the o
and off-crossing maps. The uncertainty of a parameter fo
particular channel is determined by taking the projection
the resulting contour onto the parameter’s axis.

Edc~even! andEdc~odd! are found by taking the weighte
average of the four values ofEdc ~with appropriate signs!
from each data channel. From run to run,Edc~even! varied
from 0 to 80 mV/cm, whileEdc~odd! remained a constan
'24(1) mV/cm ~the negative sign indicates polarity opp
site to the electric-fieldp pulse!. A contribution toEdc~odd!
-

e

-

st
e

-

-

n

s

-

-
a
f

comes from discharge of the capacitor, which removes s
dc offsets from the amplifier output. This capacitor is in
tially charged by the electric-fieldp pulse. The correspond
ing field was calculated to be25 mV/cm. ThusEdc~odd!
attributed to imperfect reversal of the electric field seque
is 1(1) mV/cm. This procedure to determineEdc was
checked by deliberately applying several values of dc elec
field. The fitted values forEdc were in agreement with the
applied values. Finally, the calibration constantsb1 andb2
were found to be within'0.2% of each other.

FIG. 12. FittingEdc andb. Contour maps show constant leve
of reducedx2 for ~a! an on-crossing file,~b! an off-crossing file,
and ~c! the average of the two.
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C. Fitting H w

With the values ofEfit andBfit fixed for a specific channel
the value for Hw was fitted. Only off-crossing files
(uDu5GA) were considered since the Stark-PNC interfere
term at crossing is zero~see Fig. 4!. x2 as a function ofHw
was generated. For a one-parameter fit, the uncertainty inHw
was estimated by determining the values ofHw that change
xmin

2 by 1/N. The uncertainty inHw obtained in this way was
consistent with the spread of the values between diffe
files. The final value ofHw is the weighted average from a
channels of all files.

As discussed above, the value ofHw is initially set to zero
in the fitting procedure. However, it was found by fittin
computer-generated simulated data that this procedure
sults in a difference between the input value ofHw and the
resulting fitted value by a multiplicative factor slightly di
ferent from unity. This is because, ifHw is nonzero, its non-
inclusion in the initial fit forEdc andb leads to a correction
in the fitted values of these parameters; this in turn result
a normalization factor for the final value ofHw . Computer
modeling shows that the actual value ofHw is obtained by
multiplying the fitted value by 1.3.

To additionally verify the data analysis procedure,x2

three-dimensional maps with coordinates representing
three parameters~Edc, b, and Hw! were made for severa
files. The confidence region, in this case, is an ellipsoid
parameter space. It was found that the central value and
certainty of these parameters agreed well with those obta
by the procedure described.

IV. SYSTEMATIC EFFECTS

In principle, it is possible that certain combinations
imperfections involving electric- and magnetic-field grad
ents in the system could mimic the signature of the P
effect. We considered four imperfections: a residual m
netic field B0, a dc electric fieldEdc, and their gradients

TABLE I. Summary of sign change in fittedHw under reversal
of E, B, or D for PNC effect and imperfections.

PNC effect and
imperfections

Reversal

E B D

PNC 1 1 1

]Edc/]x ~E even! 1 2 2

DEdc/]x ~E odd! 2 2 2

]B/]x ~B even! 2 1 2

]B/]x ~B odd! 2 2 2

Edc]B/]x ~E even,B even! 1 1 1

Edc]B/]x ~E odd,B even! 2 1 1

Edc]B/]x ~E even,B odd! 1 2 1

Edc]B/]x ~E odd,B odd! 2 2 1

(]Edc/]x)(]B/]x) ~E even,B even! 1 1 1

(]Edc/]x)(]B/]x) ~E odd,B even! 2 1 1

(]Edc/]x)(]B/]x) ~E even,B odd! 1 2 1

(]Edc/]x)(]B/]x) ~E odd,B odd! 2 2 1

(]B/]x)B0 ~B even! 2 1 2

(]B/]x)B0 ~B odd! 2 2 2
e
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]B/]x and ]Edc/]x, respectively. By separately fittingEdc

to the beginning and to the end of the fluorescence d
]Edc/]x was found to be<3 mV/cm/cm.

The imperfections are allowed to be either even or o
with respect to the reversal ofE or B. Simulated data tha
included these imperfections were generated. In order to
termine whether a given combination of imperfections ha
signature mimickingHw , we fitted these data with a fluores
cence line shape allowing variation ofHw ~but not ofEdc and
b, which were set to 0 and 1, respectively!. By reversingE,
B, andD, we determined whether or not the sign of the fitt
value ofHw changed. This allowed us to rule out the com
binations of imperfections that did not have the same sig
ture as PNC. Table I shows the various combinations o
most two imperfections and the corresponding signature
the fitted value forHw . A systematic effect that mimics th
PNC effect would be one in which the sign of the fittedHw
does not change sign under reversals ofE, B, andD.

From Table I, there are two potentially dangerous com
nations of imperfections:Edc]B/]x ~E even, B even! and
(]Edc/]x)(]B/]x) ~E even,B even!. To see what value of
falseHw corresponded to these effects, we once again g
erated simulated data that included these imperfections.
time, however, the complete fitting procedure described
Sec. III was applied to the simulated data. Using the m

FIG. 13. Summary of PNC data.

FIG. 14. Histogram of fittedHw for each individual file. The
smooth curve is a best-fit Gaussian.
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TABLE II. Fitted values ofHw grouped according to channels and to decrossingD.

Channel 1 (E1B1) Channel 2 (E2B1) Channel 3 (E1B2) Channel 4 (E2B2) D,0 D.0

Hw (Hz)→ 20.965.6 21.065.7 0.565.5 10.965.6 0.163.5 9.464.9
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sured value of]B/]x and the estimate for]Edc/]x, it was
found that these effects produced a falseuHwu<0.7 Hz. This
value provides an upper limit of the systematic errors. As
additional test for systematic effects, we have checked fo
dependence of the fitted values ofHw upon Edc. No such
dependence was found within statistical uncertainties.

V. RESULTS AND CONCLUSIONS

Figure 13 shows the values forHw obtained from run to
run. Figure 14 shows a histogram of fittedHw from all chan-
nels along with a best-fit Gaussian. Data grouped accord
to channels and according to decrossingD are shown in
Table II. No statistically significant discrepancies are o
served. Finally, we report a value foruHwu5u2.3
62.9~statistical!60.7~systematic!u Hz ~here the normaliza-
tion factor discussed in Sec. III C has been accounted f!.
The sign of the central value ofHw is the same as that of th
electric-dipole matrix elementd.

As mentioned earlier, the theoretical prediction for t
nuclear-spin-independent weak matrix element
Hw570~40! Hz @9#. A cancellation between the nuclear-spi
dependent~NSD! and spin-independent contributions is u
likely becauseF510.5 hyperfine components are insensiti
to NSD effects~see the Appendix!.

For the future, there are several planned improvement
increase experimental sensitivity. Another order of mag
tude in counting rate is possible if one uses optical pump
to concentrate the population into one Zeeman subleve
the ground state. An even greater improvement would
achieved by switching to cw lasers for excitation. A 100
duty cycle would allow three to four orders of magnitu
increase in counting rate. A cw scheme to populate stateB is
currently being investigated. These improvements should
low for a statistical sensitivity of;1 mHz in one month of
data taking. If the magnitude ofHw is ;1 – 3 Hz, this level
of sensitivity will be sufficient for testing the standard mod
and for measurement of nuclear-spin-dependent effects~see
the Appendix!.
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APPENDIX: NUCLEAR-SPIN-DEPENDENT PNC EFFECTS

In this appendix we briefly consider nuclear-spi
dependent PNC effects and determine the relative sensit
of quantum-beat experiments involving various hyperfi
components of the statesA andB. The NSD PNC effect is
generally expected to be at a few percent level of the do
nant contribution@5#.

For the matrix element of the NSD PNC@5# we have

ĤNSD} iZ2RkI•J, ~A1!

whereR is a relativistic factor andk is the effective coupling
constant, which includes contributions from standard mo
vector hadronic and axial electronic current coupling, as w
as that of the nuclear anapole moment. SinceĤNSD is a scalar
operator, it is nonzero only for components ofA andB with
the same values ofF andmF . However, the matrix elemen
of ĤNSD is different for different relative orientations of tota
electronic angular momentum and nuclear spin, i.e., for
ferent values ofF. Since statesA andB have the same tota
electronic angular momentum (J510), evaluation of the an-
gular part ofĤNSD is equivalent to taking the diagonal matr
element of the operatorI•J:

^ĤNSD&} 1
2 @F~F11!2J~J11!2I ~ I 11!#. ~A2!

~Note that the NSD PNC matrix element is proportional
magnetic-dipole hyperfine-structure shift for a givenF com-
ponent.! Evaluating^ĤNSD& for different values ofF ~with
J510 and I 5 5

2 , which is the case for both stable od
nucleon-number isotopes161,163Dy!, one finds that the maxi-
mum absolute values of the numerical factor~227.5 and
25.0! are obtained for the extreme valuesF57.5 and 12.5,
respectively, while the smallest~1.0! is obtained for F
510.5. Therefore, theF510.5 components used in th
present experiment are least sensitive to NSD PNC.

Since a relatively high NSD PNC contribution for th
particular system~statesA andB! was predicted in@9# ~at the
level of ;20% of the dominant nuclear-spin-independent
fect! and the dominant contribution was found to be su
pressed compared to the calculated value, one could ima
a cancellation involving the NSD and nuclear-spi
independent contribution for some hyperfine compone
For theF510.5 components used in the present experim
cancellation of the nuclear-spin-independent effect by
NSD PNC effect is practically ruled out.
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Finally, it may be noted that the next closest pair of h
perfine components ofA andB is theF57.5 pair for 161Dy
with a separation of 68.83~3! MHz @10#; here the NSD PNC
is maximal. In addition, the anapole moment of the161Dy
-

.

v.

v,
-nucleus may be somewhat enhanced due to the close p
imity of nuclear levels of opposite parity@5#. This makes this
pair of components attractive for future NSD PNC expe
ments.
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