Travel Grants Available
Neuroscience 2014
Application Deadline: July 31
>Apply Now RsDsystems
abiotechne brand

Ié|éertz+-LeveI Measurement of the Optical Clock Frequency in a Single
Sr” lon

H. S. Margolis et al.

Science 306, 1355 (2004);

RAYAAAS DOI: 10.1126/science.1105497

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of July 23, 2014 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/306/5700/1355.full.html

A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/306/5700/1355.full. html#related

This article cites 20 articles, 1 of which can be accessed free:
http://www.sciencemag.org/content/306/5700/1355.full. html#ref-list-1

This article has been cited by 101 article(s) on the ISI Web of Science

This article has been cited by 5 articles hosted by HighWire Press; see:
http://lwww.sciencemag.org/content/306/5700/1355.full.html#related-urls

This article appears in the following subject collections:
Physics
http://www.sciencemag.org/cgi/collection/physics

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2004 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on July 23, 2014


http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1981262103/Top1/AAAS/PDF-R-and-D-Systems-Science-1709891/SfN2014_TG_ScienceBanner.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/306/5700/1355.full.html
http://www.sciencemag.org/content/306/5700/1355.full.html#related
http://www.sciencemag.org/content/306/5700/1355.full.html#ref-list-1
http://www.sciencemag.org/content/306/5700/1355.full.html#related-urls
http://www.sciencemag.org/cgi/collection/physics
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/

N2mr tan O

Fig. 3. Design for a chiral material. Continuous
insulated strips of metal are wound in a helix
and then individual coils are stacked in a three-
dimensional log pile to make an isotropic
structure.

winding a continuous insulated metal tape
onto a cylinder so that it forms an over-
lapping helix (Fig. 3). More details of the
performance of this structure are available
(figs. S8 to S13). This is a chiral variant of
the so-called Swiss roll structure used to
produce negative permeability in the MHz
range of frequencies (/4). The structure is
resonant because of inductance in the coiled

helix and capacitance between the inner and
outer layers of the helix. When current flows
along the helix, not only does it produce a
magnetic polarization along the axis, but it
also produces an electric polarization because
some of the current flows parallel to the axis.
Typical values for the parameters are

r=5x 102 m
a=2x102m, d=1x 10*m

6=5° N=10 (12)
where « is the lattice constant of the log-pile
structure and 7, d, 6, and N are defined in Fig.
3. These parameters give negative refraction
at around 100 MHz. The design can be tuned
over a wide range of frequencies (SOM Text).
Achieving strong chirality in the optical region
of the spectrum is more difficult, but some
promising design studies have been made (/95).

The class of negatively refracting materi-
als introduced here with the prescribed
properties should open previously unknown
avenues of investigation. Specific designs
are greatly simplified with very compact
internal structure, typically on a scale less
than 1/100th of the free space wavelength at
the resonant frequency. The structures offer
further opportunities to extend the negative
refraction concept.
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Hertz-Level Measurement of the
Optical Clock Frequency in
a Single 23Sr™ lon
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K. Szymaniec, P. Gill

The frequency of the 5s ?S1/2—4d “Ds;2 electric quadrupole clock transition in a
single, trapped, laser-cooled %8Sr* jon has been measured by using an optical
frequency comb referenced to a cesium fountain primary frequency standard.
The frequency of the transition is measured as 444,779,044,095,484.6 (1.5)
hertz, with a fractional uncertainty within a factor of 3 of that of the cesium
standard. Improvements required to obtain a cesium-limited frequency
measurement are described and are expected to lead to a 88Sr+ optical clock
with stability and reproducibility exceeding that of the primary cesium

standard.

Accurate time and frequency measurement is
a long-standing requirement of science and
technology, with applications including the
realization of the Systeme International (SI)
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10" (I). Recent studies have indicated the
potential of optical frequency standards based
on high-Q transitions in laser-cooled trapped
ions or atoms to achieve even better stabilities
and accuracies (2, 3). Combined with optical
frequency measurement techniques based on
femtosecond combs (4, 5), these transitions
may be used as practical frequency standards
generating a direct microwave output (3),
raising the possibility of a future redefinition
of the SI second. To assess the suitability of
an optical standard as the basis for such a new
definition, it is important to make accurate
measurements of its frequency relative to the
Cs standard and to evaluate its reproducibil-
ity. In the medium term, this would allow
such standards to be used as secondary
representations of the second, contributing to
International Atomic Time (TAI).

An important class of optical frequency
standards are those that have their basis in
narrow-linewidth forbidden transitions in
single laser-cooled trapped ions, such as
19Hg" (2), '7'Yb" (6, 7), "In* (8), and
8Sr" (9, 10). The best previously reported
frequency measurements are for the '*’Hg"
standard at 282 nm (/) and the '"'Yb"
standard at 435 nm (6), with quoted uncertain-
ties of 1 part in 10'*. We present a measure-
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ment of the 5s %S;,—4d ?Ds, optical clock
transition frequency in %¥Sr" at 674 nm, with
a fractional uncertainty that is three times
better than the previous best measurements.

A partial term diagram for the #8Sr* op-
tical frequency standard is shown (Fig. 1A).
The ion is trapped in an endcap trap (/2) and
laser-cooled to a few mK on the 5s 281/2—5p
2P, ), transition at 422 nm. To prevent optical
pumping into the metastable 4d °Ds, state,
we used 1092-nm laser radiation. Fluores-
cence from the 422-nm cooling transition is
detected by a photomultiplier tube, and the
micromotion of the ion is monitored and
minimized in three dimensions by using
radio frequency (rf)—photon correlation tech-
niques (13, 14). The reference for the optical
frequency standard is the 5s ?S;,—4d Ds;
electric quadrupole transition at 674 nm,
which has a natural linewidth of 0.4 Hz.
This is probed with the use of a 674-nm
extended-cavity diode laser, which is stabi-
lized to a high-finesse ultra-low-expansion
(ULE) cavity by using the Pound-Drever-
Hall technique (75), resulting in a laser
linewidth of less than 100 Hz and a relative
frequency stability of 1x107'*/,/z for aver-
aging times t < 10 s. The frequency-stabilized
probe laser is shifted into resonance with the
674-nm clock transition frequency by using
a double-passed acousto-optic modulator
(AOM). The clock transition is observed
by using the quantum jump technique (/6);
i.e., excitation to the metastable 4d 2D5/2
level is detected from cessation of the
strong 422-nm fluorescence from the cool-
ing transition.

In a dc magnetic field (typically 1.4 uT),
the clock transition splits into 10 Zeeman
components (Fig. 1B). The *¥Sr" ion is in-

Fig. 1. (A) Partial term scheme A
for 8Sr*+ (nuclear spin | = 0),
showing the transitions used to
cool and probe the trapped ion.

(B) Zeeman splitting of the 5s
25.,2—4d 2Ds;, clock transition,
showing the m; quantum num-
bers for each component and the
centroid vo of the multiplet.

2
S1/2

422 nm

terrogated by using a computer-controlled
sequence of operations during which the ion
is alternately cooled at 422 nm and then
probed at 674 nm. The probe laser pulses
were typically 5 ms in duration, resulting in
a Fourier transform-limited linewidth of
about 200 Hz. The center frequency, vo, of
the Zeeman structure is determined by using
a four-point servo scheme with a typical
cycle time of 15 to 20 s to probe a pair of
Zeeman components, which are symmetri-
cally placed around line center (/7).

Absolute frequency measurements of the
clock transition frequency were performed
by simultaneously recording the AOM offset
frequency and measuring the frequency of
the light locked to the ULE cavity with the
use of a femtosecond optical frequency comb.
The setup of this frequency comb was similar
to that described in (9), except that both the
repetition rate and the carrier envelope offset
frequency were stabilized to rf synthesizers
referenced to the 10-MHz output of a hydro-
gen maser. The offset of the maser output
frequency from 10 MHz was determined by
comparison with the NPL Cs fountain (I8)
throughout the period of the frequency mea-
surements. The stability of the rf synthesizers
used on the comb contributes to the statistical
uncertainty of the frequency measurements,
but the comb linkage does not significantly
affect the final systematic uncertainty.

The largest source of systematic frequency
shift for the ¥Sr* optical frequency standard
arises from the electric quadrupole shift of
the reference transition (/7), which is due to
the interaction between the electric quadru-
pole moment of the atomic states and any
residual electric field gradient present at the
position of the ion. After the treatment in (19),

+1/2

I

b -

c b a

2
81/2 m,

2 '
D5/2 mf

12
-3/2

-1/2 172
-5/2 -1/2
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12 12 12 12 <112
-1/2 312 172 572 32

the resultant frequency shift of the 4d *Ds
level with magnetic quantum number m; (j
indicates total angular movement) is given by

3
Av = WQ(}C@(D, 5/2)

35
x <12
where Q. is the residual dc quadrupole
field gradient at the position of the ion,
®(D,5/2) is the electric quadrupole moment
of the 4d Dy, state, B is the angle between
the principal axis of the quadrupole field
gradient and the magnetic field axis, and 4 is
Planck’s constant. The 5s 2S;,, state has no
electric quadrupole moment and so is not
shifted by this effect. The residual dc
quadrupole field gradient is determined from
measurements of the trap secular frequencies
and minimized by adjusting the dc voltages
applied to the outer electrodes of the endcap
trap (/7). In this way the shift is reduced to
the level of a few Hz. However, the
quadrupole shift can be nulled by using one
of two different techniques, with the result
that the uncertainty in this shift can be
reduced to a substantially lower level. In
the first, referred to as method A, a particular
pair of Zeeman components is selected, and
frequency measurements are carried out for
three mutually orthogonal orientations of the
applied dc magnetic field. The average
quadrupole shift for these three measure-
ments is zero (/9). In the second technique
(method B), measurements are carried out by
using three different pairs of Zeeman com-
ponents that correspond to transitions with
the three different possible values of |m/], for
example, pairs a, b, and ¢ in Fig. 1B (10, 20).
From Eq. 1, the average quadrupole shift for
these three transitions is again zero, inde-
pendent of the magnetic field direction.
Frequency measurements of the 5s 28, 0-4d
*Ds, transition in *¥Sr™ were carried out on
11 separate days. The first 6 days of data
(Fig. 2A) were taken with the use of method
A to null the electric quadrupole shift, with
measurements being carried out in three
nominally orthogonal magnetic field direc-
tions corresponding to angles of B of about
11°, 101°, and 90°. The later 5 days of data
(Fig. 2B) were taken with the use of method
B to null the electric quadrupole shift. For 2
of these days, the magnetic field direction
was such that B = 11°; for the other 3 days, B
was about 90°. Each data point corresponds
to typically 10,000 s of data, and the error
bars represent statistical uncertainties only.
The unweighted mean frequencies of the two
sets of data (before correcting for systematic
errors) are 444,779,044,095,485.0 (1.3) Hz
and 444,779,044,095,486.2 (1.2) Hz, respec-
tively, where the statistical standard uncer-
tainties are shown in parentheses.

- m'lz) (3cos® B — 1) (1)
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A detailed analysis of ion-related system-
atic errors for the 88Sr* optical frequency
standard was presented in (/0). The estimat-
ed sizes of these effects for our system are
given in Table 1 together with some techni-
cal sources of systematic uncertainty, the
effects of which have been evaluated exper-
imentally wherever possible.

Although the quadrupole shift of the
transition frequency is nominally nulled for
both sets of data, the cancellation of the shift
in method A requires the three magnetic
field orientations to be exactly orthogonal.
Allowing for an estimated 10° of uncertainty
in the magnetic field directions chosen, the
residual uncertainty due to the quadrupole
shift is estimated to be around 10% of the
mean magnitude of the shift. The cancella-
tion of the quadrupole shift in method B
relies only on the angle between the mag-
netic field axis and the quadrupole axis being
stable over the course of a day’s measure-
ments, and so the residual uncertainty is
assumed to be negligible in this case.

The thermal secular motion of the trapped
ion and the micromotion at the trap drive
frequency both lead to Stark shifts (which arise
because the ion experiences a nonzero time-
averaged value of the ac trapping field) and to
second-order Doppler shifts. The shifts arising
from the micromotion are estimated from the rf
photon correlation signals (/4), whereas those
due to the secular motion are estimated from
the intensity of the secular sidebands relative to
the carrier. There is also a Stark shift arising
from blackbody radiation, if the transition
frequency is corrected to absolute zero. At
293 K, this is calculated to be 0.30 (8) Hz (10),
with the uncertainty arising primarily from the
uncertainty in the Stark shift coefficients.

The linear Zeeman effect is eliminated by
probing two Zeeman components, which are
symmetrically placed around line center. The
quadratic Zeeman effect shifts both compo-
nents in the same direction but, at the typical
dc applied magnetic field of about 1.4 uT, is
negligible compared to other sources of
uncertainty. The blackbody radiation field,
with a mean-square magnetic field amplitude
of 7.01 uT? at 293 K, and ac magnetic fields
similarly lead to negligible Zeeman shifts at
the current level of precision.

The radiation used to cool and probe the
trapped ion can cause ac Stark shifts of the
clock transition frequency. The procedures
used to null the electric quadrupole shift also
null the tensor component of these ac Stark
shifts, and so only the scalar components
need be considered. The 674-nm ac Stark
shift is negligible at the power level and
beam waist size used in the trap. Although
the 1092-nm and 422-nm beams are nomi-
nally switched off during the probe laser
interrogation periods, in practice they are not
perfectly extinguished. No significant fre-

www.sciencemag.org SCIENCE VOL 306

quency shift was detected between measure-
ments carried out with and without an AOM
switching the 1092-nm beam, setting a limit
on the 1092-nm ac Stark shift under normal
operating conditions from the measured ex-
tinction ratio of the AOM. Effective extinc-
tion of the 422-nm radiation is more
important, because the cooling and probe
transitions share the ground state as a
common level. This beam is therefore
blocked by using a combination of an AOM
and a mechanical shutter, giving a total
extinction ratio of 10°. The residual 422-nm
ac Stark shift due to light scattered around the
shutter blade was determined by increasing
the rf power leakage to the AOM by 15 dB,
when it was nominally switched off, and
scaling the frequency shift measured under
these conditions to the normal leakage level.

REPORTS

Drifts in the ULE cavity frequency can lead
to servo errors in the lock to the center of the
Zeeman structure. To quantify this effect, we
induced deliberate changes in both the magni-
tude and the direction of the cavity drift rate by
adjusting the temperature control system,
leading to larger-than-normal imbalances be-
tween the quantum jump rates on each side of
the line. The relationship between measured
frequency and quantum jump imbalance deter-
mined in this way was consistent with the
relationship predicted on the basis of the
observed linewidth and servo parameters. For
the special case where measurements of the
quantum jump rate are made at two frequencies
separated by the linewidth of the Zeeman
component, this relationship is given in (21).

The uncertainty in the maser reference
frequency has contributions both from the

Fig. 2. Frequency of the

5s 2S1/2—4d 2Ds/z transi-
tion in °°Sr*, determined
from (A) the average of

measurements made in
L three nominally orthogo-

nal magnetic field direc-
tions and (B) the average
of measurements carried
out by using three differ-
ent pairs of Zeeman com-

ponents corresponding to
transitions for which |m;| =

1/2, 3/2, and 5/2. The sol-

id lines show the average

measured value using each

technique. Corrections have
been applied for system-
atic frequency shifts as
itemized in Table 1.
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Table 1. Estimated size and standard uncertainty (Hz) of all systematic frequency shifts larger than 10 mHz.

Method A Method B
Source
Shift Uncertainty Shift Uncertainty
Quadrupole shift 0 0.5 0 <0.01
2nd-order Doppler shift due <0.01 0.01 <0.01 0.01
to micromotion
2nd-order Doppler shift due <0.01 0.01 <0.01 0.01
to secular motion
Stark shift due to +0.01 0.01 -+0.01 0.01
micromotion
Stark shift due to secular <0.01 0.01 <0.01 0.01
motion
Blackbody Stark shift +0.30 0.08 +0.30 0.08
1092-nm ac Stark shift 0 0.02 0 0.02
422-nm ac Stark shift +1.4 0.8 +1.4 0.8
Servo errors -1.0 0.6 -0.4 0.3
Maser reference frequency 0 0.7 0 0.7
Gravitational shift 0 0.1 0 0.1
Total estimated systematic +0.7 13 +1.3 1.1
shift
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uncertainty in the Cs fountain frequency (1
part in 1015 statistical over the time scale of
these measurements and 1 part in 1013
systematic) (/8) and from the uncertainty in
correcting for the frequency shifts in the
cables used to transfer the maser signal to
the femtosecond comb laboratory. Lastly, the
uncertainty in the relative altitudes of the Sr
ion trap and the Cs fountain leads to a small
uncertainty because of the gravitational shift.

Correcting for the systematic shifts gives
frequency values of 444,779,044,095,484.3
(1.9) Hz and 444,779,044,095,484.8 (1.6) Hz
for the data taken with use of the two different
methods of nulling the electric quadrupole
shift, which agree to well within their
statistical uncertainties. The unweighted mean
of the two values gives a final value for the
674-nm electric quadrupole clock transition
frequency in 88Sr+ of 444,779,044,095,484.6
(1.5) Hz. In calculating the final uncertainty,
only the statistical error is reduced, because
the systematic uncertainties are mostly com-
mon to the two measurements. This result is
in good agreement with earlier, less-accurate
measurements (9, 10) of the Sr clock tran-
sition frequency. It is also a factor of 3 more
accurate than any previously reported optical
frequency measurement, and its fractional
uncertainty of 3.4 x 107'% is within a factor
of 3 of that of the NPL primary Cs standard
(when both statistical and systematic errors

are considered). Apart from the uncertainty
arising from the Cs standard, the dominant
sources of uncertainty in our measurement
are technical in nature and can be reduced by
refinements to the experimental arrange-
ment. In particular, improvements to the
extinction of the cooling laser radiation
during the probe laser periods (e.g., by
placing an iris after the shutter) will reduce
the 422-nm ac Stark shift, whereas reduc-
tions in the probe laser linewidth and ULE
cavity drift rate will reduce servo errors. A
second endcap trap is also being developed,
which will enable a more detailed investiga-
tion of systematic errors by means of two-
trap comparisons. With these improvements,
we anticipate a frequency measurement that
is limited by the accuracy of the Cs fountain.
As well as being of interest for a possible
future redefinition of the second, measure-
ments of this and other optical frequency
standards over timescales of a few years will
provide increasingly sensitive laboratory
tests of the time invariance of fundamental
constants (22, 23).
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Multifunctional Carbon Nanotube
Yarns by Downsizing an
Ancient Technology
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By introducing twist during spinning of multiwalled carbon nanotubes from
nanotube forests to make multi-ply, torque-stabilized yarns, we achieve yarn
strengths greater than 460 megapascals. These yarns deform hysteretically
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infiltration, which substantially increases yarn strength.
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yarns are critically important for many of
today’s industries, and they remain a focus
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is about an order of magnitude lower than the
strength of individual SWNTs, ~37 GPa (2).

There is no single best solution to the
challenge of converting available nanotube
powders into useful fibers and yarns. Excel-
lent fiber strength (4.2 GPa) and modulus
(167 GPa) have been achieved by incorpo-
rating SWNTs in a high-strength, high-
modulus polymer, but electrical and thermal
conductivities are low because of limitations
on nanotube content (5). Much higher con-
ductivities result for thermally annealed,
solution-spun yarns comprising only SWNTs
(2, 4), but achieved mechanical properties
are far lower than can be obtained using a
polymer matrix for intertube stress transfer
(6). Coagulation-spun yarns comprising ~60
weight % SWNTs in a polymer matrix have
high strength (~1.8 GPa) and more than 10
times the toughness (~600 J/g) of any syn-
thetic polymer, but the electrical conductivity
is so low that charge/discharge rates for
fiber-based supercapacitors are limited (6).
The challenge is to produce yarns that are at
the same time strong, creep resistant, highly
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