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World’s Most Accurate and Precise Atomic Clock

Pushes New Frontiers in Physics

July 1, 2024

e Researchers have built an atomic clock that is more precise and accurate than any previous
clock.

» Forthe first time, the clock can detect the effects of gravity predicted by the theory of general
relativity at the microscopic scale.

e The clock is the latest demonstration that a much more precise definition of the official
second is possible and that new applications of clocks are feasible.

An extremely cold gas of strontium atoms is trapped in a web of light known as an optical lattice. The atoms are

held in an ultrahigh-vacuum environment, which means there is almost no air or other gases present. This
vacuum helps preserve the atoms' delicate quantum states, which are fragile. The red dot you see in the image

is a reflection of the laser light used to create the atom trap.
Credit: K. Palubicki/NIST

In humankind’s ever-ticking pursuit of perfection, scientists have developed an atomic clock that
is more precise and accurate than any clock previously created. The new clock was built by
researchers at JILA, a joint institution of the National Institute of Standards and Technology
(NIST) and the University of Colorado Boulder.

Enabling pinpoint navigation in the vast expanse of space as well as searches for new particles,
this clock is the latest to transcend mere timekeeping. With their increased precision, these next-
generation timekeepers could reveal hidden underground mineral deposits and test
fundamental theories such as general relativity with unprecedented rigor. For atomic-clock
architects, it’s not just about building a better clock; it’s about unraveling the secrets of the
universe and paving the way for technologies that will shape our world for generations to come.

The worldwide scientific community is considering redefining the second, the international unit

of time, based on these next-generation optical atomic clocks. Existing-generation atomic clocks
shine microwaves on atoms to measure the second. This new wave of clocks illuminates atoms
with visible light waves, which have a much higher frequency, to count out the second much
more precisely. Compared with current microwave clocks, optical clocks are expected to deliver
much higher accuracy for international timekeeping — potentially losing only one second every
30 billion years.
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precision; in other words, they must be able to measure extremely tiny fractions of a second.
Achieving both high precision and high accuracy could have vast implications.

Trapped in Time

The new JILA clock uses a web of light known as an “optical lattice” to trap and measure tens of
thousands of individual atoms simultaneously. Having such a large ensemble provides a huge
advantage in precision. The more atoms measured, the more data the clock has for yielding a
precise measurement of the second.

To achieve new record-breaking performance, the JILA researchers used a shallower, gentler
“web” of laser light to trap the atoms, compared with previous optical lattice clocks. This
significantly reduced two major sources of error — effects from the laser light that traps the
atoms, and atoms bumping into one another when they are packed too tightly.

The researchers describe their advances in Physical Review Letters.

Clocking Relativity on the Smallest Scales

“This clock is so precise that it can detect tiny effects predicted by theories such as general
relativity, even at the microscopic scale,” said NIST and JILA physicist Jun Ye. “It’s pushing the
boundaries of what’s possible with timekeeping.”

General relativity is Einstein’s theory that describes how gravity is caused by the warping of space

and time. One of the key predictions of general relativity is that time itself is affected by gravity —
the stronger the gravitational field, the slower time passes.

This new clock design can allow detection of relativistic effects on timekeeping at the
submillimeter scale, about the thickness of a single human hair. Raising or lowering the clock by
that minuscule distance is enough for researchers to discern a tiny change in the flow of time
caused by gravity’s effects.

This ability to observe the effects of general relativity at the microscopic scale can significantly
bridge the gap between the microscopic quantum realm and the large-scale phenomena
described by general relativity.

Navigating Space and Quantum Advances

More precise atomic clocks also enable more accurate navigation and exploration in space. As
humans venture farther into the solar system, clocks will need to keep precise time over vast
distances. Even tiny errors in timekeeping can lead to navigation errors that grow exponentially
the farther you travel.

“If we want to land a spacecraft on Mars with pinpoint accuracy, we're going to need clocks that
are orders of magnitude more precise than what we have today in GPS,” said Ye. “This new clock
is @ major step towards making that possible.”

The same methods used to trap and control the atoms could also produce breakthroughs in
quantum computing. Quantum computers need to be able to precisely manipulate the internal
properties of individual atoms or molecules to perform computations. The progress in
controlling and measuring microscopic quantum systems has significantly advanced this
endeavor.

By venturing into the microscopic realm where the theories of quantum mechanics and general
relativity intersect, researchers are cracking open a door to new levels of understanding about
the fundamental nature of reality itself. From the infinitesimal scales where the flow of time
becomes distorted by gravity, to the vast cosmic frontiers where dark matter and dark energy
hold sway, this clock’s exquisite precision promises to illuminate some of the universe's deepest
mysteries.

“We're exploring the frontiers of measurement science,” Ye said. “When you can measure things
with this level of precision, you start to see phenomena that we've only been able to theorize
about until now.”

Paper: Alexander Aeppli, Kyungtae Kim, William Warfield, Marianna S. Safronova and Jun Ye. A
clock with 8 x 10719 systematic uncertainty. Accepted for publication by Physical Review Letters.
Preprint available at arxiv.org. =

‘ Physics, Atomic / molecular / quantum and Time and frequency

Released July 1, 2024

NATIONAL INSTITUTE OF
N H STANDARDS AND TECHNOLOGY
US.DEPARTMENT OF COMMERCE
HEADQUARTERS
100 Bureau Drive
Gaithersburg, MD 20899
301-975-2000

Webmaster & | Contact Us | Our Other Offices

@ MEDIA CONTACT

Katie Palubicki
katie.palubicki@nist.govX

sis ORGANIZATIONS

Physical Measurement Laboratory
Quantum Physics Division

Quantum Physics - HQ

RELATED NEWS

JILA Atomic Clocks Measure Einstein’s
General Relativity at Millimeter Scale

NIST/JILA Fellow Jun Ye Wins Breakthrough
Prize in Fundamental Physics

SIGN UP FOR UPDATES
FROM NIST

Enter Email Address

¥ finO a@ [N =

How are we doing? Feedback

Site Privacy | Accessibility | Privacy Program | Copyrights | Vulnerability Disclosure | No Fear Act Policy | FOIA | Environmental Policy |

Scientific Integrity | Information Quality Standards | Commerce.gov | Science.gov | USA.gov | Vote.gov



https://www.nist.gov/
https://www.nist.gov/news-events/news
https://www.facebook.com/share.php?u=https://www.nist.gov/news-events/news/2024/07/worlds-most-accurate-and-precise-atomic-clock-pushes-new-frontiers-physics
https://www.linkedin.com/shareArticle?mini=true&url=https://www.nist.gov/news-events/news/2024/07/worlds-most-accurate-and-precise-atomic-clock-pushes-new-frontiers-physics&source=https://www.nist.gov/news-events/news/2024/07/worlds-most-accurate-and-precise-atomic-clock-pushes-new-frontiers-physics
https://twitter.com/intent/tweet?url=https://www.nist.gov/news-events/news/2024/07/worlds-most-accurate-and-precise-atomic-clock-pushes-new-frontiers-physics&status=https://www.nist.gov/news-events/news/2024/07/worlds-most-accurate-and-precise-atomic-clock-pushes-new-frontiers-physics
mailto:?subject=NIST.gov&body=Check%20out%20this%20site%20https://www.nist.gov/news-events/news/2024/07/worlds-most-accurate-and-precise-atomic-clock-pushes-new-frontiers-physics
https://www.nist.gov/blogs/taking-measure/think-you-know-what-second-it-will-likely-change-next-decade
https://www.nist.gov/news-events/news/2022/02/jila-atomic-clocks-measure-einsteins-general-relativity-millimeter-scale
https://arxiv.org/abs/2403.10664
https://www.nist.gov/topic-terms/physics
https://www.nist.gov/topic-terms/atomic-molecular-quantum
https://www.nist.gov/topic-terms/time-and-frequency
https://www.nist.gov/sites/default/files/styles/2800_x_2800_limit/public/images/2024/06/06/060edit_%281%29.jpg?itok=CGE-bMlX
https://www.nist.gov/people/katie-palubicki
mailto:katie.palubicki@nist.gov
https://www.nist.gov/nist-organizations/nist-headquarters/laboratory-programs/physical-measurement-laboratory
https://www.nist.gov/nist-organizations/nist-headquarters/laboratory-programs/physical-measurement-laboratory/quantum-1
https://www.nist.gov/nist-organizations/nist-headquarters/laboratory-programs/physical-measurement-laboratory/quantum-9
https://www.nist.gov/news-events/news/2022/02/jila-atomic-clocks-measure-einsteins-general-relativity-millimeter-scale
https://www.nist.gov/news-events/news/2021/09/nistjila-fellow-jun-ye-wins-breakthrough-prize-fundamental-physics
https://www.nist.gov/privacy-policy
https://www.nist.gov/oism/accessibility
https://www.nist.gov/privacy
https://www.nist.gov/oism/copyrights
https://www.commerce.gov/vulnerability-disclosure-policy
https://www.nist.gov/no-fear-act-policy
https://www.nist.gov/office-director/freedom-information-act
https://www.nist.gov/environmental-policy-statement
https://www.nist.gov/summary-report-scientific-integrity
https://www.nist.gov/nist-information-quality-standards
https://www.commerce.gov/
http://www.science.gov/
http://www.usa.gov/
https://vote.gov/
https://www.nist.gov/
tel:301-975-2000
mailto:do-webmaster@nist.gov
https://www.nist.gov/about-nist/contact-us
https://www.nist.gov/visit
https://www.nist.gov/form/nist-gov-feedback?destination=/news-events/news/2024/07/worlds-most-accurate-and-precise-atomic-clock-pushes-new-frontiers-physics
https://twitter.com/NIST
https://www.facebook.com/NIST
https://www.linkedin.com/company/nist
https://www.instagram.com/nist/
https://www.youtube.com/NIST
https://giphy.com/nist
https://www.nist.gov/news-events/nist-rss-feeds
https://public.govdelivery.com/accounts/USNIST/subscriber/new

