
 

Shrinking the proton: Researchers confirm
the small value of the proton radius
determined from muonic hydrogen

October 6 2017, by Olivia Meyer-Streng

  
 

  

This photo shows the vacuum chamber used to measure the 2S-4P transition
frequency in atomic hydrogen. The purple glow in the back stems from the
microwave discharge that dissociates hydrogen molecules into hydrogen atoms.
The blue light in the front is fluorescence from the ultraviolet laser that excites
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the atoms to the 2S state. The turquoise blue glow is stray light from the laser
system used to measure the frequency of the 2S-4P transition. Credit: MPQ

It was one of the breakthroughs of the year 2010: Laser spectroscopy of
muonic hydrogen resulted in a value for the proton charge radius that
was significantly smaller, by four standard deviations, than previous
determinations using regular hydrogen. This discrepancy and its origin
have attracted much attention in the scientific community, with
implications for the so-called Standard Model of physics.

Now, a team of scientists from the Laser Spectroscopy Division of
Professor Theodor W. Hänsch at the Max Planck Institute of Quantum
Optics in Garching has made a new spectroscopic measurement of
regular hydrogen (Science, 6 October 2017). The resulting values for the
Rydberg constant and the proton radius are in excellent agreement with
the muonic results (Nature 466, 213 (2010)), but disagree by 3.3
standard deviations with the average of the previous determinations from
regular hydrogen.

Hydrogen is the simplest of all chemical elements. According to the
model proposed by Niels Bohr in 1913, it consists of a single proton and
an electron orbiting around it. The theory of quantum electrodynamics
predicts the energy levels of this system with 12 digits of precision.
Because of this, hydrogen plays a key role in our understanding of
nature. Its study allows the determination of fundamental constants such
as the Rydberg constant and the proton charge radius.

Hydrogen is thus the ideal subject for testing the laws of nature. This is
why a measurement on muonic hydrogen, resulting in a surprisingly
small value for the proton charge radius, made big waves in 2010. In that
experiment, done at the Paul Scherrer Institute in Villingen, Switzerland,
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the electron of the hydrogen atom is replaced with its sister particle, the
200-times heavier and short-lived muon. Laser spectroscopy of this
muonic hydrogen resulted in a value of the proton radius that was
extremely precise, but four percent smaller than previous measurements
on regular hydrogen. "Since the muon is 200-times heavier than the
electron, it orbits much closer to the proton and 'feels' its size," explains
Prof. Randolf Pohl (now at Johannes Gutenberg-Universität Mainz), a
member of the MPQ team. "Because of this, the proton radius has a
seven orders of magnitude larger influence on the spectral lines than in
regular hydrogen. This allows us to determine the proton radius with
such a high precision."

The large discrepancy between the measurements of regular hydrogen
and its exotic cousin has sparked many debates about its origin.
"However, some of the previous measurements in fact agree with the
muonic value. The influence of the proton radius on the energy levels in
regular hydrogen is tiny, and even very high precision measurements
struggle to resolve it. The discrepancy only becomes significant when all
measurements are averaged," explains Lothar Maisenbacher, one of the
graduate students working on the project. "This is why, to solve this
'proton radius puzzle', new individual measurements with high precision,
and, if possible, using different experimental approaches are necessary."

In order to determine both the Rydberg constant and the proton charge
radius from spectroscopy of regular hydrogen, two different transition
frequencies need to be measured. The by far sharpest resonance, the so-
called 1S-2S transition, serves as a corner stone in this determination. Its
frequency has been measured, in 2011, to 15 digits by the MPQ team
(Phys. Rev. Lett. 107, 203001 (2011)). This high precision was made
possible not least by the invention of the frequency comb, for which
Professor Hänsch was awarded the Nobel Prize in Physics in 2005. For
the second frequency measurement needed, the MPQ team chose the so-
called 2S-4P transition, which connects the metastable 2S state with the
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much shorter lived 4P state.

In the experiment, this transition is excited by a laser with a wavelength
of 486 nm and the collected fluorescence from the decay of the 4P state
serves as a signal. The apparatus used previously for the 1S-2S
measurement serves as a source of atoms in the 2S state. Compared to
previous experiments, which used room temperature atoms, the atoms
probed here have a substantially lower temperature of 5.8 Kelvin and,
consequently, a much lower velocity. This, together with especially
developed techniques, strongly suppresses the Doppler shift, which
constitutes the largest source of uncertainty for this measurement.

"Another source of uncertainty in this experiment is the so-called
quantum interference," explains Lothar Maisenbacher. "If we could
probe a single, isolated transition, the shape of the resulting spectral line
would be symmetric. However, in our case there are two other upper
states that can be excited by the laser, called 4P1/2 und 4P3/2. This
results in a slightly asymmetric shape of the spectral lines, making the
determination of the line center more challenging. While this is a very
small effect, it plays a big role for us because we determine the line
center with such a high precision of almost one part in 10,000 of the line
width."

To describe the influence of the quantum interference, the scientists
performed sophisticated numerical simulations, which are in very good
agreement with the experimental results. "In our case, however, a
specially derived, simple fit function is sufficient to remove the effects
of quantum interference," emphasizes Vitaly Andreev, also a graduate
student on the project. "We use this fit function for our data evaluation.
In this way, the simulation is only needed for small corrections on the
order of 1 kHz."

With this, the MPQ team managed to determine the frequency of the
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2S-4P transition with an uncertainty of 2.3 kHz. This corresponds to a
fractional uncertainty of 4 parts in 1012, making this the second-best
spectroscopy measurement of hydrogen after the aforementioned 1S-2S
transition measurement. Combining these results, the Rydberg constant
and the proton size are determined to be R∞ = 10973731.568076(96) m-1

and rp = 0.8335(95) fm, respectively.

"Our measurement is almost as precise as all previous measurements on
regular hydrogen combined," summarizes Prof. Thomas Udem, the
project leader. "We are in good agreement with the values from muonic
hydrogen, but disagree by 3.3 standard deviations with the hydrogen
world data, for both the Rydberg constant and the proton radius. To find
the causes of these discrepancies, additional measurements with perhaps
even higher precision are needed. After all, one should keep in mind that
many new discoveries first showed up as discrepancies."

  More information: Axel Beyer et al. The Rydberg constant and proton
size from atomic hydrogen, Science (2017). DOI:
10.1126/science.aah6677
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