
Measurement of the Frequency of the 2 3S− 2 3P Transition of 4He

X. Zheng (郑昕),1,2 Y. R. Sun (孙羽),1,2,* J.-J. Chen (陈娇娇),1 W. Jiang (蒋蔚),2 K. Pachucki,3 and S.-M. Hu (胡水明)
1,2,†

1Hefei National Laboratory for Physical Sciences and Microscale, iChem Center,
University of Science and Technology of China, Hefei 230026, China

2CAS Center for Excellence and Synergetic Innovation Center in Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei 230026, China

3Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
(Received 18 September 2017; revised manuscript received 26 October 2017; published 28 December 2017)

The 2 3S–2 3P transition of 4He was measured by comb-linked laser spectroscopy using a transverse-
cooled atomic beam. The centroid frequency was determined to be 276 736 495 600.0(1.4) kHz, with a
fractional uncertainty of 5.1 × 10−12. This value is not only more accurate but also differs by as much as
−49.5 kHz (20σ) from the previous result given by [Cancio Pastor et al., Phys. Rev. Lett. 92, 023001
(2004); 97, 139903(E) (2006); 108, 143001 (2012)]. In combination with ongoing theoretical calculations,
this work may allow the most accurate determination of the nuclear charge radius of helium.
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Precision spectroscopy in few-body atomic systems, like
hydrogen and helium, enables the testing of the quantum
electrodynamics (QED) theory and determination of the
fundamental physical constants, such as the Rydberg
constant [1–4], the proton charge radius [5], and the
fine-structure constant [6]. It also sets constraints on new
physics beyond the Standard Model (BSM) [7,8]. It is
tempting to assume that BSM physics is responsible for the
so-called proton radius puzzle, the discrepancy between
muonic and electronic hydrogen spectroscopy [9].
However, no generally accepted model has been proposed
so far [10]. Moreover, a very recent hydrogen result [11] is
in agreement with the muonic value of the proton charge
radius, not leaving much room for the BSM physics.
Nevertheless, this striking discrepancy stimulates analo-
gous measurements of muonic [12] and electronic hydro-
genlike helium ions [13,14]. The nuclear charge radius of
He can be determined from muonic helium spectroscopy,
provided that the nuclear polarizability can be accurately
calculated. Moreover, a very narrow 1S–2S transition in
electronic Heþ is almost free of the nuclear polarizability
effects, but accurate measurements in the vacuum ultra-
violet region (30 nm) are very challenging.
High-precision spectroscopy of atomic helium, as pre-

sented in this Letter, combined with ongoing theoretical
calculations for the point nucleus may allow an alternative
determination of the helium nuclear charge radius, which
could be more accurate than from the electron scattering
[15,16].Moreover, the comparison of results fromelectronic
and muonic helium will provide a sensitive test of univer-
sality in the electromagnetic interactions of leptons [17].
The 2 3S–2 3P transition of He is particularly suitable for

this purpose, because it is relatively sensitive to the nuclear
charge radius and can be calculated within the QED theory
up to the α7m order. These calculations will bring the
theoretical accuracy to the 10-kHz level and may allow the

determination of the helium nuclear charge radius with an
accuracy of 10−3 [18]. The centroid frequency of the
2 3S–2 3P transition has been measured with a stated
uncertainty of 2.1 kHz by Cancio Pastor et al. using
saturated-fluorescence spectroscopy [19,20]. The same
method was applied to determine the 2 3S–2 3P centroid
of 3He and the difference of the squared nuclear charge radii
δr2 between 3He and 4He [20]. However, the obtained δr2

differs from that obtained from the 2 3S–2 1S transition [21]
by 4σ, and this discrepancy remains unexplained [22,23].
In this Letter, we report on the laser spectroscopy

measurement of the 2 3S–2 3P transition of 4He in an atomic
beam. The configuration of the experimental setup is shown
in Fig. 1. It is similar to the one presented in our previous
studies [24,25] and, thus, will be briefly described here.
Helium atoms in the 2 3S1 metastable state were produced
by radio-frequency (rf) discharge and subsequently colli-
mated by two-dimensional transverse cooling by a laser in
resonance with the 2 3S1–2 3P2 transition. A second trans-
verse-cooling field deflected the atoms in the triplet state
(2 3S1) from the original beam by an angle of 0.1°. Two slits
with a width of 0.5 mm were placed 1.5 m apart in the
beam. The first slit was positioned after the beam-
deflecting region, and the second slit was placed before
the detector. As a result, the background particles, includ-
ing the helium atoms in the 2 1S0 singlet state and the UV
photons, were removed from the beam [26–28]. A linearly
polarized laser beam was tuned to be in resonance with the
2 3S1–2 3P0 transition and was used for optical pumping.
When the atoms reached the spectroscopy region, over 99%
of the helium atoms at the 2 3S1ðm ¼ 0Þ level were trans-
ferred to either the m ¼ −1 or the m ¼ þ1 level. The
2 3S1ðm ¼ 0Þ state was repopulated when the atoms inter-
acted with the probe laser which scanned through the
resonance of the 2 3S1–2 3PJ (J ¼ 0, 1, 2) transition. This
spectroscopy region was shielded with three layers of
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cylindrically shaped μ metal. A homogeneous magnetic
field was generated inside the magnetic shield by a cosine
theta coil [29], which arranged the current density in a
cosine theta distribution. Between the spectroscopy region
and the detector, a Stern-Gerlach magnet was used to
deflect atoms at the m ¼ �1 levels to ensure that only the
atoms at the m ¼ 0 level could pass through the second slit
and reach the detector.
A narrow-band fiber laser was used as the master laser

and was locked with an étalon composed of ultralow-
expansion glass. The absolute frequency of the master laser
was determined according to the beat with an optical
frequency comb. The comb was synthesized by a Er:fiber
oscillator operating at 1.56 μm, and its repetition frequency
and carrier offset frequency were both referenced to a GPS-
disciplined rubidium clock (SRS FS725). The probe laser
—an external-cavity diode laser (ECDL)—was phase
locked with the master laser. To extend the tuning range
to cover all the 2 3S1–2 3PJ (J ¼ 0, 1, 2) transitions, a fiber
EOM was used to produce sidebands up to 16 GHz driven
by an rf synthesizer (R&S SMB100A). The probe laser
beam was coupled into a polarization-maintaining fiber and
a noise eater for power stabilization. The probe laser power
fluctuation was below 0.1% and was kept less than one-
quarter of the saturation intensity (167 μWcm−2). In the
spectroscopy region, the probe beam was aligned
perpendicular to the atomic beam and retroreflected to
compensate for the first-order Doppler shift.
The spectra were recorded by scanning the probe laser

frequency in a random order. A bias magnetic field of

5–20 G was applied during the scan. A sample spectrum of
the 2 3S1–2 3P1 transition is shown in Fig. 2. Two peaks
rising from the m ¼ þ1 and m ¼ −1 sublevels, respec-
tively, were obtained, and their centers were derived from
fitting the peaks with a Lorentzian profile. The transition
frequency was determined from the average of the two peak
centers, which canceled the first-order Zeeman shifts. The
measurements were taken at different probe laser inten-
sities, and the final value of f1ð2 3S1–2 3P1Þ was derived by
extrapolating to the zero laser power. In total, about 9000
spectra of the 2 3S1–2 3P1 transition were recorded during
23 consecutive days in April and 11 days in July of 2017.
The results are depicted in Fig. 3.
The first-order Doppler (FOD) shift because of the

misalignment of the probe laser, which is exaggerated in
Fig. 1 by an angle δ, must be considered in the measure-
ment. Counterpropagating probe laser beams were used in
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FIG. 1. Schematic of the beam apparatus and the optical layout.
Inset: The energy levels of the 2 3S–2 3P transitions. AOM,
acoustic-optical modulator; BS, beam splitter; ECDL, external
cavity diode laser; EOM, electro-optical modulator; GPS,
global positioning system; OFC, optical frequency comb; PM,
polarization maintaining; PZT, piezoelectric transducer; ULE,
ultralow expansion.

FIG. 2. Spectrum from a single scan with a probe laser power of
1.20 μW. The solid line is the simulated spectrum from fitting the
data with Lorentzian functions. Residuals of the fit are shown in
the lower panel.

FIG. 3. Comparison of the 41 independent measurements of
2 3S1–2 3P1 transition frequency in April and July using the two
different approaches. Each open point represents an average per
measurement. The labeled filled points are the weighted mean
values including systematic uncertainties.
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the measurements to reduce the FOD shift. Before each
measurement, spectra with and without the retroreflected
probe beam were recorded, and the line centers obtained
from both spectra were compared to ensure that the
difference was below 20 kHz, corresponding to a δ of
less than 30 μrad. However, any imperfection of the
retroreflection led to a residual Doppler shift:

Δfres ¼
1

2

v
λ
½sinðδþ εÞ − sinðδÞ� ≈ v

2λ
ε; ð1Þ

where v was the velocity of the atoms and ε was the angle
between the misaligned “counterpropagating” laser beams.
To reduce the FOD shift, the retroreflected probe beam

had to be optimized to reduce ε. Two different approaches
were used. One was the “cat’s eye”method [30], which was
used in 25 individual measurements taken in April 2017
(see Fig. 3). The other one was the “active fiber-based
retroreflector” method (AFR) introduced by Beyer et al.
[31]. A feedback servo was used to control a PZT-
modulated mirror to reflect the probe laser beam, which
is shown in Fig. 1. The AFR method was used in 16
measurements taken in July 2017. Before each measure-
ment, the retroreflecting setup was dismantled and rein-
stalled. The possible shift from the wavefront distortions
was also checked by using collimators with different focal
lengths. The results obtained from these two methods are
shown in Fig. 3. The uncertainty of the results obtained
with the AFR method is lower than that from the cat’s eye
method. The deviation between the averaged values from
both methods is within the joint uncertainty.
To assess the residual FOD shift, the longitudinal

velocity distribution of the helium atoms in the beam
was also analyzed. The 2 3S–2 3P transition was excited at
an incident angle δ (see Fig. 1) of about 3°, and the first-
order Doppler shift was used to determine the velocity of
the atomic beam (see Supplemental Material [32]). This
transition had a sufficiently narrow natural linewidth
(1.6 MHz) to resolve the velocities. The accuracy of the
δ angle was about 0.2°, which translated to an uncertainty
of about 10% in the absolute velocity. The atomic beam
with optimized intensity had a mean velocity of about
700 m=s, which was used in most measurements. Test
measurements with different distributions were also run by
changing the deflection angle of the atomic beam and the
positions of the two slits. The distributions with mean
velocities of 700, 570, and 830 m=s are shown in Fig. 4(a).
About 1000, 3500, and 3500 spectra were recorded at these
conditions, respectively, and the f1ð2 3S1–2 3P1Þ values
determined from the corresponding spectra are shown in
Fig. 4(b). They agree well with each other. Since the
deviation was only 0.36 kHz under a change of about one-
third of the mean velocity, the residual first-order Doppler
shift was estimated to be 1.1 kHz, corresponding to a
misalignment angle ε of 3 μrad.

Other contributions to the uncertainty budget are sum-
marized in Table I.
(i) The second-order Doppler shift was calculated as

v2f1=ð2c2Þ. The mean velocity was measured with an
uncertainty of 70 m=s or less, leading to an uncertainty of
0.15 kHz.
(ii) The frequency calibration was limited by the

GPS-disciplined rubidium clock, which had a relative
uncertainty of 2 × 10−12, or 550 Hz at 276 THz. The
frequency drift of the master laser was determined from its
beat with the comb, which was below 3 kHz=h. Because
each spectral scan took about 80 s, the error due to the
frequency drift was negligible.
(iii) The retroreflected probe laser beam had a power loss

of about 5% because of the imperfect antireflection-coated
viewports, which led to asymmetry in the recorded spectral
line profile. It should be noted that the incident angle of the
probe laser beam (δ) was below 30 μrad, and the simulation
showed that the uncertainty because of the line profile
asymmetry was less than 0.3 kHz.

FIG. 4. (a) Longitudinal velocity distribution profiles of the
2 3S1 atoms recorded at different deflection angles with a Voigt fit.
(b) Frequency deviations of the 2 3S1–2 3P1 transition recorded
under different conditions. Each point is weighted averaged
with corrections, and the error bar represents the 1σ statistical
uncertainty.

TABLE I. Uncertainty budget of the 2 3S1–2 3P1 transition
frequency (f1), in kilohertz.

Source Corrections Δfð1σÞ
Statistics 0.45
First-order Doppler 1.1
Second-order Doppler þ0.70 0.15
Frequency calibration 0.55
Line profile 0.30
Quantum interference þ0.60 0.10
Laser power 0.10
Zeeman effecta 0.01
Recoil shift −42.20 � � �
Total 276 734 477 703.8 1.4
aThe second-order Zeeman corrections have already been
included.
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(iv) The quantum interference effect [33–38] arises from
near-resonant energy levels. We took a similar approach
as with our previous studies, and the corrections for
the 2 3S1–2 3PJ transitions were obtained as þ0.08ð3Þ,
þ0.60ð10Þ, and −0.60ð10Þ kHz for J ¼ 0, 1, and 2,
respectively. A detailed calculation is presented in Supple-
mental Material [32].
(v) The pressure of the background gases in the

spectroscopy region was about 10−5 Pa. Because the
pressure shift had been calculated to be −14 kHz=Pa
[39], it could be safely neglected under the experimental
conditions present at the time.
(vi) The recoil shift correction was Δfrecoil ¼

−h=ð2mλ2Þ ¼ −42.2 kHz, and the uncertainty was
negligible.
(vii) Other contributions to the uncertainty budget,

including the laser power, Zeeman effect, and the scattering
light, have been discussed in our previous studies [24,25],
and they were similar in this work. The first-order Zeeman
shift canceled out, and the second-order Zeeman correction
could be calculated precisely [40]. The contribution from
the residual magnetic field (< 0.3 mG) was less than
10 Hz. No evidence was found for the ac Stark shift
resulting from the scattering light from the pumping laser.
As given in Table II, the 2 3S1–2 3P1 transition frequency

(f1) was determined to be 276 734 477 703.8(1.4) kHz.
The frequencies of the transitions 2 3S1–2 3P0 (f0) and
2 3S1–2 3P2 (f2) were derived by combining f1 with the
2 3PJ fine-structure intervals given in our previous study
[25]. Using the same method as in f1, we also measured the
frequencies of f0 and f2, which agree well with those
given in Table II, with deviations of þ0.7ð2.1Þ and
þ1.1ð2.1Þ kHz, respectively [32]. The centroid frequency
of the 2 3S–2 3P transition was derived as

fc ¼
P

Jð2J þ 1ÞfJP
Jð2J þ 1Þ

¼ 276 736 495 600.0� 0.45ðstatÞ � 1.3ðsystÞ kHz:
ð2Þ

The 2 3S1–2 3PJ frequencies reported by Cancio
Pastor et al. [19] are also given in Table II. Their fc value
was reevaluated in Ref. [20] with a stated uncertainty of
2.1 kHz, which differs from this work by 49.5 kHz (20σ).
The fine-structure intervals ν02 and ν12 obtained by Cancio
Pastor et al. differ from the results obtained in our previous

study [25] by about 45 kHz [32]. Such a large discrepancy,
existing in the fine-structure intervals involving 2 3P2,
could be due to their less accurate f2 value, which has a
stated uncertainty of 15 kHz. The ν01 interval given by
Cancio Pastor et al. agrees with our previous result,
indicating a possible common systematic shift of f0 and
f1 between both studies.
The theoretical 2 3S–2 3P transition centroid frequency

given by Pachucki, Patkóš, and Yerokhin [17] is 276 736
495.4(2.0) MHz, which is only 0.2 MHz lower than the
value obtained in this work. The 2-MHz uncertainty mainly
arose from the yet-unknown α7m QED corrections. It
should be noted that the ionization energy of the 3 3D1

state has been calculated as 366 018 892.97(2) MHz by
Drake’s group [41], with a stated uncertainty of 20 kHz.
Using that value, the ionization energies of the 2 3S and 2 3P
states can be derived using the 2 3P0–3

3D1 frequency
measured by Luo et al. [42] and the 2 3S–2 3P frequencies
determined in this work. Values of 1 152 842 742.979(34)
and 876 106 247.379(34) MHz were obtained, respectively,
which are larger than the recent theoretical results [17] by
1.6(1.3) and 1.4(0.7) MHz, correspondingly. This implies
that reinvestigation of the 3 3D state is needed.
The 2 3S–2 3P centroid frequency of 4He reported by

Cancio Pastor et al. and the value of 3He centroid given in
Ref. [20] have been used to derive the isotope shift which
yields the difference of the squared nuclear charge radii δr2

value of 1.069ð3Þ fm2. Interestingly, if we replace their
2 3S–2 3P centroid frequency of 4He with the value obtained
in this work, the resulting δr2 value will be 1.028ð2Þ fm2,
which agrees well with the value of 1.027ð11Þ fm2 derived
from the isotope shift in the 2 3S–2 1S transition measured
by van Rooij et al. [21] but differs significantly with that of
1.061ð3Þ fm2 from an earlier study of the 2 3S–2 3P isotope
shift measured by Shiner, Dixson, and Vedantham [43].

TABLE II. Experimental results of the 2 3S1–2 3P0;1;2 transitions, in kilohertz.

f0 f1 f2 fc

This work 276 764 094 657.2(1.4) 276 734 477 703.8(1.4) 276 732 186 526.2(1.4) 276 736 495 600.0(1.4)
Cancio Pastor et al. [19] 276 764 094 707.3(2.1) 276 734 477 752.5(2.0) 276 732 186 620.5(15.0) 276 736 495 649.5(2.1)a

aCentroid frequency was reevaluated in Ref. [20].

FIG. 5. Comparison of the difference of squared nuclear charge
radii between 3He and 4He (see details in the text). IS, isotope shift.
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Note that the updated theoretical values [17] have been
adopted in the calculation of the results given here. A
comparison of these results is shown in Fig. 5. More details
of the calculation are given in Supplemental Material [32].
The significant deviations between these results indicate
the need for further independent measurements of He
isotope shifts. We are also constructing a new beam line
for the frequency metrology of the 2 3S–2 3P transitions
of 3He.
The new 2 3S–2 3P frequency obtained in this work,

which completely disagrees with the result of the previous
study reported in Refs. [19,20], may lead to a determination
of the nuclear charge radius of He (rHe) with a relative
accuracy of 10−3, once the theoretical calculations for α7m
corrections have been accomplished. This will enable a
comparison of the rHe values obtained from electronic
helium spectroscopy with those from electron scattering
and from muonic helium in the future. Such a comparison
will help to resolve the proton charge radius puzzle, while
in the case of disagreement with muonic determination it
will open a window for new physics beyond the Standard
Model by violation of the lepton universality in electro-
magnetic interactions.
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