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Postselection shifts the transition frequency of helium

in an atomic beam

Jin-Lu Wen11', Jia-Dong Tangz'l', Ya-Nan va'l', YuR. Sun3*, Chang-Ling Zou4'5*,

Jun-Feng Dong’, Shui-Ming Hu"%>*

Postselecting output states can effectively amplify weak signals in measurements. However, the postselection (PS)
effect may also introduce unintended biases in precision measurements. Here, we investigate the influence of PS in
the precision spectroscopy of the 23S — 23P transition of helium (*He) using an atomic beam. We directly observe
that PS based on atomic positions causes a shift in the measured transition frequency, amounting to approxi-
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mately —55 kHz. After accounting for this PS shift, we obtain a corrected frequency of 276,764,094,712.45 + 0.86 kHz
for the 23S, — 23P, transition. Combining this result with existing data for *He, we derive a value for the difference
in squared nuclear charge radii, which shows a 2.6c deviation from measurements of muonic helium ions, poten-
tially pointing to new physics that challenges lepton universality in quantum electrodynamics.

INTRODUCTION

Over the past few decades, quantum mechanics has profoundly re-
shaped our understanding of nature, facilitating the development
of technologies that defy classical intuitions. One of the intriguing
quantum effects is postselection (PS) and weak value amplification
(WVA) (I-3). By selectively detecting outcomes in a weak interac-
tion measurement, PS and WVA can enhance the measurement sig-
nal, though this comes at the cost of discarding part of the observed
data (4). Despite some controversy surrounding its counterintuitive
nature in recent years (5), WVA has found applications in preci-
sion measurement (6) and inspired ideas in quantum technologies
(7-13). This quantum mechanical effect has particular relevance for
precision measurements, where even very tiny spectroscopic shifts
in atoms and molecules can be crucial for tasks such as maintaining
accurate time (14), detecting weak forces (15, 16), and testing fun-
damental physical models (17, 18). Although PS can enhance the
precision of measurements involving multiple degrees of freedom,
it may also introduce systematic shifts that must be carefully ac-
counted for.

In this work, we investigate the impact of PS on the precision
spectroscopy of the 23S — 2°P transition of *He in an atomic beam.
We observed an unexpected discrepancy in the results depending
on how the experimental data are analyzed, which we attribute to
PS effects. This interpretation is supported by theoretical analy-
sis and simulations. Our findings underscore the importance
of carefully considering subtle quantum effects, like PS, in high-
precision measurements.

Precise measurements of helium atom transition frequencies have
long been used to determine nuclear charge radii, as electron pene-
tration into the non-point-like nucleus causes energy level shifts
that depend on the nucleus’s size. Recent spectroscopy (19-21) of the
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23S — 2! Stransitions in *He and *He provided the difference between
the squared charge radii of these two nuclei, 82 [r} —r2| = 2(*He)
— rX(*He). This result deviated by 3.66 from measurements derived
from spectroscopy (22, 23) of the muonic helium ion (n-He™), in
which the electron is replaced by a muon. A similar discrepancy was
noted in measurements of the proton charge radius, which has been
studied extensively using hydrogen atom (e-H) spectroscopy (24), but
shows a notable deviation when measured using muonic hydrogen
(pu-H) (25), leading to the well-known “proton radius puzzle” In light
of these findings, our results of *He, combined with the *He result of
Cancio Pastor et al. (26), allow us to compare the 8% value from e-He
spectroscopy with that from the precise spectroscopy of p-He*,
providing a test of the equivalence of leptons in lepton-nucleus
interactions (27). Should these deviations be confirmed, they could
pose a substantial challenge to the Standard Model, as the muon and
electron are believed to share identical electromagnetic properties in
quantum electrodynamics.

RESULTS

Experimental observation of the PS effect

We used an atomic beam to measure the 23S — 23P transition of he-
lium and determine the nuclear charge radii difference between *He
and *He (20, 21, 26, 28-30). Figure 1 shows the experimental setup,
where a collimated beam of helium atoms interacts with probe la-
sers. Atoms with specific internal and external states pass through a
slit (slit 3 in Fig. 1) before reaching the detector. This method, first
proposed by Ramsey (31), has been widely adopted in precision
measurements due to its simplicity and ability to explore systematic
uncertainties. In our experiment, we applied the SCTOP (sequential
counterpropagating traveling-wave optical probing) method (32),
which involves three key steps: (i) State preparation: Helium atoms
are prepared in the |[M; = + 1) levels of the 2°S, metastable state,
the lateral momentum of the atoms is denoted as p = mv,, while the
longitudinal velocity v, can be adjusted within the range of 100 to
400 m/s with a spread of about +5 m/s (33). (ii) Interrogation: The
atomic transition is probed by a tunable 1083-nm laser. When the
laser is resonant with the transition to the 23P, state, atoms are
probably to absorb photons and spontaneously decay (with a natu-
ral lifetime of 98 ns) to the |M; = 0) ground state. To eliminate the
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Fig. 1. Experimental setup of precision spectroscopy of atomic helium with postselection. A collimated helium atomic beam is prepared inthe M, = +1 levels of the
23S, state (lifetime © ~ 7900 s). The probe laser is scanned around the resonance of the 235, — 23P; transition. Two counterpropagating probe laser beams, labeled “probe
1”and “probe 2," are periodically blocked, so that at any given time, only one beam interacts with the atoms. Atoms excited by the probe laser to the 23P,, M, = 0 state
undergo spontaneous decay (t ~ 98 ns) to either the 235, M, = 0 or 235,,M, = +1 levels. Atoms in the M, = +1 states are deflected by a Stern-Glarch magnet and re-
moved from the atomic beam, while only atoms in the M, = 0 state pass through a narrow slit (width Ax; ~ 0.3 mm) placed before a multichannel plate detector. These
atoms, shown as blue and red spheres, correspond to atoms interacting with probe 1 and probe 2, respectively. The slit can be moved along the x axis to select atoms with
specific momenta. As atoms absorb and emit photons during the interaction, their velocity in the x direction changes, affecting the position where they reach the slit. For
a given x position of the slit, spectra are recorded by counting the number of detected atoms (N) while scanning the laser frequency (). The central frequencies obtained

from both probe beams are averaged to eliminate the first-order Doppler shift.

first-order Doppler shift caused by atoms with nonzero lateral velocity
v,, two counterpropagating laser beams are used (32). (iii) Detection:
Only the atoms in the | M; = 0) state pass through a Stern-Gerlach
magnet (SGM) without deflection and are collected by a micro-
channel plate (MCP) detector for counting.

During the interrogation, changes in the internal atomic state are
linked to changes in external degrees of freedom. After absorbing
and emitting photons, the lateral momentum of a helium atom
changes from p = mv, to p = mv, + hk — fir, where fik is the mo-
mentum of the probe laser photon and 7r represents the randomly
emitted photon. Repeated absorption and emission cycles can cause
notable momentum shifts as the atom transitions between internal
states (| M; = +1)to|M; =0)), creating an entanglement between
momentum change and atomic-state transitions. This entanglement
allows for WVA of atomic momentum, as schematically illustrated
in Fig. 1. By selecting atoms based on their position x (i.e., notably
away from the center), we can observe large momentum shifts as-
sociated with considerable changes in the resonance frequency, to-
gether with a reduced number of detected atoms. Measurements of
the amplified Doppler shift enable a precise evaluation of the sys-
tematic shift, facilitating the determination of the transition fre-
quency. We placed a narrow slit in front of the detector to select
atoms with specific momenta based on the location of the narrow
slit (x). In addition, the two counterpropagating probes (“probe 1”
and “probe 2”) were alternatively blocked (32), and two spectra were
recorded at each x. A feedback servo system was used to ensure
the angle deviation between the two beam directions remains be-
low1 x 107 rad.

Figure 2A illustrates the relationship between the detected num-
ber of atoms and their position x and the frequency of probe 1, with
an atomic velocity of v, = 290 m/s. Most detected atoms are located
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near the origin x & 0 but show a slight shift along the x direction due
to the probe laser. We obtained a spectrum at each x. For instance,
the spectrum indicated by solid triangles in Fig. 2B corresponds to
the location x = 0.6 mm marked by the dashed-dotted line in Fig.
2A. Each spectrum was fitted using a Lorentzian function, and the
fitted center, along with its uncertainty, is represented as a blue tri-
angle with an error bar in Fig. 2E. The observed line width is ap-
proximately 2.2 MHz, which aligns with the natural linewidth of the
23S — 23P transition (1.6 MHz). When only the counterpropagating
probe laser (probe 2) was used, results are depicted in Fig. 2 (C and
D), with the fitted spectral centers shown as green triangles in Fig.
2E. Notably, signals weaken substantially at larger x positions, lead-
ing us to include only results for | x | <0.7 mm in Fig. 2E. A linear fit
of the blue and green dotted lines indicates that the spectral center
varies linearly with x, suggesting a Doppler shift as the probe inter-
acts with atoms. The fitted slope is approximately 0.09 MHz/mm,
consistent with the calculated Doppler shift at v; = v,(x/L), where L
is the distance from the probe laser to the slit. Comparing results
from the two probing directions reveals that the shift averages out
for each pair of centers obtained at the same slit position. This yields
a result that is independent of x, as represented by the red dotted
lines in Fig. 2 (E and F).

To assess the effect of PS, we contrast the results obtained with
and without PS of final states. By averaging the counts over x for all
data in Fig. 2 (A and C), we derive two spectra, shown as open cir-
cles in Fig. 2 (B and D). Removing the slit in front of the detector
yields identical spectra. Both spectra were fitted with Lorentzian
functions, with their centers illustrated as blue and green lines in
Fig. 2F. The mean value of these centers is marked by the red solid
line. A notable deviation of about —55 kHz is observed between the
results with and without PS, despite using the same experimental
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Fig. 2. Experimental data of the spectroscopy of the 23S — 23P transition in a “He atomic beam probed by the SCTOP method. (A) Experimental data recorded by
probe 1 at different slit positions along the x axis. (B) Solid triangles represent the spectrum obtained with PS of atoms at the position x = +0.6 mm [dashed-dotted line
in (A)], while open circles show the spectrum without PS. (C and D) The corresponding results obtained with probe 2. (E) Center frequencies of the spectra with PS at each
x position for probe 1 (blue up-triangles) and probe 2 (green down-triangles). Averaged center frequencies at various x positions are shown as red solid circles. (F) Center
frequencies obtained with PS (red dotted line) compared to those without PS (solid lines). The blue and green lines correspond to center frequencies without PS for probe

1 and probe 2, respectively, and their average is represented by the red solid line.

data. Measurement conducted without the slit also yielded results
consistent with this value, albeit without the PS effect.

Theoretical interpretation
The expected number of collected atoms through slit 3 could be writ-

ten as N(8) |y (p) [0 UgzO®) | £1) | w;(p)) I where w, ¢ (p)
represents the initial/final momentum wave functions of the atom,
O(0) describes the weak transition operator, flipping the internal
state of the atom while transferring momentum between the photon
and atom, with detuning 8, and U; denotes the evolution operator for
spontaneous radiation from the excited state |e). To simplify the model
and avoid directly solving the operator O, we consider the velocity
distributions of the atoms in the lateral (x) direction. The resulting
number of collected atoms is approximately

Py(vo) P, (vo>v1) Py (v)
(5—kv)* +

N(@®) J [ dvydv, (1)

2
where PO(VO) = ¢~ (%%0) /29 represents the velocity distribu-
tions of initial atoms with a bias velocity v,;, and spread o,;
Pi(v) =e™ ~5)'/20} s the velocity distribution of the detected

atoms passing through the slit, where &x is the bias velocity
at detection, & depends on the time of flight, and o, is the veloc-

\/1— (vi=v— vR) / vy for

| vy — V| < vyisthe probablhty distribution for lateral veloc-

ity spread at detection; P, (vy, v;)
0< -
ity change from v, to v, due to absorption and spontaneous emission
of photons, with v, = ik / m. Because in practice v < 6, ;, we can
PO(VO)Pl(V0+VR)
(«‘3—k1/0)2+y2 ’
the case of a narrow slit in front of the detector (5, < ), the center
of the spectrum for probe 1 can be approximated as 8pg , = k(ix — VR ),
and for probe 2, the center is dps_ = —k(§x+ VR). The PS can in-
deed produce a considerable Doppler shift in the measured spec-
tral center, which is linearly dependent on the slit position x. This

approximate the number of atoms as N(8) « [ dv,
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observation aligns with the results presented in Fig. 2E. For mea-
surements without PS, where the detector slit is wide enough that
6, > v/ k, the atomic velocity distribution P (v,+vg) can be ap-
proximated as constant. In this case, the spectral centers are primar-
ily determined by the initial distribution of the atomic velocity,
yielding shifts of Syps , = kv, ;, for probe 1 and Syps _ = —kv,, for
probe 2. Notably, the v, ,-dependent frequency shift can be mitigat-
ed by averaging the measured spectral centers obtained with coun-
terpropagating probe lasers. However, for the PS scenario, a residual
frequency shift of (SPS, ++8ps_) /2 = —kvy persists when compared
to results without PS. This shift is attributed to the recoil of the at-
oms upon photon absorption, as illustrated in Fig. 2F.

The experimental results can also be understood through a phe-
nomenological model (see the Supplementary Materials), as depicted
in Fig. 3. Two slits are used to select atoms with zero velocity along
the axis of the probing laser beams. When an atom absorbs a photon
from the probe 1 laser, its momentum changes. Only atoms with
a specific negative initial velocity of — v, ﬁ along the x direction,

counterpropagating to the probe 1 beam, can pass the second slit and

f L
‘ Probe 2

1 Probe 1

Fig. 3. A phenomenological model of the PS effect. Two slits were placed to se-
lect atoms with a zero velocity along the x axis. However, owing to the momentum
change after absorbing a photon from the probing laser, only atoms with a non-

zero initial velocity v, ~ v, (— can pass the second slit, which induces a red shift in

the center frequency. Note that the same shift applies with a counterpropagating
probe beam (probe 2).
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be detected, where vy, is the recoil velocity from photon absorption, {
is the distance from the atom-laser interaction point to the first slit,
and L is the distance to the second slit. In this case, the first-order
Doppler effect induces a red shift (Av) to the transition frequency (v,)

Av_ _"w_L
v, c{+L (2)

When probe 2 is active, only atoms with a reversed velocity can
pass the final slit. However, because probe 2 propagates in the op-
posite direction, the center frequency is red shifted again. This phe-
nomenon illustrates how both probe beams in opposite directions
reinforce the same red shift in the detected spectra.

Both the experimental results (Fig. 2F) and the theoretical analysis
(detailed in the Supplementary Materials) reveal a systematic fre-
quency shift due to the PS effect, referred to as the PS shift (PSS),
which was measured to be Qpgg & —55 kHz. This shift, described by
Eq. 2, occurs when a very narrow slit 3 is used. PSS is expected to van-
ish if slit 3 is positioned close to the probing zone or made sufficiently
wide to detect all atoms, regardless of their velocity along the x axis.

To mitigate this, we used a narrow incident atomic beam (32) and
a wide slit 3 (about 10 mm) to measure the 23S, — 23P, transition.
With the PSS effect effectively eliminated, we determined the transi-
tion frequency of *He to be 276,764,094,712.45 + 0.86 kHz. By com-
bining these measurements with the fine structure intervals reported
in a previous study (34), we calculated the centroid frequency of the
23§ — 23P transition to be 276,736,495,655.21 + 0.87 kHz. Further-
more, the PSS can be derived and corrected in certain experimental
configurations, as outlined in the Supplementary Materials.

DISCUSSION
Note that although we eliminated PSS in the above measurement,
there is no “slit-free” configuration in atomic beam measurements.
In this work, we put narrow slits before the probing zone to avoid
PSS, with the price of an extended atomic beam length to reduce the
Doppler broadening and consequently a reduced atomic beam flux.
Moreover, the detector’s limit size and the effective diameter of the
SGM may also contribute to a PS effect. Therefore, the PS effect should
always be considered in such precision measurements. The PSS should
also be presented in the previous measurement by Shiner et al. (28, 35)
according to their experimental scheme. The effect has also been
considered in recent studies of atomic helium by Clausen et al. (36).
The precise determination of transition frequencies plays a cru-
cial role in testing the standard model, particularly with respect to
accounting for the finite size of the helium nucleus. This finite size
results in frequency shifts compared to a point-like nucleus. In isoto-
pic shifts between “He and *He atoms, most mass-independent terms
cancel out, allowing for the precise determination of the difference in
squared nuclear charge radii between the two isotopes, denoted as
&r? [rﬁ - ré] By combining the “He transition frequency determined
in this work with the *He value from Cancio Pastor et al. (26), a dif-
ferent 872 value of 1.0733 +0.0021 fm? is derived. This result is shown
in Fig. 4 as a red circle, compared with results from other groups.
Notably, Shiner et al. (28, 35), using a similar approach based on the
23§ — 23P transition, derived 872 = 1.061 + 0.003 fm?, which notably
deviates from our results and may be influenced by the PSS effect.
However, because the PSS value can differ between *He and *He iso-
topes, we cannot estimate a direct PSS correction to Shiner’s result.
The 872 value has also been measured using the forbidden 23S — 21§

Wen etal,, Sci. Adv. 11, eadu9796 (2025) 28 February 2025
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Fig. 4. The difference between the squared nuclear charge radii of 3He and “He.
The results are derived from isotope shifts in different transitions. The orange diamond
represents the result for the muonic helium ion (22, 23). The purple squares represent
the results of the 23S — 2'S transition obtained by the Amsterdam group (719-27). The
previous result has recently been updated to the new one shown on the right. The
bottom panel shows the results obtained by three groups detecting the 235 — 23p
transition. Note that the result of Shiner’s group (28) (triangle) was also affected by the
PS effect.

transition in cold atomic clouds (20, 21), with a revised value of
1.0757 +0.0015 fm* reported recently (19). In addition, the latest
measurements from muonic helium ions (22, 23) yield 8r* = 1.0636 +
0.0031 fm?, showing an approximately 2.6c deviation from the value
obtained from electronic helium spectroscopy.

While the cause of this discrepancy remains unclear, it may be
necessary to consider the potential PS effect in various experiments
(37), such as the helium ion experiment (38), Rydberg-state spec-
troscopy (39), and hydrogen atom spectroscopy (40). If these devia-
tions between electronic and muonic measurements in both hydrogen
and helium are confirmed, it could suggest a nonequivalence of lep-
tons in electromagnetic interactions, pointing to new physics be-
yond the Standard Model.

MATERIALS AND METHODS
A schematic configuration of the 23S, — 23 P, spectroscopy experi-
ment of “He is illustrated in Fig. 1. Helium atoms were initially excited
to the 23S, state by a radiofrequency discharge. The atoms were then
slowed using a Zeeman slower, collimated by a two-dimensional
magneto-optical trap, and subsequently deflected by a laser tuned to
the 23S, — 23P, transition. Upon excitation, the atoms were pumped
into the 23P, state, and they spontaneously decayed to the M = +1
sublevels of the 23S, state. A probe laser scanned across the 2°S; — 2°P,,
transition, exciting some atoms and causing them to decay to the 2°S,
(M = 0) state. After the probing region, an SGM deflected all atoms in
the M = +1states. Only atoms in the M = 0 state could pass through
the SGM region and reach the MCP detector. More details about the
experimental setup can be found in (33, 41). The data analysis process
is described in the first section of the Supplementary Materials.
Theoretical investigation in this work used both the PS model and
the Monte Carlo wave function (MCWF) method. The PS model sim-
plifies various experimental complexities, such as the distribution of
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the atomic beam, spontaneous radiation, and momentum conver-
sion, enabling the simulation of spectroscopy results under diverse
experimental conditions. The MCWF method provides a more de-
tailed simulation, similar to density matrix calculations, by account-
ing for the spontaneous radiation and momentum conversion. The
MCWEF approach has been applied to model light force-induced
shifts (42). While the PS model offers a generalized framework, it may
deviate from experimental results under certain conditions. The
MCWEF method aligns more closely with experimental conditions but
comes with increased computational complexity. Comprehensive de-
tails of both approaches are provided in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S4

Tables S1to S3
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