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Postselection effect in the spectroscopy of the helium 23S — 2 3P transition
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We present a theoretical and experimental investigation of the postselection effect in precision spectroscopy
of the 23S — 23P transition in helium using an atomic beam. By employing the Monte Carlo wave function
(MCWF) method, we simulate the time evolution of the ground and excited amplitudes in the presence of laser
fields, revealing a systematic dependence of the measured transition frequency on the spatial parameters of the

detection slit, including its position and width. Our results demonstrate that postselection—an inherent aspect
of quantum projection in such measurements—can induce frequency shifts on the order of tens of kilohertz.
By elucidating the underlying physical mechanisms, our study offers a practical framework for quantitatively
correcting the postselection-induced shifts, thereby improving the accuracy of atomic beam spectroscopy.
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I. INTRODUCTION

Precision spectroscopy of few-electron atomic systems
provides a powerful tool for testing fundamental physics.
Due to their relatively simple energy-level structure, these
systems allow for rigorous ab initio calculations based on
quantum electrodynamics (QED) as well as accurate deter-
mination of fundamental physical constants. By comparing
high-precision spectroscopic measurements with theoretical
predictions, stringent tests of QED can be performed, while
discrepancies may hint at novel physical phenomena. A no-
table example is the “proton radius puzzle,” which emerged
when the nuclear charge radius extracted from muonic hydro-
gen spectroscopy disagreed with that derived from electronic
hydrogen measurements [1-3]. This discrepancy has spurred
extensive experimental and theoretical investigations in both
electronic and muonic systems [4-9]. While recent studies
have achieved consistency in the isotope shifts of hydro-
gen and deuterium, the extracted nuclear charge radii in
isolated measurements remain unresolved [10,11]. A similar
discrepancy exists in helium spectroscopy. Measurements of
the 23§ — 23P transition in “He have yielded two kilohertz-
precision results differing by approximately 50 kHz [12-15].
This inconsistency suggests the presence of unaccounted sys-
tematic errors in these experiments. Recent efforts in both
electronic and muonic helium systems have sought to clar-
ify these discrepancies [16-25], yet a complete resolution
remains elusive.

In our recent work, we identified a systematic effect of
postselection (PS) that considerably impacts precision spec-
troscopy in atomic beam experiments [19]. This effect arises
when a slit selects atoms based on their transverse momentum,
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inadvertently modifying the observed transition frequency.
The PS-induced shift, which can reach tens of kilohertz—far
exceeding typical experimental uncertainties—has likely in-
fluenced past measurements without being properly accounted
for. Postselection is conceptually related to weak mea-
surement amplification in quantum optics, where selective
detection introduces shifts in observed quantities [26,27]. In
atomic beam spectroscopy, the Doppler effect is a dominant
systematic error, often mitigated by transverse collimation
using slits. However, this collimation inherently selects atoms
with specific momentum states, leading to a frequency shift if
the selection correlates with the measured observable. Since
this effect is subtle and difficult to detect experimentally, a
thorough theoretical and numerical analysis is essential for
accurate corrections.

In this work, we present a detailed investigation of the
postselection effect in precision helium spectroscopy. Us-
ing the Monte Carlo wave function (MCWF) method, we
simulate atomic evolution and momentum changes under var-
ious experimental conditions, including slit geometry, atomic
beam properties, and laser configurations (standing and trav-
eling waves). Our simulations quantitatively reproduce the
observed shifts and provide a framework for correcting
systematic biases. Applying this analysis to previous measure-
ments [14], we derive a correction of about 55 kHz, bringing
the result into agreement with our postselection-free mea-
surement [19]. Our work establishes a general methodology
for identifying and correcting postselection effects in preci-
sion spectroscopy, with broad implications for high-precision
measurements of nuclear charge radii and other fundamental
quantities.

II. EXPERIMENTAL

The experimental setup used to investigate the postselec-
tion effect is illustrated in Fig. 1. A laser-cooled atomic beam

©2025 American Physical Society
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FIG. 1. (a) Energy diagram of the 23P, — 23S, transition in a magnetic field. (b) Experimental setup. The collimated helium atomic beam
is prepared in the 23S, m = +£1 states before entering the slit region. Atoms are deflected by a Stern-Glarch magnet if there is no probe
laser. Some atoms would be excited by the probe laser and undergo spontaneous decay to the m = O state with a certain probability, which
could pass through the narrow slit and get detected by the multichannel plate detector. A spectrum is acquired by recording the atomic signal
as the laser frequency is scanned. The probe laser is scanned around the resonance of the 2 38, — 23P, transition, which is divided into two
counterpropagating laser beams. Traveling-wave and standing-wave measurements could be achieved by periodically blocking the two lasers.

of metastable helium in the 23S state propagates along the
z axis and passes sequentially through three slits, labeled
as Slit 1, Slit 2, and Slit 3, while the detector is located
immediately downstream of Slit 3. Slit 2 and Slit 3 are
translatable along the x axis and can be fully retracted if
needed. Prior to entering the slit region, the atoms are opti-
cally pumped into either the m = 41 or —1 Zeeman sublevels,
depending on the polarization of the pumping laser. In the
absence of resonant interaction with the probing laser, atoms
remain in their initial magnetic substate and are deflected
by a Stern-Gerlach magnet (SGM), producing no detectable
signal. However, when the probing laser frequency is tuned
near the 23§, — 2 3P, transition, some atoms are excited and
subsequently decay via spontaneous emission, with a proba-
bility of populating the m = 0 state. These atoms, unaffected
by the SGM, can traverse Slit 3 and reach the detector. By
scanning the probing laser frequency and recording the atomic
signal, a spectrum is acquired. The transition frequency is then
determined by fitting the spectrum to a Lorentzian profile.

A feedback servo was employed to dynamically main-
tain the probing laser perpendicular to the atomic beam.
The spectrum can be recorded under either standing-wave
or traveling-wave configurations using the SCTOP (sequen-
tial counterpropagating traveling-wave optical pulses) method
[28]. For standing-wave measurements, the probing beam
is retroreflected, and a single spectrum is recorded. For
traveling-wave measurements, two spectra are recorded sep-
arately using the upper and lower probing beams (see Fig. 1).
More details on the experimental setup and detection method-
ology can be found in Ref. [28].

III. MONTE CARLO WAVE FUNCTION METHOD

To systematically investigate postselection effects, we em-
ployed the MCWF method for atomic trajectory simulations.
This approach is particularly suited to address the inherent
complexity of simultaneously modeling quantum transitions
and the evolution of atomic momentum and position in
beam experiments. The MCWF method provides an efficient
framework for studying small quantum systems coupled to
dissipative environments [29], where fluctuations and dissipa-

tion manifest through stochastic quantum jumps during time
evolution. This approach applies to Markovian systems with
Lindblad-type relaxation operators and is formally equivalent
to the standard master equation formalism [30]. For systems
with large Hilbert spaces, the wave function method offers
computational advantages over density matrix approaches, as
it requires tracking only N components compared to N? ele-
ments in the density matrix. The MCWF method thus enables
efficient simulation of atomic beam experiments.

The computational complexity of MCWEF scales as O(N),
significantly lower than the O(N?) scaling of master equa-
tion methods, making it particularly suitable for simulating
light-atom interactions in complex systems [15,31-37].

We consider an atomic system comprising an excited state
le), a ground state |g), and a metastable dark state. Ground-
state atoms may absorb photons to reach |e), while excited
atoms can either radiatively decay back to |g) or transition
to the dark state. The quantum interference effect [38] for
the studied transition is estimated to be around 0.06(2) kHz
[19]. Since this is negligible compared to the experimental
uncertainty, we disregard its contribution in our analysis. We
defined the atomic beam direction as the z axis and the probe
propagation along the x axis. Since previous experiments
were performed in both traveling-wave and standing-wave
configurations [14,28], we conducted theoretical simulations
for both field geometries using the MCWF method. While the
general derivation of the MCWF approach is provided in
the Appendix, we focus here only on the aspects relevant to
the present study.

A. Traveling-wave field
In the traveling-wave field configuration, for a unidirec-
tional probe light propagating along the +x axis with zero
initial phase, the field can be expressed as
E(x,t) = Eycos(wt — kx). (D)
The effective Hamiltonian can then be expressed as
PZ

Hoy = —
eff M

n<2 ikx o+ —ikx g— ih
+T(€ S +e S )_hAPe_EFPev

2
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where A is frequency detuning, P, = |e) (e| is the projec-
tion operator, ST = |e) (g|, S~ = |g) (e|, and 2 is the Rabi
frequency.

For the system under study, we adopt the basis
{le, p), |g, p)}, where p represents the momentum. The mo-
mentum space is discretized with a step size of hik, where k
is the wave vector of the light. Consequently, the normalized
wave function can be expressed as

(W(t)) =D cenlt) le, nfik) + con(t) g, k). (3)

Here, the coefficients ¢, ,(¢) and ¢, ,(¢) represent the prob-
ability amplitudes at time ¢ for the atom to be in the excited
state |e) and ground state |g), respectively, with a momentum
projection of n#ik along the x axis.

For the 23S, —23P, transition under study, we set
the probe laser frequency to resonate with the 23S;(m =
+1) — 23Py(m = 0) transition, where the 23S;(m = +1) and
23Py(m = 0) states are defined as |g) and |e), respectively.
The dark states include the 23S, (m = 0) and 23S,(m = —1)
states. Atoms in the excited state spontaneously decay to |g),
m = (0 dark state, or m = —1 dark state, each with an equal
probability of 1/3.

Initially, due to optical pumping, the atomic population
predominantly resides in |g) and the m = —1 dark state. After
passing through the slits and interacting with the probe light,
only atoms ultimately in the m = 0 dark state contribute to the
detection signal due to Stern-Gerlach magnet filtering.

Let v, be the longitudinal velocity along the atomic beam
direction and vy the initial transverse velocity along the x axis.
In our experiment, the spread in longitudinal velocity v, is
maintained below 5 m/s [39]. Our previous work [19] showed
that a 5-m/s variation in v, induces a subkilohertz-level change
in the postselection effects, demonstrating the insensitivity of
these effects to longitudinal velocity distribution. We there-
fore approximate v, by its mean value, neglecting its spread.
For the transverse motion, we consider only the x component
vy, given by

nhk
ve=vo+ “4)

If no quantum jump occurs within a sufficiently small time
interval 8¢, the wave function evolves to | ¥V (¢ + 8¢)) at time
t + 6t, given by

O 4 51)) = (1 - iHe;‘”) vy, )

Substituting Egs. (2)—(4) into Eq. (5), we obtain the time
evolution of the system’s wave function amplitude, which
takes the form

8t [ (nhk + Muy)?
D@t +8t) = conlt) —i— | ——=—
e +60) = o) = i —
inl hQ
- hA - 7 Ce,n(t)+ TCg,n—l(t) ) (6)
8t [ (nhk + Mug)?
Con(t + 1) = €o(t) = 7{‘ o )
1119
+ TCe,n-&-](t)}' @)

B. Standing-wave field

In the standing-wave configuration, we perform the deriva-
tion using a similar approach. For the standing-wave field
formed by counterpropagating probe beams along the x axis
with zero initial phase, we have

E = Eycos(wt — kx) + Ep cos(wt + kx)

= Eycos(kx)(e™ + e, (8)
The effective Hamiltonian can then be expressed as
P2 Q. . il
How — —— oee s ikx —ikx S+ S7) — hAPe — —TIP,.
e =S+ @+ e +S5T) >

€))

Following a derivation procedure analogous to the
traveling-wave case, we obtain the time evolution of the wave
function amplitudes for the standing-wave system, which
takes the form

Ot || (nhk + Mv())2
Dt +8t) = cpp(t) —i—1 | ———2 — A
Con(t +81) = Cen(t) i M
ihr hQ
- 7 Cen(t) + T[Cg,nJrl(t)'i'cg,nfl(t)]}a
(10)
Ot ([ (nhk + Mv )2
C;,lr)l(t +01) = cgp(t) — ZE{[TO — hA

ihl* hQ2
- T]Cg,n(t) + T[Ce,n+1(t) + Ce,nl(t)]}-

(1)

C. Spontaneous emission

During stimulated photon absorption, atoms transition
from |g, nhk) to |e, (n = 1)hik), where the sign depends on
the photon propagation direction (&£x). Conversely, stimulated
emission induces transitions from |e, nfik) to |g, (n &= 1)kk),
with the sign determined by the emitted photon’s direction.
In our simulations, we consider a momentum range of —10%k
to +10%k, with the wave function comprising N = 42 basis
states.

For spontaneous emission, we model the recoil momentum
projection along x as discrete changes in the atom’s transverse
velocity. Following spontaneous decay, atoms transition from
|e, nhk) to either |g, nhk) or dark states, with their x-direction
velocity modified to

hk
v(()l) =1V — ” sin 6 cos ¢, (12)

where 6 and ¢ denote the spherical angles of the spon-
taneously emitted photon in three-dimensional (3D) space.
We note that atomic spontaneous emission exhibits angular
anisotropy [30], with the emission intensity distribution for
different polarization transitions following

1 20
190, 9) o~ (13)
17(8, ) o sin’ 6. (14)

The initial transverse velocity is then updated to vy = v(()] ),
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If the atom decays to the dark state m = 0, it no longer
interacts with the light. In this case, the wave function proba-
bility amplitude of the atom corresponds to the final state after
leaving the laser field, which is given by

Cen = 07 (15)
D@t + 68t)

e,n

oo el + 80

m=—00

Co.n = (16)

Using the longitudinal velocity v, of the atoms, we can
calculate the time intervals before and after the interaction
with the probe light. From the transverse velocities before
and after the probe interaction, we determine the transverse
position of the atom at the slit in front of the detector. Combin-
ing this with the corresponding probabilities |cq ,|?, we obtain
the probability of the atom passing through the slit and being
detected.

IV. RESULTS AND DISCUSSION
A. PS effects with a narrow Slit 3

We investigated the postselection effect under different
conditions. Both experiments and simulations were conducted
with a beam longitudinal velocity of v, = 290 m/s and a laser
power of 1 uW. Some results represent power extrapolations
and will be explicitly noted. Unlike the SCTOP method,
which fixes the slit position and changes the laser incident
direction during the measurement, our approach kept the laser
incident direction fixed and as perpendicular as possible to the
atomic beam. For comparison, the experimental results are
presented as relative values normalized to the final result of
the SCTOP method. In simulations, the absence of a postse-
lection effect corresponds to a result of O kHz.

We first fixed the positions of Slit 1 and Slit 2, each with
a width of 0.3 mm, at the center of the atomic beam along
the x direction. Without applying the pump-probe process,
we measured the initial beam distribution by translating Slit
3 (width 0.5 mm). The measured distribution had a FWHM of
approximately 1.5 mm, corresponding to a divergence angle
of about 0.1 mrad. By varying the lateral position of Slit 3,
we investigated the influence of the postselection effect on
the results. As shown in Fig. 2, the experimental results (red
solid circles) agree well with the theoretical simulations (blue
hollow diamonds). The uncertainty in the theoretical simu-
lations corresponds to the statistical uncertainty inherent in
the MCWF method. Our relative values are referenced to the
experimental results obtained by our group using the SCTOP
method, as detailed in Ref. [28]. The corresponding results are
indicated by the black dashed line in Fig. 2. Conceptually, this
method can be viewed as employing an extremely wide Slit 3,
and we consider its outcomes to be free from postselection
effects. Hence, we adopt these values as the reference fre-
quencies for relative measurements. Notably, the postselection
effect at Slit 3 induces a significant frequency shift, which
remains consistent across different lateral positions of Slit 3.
These findings align with our earlier work [19], where posts-
election effects were studied via distribution measurements.
The observed frequency deviation quantifies the impact of
postselection on the experimental results.
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FIG. 2. Postselection shifts at different Slit 3 positions in mea-
surements including Slit 1 and Slit 2, each with a width of 0.3 mm
and fixed at the center of the atomic beam. The black dashed line
represents the result without the postselection effect. Red solid cir-
cles represent experimental results, while the blue hollow diamonds
represent the simulation results obtained using the MCWF method.

The postselection effect arises from the momentum selec-
tion of atoms by Slit 3. Consequently, varying the slit width
alters this selection effect, leading to changes in the induced
frequency shift. To verify this, we employed the MCWF
method, simulating postselection effects for Slit 3 widths
ranging from 0.5 to 6 mm. The results are presented in Fig. 3.
In the simulation, Slit 3 was fixed at the transverse center
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FIG. 3. Postselection shifts at different widths of Slit 3, with the
slit center fixed. Each result has been extrapolated to the zero power.
The red dot represents the experimental result given in Fig. 2, and
the result converges to zero without the postselection effect (or with
a very wide Slit 3), shown as the black dashed line. The pink dashed
line represents the calculation result of Eq. (17).
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position while its width was adjusted. The results reveal that
the postselection shift decreases when the width increases.
At a very narrow width of Slit 3, the results agree with the
phenomenological model presented in our previous work [19]:

fes _ vk _L

= 7
fe cl+L

where fps is the PS shift, f, is the center frequency of the
transition, vy is the recoil velocity from photon absorption, ¢
is the speed of light, ¢ is the distance from Slit 2 to the probing
position, and L is the distance from the probing position to
Slit 3. With the Slit 3 width of over 5 mm, the postselection
effect vanishes, and the results converge with those obtained
without Slit 3. These simulations indicate that in this exper-
iment, a slit width exceeding 5 mm effectively eliminates
postselection-induced distortions in the measurements. Due
to the limitations of the experimental conditions, only results
under 0.3 mm or infinite width conditions could be obtained in
the experiment. However, the simulation results of the MCWF
method well complement the transition trend of the results
between these two extreme conditions.

B. Spatial constraints and PS effect without Slit 3

Due to experimental factors such as magnetic field gradi-
ents, spatial constraints on the millimeter scale (equivalent to
a wide slit) may also induce postselection frequency shifts.
Since these constraints cannot be probed by moving Slit 3
alone, we removed Slit 3 and instead varied the position of
Slit 2 to investigate their effects. With Slit 1 fixed at the
beam center, displacing Slit 2 significantly alters the incident
atomic beam direction. Any spatial constraints in the setup
would then manifest as pronounced frequency shifts during
this directional change. As shown in Fig. 4, simulations ignor-
ing spatial constraints (black hollow triangles) predict stable
frequencies across all incident directions. However, experi-
mental results (red solid circles) exhibit a bilateral redshift,
confirming the presence of postselection effects from spatial
limitations. Given that the narrowest section of our setup is the
~10-mm-diameter SGM pipe (with potential misalignment
further restricting the effective beam width), we introduced
variable-width slits at the SGM exit in simulations. The best
agreement with experimental data (blue hollow diamonds)
occurred for a slit width of 6.5 mm.

In principle, two approaches should yield equivalent re-
sults: (1) varying the atomic beam’s incident direction while
keeping the laser angle fixed, and (2) varying the laser’s in-
cident angle while maintaining a fixed beam direction. Both
methods modify the relative angle between the laser and
atomic beam. However, the presence of spatial constraints in
our experimental setup breaks this symmetry. When we fix
Slits 1 and 2 at the beam center and scan the laser angle,
we observe a stable frequency shift. In this configuration, the
laser’s influence on the beam distribution is minimal, with
the atomic trajectories remaining confined within a 6.5 mm
width—sufficiently narrow to avoid postselection effects from
spatial constraints. This finding is consistent with earlier
results (Fig. 3), which showed that postselection becomes
negligible for a Slit 3 width exceeding 5 mm. Conversely,
when we fix the laser angle and displace Slit 2 laterally, we
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FIG. 4. The measurement and simulation results when Slit 3 is
removed, with Slit 1 fixed at the center, and the lateral position of
Slit 2 is varied. In the case where the limited width of the Stern-
Gerlach magnet is not considered, the MCWF simulation results
are represented by the black hollow triangles in the figure. The red
solid circles represent the experimental results. When considering
an equivalent slit of 6.5-mm width at the exit of the Stern-Gerlach
magnet, the MCWF simulation results are shown as blue hollow
diamonds in the figure.

observe a systematic frequency redshift. This occurs because
Slit 2 now acts as a preselection element, filtering atoms
with specific transverse velocities. As Slit 2 moves further
from the beam center, an increasing fraction of atoms are
blocked by the finite aperture of the SGM after interacting
with the probe light. This demonstrates how preselection can
amplify postselection effects in spatially constrained systems.
Our simulations incorporating a 6.5-mm equivalent slit (rep-
resenting the SGM’s effective aperture) confirmed that this
constraint has negligible impact when Slit 3 is present. This
is because the strong momentum selection of Slit 3 dominates
over the weaker spatial selection imposed by the SGM’s di-
mensions. Thus, while spatial constraints become significant
when studying the system through Slit 2 displacement, their
effect can be safely ignored in configurations where Slit 3
provides the primary selection mechanism.

C. PS effects in standing-wave configurations

While the previous experimental and simulation analy-
sis focused on traveling-wave conditions, we must examine
postselection effects under standing-wave configurations to
fully characterize our system. With Slit 3 removed and Slit 2
position varied, the standing-wave measurement results (red
circles in Fig. 5) reveal a characteristic double-peak pat-
tern. Notably, while significant Slit 2 displacements from
center produce redshifted frequencies in both traveling- and
standing-wave cases, the key differences emerge near the
beam center. The standing-wave measurements exhibit a par-
ticularly strong central redshift exceeding 100 kHz. Our
simulations, incorporating the finite width of the SGM (green
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FIG. 5. Frequency shifts corresponding to different lateral posi-
tions of Slit 2 in the configuration where Slit 3 was removed and a
standing-wave probe laser was applied. Red solid circles represent
the experimental results, while green open triangles indicate the
frequency shift obtained from MCWF simulations considering the
6.5-mm width of the Stern-Gerlach magnet. The corresponding laser
power is 1 uW. Blue open triangles show the simulation results after
power extrapolation to the zero-power limit.

hollow triangles in Fig. 5), show excellent agreement with
these experimental observations. We attribute the standing-
and traveling-wave differences primarily to power-dependent
effects, as evidenced by the much steeper power extrapolation
slope for standing-wave fields compared to traveling waves
[28]. Through simulations at varying power levels followed
by extrapolation (blue hollow diamonds in Fig. 5), we ob-
serve a pronounced redshift for large Slit 2 displacements.
However, when Slit 2 is near the center, the results are al-
most the same under either traveling-wave or standing-wave
fields. This power-corrected analysis confirms that the stand-
ing wave’s distinctive features are most apparent in off-center
configurations, while central measurements converge across
both optical field configurations.

In the previous experiment by Zheng et al. [14], the setup
featured only Slit 1 before the probe light and Slit 3 before the
detector (equivalent to the configuration shown in Fig. 1 with
just Slits 1 and 3). In this configuration, the single preprobe
slit (Slit 1) resulted in a broad initial velocity distribution
of the atomic beam. Consequently, the postselection-induced
frequency shift showed minimal variation with changes in
longitudinal velocity (v.). This behavior differs significantly
from our current dual-slit configuration (Slits 1 and 2), which
produces a narrower initial velocity distribution, as we have
detailed in our earlier work [19]. Due to the inclusion of
a Zeeman decelerator in our current setup, we were unable
to reproduce the 700-m/s atomic beam velocity used in the
earlier experiment. Instead, we performed measurements at
four velocity points using only Slits 1 and 3 (red solid circles
in Fig. 6), with corresponding simulations shown as blue
open diamonds. Note that simulations assumed a nearly in-
finitely wide velocity distribution while a finite distribution
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FIG. 6. PS shifts at different beam velocities when only Slits 1
and 3 present in the experiment. Data in the shadow with velocities
below 300 m/s show the results under the conditions of the current
experimental setup, while the data with a velocity of about 700 m/s
present the results from the experiment in Ref. [14]. The red solid
circles and black squares represent the experimental results, while the
blue open diamonds denote the simulation results using the MCWF
method. The pink and orange dashed lines represent the calculation
results of Eq. (17) under respective experimental conditions.

width after Slit 1 presents in experiments. These distribution
differences explain the discrepancies between experimental
and simulated results. Furthermore, the current experimen-
tal apparatus differs in length from the previous setup. We
performed simulations based on the parameters of the pre-
vious experiment by Zheng et al. [14], which resulted in
a postselection frequency shift of —55.3(1.5) kHz, with the
error representing the statistical uncertainty of the MCWF
calculation. After applying this correction, the result from the
previous experiment agreed with our most recent measure-
ments, where postselection effects were eliminated [19].

V. CONCLUSION

This work systematically analyzes the postselection ef-
fects induced by slits in the measurement of the helium
atom 23§ —23P transition. Through the combination of
high-precision experimental measurements and MCWF simu-
lations that track atomic evolution and momentum changes,
we investigated postselection effects under various exper-
imental parameters including slit sizes, slit positions, and
different optical field configurations (traveling versus stand-
ing waves). Our simulations enabled a precise correction
of +55.3(1.5) kHz to the previous experimental result by
Zheng et al. [14], with the corrected data showing excel-
lent agreement with new measurements performed under
postselection-free conditions. The MCWF simulation method
developed in this work provides a comprehensive approach
for modeling postselection effects by simultaneously account-
ing for atomic transition processes and the evolution of
atomic momentum and position. While this method reduces
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computational complexity compared to solving full master
equations, it remains computationally demanding due to the
extensive sparse matrix operations required. For preliminary
estimates of postselection effects, the phenomenological ap-
proach proposed in our previous work [19] may serve as a
practical alternative. For example, in a recent determination
of the ionization energy of metastable triplet helium 23S, the
postselection shift had been taken into account and listed in
the systematic error budget [40].

Our results demonstrate that postselection effects can
induce considerable frequency shifts in precision measure-
ments. This finding strongly suggests that similar systematic
deviations may exist in other experiments affected by postse-
lection effects, highlighting the need for further investigation
through both simulations and experimental studies. Given the
widespread use of slits and small apertures in precision spec-
troscopy experiments, many such measurements are likely
susceptible to postselection effects.
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APPENDIX: GENERAL DERIVATION OF MCWF

The Hamiltonian of the atomic system in an optical field
can be written as
B2
H, = H, +VA—L=m+ﬁw0|€> (e] —d-E, (Al)

where M is the atomic mass, P is the atomic momentum, wo
is the transition frequency from the ground state to the excited
state, d is the dipole moment, and E is the light field strength.

At time ¢, the system is described by a normalized wave
function |W(¢)). If no quantum jump occurs within a suffi-
ciently small time interval §¢, the wave function evolves to
WD 4 8¢)) at time ¢ + 8¢.The effective Hamiltonian gov-
erning the time evolution can be expressed as

il
— _ = il
Hes = H; > Em C,Cn

P2 - o il s
=w+hwo|e)(e|—d-E—EZCmCm, (A2)

where C,, is the quantum jump operator, m represents the
index of the final state (the ground state or a dark state), and
we have

> CiCn=Te) (el. (A3)
At time ¢, since the wave function is normalized, we have
+00
D leen®F + legn(®)*] = 1. (A4)
n=—o00

After evolving to time ¢ + 8¢, the new wave function is
no longer normalized. We obtain the probability amplitudes
et + 8r) and c{!)(t 4 81) at time ¢ 4 8¢, which satisfy the
following relations:

+o0
AP=1- " [ +80 + |l +50|°],  (AS)

n=—00

where AP represents the probability of spontaneous emission
occurring between time ¢ and ¢ + 5¢.

To determine the normalized wave function probability
amplitudes at time ¢ + ¢, we evaluate whether spontaneous
emission occurs between ¢ and ¢ + §¢. A uniformly distributed
random number € € [0, 1] is generated. If ¢ > AP, sponta-
neous emission does not occur during this interval, and the
normalized wave function probability amplitudes at ¢t 4 8¢ are
given by

D + 8t)

Con(t +81) = 22—~ A6
Al 60) = e (A6)
el + 81)

Cg,n(t + 8t) = ﬁ (A7)

If e < AP, spontaneous emission occurs between ¢ and ¢ +
8t. The atom may decay to the ground state |g), the dark state
m = —1, or the dark state m = 0.

If the atom decays to the dark state m = —1, it no longer
interacts with the light and, due to the Stern-Gerlach magnet,
cannot be detected. Therefore, we no longer consider this
atom in our analysis.

If the atom decays to the ground state |g), the normalized
wave function probability amplitude at time ¢ + &t is given by

Cen(t +8t) =0, (A8)
Dt + 6t)
o e 4+ 80

m=—0Q

Con(t +681) = (A9)

After obtaining the normalized wave function probability
amplitudes at time ¢ + §t, we repeat the above procedure until
the atom completely exits the laser field, thereby determining
the final wave function probability amplitudes after the atom
leaves the laser field.
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