
 

Direct Measurement of the Forbidden 23S1 → 33S1 Atomic Transition in Helium
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We present the detection of the highly forbidden 23S1 → 33S1 atomic transition in helium, the weakest
transition observed in any neutral atom. Our measurements of the transition frequency, upper state lifetime,
and transition strength agree well with published theoretical values and can lead to tests of both QED
contributions and different QED frameworks. To measure such a weak transition, we develop two methods
using ultracold metastable (23S1) helium atoms: low background direct detection of excited then decayed
atoms for sensitive measurement of the transition frequency and lifetime, and a pulsed atom laser heating
measurement for determining the transition strength. These methods could possibly be applied to other
atoms, providing new tools in the search for ultraweak transitions and precision metrology.
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The field of precision spectroscopy has made many
foundational contributions to modern physics [1–4], in
particular through the development of quantum electrody-
namics (QED) theory. However, despite QED being one of
the most rigorously tested theories in physics, there are still
unknown factors and parameters, as shown by the recent
“proton radius puzzle” that required a reassessment of the
proton radius [5–8]. This leads to an imperative to test QED
at the highest precision using independent methods in order
to better understand its limitations. Advances in laser
technology have enabled the detection of an increasingly
wide array of atomic transitions, including extremely weak
atomic spectral lines from so-called forbidden transitions,
which within a given approximation, e.g., the electric
dipole approximation, strictly cannot occur. However, in
reality such transitions do occur but at extremely low rates.
The strength of an atomic transition is characterized by the
Einstein A coefficient (the transition rate), which is chal-
lenging to calculate or measure accurately. However, in
some atomic systems the Einstein A coefficient has a
significant and potentially measurable contribution from
QED effects [9]. Hence, measurements of the Einstein A
coefficient can provide a test of QED, completely inde-
pendent of, for example, the measurement of atomic energy
intervals. Note that while there are other means of meas-
uring transition rate information in atomic systems in order
to test QED, such as the tune-out frequency (the frequency
at which the atomic polarizability vanishes [10–12]), they
often relate to the ratio of strong transition rates between
multiple states. Thus, these techniques do not measure the
isolated strength of a single transition, which can provide
additional insights and be important for specific applica-
tions, nor are they useful for measuring or constraining
ultraweak transitions [13].
A favored test bed of QED models is the helium atom,

where the two-electron structure is simple enough that

theoretical calculations of many parameters can be deter-
mined to great precision. Decades of work on 3He and 4He
systems have led to many advances, such as an improved
measurement of the ground state Lamb shift [14,15], the
fine structure constant [16,17], and both the alpha and
helion particle charge radius [18,19]. There have also been
a number of recent advancements in precision spectroscopy
of forbidden transitions in the helium atom. For instance,
the 23S1 → 21P1 transition (see Fig. 1), which is forbidden
as it violates spin conservation and has a predicted Einstein
A value of A ¼ 1.4432 s−1 [20], was first observed by
Notermans et al. to a precision of 0.5 MHz [21].
Furthermore, a second extremely weak helium transition

of interest is the singlet to triplet ground state transition of
metastable helium (He�) 23S1 → 21S0 (see Fig. 1), which is
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FIG. 1. Partial atomic level scheme for helium. Level splittings
are not to scale. The transition of interest, 23S1 → 33S1, is at
427.7 nm (blue arrow), along with the dominant decay path from
the 33S1 state (706.7 nm, red arrow). Relevant excited state
lifetimes and transition wavelengths are also indicated.
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doubly forbidden, as it links a triplet to a singlet state, and
Δl ¼ 0. This transition has a predicted Einstein A coef-
ficient ranging from A ¼ 6.1 × 10−8 s−1 [22] to A ¼ 1.5 ×
10−7 s−1 [23], but the transition rate is yet to be measured.
An experimental measurement of the transition frequency
was carried out by van Rooij et al. to a precision of 2 kHz
for both 3He and 4He [24]. Subsequent measurements by
Rengelink et al. improved the precision to 0.2 kHz by using
a magic wavelength trap [18], providing a new test of QED
and nuclear structure calculations, including a determina-
tion of the nuclear charge radius. Of further note are the
frequency measurements of seven of the transitions
between the 23S and 23P hyperfine manifolds in 3He by
Cancio Pastor et al. to the order of 1 kHz [19]. This
provided a value of the difference of the squared nuclear
charge radii of 3He and 4He, which differed by 4σ from that
derived by van Rooij et al., exemplifying the need to
perform different types of experiments to properly con-
strain QED theory.
Another transition in helium that until now has not been

detected experimentally is the strongly forbidden 23S1 →
33S1 transition (see Fig. 1), for which Δl ¼ 0, and it is
hence electric dipole forbidden. It is excited via the
magnetic dipole interaction using light with a predicted
wavelength of ∼427.7 nm [25]. There are unresolved
conflicting theoretical predictions for the Einstein A coef-
ficient of this transition. Derevianko et al. predict A ¼
1.17 × 10−8 s−1 [26], while a calculation by Łach et al.
gives A ¼ 6.48 × 10−9 s−1 [27], which states in reference
to the differing values “This discrepancy does not have
experimental impact since this rate is too small … to be
measured” [27]. An accurate measurement of the Einstein
A coefficient for this transition would provide insight into
the validity and limitations of the different approaches
within QED theory. These calculations also indicate that
this transition rate would be the weakest ever measured in a
neutral atom and only slightly stronger than the weakest
measured transition rate in an ion: the electric-octupole
transition in 172Yb+, which is the longest lived at 8.4 years,
i.e., A ¼ 3.8 × 10−9 s−1 (theory [28]), or 10þ7

−4 years,
equivalently A ¼ 3þ2

−1 × 10−9 s−1 (experiment [29]).
In this work, we present the first detection of the 23S1 →

33S1 transition in 4He. We develop two novel techniques for
the measurement of ultraweak transitions and use them to
determine the transition frequency, Einstein A coefficient,
and excited state lifetime. The first method uses a Bose–
Einstein condensate (BEC) and directly detects atoms that
absorb a photon and escape a shallow trap. While this
method is highly sensitive and is ideal for the determination
of the transition frequency and linewidth, the uncertainty in
the collection efficiency necessitates an independent
approach for determining the Einstein A coefficient. To
this end, we developed a second method, which measures
the heating rate of a trapped thermal cloud due to the

absorption and subsequent reemission of photons from a
probe beam. From this the Einstein A coefficient can be
extracted. While detection of an excitation via heating due
to a photon recoil has been used for great precision and
sensitivity in ion spectroscopy [29–32], this is the first time
such a technique has been used in a neutral atom system. A
similar technique could possibly be used to search for other
weak transitions that have applications in astronomy and
state-of-the-art technologies, such as atomic clocks [33].
To measure the transition frequency and linewidth, we

start with a BEC of ∼106 He� atoms trapped in the long-
lived 23S1 excited state [34], prepared via a combination of
laser and evaporative cooling in a magnetic biplanar
quadrupole Ioffe trap [35]. The atoms are prepared in
the mJ ¼ þ1 magnetic substate, as this is the only
magnetically trapped state [35]. The atoms are detected
after falling onto an 80 mm diameter microchannel plate
and delay line detector (DLD) [36] (see remark [33] for
extensions to other atoms), located approximately 850 mm
below the trap center (Fig. 2).
To address the 23S1 → 33S1 transition, we illuminate the

atoms with a probe beam from a laser and doubling cavity
that is tuneable around 427.7 nm [37]. The frequency of the
laser was stabilized using a feedback loop to a wave meter
with 2 MHz absolute accuracy, which was periodically
calibrated to a known cesium crossover transition (see
Supplemental Material [37] for further detail). After pass-
ing through an optical fiber, the probe beam is focused and
aligned along the weak axis of the trap (see Fig. 2 for
diagram of experimental setup). We then perform differ-
ential measurements between the laser applied and a
reference shot with the laser blocked.
The transition is detected by directly measuring small

numbers, on the order of 102, of atoms that absorb the
probe laser light during a 25 s exposure time. When the
wavelength of a σ− polarized probe laser beam is resonant
with the 23S1 → 33S1 transition, the 427.7 nm photon
excites the atom from the 23S1, mJ ¼ þ1 state to the
33S1, mJ ¼ 0 state and the atom receives a momentum
recoil. The vast majority of these excited atoms then decay
within ∼30 ns, emitting a photon at 706.7 nm to one of the

FIG. 2. Diagram of the experimental setup. A BEC is produced
and then held in a magnetic trap. The laser light is focused onto
the atoms in the trap and when an atom absorbs one of the
photons it will most likely leave the trap, with some high
probability of it landing on the detector.
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23P0;1;2 states, and then within ∼100 ns decay via the
1083 nm transitions to the 23S1 state (see Fig. 1). This is
because all other transitions from 33S1 and the 23P0;1;2

states are forbidden: hence, fewer than 1 in 104 atoms will
decay to non-23S1 states [63,64].
Atoms will hence on average end up distributed among

the magnetic sublevels mJ ¼ ð−1; 0; 1Þ of the 23S1 state
with a fractional population of (24%, 52%, 24%) based on
the relevant transition Clebsch–Gordan coefficients. The
76% of atoms that decay to the untrapped 23S1, mJ ¼ 0 or
−1 states leave the trap immediately and fall under the
influence of gravity onto the DLD, with the chance that
they will collide with other atoms while leaving the
BEC [37].
The remaining 24% of excited atoms that have decayed

to the 23S1, mJ ¼ þ1 state will be retrapped.
After the probe beam is switched off, the remaining

atoms in the magnetic trap are outcoupled with pulses of
broadband rf radiation. This transfers all atoms from the
trap into a coherent beam of atoms, known as an atom laser
[36,65], allowing the total number of remaining atoms in
the trap to be measured, while avoiding detector saturation.
The ratio of excited and lost atoms to remaining atoms can
hence be determined, which is less sensitive to total BEC
number fluctuations from shot to shot.
For each laser wavelength, ∼215 shots are taken with the

probe beam applied and ∼50 with it blocked as a reference,
from which the normalized excitation probability per
photon per unit time [37] is extracted. The excited fractions
for a range of frequencies around the transition are shown
in Fig. 3. At resonance, we measure a peak signal
corresponding to 0.34% of the total atoms excited per
∼1018 applied photons (for details on the beam shape and
power in relation to the atom sample, see Supplemental
Material [37]). Note that the signal in Fig. 3 decays to a
negative value far from the transition. We speculate that this
is due to the off-resonant repulsive dipole potential of the
probe beam on the atoms, which causes a deflection of
atoms such that they miss the detector, compared to the
reference case. While this effect is measurable, it has a
negligible effect on the line shape compared to the other
sources of error [37].
The center of the corresponding Lorentzian fit

gives a measured transition frequency of f0;d ¼
700 939 271.64ð8Þ MHz, with subscript d referring to the
direct detection method and with only the statistical
uncertainty shown. After applying relevant systematic
corrections (as listed with the full error budget in
Table I), this yields a final value of fshifted0;d ¼
700 939 271ð5Þ MHz. This agrees very well with the most
recent published value in the literature of 700939269
(8) MHz [25], with our uncertainty smaller than that of
theory. The Lorentzian width of the peak, derived from the
Voigt fit (see Fig. 3), also allows the state lifetime of the
33S1 state to be determined. We estimate an excited state

lifetime of τ ¼ 50ð20Þ ns, which compares well to the
theoretical value of 35.9(2) ns (see Supplemental Material
[37]). We also find that the sensitivity of this method is such
that an Einstein A value of ≈7 × 10−11 s−1 could be
observed with a SNR of unity given one day of inter-
rogation [37].

FIG. 3. The normalized excited fraction as a function of applied
laser frequency (relative to the fitted centered frequency f0;d ¼
700 939 271.64ð8Þ MHz where quoted error is purely statistical).
Vertical and horizontal bars indicate the uncertainty in their
respective axis [66]. Data has been binned for viewing, where the
width of the bin used to calculate each point is varied to
compensate for the varying density of sample points. The black
line is a Voigt fit to the data, with the gray shaded region
indicating the confidence interval. The parameters of the fit are
σ ¼ 1.9ð4Þ MHz (standard deviation of the Gaussian component)
and γ ¼ 3.2ð10Þ MHz (scale parameter of the Lorentzian com-
ponent), corresponding to an excited state lifetime of 50(20) ns.
The peak signal represents an excited fraction of 0.34% for a total
energy of applied photons of 0.65 J.

TABLE I. Systematic shifts, corrections, and uncertainties to
measured frequency values from the direct detection method f0;d
and the heating method f0;h. Note that uncertainties are added in
quadrature.

Systematic Freq Shift (MHz) Unc (MHz)

Value f0;d f0;h f0;d f0;h

Zeeman shift −1.715 0.003
ac Stark shift 6.9 5.9 1.5 1.6
dc Stark shift < 10−6 …
Mean field shift < 0.01 …
Recoil shift 0.273 < 0.001
Cesium cell offset
–ac Stark shift −1.9 0.4
–Pressure shift < 0.006 …
Wave meter −3.0 4.1
Statistical … 0.08 0.6
Total 0.6 −0.4 4.4 4.5
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To measure the transition strength, we employ a different
experimental technique that determines the heating of the
cloud induced by the photon recoil of absorbed and emitted
photons from the probe beam. The thermal cloud has an
initial temperature of order 1 μK. We use a minimally
destructive spectrally broad rf pulse to remove ∼2% of the
atoms from the trap. The pulses are approximately 20 μs in
length and hence have a Fourier width of ∼300 kHz [36],
which ensures uniform outcoupling throughout the trap.
The time-of-flight profile recorded on the DLD in the far
field will represent the momentum profile of the trapped
atoms [67]. As the temperature of the atoms is significantly
above the condensation temperature, Tc ∼ 150 nK, the
temperature was found by fitting each profile with a
Boltzmann distribution (see Supplemental Material [37]).
By repeatedly outcoupling small numbers of atoms (the full
sequence uses 95 pulses each spaced 240 ms apart), the
temperature of the trapped thermal cloud can be estimated
as a function of time and thus a heating rate determined.
Comparison of the measured heating rate when the probe
beam is present to when it is blocked allows an estimate of
the heating rate due to the probe beam. The difference in the
heating rates between probe and reference is shown in
Fig. 4 as a function of laser frequency, which gives a
fitted peak frequency for this method of fshifted0;h ¼
700 939 270.9ð6Þ MHz (with subscript h referring to the
heating method and with the statistical uncertainty shown).
After applying appropriate systematic frequency shifts (see
Table I in [37]), the final value for the transition frequency
is f0;h ¼ 700 939 271ð5Þ MHz, and the excited state

lifetime is 40(30) ns. Both agree within uncertainty with
the values measured by the direct detection method.
We calculate the Einstein A coefficient from the mea-

sured heating rate and the heat capacity of a harmonically
trapped Bose gas [37]. The resultant value is A ¼ 7ð4Þ ×
10−9 s−1 compared to the most recent theoretical value of
A ¼ 6.48 × 10−9 s−1 [27].
Our results for the transition frequency using both

methods compare well with the most recent theoretical
value in the literature (see Table II), and our experimental
uncertainty is comparable to that of the current QED
theory calculation. A further consequence of our measure-
ment of the 23S1 → 33S1 transition wavelength is that it
constrains the 23P1 → 33S1 transition frequency to be
424202774(5) MHz, using the extremely accurately mea-
sured 23S1 → 23P1 transition frequency [68]. Further, the
experimental Einstein A coefficient also agrees within error
with both of the most recent theoretical published values
[26,27], although it is not sufficiently sensitive to resolve
the difference between them. Nonetheless, the measure-
ment of transition strengths is important as an alternative
test for QED, as there are few techniques that can be
compared to energy level measurements, and thus further
investigation is warranted.
In conclusion, we have demonstrated a novel sensitive

method for measuring and characterizing spectroscopic
transitions in helium that could in principle be extended to
other metastable atoms, particularly those that are used in
ultracold gas experiments [69]. This has allowed us to
detect the weakest transition ever observed in a neutral
atom. The techniques are based upon momentum detection
of atoms, separating them frommost other techniques in the
literature that are usually based on measuring change in
irradiance. While our method agrees within experimental
uncertainty with theory, by increasing the accuracy of the
laser wavelength measurement (e.g., via incorporating a
frequency comb), we could reach a level of accuracy of
< 1 MHz, which would provide a challenge to improve
state-of-the-art theoretical predictions. Furthermore, by
conducting similar measurements on 3He, isotope shifts
could also be compared as a further test of QED
predictions.

TABLE II. Summary table of experimentally measured values,
including all systematic corrections, for the 23S1 → 33S1 tran-
sition in Helium, with the most recent theoretical calculations for
comparison.

Method Center 33S1 State Einstein A
Freq (MHz) Lifetime (ns) Coeff (10−9 s−1)

Direct 700939271(5) 50(20) …
Heating 700939271(5) 40(30) 7(4)
Theory 700939269(8)[25] 35.9(2)[37] 6.48[27], 11.7[26]

FIG. 4. Increase in heating rate as a function of applied
laser frequency, relative to fitted frequency center f0;h ¼
700 939 270.9ð6Þ MHz, with quoted error purely statistical. Data
has been binned in frequency for clarity, with vertical and
horizontal bars indicating uncertainty in the respective axis
[66]. The solid black line represents a Voigt fit with
σ ¼ 1.6ð9Þ MHz, and γ ¼ 4ð3Þ MHz. The insets show a com-
parison of heating rates at the respective frequencies, with the
dashed (green) line indicating a run with the laser light applied
and the solid (blue) line indicating a reference run.
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