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Frequency Metrology in Quantum
Degenerate Helium: Direct Measurement
of the 23S, — 2 'S, Transition

R. van Rooij,* J. S. Borbely," ]. Simonet,? M. D. Hoogerland,? K. S. E. Eikema,*

R. A. Rozendaal,* W. Vassen*

Precision spectroscopy of simple atomic systems has refined our understanding of the fundamental
laws of quantum physics. In particular, helium spectroscopy has played a crucial role in describing
two-electron interactions, determining the fine-structure constant and extracting the size of the helium
nucleus. Here we present a measurement of the doubly forbidden 1557-nanometer transition connecting
the two metastable states of helium (the lowest energy triplet state 2 3S, and first excited singlet state
2 1s,), for which quantum electrodynamic and nuclear size effects are very strong. This transition is
weaker by 14 orders of magnitude than the most predominantly measured transition in helium. Ultracold,
submicrokelvin, fermionic *He and bosonic “He atoms are used to obtain a precision of 8 x 107?,
providing a stringent test of two-electron quantum electrodynamic theory and of nuclear few-body theory.

he first observations of helium emission

I spectra at the end of the 19th century
revealed two separate series of lines, asso-

ciated with orthohelium and parahelium, respec-
tively. In 1926, Heisenberg explained the distinction
between these two spectra on the basis of wave
mechanics, electron spin, and the Pauli exclusion
principle (7). The spectrum of orthohelium arises
from triplet states for which the electron spins are
parallel, whereas in parahelium the electron spins
are antiparallel, forming singlet states (Fig. 1).
From the lowest state of orthohelium, the 1s2s
3S, state (denoted 2 *S,), only excitations to triplet
states have been observed. Orthohelium transi-
tions from the 2 3S; state and associated studies
of the n 3P0,1,2 (n = 2,3) fine-structure splittings
(2-7) have enabled tests of quantum electrody-
namics (QED) (8, 9), as well as a determination
of the fine-structure constant (5, /0). In the singlet
spectrum of helium (parahelium), electric-dipole
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transitions from the 1 'S, ground state (1/) and
from the metastable 2 'S, state (12, 13) have also
provided tests of high-precision QED calcula-
tions. All these frequency metrology studies have
been performed using either atomic beams or gas
discharges. However, helium in the metastable
238, state (He*, lifetime 8 x 10° s) can be laser-
cooled and trapped, which allows much longer
interaction times for excitation of weak transitions.
He* atoms have been cooled to uK temperatures,

which revealed quantum statistical effects of
bunching and antibunching (/4) and allowed
quantum degeneracy to be achieved for both the
bosonic isotope “He (15, 16) and the fermionic
isotope *He (17).

Here we observe an orthohelium-parahelium
transition, specifically, the 1557-nm transition
between the metastable 2 3S; and 2 'S, states
(Fig. 1), both in *He and *He. This transition is an
excellent testing ground for fundamental theory
of atomic structure. Because of a large electron
density at the nucleus, the energy of S states is the
most sensitive to QED and to nuclear size effects
(8). Forthe 2°S; and 2 'S, metastable states, QED
terms contribute 4 and 3 GHz respectively, to a
total binding energy of 10° GHz (8, 9). The pres-
ent accuracy in the QED calculations is 2 MHz,
based on an estimate of non-evaluated higher-
order terms. Many of these terms are common be-
tween the isotopes. Therefore, in the calculation of
the isotope shift (i.e., the difference between the
transition frequencies for “He and *He), mass-
independent terms cancel, and the uncertainty is
reduced to the sub-kHz level (/8). As the finite
nuclear charge radius shifts the 2 S, state by
2.6 MHz and the 2 'S, state by 2.0 MHz, an ac-
curate isotope-shift measurement allows a sensi-
tive determination of the difference in the mean
charge radius of the o particle and of the *He
nucleus, which provides a stringent test of nuclear
charge radius calculations and experiments (19).

parahelium orthohelium Fig. 1. Relevant energy lev-

els, transition wavelengths,

21 P1 23p and state lifetimes of helium.

/ 01,2 The magnetic-dipole tragsi-

\* 2059 nm — tion connecting the 2 °S;

218 A o ~0.59 =98 NS gtate and the 2 15, state has
=20 r(r)1$ RN o 1083 nm a wavelength of 1557 nm
1557 nm S~ . 3 and an Einstein A coefficient

A=9.1x10%s' ~~& 2 81 of 9.1 x 108 s7%. A focused

2%~120 nm 1=8000 s 1557-nm laser also consti-

tutes a trap for ultracold at-

oms in the 2 35, state because it is red detuned from the 2 35, — 2 3P, transitions. As the
1557-nm laser light is blue detuned from the 2 'S, — 2 *P, transition, atoms in the 2 'S,

state are antitrapped.
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The natural linewidth of the 2 °S; — 2 'S,
transition is 8 Hz, determined by the 20-ms lifetime
of the 2 'S, state, which relaxes via two-photon
decay to the ground state (Fig. 1). This transition is
200,000 times as narrow as the natural linewidth
of the 2 *P state, which is most prominently used
for spectroscopy in helium. The Einstein A
coeficient for the 2 °S; — 2 'Sy magnetic-dipole
transition is ~107 s ' (20, 2I), smaller by 14
orders of magnitude than for the electric-dipole
transitions from 2 3S; to 2 3P0,1,2 states, which
indicates that excitation requires high power and/or
long interaction times.

The experiment described here was performed
using an apparatus designed for the production
of quantum degenerate gases of helium (17, 22).
Briefly, the metastable 2 3S; state is populated

'E‘reﬁ“enov

by electron impact in an electric discharge. The
atomic beam is collimated, slowed, and trapped
by using standard laser cooling and trapping
techniques on the 2 38, — 2 °P, transition at
1083 nm. The atoms, optically pumped to m, =
+1, are then transferred to an loffe-Pritchard—
type magnetic trap. *He* atoms are evaporative-
ly cooled toward Bose-Einstein condensation by
stimulating radio-frequency (RF) transitions to un-
trapped states. For *He* (in the F = 3/2 hyperfine
state), quantum degeneracy is reached by sym-
pathetic cooling with “He*. Either one or both
of the two isotopes are transferred into a crossed-
beam optical dipole trap. This trap consists of
two focused 1557-nm laser beams, intersecting
at their foci, as shown in Fig. 2. We transfer up
to 10° atoms to this optical trap.

Fig. 2. Experimental setup. A small fraction of the 1557-nm laser light is split off and coupled via a fiber-optic
link to be referenced to a fiber-based frequency comb. A heterodyne signal is monitored on a fast photodiode
(PD) to determine the absolute frequency of the 1557-nm laser. The remaining light is divided into the trap
beam and the spectroscopy beam. A crossed-beam dipole trap configuration is realized by focusing both the
incident and returning trap beam (with orthogonal linear polarizations) to a waist of ~85 um at the center of
the magnetic trap (represented by the green coils) under a relative angle of 19 degrees, trapping atoms at the
intersection. The spectroscopy beam is frequency shifted by a 40-MHz acousto-optical modulator (AOM),
overlapped with the returning trap beam and absorbed by a thermopile power meter (PM). A microchannel
plate detector is positioned underneath the trap for temperature and atom number determination.
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Fig. 3. (A) Bimodal time-of-flight distribution observed when He* atoms are detected on the MCP detector
~186 ms after the trapping laser light is turned off. The MCP signal is fit to determine the number of Bose-
condensed atoms. (B) The percentage of Bose-condensed *He atoms remaining in the 2 S, state as a function
of applied laser frequency (relative to the fitted center frequency f,). The line is a fit of a Gaussian to the data.
We measure linewidths varying from 75 to 130 kHz depending on the trap depth and on the isotope.
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After loading the optical trap, the atoms are
illuminated by a separate beam for spectroscopy,
which is derived from the same laser as the op-
tical trap beam, but is switched and frequency-
shifted by a 40-MHz acousto-optic modulator. A
heterodyne signal is set up between the 1557-nm
laser and a mode of a femtosecond frequency—
comb laser to deduce the absolute frequency of
the spectroscopy laser. The frequency comb is
based on a mode-locked erbium-doped fiber laser,
for which both the repetition rate and the carrier-
envelope offset frequency are referenced to a
global positioning system—controlled Rubidium
clock (23).

After a certain interaction time (typically 1 to
6 s), both the spectroscopy beam and the trap
beam are switched off, which allows the atoms to
fall because of gravity. The high internal energy
of He* (20 eV above the 1 'S, ground state) allows
for efficient detection on a microchannel plate
(MCP) detector (Fig. 2). The MCP signal reflects
both the number of atoms and their temperature.
In the case of “He, the signal has a bimodal
character that results from the combination of
Bose-condensed atoms and thermal atoms (Fig.
3A); a fit to this signal provides the number of
condensed atoms (23). Because the excited state
is antitrapped, the trap is depleted when the spec-
troscopy beam is resonant with the atomic tran-
sition. By deducing the remaining number of 2 3S,
atoms for various laser frequencies, the atomic res-
onance frequency is determined from a Gaussian
fit to the data (Fig. 3B). The observed linewidth
is largely due to the 75-kHz laser linewidth.

Several systematic shifts in the transition
frequency are taken into account (23). The largest
shift is due to the Zeeman effect. The measured
transition, 2 S, (my=+1)—>2 1S, (m;=0) for
“He, and 23S, F=3/2 (mp=+3/2) — 2 'Sy, F =
12 (my = +1/2) for *He, is shifted from res-
onance predominantly by Earth’s magnetic field.
The size of the shift is deduced by measuring the
resonance frequency of RF spin-flip transitions
between the 2 *S; magnetic substates. An ad-
ditional shift is caused by the momentum transfer
from a 1557-nm photon to an atom. In the case
of *He, the high density of the condensate could
potentially cause a mean-field shift (24). How-
ever, by performing the experiment with reduced
atomic density, no shift is observed.

The second-largest systematic frequency per-
turbation is due to the AC Stark shift associated
with the intense 1557-nm light that induces the
dipole trap: The specific energy state of the trap-
ping potential for an atom determines the AC
Stark shift for that atom. For “He, only excita-
tions of atoms condensed in the ground state of
the dipole trap are taken into account in deter-
mining the transition frequency. As the trap depth
depends linearly on laser intensity, measuring the
resonance frequency for a range of applied laser
powers allows an extrapolation to zero laser in-
tensity. In contrast, *He atoms, because of their
fermionic nature, are distributed throughout the
energy states of the dipole trap, and as a result,
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Fig. 4. Measured transition frequencies for “He (A) and for *He (B). The error bar on each data point
includes contributions from various systematic sources, e.g., AC Stark shift and Zeeman shift (23). The
frequencies quoted on the y axes are the weighted averages of the data points. Their associated
uncertainties (with the uncertainties due to the frequency comb calibration and the mean-field shift added
in quadrature) are +1.8 kHz for *He and +1.5 kHz for *He, represented by the green bands.

the measured AC Stark shift does not equal the
trap depth (as is the case with “He) but is reduced
due to the density of states within the dipole trap.
A nonlinear shift can then potentially arise at high
laser intensities, where the larger trap depths al-
low for higher temperatures. To minimize this ef-
fect, *He atoms are sympathetically cooled to the
quantum degenerate regime to populate predom-
inantly the lowest energy states of the trapping
potential. Over the course of several months, 20
independent extrapolations were obtained (as
shown in Fig. 4) to deduce an absolute frequency
of the 2 S; — 2 'S, transition for “He of f; =
192,510,702,145.6(1.8) kHz and for *He (F =
32 — F=12) of f; = 192,504,914,426.4(1.5)
kHz, where the one—standard deviation error in
parentheses includes all statistical and systematic
uncertainties.

For both isotopes, our result agrees with QED
calculations of the ionization energies of the two
metastable states (9, 25). The present experimen-
tal error in the transition frequency is smaller by
three orders of magnitude than estimates of non-
evaluated higher-order terms in state-of-the-art QED
calculations and presents a significant challenge
for groups involved in atomic structure theory.

An indirect value of the energy difference
between the 2 3S; and the 2 'S, states can be
obtained from the literature (only for “He) by
combining experimental transition frequencies from
both metastable states to high-lying S, P, and D
states with theoretical values for the ionization
energies of these states. This procedure yields
ionization energies for the 2 IS, state 8, 12,13)
and the 2 38, state (2, 8), and the difference be-
tween these values gives a transition frequency of
192,510,701.96(16) MHz, in agreement with our
result, although with much lower precision.

Isotope shift measurements, combined with
high-precision QED theory, provide a method for
isolating contributions due to finite nuclear size
effects. The difference in nuclear charge radii be-
tween “He and *He is determined by comparing
experiment and theory. The “He nuclear charge
radius is one of the most precisely known of all
nuclei (26), 1.681(4) fim. A value of the He nu-
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clear charge radius can then be deduced with
similar precision. In calculating the isotope shift,
QED theory is more precise than our measure-
ment, as mass-independent terms cancel. The
theoretical value for the isotope shift (if one as-
sumes pointlike nuclei) is 8,034,148.6(7) kHz (23).
Subtracting the measured transition frequencies
and correcting for the accurately known hyper-
fine structure ( fig) (25, 27), we find an isotope
shift of 4 — f5 + for = 8,034,367.2(2.3) kHz. The
218.6-kHz difference may be attributed to the
finite size of both nuclei. This nuclear shift is pro-
portional to the difference in the nuclear charge
radii squared, Ar,® = r*(CHe) — r.2(*“He). Using
the theoretical proportionality constant of 4.6642
fm?MHz (18) for the measured transition, we
deduce Ar.2 = 1.019(11) fm?. Ar2 represents a
more universal parameter than the value of the
isotope shift, as it is obtained from various branches
of physics. Besides getting it through spectroscop-
ic means, it can be determined from nuclear theory
and from electron-scattering experiments. Nuclear
few-body theory provides Ar> = 1.16 (12) fin®
(18, 23, 28), whereas from electron-scattering
experiments Ar.> = 1.01 (13) fm?* (26, 29). Com-
paring the values of Ar.%, we find our result to
be in good agreement but more precise by an or-
der of magnitude. An independent spectroscopic
measurement in helium on the 2 3S; — 2 °P,
transition (30) gives Ar.® = 1.059(3) fin?, ob-
tained by using the most recent QED calculations
(19). Although the measurement precision of
the isotope shift for this transition is comparable
to our precision, the smaller uncertainty in Ar” is
due to a larger sensitivity to differential nuclear
charge effects. At present, the accuracy to which
the “He charge radius is known sets a lower limit
on the uncertainty of the *He charge radius deter-
mined from helium spectroscopy. Our measure-
ment presents a value for the *He nuclear charge
radius of 1.961(4) fm.

We have also demonstrated that all of the
trapped atoms can be transferred to the 2 'S, state
to produce a source of ultracold singlet helium.
Optically trapping these atoms simultaneously
with cold 1 'S, ground-state atoms (produced

after two-photon decay) opens up the possibility
of performing two-photon spectroscopy on the
2!Sy > 1S transition (11, 31), where QED and
nuclear size effects are strongest.
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