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Skimmed supersonic beams provide intense, cold, collision-free samples of atoms and molecules and are

one of the most widely used tools in atomic and molecular laser spectroscopy. High-resolution optical

spectra are typically recorded in a perpendicular arrangement of laser and supersonic beams to minimize
Doppler broadening. Typical Doppler widths are nevertheless limited to tens of MHz by the residual
transverse-velocity distribution in the gas-expansion cones. We present an imaging method to overcome
this limitation that exploits the correlation between the positions of the atoms and molecules in the
supersonic expansion and their transverse velocities, and thus their Doppler shifts. With the example of
spectra of (1s)(np)3Py_, < (1s)(2s)3S, transitions to high Rydberg states of metastable triplet He, we
demonstrate the suppression of the residual Doppler broadening and a reduction of the full linewidths at
half maximum to only about 1 MHz in the UV. Using a retroreflection arrangement for the laser beam and a
cross-correlation method, we determine Doppler-free spectra without any signal loss from the selection, by

imaging, of atoms within ultranarrow transverse-velocity classes. As an illustration, we determine the

ionization energy of triplet metastable He and confirm the significant discrepancy between recent
experimental [G. Clausen et al., Phys. Rev. Lett. 127, 093001 (2021)] and high-level theoretical [V. Patkés
et al., Phys. Rev. A 103, 042809 (2021)] values of this quantity.

DOI: 10.1103/PhysRevLett.131.103001

Atoms and molecules absorb and emit radiation at
frequencies that appear shifted to higher or lower frequen-
cies depending on whether they move towards or away
from the observer. This effect is known as the Doppler
effect and leads to a broadening of spectral lines in atomic
and molecular spectra that reflects the velocity distribution
of the sample of absorbing or emitting atoms and mole-
cules. This line broadening represents a major challenge in
high-resolution spectroscopy [1]. Efforts towards eliminat-
ing Doppler broadening in atomic and molecular spectros-
copy have a long history [2] and can be classified in three
categories. The first consists in reducing the spread of the
velocity distribution in the direction of the observer by
cooling the gas or forming a collimated gas beam.
Remarkable examples in this category include full reso-
lution of the rotational structure in the IR spectrum of Cy
after buffer-gas cooling [3] and precision-spectroscopic
studies of free radicals in supersonic expansions [4]. In the
second approach, referred to as sub-Doppler spectroscopy,
spectra are recorded after selection of a subset of atoms or
molecules belonging to a narrow velocity class out of the
sample, for instance, through double-resonance methods,
resonant multiphoton excitation, and saturation spectros-
copy [5], or through the detection of spatially resolved
fluorescence [6]. Recent examples include precision mea-
surements of rovibrational transitions in CH, [7] and
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H,0 [8]. In sub-Doppler spectroscopy, only a fraction of
the sample contributes to the line intensities, which reduces
the sensitivity. In the third approach, the Doppler shifts are
canceled through two-photon absorption from two counter-
propagating laser beams of the same frequency. The
measurements are thus Doppler-free. Precision measure-
ments of the 1s-2s transition frequency in H are the best
examples in this category [9,10]. The great advantage of
this approach beyond the elimination of the Doppler width
is that all atoms or molecules in the sample contribute to the
intensity of the Doppler-free lines, regardless of their
velocity. Recent developments have combined two-photon
Doppler-free spectroscopy with Ramsey-comb interfero-
metry [11] and broadband Fourier-transform dual-comb
spectroscopy [12]. So far, no equivalent approach has been
established for single-photon spectroscopy. The purpose of
this Letter is to fill this gap and introduce a method to
record optical spectra with the best possible signal-to-noise
ratio and spectral resolution.

The method exploits the correlation between the posi-
tions and velocities of atoms or molecules in an expanding
gas sample and is schematically illustrated in Fig. 1 with
the example of the supersonic expansion used here as
demonstration. The free expansion of the supersonic beam
leads to a distribution of transverse velocities along the
laser propagation axis with position-specific Doppler shifts

© 2023 American Physical Society
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FIG. 1.

Principle of imaging-assisted sub-Doppler spectroscopy in supersonic beams. (a) Experimental geometry exploiting the

correlation between the transverse velocities of the atoms and their positions along the laser beam, illustrated by the phase-space
diagram. This correlation leads to Doppler-shift-dependent photoexcitation spots, symbolized by the rainbow-color scheme, which are
imaged following perpendicular extraction of the ions generated by pulsed-field ionization. (b) Determination of the Doppler-free
transition frequency following inversion of the Doppler shifts upon retroreflection of the laser beam. An intentional slight deviation from
90° of the angle § between the atomic and laser beams leads to pairs of lines with opposite Doppler shifts and a first-order-Doppler-free

frequency v.

of the atomic or molecular transition frequencies indicated
by the rainbow-color scheme. The corresponding phase-
space evolution p(x, v,, t) is also represented schematically
in Fig. 1(a). Pulsed-field ionization (PFI) (or ionization
with a second photon) of the upper level of the transition
leads to the generation of ions at positions determined by
the Doppler shifts. Extraction of the ions with a homo-
geneous-electric-field pulse towards a microchannel-plate
(MCP) detector connected to a charge-coupled-device
(CCD) camera is used to spatially image [13] the generated
ion cloud. The detection positions of the ions on the image
are correlated to the Doppler shifts. Monitoring the
ionization signal in selected areas of the image (indicated
by rectangles) as a function of the laser frequency enables
the recording of spectra with sub-Doppler linewidths
(colored lines in the top left spectrum). To determine the
Doppler-free transition frequency, the laser propagation
axis is chosen not to be exactly perpendicular to the gas-
beam axis (intersection angle f~ 89.5°) and is retrore-
flected by a mirror located beyond the gas beam, which
inverts the Doppler shifts and leads to pairs of lines
[Fig. 1(b)]. The Doppler-free transition frequency v, is
the average of the frequencies of the pair of corresponding
sub-Doppler lines. A cross-correlation method is then used
to combine all sub-Doppler spectra in a single Doppler-free
spectrum of the full sample. In this Letter, we demonstrate
this method with a proof-of-principle measurement of the
(1s)(np)3P; < (1s)(2s)3S, transitions in “He.

The experimental setup is displayed schematically in
Fig. 2 and has been described earlier [14]. A supersonic
beam of helium atoms with velocities around 480 m/s is
generated from a high-pressure reservoir emitting helium
atoms into vacuum by a pulsed valve (repetition rate
8.33 Hz) cooled to 12 K. A dielectric-barrier discharge
at the nozzle orifice excites “He to the metastable
(15)(2s)3S, state (He* hereafter). Transversely cold He*

is selected with a 1-mm-diameter skimmer placed in a
distance of 45 cm from the valve orifice. The skimmed
atomic beam enters the interaction region 1.35 m down-
stream from the skimmer, where it is intersected by a
single-mode continuous-wave UV laser beam (4 ~ 260 nm,
waist diameter of 1.2 mm, power %10 mW) at near-right
angles to excite np Rydberg states. The transitions are
detected by PFI of the Rydberg states and extraction of the
“He™ ions toward an MCP imaging detector in the direction
perpendicular to the atomic and laser beams (z axis). The
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FIG. 2. Schematic diagram of the experimental setup. Top:
Laser system including the single-mode frequency-quadrupled
diode laser used to photoexcite He* to high Rydberg states and
the frequency-comb-based Sl-traceable frequency-calibration
system. Bottom: Valve and discharge electrodes used to generate
the supersonic expansion of He*, drift chamber, and photo-
excitation chamber, where the atomic and laser beams cross on
the axis of a set of cylindrical electrodes used to field ionize the
Rydberg states and extract the He' ions towards an imaging
microchannel-plate detector within a double-layer mu-metal
magnetic shield and electrodes for three-dimensional electric-
stray-field compensation.
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FIG. 3.

(a) Sub-Doppler spectra of the (15)(33p)3Py_, < (1s)(2s)3S, transitions in He recorded in adjacent areas of the imaging

detector. The insets present the images recorded at the frequencies marked by dashed vertical lines for the three sub-Doppler spectra
highlighted in red, green, and blue. (b) Gray: Cross-correlation spectra between the individual sub-Doppler spectra and synthetic
spectra consisting of two Dirac delta distributions separated by the corresponding Doppler shift. Black: Sum of the cross-correlation
spectra revealing the sharp Doppler-free transitions and their weak Doppler-broadened side bands.

photoexcitation region is magnetically shielded using two
concentric mu-metal shields. Stray electric fields are com-
pensated to below 1 mV/cm in all three spatial directions
using a stack of plane electrodes in the z direction and four
pin electrodes in the x and y directions [14].

The phosphorescence of the imaging MCP is detected
with a CCD camera. The resulting image is divided into
adjacent detection areas along the direction of the laser beam
[see Fig. 1(a)]. Spectra of the (1s)(np)3P; « (1s)(2s)3S,
transition are recorded by scanning the laser frequency,
collecting the ions impinging on each of the detection areas
separately, and monitoring the corresponding integrated
signals.

The UV radiation is generated from the output of a
tapered-amplifier diode laser at 1040 nm, which is fre-
quency quadrupled using two doubling cavities equipped
with nonlinear frequency-upconversion crystals. A 1%
reflection of the laser beam is used to reduce the laser
linewidth to <« 80 kHz by a phase lock to an optical ultra-
low-noise frequency comb (FCI1500-250-ULN, Menlo
Systems). The 1040 nm laser is frequency shifted with
an acousto-optic modulator (AOM) operated in a double-
pass configuration, allowing one to scan the fundamental
laser frequency with respect to the frequency comb. The
comb itself is short-term stabilized by a 1572-nm laser
locked to a high-finesse cavity. Long-term drifts are
detected by referencing the frequency comb to an ultra-
stable and Sl-traceable frequency disseminated by the
stabilized fiber network described in Ref. [15]. The UV

laser frequency is scanned in discrete steps Av (typically
Av = 240 kHz) and, at each step, the data are averaged
over 75 experimental cycles. To cancel the first-order
Doppler shift, the laser beam is retroreflected and a distant
pinhole is used to ensure a reflection angle within
180.00 £ 0.03°.

Figure 3(a) illustrates the measurement procedure with
spectra of the (1s)(33p)3Py_, < (15)(2s)3S, transitions
obtained from eight adjacent detector regions. For clarity,
the different spectra were shifted along the y axis according
to the spatial ordering of the detection areas. The spin-orbit
interaction splits the 33 p triplet state into three components
with J = 0-2, two of which (J = 1, 2) are almost degen-
erate, as assigned in the top spectrum of Fig. 3(a) [16]. Each
spectrum consists of two Doppler components having
opposite first-order Doppler shifts. Because each selected
area of the images corresponds to a specific transverse-
velocity class, the splitting between the Doppler compo-
nents evolves from one spectrum to the next.

The three images presented as insets in Fig. 3(a) illustrate
the efficacy of the selection of narrow velocity classes.
They were recorded at the frequencies corresponding to the
vertical dashed lines. At the lowest of these frequencies, the
He™ ions are detected on the left of the image in the area
used to record the spectrum drawn in red. At the middle
frequency, the He' ions are detected near the image center
in the area used to record the spectrum drawn in green. In
both cases, the detected He™ ions result from PFI of
Rydberg atoms in the J = 1, 2 fine-structure components.
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At the highest frequency, He™ ions are detected both on the
left and the right of the image, corresponding to the weak
transition to the J/ = O component of the spectrum drawn in
red and the stronger transitions to the J/ = 1, 2 components
of the spectrum drawn in blue, respectively.

To obtain a Doppler-free spectrum that combines the
information contained in the spectra obtained from all
selected detector areas, we use a cross-correlation method.
All spectra in Fig. 3(a) consist of N data points f(v;) = f(i)
with index i=0,1,...,N—1 at frequencies v; = v, + iAv.
We evaluate the circular cross correlation R, between each
spectrum and a periodically defined test function g(v;) =
¢g(i) consisting of two Dirac delta distributions separated by
a frequency interval v; = dAv according to

=

Rpy(k) = > f(0)g(i + K)moan- (1)

i

Il
=}

If v, does not match the Doppler splitting, each cross-
correlation spectrum comprises four components of equal
intensity per spectral line, because the cross-correlation
leads to two lines separated by v, for each Doppler
component. If v, exactly matches the Doppler splitting,
the cross-correlation spectrum consists of two side bands
separated by 2v, and a central peak with double intensity at
the Doppler-free position v, [see spectra drawn in gray in
Fig. 3(b)]. We calculate cross-correlation spectra for gradu-
ally increasing d values and determine, for all spectra in
Fig. 3(a), the Doppler splittings numerically as the v, values
corresponding to the cross-correlation spectra with maximal
peak intensity. These cross-correlation spectra are depicted
in gray in Fig. 3(b). Their sum, drawn in black, represents a
Doppler-free spectrum to which all detected ions contribute,
regardless of the Doppler shift. The sum spectrum also
contains Doppler-broadened side bands. The central
Doppler-free lines have full widths at half maximum of
only ~1.2 MHz The large gain in signal-to-noise ratio
resulting from the cross-correlation analysis is best recog-
nized if one considers that the weak transition to the
(1s5)(33p) 3P, component is barely visible in the individual
spectra of Fig. 3(a).

To extract the centroid transition frequencies of the
(1s)(np)3Py_y < (15)(2s)3S, transitions, we fit a sum

TABLE L

of three Gaussian profiles, accounting for the three
fine-structure components of the spectrum, with relative
intensities of 5:3:1 for the /=2, J=1, and J =0
components, respectively. The fit parameters describing
the three-peak structure comprise the centroid frequency,
the frequency differences between the peaks of the / = 0 and
J =1and the J = 1 and J = 2 components, the maximum
intensity, a linewidth determining the full width at half
maximum (FWHM), and an overall background offset.

We measured transitions to two np Rydberg states
with principal quantum numbers n =33 and n =40
and repeated the measurements 20 times for the
(15)(33p)*Py_, < (15)(25)S, transition and 10 times
for the (1s)(40p)>Py_, < (15)(2s)3S; transition. Before
each new measurement, we realigned the laser beam and its
back reflection. In this way, we transformed a systematic
error from a possible misalignment angle between the laser
beam and its back reflection into a statistical error, as
explained in Ref. [14].

The centroid transition frequency for a given transition is
obtained as the weighted average of all measured spectra,
and its statistical uncertainty is obtained from the weighted
standard deviation of the averaged centroid frequency. The
statistical uncertainties (112 and 174 kHz for the transitions
to n = 33p and n = 40p, respectively) are dominated by
the residual first-order Doppler shift resulting from the
uncertainty in the back-reflection angle.

We considered additional sources for systematic effects,
as discussed in Ref. [14]. The photon-recoil shift and the
second-order Doppler shift, 734 and —1.5 kHz, respec-
tively, are subtracted from the measured transition frequen-
cies to yield the corrected transition frequencies listed in
Table 1. Systematic uncertainties resulting from the pres-
sure shift, dc-Stark shifts from the < 1 mV/cm residual
stray field, and the frequency calibration are negligible at
our current precision. No change of the centroid transition
frequencies could be detected when the excitation-laser
power was reduced by a factor of 5, implying that ac-Stark
shifts are also negligible. Momentum transfer by absorption
of a photon from the incoming and reflected beam changes
the transverse velocity by Aw = (+hv)/m, which
affects the detection positions slightly [17]. Under our

Centroid transition frequencies for the (1s5)(33p)3Py_, < (1s)(25)3S, and (1s)(40p)3Py_, «

(1s)(2s) 38, transitions, corrected for the photon-recoil shift and the second-order Doppler shift (second column),
and centroid binding energies of the (1s5)(33p) 3P and (1s5)(40p) 3P Rydberg states, calculated using Eqs. (2)
and (3) with the quantum-defect parameters taken from Ref. [16] (third column). Last column: Comparison of
experimental and theoretical values of the ionization energies of the (1s)(2s)3S; state.

Vyans (centroid) /MHz

Einding/ It (centroid) /MHz

E;/h(2°S,)/(MHz)

n=233 1149 809 632.350(112)
n=40 1150779 829.994(174)
Patkos et al. [18] n.a.
Clausen et al. [14] n.a.

3033 110.47333(11) 1152 842742.823(113)

2062912.801 59(5) 1152 842742.796(174)
n.a. 1152 842742.231(52)
n.a. 1152 842 742.640(32)

103001-4



PHYSICAL REVIEW LETTERS 131, 103001 (2023)

experimental conditions, this effect results in a shift of
<1 kHz and can be neglected.

The ionization energy E;(23S,) of the (1s)(2s)3S, state
of helium is determined by combining the experimental
transition frequencies v,, = E,/h with the binding energy
of the 33p and 40p Rydberg states given by the Rydberg-
Ritz formula [19]

E(235,)/h = E,/h +% 2)

where Ry, = 109722.27554836(21) cm™! is the mass-
corrected Rydberg constant calculated according to

Ref. [20], and n* = n — &(n). The n-dependent quantum
defect 5(n) is calculated iteratively using [21]

5(7’1) = 50 + [I’l—(i;(l’l)]z
54 56 55
T omF o m—emF )

with the quantum-defect parameters reported by Drake
[16]. We independently verified the reliability of the
quantum defects reported in Ref. [16] for the J = 0 fine-
structure component, which is well resolved in our spectra.

Our new results for the ionization energy of the 23S,
state of “He* (see Table I) agree within the uncertainties
with our previous experimental result [14], which was
obtained by combining the ionization energy of the 25
state with the 2 1S, « 23S, interval measured by Rengelink
et al. [22], but differ from the theoretical value by 592(124)
(n =33) and 538(182) kHz (n =40), confirming the
discrepancy between theory and experiment for this fun-
damental quantity noted earlier [14,18,23,24]. The calcu-
lations reported in Ref. [18] were the first to include the full
a’m Lamb shift in a two-electron system and this discrep-
ancy currently prevents the determination of the “He?*-
particle radius from He spectroscopy.

The method presented in this Letter features all advan-
tages of Doppler-free spectroscopy by combining three
elements: (i) Imaging enables the subdivision of the
Doppler-broadened line profiles into a multitude of narrow
sub-Doppler line profiles by selecting atoms or molecules
belonging to different velocity classes; (ii) the retroreflec-
tion arrangement of the laser beam and the slight deviation
from 90° of the laser and supersonic beams permit the
determination of Doppler-free transition frequencies; and
(iii) the cross-correlation analysis combines the sub-
Doppler spectra into a Doppler-free spectrum to which
all atoms or molecules in the sample contribute.

The method is not limited to the detection of Rydberg
states by PFI. Without any change, it can be applied to
resonance-enhanced two-photon ionization spectroscopy
[(1 4+ 1) REMPI] in molecular beams, which is one of the
most widely used techniques in molecular spectroscopy

[25]. It can also be applied to laser-induced-fluorescence
(LIF) spectroscopy [26], which is another very broadly
used technique in molecular spectroscopy, if the spatial
imaging of the ions is replaced by spatial imaging of the
fluorescence. In the experiments presented here, we
exploited spatial imaging to obtain sub-Doppler resolution.
The spectral resolution could still be improved significantly
by optimizing the ion-imaging optics and the gas-beam
geometry. In this context, it is worth noting that the method
might also find applications in a velocity-map-imaging [27]
mode of dissociation products.
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No. 200020B-200478).
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