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ABSTRACT
Spectroscopic studies of aluminum monofluoride (AlF) have revealed its highly favorable properties for direct laser cooling. All Q lines
of the strong A1Π← X1Σ+ transition around 227 nm are rotationally closed and thereby suitable for the main cooling cycle. The same
holds for the narrow, spin-forbidden a3Π← X1Σ+ transition around 367 nm, which has a recoil limit in the μK range. We here report on
the spectroscopic characterization of the lowest rotational levels in the a3Π state of AlF for v = 0–8 using a jet-cooled, pulsed molecular
beam. An accidental AC Stark shift is observed on the a3Π0, v = 4← X1Σ+, v = 4 band. By using time-delayed ionization for state-selective
detection of the molecules in the metastable a3Π state at different points along the molecular beam, the radiative lifetime of the a3Π1,
v = 0, J = 1 level is experimentally determined as τ = 1.89 ± 0.15 ms. A laser/radio frequency multiple resonance ionization scheme is
employed to determine the hyperfine splittings in the a3Π1, v = 5 level. The experimentally derived hyperfine parameters are compared to
the outcome of quantum chemistry calculations. A spectral line with a width of 1.27 kHz is recorded between hyperfine levels in the a3Π, v = 0
state. These measurements benchmark the electronic potential of the a3Π state and yield accurate values for the photon scattering rate and for
the elements of the Franck–Condon matrix of the a3Π–X1Σ+ system.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0082601

I. INTRODUCTION

Ultracold atomic physics created new opportunities in preci-
sion metrology, quantum science, and fundamental physics.1 The
application of cooling techniques to molecules—although more
challenging to implement due to the more complex energy level
structure of molecules—allows for full control over their motions
and interactions and to study chemistry in a new regime.2,3 Ongoing
applications include high resolution spectroscopy to determine the
possible variation of fundamental constants4 and the electric dipole
moment of elementary particles.5–8 Future applications in the quan-
tum simulation of mathematically inaccessible many body systems
and quantum computing are anticipated.9–11

Among the various diatomic molecules that are being used
in laser cooling experiments, aluminum monofluoride (AlF) has
particularly favorable properties. It is strongly bound and can be

efficiently produced. The photon scattering rate on the A1Π←X1Σ+
electronic transition is exceptionally large, and the vibrationally off-
diagonal Einstein A coefficients are orders of magnitude smaller
than the diagonal ones. Moreover, all Q lines of a 1Π← 1Σ+ transi-
tion are rotationally closed. These favorable properties were already
noted when a list of diatomic molecules was compiled for this
purpose in 2004, but then, it was remarked that AlF is only the
most promising molecule when leaving “experimental convenience
aside.”12 What makes laser cooling of AlF experimentally inconve-
nient is that the strong A1Π← X1Σ+ cooling transition is in the deep
UV at around 227 nm. Moreover, both nuclei have nuclear spin,
with a value of 5/2 for 27Al and 1/2 for 19F, yielding a complicated
hyperfine structure.

Recently, narrowband cw laser systems in the deep UV with
a power of several 100 mW have become commercially available.
The hyperfine structure in the lowest rotational levels of the X1Σ+,
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A1Π, and a3Π states of AlF has been experimentally determined in
the required detail.13 Efficient optical cycling has been demonstrated
on various Q lines of the A1Π← X1Σ+ transition.14 The main vibra-
tionally off-diagonal Einstein A coefficient is experimentally found
to be about 300 times smaller than the diagonal one, making laser
cooling with a single repump laser feasible. While the A1Π← X1Σ+
transition allows large optical scattering forces to be generated, it
has a comparatively high Doppler cooling limit of several mK. The
a3Π← X1Σ+ transition around 367 nm is also vibrationally highly

FIG. 1. Scheme of the electronic, vibrational, and rotational levels of AlF that are
relevant in this study. The rotational structure of the three Ω manifolds of the a3Π
state is shown on an expanded scale. For Ω = 0, the e and f levels are split
by about 10 GHz; only the e levels have been probed. The excitation and detec-
tion schemes that are applied are indicated. In all experiments, AlF is excited on
the Δv = 0 bands of the a3Π← X1Σ+ transition and thus prepared in selected
vibrational and rotational levels of the metastable a3Π state.

diagonal, but its laser cooling limit is the recoil limit, which lies in
the μK range.15 Laser cooling can be achieved by cycling on any of
the Q2 lines and on the (considerably weaker) P1(1) line.

To be able to accurately determine the Franck–Condon fac-
tors for the a3Π← X1Σ+ transition, both potential energy curves,
as extracted from experimental data, need to be accurately known.
For the X1Σ+ electronic ground state, an accurate potential has been
reported.16 By contrast, the available rotationally resolved spectro-
scopic data on the a3Π state are insufficient and limited to the lowest
two vibrational states.17–19 This makes the a3Π state the least well
characterized one of the low-lying electronically excited states of AlF
until now. The lifetimes of the rotational levels in the a3Π state are
strongly Ω-, J-, and parity-dependent.20 To determine the photon
scattering rate, the radiative lifetimes of the rotational levels in the
a3Π state need to be measured.

In this paper, we present a spectroscopic investigation of AlF
in a supersonically cooled, pulsed molecular beam. Different exci-
tation and detection schemes are applied, as indicated in Fig. 1.
One-color (1 + 2) REMPI detection via the b3Σ+, v = 0← a3Π, v = 0
band is used to determine the lifetimes of the rotational levels in
the a3Π, v = 0 state. Laser induced phosphorescence detection and
two-color (1 + 1′) REMPI is applied to determine the energies of the
lowest rotational levels up to v = 7. The vibrational, rotational, and
spin–orbit coupling parameters of the a3Π state are extracted. All
Λ-doublet transitions within the a3Π1, v = 5, J = 1 level are recorded,
and the hyperfine parameters are derived. Their values are compared
to the outcome of ab initio calculations. The precise knowledge of
the hyperfine structure of the a3Π1, v = 5, J = 1 level is crucial for
the study of the singlet–triplet doorway levels that arise from the
interaction of the A1Π, v = 6 and the b3Σ+, v = 5 states. A detailed,
hyperfine resolved study of these doorway levels will be separately
reported upon.21

II. EXPERIMENTAL SETUP
The experimental setup is shown schematically in Fig. 2. A

pulsed solenoid valve (General Valve, Series 9) releases short gas
pulses (duration about 50 μs, 10 Hz repetition rate) through a cir-
cular orifice into a narrow channel with a conical nozzle. The gas
is composed of 2% SF6 seeded in a noble gas with a backing pres-
sure of 3 bar. In the channel, the injected gas pulse passes over a
rotating aluminum rod that is irradiated by a Q-switched Nd:YAG
laser (1064 nm, 16 mJ pulse energy). Ablated aluminum atoms react
with SF6 to form AlF, and these molecules, mixed in the carrier gas,
then expand from the nozzle (defined as z = z0 = 0) into the source
chamber.

In the supersonic expansion, AlF is translationally and inter-
nally cooled through collisions with the carrier gas. Typical transla-
tional and rotational temperatures are Ttransl ≃ 3 K and Trot ≃ 5 K.
Due to the conditions during the production process and the rela-
tively inefficient cooling of vibrations, the molecules are distributed
over several vibrational levels of the X1Σ+ electronic ground state.19

This is important for our study of higher vibrational levels of the
metastable a3Π state since only transitions of the a3Π← X1Σ+
band with Δv = 0 are sufficiently strong. The population of the low-
est three vibrational levels can be characterized by a vibrational
temperature Tvib ≃ 700 K, but the higher vibrational levels up to
v = 7 remain populated by ∼1%. AlF is almost exclusively present
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FIG. 2. Schematic view of the modular supersonic molecular beam setup. AlF is
produced in a chemical reaction of laser-ablated aluminum atoms and SF6 and is
excited further downstream to the metastable a3Π state. Subsequent excitation by
laser or radio frequency radiation and detection takes place in spatially separated
regions.

in the electronic ground state with a very small fraction in the first
electronically excited, metastable triplet state.

The supersonic expansion results in the formation of an AlF-
seeded molecular beam, whose forward velocity is primarily deter-
mined by that of the carrier gas. For the lifetime measurements
(see Sec. VI), different noble gases are used as carrier gas in order
to manipulate the beam velocity. Unless stated otherwise, all other
experiments are carried out using neon, yielding a beam velocity
of roughly 750 m/s. The molecular beam is collimated through a
conically shaped skimmer with a 4 mm diameter opening. The coor-
dinate z (see Fig. 2) is defined along the axis of the molecular beam
through the array of several differentially pumped vacuum chambers
(∼10−6 mbar). At various positions z further downstream, the AlF
molecules interact with laser and/or radio frequency (rf) radiation
that crosses the molecular beam perpendicularly.

At z = zPDA = 25 cm, AlF is resonantly excited from the X1Σ+
electronic ground state to selected rovibrational levels of the a3Π
state. For this, a frequency-doubled pulsed dye amplifier (PDA),
operated with pyridine 2 dye, is used. The PDA is pumped by
a frequency-doubled Nd:YAG laser and injection seeded with a
tunable, narrowband, and cw TiSa laser. The absolute frequency
of the TiSa seed-laser is measured with a wavemeter (HighFinesse
WS8, 10 MHz accuracy). The PDA contains a phase-conjugate
mirror based on stimulated Brillouin scattering (SBS), and the fre-
quency shift imposed by the SBS cell to the pulsed radiation (at the
fundamental frequency) is experimentally determined to be
−1.98(5) GHz. The frequency-doubled laser pulses in the
365–367 nm range have about 10 mJ energy. The spectral pro-
file of this laser system is inferred by recording the a3Π0, J = 0
← X1Σ+, J = 1 transition of AlF. The hyperfine splitting of both the
ground and excited levels of this transition (12 and 3 MHz, respec-
tively) is negligible compared to the laser linewidth. The measured
spectral line shape of this P1(1) line shows a near-Gaussian main
peak with a full width at half maximum (FWHM) of 220 MHz,
reflecting the intrinsic bandwidth of the laser system. In addition,
a minor side peak with the same width, centered about 350 MHz
higher in frequency, is observed. This side peak results from an
adjacent longitudinal mode of the TiSa seed-laser and is taken into
account in the data analysis.

The AlF molecules in the a3Π state can be directly detected by
monitoring the a3Π→ X1Σ+ phosphorescence that occurs along the

molecular beam for z ≥ zPDA. For this, an on-axis light collection sys-
tem is installed at the end of the molecular beam machine and the
phosphorescence is imaged on a photomultiplier tube (PMT). As the
solid angle for light collection is larger when the molecules are closer
to the on-axis detector, the phosphorescence signal is peaked several
hundred μs after laser excitation. A bandpass filter centered around
367 nm in front of the PMT suppresses scattered light from the laser
ablation source and ambient light.

Since all rotational levels in the a3Π state have a radiative
lifetime of more than a millisecond, subsequent excitation and
detection can take place in spatially separated regions, further down-
stream. Their arrangement is modular and adapted to the require-
ments of the individual experiments. In the rf interaction zone,
transitions between opposite parity Λ-doublet components within
a certain J level in the a3Π state are driven by exposing the molecules
to rf radiation in the 1–500 MHz range.

Parity-selective detection of the molecules in the a3Π state is
implemented by using resonant ionization via rotational levels of the
b3Σ+ state. The AlF+ cations are mass-selectively detected using a
linear Wiley–McLaren time-of-flight mass spectrometer (ToF-MS).
Two counter-propagating, collimated beams (a few mm diameter) of
two pulsed dye lasers (PDLs) intersect the molecular beam between
the extraction electrodes of the ToF-MS.

As seen in Fig. 1, two different ionization schemes are applied.
The first one is two-color resonance enhanced multiphoton ion-
ization [(1 + 1′) REMPI]. The radiation of the first PDL (sub-mJ
pulse energy, 5 ns pulse duration, 570–580 nm) resonantly excites
the molecules from the a3Π state to a particular rovibrational level in
the b3Σ+ state. The radiative lifetime of these levels is about 190 ns.22

Within tens of ns, the molecules are ionized by a single photon of a
second PDL (5 mJ pulse energy, 5 ns pulse duration, 280 nm). In
the second scheme, AlF molecules in the a3Π state are detected via
single-color (1 + 2) REMPI via the b3Σ+ state. For this, only the PDL
in the visible, i.e., for the b3Σ+ ← a3Π transition, is used but operated
at higher pulse energies (5–10 mJ).

The (1 + 1′) REMPI scheme is used to record spectra with
high resolution since the pulse energy of the resonant excitation
laser can be kept low and power broadening is suppressed. The
main advantage of using the (1 + 2) REMPI scheme is that with
only the unfocused, visible laser present, the AlF+ cation is the only
ion produced, enabling highly sensitive detection. We observe that
(1 + 2) REMPI only works for the b3Σ+, v = 0← a3Π, v = 0 band.
We assume that in that case, the required intermediate level for the
near-resonant two-photon ionization step (around 62 755.5 cm−1

above the minimum of the X1Σ+ state potential) is a highly excited
vibrational level of the c3Σ+ state. The (1 + 2) REMPI scheme is
exclusively used for the lifetime measurement of the a3Π, v = 0 state,
as a high spectral resolution is not needed for this.

In order to ensure field-free excitation and ionization, the volt-
ages on the extraction electrodes are switched on a few hundred ns
after the ionization process is completed. The positively charged par-
ent ions are then accelerated perpendicular to the plane spanned
by the molecular beam and laser beams, i.e., vertically, toward two
chevron mounted microchannel plates (dual MCP detector). The
voltages are switched off directly after the AlF+ ions have left the
acceleration region, thereby spreading out higher mass ions over a
wide range of arrival times. Deflection electrodes are mounted in the
field-free flight path of the ToF setup, and their voltage is switched
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to deflect all ions that are lighter than AlF+. The output of the MCP
is amplified and read into a computer using a high-speed digitizer
card (NI PXIe-5160, maximum sample rate 2.5 GS/s).

III. MOLECULAR HAMILTONIAN
The Hamiltonian used to describe the energy level structure of

AlF can be written in a general form as

H = Hev +Hrot +Hfs +Hhfs (1)

and is presented and discussed in detail elsewhere.13,22 In those ear-
lier studies, the last two terms of Eq. (1) are used to determine the
fine structure and hyperfine structure parameters for the a3Π, A1Π,
and b3Σ+ states. Here, we focus on the first two terms of Eq. (1), the
electronic and vibrational part of the Hamiltonian Hev and the rota-
tional part Hrot. Generally, the energies of the vibrational levels for a
given electronic state are expressed as23

Evib(v) = Te + ωe(v + 1
2
) − ωexe(v + 1

2
)

2
+ ωeye(v + 1

2
)

3

+ ωeze(v + 1
2
)

4
, (2)

where Te is the minimum of the electronic potential and ωe is the
fundamental vibrational energy with the subsequent higher order
correction terms ωexe, ωeye, and ωeze, all given in wavenumbers. A
comprehensive compilation of values for these parameters for the
known electronic states of AlF is given elsewhere.17,24

The rotational part of the Hamiltonian for the levels in the a3Π
state is approximated by

Hrot = Ãv(L ⋅ S) + Bv (J − L − S)2, (3)

where Ãv is an effective electron spin–orbit coupling constant and
Bv is the rotational constant for level v, J is the angular momentum
of the molecule, L is the total orbital angular momentum of electron
motion, and S is the total spin of the electrons. We use an effective
electron spin–orbit constant Ãv, as only e levels can be measured
in the a3Π0 manifold; there is insufficient information on the terms
in the fine structure part of the Hamiltonian that contribute to the
splitting between these e levels and the levels in the a3Π1 manifold.
In a good approximation, the relation between the actual spin–orbit
coupling constant Av and the effective constant Ãv used here is given
by

Av ≈ Ãv + 2λv − (ov + pv + qv). (4)

The fine structure parameters λv for the spin–spin interaction and
ov, pv, and qv for the Λ-doubling are only known for the v = 0 level
of the a3Π state,13,22 where the relation A0 ≈ Ã0 + 590 MHz holds.
In this approximation, minor effects due to the spin-rotation inter-
action parameter γv are neglected.13 For the vibrational dependence
of Ãv and Bv, we use the following expressions:

Ãv = Ãe − ζ̃e(v + 1
2
) + η̃e(v + 1

2
)

2
, (5)

Bv = Be − αe(v + 1
2
) + βe(v + 1

2
)

2
. (6)

With A0/B0 ≈ 85, the a3Π state is close to Hund’s case (a). Both
Λ and Σ, the projections of L and S on the internuclear axis, are
well defined, as is their sum Ω = Λ + Σ. The spin–orbit interaction
splits the a3Π state into three Ω manifolds, and the energies of the
low-J rotational levels are given by the eigenvalues of the rotational
Hamiltonian matrix

⎛
⎜⎜⎜⎜
⎝

−Ãv + Bv(x + 1) −Bv
√

2 x 0

−Bv
√

2 x Bv(x + 1) −Bv
√

2(x − 2)
0 −Bv

√
2(x − 2) Ãv + Bv(x − 3) + cv

⎞
⎟⎟⎟⎟
⎠

(7)

with x = J(J + 1). The correction term cv = 4λv − (ov + pv + qv) is
needed because of the use of Ãv instead of Av and is kept fixed at
cv = c0 = 2λ0 + 590 MHz. The first, second, and third row and col-
umn have the wavefunctions for Ω = 0, 1, and 2 as basis. Λ-doubling
in the Ω = 1 and 2 manifolds is neglected. Commonly, an additional
offset term Bv is added to the diagonal elements of the matrix,25,26

but here, we follow the convention used in earlier studies on AlF by
Brown et al.18 Note that in this case also the term −4/3λv is absorbed
in the value of Te.

The X1Σ+ and the b3Σ+ states are best described by Hund’s case
(b). In this case, the total angular momentum J is the vectorial sum
of the end-over-end rotation N and the total spin of the electrons S;
for the X1Σ+ state, J = N. The expression for the unperturbed rota-
tional energy is given by BvN(N + 1). In the present study, the b3Σ+
state is merely used to enable parity- and rotational-level-selective
detection of molecules in the a3Π state. The further splitting of the
rotational levels due to the fine structure and hyperfine structure
parts of the Hamiltonian, for which the explicit expressions are given
elsewhere,22 is therefore not relevant and is not discussed here.

IV. ROTATIONALLY RESOLVED SPECTROSCOPY
OF THE a3Π, v← X1Σ+, v BANDS

Here, we present our spectroscopic investigation of the rota-
tional structure of the metastable a3Π state up to v = 7. The spin-
forbidden a3Π← X1Σ+ transition gets its intensity mainly from
spin–orbit coupling of the a3Π state with a 1Π state and, to a lesser
extent, from spin–orbit coupling with a 1Σ+ state.13 The ΔΩ = 0
selection rule for these couplings results in transitions to the a3Π1
manifold being the strongest, about a factor 20 stronger than those
to the e levels of the a3Π0 manifold. Transitions to the a3Π0, f levels
and to the a3Π2 manifold are again about two orders of magnitude
weaker. For more details on the spin–orbit coupling, see Sec. VI.
Since the Franck–Condon matrix between the a3Π and X1Σ+ states
is highly diagonal, only Δv = 0 bands are used in the experiments.

The characteristics of the TiSa-seeded PDA that is used for
a3Π← X1Σ+ excitation are given in Sec. II. The setup, shown in
Fig. 2, is arranged such that the a3Π→ X1Σ+ phosphorescence is
detected at z = 65 cm. This technique is used for a preliminary search
of the energy levels of higher vibrational states of the a3Π state. In
between excitation and phosphorescence detection, at z = 45 cm, a
ToF-MS is installed for (1 + 1′) REMPI. This technique is more
sensitive and allows for the accurate determination of selected rovi-
brational transition frequencies. The frequencies of the Q2 and the
R2(0) lines are measured for v ≤ 7, and the transition frequencies of
the P1(1) lines are measured for v ≤ 5. The pulse energy of the PDA
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(around 10 mJ) is sufficient to saturate the transitions to the a3Π1
manifold and to efficiently excite molecules to the e levels in the a3Π0
manifold. The signal intensity is mainly limited by the thermal pop-
ulation of the molecules in the initial vibrational level v in the X1Σ+
ground state.

In Fig. 3, the measured Q2 branches are shown for selected diag-
onal bands of the a3Π1, v ← X1Σ+, v transition. It is evident from
these spectra that the value forΔBv, defined as the difference between
the rotational constants in the a3Π, v and X1Σ+, v states, increases
with v. The hyperfine structure cannot be resolved in these mea-
surements and leads to a partial overlap of the Q2(1) and Q2(2)
lines. The center frequency of the Q2(1) lines is determined from
the measured center frequency of the spectrally isolated R2(0) lines,
using the known rotational energy structure of the electronic ground

FIG. 3. Measured Q2 lines of the a3Π1, v ← X1Σ+, v bands for v = 0, 2, 4, and
6. The molecules in the metastable state are detected using two-color (1 + 1′)
REMPI via the b3Σ+, v state. The spectra are shifted such that the centers of the
Q2(1) lines align. The calculated hyperfine structure of the Q2 lines is given as a
stick spectrum.

TABLE I. Fitted spectroscopic parameters for the a3Π state from this work, compared
to the values reported earlier27 and to the values for the X1Σ+ state.24 All values are
given in cm−1.

Parameter a3Π, this work a3Π, Ref. 27 X1Σ+, Ref. 24

Te 27 239.452 9(53) 27 239.4(1) 0
ωe 830.280 7(11) 830.3(3) 802.324 47(11)
ωexe 4.643 64(58) 4.6(2) 4.849 915(44)
ωeye 0.012 30(12) ⋅ ⋅ ⋅ 0.019 573 8(68)
ωeze −0.000 111 9(78) ⋅ ⋅ ⋅ −0.000 034 07(35)
Ãe 47.347 5(17) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
ζ̃e −0.073 91(28) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
η̃e −0.000 695(48) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
Be 0.557 376(48) 0.557 18(3) 0.552 480 208(65)
αe 0.004 798(30) 0.004 68(5) 0.004 984 261(44)
βe 0.000 025 8(40) ⋅ ⋅ ⋅ 0.000 017 215(95)

state.24 The Q2(1) and R2(0) lines reach different parity compo-
nents of the a3Π1, J = 1 level, but their splitting can be neglected
(see Sec. VII). The spectra are shifted such that the centers of the
Q2(1) lines are aligned at ν̃ = 0. The dots indicate the transition fre-
quencies of the Q2(J) lines. The calculated hyperfine structure of
the transitions to the a3Π1, v = 0, J levels is given as a stick spectrum
underneath, with their center of gravity aligned to the observed line
centers. Note that the discrepancy that is evident between the line
positions and the measured spectra is due to the side peak of the
spectral profile of the PDA.

In total, 30 clearly separated lines are measured and their cen-
ter frequencies are determined using Gaussian fits and listed in
Table VII in Appendix A, together with the deviations between the
measured and calculated frequencies. The spectroscopic parameters
of the a3Π state deduced from a fit to all the measured frequen-
cies are given in Table I. The standard deviation of the fit is about
40 MHz.

The effective electron spin–orbit coupling constant Ãv
increases with v, while the rotational constant Bv decreases with v.
Using the expression for A0 given in Eq. (4), we find a deviation
of 11 MHz with the independently determined value.22 The value
obtained for B0 agrees to within 4 MHz with the value found ear-
lier.13 The energy of the center of gravity of the J = 1 level in the
a3Π1, v = 0 state relative to that of the N = 0 level in the X1Σ+, v = 0
state is consistent within 40 MHz to the value given earlier.22

The experimentally derived spectroscopic constants are con-
verted to an analytical potential using the least-square fitting pro-
cedure available through Le Roy’s program.28–30 In particular, we
obtain a reliable Rydberg–Klein–Rees (RKR) potential in a point-
wise fashion utilizing the Dunham coefficients. This potential is then
fitted to a given functional form through the betaFIT program of
Le Roy and Pashov,29 which in this case is the expanded Morse
oscillator (EMO) potential function, as

VEMO(r) = De(1 − e−β(r)(r−re))
2
, (8)

where re represents the equilibrium distance, De is the dissociation
energy, and
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TABLE II. Parameters of the empirical EMO potential for the a3Π state of AlF. The
dissociation energy and the equilibrium distance are kept fixed at De = 28 324.6
cm−1 and re = 1.647 08 Å. The dimensionless root mean square deviation is 0.58.
All values are in Å−1.

β0 = 1.995 686(69) β3 = −21.6(4.3) β6 = 1006(210)
β1 = 0.086 3(43) β4 = 233(43)
β2 = 0.26(12) β5 = −815(160)

β(r) =
Nβ

∑
i=0
βi[yq

ref(r)]
i. (9)

Here, Nβ accounts for the number of anharmonic terms included in
the potential and

yq
ref(r) =

rq − rq
ref

rq + rq
ref

(10)

represents a normalized interatomic distance designed to enhance
the precision of the fitting procedure. The results of the fitting pro-
cedure for the a3Π state of AlF are summarized in Table II. In the
fit, the reference distance rref = 1.45 Å and q = 2 are used to fit the
point-wise RKR potential into an EMO potential. The equilibrium
distance re and the dissociation energy De are maintained as fixed
parameters. The last one is calculated using the results of this study,
combined with the recent and most accurate measurement of the
dissociation energy of the X1Σ+ state.16

V. AC STARK SHIFTS ON THE a3Π0, v = 4← X1Σ+, v = 4
BAND

While recording the P1(1) line of the a3Π0, v = 4← X1Σ+, v = 4
band, we noted that the expected 220 MHz wide single line is asym-
metrically shaped. The line is broadened to about 500 MHz and
shaded to lower frequencies such that the center frequency appears
about 200 MHz lower than anticipated. For that reason, this line
is left out of the fitting of the spectroscopic parameters of the a3Π
state and is not listed in Table VII. Other rotational lines of the same
band show distorted, asymmetric line shapes as well, broadened sig-
nificantly beyond the expected span of the hyperfine structure. As
explained in the following, these observations are well accounted for
by AC Stark shifts due to near-resonant rotational lines of the much
more intense c3Σ+, v = 3← a3Π0, v = 4 band.

In order to efficiently induce the weak transitions from the
X1Σ+ state to the a3Π0 manifold, laser pulses of about 10 mJ energy,
5 ns duration, and with a bandwidth of 220 MHz are used. The
approximately circular collimated beam has a diameter of several
mm. In the presence of other strong transitions that are coinciden-
tally nearby and involve the same J level in the a3Π0 state, the high
electric field ℰ (ν̃l) associated with the laser pulse at frequency ν̃l
causes a shift of this J level. The magnitude of the energy shift, δE(J),
is given by31

δE(J)∝∑
i

∣μiℰ (ν̃l)∣2

h(ν̃l − ν̃i)
, (11)

FIG. 4. Calculated line positions of the a3Π0, v = 4← X1Σ+, v = 4 and c3Σ+, v
= 3← a3Π0, v = 4 bands. Transitions that have a J level in the a3Π0, v = 4 state
in common have the same color. The heights of the lines in the upper spectrum
reflect the Hönl–London factors, whereas in the lower spectrum, these reflect the
expected line intensities for T rot = 5 K. The expected (relative) magnitude and
sign of the AC Stark shift are indicated by the shaded boxes in the lower spectrum.

with the transition frequencies ν̃i, the transition dipole moments μi,
and the Planck’s constant h. It is evident from Eq. (11) that only
levels with ν̃i ≈ ν̃l contribute significantly to the total shift δE(J).

The origin of the a3Π0, v = 4 ← X1Σ+, v = 4 band is about
10 cm−1 below the origin of the c3Σ+, v = 3 ← a3Π0, v = 4 band,
as schematically shown in Fig. 4. The latter transition is spin-
allowed, and even though Δv = −1, the transition dipole moment
is estimated to be about three orders of magnitude larger than for
the spin-forbidden a3Π0, v = 4 ← X1Σ+, v = 4 transition. When the
laser is tuned to resonance with the P1(1) line of the a3Π0, v = 4
← X1Σ+, v = 4 band, the near-resonance of the laser frequency with
the R(0) transition of the c3Σ+, v = 3← a3Π0, v = 4 band shifts the
J = 0 level in the a3Π0, v = 4 to lower energy. For levels with J > 0 in
the a3Π0, v = 4 state, both the P(J) and the R(J) lines of the c3Σ+,
v = 3← a3Π0, v = 4 band contribute to its overall shift. In Fig. 4,
transitions that have a J level in the a3Π0, v = 4 state in common
are indicated by the same color. Their relative contribution scales
with the normalized Hönl–London factor for a 3Σ+ ← 3Π0 transi-
tion, indicated in Fig. 4 by the height of the lines in the c3Σ+, v = 3
← a3Π0, v = 4 spectrum. The frequency shift δν̃(J) expected for the
P1(J + 1) or R1(J − 1) lines of the a3Π0, v = 4← X1Σ+, v = 4 band
that reach the level J in the a3Π0, v = 4 state is given by

δν̃(J)∝ I
2J + 1

( J
ν̃ − ν̃P(J)

+ J + 1
ν̃ − ν̃R(J)

). (12)

Here, I is the intensity of the laser at the (unperturbed) fre-
quency ν̃ for the P1(J + 1) or R1(J − 1) lines of the a3Π0, v
= 4←X1Σ+, v = 4 band, respectively. The frequencies ν̃P(J) and ν̃R(J)

are those of the P(J) and R(J) lines of the c3Σ+, v = 3← a3Π0,
v = 4 band, i.e., from a3Π0, v = 4, J to c3Σ+, v = 3, N = J − 1 and
c3Σ+, v = 3, N = J + 1, respectively.

In the experiment, the AlF molecules in the beam interact with
the pulsed radiation of the PDA and experience an intensity that
varies over time. In addition, as the molecules can be considered
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stationary, while they interact with the laser pulse, they experience
an intensity that depends on their position in the laser beam. This
explains why we do not observe an overall spectral shift of the P1(1)
line, but rather an asymmetric broadening and shading toward lower
frequencies. The temporal and spatial profile of the laser beam is the
same throughout the spectral range of the a3Π0, v = 4← X1Σ+, v = 4
band, and its effect as imprinted in the spectral shape of the P1(1)
line can be used to model all the other lines in the spectrum. The
P1(1) line is particularly suited for this because it only experiences
an AC Stark shift due to the R(0) line of the c3Σ+, v = 3← a3Π0,
v = 4 band, and as mentioned earlier, the P1(1) line is intrinsically
very narrow.

To model the other P1(J + 1) and R1(J − 1) lines of the
a3Π0, v = 4← X1Σ+, v = 4 band that reach levels with J > 0 in the
a3Π0, v = 4 state, we take the observed spectral structure of the P1(1)
line, stretched on the frequency axis with the calculated ratio of
δν̃(J)/δν̃(0). In the stick spectrum in Fig. 4, as well as for the mea-
sured lines in Fig. 5, this ratio is indicated by the shaded area. The
calculated ratio δν̃(J)/δν̃(0) decreases for increasing values of J in
the P1 branch, whereas in the R1 branch, it increases from J = 1 to
J = 4, peaks for J = 5, and changes sign at J = 6 and decreases again
for increasing J.

The large value at J = 5 is due to the very near coincidence of
the R1(4) line of the a3Π0, v = 4← X1Σ+, v = 4 band with the P(5)
line of the c3Σ+, v = 3← a3Π0, v = 4 band, broadening the R1(4) line
to an extent such that we have not observed it. Levels with J > 0 in
the a3Π0, v = 4 state have an additional contribution to the width
of the observed spectral lines due to the hyperfine structure in the
a3Π0, v = 4 state that spans approximately J ⋅200 MHz. This simple
model represents the observed spectral shapes very well, as is shown
for the six rotational lines in Fig. 5.

The origin of the C1Σ+, v = 0← a3Π0, v = 4 band is only about
1.5 cm−1 below the origin of the a3Π0, v = 4←X1Σ+, v = 4 band. The
transition dipole moment of this spin-forbidden, Δv = −4, band is
very small, and it is not expected to cause a visible AC Stark shift
of the levels in the a3Π0, v = 4 state; the magnitude and direction of
the shading of the spectral lines would be quite different from the
observed one. There is an accidental overlap (<0.10 cm−1) between
the R1(0) line of the a3Π0, v = 4← X1Σ+, v = 4 band and the R(1)
line of the C1Σ+, v = 0← a3Π0, v = 4 band. This overlap probably
causes the S(0) two-photon transition from the X1Σ+, v = 4, N = 0
level to the C1Σ+, v = 0, N = 2 level, followed by one-photon ioniza-
tion, to be quite strong and likely explains why the R1(0) line of
the a3Π0, v = 4← X1Σ+, v = 4 band (shown in Fig. 5) is considerably
weaker than expected.

FIG. 5. Measured line shapes together with their expected shading. The widths of
the solid vertical bars are the spans of the hyperfine structure of the transitions.

VI. RADIATIVE LIFETIMES IN THE a3Π, v = 0 STATE

As mentioned before, the a3Π← X1Σ+ transition becomes
weakly allowed due to spin–orbit coupling of the a3Π state with
a 1Π state and, to a lesser extent, with a 1Σ+ state. The ΔΩ = 0 selec-
tion rule for these couplings makes transitions to the a3Π1 manifold
about a factor 20 stronger than those to the a3Π0 manifold. Both the
e and f levels of the a3Π1 manifold can be reached from the X1Σ+
state, and the transitions to the lowest J levels are the strongest. As
only the e levels of the a3Π0 manifold can interact with a 1Σ+ state,
only these can be reached from the electronic ground state for low
values of J. For higher values of J, the Ω = 1 character in the wave-
functions of the levels in the a3Π2 and a3Π0 manifolds increases;
see Table IX. Consequently, transitions from the electronic ground
state to higher rotational levels become gradually more allowed. The
spin–orbit coupling mechanism makes the lifetimes of the rotational
levels in the a3Π state strongly Ω-, J-, and e/ f -dependent.20 The life-
time of the a3Π1, J = 1 level is the shortest. The low-J, e, and f levels
of the a3Π2 manifold and the low-J, f levels of the a3Π0 manifold live
up to three orders of magnitude longer; the a3Π0, J = 0, f level can-
not decay to the electronic ground state via an electric dipole allowed
transition (see Appendix B, Table X).

Measuring the lifetime of metastable states of molecules is chal-
lenging, as neutral molecules can generally not be kept long enough
in the observation volume. As discussed above, the lifetimes of
electronically excited, metastable states generally strongly depend
on the exact (rotational) quantum level, requiring state-selective
preparation or detection techniques. An accurate measurement of
the radiative lifetime of selected rotational levels of CO in the
a3Π, v = 0 state could only be performed when these molecules were
state-selectively prepared and subsequently decelerated and elec-
trostatically trapped.32 The thus determined lifetime is in excellent
agreement with the result of a recent relativistic, ab initio calcula-
tion.33 Prior to these measurements with trapped CO molecules, the
most accurate results were obtained from molecular beam exper-
iments, employing two spatially separated LIF detection zones.34

These experiments determined a lifetime that is 30% too large, exem-
plifying the inherent challenges of such measurements. For the here
presented lifetime measurement of the a3Π, v = 0 state of AlF, we use
an improved method that reduces systematic errors. In this method,
the signal from the molecules in the Ω = 1 manifold is calibrated
against that of the molecules in the Ω = 0 manifold.

The molecules are excited either on the R2(0) or on the R1(0)
line to the J = 1, e level of the a3Π1, v = 0 or a3Π0, v = 0 manifold.
The measured, spectrally integrated intensities of these two lines are
given by IR2(0) and IR1(0). We state-selectively detect the population
in the metastable state in two spatially separated ToF mass spectro-
meters and measure the ratio of the two ion signals as a function of
the time-of-flight T between the two detection regions. The value of
T is varied by using different carrier gases and by changing the dis-
tance between the two mass spectrometers. The first detection zone
(A) is mounted at zA = zPDA + 5.5 cm, and the second one (B) either
at zB,1 = zPDA + 47.0 cm or at zB,2 = zPDA + 97.0 cm. The population
in the a3ΠΩ, v = 0, J = 1, e level at z = zA is referred to as NΩ,A(T
= 0), and the measured ion signal is referred to as SΩ,A(T = 0). The
population in this same level at z = zB is referred to as NΩ,B(T) and
the corresponding signal intensity as SΩ,B(T). The lifetime of the
a3ΠΩ, v = 0, J = 1, e level is labeled τΩ. Using these expressions, for
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the ratio of the ion signals measured in the two detection zones,
we get

SΩ,B(T)
SΩ,A(T = 0) =

αΩ,B

αΩ,A

NΩ,B(T)
NΩ,A(T = 0) =

αΩ,B

αΩ,A
e−T/τΩ , (13)

with αΩ,A and αΩ,B being the detection efficiencies of zones (A)
and (B). When the PDA and the ionization laser are aligned in the
same way throughout the whole measurement, we can assume that
α0,B/α0,A = α1,B/α1,A. Then, the “ratio-of-ratios” ℛ (T) is given by

ℛ (T) = S1,B(T)
S1,A(T = 0)/

S0,B(T)
S0,A(T = 0) = e−T/τexp , (14)

where
1
τexp
= 1
τ1
− 1
τ0

. (15)

To determine the absolute values of τ1 and τ0 from τexp, the ratio
of τ1 and τ0 needs to be known. The latter can be deduced from
IR2(0)/IR1(0).

In the experiment, the vertical spread of the molecular beam
is confined by a 2 mm slit, placed just in front of the intersection
with the 367 nm laser. The size of the PDA preparation beam is
constrained by an iris aperture, transmitting 3 mJ of pulse energy
in a 3 mm diameter beam. AlF is ionized using (1 + 2) REMPI via
the b3Σ+ state. The ionization laser beam is defined with 10 mm
diameter apertures to avoid striking the ToF electrodes. This laser
passes first through zone (B) and then through zone (A); the pulse
energy is about 7 mJ in zone (B) and 5 mJ in zone (A). The alignment
of the ionization laser stays the same throughout; switching between
the two detection regions is achieved by changing the timing of the
laser pulse. The values for the “ratio-of-ratios” ℛ (T) are recorded
as a function of T by using helium, neon, argon, krypton, and xenon
as carrier gases and the two different ToF-positions zB,1 and zB,2. The
results of the measurements are shown in Fig. 6. The error bars show
the standard deviation from a series of measurements for every data
point. An exponential function according to Eq. (14) fitted to the
data yields a value of τexp = 2.04 ± 0.16 ms.

FIG. 6. Measured values for the “ratio-of-ratios” ℛ (T) as a function of the time-
of-flight T , shown on a semi-log plot. A fit to the data gives the characteristic lifetime
τexp = 2.04 ± 0.16 ms.

FIG. 7. Calculated lifetimes of the rotational levels in the a3Π, v = 0 state of AlF.
The absolute scale is set by the lifetime of the a3Π1, v = 0, J = 1, e level, experi-
mentally determined as τ1 = 1.89 ± 0.15 ms. The lifetimes of the rotational levels
in the Ω = 1 manifold are also shown on an expanded (×10) scale.

The intensity ratio IR2(0)/IR1(0) is measured as 20.9 ± 1.0. The
different intensities of these lines are due to the different degree of
coupling of the a3ΠΩ, v = 0, J = 1, e levels to the X1Σ+, v = 0, N = 0
level. This coupling is due to transition dipole moments obtained
from mixing with pure singlet states, either 1Π or 1Σ+ states. These
separate contributions can either interfere constructively or destruc-
tively. The observation that the P1 lines are considerably weaker than
the R1 lines13 is only consistent with the case of destructive interfer-
ence. From the analysis given in Appendix B, it is derived that for
destructive interference, τ0/τ1 = 13.1 ± 1.1. From this, we conclude
that the lifetime of the a3Π1, v = 0, J = 1, e level is τ1 = 1.89 ± 0.15 ms
and the lifetime of the a3Π0, v = 0, J = 1, e level is τ0 = 24.8 ± 2.9 ms.

In Fig. 7, the calculated lifetimes for the rotational levels in the
a3Π, v = 0 state of AlF are shown. For several of the lowest J levels,
these lifetimes are listed in Table X. These values are calculated using
the known spectroscopic constants in the a3Π, v = 0 state, assuming
that the lifetimes are solely determined by electric dipole allowed
transitions and taking both the J-dependent 1Π and 1Σ+ character
of the wavefunctions in the a3Π, v = 0 state into account.

VII. HYPERFINE STRUCTURE IN THE a3Π, v = 5 STATE
The hyperfine structure results from the interaction of the

nuclear spins of the aluminum and fluorine atoms with the elec-
tronic and rotational degrees of freedom and is described by the term
Hhfs in the molecular Hamiltonian, Eq. (1). The vectorial coupling of
the rotational angular momentum J with the spins of the aluminum
nucleus IAl and the fluorine nucleus IF leads to the final vector F, i.e.,
F = J + IAl + IF.

Here, we present our investigation of the hyperfine structure
of the a3Π1, v = 5 state. We measure all 26 allowed radio frequency
transitions between F levels of opposite parity within the J = 1 level
and a few transitions in the J = 2 level. To measure the transitions
in the J = 1 level, the molecules are prepared with the PDA on the
R2(0) or Q2(1) line in the six, definite parity F levels. The metastable
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molecules subsequently pass through an rf transmission line cen-
tered at zrf = zPDA + 10 cm, where they are exposed to rf radiation
in the 1–500 MHz range that propagates perpendicular to the direc-
tion of the molecular beam. Since the population in the X1Σ+, v = 5
state is about two orders of magnitude less than that in the vibra-
tional ground state, a relatively short transmission line of 57 mm is
used in order to be able to record spectral lines with a high enough
signal-to-noise ratio.

The ambient magnetic field in the rf interaction region is about
20 μT. The exact timing and duration of the rf pulse are controlled
by an rf switch. When the rf radiation is tuned to an electric dipole
allowed transition, the population is transferred to an F level with
opposite parity. Given the many MF sublevels involved in the tran-
sitions and the presence of a weak magnetic field, it is not possible
to apply a perfect π pulse, and the duration and power of the applied
rf radiation are thereby merely adjusted to maximize the total popu-
lation transfer. After exiting the rf interaction region, the molecules
enter the detection region, where parity-selective excitation to the
b3Σ+, v = 5 state followed by ionization takes place in a two-color
(1 + 1′) REMPI process. By recording the parent ion signal while
scanning the frequency of the rf radiation, background-free rf
spectra are obtained.

The widths of the observed rf spectral lines are mainly deter-
mined by Zeeman broadening due to the ambient magnetic field.

FIG. 8. Hyperfine energy level diagram of the J = 1 level in the a3Π1, v = 5 state.
All 26 allowed rf transitions are indicated with their measured frequencies and error
bars (in MHz). The quantum numbers F and the parities of the levels are given.

Depending on the difference of the Landé gF factors of the coupled
levels, the full widths at half maximum range typically from 40 to
200 kHz. The center frequency and width of in total 41 hyperfine
transitions are determined with Gaussian fits. The measured fre-
quencies for the 26 possible transitions within the J = 1 level and
their assignments in the energy level scheme are given in Fig. 8,
together with the measured error bars. All measured frequencies
are fitted to the Hamiltonian, and the obtained hyperfine structure
parameters are given in Table III. In the fit, several hyperfine param-
eters are kept fixed at the values found for the v = 0 state. The values
for the spin–orbit coupling constant and for the rotational constant
of v = 5 are taken from Sec. IV and are also kept fixed in this fit.
The standard deviation of the fit is 20 kHz. As expected, the over-
all structure of the hyperfine levels in v = 5 is very similar to that in
v = 0.

For a comparison of these hyperfine parameters to theory, the
electric field gradients (EFGs), and the nuclear quadrupole coupling
constant eq0Q, the isotropic Fermi contact coupling constants bF
and the anisotropic spin dipole coupling constants c and d are calcu-
lated by the density functional theory (DFT) method implemented
in Gaussian 2016.35 The hybrid exchange–correlation functional

TABLE III. Λ-doubling parameter q and hyperfine structure parameters for the
a3Π, v = 5 state obtained from the best fit to the experimental data together with
the product of the standard deviation and

√
Q (all values are in MHz). These values

are compared with those determined earlier for the a3Π, v = 0 state. For v = 0, the
parameters A0 = 1 420 870 MHz and λ0 = 2659 MHz are kept fixed,13 whereas for
v = 5, A5 = 1 431 589 MHz and λ5 = 2766 MHz are used.22

Parameter
Value (MHz)

v = 0
SD ⋅
√

Q
v = 0

Value (MHz)
v = 5

SD ⋅
√

Q
v = 5

B 16 634.7 0.0010 15 942.1 fixed
γ −7.6089 0.0526 −7.6089 fixed
o 4 968.32 0.0510 4 968.32 fixed
o(R) −0.0061 0.0012 −0.0061 fixed
p −24.3462 0.0510 −24.3462 fixed
q −1.8176 0.0023 −1.9192 0.0009
a(Al) 199.162 0.0353 200.2192 0.1339
bF(Al) 1 247.97 0.2783 1 215.9123 2.9445
b(R)F (Al) 0.0222 0.0045 0.0222 fixed
c(Al) −21.0093 0.4124 −21.0093 fixed
c(R)(Al) −0.0568 0.0114 −0.0568 fixed
d(Al) 121.908 0.0155 124.1718 0.0604
eq0Q(Al) −12.9921 0.0159 −10.8595 0.0811
eq0QLS(Al) −0.039 2 0.0042 −0.0392 fixed
eq2Q(Al) 51.1137 0.0054 51.8014 0.0220
CI(Al) −0.0569 0.0169 −0.0569 fixed
C′I(Al) −0.0115 0.0007 −0.0115 fixed
a(F) 207.135 0.0109 197.2087 0.4804
a(R)(F) −0.0688 0.0038 −0.0688 fixed
bF(F) 169.629 0.1605 146.1175 10.9697
b(R)F (F) −0.0346 0.0019 −0.0346 fixed
c(F) 122.804 0.2596 122.804 fixed
d(F) 119.277 0.0868 112.8507 0.3054
C′I(F) 0.0346 0.0041 0.0346 fixed
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TABLE IV. Spectroscopic parameters of AlF, including the term value Te, the
equilibrium internuclear distance re, and the harmonic frequency ωe at the
CAM-B3LYP/aug-cc-pV5Z level.

State Te (cm−1) re (Å) ωe (cm−1)

X1Σ+ 0 1.659 792.87
a3Π 25 587.86 1.655 818.72

TABLE V. The DFT-calculated hyperfine constants eq0Q(Al), bF (Al), bF (F), c(Al),
c(F), d(Al), and d(F) (in MHz) of the a3Π state of AlF for different vibrational levels.

v eq0Q(Al) bF(Al) bF(F) c(Al) c(F) d(Al) d(F)

0 −12.221 1186.2 150.1 −24.6 154.3 126.5 128.6
1 −11.763 1189.8 147.0 −25.3 160.8 126.9 127.1
2 −11.309 1193.1 144.0 −25.9 167.6 127.4 125.5
3 −10.857 1196.2 141.0 −26.6 174.7 127.8 124.0
4 −10.407 1199.1 138.0 −27.2 182.0 128.3 122.4
5 −9.957 1201.7 135.1 −27.9 189.7 128.7 120.8

CAM-B3LYP36 with an aug-cc-pV5Z basis set37–39 is used for the
a3Π state of AlF. To obtain these constants, we calculate the inter-
action potential of AlF for 23 points ranging from 1.0 to 6.0 Å. The
nuclear quadrupole coupling constant eq0Q (in MHz) is calculated
from its relationship between the EFGs (in atomic units) and the
nuclear quadrupole moment Q (in MBarn) as40,41

eq0Q = Q⟨Vzz⟩v
4.255 958

, (16)

where Q = 146.6 Mb for the 27Al atom42 and ⟨Vzz⟩v = ⟨ψv∣Vzz ∣ψv⟩
stands for the expectation value of Vzz for a given vibrational
state ∣ψv⟩. Bound vibrational states are calculated using a discrete
variable representation (DVR) approach43,44 employing 200 DVR
points, whereas the interaction potential is fitted to the DFT poten-
tial energy curve, characterized by the values given in Table IV.
The resulting hyperfine constants are summarized in Table V. Note
that the hyperfine parameter a is not listed. Often, the expression
a = d + c/3 is used to deduce the value of a.45 However, it is clear
from the experimentally determined parameters listed in Table III
that this expression does not hold for the a3Π state of AlF.

VIII. ABSENCE OF LIFETIME BROADENING
IN rf SPECTRA OF THE a3Π1, v = 0 STATE

Spectral lines with subnatural linewidths can be measured when
one selectively probes those atoms or molecules that have stayed in
the excited state longer than their natural lifetime.46 More interest-
ingly, when both levels involved in the transition are metastable and
have the same lifetime, no additional broadening of the Rabi line
shape due to the finite lifetime of the levels is expected at all in a
time-resolved measurement.47 The latter can be tested already for
interaction times that are shorter than the lifetime, provided that the
Rabi line shape is recorded with a sufficient accuracy. To explicitly
demonstrate this, we record the F = 4,+← F = 4,− transition within
the a3Π1, v = 0, J = 1 level with an rf interaction time that is about

one third of the lifetime. For this, a parallel plate transmission line of
30 cm length is used. The electric field propagates along the molec-
ular beam with amplitude ℰ 0. Using xenon as a carrier gas, the total
interaction time of the molecules with the rf radiation field is 650 μs.
The rf interaction region is shielded by a μ-metal cylinder, result-
ing in an ambient magnetic field of <3 μT that is predominantly
parallel to the electric field. The value of ℰ 0 is experimentally set
such that the population transfer is optimized. The molecules in the
F = 4,+ level are state-selectively detected shortly after exiting the rf
interaction zone using (1 + 2) REMPI. The measured ion signal as a
function of the rf frequency f is shown in Fig. 9.

The calculated Rabi line shape ℛ ( f ) contains the eight possi-
ble ΔMF = 0 components. The ambient magnetic field splits these
eight components apart. The Landé gF factors for the upper and
lower level are almost identical, with ΔgF = 1.1 ⋅ 10−4. As a result, the
outermost components are separated by about 36 Hz. Transitions
with ΔMF = ±1 are shifted by ±4.7 kHz but are not observed due to
the near parallel orientation of the electric and magnetic fields. The
green curve in Fig. 9 shows a fit of ℛ ( f ) to the experimental data
with the amplitude, central frequency, and value of MFμℰ 0 as free
fit parameters. Here, μ is the effective transition dipole moment for
the MF = 1←MF = 1 transition. The fitted FWHM of the Rabi line
shape is 1.27 kHz.

To confirm that we, indeed, do not observe any broadening due
to the finite lifetime of the two levels involved, we fit a convolution
of the Rabi line shape with a Lorentzian ℒ ( f ). This line shape is
shown as the blue curve in Fig. 9. As the lifetime τ1 of both coupled
levels is 1.89 ms (see Table X), the natural width of the Lorentzian
that would be observed in a stationary measurement is given by
(πτ1)−1 as 168 Hz, shown as the gray curve in Fig. 9. The pure Rabi
line shape fits the experimental data best. In particular, the minima
of the experimental signal next to the central peak are systemati-
cally described better when no broadening due to the lifetime of the
metastable levels is included.

FIG. 9. Line shape of the F = 4,+← F = 4,− transition within the a3Π1,
v = 0, J = 1 level at f0 = 21.826 40 MHz. The circles are the experimental values.
The gray curve shows a Lorentzian profile ℒ ( f) with a linewidth of (πτ1)−1.
The green and blue curves show a Rabi line shape ℛ ( f) and a convolution of
the Rabi line shape with the Lorentzian ℛ ( f)⊛ℒ ( f).
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IX. CONCLUSIONS AND OUTLOOK
This paper reports on the spectroscopic characterization of the

a3Π state of AlF using a jet-cooled, pulsed molecular beam machine.
The rovibrational constants determined in this work for the a3Π
state enable the construction of an accurate electronic potential.
Together with the best known potential for the X1Σ+ state, this is
used to calculate the Franck–Condon factors for the a3Π–X1Σ+ sys-
tem, as given in Table VI. The system is highly diagonal, and the
transitions from the a3Π, v = 0 state to the X1Σ+, v = 1 and v = 2
states are more than two and almost five orders of magnitude weaker
than those to the v = 0 state.

The lifetimes of the rotational levels in the a3Π state of AlF
strongly depend on theΩmanifold and on their e/ f character. From
the N = 1 level in the X1Σ+, v = 0 state, rotationally closed transitions
can be induced to (i) the J = 1, f level in the A1Π, v = 0 state, (ii)
the J = 1, f level in the a3Π1, v = 0 state and the J = 1, f level in the
a3Π0, v = 0 state, and (iii) the J = 0, e level in the a3Π0, v = 0 state. All
these transitions are vibrationally closed to better than 99.2%, and
the lifetimes of the upper levels vary from 1.9 ns (J = 1, f in A1Π)
via 1.89 ms (J = 1, f in a3Π1) and 25 ms (J = 0, e in a3Π0) to 3.4 s
(J = 1, f in a3Π0). The latter value is calculated from the fraction of
Ω = 1 character in the wavefunction of the J = 1, f level in a3Π0 and
the measured lifetime of the J = 1, f level in a3Π1.

The information on the Franck–Condon matrix and the life-
time of the rotational levels of the a3Π–X1Σ+ system obtained here
is crucial for future laser cooling experiments. The duration that
molecules stay in a certain rotational level in the a3Π, v = 0 state
can be made considerably shorter than their lifetime by driving the
A1Π, v = 0← a3Π, v = 0 transition. From the A1Π, v = 0 state, the
molecules decay rapidly to the ground state. In this way, the scat-
tering rate on the narrow a3Π, v = 0← X1Σ+, v = 0 transition can be
increased. Four transitions are required to return to the initial N = 1
rotational level in the X1Σ+, v = 0 state: (i) excitation on the P1(1)
line of the a3Π0, v = 0← X1Σ+, v = 0 band, (ii) rf transitions from
the e to the f levels in the a3Π0, v = 0, J = 0 level, (iii) excitation on
the R1(0) line of the A1Π, v = 0← a3Π0, v = 0 band, and (iv) spon-
taneous emission on the Q(1) line of the A1Π, v = 0→ X1Σ+, v = 0
band.

The outcome of the quantum chemistry calculations given in
Table V is compared to the experimentally determined values of the
hyperfine parameters listed in Table III. The sign and magnitude of
the calculated hyperfine parameters are seen to be in good agreement
with the experimentally determined ones, with deviations mostly
below 5%, although somewhat larger for the c parameters. The rela-
tive change of the hyperfine parameters in going from v = 0 to v = 5
is also correctly reproduced by the calculations. For the bF param-
eters, defined as bF = b + c/3, the latter is less good. This deviation
results from the need to keep the c parameter fixed in the fit. The
changes of the hyperfine parameters in going from v = 0 to v = 5
result predominantly from the concomitant increase of the inter-
nuclear distance. The spectroscopic parameters of the a3Π state, in
particular the hyperfine structure constants and their variation with
the vibrational quantum number, are ideal benchmarks for quantum
chemistry calculations.

Although not commonly realized, spectral lines without any
broadening due to the finite lifetime of the levels can be obtained
in a time-resolved measurement, when the coupled levels have the TA
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same lifetime. By recording an rf transition betweenΛ-doublet com-
ponents in the a3Π1 state, we have been able to confirm this. Using
an even longer transmission line, thereby increasing the interaction
time, this effect can be exploited further.
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APPENDIX A: OBSERVED AND CALCULATED
TRANSITION FREQUENCIES

Table VII lists the 30 measured rotational transition frequencies
of the a3Π, v ← X1Σ+, v bands. In the first column, the experimen-
tally determined transition frequency ν̃exp is given together with the
statistical uncertainty from the Gaussian fit. The systematic experi-
mental uncertainty is estimated to be at maximum 200 MHz, mainly
determined by the intrinsic laser profile and the uncertainty of the
SBS shift. In the second column, the difference between ν̃exp and
the calculated frequency ν̃calc is given. The next columns list the
vibrational quantum number v, the rotational quantum number
J, the parity p, and, if applicable, the quantum number Ω of the
levels involved in the transition. The indices define whether the
quantum numbers belong to the a3Π or to the X1Σ+ state. Only tran-
sitions with Δv = 0 are measured. The standard deviation of the fit is
38 MHz.

Table VIII lists the 41 measured rf transition frequencies in the
a3Π1, v = 5 state. In the first column, the experimentally determined
transition frequency fexp is given together with the statistical uncer-
tainty from the Gaussian fit. In the second column, the difference
between fexp and the calculated frequency fcalc is given. The next
columns list the quantum numbers J, F and the parity p of the levels

TABLE VII. Observed and calculated transition frequencies of the a3Π, v ← X1Σ+, v
bands. All values are in cm−1.

ν̃exp ν̃exp − ν̃calc va Ωa Ja pa vX JX pX

27 205.553 05(28) 0.0013 0 0 0 + 0 1 −
27 233.829 71(49) 0.0006 1 0 0 + 1 1 −
27 254.149(29) −0.0020 0 1 4 − 0 4 +
27 254.196(30) 0.0011 0 1 5 + 0 5 −
27 255.172 37(60) 0.0000 0 1 1 − 0 0 +
27 262.453 33(63) 0.0007 2 0 0 + 2 1 −
27 282.544(30) 0.0035 1 1 5 + 1 5 −
27 282.595(30) −0.0005 1 1 6 − 1 6 +
27 283.502 61(75) 0.0002 1 1 1 − 1 0 +
27 291.376 27(64) 0.0013 3 0 0 + 3 1 −
27 311.182(29) −0.0023 2 1 4 − 2 4 +
27 311.231(29) −0.0013 2 1 5 + 2 5 −
27 311.357(30) −0.0002 2 1 7 + 2 7 −
27 312.177 43(80) 0.0001 2 1 1 − 2 0 +
27 340.130(30) 0.0001 3 1 3 + 3 3 −
27 341.149 59(50) −0.0003 3 1 1 − 3 0 +
27 349.917 30(53) 0.0001 5 0 0 + 5 1 −
27 369.406(29) −0.0004 4 1 4 − 4 4 +
27 369.460(29) 0.0007 4 1 5 + 4 5 −
27 369.524(30) 0.0004 4 1 6 − 4 6 +
27 370.371 58(65) 0.0008 4 1 1 − 4 0 +
27 398.842(30) 0.0028 5 1 4 − 5 4 +
27 398.895(30) −0.0004 5 1 5 + 5 5 −
27 398.964(30) 0.0017 5 1 6 − 5 6 +
27 399.788 38(80) −0.0005 5 1 1 − 5 0 +
27 428.414(30) −0.0019 6 1 4 − 6 4 +
27 428.545(30) −0.0014 6 1 6 − 6 6 +
27 429.351 3(13) 0.0001 6 1 1 − 6 0 +
27 458.035(30) 0.0013 7 1 3 + 7 3 −
27 459.003 3(28) 0.0004 7 1 1 − 7 0 +

involved in the transition. The index n is introduced to distinguish
levels with the same values of F and p in order of increasing energy.
The lowest energy level for a given combination F, p in the a3Π state
gets the index n = 1. From the 26 possible transitions in the J = 1
level, two overlap within <50 kHz and could not be resolved exper-
imentally and are listed with the same value of fexp. The standard
deviation of the fit is 20 kHz.

APPENDIX B: RADIATIVE LIFETIMES
IN THE a3Π, v = 0 STATE

The wavefunctions ∣ψΩ′(J)⟩ for the J levels in the a3ΠΩ′

manifolds can be written as

∣ψΩ′(J)⟩ = cΩ′ ,0(J)∣ψ0(J)⟩ + cΩ′ ,1(J)∣ψ1(J)⟩ + cΩ′ ,2(J)∣ψ2(J)⟩, (B1)

with the pure Ω-wavefunctions ∣ψΩ(J)⟩ and the mixing coefficients
cΩ′ ,Ω(J). The calculated values of cΩ′ ,Ω(J) for J ≤ 30 are listed in
Table IX. The squares of the mixing coefficients give the amount of
Ω character of a given J level in the a3ΠΩ′ manifold, and these are
normalized such that
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TABLE VIII. Observed and calculated rf transition frequencies in the a3Π1, v = 5 state. All values are in MHz.

fexp fexp − fcalc J′ F′ p′ n′ J F p n

1.117(68) −0.047 1 1 − 1 1 1 + 1
9.960(41) −0.031 1 2 − 2 1 2 + 2
11.650(18) 0.004 1 3 − 3 1 2 + 2
13.16(63) −0.015 1 3 + 3 1 3 − 3
20.636(17) −0.010 1 4 + 4 1 4 − 4
22.533(35) 0.027 1 2 − 2 1 2 + 2
22.876(38) −0.025 1 3 − 3 1 3 + 3
33.7585(41) −0.003 1 2 − 2 1 3 + 3
73.163(12) −0.007 1 4 − 4 1 3 + 3
95.811(13) 0.009 1 1 + 1 1 2 − 2
106.971(52) 0.014 1 1 − 1 1 2 + 2
106.971(52) −0.023 1 4 + 4 1 3 − 3
126.659(99) −0.023 1 2 + 2 1 1 − 1
150.411(33) 0.058 1 2 − 2 1 1 + 1
199.588(14) −0.004 1 3 + 3 1 2 − 2
208.92(13) −0.005 1 3 − 3 1 2 + 2
210.447(22) −0.005 1 3 + 3 1 3 − 3
212.42(16) 0.022 1 3 + 3 1 2 − 2
220.19(14) 0.014 1 3 − 3 1 3 + 3
223.638(20) −0.011 1 2 + 2 1 2 − 2
245.284(14) −0.001 1 3 − 3 1 2 + 2
256.149(34) 0.004 1 2 − 2 1 2 + 2
304.265(56) −0.005 1 4 + 4 1 3 − 3
306.520(35) −0.003 1 4 − 4 1 3 + 3
442.59(30) 0.026 1 3 − 3 1 2 + 2
445.779(56) 0.033 1 3 + 3 1 2 − 2
17.493(26) 0.004 2 3 + 16 2 3 − 16
22.047(35) 0.005 2 2 − 13 2 1 + 8
22.490(25) −0.027 2 4 − 15 2 4 + 15
36.283(11) −0.001 2 5 − 13 2 5 + 13
47.681(15) 0.010 2 3 − 15 2 2 + 13
50.892(17) −0.012 2 3 − 16 2 2 + 14
85.771(13) 0.000 2 4 − 14 2 3 + 15
87.800(19) 0.001 2 0 + 3 2 1 − 8
90.010(11) 0.015 2 5 − 13 2 4 + 15
93.064(58) −0.032 2 3 + 16 2 2 − 14
94.513(27) −0.005 2 4 + 15 2 3 − 16
99.515(21) −0.033 2 4 − 15 2 3 + 16
109.408(16) 0.012 2 3 + 15 2 2 − 13
119.663(26) 0.002 2 5 + 13 2 4 − 14
147.046(28) −0.002 2 5 − 13 2 4 + 14

∣cΩ′ ,0(J)∣2 + ∣cΩ′ ,1(J)∣2 + ∣cΩ′ ,2(J)∣2 = 1. (B2)

The a3Π state interacts with pure singlet states via spin–orbit
coupling. For this interaction, the ΔΩ = 0 selection rule holds. This
implies that the strength of the interaction of a given J level with a 1Σ,
a 1Π or a 1Δ state depends on the coefficients cΩ′ ,0(J), cΩ′ ,1(J), and
cΩ′ ,2(J), respectively. For the a3Π state of AlF, both mixing with 1Σ+

and 1Π states is observed. The transition dipole moment μa,X(Ω′, J)

for transitions from a given a3ΠΩ′ , J level to the X1Σ+ electronic
ground state can be expressed as

μa,X(Ω′, J)∝ κ cΩ′ ,0(J)HLΣ(J) + cΩ′ ,1(J)HLΠ(J). (B3)

Here, HLΣ(J) and HLΠ(J) are the amplitudes of the normalized
Hönl–London factors for a 1Σ+–1Σ+ and for a 1Π–1Σ+ transition,
respectively. The parameter κ is used to quantify the contribu-
tion from coupling with a 1Σ+ state relative to that with a 1Π
state; these separate contributions can either interfere constructively
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TABLE IX. Calculated mixing coefficients for the wavefunctions of the e and f levels in the Ω manifolds of the a3Π, v = 0 state for various values of J.

J c0,0 c0,1 c0,2 c1,0 c1,1 c1,2 c2,0 c2,1 c2,2

0 1.000 00 0.000 00 0.000 00
1 0.999 72 −0.023 48 0.000 00 0.023 48 0.999 72 0.000 00
2 0.999 17 −0.040 63 0.000 69 0.040 63 0.998 59 −0.034 28 0.000 71 0.034 28 0.999 41
3 0.998 35 −0.057 37 0.001 53 0.057 36 0.996 89 −0.054 11 0.001 58 0.054 11 0.998 53
4 0.997 26 −0.073 90 0.002 64 0.073 89 0.994 63 −0.072 43 0.002 73 0.072 42 0.997 37
5 0.995 91 −0.090 26 0.004 02 0.090 26 0.991 84 −0.090 07 0.004 15 0.090 06 0.995 93
6 0.994 30 −0.106 46 0.005 65 0.106 45 0.988 51 −0.107 28 0.005 84 0.107 27 0.994 21
7 0.992 44 −0.122 47 0.007 54 0.122 45 0.984 68 −0.124 15 0.007 78 0.124 14 0.992 23
8 0.990 35 −0.138 28 0.009 67 0.138 26 0.980 35 −0.140 71 0.009 98 0.140 69 0.990 00
9 0.988 02 −0.153 87 0.012 03 0.153 84 0.975 55 −0.156 97 0.012 41 0.156 94 0.987 53

10 0.985 47 −0.169 23 0.014 62 0.169 19 0.970 29 −0.172 93 0.015 08 0.172 89 0.984 83
15 0.969 80 −0.241 97 0.030 52 0.241 86 0.938 10 −0.247 94 0.031 37 0.247 83 0.968 29
20 0.950 39 −0.306 97 0.050 18 0.306 77 0.898 39 −0.314 29 0.051 40 0.314 10 0.948 00
25 0.928 74 −0.363 66 0.072 07 0.363 36 0.854 31 −0.371 64 0.073 58 0.371 35 0.925 57
30 0.906 12 −0.412 23 0.094 90 0.411 84 0.808 50 −0.420 36 0.096 56 0.419 98 0.902 38

TABLE X. Calculated lifetimes for the e and f levels in the Ω manifolds of the
a3Π, v = 0 state for various values of J, assuming only electric dipole allowed
transitions. All values are in ms.

J a3Π0, e a3Π0, f a3Π1, e a3Π1, f a3Π2, e a3Π2, f

0 25.0 ∞
1 24.8 3420 1.89 1.89
2 24.5 1140 1.89 1.89 1600 1600
3 24.0 573 1.90 1.90 644 644
4 23.4 345 1.91 1.91 359 359
5 22.7 231 1.92 1.92 232 232
6 22.0 166 1.93 1.93 164 164
7 21.1 126 1.94 1.94 122 122
8 20.3 98.6 1.96 1.96 95.2 95.3
9 19.4 79.6 1.98 1.98 76.5 76.6

10 18.5 65.8 2.00 2.00 63.0 63.1
15 14.6 32.2 2.13 2.14 30.7 30.7
20 11.6 20.0 2.32 2.34 19.1 19.1
25 9.56 14.3 2.55 2.58 13.6 13.7
30 8.13 11.1 2.83 2.88 10.6 10.7

(κ > 0) or destructively (κ < 0). The amplitudes of the normal-
ized Hönl–London factors HLΠ(J) for R(J − 1), Q(J), and P(J + 1)
transitions are given by

√
J + 1

2(2J + 1) , − 1√
2

, and
√

J
2(2J + 1) , (B4)

respectively. The corresponding normalized amplitudes HLΣ(J) are

√
J

2J + 1
, 0, and −

√
J + 1

2J + 1
. (B5)

The ratio of the integrated intensities of the R2(0) and R1(0) lines is
thus given by

IR2(0)

IR1(0)
= (κ c1,0(1) + c1,1(1))2

(κ c0,0(1) + c0,1(1))2 . (B6)

The J = 1, e levels in the a3ΠΩ′ manifolds can decay via electric
dipole transitions to either the N = 0 or the N = 2 level in the X1Σ+
state thus via the RΩ′+1(0) or PΩ′+1(2) line. The total decay rates of
these levels for Ω′ = 0 and 1 are referred to as γ0 and γ1 and their
lifetimes as τ0 and τ1, respectively. The ratio of τ0 and τ1 is given by

τ0

τ1
= γ1

γ0
≈
ν̃3

R2(0)IR2(0) + ν̃
3
P2(2)IP2(2)

ν̃3
R1(0)

IR1(0) + ν̃3
P1(2)

IP1(2)

≈ (κ c1,0(1) + c1,1(1))2 + 2(−κ c1,0(1) + 0.5 c1,1(1))2

(κ c0,0(1) + c0,1(1))2 + 2(−κ c0,0(1) + 0.5 c0,1(1))2 , (B7)

where ν̃ is the transition frequency and I is the transition intensity
of the line given by the respective index. In the first approxima-
tion of Eq. (B7), it is assumed that the Franck–Condon factor for
the a3Π, v = 0–X1Σ+, v = 0 transition is exactly 1.0, and in the second
approximation, the frequencies of the various transitions are taken
to be equal.

The observed intensity ratio IR2(0)/IR1(0) = 20.9 ± 1.0 is consis-
tent with both κ+ = 0.243 ± 0.013 and κ− = −0.194 ± 0.011, resulting
in ratios of τ0/τ1 = 8.4 ± 0.7 and τ0/τ1 = 13.2 ± 1.1, respectively. The
observation that the P1 lines are considerably weaker than the R1
lines13 is only consistent with the case of destructive interference,
i.e., κ = κ−.
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