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Spectroscopy of laser-cooling transitions in MgF
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We measure the complete set of transition frequencies necessary to laser cool and trap MgF molecules.
Specifically, we report the frequency of multiple low-J transitions of the X 2�+(v′′ = 0, 1) → A 2�1/2(v′ = 0),
X 2�+(v′′ = 1, 2) → A 2�1/2(v′ = 1), and X 2�+(v′′ = 1) → B 2�+(v′ = 0) bands of MgF. The measured
X 2�+(v′′ = 1) → B 2�+(v′ = 0) spectrum allows the spin-rotation and hyperfine parameters of the B 2�+(v =
0) state of MgF to be determined. Furthermore, we demonstrate optical cycling in MgF by pumping molecules
into the X 2�+(v = 1, 2) states. Optical pumping enhances the spectroscopic signals of transitions originating
in the N ′′ = 1 level of the X 2�+(v′′ = 1, 2) states.
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I. INTRODUCTION

Laser-cooled and trapped molecules are an emerging tech-
nology for quantum computing [1–3], precision measurement
[4–6], and metrology applications [7–9]. All laser-cooled and
trapped molecules to date have 2�+ ground state symmetry.
Following the proposal of Ref. [10], rotational closure is
achieved by optical cycling on the P1(1) branch for 2�+ →
2�+ [11] or the P1(1)/Q12(1) branch for 2�+ → 2�1/2 cy-
cling transitions [12]. In either of these cases the maximum
photon scattering rate is Rmax

sc = �/4 [13,14], where � is the
radiative decay rate of the excited state. The maximum scat-
tering rate is reduced from this value if rovibrational repump
lasers couple to the excited state used for optical cycling
[for example, Rmax

sc = �/7 in the cycling scheme shown in
Fig. 1(a)]. For alkaline-earth monofluorides [15,16] (as well as
many polyatomic molecules with an alkaline-earth optical cy-
cling center [17–20]), both the A 2�1/2 and B 2�+ states have
a more or less diagonal matrix of Franck-Condon factors with
the X 2�+ state. Thus, either the A 2�1/2 or B 2�+ state can
be used for optical cycling with the other used for repumping.
The B 2�+ state has been used as the main cycling transition
for the laser slowing of CaF [21], as a vibrational repump for
the laser cooling of CaOH [22], and has been proposed as
the main cycling transition for the magneto-optical trapping
of CaF [23] and SrF [24].

It is possible to apply large radiative forces to MgF due
to its fast radiative decay rate � = 1.316(14)×108 s−1, low
mass m = 43 u, and short cycling transition wavelength λ =
359.3 nm. By utilizing both the A 2�1/2 and B 2�+ states
for laser cooling in order to optimize the radiative force, it
should be possible to directly load a MgF magneto-optical trap
from a cryogenic buffer gas beam (CBGB) source [25,26].
In Ref. [16] we determined the radiative decay rate and
branching fractions of the A 2�1/2 → X 2�+ optical cycling
transition in MgF with high precision. In that work, we
followed the proposal of Ref. [27] to use the B 2�+ for
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vibrational repumping [Fig. 1(b)] in order to avoid repumping
v′′ = 1 through an excited state in common with the main
cooling transition X 2�+(v′′ = 0) → A 2�1/2(v′ = 0) (such
an arrangement of two ground states coupled to a common
excited state is often referred to as a � system [28]). A
detailed understanding of the B 2�+ state is thus required
for laser cooling and trapping of MgF. However, the previous
analysis of the high-temperature Doppler-limited spectrum of
the B 2�+–X 2�+ transition of MgF [27] lacked the spectral
resolution to detect the fine and hyperfine structure of the
B 2�+ state.

In this work, we experimentally observe and identify
all transitions necessary for magneto-optical trapping of
MgF [16]: the main cooling transition X 2�+(v′′ = 0) →
A 2�1/2(v′ = 0) as well as vibrational repumping transi-
tions X 2�+(v′′ = 1) → A 2�1/2(v′ = 0), X 2�+(v′′ = 2) →
A 2�1/2(v′ = 1), and X 2�+(v′′ = 1) → B 2�+(v′ = 0). This
includes the first spin-rotation and hyperfine-resolved laser
spectroscopy of the MgF B 2�+(v = 0) state. Furthermore,
we demonstrate optical cycling in excess of ten photons in
the MgF molecule to efficiently optically pump molecules
to vibrational states up to v = 2. Optical pumping enhances
the spectroscopic signals in rovibrationally excited states with
rotational quantum number N = 1.

II. THEORY

The X 2�+(v = 0, 1, 2) and B 2�+(v = 0) states are mod-
eled using the effective Hamiltonian

Ĥ [2�+]
eff = T0 + BN2 − DN4 + γ N · S

+ bF I · S + 1
3 c(3IzSz − I · S), (1)

where S, I, and N are the electron spin, fluorine nuclear spin,
and rotational angular momenta, respectively. This effective
Hamiltonian accounts for the origin T0, rotation B, centrifugal
distortion D, electron spin-rotation γ (from here on referred to
as spin-rotation), and the Fermi-contact bF and dipole-dipole
c hyperfine interactions due to the fluorine nucleus (I = 1/2).
The 24Mg isotope has a nuclear spin I = 0, and as we are
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FIG. 1. Optical cycling in MgF. Solid arrows depict P1(1)/Q12(1) X → A transitions or P1(1) X → B transitions driven by lasers. Dashed
arrows depict decay paths, with numbers indicating branching fractions from Ref. [16]. (a) Cycling using only the A 2�1/2 excited state. A �

system is formed by driving both the X (0, 1) → A(0) transitions. (b) Cycling using the B 2�+ excited state for vibrational repumping avoids
a � system.

concerned with the spectra of the 24MgF isotopologue here, all
hyperfine parameters are the result of the fluorine nuclear spin.
In the effective Hamiltonian given in (1), T0 = Te + G(v) ac-
counts for both the electronic Te and vibrational G(v) energy
of the molecular state. The parameters for the X 2�+(v =
0, 1, 2) states are taken from [29],1 while the parameters for
the B 2�+(v = 0) state determined by this study are summa-
rized in Table I and compared to prior work.

The A 2�1/2(v = 0, 1) states are modeled by the effective
Hamiltonian

Ĥ
[2�1/2]
eff = T0 + BJ2 + aLzIz + bF I · S

+ 1
3 c(3IzSz − I · S) − 1

2 d (S+I+ + S−I−)

∓ (−1)J−1/2 1
2 (p + 2q)

(
J + 1

2

)
, (2)

where L is the electron orbital angular momentum and
J = L + S. In addition to the parameters in (1), this effec-
tive Hamiltonian includes nuclear spin-orbit coupling a and
dipole-dipole coupling d . Further, � doubling is included
phenomenologically by the final term of (2) with parameters
p and q, where the top (bottom) sign is taken for states of even
(odd) parity. For simplicity, we will abbreviate X 2�+(v),
A 2�1/2(v), and B 2�+(v), as X (v), A(v), and B(v), respec-
tively, in the remainder of this work.

Here we are primarily concerned with identifying low rota-
tional lines relevant to laser cooling. For X (0, 1, 2) → A(0, 1)
transitions measured here, an insufficient number of levels
were investigated to determine the A(0, 1) Hamiltonian pa-
rameters uniquely. In our modeling, we use the A(0) hyperfine
parameters reported in Ref. [30] for both the v = 0 and v = 1
states. The expected few percent differences between v = 0
and v = 1 are within the uncertainty of the present work. For
the X (1) → B(0) spectrum, only the transitions originating
from the low rotational states N ′′ � 2 of the X (1) state and ter-
minating in the N ′ � 3 levels of the B(0) state or J ′ < 5/2 lev-
els of the A(0, 1) states were observed and therefore the effec-
tive Hamiltonians were restricted to only include these levels.

1In the original microwave study the hyperfine parameters
b = bF − c/3 and c are used.

We calculate all molecular Hamiltonians and dipole tran-
sition matrix elements using PYTHON programming language
via the PYLCP package [31]. The effective Hamiltonians for
the X (v = 0, 1, 2) and B(0) states were constructed in a
Hund’s case (bβJ ) basis. The energy levels for the X (0, 1, 2)
states were calculated by constructing and diagonalizing the
36×36 Hamiltonian for all magnetic sublevels of the N ′′ =
0–2 states. The energy levels of the B(0) state were calculated
by constructing and diagonalizing the 64×64 Hamiltonian
for all magnetic sublevels of the N ′ = 0–3 states. For the
A(0, 1) states, the effective Hamiltonians were constructed in
the Hund’s case (a) basis and the energy levels were calculated
by diagonalizing a 40×40 Hamiltonian for each parity and all
magnetic sublevels of the J ′ = 1/2 to J ′ = 7/2 states.

III. EXPERIMENT

A. Apparatus

A schematic of the apparatus is shown in Fig. 2(a). Our
cryogenic buffer gas beam of MgF was previously described
in Ref. [16]. All aspects of the cryogenic buffer gas beam
source are identical to the previous work except for the ad-
dition of a second stage buffer gas cell [32,33]. The second
stage cell is made from high-purity oxygen-free copper, has a
9.53 mm×9.53 mm square cross section, a length of 9.53 mm,
and a 6.25 mm diameter circular aperture. The aperture is
covered by a 30% transparent copper mesh with an opening
size of 0.15 mm. There are two 1.59 mm×9.53 mm vertically
oriented rectangular slits in the sides of the second stage cell.
The back of the second stage cell is completely open and is
separated from the front aperture of the first stage cell by a
2.45 mm gap.

We orient our experiment by taking ẑ to be the direction of
travel of the molecular beam (roughly horizontal), ŷ vertically
upward, and x̂ parallel to the ground and forming a right-
handed coordinate system. The X → A transitions are driven
by three independent frequency-doubled Ti:sapphire lasers.
The X → B transitions are driven by a frequency-quadrupled
fiber laser system. Fluorescence is detected along the x̂ axis
using a hybrid photomultiplier-avalanche photodiode. Detec-
tion is made nearly free of background laser light by use
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FIG. 2. Optical pumping and fluorescence probe of a cold MgF
beam. (a) Experimental schematic. A molecular beam is formed
using a cryogenic buffer gas beam (CBGB) source. Fluorescence
from the probe laser is detected on a photomultiplier (PMT) after
passing through a lens assembly and bandpass interference filter. One
or more pump lasers are overlapped using a fiber-optic beam com-
biner and quadruple passed for high pumping efficiency. (b)–(d) The
detected fluorescence signal as a function of probe laser frequency,
with probe laser tuned near the P1(1)/Q12(1) of the (b) X (0) → A(0),
(c) X (1) → A(1), and (d) X (2) → A(1) transitions, respectively. In
(c) and (d) blue (orange) traces show the detected fluorescence with
(without) pump lasers. All traces are normalized to the peak signal
of (b).

of bandpass interference filters which pass only off-resonant
vibronic fluorescence.

Laser light tuned near the transition under investigation is
coupled to the fluorescence detection region by solarization-
resistant multimode fibers. The laser light is collimated to
nominally 15 mm 1/e2 diameter and retroreflected such that
it propagates in the ±ŷ directions. We observe noticeable so-
larization of the solarization-resistant fibers when transmitting
274 nm laser light; thus we shutter the light prior to the fiber
except during periods of fluorescence detection.

For the X → A transitions, the absolute transition fre-
quency is determined by monitoring a portion of the
subharmonic light produced by the Ti:sapphire laser on a
wavelength meter, which has a manufacturer stated 1-σ un-
certainty in the near infrared of 225 MHz. Thus, the 1-σ
uncertainty on the X → A transitions is 550 MHz.2 For the
X → B transition, a portion of the subharmonic 548 nm light
is sent to a saturated absorption spectroscopy iodine reference
cell. We use the IodineSpec5 program [34] to assign multiple

2Unless stated otherwise, all uncertainties in this paper are 1-σ .

iodine transitions near each MgF X → B transition. The ab-
solute accuracy of X → B transition frequencies is 14 MHz,
limited by the statistical uncertainty in our fits of the MgF and
I2 line centers.

B. Optical cycling and optical pumping

Optical pumping was used to increase the molecular pop-
ulation in the ground state of several transitions of interest. A
multimode fiber combiner is used to overlap up to three laser
beams into a single output pumping beam. The pumping beam
intersects the molecular beam approximately 7 cm from the
output of the CBGB in a quadruple-pass configuration. The
pumping beam has a roughly 10 mm 1/e2 diameter on the first
pass and roughly 30 mm 1/e2 diameter on the fourth pass due
to residual divergence from the multimode fiber.

Figures 2(b), 2(c), and 2(d) illustrate the sequential identi-
fication of the P1(1) lines of X (0) → A(0), X (1) → A(1), and
X (2) → A(1) transitions, respectively. We begin by tuning
the probe laser near the P1(1) line of X (0) → A(0). After
recording laser-induced fluorescence (LIF) as a function of
laser frequency, we tune a pump laser near this line. To address
all ground state spin-rotation and hyperfine components of the
P1(1) line, pump lasers are phase modulated at 115 MHz at
a modulation depth of approximately 1.4 radians. With the
probe tuned to the LIF maximum, the pump is scanned to
optimize depletion of the LIF signal. We then tune the probe
near the X (1) → A(1) P1(1) line. While a modest LIF signal
[orange trace in Fig. 2(c)] is detected without the X (0) →
A(0) pump, the LIF signal is dramatically larger when optical
pumping is applied [blue trace in Fig. 2(c)]. The process
is repeated to add a second X (1) → A(1) pump to aid in
identifying the X (2) → A(1) P1(1) line. Investigation of the
X (v′′ = 1, N ′′ = 1) → B(v′ = 0, N ′) transitions are also as-
sisted by the X (0) → A(0) pump.

Crudely, we estimate the optical pumping efficiency from
v = 0 by assuming each molecule scatters exactly one photon
from the probe laser. Scaling the fitted LIF amplitudes by the
branching fractions of the detected transitions, we find the
optical pumping efficiency of this setup is 60% from v = 0
to v = 1 and 6% from v = 0 to v = 2. We model the optical
pumping to v = 2 with lasers L00 and L11 as a four-state
(v = 0–3) discrete Markov process. Using the branching frac-
tions measured in Ref. [16], we find that Nγ ≈ 60 photon
cycles are required to optically pump a fraction (1 − 1/e)
from the initial state v = 0 to the final state v = 2. From
these estimates, we find the average v = 0 molecule cycles
ten photons in this simple model.

C. B state spectroscopy

The observed LIF spectrum of the X → B transition is
presented in Fig. 3. A total of five groups of rotational branch
features were observed: the N ′′ = 2 → N ′ = 1, N ′′ = 1 →
N ′ = 0, N ′′ = 0 → N ′ = 1, N ′′ = 1 → N ′ = 2, and N ′′ = 2 →
N ′ = 3 features. The increased molecular population in the
X 2�+(v = 1, N = 1) state provided by the optical pumping
allowed the immediate assignment of the rotational quantum
numbers of N ′′ = 1 → N ′ = 0 and N ′′ = 1 → N ′ = 2 fea-
tures, from which the other rotational assignments were made.
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FIG. 3. Observed (blue) and predicted Doppler (orange, reflected) and stick (black, reflected) spectra of the X (1) → B(0) transition.
The observed spectra are fit to a sum of Gaussians (red dashed) to extract line centers (black). For the observed line centers and predicted
stick spectra, solid lines represent transitions that were assigned and dashed lines represent transitions that were not assigned or unresolved,
respectively. The observed LIF and predicted Doppler spectrum of each feature is normalized to its maximum. The predicted stick spectrum
was scaled by the relative line strengths. Features from N ′′ = 1 have increased signal and decreased width due to optical pumping.

The optical pumping also provided an increased LIF signal
for the rotational features originating from the N ′′ = 1 levels.
The observed frequencies of the rotational branch features are
consistent with those reported in Ref. [35].

The observed transition frequencies were determined via a
nonlinear least-squares fit of the measured LIF spectrum to an
appropriate number of Gaussian lineshapes.3 The amplitude,
center, and width of each lineshape as well as the slope and
intercept of a linear offset were floated in the fits. The LIF
data were cut so that a minimum number of spectral features
were fit at a single time. The total number of Gaussian line
shapes included in a single fit was varied to optimize the fit.
The Gaussian fits to the observed spectrum and the resulting
centers of the Gaussian lineshapes are presented in Fig. 3. The
line centers were used as the observed transition frequencies.
The fits indicate that the observed N ′′ = 1 → N ′ = 0 and
N ′′ = 1 → N ′ = 2 branch features are narrower [85 MHz full
width at half maximum (FWHM)] than the other observed
features (125 MHz FWHM), likely due to molecules with
lower transverse velocities being preferentially pumped by the
optical fields. The finite spatial extent of the optical pumping
beam along the probe axis results in molecules with lower
transverse velocities along the probe axis to pass through the
beam closer to the center, where the laser intensity is higher.
This provides increased optical pumping efficiency for these
molecules. In total, 22 individual features were observed. Of
these, 19 were uniquely assigned to 24 transitions using an
iterative process described in the Appendix. The frequencies

3While a Voigt profile more accurately describes the combined
contributions of the natural linewidth and Doppler broadening to the
lineshape, the simpler Gaussian lineshape was used to fit for the line
centers. Fitting with a Voigt profile makes no statistically significant
difference in the fitted line center, due primarily to the symmetric
nature of both lineshapes.

of the observed features and the relevant assignments are
presented in Table IV in the Appendix.

The 24 assigned transition frequencies were fit using non-
linear least squares to the effective Hamiltonian (1) with fit
parameters T0, B, γ , bF , and c. Because we only probe low
J , we fix the value of D to the value from a previous high-
temperature study by Barrow and Beale [35]. In the fit, each
transition was weighted by the inverse of the uncertainty in
the transition frequency that resulted from the Gaussian line-
shape fits. The fit resulted in a root mean square (RMS) of the
weighted residuals of 25.5 MHz, commensurate with the mea-
surement uncertainty of 14 MHz. The difference between the
calculated and measured transition frequencies are presented
in Table IV in the Appendix. The resulting predicted Doppler
and stick spectra generated using the optimized parameters
from the fit are shown in Fig. 3. The spectral predictions were
made following the procedure described in the Appendix.

Our parameters for the B(v = 0) state Hamiltonian are
presented in Table I, together with those of Ref. [35]. The
rotational constants differ by 1.3 MHz and are not consistent
at the estimated 1-σ level. This discrepancy is not surprising
as the two studies probed different J levels of the B(0) state.

TABLE I. Best-fit parameters of the B 2�+(v = 0) state of MgF,
with comparison to prior work. All values are in megahertz.

Parameter This worka Ref. [35]

T0 1 114 851 907.(3) 1 114 852 000.(300)
B 16 066.9(8) 16 065.6(3)
D 0.032 47b 0.032 47(3)
γ 21.(6)
bF 443.(18)
c 653.(56)

aValues in parentheses are the 1-σ standard error determined from
the fit.
bFixed to the value in Ref. [35].
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FIG. 4. Energy levels and associated quantum numbers of the
N = 0, 1, and 2 rotational levels of the B(0) state and the N = 1 rota-
tional level of the X (1) state. Even-parity states are blue; odd-parity
states are red. A transition from each of the eight individual branches
is shown as an example. While not well defined, the approximate
value of J for each hyperfine level of the B(0) state is shown to
motivate the 
J component of each branch assignment.

Additionally, the previous high-temperature study did not
have high enough resolution to observe the fine and hyperfine
structure.

Figure 4 shows the resulting schematic of the N ′ = 0, 1,
and 2 levels of the B(0) state with the N ′′ = 1 levels of the
X (1) state. In Fig. 4, the spacing between the hyperfine levels
within each rotational state are drawn to scale. The B(0)
state exhibits the pattern typical for Hund’s case(b)(βS), which
occurs when bF � γ .4 In this scenario, Eq. (1) reveals that S
first couples to I, resulting in the approximately good interme-
diate angular momentum G = S + I. Then G couples to the N
to form the total angular momentum F = G + N. This results
in each rotational level of the B 2�+ state being separated

4Note that the energy level pattern of the N ′′ = 1 level of the X (1)
state does not resemble that of a typical Hund’s case(bβJ ) state but
is in a more intermediate regime between a Hund’s case(bβJ ) and
Hund’s case(bβS) state.

into two subsets of levels defined by G: G = I − S = 0 and
G = I + S = 1.

The hyperfine structure of the B(0) state manifests in
the structure of each rotational branch feature as a set of
lower-frequency transitions to the G = 0 level and a set
of higher-frequency transitions to the G = 1 levels as seen
by the two well-separated peaks for each branch shown in
Fig. 3. Here we use a modified version of the typical Hund’s
case(bβJ ) → Hund’s case(bβJ ) branch designation scheme
[36], 
N
JFi,Fj (N

′′), where the first Fi designation is replaced
with the intermediately good quantum number G = I + S =
0, 1 of the B(0) state and the second Fj designation takes the
typical value (Fj = 1 for J ′′ = N ′′ + S′′ and Fj = 2 for J ′′ =
N ′′ − S′′) for the X (1) state. According to this branch designa-
tion, the observed X (1) → B(0) transition has eight separate
branches: PQ02, PP01, PP12 + PQ12, PO11 + PP11, RS02, RR01,
RR12 + RS12, and RQ11 + RR11. Each of these branches is
shown in Fig. 4. Note that J ′ is not a good quantum number in
the B(0) state and therefore the 
J value given in each branch
designation is approximate.

The fitted hyperfine parameters of the B(0) state are a few
times larger than those of the X (0) state. The fitted bF is 2.1
times larger than that of the X (0) state, while the dipolar c
parameter is 3.7 times larger [29], indicating that the electron
density at the fluorine nucleus is larger in the B(0) state than
in the X (0) state. Additionally, while the ratio c/bF = 1.5 in
the B(0) state, in the X (0) state this ratio is only c/bF = 0.8.
The much larger c parameter in the B(0) state indicates that
the electron distribution around the fluorine nucleus is more
anisotropic than in the X (0) state. Finally, the fluorine hyper-
fine interactions in the B(0) state of MgF are much larger than
that of the other alkaline-earth monofluorides CaF and SrF,
where the fluorine hyperfine structure is unresolved [23,37].
This is similar to the A(0) state of these three molecules,
where the A(0) state of MgF has resolved fluorine hyperfine
structure and the A(0) states of CaF and SrF do not [30].
These larger fluorine hyperfine interactions provide additional
support for the conclusion that the bonding in MgF is more
covalent than that of the other alkaline-earth monofluorides
[29,30].

The fitted spin-rotation parameter γ in the B(0) state is
roughly 41% of the X (0) state value [29]. This is in con-
trast to the other alkaline-earth metal fluorides CaF and SrF,
where the spin-rotation parameter of the B(0) state is larger
in magnitude and opposite in sign when compared to the
ground X (0) state. For CaF, the ratio of γ of the B(0) state
to that of the ground X (0) state is −35.0; for SrF, this ratio is
−33.5 [23,37].

For CaF and SrF, the γ of the B(0) state are −1378.87
MHz and −4020 MHz, respectively, which are both larger
and have the opposite sign compared to our fitted value of
γ for B(0) state of MgF, 21 MHz. Because the value of γ

in a 2�+ state depends on second-order effects which mix
the 2�+ state with nearby 2�1/2 states [38,39], it is perhaps
unsurprising that the value of γ for MgF is so strikingly
different. The energy spacing of neighboring electronic levels
is roughly a factor of 4 larger for MgF. Moreover, an atomic d
state contributes to the electronic structure of the A 2� and
B 2�+ states of CaF and SrF, but is absent in MgF [40].
Better determination of spectroscopic constants, particularly
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FIG. 5. Observed (blue) and predicted Doppler (orange, re-
flected) and stick (black, reflected) spectra of the X (2) → A(1)
transition. The observed LIF and predicted Doppler spectrum of each
feature is normalized to its maximum. The predicted stick spectrum
was scaled by the relative line strengths.

of the 25MgF isotopologue, can provide insight into this value
of γ .

The primary goal of the X (1) → B(0) spectroscopy is to
identify the rotationally closed vibrational repumping tran-
sitions at high resolution. Due to parity selection rules,
rotational closure can be ensured by driving transitions from
all sublevels of the X (v′′, N ′′ = 1) state to the same subset of
levels in the B(v′, N ′ = 0) state. For example, simultaneously
driving the PP12 + PQ12(1) transitions and the PO11 + PP11(1)
transitions will effectively repump any decays to X (1) during
laser cooling. Repumping through the B(0) state as opposed to
the A(0) state avoids creating a � system and keeps the scat-
tering rate for the main cycling transition high. Repumping
through the B(0) state can lead to loss of rotational closure
through B → A → X cascade decays, but this should only
occur at the 1.2×10−4 level [16].

D. A state spectroscopy

A total of six spectral features from the X (0) → A(0),
X (1) → A(1), X (1) → A(0), and X (2) → A(1) transitions
were observed. The observed transition frequencies are re-
ported in Table III in the Appendix. The uncertainty in the
absolute frequency of each spectral feature is larger than
the observed width; therefore, only the absolute frequency
of the peak of the observed LIF signal is reported. All ob-
served X → A transitions originate from an N ′′ = 1 level of
the X (0), X (1), or X (2) states. For each of the X (0) → A(0),
X (1) → A(1), and X (1) → A(0) transitions, a single blended
spectral feature corresponding to the combination of the P1(1)
and Q12(1) features was observed. The observed P1(1)/Q12(1)
features of the X (0) → A(0) and X (1) → A(1) transitions are
shown in Figs. 2(b) and 2(c), respectively.

For the X (2) → A(1) transition, a total of three spec-
tral features were observed: the blended P1(1)/Q12(1),
Q1(1)/R12(1), and R1(1) features. The observed LIF spectrum
of these three features is presented in Fig. 5 together with
the predicted stick and Doppler spectrum. The X (v = 0, 1, 2)
state parameters were fixed to the values of Ref. [29] and the
A(v = 0, 1) state hyperfine parameters were fixed to the A(0)

TABLE II. MgF transitions for optical cycling. Numbers in
parentheses represent the 1-σ uncertainty.

Label Observed (GHz) Reference

X (0) → A(0)a 834 294.32(55) This work
834 294.356(10) [30]
834 294.356(30) [41]
834 291.11(11) [35]

X (1) → A(1)a 835 128.48(55) This work

X (1) → A(0)a 812 959.14(55) This work
812 959.246(30) [42]
812 955.46(11) [35]

X (1) → B(0)b 1 093 485.289(14) This work
X (1) → B(0)c 1 093 485.402(14) This work

1 093 485.07(9) [35]

X (2) → A(1)a 814 044.49(55) This work

aP1(1)/Q12(1) branch features.
bPP12 + PQ12(1)/PO11 + PP11(1) branch features.
cPP12 + PQ12(1) branch features.

values of Ref. [30]. Each rotational transition was predicted
separately to remove the dependence on the rotational and �-
doubling parameters of the A(1) state. The overall line center
and width of each rotational transition was determined via a
nonlinear least-squares fit of the predicted Doppler spectrum
to the LIF signal.

Comparing the frequencies of the three features of Fig. 5,
we find the A 2�1/2(v = 1) rotational constant to be B =
15 430(40) MHz, with the uncertainty dominated by uncer-
tainty in the relative frequency of the laser. We also find the
linear combination of �-doubling parameters p + 2q to be
consistent with zero within our 40 MHz uncertainty; this is
expected as these values should not substantially differ from
the A 2�1/2(v = 0) values of p + 2q = 15 MHz [30].

IV. CONCLUSION

Figure 1 presents two possible laser-cooling schemes
for MgF which can cycle up to roughly 2×104 photons,
sufficient for laser cooling and magneto-optically trapping.
In this work, we have identified several X → A and X → B
transitions in MgF, including all rotationally closed transi-
tions for laser cooling depicted in Fig. 1. We summarize
the rotationally closed transitions in Table II, with additional
assigned transitions tabulated in the Appendix. It is impor-
tant to note that in either laser-cooling scheme stray electric
fields will need to be controlled to below 1 V/cm in order
to prevent loss of rotational closure at the 104 level [30].
This level of control can be easily achieved by grounding
the vacuum chamber. Additionally, electric field-induced ro-
tational branching will result in decays to the N = 0, 2 levels
of the X (0) state, the same levels populated by magnetic
dipole decays from A(0) and B(0) [43] or by electric dipole
cascade decays from B(0) state through the intermediate A(0)
state. Losses to these states can be easily repumped, e.g., with
microwaves [14,27].

Utilizing the X (0) → A(0) and X (1) → A(1) transitions,
we optically pumped molecules into the N = 1 level of the
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X (1) and X (2) states, cycling on average ten photons. The
increased molecular population in the excited vibrational lev-
els provided increased signal when detecting the vibrational
repumping transitions. In addition to identifying all needed
vibrational repumping transitions for MgF, the observed spec-
tra of the X (1) → B(0) transition allowed the spin-rotation
and hyperfine parameters of the B(0) state to be determined.
The data and observations in this work lay the necessary
foundation for laser cooling and trapping MgF.
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APPENDIX: TRANSITION FREQUENCIES,
ASSIGNMENTS, AND FITS

Table III contains all frequencies for the X → A state
transitions observed in this work. Note that these frequen-
cies correspond to the maximum LIF signal for each feature.
Table IV contains all frequencies for the X (1) → B(0) transi-
tions and their assignments observed in this work. In addition
to the 24 assigned transitions, three other unassigned transi-
tions were observed. These transitions may be due to the other,
less abundant, isotopologues of MgF, 25MgF and 26MgF.

Spectral assignments were made via an iterative process.
Initial assignments of the fine and hyperfine components of
each rotational branch were made using both combination
differences and spectral predictions. Combination differences
using the known X (1) state energy levels [29] were used to as-
sign the PP01(1), PO11 + PP11(1), and PP12 + PQ12(1) features
and determine the energy of the N = 0, G = 0, F = 0 and
the N = 0, G = 1, F = 1 levels of the B(0) state. Assuming
that these levels are split by the Fermi-contact interaction,
an initial estimate for the Fermi-contact parameter of bF =
655 MHz was made. Using this estimated bF value, a pre-
diction of the X (1) → B(0) spectrum was then made using
the effective Hamiltonian (1) with initial rotational param-
eters for the B(0) state set to those of Ref. [35]. The spin
rotation parameter γ was initially set to zero and the dipolar
magnetic hyperfine parameter c was set to 10 MHz to break
the degeneracy between the three F sublevels of each G = 1
manifold. Additional initial assignments were made with the
aid of this spectral prediction. These assignments were con-
firmed to match the assignments of several features made
via the combination differences. This procedure resulted in
the initial assignment of 14 transitions to 14 unique spectral
features.

These 14 spectral assignments were then used as inputs to
an unweighted nonlinear least-squares fit to the transition fre-
quencies using the effective Hamiltonian (1). The parameters
of the X (1) state and the centrifugal distortion parameter of

TABLE III. Observed frequencies and assignments of the
X 2�+(v = 0, 1, 2) → A 2�1/2(v = 0, 1) transitions of MgF. The
vibrational and rotational quantum numbers of the ground and ex-
cited states are presented. Numbers in parentheses represent the 1-σ
uncertainty.

v′′ v′ Transition Observed (GHz) J ′ N ′′

0 0 P1(1)/Q12(1) 834 294.32(55) 0.5 1
1 1 P1(1)/Q12(1) 835 128.48(55) 0.5 1
1 0 P1(1)/Q12(1) 812 959.14(55) 0.5 1
2 1 P1(1)/Q12(1) 814 044.49(55) 0.5 1
2 1 Q1(1)/R12(1) 814 090.66(55) 1.5 1
2 1 R1(1) 814 167.60(55) 2.5 1

the B(0) state, D′, were held fixed and the origin T ′
0 , rotational

B′, spin-rotation γ ′, and magnetic hyperfine parameters b′
F

and c′ of the B(0) state were varied in the fit. Each transition
was weighted equally to avoid errors from a possible incorrect
assignment of a transition. The results from this fit were then
used to produce another spectral prediction which was used
to make additional assignments. These additional assignments
were made with the restriction of assigning, at most, only a
single transition to each observed spectral feature. This re-
sulted in the assignment of an additional five transitions to five
unique spectral features. This expanded set of 19 transitions
were then used as inputs to the unweighted nonlinear least-
squares-fitting algorithm. The same set of parameters were
held fixed and varied as in the previous fit and all transitions
were again weighted equally. The results of this second fit
were then used to produce a final spectral prediction from
which the last set of assignments were made. In total, this
iterative procedure resulted in the assignment of 24 transitions
to 19 unique spectral features. These 24 transitions were used
as inputs to the final weighted nonlinear least-squares fit to
the effective Hamiltonian (1) described in the main text. The
assigned transition frequencies along with the branch des-
ignations and associated quantum numbers are presented in
Table IV.

Spectral predictions are made in the following manner.
First, the relative transitions amplitudes are determined by
rotating the transition dipole matrix (TDM) for each vi-
bronic transition into the free-field eigenbasis. Then each
nonzero transition amplitude is associated with the ap-
propriate transition’s frequency, the difference between the
energies of the associated ground and excited states. The
ground and excited state energies are determined via the
diagonalization of the appropriate effective Hamiltonian de-
scribed in Sec. II. To account for the degeneracy of the
MF levels, the amplitudes of all degenerate transitions
between sets of states that only differ by the degener-
ate MF quantum numbers are summed to get the total
transition amplitude. This set of corresponding transition
frequencies and relative total transition amplitudes pro-
duces the simulated stick spectrum. The simulated Doppler
spectrum is produced from the stick spectrum by providing
each predicted transition a Gaussian lineshape.
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TABLE IV. Observed transition frequencies in megahertz and assignments for the X 2�+(1) → B 2�+(0) band of MgF. Also presented are
the differences between the observed (Obs.) and calculated (Calc.) transition frequencies. The calculated transition frequencies were obtained
using the optimized parameters determined from the fit of the X 2�+(1) → B 2�+(0) data. The fit resulted in an RMS of the residuals of
25.5 MHz. The absolute accuracy of the observed transition frequencies is 14 MHz, limited by the statistical uncertainty in our fits of the MgF
and I2 line centers.

Branch N ′′ J ′′ F ′′ N ′ G′ F ′ Obs. Obs. − Calc.

PQ02 2 1.5 2 1 0 1 1 093 455 600 17.0
PP01 1 1.5 1 0 0 0 1 093 484 872 8.0

2 2.5 2 1 0 1 1 093 455 358 25.0
PP12 + PQ12 1 0.5 1 0 1 1 1 093 485 289 −7.0

1 0.5 0 0 1 1 1 093 485 402 −13.0
2 1.5 1 1 1 0 1 093 455 834 −47.0
2 1.5 1 1 1 1 1 093 456 264 46.0

PO11 + PP11 1 1.5 2 0 1 1 1 093 485 289 2.0
2 2.5 3 1 1 2 1 093 455 986 24.0
2 2.5 2 1 1 2 1 093 455 986 3.0
2 2.5 2 1 1 1 1 093 456 165 72.0

RR01 0 0.5 0 1 0 1 1 093 547 724 19.0
1 1.5 1 2 0 2 1 093 581 253 −10.0
2 2.5 2 3 0 3 1 093 616 012 16.0

RQ11 + RR11 0 0.5 1 1 1 2 1 093 548 123 −18.0
0 0.5 1 1 1 1 1 093 548 264 13.0
1 1.5 2 2 1 3 1 093 581 681 4.0
1 1.5 2 2 1 2 1 093 581 797 11.0
2 2.5 3 3 1 4 1 093 616 667 34.0
2 2.5 2 3 1 3 1 093 616 795 37.0

RR12 + RS12 1 0.5 0 2 1 1 1 093 581 681 6.0
1 0.5 1 2 1 2 1 093 581 797 2.0
2 1.5 1 3 1 2 1 093 616 667 13.0

RS02 2 1.5 2 3 0 3 1 093 616 263 17.0
Unassigneda 1 093 456 085
Unassigned 1 093 548 384
Unassigned 1 093 616 909

aThis peak was fit to a separate Gaussian in the analysis but may not be a separate feature from the neighboring peak at 1093456165 MHz.
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