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a b s t r a c t 

We report a detailed experimental study of the cold collision of magnesium mono-fluoride (MgF) with 

buffer gas and compare the cryogenic molecular beam source of two different inner structures of cell. 

The collision cross section with helium is measured to be ∼ 0 . 8 × 10 −14 c m 

2 at 7.5 K, which is suitable 

for buffer-gas cooling. The absorption spectrum around 368.7 nm at low-lying rotational states is assigned 

and the accurate frequency of X 

2 �1/2 ( v = 1, N = 1) → A 

2 �1/2 ( v 
′ = 0, J ′ = 1/2) transition is determined to be 

812.959246 THz, which is essential for constructing the quasi-closed cycling between vibrational states. 

Our study is an important complement to laser cooling of MgF molecules. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

During the past three decades, studies of cold and ultra-cold

toms have been developed into a very mature field with tremen-

ous achievements [1,2] . Now scientists are also eager to pro-

uce cold molecule samples, owing to their rich internal degrees

f freedom, large electric dipole moments, unique chemical char-

cteristics and so on, which atoms do not possess inherently.

old molecules provide new possibilities for precision measure-

ent [3,4] , quantum information science [5,6] , condensed-matter

hysics [7] , and controlled chemistry [8] . Inspired by such fascinat-

ng applications, a variety of methods have been invented to cre-

te cold molecules. For instance, (ac) Stark decelerating [9,10] and

eeman slowing [11] have been developed to slow down a molec-

lar beam to be a few meters per second with ∼mK temperature.

n the meanwhile, velocity filtering [12] and buffer gas cooling

13] have produced cold samples at tens of meters per second with

K temperature. Photo-association [14] and Feshbach resonance

15] techniques have also been successfully used to prepare ultra-

old molecular samples, but they are limited to molecules that can

e created from laser-coolable atoms, thereby ruling out interest-

ng species like fluorides, oxides, and poly-atomics. In addition, the
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pto-electrical cooling techniques have also successfully been re-

orted in cooling polyatomic molecules CH 3 F and H 2 CO to sub-

K temperature [16] . Direct laser cooling [17] , which is believed

o be able to bridge the “μK ” gap, is a relatively new direction

ut has achieved great progress in recent years. Besides some po-

ar molecules (SrF [18,19] , CaF [20,21] , YO [22] , YbF [23] ) that have

een demonstrated, there are many more candidate molecules that

re appropriate for laser cooling, such as the ongoing BaF [24] , BaH

25] , BH [26] and even polyatomic molecule SrOH [27] , 

In our group, laser cooling of MgF molecule experiment is be-

ng conducted. MgF, as a candidate molecule, has highly diagonal

ranck-Condon factors (FCFs), which means only two laser frequen-

ies are enough to construct the quasi-cycling transition [28] . After

 lot of attempts of direct laser ablation of compounds containing

gF, we find that it is more efficient to create MgF by chemical

eaction of magnesium with gas containing fluoride [29] . This may

e attributed to the metalloid character of Mg, since it is located

n the second line of group II atoms. As far as we know, calcium

ono-fluoride is also created by chemical reaction though calcium

s a little more active than magnesium [30] . 

One problem we face is to optimize the cryogenic beam source,

nd find the optimum structures of cell suitable for MgF to cre-

te a high-flux beam, which will have great influence on our fol-

owing experiment. Another concern is to determine the exact

( v = 1, N = 1) → A( v ′ = 0, J ′ = 1/2) frequency necessary for cooling

olecules, which is a challenging task, since the population at

https://doi.org/10.1016/j.jqsrt.2019.106583
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Fig. 1. (a) A simplified schematic of a buffer gas cell where helium is flowed into through an angled tube. The important physical dimensions (cell length, L = 31 mm, cell 

diameter, d = 10 mm, the aperture, 5 mm, and the bevel angle of the helium tube is 65 °). A probe laser passing through the cell is used to observe molecular absorption. 

(b) Typical absorption signal of molecules from the beveled cell at 359.3 nm. (c) A simplified schematic of a buffer gas cell with the rectangular structure. The cell length, 

L = 36 mm, cell diameter, d = 25 mm, and the aperture, 5 mm. (d) The blue dashed line is the measured absorption signal of the rectangular cell at 359.3 nm, while the red 

solid line is a theoretical fit with Eq. (2) , in which there is a long time of decay. (e) The absorption signal for three He flow rates with the rectangular cell, where the flow 

rate of SF 6 is fixed to 0.05 sccm. 
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2 �1/2 ( v = 1) state for 6 K is almost zero, thus lead to a very weak

signal and there is almost no literature we can refer to. 

In this paper, we demonstrate the effective creation of MgF

molecules with chemical reaction for two various cell geometries,

and compare their absorption curves to obtain the optimal condi-

tion for preparation of MgF, that is, a shorter pulse, higher effi-

ciency of extraction, and a shorter time of extraction. The cold col-

lision cross section between MgF and helium is measured. We the-

oretically calculated the spectra of the X 

2 �1/2 ( v = 1) to A 

2 �( v ′ = 0)

transitions using the parameters from the fittings [29] , and mea-

sured the weak absorption signal of transitions around 368.7 nm.

By fitting the lines of the transitions near the neighborhood of the

zero gap (the starting lines of the P, Q, and R branches), we find
hat the experimental values are in excellent consistence with the

heoretical results. Our measurement is of high precision and res-

lution with an uncertainty of 30 MHz from the wavemeter. 

. The comparison of two types of cryogenic cell 

The details of our cryogenic apparatus can be referenced to Ref

29] . Here, we give a brief description. We used the reaction of

aser-ablated Mg and gaseous SF 6 , which is heat-insulated by a

olyimide spacer, to produce high-density MgF radicals. The cre-

ted molecules are cooled and swept out of the cell by a flow of

recooled helium gas. Two layers of copper shield attached to the

old plates are used to prevent room temperature radiation from
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Fig. 2. (a) Absorption fraction decay curve with log scale. The red line is the exponential decay fitting, which can be used to measure the collision cross section of MgF with 

helium. (b) Decay time vs the flow rate, where the density of the helium is calculated by Eq. (5) at the diffusive limit. The data points can be well fitted linearly to get the 

slope and calculate the collision cross section. 
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mpinging directly upon the cold cell, and a layer of activated char-

oal is attached to the inner surface of the second radiation cylin-

er to absorb helium gas at 6 K. The power of the pulsed ablation

aser (Nd: YAG, 10 ns duration, 532 nm, 2 Hz) used in experiment is

7 – 19 mJ and the temperature of the tube where SF 6 flows into

s heated to 240 K to prevent the gas from freezing. 

There are two sets of commercial Ti:sapphire lasers (Matisse TS)

n our laboratory, both of which have a large tuning range of 700–

030 nm and high output power. In experiment, the cooling fre-

uencies of MgF (pumping: 359.3 nm and repumping: 368.7 nm)

re obtained by doubling the lasers, and are locked to a reference

avity [31] . 

We have two science cells with different structures, as shown

n Fig. 1 (a) and (c). One is identical to the design of Ref [30] , and

e called it “bevelled cell”, another one is made of a cubic copper

ith two cross holes [32] . In Fig. 1 (a), helium gas enters into the

ell through an angled tube and is directed towards the solid tar-

et, while in Fig. 1 (c), the helium gas is flowed into from the rear

f the cell. For the rectangular cell, the SF 6 is flowed into from the

ottom, as shown by the dashed circles. For another cell, the reac-

ion gas is poured into from the side of ablation light, which can

e clearly seen in Ref [29] . During our experiment, the tempera-

ure of the rectangular cell can only be cooled to 7.5 K, since it has

 larger load, while for the other, it can be cooled to 6 K. We intro-

uced two various types of cell here, because we want to compare

he characteristics of preparing MgF molecules of the two differ-

nt structures, optimize the cryogenic molecular beam source, and

easure the collision cross section with helium buffer gas using

he rectangular cell. An absorption spectroscopy scheme is set up

o detect and monitor the molecule creation and collision dynam-

cs for both of the two kinds of cell. In order to extract the infor-

ation behind the signal, we normalized it to the absorption frac-

ion c = 1 − I abs / I avg , where I avg is the mean value of the background

ignal. Fig. 1 (b) shows a typical absorption signal of the bevelled

ell with the depletion efficiency ∼50% at 359.3 nm, which has a

ull width at half maximum (FWHM) of 0.58 ms. The absorption

ignal curve of the rectangular cell is shown in Fig. 1 (d) in blue

ashed line, where the depletion efficiency is ∼20% and the FWHM

s 1.18 ms, which is ∼40% and ∼2 times of that of bevelled cell, re-

pectively. Compared with the rectangular structure, the total time

ecessary for the molecules to be extracted out of the cell for the

evelled structure, t e, is much smaller, yielding a short pulse and

eaving little time for diffusion to the walls. The flow rates for he-

ium and SF 6 here are 2 and 0.05 sccm separately. A larger flow

ate of helium for the rectangular cell results in a bigger absorp-

ion signal, but there is still an upper limit, which is illustrated
n Fig. 1 (e). Besides, the extraction time increases with the higher

ow of helium, especially for the blue solid line at a flow rate of

.35 sccm, in which there is a significant broadening. We attribute

his phenomenon to the growing vortices size with the increase

f helium flow rate [33] , which can not only trap a large fraction

f molecules formed by chemical reaction but also diffuse them

o the walls, thus limit the fraction that can be extracted out of

he cell. Also, a large flow rate of continuous helium will limit the

ifetime of the magneto-optical trapping of molecules [21,22] , so a

evelled cell is adopted in our following experiment. However, to

easure the diffusion collision cross section with buffer gas, we

onduct an experiment using the rectangular cell in the next sec-

ion [24,34] , while the other parts of this paper were conducted

sing the bevelled cell. 

. Collisional cross section with buffer gas 

We construct a two-step model to fit the absorption signal of

he rectangular cell. First, the molecule’s creation process is mod-

led by a logistic function, 

 = 

A 

1 + e −( t−t 0 ) / τ1 
, (1) 

here t 0 means the delay after the pulse laser fired, and it de-

ends on the distance between the target and the probe beam. τ 1 

valuates how fast the creation process happens. 

The second step is the decay process caused by the diffusion

f molecules in the buffer-gas cell, including the colliding with the

ell walls and inelastic collisions with the buffer gas. Overall, we

an model it with an exponential decay, so the two-step model

ives a fitting function, 

 = 

A 

1 + e −( t−t 0 ) / τ1 
e −( t−t 0 ) / τ2 , (2) 

here τ 2 describes how fast the signal decay. This two-step model

ts well with the experimental data as shown in red solid line in

ig. 1 (d). Once the molecules are created by the ablation laser, the

ignal decays. The relaxations are mainly caused by the diffusion to

he cell walls and the leakage via the aperture to form a molecu-

ar beam. Fig. 2 (a) illustrates the absorption signal on a logarithmic

cale, in which the helium flow rate is 5 sccm. From 1.5 to 4 ms,

he logarithmic signal can be fitted well with a line, which reflects

he in-cell colliding dynamics. The time constant of the exponen-

ial decay for molecules diffusing through the helium gas of den-

ity ( n He ) is given by [34] , 

d = 

n He σd 
, (3) 
v̄ G 



4 S. Xu, M. Xia and R. Gu et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 236 (2019) 106583 

Fig. 3. (a) Relevant electronic and vibrational structure in MgF. Solid upward lines indicate laser-driven transitions at the wavelength λvv ′ . Solid downward lines indicate 

the spontaneous decays from the A 2 � 1/2 state with FCFs f v ′ v as shown. The blue ellipses represent the population of molecules at each vibrational state. (b) Theoretical 

calculation of the vibrational distribution. The population at high-lying vibrational states are very small till the temperature is up to 10 0 0 K. At 6 K, almost all the molecules 

populate at the v = 0 state. (c) The absorption signal at 813.005946 THz, which is the Q 1 (1) branch of v = 1 → v ′ = 0 transitions. The red curve is from an irrelevant frequency, 

which is plotted here for comparison. 
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G = 

3 π

32 

(
j 2 01 

r 2 
+ 

π2 

L 2 

)
, (4)

where σ d is the collision cross section between molecule and the

buffer gas, v̄ = ( 8 k B T /πμ) 1 / 2 is the average MgF–4 He collision ve-

locity at temperature T , μ is the reduced mass of atom-molecule

system, r and L are the radius and length of the cylindrical tube,

respectively, and j 01 ≈ 2.405 is the first root of the Bessel function

J 0 ( x ) [34] . 

The density of helium is determined by [35] , 

n He = 

κ f 

Aβ
. (5)

where A is the area of the aperture, β ≡
√ 

2 k B T / m He , κ = 2 
√ 

π for

fully effusive and κ = 1 / 
√ 

γ / ( γ − 1 ) (for a noble gas the heat ca-

pacity is γ = 5/3) for fully supersonic. In our case at the low he-

lium flow rate regime (in the effusive regime), 1 sccm corresponds

to the He density of about 4.58 × 10 14 cm 

−3 . 

Fig. 2 (b) shows the dependence of the decay time constant τ d 

on the helium flow rate, along with a linear fitting. Using the

Eq. (3) , we find that the diffusion cross section in He at 7.5 K to be

∼ 0 . 8 × 10 −14 c m 

2 , which is consistent with the typical helium-

molecule elastic cross section of ∼10 −14 cm 

2 [36] . 

4. The determination of the v 01 frequency 

In order to achieve laser cooling of MgF molecules, one need

to construct the quasi-cycling system between the X 

2 �+ → A 

2 � 1/2 

transition. That means at least two laser frequencies are necessary

for MgF, since it has supportive FCFs [28] . A molecule can scat-

ter ∼10 6 photons before it is populated at a dark state with only
wo lasers [31] . The recoil velocity for MgF is � k / m ∼ 2.6 cm/s, so in

rinciple that’s enough to slow down the molecular beam with the

ongitudinal velocity of 200 m/s for our laser cooling experiment.

ccording to the Maxwell–Boltzmann distribution law, the num-

er of molecules in each of the vibrational states is proportional to

 

−E / k T , where k is the Boltzmann’s constant, T is the absolute tem-

erature and E is the discrete vibrational energy [37] : 

 = hc × ( G ( 0 ) + G 0 ( v ) ) , (6a)

 ( 0 ) = 

1 

2 

w e − 1 

4 

w e x e + 

1 

8 

w e y e + . . . , (6b)

 0 ( v ) = w 0 v − w 0 x 0 v 2 + w 0 y 0 v 3 + . . . , (6c)

 0 = w e − w e x e + 

3 

4 

w e y e + . . . , (6d)

w 0 x 0 = w e x e − 3 

2 

w e y e + . . . , (6e)

w 0 y 0 = w e y e + . . . , (6f)

here G (0) is the zero-point energy, G 0 (v) is the energy of each vi-

rational states with reference to G (0), and w e , w e x e , and w e y e are

he harmonic vibrational constant, and the first and second an-

armonic corrections to the harmonic oscillator, respectively. The

ero-point energy can be left out since to add this to the exponent

ould mean only adding a factor that is constant for all the vi-

rational levels (including the zero level). Table 1 lists some of the

arameters used in our calculation. 
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Fig. 4. (a) The calculated bands of the X 2 �1/2 ( v = 1) → A 2 �( v ′ = 0) system with the constants listed in Table 2 . (b) The bands of the X 2 �1/2 ( v = 1) → A 2 �1/2 ( v 
′ = 0) transitions 

in the low-lying rotational states, where the zero point is set at P 1 (1) branch. (c) The measured spectra in the cryogenic cell near the 368.7 nm. (d) The measured P 1 (1) 

branch of v = 1 → v ′ = 0 transitions, and the accurate frequency is 812.959246 THz. The data in figure (c) and (d) are from the absorption signals of MgF molecules in the cell. 

Table 1 

Spectroscopic constants for the X 2 �+ electronic states of 

MgF from the experimental data. 

State w e (cm 

−1 ) w e x e (cm 

−1 ) w e y e (cm 

−1 ) 

X 2 �+ 720.14 [38] 4.26 [38] 0.0165 [38] 
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However, using the Eq. (6), we find that the population at the

rst vibrational state ( v = 1) of X 

2 �+ electronic state for 6 K is al-

ost zero, shown in Fig. 3 (b). Even at a room temperature, the

opulation at v = 1 state is much smaller than that at v = 0 state.

hat’s more, once a molecule absorbs a photon from the probe

aser, 99.78% probability it will go back to the X 

2 �+ ( v = 0) state

28] , as can be seen in Fig. 3 (a), which makes the molecules pop-

late at v = 1 state even much less, and thus increase the diffi-

ulties of measuring the spectrum around 368.7 nm, because the

uctuations of the background can even bigger than the real sig-

al. Fig. 3 (c) is a normalized absorption curve at 813.005946 THz

368.7 nm), with an average of 120 times. The absolute absorp-

ion fraction is ∼0.003, which is ∼1/167 of that absorption frac-

ion from 359.3 nm. We also plot a curve at an irrelevant frequency

813.005080 THz) for reference. 

As far as we can tell, there is a striking feature for the vibration-

otation spectra of MgF in the neighborhood of the zero gap.

he spacing between the P 1 (1) and the Q 1 (0) associated with

he X 

2 �1/2 → A 

2 �1/2 transitions is quite large, which is an ef-

ective way to assign the lines. Using the formulas in Ref [29] ,

e calculated the spectra of the X 

2 �1/2 ( v = 1) to A 

2 �1/2 ( v 
′ = 0)

ransitions, as shown in Fig. 4 (a). In the figures, the y axis is

he rotational quantum numbers of the ground state, N, and the

 axis is the transition frequency. The spectrum constants used

ere are listed in Table 2 , including the rotational constant of the
 

2 � state B 

′ 
v , the rotational constant of the X 

2 � state B v , the

pin–orbit coupling constant A, the spin–rotational coupling con-

tant γ , and the zero lines v ′ 
0 

and v 0 for A 

2 � and X 

2 �1/2 ( v = 1),

espectively. 

From the figure, the transitions of 

 

2 �1/2 ( v = 1) → A 

2 �1/2 ( v 
′ = 0) are located near 812.5 THz,

hile the transitions of the X 

2 �1/2 ( v = 1) → A 

2 �3/2 ( v 
′ = 0) are

ear 813.5 THz. Fig. 4 (b) is the partial enlarged figure of the

 

2 �1/2 ( v = 1) → A 

2 �1/2 ( v 
′ = 0) transitions near the zero gap, in

hich the x axis is represented by frequency detuning with re-

pect to P 1 (1) . We can see that the frequency difference between

 1 (1) and Q 1 (0) is 30,738 MHz, which is almost twice of the other

equences in P 1 and Q 1 branches. The first three sequences in

 1 branch are 14,804, 14,418, and 14,030 MHz and the frequency

ifference between Q 1 (0) and Q 1 (1) is 15,901 MHz. Fig. 4 (c) shows

he measured absorption bands of MgF near 368.7 nm. Though it

s weak, we still can figure out some peaks. A key step to confirm

he peak is real or not is to see whether the peak is made up of

 series continuous data points, since the fluctuations from noise

re random. The frequency differences between the measured

eaks are labeled in the Fig. 4 (c), along with the assignment of

he peaks, which are in excellent consistence with the calculated

esults. Taking the P 1 (1) line in Fig. 4 (d), its peak width is 445 MHz

ue to the Doppler broadening ( �v D = 2 v 0 
√ 

2 kT ln 2 
m c 2 

= 223 MHz )

f MgF at 6 K. 

The exact frequency values in Fig. 4 (c) are listed in Table 3 ,

here N represents the rotational quantum number of the ground

tate, and O – C represents the frequency difference between the

bserved and calculated lines. From the table, the measured values

re away from the calculated ones by about 0.533 THz, which may

ecause that the constants used in our calculation are partly from

he fitting of the high-lying rotational states. 
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Table 2 

The constants for calculating the spectra bands of X 2 �1/2 ( v = 1) → A 2 �( v ′ = 0). 

B 
′ 
v (cm 

−1 ) B v (cm 

−1 ) A (cm 

−1 ) v ′ 0 (cm 

−1 ) v 0 (cm 

−1 ) γ (cm 

−1 ) 

0.5264 [29] 0.51217 [39] 36.406 [29] 27,830.0 [29] 711.69 [39] 0.0016595 [40] 

Table 3 

Measured and calculated frequencies for the transi- 

tion X 2 �1/2 ( v = 1) → A 2 �1/2 ( v 
′ = 0). The column on the 

right summarizes the energy difference between the 

observed and calculated lines. 

N Cal. (TH Z ) Obs. (TH Z ) O − C 

P 1 1 812.425816 812.959246 0.533430 

2 812.411012 812.944414 0.533402 

3 812.396594 812.930032 0.533438 

4 812.382564 812.916226 0.533662 

Q 1 0 812.456550 812.989890 0.533340 

1 812.472455 813.005946 0.533491 

Fig. 5. (a) Hyperfine-structure levels of the X 2 �1/2 ( v = 1, N = 1) to 

A 2 �1 / 2 ( v ′ = 0 , J ′ = 

1 
2 
, e ) transition of MgF molecule. The hyperfine levels for 

N = 1 are shown. (b) LIF spectra of the transition from X 2 �1/2 ( v = 1, N = 1) to 

A 2 �1 / 2 ( v ′ = 0 , J ′ = 

1 
2 
, e ) . The red curve is a Gaussian fitting. 
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Fig. 5 (a) shows the energy levels of X 

2 �1/2 ( v = 1,

N = 1) → A 

2 �1/2 ( v 
′ = 0, J ′ = 1/2) transition, which correspond-

ing to the P 1 (1) branch in Fig. 4 (c). The hyperfine splitting of

the X 

2 �1/2 with J = 1/2 is ∼110 MHz, while the splitting between

the F = 0 ( J = 1/2) and the F = 1 ( J = 3/2) levels is ∼120 MHz. The

splitting of J = 3/2 is ∼8.5 MHz, which is within the spontaneous

emission rate and cannot be resolved in our experiment. The

hyperfine splitting within the excited A 

2 �1/2 state is only a few

MHz, which is not resolvable. 
Fig. 5 (b) shows the measured laser induced fluorescence

LIF) of the molecules with X 

2 �1/2 ( v = 1, N = 1) → A 

2 �1/2 ( v 
′ = 0,

 

′ = 1/2) transition. We obtain a hyperfine splitting of ∼125.5 and

106.8 MHz, which are consistent with the theoretical values in

ig. 5 (a). The discrepancies are mainly from the weak LIF signal

f v = 1 → v ′ = 0 transition. 

. Conclusion 

To conclude, we compare the characteristics of two var-

ous structures of cell in preparing the cryogenic molecular

eam source of MgF. Using the rectangular cell, the collision

ross section between MgF and helium is measured. The par-

ial P and Q branches of electronic transition of X 

2 �1/2 ( v = 0,

N = 1) → A 

2 �1/2 ( v 
′ = 0, J ′ = 1/2) are also measured and confidently

ssigned. Finally, we introduced an effective way to assign the

pectra of unknown, which can be applied to other molecules suit-

ble for laser cooling. 
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