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We demonstrate a three-dimensional magneto-optical trap (MOT) of a metal hydride molecule, CaH. We are

able to scatter ∼10
4 photons with vibrational loss covered up to vibrational quantum number a = 2. This allows

us to laser slow the molecular beam near zero velocity with a “white-light” technique and subsequently load it

into a radio-frequency MOT. The MOT contains 230(40) molecules, limited by beam source characteristics and

predissociative loss of CaH. The temperature of the MOT is below one millikelvin. The predissociative loss

mechanism could, in turn, facilitate controlled dissociation of the molecule, offering a possible route to optical

trapping of hydrogen atoms for precision spectroscopy.

The development of techniques to manipulate molecules in

the ultracold regime has enabled a variety of applications in

quantum computation [1–3], ultracold chemistry [4–6], and

precision measurement [7, 8]. One notable technique is direct

laser cooling of molecules, which, up to now, has led to several

types of diatomic and polyatomic molecules to be trapped

in magneto-optical traps (MOTs) [9–16]. High phase-space

densities can then be achieved with further cooling [17, 18].

Extending these techniques to additional molecular species

creates new opportunities. Metal hydride molecules are of

particular interest as they constitute a simple yet rich class of

diatomic molecules for precise studies of molecular structure as

well as ultracold dynamics and chemistry. At the same time they

may offer a promising pathway toward producing an ultracold

and trapped sample of atomic hydrogen [19–21], an ideal

system for high-precision tests of quantum electrodynamics

and measurements of fundamental constants [22, 23].

Hydrogen spectroscopy has advanced remarkably over the

past few decades. The narrow 1(–2( transition was mea-

sured to kHz precision [24, 25], and other transitions including

2(–4% [26], 2(1/2–2%1/2 (Lamb shift) [27], 1(–3( [28], and

2(1/2–8�5/2 [29] transitions were also measured with high

precision to help refine the proton charge radius [22]. These

measurements are limited by Doppler broadening arising from

the finite transverse temperature of the atomic beam. Further

improvements could be achieved by producing a trapped, ul-

tracold sample of hydrogen atoms. While laser cooling of

hydrogen remains technically challenging, and a magnetic

trap environment is unsuitable for high-precision measure-

ments [30], an approach based on dissociation of ultracold

metal hydride molecules could be feasible [21].

Diatomic alkaline-earth metal hydride molecules possess

the internal structure that allows for efficient laser cooling [20,

31, 32]. Following near-threshold dissociation, the resulting

hydrogen atoms could reach a lower temperature than the parent

molecules [19, 21]. The initial challenge of this approach is to

trap an ultracold molecular sample. In this work, we show that

calcium monohydride (CaH) can be laser slowed and loaded

into a MOT. We trap ∼200 molecules in the MOT, at sub-

millikelvin temperatures. The MOT characteristics, including

the lifetime and effective trap frequency, are measured and

found to be similar to those of other molecular MOTs. The

molecule number is primarily limited by the beam source

characteristics, with a relatively high forward velocity and

an order-of-magnitude lower yield than for diatomic metal

fluorides [33]. The predissociative loss of CaH further reduces

the number of trappable molecules [21]. This achievement

marks an important milestone toward a new platform for studies

of quantum chemistry in the ultracold regime [34] and optical

trapping of atomic hydrogen.

The experiment starts with a cryogenic buffer-gas beam

(CBGB) of CaH molecules operating at ∼6 K, as shown in

Fig. 1(a). A pulsed Nd:YAG laser at 532 nm ablates a solid

calcium target, creating a hot plume of Ca atoms. The atoms

then react with hydrogen molecules (H2) introduced through a

thermally isolated fill line at∼60 K. The product CaH molecules

are further buffer-gas cooled with 4He at ∼6 K and extracted

from the cell to form the molecular beam. The forward velocity

peaks at ∼300 m/s. With its high vapor pressure at cryogenic

temperatures, H2 can act as a buffer gas, helping the production

of cold molecules at the cost of an increased forward velocity

due to its light mass [33]. Buffer-gas cooling with 4He extends

the low-velocity tail of the distribution to ∼100 m/s, providing

the basis for efficient laser slowing and trapping.

Counter-propagating slowing lasers are applied to the molec-

ular beam extracted from the cell. The slowing lasers include

a main cycling laser addressing the �2
Π1/2 (a

′
= 0, �′ =

1/2, +) ← -2
Σ
+ (a = 0, # = 1, −) transition and two vibra-

tional repumping lasers for (a = 1) and (a = 2) addressing the

�2
Σ
+ (a′ = 0, # ′ = 0, +) ← -2

Σ
+ (a = 1, # = 1, −) and

the �2
Π1/2 (a

′
= 1, �′ = 1/2, +) ← -2

Σ
+ (a = 2, # = 1, −)

transitions. Here a, # , �, and +/− denote the vibrational

quantum number, rotational quantum number, total angular

momentum, and state parity, respectively. The relevant en-

ergy level structure is shown in Fig. 1(b). The decelera-

tion force is provided by the main cycling laser at 695 nm

with its 96.8% vibrational branching ratio (VBR) back to the

(a = 0) state. To decelerate the slowest molecules with a

forward velocity of ∼100 m/s to the MOT capture velocity

(≲10 m/s), at least∼7×10
3 photons must be scattered given the

ℏ:/< ≈ 1.4 × 10
−2 m/s recoil velocity per photon. Here ℏ is

the reduced Planck constant, : is the wavenumber of a 695 nm

photon, and < is the mass of a CaH molecule. Based on the

theoretical values in Ref. [35], adding vibrational repumps up
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FIG. 1. (a) Schematic of the experiment. CaH molecules are gen-

erated from a CBGB source operating at ∼6 K. The molecules are

subsequently laser slowed and trapped in the MOT region 73 cm away

from the cell exit. (b) Relevant energy level structure for laser slow-

ing. The deceleration force is supplied by the frequency-broadened

main cycling laser addressing the �2
Π1/2 (a

′
= 0, �′ = 1/2, +) ←

-2
Σ
+ (a = 0, # = 1, −) transition at 695 nm. Vibrational repumping

covers up to (a = 2) for both laser slowing and the MOT. (c) Relevant

energy level structure for the MOT. The lasers address the same

transition as the main cycling laser of slowing but with a distinct laser

frequency for each hyperfine state. The �2
Π1/2 (a

′
= 0, �′ = 1/2, +)

excited state has a X� ≈ 18 MHz hyperfine splitting. The MOT is

optimal with a global detuning of X ≈ −5 MHz.

to (a = 2) allows for 1/(1−
∑

2

a=0
VBR0→a) ∼ 5×10

4 photons

to be scattered before <37% (<1/4) of the initial population

remains. Although VBRs for the higher vibrational states have

not been measured, and theoretical values could be underesti-

mated [20, 21], this order-of-magnitude higher photon budget

should be adequate for observing a MOT.

We employ white-light laser slowing where all the slowing

lasers are spectrally broadened with strongly driven electro-

optic modulators (EOMs) operating at ∼4.3 MHz. Additional

EOMs are used to cover the ∼1.9 GHz spin-rotation splitting

and the ∼50–100 MHz hyperfine splittings [Fig. 1(c)]. The

strongly driven white-light EOM, together with the hyperfine

EOM, produces a frequency broadening of ∼400 MHz. Further

details of the laser configuration can be found in Supplemental

Material. Molecules with velocities up to ∼200 m/s thus

remain resonant with the slowing lasers and are decelerated

continuously. To avoid populating magnetic dark states during

the slowing process, we use a Pockels cell to switch the slowing

lasers between two orthogonal linear polarizations at a rate

of 2 MHz. The slowing lasers are gently focused toward the

cell to compensate for the divergence of the molecular beam,

with 0.8 cm 1/42 Gaussian diameter at the cell exit and 1.3 cm

1/42 Gaussian diameter at the MOT center which is 73 cm

downstream from the cell [Fig. 1(a)]. The total power used for

the slowing lasers are 1.2 W, 0.9 W, and 0.3 W, corresponding

(a)

(b)

FIG. 2. Characterization of laser slowing. (a) Laser-induced fluores-

cence (LIF) of an unperturbed molecular beam subtracted from the

LIF of a molecular beam subject to laser slowing. The solid black line

marks ballistic propagation from the cell and serves as a guide to the

eye. (b) Time-integrated LIF for unperturbed and the slowed beams as

a function of forward velocity. Error bars represent 1-f uncertainties.

The inset shows fluorescence for detection at zero velocity. The results

indicate efficient laser slowing, with molecules decelerated below the

MOT capture velocity (≲10 m/s).

to the main cycling laser, (a = 1) repumping laser, and (a = 2)

repumping laser, respectively.

We characterize the effectiveness of laser slowing via the

change of forward velocity, measured using a two-photon

background-free detection scheme. We apply a laser trans-

versely to the molecular beam in the MOT region to address the

�2
Π1/2 (a

′
= 0, �′ = 3/2, +) ← -2

Σ
+ (a = 0, # = 1, −) and

the �2
Π1/2 (a

′
= 0, �′ = 3/2, +) ← -2

Σ
+ (a = 0, # = 3, � =

5/2, −) transitions at 695 nm, and apply a second laser in a

velocity-sensitive configuration—copropagating with the slow-

ing lasers—to address the �2
Π1/2 (a

′
= 0, �′ = 3/2, −) ←

�2
Π1/2 (a = 0, � = 3/2, +) transition at 1668 nm. The 490 nm

laser-induced fluorescence (LIF) from the � → - decay is

collected on a photomultiplier tube (PMT) with temporal resolu-

tion, and the velocity information is obtained through detuning

the � ← � laser to compensate for the corresponding Doppler

shift. In this approach, the � state chosen for detection is not

involved in the slowing scheme. Laser slowing is found to be

optimal when it is turned on 1.2 ms after ablation (when the

molecules are fully extracted from the cell) and with a duration

of 15 ms. Figure 2 shows the slowing measurements in this

configuration. The differential LIF in Fig. 2(a) is obtained

by subtracting the fluorescence of an unperturbed molecular

beam from that of a molecular beam subject to laser slowing.

The time-integrated LIF signals versus molecular velocity are

shown in Fig. 2(b). Given the signal-to-noise ratio (SNR), each

measurement shown in this manuscript requires averaging∼500

experimental cycles. The results show the overall distribution

shifting to lower velocities with laser slowing. In particular,

with slowing we observe molecules near zero velocity (� ← �
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laser on resonance), as shown in the inset of Fig. 2(b). This

indicates the presence of molecules within the MOT capture

velocity.

The MOT lasers address the same main cycling transition.

However, since the MOT can only work within the natural

linewidth (Γ ∼ 5 MHz), each hyperfine state is addressed with

a distinct laser frequency [Fig. 1(c)]. CaH has an 18 MHz

hyperfine splitting in the �2
Π1/2 (a

′
= 0, �′ = 1/2, +) excited

state, which is comparable to the hyperfine splitting reported

in the other parity state [31]. Given the hyperfine branching

ratios, -2
Σ
+ (a = 0, # = 1, � = 3/2, � = 1, −) is coupled

to the �2
Π1/2 (a

′
= 0, �′ = 1/2, �′ = 0, +) state, while

the other 3 hyperfine levels in the ground state are coupled to

�2
Π1/2 (a

′
= 0, �′ = 1/2, �′ = 1, +). All the MOT laser

beams have 1/42 Gaussian diameters of 1.7 cm and roughly

equal intensities. The lasers are globally detuned by −5 MHz

for optimal MOT trapping. We employ a radio-frequency MOT

configuration where laser polarizations and the magnetic field

gradient are switched at a rate of 0.9 MHz to remix the magnetic

dark states. The laser polarizations are switched between f+

and f− with high contrast, while the magnetic field gradient is

switched by resonantly, sinusoidally modulating the current into

the anti-Helmholtz MOT coils, producing a root-mean-square

axial gradient of 17 G/cm. Trapping is established when the

switching is synchronized in phase.

The MOT starts to load when the main cycling laser for

slowing is turned off. The repumping lasers for slowing are

kept on to serve as repumps for the MOT. We detect the

635 nm LIF corresponding to �2
Σ
+ (a′ = 0, # ′ = 0, +) →

-2
Σ
+ (a = 0, # = 1, −) due to the (a = 1) repumping laser.

Figure 3(a) shows the LIF detected by a PMT under different

configurations: slowing only (gray), MOT (red), and antiMOT

(blue). The “antiMOT” configuration is realized when the laser

polarizations are out of phase with respect to the magnetic field

gradient, the trace showing the slowed molecules traversing the

MOT region. In the MOT configuration, we detect molecules

long after the molecular beam passes the region, demonstrating

successful magneto-optical trapping of CaH molecules. For

Fig. 3(a), the MOT is loaded with 11 mW of laser power

per beam. After ∼10 ms of MOT loading and thermalization

(25 ms after ablation) the power is ramped down to 7.5 mW

linearly over 10 ms to extend the trap lifetime and lower its

temperature. To determine the MOT lifetime, we subtract the

LIF of the antiMOT phase from that of the MOT phase and fit

the tail of the differential LIF to an exponential decay, as shown

in Fig. 3(b). We measure the corresponding 1/4 lifetime at

various MOT laser powers and obtain lifetimes up to ∼30 ms

at a few milliwatts [Fig. 3(c)]. From the observed trend, we

expect even longer lifetimes with lower laser powers, but with

the smaller number of trapped molecules significantly more

averages are needed for comparable SNRs.

We directly image the molecules with an electron-multiplying

charge-coupled device camera, integrating from 25 ms to 55 ms

after ablation for both the MOT and the antiMOT [Fig. 3(d)].

The high contrast between the two configurations confirms the

successful creation of a CaH MOT. The number of trapped

(a)

(b)

(c)

MOT

AnƟMOT

Slowing only

(d)
MOT AnƟMOT

1 mm

A
xi

a
l

Radial

FIG. 3. CaH MOT measurements. (a) LIF detected with a PMT

under 3 configurations: slowing only (gray), MOT (red), and antiMOT

(blue). The presence of molecules in the MOT after the molecular

beam has fully traversed the region demonstrates trapping. (b) LIF

of the antiMOT phase subtracted from that of the MOT phase. 1/4

lifetime can be extracted from an exponential fit to the tail of the trace.

(c) 1/4 MOT lifetime as a function of the laser power; ∼30 ms is

achieved with a few milliwatts. The solid line is a guide to the eye.

(d) Camera images of the MOT and antiMOT, integrating from 25 ms

to 55 ms after ablation. The images are smoothed with a Gaussian

filter of 0.6 mm standard deviation.

molecules is extracted from the camera’s photoelectron counts.

After calibrating the photon collection efficiency of the imaging

system and measuring photon scattering rates, we estimate a

peak number of 230(40) trapped molecules. The photon

scattering rates are determined by turning off the (a = 2)

repumping laser and measuring the 1/4 lifetime. With the

knowledge of the VBR to the (a = 2) state, the photon scattering

rate can be inferred. This measurement also enables estimates

of loss to higher vibrational states or predissociation of the �

states [21]. The vibrational leakage to (a = 3) should not play

a significant role in the MOT given the photon budget. The

loss is therefore predominantly due to predissociation of the

�2
Σ
+ (a′ = 0, # ′ = 0, +) excited state used for repumping

(a = 1). With the measured MOT lifetime of 15.1(2) ms and

photon scattering rate of 6.1(1.1) × 10
5 s−1 at 8 mW of laser

power per beam, the predissociation probability is estimated

to be 3.7(7) × 10
−3. This value is larger than our previous

measurement, though in better agreement with theoretical

predictions [21], and reduces the photon budget to ∼9 × 10
3.

Given that ∼7 × 10
3 photons must be scattered for effective

laser slowing, ≲0.5 of the initial population can survive this
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(i) (ii) (iii) (iv) (v)

FIG. 4. MOT trapping and cooling force measurement. MOT

displacement as a function of time after an applied push by the main

cycling laser for slowing. (ii)-(v) are sample MOT images at 3.5 ms,

9 ms, 13 ms, and 16 ms after the push. (i) shows the unperturbed

MOT, with its fitted center position marked by the gray square point

and the corresponding shaded region. The images are smoothed

with a Gaussian filter of 0.6 mm standard deviation and normalized

to the same scale for better visualization. Error bars represent 1-

f uncertainties. The fit of the displacements versus time yields a

trapping frequency of l = 2c × 48(3) Hz and a damping constant of

V = 510(110) s−1.

process, limiting the number of trappable molecules.

To characterize the MOT, we measure its properties including

the trapping and cooling forces, the size of the trapped molecular

cloud, and the temperature. In the low temperature regime, the

force � on the trapped molecules can be approximated with

a damped harmonic oscillator as �/< = −l2A − VE, where

l and V are the trapping frequency and damping constant,

respectively. These are measured by observing the oscillation

of the molecules in the MOT after a push applied by the main

cycling laser for slowing. We first load the molecules with

11 mW of MOT laser power per beam. After thermalization,

25 ms after ablation, the main cycling laser for slowing is pulsed

on for 0.5 ms. The MOT displacement from equilibrium

as a function of time can be described by the expression

A (C) ∝ 4−VC/2 sin[
√

l2 − (V/2)2C], and is measured in Fig. 4.

Figures 4(ii)–4(v) are sample images showing the MOT at

3.5 ms, 9 ms, 13 ms, and 16 ms after the push. For each

measurement, the molecules are imaged for 2 ms and the

displacement is extracted from a two-dimensional Gaussian fit.

Figure 4(i) shows the unperturbed MOT, with the gray square

point and the corresponding shaded region marking its fitted

position. The trapping frequency and damping constant are

measured to be l = 2c × 48(3) Hz and V = 510(110) s−1,

which are comparable to those of other molecular MOTs such

as for calcium monohydroxide (CaOH) [13].

Other key MOT characteristics include its size and tem-

perature. We measure the geometric mean MOT size

fMOT = f
1/3

∥
f

2/3
⊥ as a function of the MOT laser power (Fig. 5).

Here f∥ and f⊥ are the fitted Gaussian widths of the MOT in

the axial and radial directions of the magnetic field gradient, re-

spectively. The camera signal is integrated from 25 ms to 55 ms

FIG. 5. MOT size and temperature measurements. Geometric mean

MOT size as a function of the MOT laser power per beam. The MOT

size increases with higher power due to sub-Doppler heating. The

inset shows the measured geometric mean temperature of the MOT at

two laser powers. Error bars represent 1-f uncertainties.

after ablation while the MOT laser powers are held constant.

We observe an increase in MOT size with higher laser powers,

which is expected since sub-Doppler heating becomes more

significant. We also measure the MOT temperatures at two

characteristic laser powers, 7.5 mW and 11 mW, as shown in

the inset of Fig. 5: after loading and thermalization, we release

and then recapture the MOT after a variable wait time. The

MOT temperature can be inferred from the time-of-flight ex-

pansion, where the evolution of the Gaussian widths in the axial

and the radial directions follows f(C) =
√

f2 (0) + (:�)/<)C2.

Here :� is the Boltzmann constant. The measured geometric

mean temperatures )MOT = )
1/3

∥
)

2/3
⊥ are 0.86(36) mK and

3.5(5) mK for the 7.5 mW and 11 mW laser powers.

In summary, we have demonstrated a three-dimensional

MOT of a metal hydride molecule, CaH. The number of

trapped molecules is currently limited by the beam source

characteristics and by predissociative loss during laser slowing.

An increase of the trapped molecule number to ∼10
3 should

be possible with higher slowing laser power and chirped laser

slowing. This work sets the stage for further cooling and

trapping experiments with metal hydride molecules including

sub-Doppler cooling [10, 13, 36], blue-detuned MOTs [17, 37–

39], and optical dipole trapping [40, 41]. Optical trapping

of hydrogen atoms for precision spectroscopy should become

feasible via near-threshold dissociation [19, 21]. The demon-

strated techniques for metal hydride molecules can be extended

to deuterides [35], potentially contributing to isotope shift

measurements in the search for physics beyond the Standard

Model [42]. Furthermore, this new laser cooled and trapped

molecular species opens new possibilities at the forefront of

quantum chemistry [4, 34].
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S1. LASER CONFIGURATION

TABLE S1. Laser frequencies used in this work. The values for the slowing lasers represent their center

frequencies (∗), and the +/− notation is used to distinguish the (� = 1) states for different � states. For velocity

sensitive detection, the resonant laser frequencies are displayed. The shown MOT laser frequencies are detuned

by −5 MHz from resonance, the optimal MOT detuning.

Ground a # � � Excited a′ # ′ �′ �′ Frequency (THz)

Slowing

- 0 1 1/2, 3/2 0, 1
+, 1

− , 2 � 0 – 1/2 0, 1 431.275351
∗

- 1 1 1/2, 3/2 0, 1
+, 1

− , 2 � 0 0 1/2 0, 1 434.255716
∗

- 2 1 1/2, 3/2 0, 1
+, 1

− , 2 � 1 – 1/2 0, 1 395.717941
∗

Velocity

sensitive

detection

- 0 1 1/2 0 � 0 – 3/2 1, 2 431.604611

- 0 1 1/2 1 � 0 – 3/2 1, 2 431.604664

- 0 1 3/2 1 � 0 – 3/2 1, 2 431.602751

- 0 1 3/2 2 � 0 – 3/2 1, 2 431.602651

- 0 3 5/2 2 � 0 – 3/2 1, 2 430.338953

- 0 3 5/2 3 � 0 – 3/2 1, 2 430.339023

� 0 – 3/2 1, 2 � 0 – 3/2 1, 2 179.685381

MOT

- 0 1 1/2 0 � 0 – 1/2 1 431.276545

- 0 1 1/2 1 � 0 – 1/2 1 431.276598

- 0 1 3/2 1 � 0 – 1/2 0 431.274667

- 0 1 3/2 2 � 0 – 1/2 1 431.274585

Laser frequencies used in this work are summarized in Table S1. The slowing lasers are frequency broadened and the given values

represent their center frequencies. For the main cycling laser of slowing [�2
Π1/2 (a

′
= 0, �′ = 1/2, +) ← -2

Σ
+ (a = 0, # = 1, −)]

we use electro-optic modulators (EOMs) operating at 947.1 MHz and 50.83 MHz to cover the spin-rotation and hyperfine splittings

in the ground state, using the ±1 orders of the sidebands. The hyperfine EOM, combined with the white-light slowing EOM

operating at 4.335 MHz, generates a frequency broadening of 402 MHz. The two repumping lasers share another set of EOMs

operating at 942 MHz, 53.5 MHz, and 4.185 MHz, corresponding to the spin-rotation splitting, hyperfine splitting, and white-light

generation. Frequency broadening for the repumping lasers is 424 MHz. Table S1 also shows the resonant laser frequencies

for velocity sensitive detection. For our two-photon background-free detection scheme, the velocity information is obtained via

detuning the � ← � laser from resonance. The shown MOT laser frequencies are detuned by −5 MHz from resonance. All

frequencies are measured with a HighFinesse WS7-60 wavemeter, which has a systematic uncertainty of ∼60 MHz.
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