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Abstract
We demonstrate control over the motional degrees of freedom of a cryogenic hydrogen atomic
beam using an accelerating optical lattice. For our method, we load metastable atoms from a
cryogenic beam into a moving optical lattice, decelerate the lattice, and observe a commensurate
deceleration of the atoms. For this demonstration, hydrogen atoms are decelerated by about 20 m
s−1 in a 40 ns slowing cycle, with a peak acceleration of≈4×108 m s−2. Since the optical lattice is
governed by standard optoelectronics, this technique represents a robust platform for the motional
control of hydrogen.

1. Introduction

The study of hydrogen has played an important role in modern physics and was instrumental in the
discovery of quantum mechanics, the Dirac equation, and quantum electrodynamics (QED) [1]. In addition
to this illustrious history, hydrogen spectroscopy remains a dynamic field which helps to determine the
Rydberg constant and proton charge radius [2], tests bound-state QED [3], and can search for Beyond
Standard Model Physics [4–6]. Additionally, with recent demonstrations of anti-hydrogen trapping and
spectroscopy, a new line of investigation is possible whereby hydrogen can be compared to its antimatter
counterpart [7–14]. Spectroscopic measurements have reached a very high level of precision, for example,
the 1S-2S transition has been measured with an impressive fractional uncertainty of only 4.2× 10−15 [15].
However, most precision hydrogen spectroscopy is conducted with atomic beams with temperatures between
4.5 K and room temperature [15–20]—at least six orders of magnitude larger than what is routinely achieved
in heavier atomic species through laser cooling [21]. This relatively high temperature often limits the
measurement uncertainty, as in the 1S-2S measurement [15], which has motivated continued research into
new methods to laser cool and decelerate hydrogen beams. The most conceptually simple method to laser
cool hydrogen is through the 1S-2P cycling transition using Lyman-α radiation at 121.6 nm. However,
Lyman-α radiation is very challenging to produce and manipulate [22–25]. Therefore, while laser cooling of
hydrogen and antihydrogen has been demonstrated [22, 26], it is still far from routine. This has motivated
other methods to achieve ultracold atomic hydrogen such as pulsed two-photon Doppler cooling [27],
pulsed Sisyphus cooling [28], or photodissociation of trapped hydride molecules [29, 30]. In addition, there
have been methods proposed [31, 32] and demonstrated [33] to decelerate supersonic hydrogen beams using
pulsed magnetic fields.

An intriguing option for the deceleration of atomic or molecular beams is to use the optical dipole force
[34–37]. However, to the best of our knowledge this has been experimentally unexplored with atomic
hydrogen (although the pulsed Sisyphus method proposed in [28] does rely in part on the dipole force). This
is likely because large dipole forces are typically only achievable with radiation which is nearly resonant to an
electronic transition and, for ground-state hydrogen, these transitions are in the vacuum-ultraviolet spectral
region, which would introduce challenges similar to those for laser cooling.
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Figure 1.Method for the optical deceleration of atomic hydrogen. (a) Simplified energy level diagram showing relevant levels.
After excitation to the 2S state using two photon excitation, an optical lattice is introduced using light nearly resonant with the
2S-4P transition. (b) Timing of our slowing method. The lattice intensity is shown in red, whereas the lattice velocity is shown in
blue. The red shaded region shows the loading phase where atoms comoving with the lattice at 300 ms−1 are captured. The lattice
is then decelerated to slow the trapped atoms before the lattice intensity is ramped down in the blue shaded region. (c) Density
plot of Monte Carlo simulated trajectories over the course of a deceleration pulse for atoms with an initial velocity near 300 ms−1.
The colors represent the atomic densities in phase space. As the lattice decelerates from 300 ms−1 to 280 ms−1 the atoms oscillate
within the wells of the optical lattice before their release. Three example atomic trajectories (white tracks) overlay the density plot.

Here, we circumvent these challenges by first exciting our atomic beam to the metastable 2S state
(lifetime∼122 ms). With that, there are several electronic transitions which can be accessed with visible
lasers producing large optical forces. For the experiments described in this letter we use high-power (∼1 W)
continuous-wave laser radiation at 486 nm which is nearly resonant with the 2S-4P transition. Our
deceleration method uses a moving optical lattice in the path of our metastable hydrogen atomic beam. The
slowing consists of three steps which are shown in figure 1. First, the lattice intensity is quickly turned on,
trapping a fraction of the atoms. For this step, the speed of the lattice is set near the peak speed of the atomic
beam, and the fraction of the velocity distribution trapped is determined by the depth of the lattice wells. The
lattice is then decelerated, which produces a corresponding deceleration of the trapped atoms. Finally, the
lattice is quickly turned off, leaving the atoms with a reduced speed. For our demonstration, atoms moving at
speeds of roughly 300 m s−1 ± 15 m s−1 are trapped in the lattice wells and are then decelerated by about
20 m s−1 in a 40 ns slowing cycle. Atoms outside of this 30 m s−1 velocity range will typically travel between
many lattice sites and are usually left with a slightly increased velocity following the slowing procedure.

2. Method

The design of our slowing process was determined using simple atomic physics arguments. For these
estimates, we ignore fine and hyperfine structure and consider only the 2S and 4P levels. For an optical lattice
which is far-detuned from the 2S-4P resonance, the maximum lattice potential due to the AC stark shift of
the 2S level, which arises from the dipole interaction with the 4P state, is given by

Umax = h̄
| Ωmax |2

4δ
, (1)
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Figure 2. Experimental setup. (a) Balmer-β light (486 nm) first passes through an amplitude modulator which controls the lattice
intensity. The light then passes through the interaction region before being retroreflected. The retroreflected beam is
double-passed through an AOM to establish a central lattice velocity, and a phase modulator to provide the lattice acceleration.
The lattice is placed at a 45◦ angle to the atomic beam so that the lattice simultaneously slows atoms along the beam axis (the z
direction) and deflects them in the x direction. Two detectors count metastable atoms. One is placed on axis to provide
normalization, and a second is placed at x⃗= (2,0,27) cm after the deceleration region (θdef. = 4.2◦). (b) To good approximation
the optical lattice only exerts a force along its propagation direction. This means the 45◦ angle between the metastable beam and
optical lattice the lattice will provide a velocity kick of equal magnitude to the x and z directions of the beam. Atoms with initial
velocity of v⃗i = (0,0,300)m s−1 have a final velocity of v⃗f = (20,0,280)m s−1, which is a change from |v⃗i|= 300 m s−1 to
|v⃗f|= 280.7 m s−1 (approximately a deceleration of 20 ms−1) that is visible to the off-axis detector.

where Ωmax is the maximum Rabi frequency, and δ is the detuning from the resonance in angular frequency
units [38]. From this, it is clear that a larger well-depth can be obtained by increasing Ωmax, or decreasing δ.
In general, it is desirable to maximize Umax to slow a larger fraction of the thermal atomic beam’s velocity
distribution. However, it is also important to consider quenching of the metastable 2S state via spontaneous
emission. The dipole force originates from a small mixing of the 2S and 4P states, and the 4P state can decay
to the ground 1S state. Once an atom is in the ground state, it ceases to be affected by the dipole forces from
the optical lattice. Therefore, an optimized slowing process should be designed to minimize quenching of the
2S state while maximizing the optical lattice potential well depth. The maximum quench rate from off
resonant excitation is given by

Γquench =
| Ωmax |2

4δ2
γ4P, (2)

where γ4P is the decay rate from the 4P state. Since the quenching is suppressed by an additional factor of δ, it
is possible to achieve the same lattice depth and a reduced quenching rate with more laser power and
increased δ. In addition, it is advantageous to apply short deceleration pulses to limit quenching of the
metastable atoms.

2.1. Experimental setup
Our hydrogen source is a cryogenic atomic beam (5 K), which has a peak velocity near 458 ms−1 [39]. The
generation and characterization of our continuous effusive cryogenic beam of 2S hydrogen is described in
previous works [20, 39–41]. Laser radiation at 243 nm crosses the atomic beam to excite the 1S-2S
two-photon transition producing a metastable beam of 2S hydrogen [20, 39, 40]. The 2S hydrogen then
travels for approximately 15 cm before arriving at the deceleration region. Here, the atomic beam crosses an
optical lattice produced with∼1 W of retroreflected, intensity-controlled, laser radiation at 486 nm. The
slowing laser at 486 nm has not been previously described and begins with an extended cavity diode laser at
972 nm in the Littrow configuration. The output is amplified with a commercial tapered amplifier (DILAS),
and frequency doubled to 486 nm using an AR coated lithium triborate (LBO) crystal in a resonant bowtie
cavity. The 486 nm source produced≈970 mW of CW power. After the optical losses from beam shaping and
the Pockels cell, approximately 750−850 mW power was available for the decelerator. We measured 600 mW
of backward going power due to losses in the double-pass acoustic-optic modulator (AOM) and
electro-optic modulator (EOM). The radiation is focused to an 80 µm spot size at the atomic interaction
region. As an aside, we previously demonstrated 4.2 W at 486 nm in [41]. As shown in figure 2, the optical
lattice is oriented at a 45◦ angle with respect to the z-axis (i.e. the initial atomic beam propagation direction).
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Figure 3. Experimental control of the optical lattice. The black data points show the measured sinusoidal modulation of the lattice
velocity (black data points, grey fit) in the direction of the atomic beam. The time td is the relative delay between the peak of the
lattice velocity and the lattice intensity, which can be varied using RF electronics. The solid blue trace corresponds to the normal
operation of the decelerator where the lattice intensity is maximized as the lattice velocity is decreasing.

With this, the atoms receive a horizontal deflection in the x-direction as they are being slowed. This allows
for a convenient method to detect the slowed fraction of the atomic beam with reduced background.
Metastable hydrogen is readily detected with a simple channel electron multiplier (CEM) [20]. We use two
such detectors—one in the direction of the initial atomic beam, and a second off-axis which is set to detect
the slowed and deflected atoms. The on-axis CEM provides a normalization signal.

One of the attractive features of this slowing technique is that the lattice acceleration and intensity are
precisely controlled with commercially available optoelectronic devices and RF electronics. To demonstrate
and characterize the control of this technique we vary relative timing delay between the peak lattice intensity
and the peak lattice velocity, td. With this, the lattice can be accelerating, decelerating, or held stationary
during the pulse. The experimentally measured lattice intensity and lattice velocity are shown in figure 3 for
several values of td. We then measured the number of counts on the off-axis atom detector while varying this
delay, holding all other parameters constant. When the pulse has a delay of td = 42 ns the lattice is
decelerating, which reproduces the desired operation of our deceleration scheme as depicted in figure 1.

An AOM and EOM in the retroreflected path allows for precise control of the velocity and acceleration of
the optical lattice. In practice, the AOM sets a central lattice velocity and a sinusoidal phase modulation is
applied to the EOM to produce the lattice acceleration. To apply the frequency chirp and accelerate the
lattice, the beam is double passed through a 3 mm× 3 mm× 20 mm long y-cut phase modulation EOM
made from magnesium doped lithium niobate with r33 = 32 pm V−1. The EOM is operated as a phase
modulator and is resonantly driven by a step-up transformer at 6 MHz. Figure 3 shows the measured lattice
acceleration and variable timing of the lattice intensity pulse. Optimal selection of the decelerating region of
the lattice speed is accomplished by aligning the peak of the lattice intensity with the decelerating portion of
the phase modulation signal, as shown in figure 3.

Due to the double passed AOM and EO phase modulator, the retroreflected 486 nm radiation is shifted
by a variable frequency,∆f, of between 815 MHz and 872 MHz. This produces a corresponding lattice well
speed, given by |⃗v(L)|=∆f/2 × 486 nm, of between 212 ms−1 and 198 ms−1. However, since the lattice is
oriented at 45◦ with respect to the z-axis (the atomic beam direction), the lattice velocity with respect to that

axis is more relevant. This is given by v(L)z =
√
2 |⃗v(L)|, which varies from 300 m s−1 to 280 m s−1. Because

the optical lattice may only exert a force along its propagation direction, the 45◦ angle between the
metastable beam and optical lattice the lattice will provide a momentum kick of equal magnitude to the x
and z directions of the beam. Atoms with initial velocity of v⃗i = (0,0,300)m s−1 obtain a final velocity
v⃗f = (20,0,280)m s−1 after a trap-slow-release deceleration sequence is applied. This causes a change in
speed from |v⃗i|= 300 m s−1 to |v⃗f|= 280.7 m s−1, which is the only signal visible to the off-axis detector.
Therefore detection of deflected atoms in the off-axis detector provides a clear demonstration of deceleration
by≈20 ms−1.
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The 486 nm radiation is focused to a spot size of 80 µm and is tuned to within about 1.2 GHz of the
2S-4P transition. With this lattice intensity and detuning, atoms which are traveling within±15 m s−1 of the
initial lattice speed can be trapped within the lattice wells (roughly 13 mK lattice depth). As shown in
figure 2, we can precisely control the depth of the optical lattice or turn it off completely using an
electro-optic amplitude modulator on the 486 nm radiation before it reaches the slowing region. Our
metastable beam is continuous and since it takes roughly 1 µs for the atomic beam to traverse the slowing
region, the slowing procedure is repeated at a rate of 1 MHz. With this, a given decelerated atom is allowed to
exit the interaction region before the next deceleration sequence is applied to a new set of atoms, generating a
near-continuous slowed beam of metastable atoms.

3. Results and discussion

Figure 4 shows the slowed atom signal in the off-axis detector as a function of td, where each data point
corresponds to an integration time of 5 s. As expected, we observe a peak in the slowed-atom signal when the
lattice is pulsed on as it is decelerating (td = 42 ns). With this timing, the signal measured by the off-axis
channeltron is regularly∼100 counts per second which corresponds to roughly 5% of the slowable atoms
(i.e. within 30 ms−1 near the central lattice velocity) in the measured velocity distribution [39]. This
detected fraction coincides with the expected amount since our metastable atomic beam is roughly 350 µm
in height whereas the optical lattice is only roughly 80 µm in height. The agreement between the simulated
and experimental signal support that the atomic motion is dominated by the optical lattice. It is also useful to
note that the neither the amplitude nor the alignment and phase of the lattice were stabilized as it is expected
amplitude noise would only lead to small deviations in the trap depth and phase noise would be negligible
compared to the significant lattice deceleration. When varying the pulse timing, we see a minimum in the
slowed-atom signal when the lattice is pulsed on with no acceleration (td = 0 and 84 ns). Interestingly, we
also see a significant slowed-atom signal when lattice has a positive acceleration (td = 125 ns) in the direction
of the atomic beam velocity when it is pulsed on. While initially surprising, this behavior can be understood
intuitively. For an atom to be localized at a single lattice site, an atom must be within 30 ms−1 of the initial
lattice velocity. An atom which is slightly faster than this will travel between several lattice sites. However, if
the lattice is accelerating in the same direction as the atomic velocity, then at some point in the interaction,
the atom could be traveling with a peak speed only slightly faster than the lattice and will be reflected from
the side of the nearest lattice well. This results in a negative impulse to the atom even when the lattice has a
positive acceleration. This behavior is similar to the slowing observed when atoms are reflected from a
moving surface [42].

To gain insight into this behavior, we performed a Monte Carlo (MC) simulation of the slowing process.
The atomic motion in the presence of the time-dependent lattice potential, U(⃗r, t), was treated classically and
the AC Stark shifts were calculated by diagonalizing the interaction Hamiltonian. Recoil due to spontaneous
emission is not considered in this work since atoms which are excited to the 4P state are assumed to be lost.
For these calculations, we include the 2S F = 1 levels and all fine and hyperfine levels in the 4P manifold. We
include all fine structure splittings but ignore the 4P hyperfine splittings. The 2S F = 0 level is not considered
in our analysis due to the selective two-photon excitation to the 2S F = 1 states. The resulting AC Stark shift
of the 2S level is an analytic function of the laser intensity and detuning which we use to calculate a time and
spatially varying potential. We use this potential to simulate classical atomic trajectories.

We model the lattice intensity as

I(⃗r, t) = I0(1+ η2 + 2η cos(Φ(z, t)))e−(r/w0)
2

e−((t−td)/tw)
6

, (3)

where I0 is the peak laser intensity, Φ is the axial phase of the standing wave interference pattern, w0 is the
Gaussian beam width and η2 is the ratio of the backward to forward propagating laser power. In general,
η ̸= 1 because the double-passed AOM and EOM each have a non-negligible optical loss. Since the lattice is
pulsed, we include a super-Gaussian temporal function centered at td and having a duration of tw. The axial
phase in equation (3) is given by

Φ(z, t) = 2kz−ω∆t+Φc sin(2π fct), (4)

where ω∆ is the frequency difference produced by the AOM, and Φc and fc are the respective modulation
amplitude and frequency produced by the EOM. The position of the lattice intensity pulse with respect to the
velocity modulation is controlled by the time delay, td. The speed of the lattice is given by

v(L)(t) = vl + vc cos(2π fct), (5)
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Figure 4. Observation of slowed-atom signal as function of lattice parameters. (a) Measured fraction of atomic beam deflected
into the off-axis detector as a function of td. Blue solid points were taken at a detuning of δ = 2π × 1.2 × 109 s−1, a central

lattice velocity of v
(L)
z = 274ms−1, and a peak lattice acceleration of 4×108 ms−2. The solid blue line shows a simulation for the

same experimental conditions. The yellow hollow data points were taken at a detuning of δ = 2π × 1.5× 109s−1, with a central

lattice velocity v
(L)
z =307 ms−1, and a peak lattice acceleration of 4×108ms−2. The dashed yellow line shows a simulation for

these same experimental conditions. (b) The off-axis signal as a function of the peak lattice acceleration. Data and simulation are
for the same conditions as the yellow hollow points in (a). In both plots, the detected fraction is relative to the number of atoms
within 30 m s−1 velocity near the central lattice velocity—i.e. the number of trappable atoms. This fraction was determined with
the velocity distribution measured in [39]. Each data point is measured with 5 s of integration time and the error bars are
calculated from the shot noise. All simulations use only experimental conditions (measured phase modulation to frequency chirp
amplitude, metastable atomic beam size, AOM and EOM frequencies of≈843 MHz, laser power and spot size of 800 mW and
80 µm respectively) with no free fit parameters.

where we have introduced the central lattice velocity vl = ω∆/(2k), and the amplitude of velocity
modulation vc = π fcΦc/k. The lattice acceleration is given by

a(L)(t) =−a0 sin(2π fct), (6)

where a0 = 2π fcvc is the acceleration amplitude. Experimentally, values for vc, a0 and vl were measured in situ
using a Michelson interferometer. We numerically integrated classical particle trajectories using these
parameters for the optical lattice. To account for spontaneous emission loss to the ground state we also
numerically integrated the steady-state optical Bloch equations for the population of 4P1/2 and 4P3/2 levels
over the atomic trajectory through the optical lattice. Numerical simulations of millions of trajectories and
survival probabilities are calculated over initial positions and velocities defined by our atomic beam [39]. We
integrated our simulation over the initial atomic positions and velocities present in our hydrogen beam and
the results of the simulation are shown in figure 4 overlapped with our experimental results. As can be seen in
the figure, we achieve excellent agreement when our simulation is seeded with our experimental parameters.

To further explore the capabilities of this slowing technique, we performed simulations of a deceleration
experiment which has 4.2 W of 486 nm laser power [41] focused to a 80 µm flat-top shaped intensity profile
detuned by 8 GHz. We performed MC simulations for varied amounts of phase modulation (lattice velocity
modulation) as shown in figure 5, allowing us to explore the relationship between the slowing cycle and the
deceleration of hydrogen. A single stage of deceleration would be capable of bringing a group of atoms from
the most probable velocity of 458 ms−1 to a stop. As shown by figure 5, although there is significant
quenching of atoms that are not slowed, deceleration to a near standstill is possible without significant loss of
2S atoms through quenching. Atoms which are not trapped within the lattice are not slowed and experience
larger average laser intensities, and thus more quenching, leading to a reduction in the final velocity
distribution. However, because atoms that are loaded in the optical lattice sites spend much of their trajectory
at the lowest intensities, the slowed portion of the distribution experiences minimal increase in quenching for
increased deceleration as can be seen by minimal change in peak height of the slowed atoms in figure 5(c). It
is interesting to note that atoms slower than the lattice initial velocity are heated by approximately the lattice
depth over a range of velocities approximately equal to the deceleration amount, whereas atoms moving
faster than the initial lattice velocity are mostly unaffected. We believe this is a direct result of the
non-dissipative nature of our slowing since spontaneous emission does not play an active role in the
slowing.
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Figure 5. Simulation results using 4.2 W of 486 nm [41] detuned by 8 GHz and with a greater change in lattice velocity. With this,
up to 438 ms−1 of slowing is obtained when using the same Monte Carlo (MC) simulation reproducing the experimental results
in figure 4. (a) Slowing cycle for deceleration amounts of 114 ms−1 (purple dot-dashed pulse), 239 ms−1 (red dashed pulse), and
438 ms−1 (blue solid pulse), all starting at the most probable metastable velocity of 458 ms−1. (b) The initial velocity
distributions shown in red were measured in [39]. The unslowed metastables distribution is reduced for increased deceleration
because atoms which are not trapped within the lattice are not slowed, but are also quenched more due to a larger interaction
time. The slowed portion of the beam spends more time at low intensity regions of the lattice and experiences a minimal increase
in quenching for greater deceleration. (c) Effect on phase space for varied slowing amounts. The atoms residing in phase space
near the initial lattice velocity are slowed by the deceleration of the lattice. Atoms faster than this are not perturbed, whereas
atoms below the velocity of the lattice have a slightly increased speed.

4. Conclusion

The slowing method demonstrated in this letter is flexible and can be implemented to slow without
deflection, or even placed at an angle to the vertical plane to deflect atoms into a fountain style trajectory to
perform Ramsey spectroscopy [43]. Here we demonstrate a reduction in the kinetic energy of slowed atoms
by roughly 12%. With additional lattice intensity it is clearly possible to reach a larger deceleration or the
slowing of a larger portion of our velocity distribution without additional quenching given the simple atomic
physics arguments above. Previously, we have demonstrated 4.2 W of optical power at 486 nm enabled with a
Yb fiber amplifier [41], which could greatly improve performance and was used for the simulations shown in
figure 5. In addition, it is notable that by using a CW laser along with an intensity modulator with a low duty
cycle, 95% of the optical power is not used for slowing. Therefore, it is interesting to consider the use of a
specially designed Q-switched laser to efficiently use the optical power available. However, the use of a CW
laser as demonstrated here is more flexible since we have full control over the lattice intensity and pulse
duration with relatively simple electronics.

Slow atomic samples of hydrogen could improve the precision of hydrogen spectroscopy, and in turn,
yield increased sensitivity for tests of fundamental physics. Since the highest precision spectroscopy
measurements of hydrogen have been performed with atomic beams with temperatures>4.5 K, this work
could drastically improve the systematic uncertainties related to atomic velocity in these types of
measurements. In addition, this slowing method could be used to load a magnetic atomic trap [33] or an
optical dipole trap (see for example [44]). Finally, it is interesting to note that exotic atomic systems such as
anti-hydrogen [12, 45], and muonium [46–49] have identical, or near-identical, energy level structure as
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hydrogen. Therefore, the challenges in the optical manipulation of the motion of these atoms are similar to
hydrogen.
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