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Abstract

I present a novel scheme for producing cold (magnetically trappable) atomic hydrogen, based on
threshold photodissociation of the BaH™ molecular ion. BaH™ can be sympathetically cooled
using laser cooled Ba™ in an ion trap, before it is photodissociated on the single photon

A'YT + X'ST transition. The small mass ratio between Ba™ and BaH™ ensures a strong overlap
within the ion trap for sympathetic cooling, while the large mass ratio between BaH™ and H
means that the released hydrogen can be up to 139 times colder than the parent molecular ions.

I examine the hydrogen production rate, and describe how the trap dynamics and
photodissociation laser detuning influence the achievable energies. The low infrastructure costs
and the ion trap nature of the scheme make it suitable for loading hydrogen into an antihydrogen
experiment. This would support a direct matter—antimatter comparison, which could provide
important clues as to why our Universe contains so little antimatter.

1. Introduction

The development of quantum mechanics goes hand-in-hand with the study of the hydrogen atom.
Hydrogen spectroscopy has been used to determine quantities such as the Rydberg constant [1] and the
Lamb shift [2], and remains the go-to tool for testing fundamental physics. The investigation of the proton
radius puzzle, a significant disagreement on the charge radius of the proton between different groups using
different techniques, is a recent example [3—7].

By comparing it to antihydrogen, hydrogen can be used to test matter—antimatter symmetries with high
precision [8]. In the last 10 years, antihydrogen physics has advanced to the point where more than 1000
atoms can be simultaneously trapped [9], cooled [10], and probed with lasers [11, 12] and microwaves [13].
The field is rapidly approaching hydrogen-like precision, and hydrogen—antihydrogen comparisons may
soon encounter the same class of hard-to-characterise systematic effects that lead to discrepancies when
different groups using different techniques try to measure the same parameters, as demonstrated by the
aforementioned proton radius puzzle.

Since ion trap techniques are used to synthesise antihydrogen, an ion trap source of cold atomic
hydrogen would be ideal for making a direct comparison (i.e. the same experiment in the same trap)
between hydrogen and antihydrogen, which would be insensitive to such systematic effects. The
superimposed neutral and ion traps would also allow the hydrogen atoms to be detected with high
efficiency by using ionisation schemes [14]. For example, a third photon from the 243 nm laser used to
drive the two-photon 1s—2s transition is sufficient to ionise the 2s hydrogen atoms. The ions (protons) can
be re-trapped and subsequently ejected to a multi-channel plate, with a detection efficiency of 90% [15].
Since this method is charge symmetric between hydrogen and antihydrogen, it avoids systematic effects
resulting from how the transition is detected (e.g. quantum interference effects).

It is feasible that such a comparison could exceed the precision of the state-of-the-art hydrogen 1s—2s
spectroscopy measurement [16]. Furthermore, it would significantly reduce the amount of time required to
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characterise the systematic effects at the 1071° level compared to an antihydrogen-only experiment, which is
of considerable benefit given that beam time at CERN is limited.

For this discussion, I define ‘cold’ hydrogen as hydrogen with a temperature below 0.5 K, since this is the
depth of the ALPHA antihydrogen experiment’s magnetic minimum trap [9]. To aid comparisons, energies
will be expressed in temperature units when applicable using E = kg T, where kg is the Boltzmann constant.

Traditionally, cold hydrogen has been produced using a single technique: A dilution refrigerator is used
to coat a chamber with a film of superfluid helium. Hot atomic hydrogen is then produced via
radiofrequency dissociation of H,, which thermalises via collisions with the chamber to magnetically
trappable temperatures [17—19]. Since the technique produces a large quantity of atoms, evaporative
cooling can be employed to reduce the temperature of the remaining sample to below 100 1K, even
allowing for the formation of Bose—Einstein condensates [20]. However, the requirements of a dilution
refrigerator and a superfluid helium coated chamber come with a high infrastructure cost, and make the
technique incompatible with the current generation ALPHA experiment.

The photodissociation of cold molecules offers an alternative route to cold hydrogen. By tuning a laser
to the dissociation threshold, it is possible to dissociate molecules with less than 50 nK of energy added to
the system [21]. Barium hydride (BaH) has been proposed as a candidate, since its large mass means that,
upon threshold dissociation, the hydrogen atom will have an energy 139 times lower than the parent
molecule [22]. However, this scheme has a number of complications. Firstly, buffer gas cooling is required
to pre-cool the internal states of the molecule, which introduces vacuum incompatibilities. Secondly, the
molecule must be Doppler cooled to sufficiently low temperatures. Directly laser cooling molecules is
challenging, but there has already been progress on this front [23]. Finally, the photodissociation scheme is
complex, requiring a two-photon process involving a high power ultra-violet laser, followed by a magnetic
field sweep to couple into a Feshbach resonance.

These problems can be mitigated by instead choosing a molecular hydride ion. The alkali-earth-metal
ions have convenient laser cooling transitions, and can be used to sympathetically cool their corresponding
hydride molecular ions in an ion trap. Since the ion trap lifetime is essentially infinite, one can simply wait
for the internal states to spontaneously decay, avoiding the need for buffer gas cooling. Photodissociation
experiments have been performed with the beryllium hydride molecular ion (BeH™), which has been
sympathetically cooled in a Penning trap using laser cooled Be™ [24]. BeH™ has a simple photodissociation
scheme, exciting the B!II «— X! T transition with a single photon. In this experiment, the researchers
viewed the BeH™ as a contaminant and dissociated far above the threshold, where a convenient laser was
available. The wavelength for threshold photodissociation is around 172 nm, which is difficult to obtain
with present laser technologies.

Here, I propose threshold photodissociation of the barium hydride molecular ion (BaH™), which has
been sympathetically cooled in an ion trap using laser cooled Ba™, as a method for producing cold atomic
hydrogen. BaH™ has a promising energy level structure for threshold photodissociation, and a convenient
(visible) photodissociation wavelength around 411 nm. The high mass ratio benefits from the neutral BaH
scheme can be exploited in the same manner, while realising the benefits of the ion trap scheme employed
for BeH™ to produce around 0.2 M cold atoms per ~100 s experimental cycle. In the following work, I
consider only the most abundant barium isotope, 138B4.

2. Methods

2.1. Loading and cooling

Large quantities of BaH™ could be loaded into a trap using laser ablation. Ablation of neutral BaH from a
BaH, target has been realised using an infra-red laser [25], and it has been shown in general that using an
ultra-violet ablation laser increases the ion fraction [26]. Laser ablation has been demonstrated as a viable
technique for loading Be™ into the ALPHA antihydrogen experiment without degrading the quality of the
vacuum [27]. Tt is likely that some of the hot BaH™ resulting from ablation will either predissociate through
a repulsive electronic state or be directly dissociated by the ablation process to yield a mix of Ba™ and
BaH™. If not, then hot (above threshold) photodissociation can be performed until a suitable ratio of Ba™
to BaH™ for sympathetic cooling is achieved. Ba™ is cooled on the 493 nm 6s;/,—6p;/, transition, and
requires a repump laser at 650 nm to address the 6p;,,—5ds/, decay pathway [28].

2.2. Electronic and vibrational states

BaH™ has a single bound ground orbital (X'3%) which has an asymptote given by the Ba™ (6s) + H(1s)
atomic levels, and several excited orbital configurations which have asymptotes given by the metastable
Ba™(5d) + H(1s) atomic levels. Conveniently, only the A'XT < X!'3* transition is allowed, since
transitions to the triplet and A states are dipole forbidden, and the B'TI +— X' X transition has a negligible
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predicted by ab initio calculations [29—34]. The wavefunctions of the ground vibrational state (red) and the
A'ST threshold (green) are calculated and overlaid onto figure 1, and the resulting Franck—Condon factors

are presented in figure 2.

There is a large uncertainty associated with the photodissociation transition wavelength, primarily due
to the uncertainty in the value of the ground state binding energy Dy = D. — w./2. The photodissociation
wavelength, given by A = {Dy + E[Ba™(5ds,,) — Ba™(6s)]}/hc, and the spectroscopic values used to

calculate Dy, are shown in table 1. The averaged result from ab initio

studies of 422 & 18 nm (1 SD) is in

agreement with the single experimental measurement of 411 + 14 nm [36]. This gives a level of confidence

that the photodissociation transition is in the visible or near ultra-vi
lasers are readily available. Notably, this means that the photodissoci

olet part of the spectrum, where diode
ation laser and the Ba™ cooling lasers

can be coupled into the experiment through a single optical fibre. This is particularly relevant for Penning

trap experiments such as ALPHA, where trap access is often limited.

Upon photodissociation into the 5ds/, level, the Ba™ ions will enter into the cooling/repump cycle and
fluoresce, giving a signal that hydrogen has been produced. This signal can be used to identify the transition
threshold, since it will have a characteristic sharp onset followed by a slow decay as a function of the
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Table 1. The spectroscopic constants used to calculate the BaHT photodissociation transition wavelength. The vibrational constant w.
is not measured in the single experimental reference, so the averaged value from ab initio studies is taken. Reference [32] contains two
different methods for calculating the spectroscopic constants, labelled a and b.

Dy (cm™')  Transition (cm™!) Transition (nm)

Re (a.u.) D, (cm™") we (ecm™1) (calculated) (calculated) (calculated) Reference

3.88 19565 1263.4 18964.3 23838.15 419.50 [29]
4.07 197 60 1370 19075 23949.85 417.56 [30]
3.93 216 04 1368 20920 25793.85 387.69 [31]

Ab initio calculations 4.053 19045 1345.8 18372.1 23245.95 430.18 [32]°
4.052 19763 1352.7 19086.65 23960.50 417.35 [32]°
4.16 18502.78 1408 17798.78 22672.63 441.06 [33]
4.04 18470 1224 178 58 22731.85 43991 [34]

Average £ 1 S.D. 4.03 £0.09 19534 £ 1067 1333 + 65 18868 £ 1058 23741 £ 1058 422 + 18

Experiment 20163 £ 800 1333 + 65 19496 + 833 24370 + 833 411 + 14 [35]

1.0- BaH*(5d,,,) threshold —— .

0.8 ~

e BaH*(5dy,) threshold

0.4 ~

Normalised signal

0.2

o000

Background from Ba™* coolant

0.0 T T 4
300 350 400 450

Dissociation laser wavelength (nm)

Figure 3. A sketch of the expected spectrum of a photodissociation experiment with BaH* . Upon photodissociation, Ba™
released in the 5ds, level enters the cooling cycle and fluoresces, producing a detectable signal. There is a constant background
from the Ba™ initially loaded into the trap to sympathetically cool the BaH™, which contributes 25% of the total signal in this
plot. The onset at the right of the plot corresponds to the photodissociation threshold of the Bat (5ds/,) + H(1s) asymptote.
Once the laser has enough energy to photodissociate to the Ba* (5ds/,) + H(1s) asymptote, there is a sharp drop in the signal,
since the Ba*(5ds),) ions do not enter the cooling cycle and fluoresce, i.e. they are in a dark state.

dissociation laser wavelength. The Ba™ ions produced by photodissociation into the 5ds, level are not
repumped, and thus do not enter the cooling cycle. An example spectrum one might measure from a
spectroscopy experiment, taking into account this behaviour, is shown in figure 3. The feature is broad
enough that an initial search could be made using spectrally filtered LEDs, before utilising laser
spectroscopy to find the threshold. High lying vibrational states of the 5ds;, manifold may be visible within
the feature as dark lines.

Transition dipole moments vary in molecules as a function of the internuclear distance R. The transition
dipole moment for the A!¥* < X!¥ T transition in BaH™ has been calculated by Aymar and Dulieu [31],
and crosses through zero close to the internuclear distance corresponding to threshold photodissociation
(Ra1). If we assume the worst-case scenario; the transition dipole moment crosses through zero at exactly
R;;, and the Born—Oppenheimer approximation holds exactly (i.e. that the transition shown in figure 1
must be exactly vertical), the transition rate can be calculated as a function of the dissociation laser
detuning. Following the definitions provided by Hilborn [37], the Rabi frequency is given by {2 =
11 F21 Eolh, where f15; is the transition dipole moment, F,; is the Franck—Condon factor, Ej is the electric
field amplitude, and 7 is the reduced Planck’s constant. We can then define the excitation time as
T = 27/§). Approximating the transition dipole moment as linear near the zero crossing, for a 100 mW
photodissociation laser with a beam waist (1/e*) of 1 mm, the excitation time is plotted against the
dissociation laser detuning in figure 4. The hydrogen atom will take most (138/139) of the excess photon
energy as kinetic energy, and is expressed in units of temperature on the bottom axis. The transition dipole
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Figure 4. The excitation time required for the photodissociation transition to occur is plotted against the dissociation laser
frequency detuning and the energy of the released hydrogen atom, assuming a 100 mW excitation laser with a 1 mm beam waist
(1/€%).

moment flattens out at p5; = —0.1D, corresponding to an excitation time of 0.4 us, and preserving the
coarse structure of figure 3.

2.3. Rotational states

So far, the rotational states of the molecular ion have not been considered. The spacing of the rotational
levels is much greater than the depth of typical magnetic traps, so hydrogen atoms resulting from only one
pair of levels can be trapped. For a ¥ <— X transition, the rotational state must change by AJ = £1. The
rotation of the molecule imposes a centrifugal barrier which must be overcome for photodissociation. Since
this extra energy would be converted into kinetic energy upon fragmentation, the J/ = 0 +— ] = 1 transition
should be targeted.

While the electronic and vibrational states of BaH™ quickly decay to the ground state, the rotational
energies are small enough that a broad range of levels will be occupied at room temperature (see figure 5).
Performing the experiment in a cryogenic environment, such as that used in antihydrogen experiments
(~10 K), increases the ] = 1 population fraction to around 44%. For a room temperature experiment,
rotational laser cooling can be employed to achieve similar results on a 40—60 s timescale, as demonstrated
with MgH™ [38]. This can be driven by a broad mid infra-red laser at 1250 cm ™' [29, 30]. The rotational
laser cooling scheme and the photodissociation transition for BaH™ are presented in figure 6.

2.4. Hyperfine states

Since the angular momentum of the dissociating photon is absorbed by the rotation of the molecule, and
dissociation occurs through a singlet state, the resulting Ba™ and H will be emitted in electron orbital
configurations with m; = +1/2, —1/2 or —1/2, +1/2. Hydrogen atoms with m; = +1/2 will seek a magnetic
minimum, and can hence be trapped, while atoms with ; = —1/2 will seek a high magnetic field and be
untrappable, resulting in a 50% trapping efficiency.

The contribution from the spin of the hydrogen nucleus to the X!¥* and A'¥" molecular orbitals
should be comparable. Therefore, hydrogen atoms dissociated into the two low-field seeking magnetic levels
F=1,ms=+1and F = 1, my = 0 will have similar kinetic energies. This also means that the
photodissociation transition should be insensitive to external magnetic fields. Note that this would be
further simplified for BaD™, since neither '**Ba or D (*H) have nuclear spin.

3. Trap dynamics

While ion traps have many advantages, they have a key disadvantage. The ions will repel each other due to
the Coulomb force, limiting the density of hydrogen atoms that can be produced. Here, we will consider the
two most common types of ion traps: Penning traps, which confine particles radially using a solenoid
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Figure 5. The rotational level population of BaH™ in the ground electronic and vibrational state at 300 K (red), and 10 K (blue)
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Figure 6. A mid infra-red laser drives AJ = —1 transitions (solid blue) from the ground to the first excited vibrational level of
BaH™. The level can then decay back to the ground vibrational level via a A] = —1 transition (dashed blue), achieving rotational
cooling, or via a AJ = +1 transition (dashed red) to the state of origin. The photodissociation transition is shown in green.

magnetic field, and linear radiofrequency traps, which use an oscillating electric field applied to rod-shaped

electrodes to provide the radial confinement. Both traps use a DC potential to confine the particles axially.
3.1. Penning traps

Penning traps are the tool of choice for synthesising antihydrogen. In a Penning trap, the ion plasma will
rotate around the trap axis at a frequency proportional to the solenoid field strength, and the mass, charge,
and density of the ions. For a mixed species plasma, the different masses can centrifugally separate, with the

heavier ions pushed to the outside [39]. BaH™ ions at higher radii will have higher angular velocities, which

will be inherited by the hydrogen atoms upon photodissociation. Furthermore, if the Ba™ and BaH™
become spatially separated, the sympathetic cooling power will be reduced.

A Poisson solver was used to find the equilibrium density of a 1 K, 25 mm long plasma consisting of

0.1 M Ba™ ions and 1 M BaH™ molecular ions. The solenoid has a field strength of 1 T, and the plasma sits
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Figure 8. The contribution to the energy distribution of hydrogen atoms released upon threshold photodissociation of the
plasma shown in figure 7, due to the plasma rotation.

in a 5 V deep axial potential, typical of the trapping parameters used in ALPHA. As expected from the close
mass ratio between Ba™ and BaH™ (138:139), we see in figure 7 that the centrifugal separation is negligible.

The velocity of the ions is given by v = wr, where w is the plasma rotation frequency. For the plasma
simulated in figure 7, w & 10 krad s™'. We can convert the density into a population by integrating under
the volume of the plasma. The energy distribution (plotted in figure 8) is then given by E = 1/2 myv?,
where my is the mass of the hydrogen atom. Note that figure 8 neglects the thermal motion of the ions
within the plasma. Even at a relatively warm temperature of 1 K, the large mass ratio between BaH" and H
of 139:1 means that less than 8 mK is contributed to the dissociated hydrogen. There will also be a Doppler
broadening of the photodissociation transition associated with the thermal and rotational motion of the
plasma.

There are various techniques that one can employ to reduce the energy distribution, ranging from using
a small diameter dissociation laser beam aligned along the trap axis, to holding a large reservoir of ions,
from which small scoops can be extracted on axis for photodissociation. For comparisons with
antihydrogen, it may be beneficial to laser cool the hydrogen using the same scheme as employed for
antihydrogen, to achieve identical thermal distributions.
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3.2. Radiofrequency traps

While radiofrequency traps have not yet been used to synthesise antihydrogen, they are commonplace in the
ion trapping community, and have a wide array of applications. Indeed, there exists a proposal which shares
many similarities with this scheme to sympathetically cool the positive antihydrogen ion in a
radiofrequency trap, before removing the extra positron to produce ultracold antihydrogen [40]. The GBAR
collaboration at CERN has ongoing efforts to realise this.

Since radiofrequency traps do not require a magnetic field, laser cooling of Ba™ is simplified, as
additional frequencies are not required to address Zeeman sub-levels. For a linear radiofrequency trap, the
dependence of particle motion on the produced hydrogen resembles that of the Penning trap—the ions at
higher radii experience a higher velocity. In this case, it is due to increased micromotion from the applied
oscillating field. A preliminary study by Poljakov shows that radiofrequency traps are also viable tools for
producing cold hydrogen via photodissociation of BaH™ [41].

In contrast to Penning traps, one can tailor the radial potential by increasing the number of electrodes.
A higher order multipole trap gives a flatter potential near the centre, which would allow for production of
colder hydrogen further from the trap axis.

3.3. Hydrogen traps

By superimposing a loffe magnetic trap with the ion trap, low-field seeking hydrogen atoms created inside
the trap will be confined. Higher order magnetic multipole traps are preferred, since they will have a greater
critical radius at which charged particles will be lost due to diffusion [42]. In ALPHA, which uses an
octupole field for radial confinement, the critical radius is around 5 mm. As demonstrated with
antihydrogen production at ALPHA [9], the ion trap could be continuously cycled to produce more
hydrogen while retaining the magnetic trap, allowing hydrogen to be accumulated.

4. Production rates

We can estimate the hydrogen production rate by considering a simple (yet realistic) experiment. Around
1 M BaH™ are loaded into a Penning trap, with a sufficient number of Ba™ to sympathetically cool them.
Rotational cooling is employed for 60 s to yield ~0.44 M BaH™ in the J = 1 rotational state, before the
photodissociation transition is driven. Of the produced hydrogen atoms, ~50% will be in the correct
low-field seeking state to be magnetically trapped.

For hydrogen which is cold enough to trap (<0.5 K), the photodissociation laser can be run for 10 s at a
detuning of 100 MHz above the threshold, resulting in ~0.2 M trapped hydrogen atoms per ~100 s long
production cycle. In a more complex experimental setup, where the rotationally cold ions are prepared in
parallel or in a large reservoir, the cycle time becomes limited by the excitation time given in figure 4. The
slow production rate should be seen as an inconvenience rather than a problem, since the typical lifetime of
an ion trap is much greater than 1000 s.

5. Conclusion

A novel scheme for producing cold atomic hydrogen via photodissociation of the BaH' molecular ion has
been presented. The scheme has a number of key advantages over both historical hydrogen sources, and
new sources currently under investigation. It preserves the quality of the vacuum, requires little
infrastructure, and avoids complex molecular Doppler cooling and multi-photon dissociation schemes.
Although the density and production rate are comparatively low, the ion trap allows for efficient detection
of the produced hydrogen.

Notably, the scheme is ideal for loading hydrogen into an antihydrogen experiment for a direct
matter—antimatter comparison. It relies on the same ion trapping techniques that are commonplace among
the antihydrogen community, and takes advantage of infrastructure which is already in place. Since the
production rate is much higher than the antihydrogen production rate (~20 atoms per 120 s cycle) [9], one
can imagine an experiment in which hydrogen is produced in a single cycle and measured in parallel with
antihydrogen which has been accumulated over a full day, enabling a direct comparison which is immune to
many systematic effects. This would significantly reduce the amount of beam time required to study the
systematic effects over an antihydrogen-only experiment, and could result in a relative comparison between
hydrogen and antihydrogen which exceeds the state-of-the-art measurements in hydrogen.

A proof of principle experiment could be performed without the magnetic trap and laser systems
required for hydrogen spectroscopy, since, upon photodissociation, the co-emitted Ba™ is captured in the
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ion trap and provides a fluorescence signal. This would provide much needed verification of the ab initio
techniques used for calculating the spectra of molecular systems such as BaH™.

The scheme could be extended to produce (for example) cold deuterium using BaDT, and
ro-vibrational spectroscopy of such systems may provide interesting tests of fundamental physics.
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