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ABSTRACT: Cryogenic buffer gas sources are ubiquitous for producing cold, Ca

collimated molecular beams for quantum science, chemistry, and precision Target caH ; gllgcules
measurements. The molecules are typically produced by laser ablating a metal °

target in the presence of a donor gas. The radical of interest emerges due to a o o 0?3 :;.?o
barrier-free reaction or under thermal or optical excitation. High-barrier reactions, ‘:)oo + 9% (] - epas® :'
such as between Ca and H,, should be precluded. We study chemical reactions ":,. P coud o;":'
between Ca and three hydrogen isotopologues (H,, D, and HD) in a cryogenic ° I et H, Molecules

cell with helium buffer gas. We observe that H, can serve as both a reactant and a et A:)oms

buffer gas, outperforming D, and HD. We use a reaction network model to
describe the chemical dynamics and find that the enhanced molecular yield can be attributed to rapid vibrational excitations of the
reactant gas. Our results demonstrate a robust method for generating bright cold beams of alkaline-earth-metal hydrides for laser

cooling and trapping.

hemical reactions at low densities and low relative

energies are characterized by the limited number of
available reactive trajectories. Such reactions occur in
astrophysical environments and may be responsible for the
production of hydrocarbons in the early universe."” Studies of
rate coefficients for single-collision events in controlled
laboratory environments can shed light on phenomena such
as quantum interference between reaction pathways”* and the
role of entanglement in reactions.” Techniques such as cold
molecular beams,”” supersonic jets,s_lo Stark deceleration,”""
centrifuge deceleration,'” ion trapping,'*~"” optical lattice
trapping,'® and optical tweezers'” have enabled extreme
reaction regimes unrealizable with traditional techniques and
have exposed new quantum phenomena.”’

However, there is an intermediate regime in the chemical
reaction landscape where densities and temperatures straddle
the line between quantum and classical.”’ Here, the motional
states of the reactants can be treated classically but the
quantum nature of their internal states cannot be neglected.
This regime is manifested in cryogenic buffer gas beam
(CBGB) sources.””** Typical gas densities in a CBGB source
can be of the order of 10" cm™ and equilibrium temperatures
of the order of 4 K. But laser ablation, which is typically used
to create the molecules of interest, can produce transient
temperatures as high as 10* K.*> Hence this configuration
allows scattering processes that extend from multiple partial
waves”®”’ to simple hard-sphere scattering.”® CBGB sources
are experimentally versatile since different gaseous reactants
can be introduced with ease.”’ Therefore, a CBGB source is an
ideal playground to study chemistry over a large parameter

30-33
range.
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In a CBGB source, three physical and chemical processes
can occur. The first process involves elastic collisions between
particles of interest and the cold buffer gas, which result in
translational cooling. The second process is inelastic collisions
that lower the internal temperature, thereby achieving ro-
vibrational cooling. The third process consists of chemical
reactions responsible for forming the desired particles. The first
two processes together are known as buffer gas cooling, a
technique that has proven highly effective in generating cold
atomic and molecular beams in their ro-vibrational ground
states.”* The third, reactive process has attracted renewed
attention as many new molecular species have been
successfully produced in CBGBs. These molecules range
from diatomics such as CaF,** YbF*® and AIF,**° to
triatomics such as CaOH,”” YbOH>® and SrOH,*’ to
polyatomics such as CaOCH;** and CaOC4H;.*' To produce
a molecule of type MX, the common approach involves laser
ablation of a metal target (M = Ca, Sr, Yb, ---), followed by
allowing the resulting hot plume to chemically react with a
donor gas (RX = SF,, H,0, CH;0H, ).

Reactions occurring within CBGB sources are generally
barrierless or possess small energy barriers that can be
overcome with thermal or optical excitation. For instance, Ca
reacts exothermically with SF¢ to form CaF,” whereas its
reaction with H,O to yield CaOH necessitates promoting the
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Ca atom to the metastable 3P, state in order to overcome an
energy barrier of approximately 1.3 eV.”” By contrast, the Ca +
H, reaction has a considerably higher barrier of ~2.7 eV. To
thermally overcome this barrier, temperatures on the order of 3
X 10* K would be needed, which is approaching the limits
achievable through laser ablation. Consequently, one would
anticipate the reaction to yield only a small amount of product.
In this work, we investigate the reactions between Ca atoms
and the isotopologues H,, D,, and HD, under conditions both
including and excluding helium as the buffer gas. This reaction
has been studied extensively at high temperatures and
pressures,”~*> conditions that preclude the cryogenic environ-
ment of a CBGB source. The formation of CaH (or CaD) is of
particular interest for the production of ultracold hydrogen(or
deuterium). The molecule CaH (or CaD) is more favorable for
laser cooling compared to atomic H (or D)***” and the cooled
and trapped molecule can potentially be dissociated near the
threshold.** Counterintuitively, our results show that the
reaction proceeds much more efficiently than a simple
thermodynamic estimate would suggest, emphasizing that
reaction dynamics play a critical role compared to purely
energetic considerations. Furthermore, we observe that H,, but
not D, and HD, acts effectively as a buffer gas, enabling the
produced CaH molecules to thermalize into their ro-vibra-
tional ground state. To interpret these observations, we
developed a model of the reactant dynamics employing rate
constants obtained from quasi-classical trajectory (QCT)
simulations. Our calculations elucidate the general trends
observed in the experiment and provide an order-of-magnitude
estimate of reaction rate constants. Additionally, the model
serves to predict loss effects in the buffer gas cell.

The experimental setup is illustrated in Figure 1, similar to
that described in ref 24. The apparatus consists of a copper cell
with internal dimensions of 25.4 mm in diameter and 50.8 mm
in length, thermally anchored to the cold plate of a pulse tube

H, molecules

Probe laser

4He atoms

Figure 1. Horizontal cross section of the cryogenic buffer gas cell. Hot
Ca atoms are generated via laser ablation of a solid target and
subsequently react with H, molecules that flow in at ~150 K.
Additionally, “He flows in at ~6 K for efficient buffer gas cooling. The
Ca atoms and the product molecules are probed through laser
absorption, with optical access ~2 cm downstream from the target.
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refrigerator maintained at ~6 K. A calcium metal target is
mounted inside the cell. A Q-switched Nd:YAG laser operating
at 532 nm is focused onto the calcium target with a beam
diameter of roughly 100 ym. Each ablation pulse carries up to
30 mJ of energy, lasts about 10 ns, and repeats at ~1 Hz,
creating a hot plume of calcium atoms. Multiple species of gas
are flown simultaneously into the cell to facilitate chemical
reactions and thermalization. A thermally isolated fill line, held
at ~150 K, delivers H,, D,, or HD gases into the cell. Helium
is precooled to ~6 K and diffused to achieve a homogeneous
distribution inside the cell for more effective cooling. Laser
absorption spectroscopy is used to probe the target atoms and
molecules through an optical window located ~2 cm
downstream from the ablation site. Specifically, calcium
atoms are probed on the 4s4p *P; « 4s* 'S, transition at
657 nm, and CaH molecules are detected via the A’II, W =
0,] =3/2,+) « X*T* (1" =0,N" = 1,]” = 1/2, — ) transition
at 695 nm. The measured CaH molecular density in the
XX*(v=0,N=1,] = 1/2, — ) state is used to calculate
populations across all ro-vibrational levels up to (v =0, N =2),
thereby accounting for all the cold molecules produced (see
Supporting Information).

The Ca + H, chemical reaction is expected to be barely
within reach in a CBGB source due to its endothermic nature.
Surprisingly, we detect a substantial yield of CaH molecules
(~3—-10 X 10" molecules/steradian/pulse), which we
attribute to the unique properties of cryogenic H,, as discussed
below. We carefully calibrate the internal state distribution at
different ablation energies up to the highest populated level (v
=0, N = 2) (see Supporting Information) for the experimental
conditions in Figure 2, thereby concluding that the total CaH
population across these states accounts for the total molecular
yield. The reaction occurs once the H, flow reaches a few
standard cubic centimeters per minute (1 SCCM = 4.5 X 10"
molecules per second) and plateaus at flow rates of several tens
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Figure 2. Chemical reaction in a cryogenic buffer gas cell. Time-
averaged CaH densities measured within 0—1 ms after ablation,
plotted against calcium density for 10 SCCM of H, (red circles) and
20 SCCM of H, (blue squares), both under 2.2 SCCM of He. The
lines denote theoretical results at the same conditions at a collision
temperature of 2400 K, showing qualitative agreement. The inset
shows the reaction efficiency, defined as the ratio of CaH to calcium
densities. A notable decrease in reaction efficiency is observed
experimentally at higher calcium densities, whereas the theoretical
model does not capture this trend, showing the need for further
refinement. Error bars on the experimental data correspond to 1-¢
statistical uncertainties.
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of SCCM. In comparison, this process is ~2—3 orders of
magnitude more efficient than the exothermic reactions
involving the two other hydrogen isotopologues studied.
While 2.2 SCCM of helium is introduced in the experiments
shown in Figure 2, our results further demonstrate that H,
alone can function as an effective buffer gas, eliminating the
necessity of flowing helium.

Figure 2 shows the measured total CaH density plotted
against the initial calcium density. The calcium density is
controlled by tuning the ablation energy, which simultaneously
influences the temperature of the ablation plume. We develop
a chemical reaction network model (lines in Figure 2) based
on rate constants obtained from QCT calculations (see
Supporting Information). We find a constant plume temper-
ature of ~2400 K, independent of calcium density, yields the
best fit to the data. We verify this assumption by measuring the
plume temperature without gas flow (see Supporting
Information). Our measurements show a maximum 45(10)%
increase in temperature with ablation energy, supporting the
constant plume temperature assumption. We also note that
plume temperature is the only fit parameter we use in the
reaction network model.

We observe that the experimental data at different H, flow
rates in Figure 2 appear less well-separated than the theoretical
predictions. In our model, we assume that the H, density
increases linearly with flow rate, which is a simplification of the
actual processes occurring in the cell. In reality, a significant
portion of H, may condense onto the cold cell walls, forming
solid H, ice, while sublimation from this ice layer can
reintroduce H, into the gas phase. These dynamics may lead to
transient and spatially inhomogeneous gas densities, but they
are difficult to model and lie beyond the scope of this work.
Experimentally, we also observe that CaH production remains
substantial even after the H, flow is turned off, further
supporting the presence of residual H, vapor from sublimation.
These effects may contribute to the reduced sensitivity of CaH
yield to the H, flow rate observed in the experiment.

Although the experimental data generally agree with the
reaction model predictions, noticeable deviations arise at
higher calcium densities. As shown in the inset of Figure 2, the
reaction efficiency, or the fraction of calcium atoms converted
into CaH molecules, decreases as the calcium density
increases. In contrast, the model predicts that the reaction
efficiency should plateau at higher densities. These losses may
be attributed to nonequilibrium processes that are not included
in the simplified model, for instance, the formation of denser
ionic species such as Ca* within the plasma can enhance the
likelihood of subsequent ionization of CaH, thereby reducing
the overall yield. We explore the effect of Ca* ion production
in the model to characterize these losses (see Supporting
Information). The model addresses reactive, inelastic, and
elastic collisions in the buffer gas cell.

In the reaction model, hot neutral calcium atoms collide
with H, molecules, leading to vibrational excitation of H, and
formation of CaH. While excited calcium atoms are likely to be
produced in the ablation plume, they have lifetimes on the
order of 1 us due to collisions with surrounding neutral atoms,
much shorter than the reaction times considered in this work.
Although H, flows into the cell at 150 K, it rapidly thermalizes
via collisions with He to 6 K where nearly all the molecules are
in the ground rovibrational state. The cold H, gas in the CBGB
source is assumed to be in the ground vibrational state initially.
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Assuming a homogeneous mixture of gases, the vibrational
quenching via inelastic collisions can be represented by

kl?—»z/( TCa)
kl?'—w(TCa) (1)

where up to v’ = 2 are included. The reactive process
representing the formation of CaH in all rovibrational states is
described as

H,(v) + Ca H,(V)) + Ca

k(Te,)

H,(v) + Ca—> CaH + H 2)

where v represents the vibrational level of H,, with up to v =2
included. The state-to-state quenching rate constants (k%) and
reaction rate constants (k") are calculated via the QCT method
(see Supporting Information). Rotational excitation is
neglected in this work, as our simulation shows that vibrational
excitation has a more significant effect on the reaction rate than
rotational excitation. This can be attributed to the far more
efficient vibration-translation coupling compared to rotation-
translation coupling.”” The inelastic rate constants, summed
over all final rotational states, and the reactive rate constants,
summed over all final rovibrational states, are shown in Figure
3(a) of the Supporting Information.

We use a deterministic approach to study the evolution of
these reactions in a closed system at thermal equilibrium by
solving the set of differential equations associated with eqs 1
and 2). The evolution of CaH and H, vibrational state
densities is given by

ane,y 2
dta = 2 kimc, )
v=0 3
and
dnyy () r
d_;’“ = _kunHz(u)nCa + Z (kz?/avnHz(v/)nCa - kfawnHz(v)nCa)

VY
(4)
where ny (V), ncgp, and ng, represent the density of H,
molecules in vibrational state , CaH molecules, and calcium
atoms in the cell, respectively.
Buffer gas thermalization properties due to elastic collisions
are included. The hot calcium atoms thermalize according to
_ RHZ(TCaO - THZ) RHe(TCa0 - Tiz.)

a1,
dt

Ky, Kye

(5)

which dictates the kinetic temperature of collisions. Here, Ry
= npe0aavpg is the elastic collision rate between calcium and
buffer gas BG, where ny is the density of the buffer gas, ol is
the elastic cross section, and Ty is the average relative velocity
between calcium and the buffer gas. T, is the temperature of
the ablated calcium, Ty is the buffer gas temperature, and xpg
= (mg, + mpg)*/ (2mc,mpc). The elastic cross sections used in
the model were experimentally extracted (see Supporting
Information).

A significant discrepancy is observed in the experimental
yields of CaH or CaD depending on whether H,, HD, or D,
serves as the reactant gas. With H,, substantial yields of
thermalized calcium atoms and CaH molecules are detected,
even in the absence of He as a buffer gas (Figure 3, green). As
a comparison, when HD or D, is supplied, the thermalized
calcium yield drops significantly, and CaH (or CaD)
production falls below our detection limits (Figure 3, yellow

https://doi.org/10.1021/acs.jpclett.5c02840
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Figure 3. Time-averaged densities (0—1 ms after ablation) of Ca and
CaH (or CaD) under different gas flow configurations. Reactant gases
H,, HD, or D, are supplied at 20 SCCM, with He (if used) added at
8.8 SCCM. Ablation energy is 19 mJ per pulse. Green, yellow, and red
bars represent results for H,, HD, and D,, respectively, while black-
framed bars show the yields with He added. Dashed lines indicate the
detection limits, defined as the lowest density detectable with signal-
to-noise ratio (SNR) > 2, below which measurements are statistically
consistent with zero. Relative errors are larger when signals are close
to the detection limit. Here the measured densities of CaH and CaD
are those in the X*’X*(v =0, N=1,] = 1/2, — ) states.

and red). These findings highlight the advantages of H, as a
reactant and cooling medium in CBGB systems.

These observations may be attributed to the exceptionally
high saturated vapor pressure of H, at cryogenic temperatures.
For example, at 6 K the vapor pressure of H, reaches ~1.5
mTorr, which is a few orders of magnitude above that of HD
(4.0 X 1072 mTorr) and D, (1.5 X 107> mTorr).”>*" This high
vapor pressure allows a sufficient density of H, in the gas
phase, allowing more productive collisions with calcium atoms
before adhering to the cell walls or exiting the cell, thereby
facilitating efficient thermalization and chemical reactions. In
comparison, HD and D, condense rapidly due to lower vapor
pressures, resulting in insufficient collisions with calcium.
Moreover, QCT simulations show that CaD formation in a D,
environment is reduced by 30% relative to CaH production
under H,, which can be attributed to the larger mass of D,.
Further descriptions of the observed change in reactivity across
isotopes may require a more rigorous quantum mechanical
study.

Adding cryogenic He to the system increases the yields of
thermalized calcium atoms and CaH molecules for all three
reactants (black-framed bars in Figure 3). This enhancement
likely comes from the high efficiency of helium to thermalize
the gas mixture and provide hydrodynamic entrainment,”*
thereby creating a more homogeneous environment in the
cryogenic cell that improves detection of calcium and CaH.
Therefore, introducing He into the system helps mitigate the
constraints from the lower vapor pressures of HD and D,.
Note that the increase in CaH molecular yield is less than
22(1)%, substantially lower than the corresponding increase in
thermalized calcium yield in the presence of He, which is
typically greater than 440(40)%. This may result from a more
rapid cooling of calcium atoms when cryogenic He is present,
which subsequently lowers the efficiency of the chemical
reaction.

Elastic collisions play a pivotal role in the thermalization
process of CBGB systems. Larger elastic cross sections
correspond to higher collision rates, facilitating rapid thermal
equilibration of translational degrees of freedom. Inert gases
like He and Ne are commonly selected as buffer gases because
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of their relatively large elastic collisional cross sections with
various molecular species, on the order of 107'* cm?
Motivated by the pronounced cooling effect observed with
H,, we investigate the elastic cross sections of H,, HD, and D,
in collisions with calcium and CaH.

We use an approach adapted from ref 24., where the elastic
collisional cross section is extracted by tracking the exponential
decays of in-cell signals over time. Details can be found in the

Supporting Information. The data is presented in Figure 4. In
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Figure 4. (a) A Ca density trace as a function of time after the
ablation pulse (average of 30 shots). The blue curve is the original
data, the orange line highlights the data used for fitting, and the green
dashed line indicates the fitted single exponential decay result. This
data is obtained with 8.8 SCCM He flow. (b) Measured collisional
cross sections of He, H,, HD, and D, with Ca and CaH.

order to reduce measurement errors, we select multiple
ablation spot and flow rate combinations and statistically
average the results. Given the low densities of calcium and
CaH (or CaD) when using the HD and D, gases, we average
these measurements more extensively (see Supporting
Information). Noticeable shifts in the background signal
were observed during measurements involving H,, HD, and
D,, likely due to sublimation of ice deposits on the cell
windows. This was accounted for by including a constant offset
in the exponential fit. Ultimately, we have measured the elastic
cross section of H, with CaH to be 4.1(1.0)x 107'¢ cm?® This
is high enough for efficient translational cooling in a regular
buffer gas cell. We have also measured the ro-vibrational
temperature of CaH with a H, buffer gas (see Supporting
Information) which provided evidence for efficient cooling
with H,.

We have observed and quantified the remarkable chemical
and thermal properties of H, molecules as a reactant and buffer
gas in CBGB sources. Our study of the chemical production of
CaH molecules demonstrates several notable phenomena that
broaden the scope of cryogenic chemistry studies. This work
also demonstrates a reliable method for generating cold CaH
molecules in their ro-vibrational ground states, which shows a
~5-fold improvement over previous approaches*>*”** and
holds significant promise for producing ultracold trapped
clouds of CaH and ultimately H atoms for quantum chemistry
experiments and high-precision spectroscopy.*®

https://doi.org/10.1021/acs.jpclett.5c02840
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Producing CaH via a chemical reaction in the buffer gas has
several distinct features over previous methods, which used a
solid CaH, precursor. These differences come in the form of
total CaH vyield, forward velocity distribution and spread, and
stability over time. We present a comparison across several
references in Table 1. By performing a controlled chemical

Table 1. Comparison of CaH Molecular Beam Production
from Buffer Gas Cells”

Reference Yield Peak velocity (m/s) Absorption peak (ms)
ref 53 5 x 108-10° 64 [45] 1 (3]

ref 54 10%° - -

ref 46 2 x 10 250 [100] 1.5 [2]

This work 10" 250 [100] 0.3 [1]

“We compare the total CaH yield per pulse, the peak (forward)
velocity, and the in-cell absorption time trace peak. The spreads of
each measurement are given in square brackets.

reaction to form CaH, we find a significant increase in the total
molecular yield. While our peak forward velocity is larger than
that of ref 53., which operated at a colder temperature of 1.8 K
with a two-stage cell, we find a similar velocity distribution to
ref 46., suggesting the reaction does not have an adverse effect
on the final velocity distribution. Finally, we see a significant
decrease in the in-cell absorption time, likely due to the smaller
collisional cross section (with CaH) of hydrogen than helium.
Colder and slower beams may be generated by using a colder
cell.

The successful production of CaH molecules despite the
significant reaction barrier (~2.7 eV) demonstrates the
effectiveness of H, as both a reactant and a cooling agent.
This deep endothermic barrier can be overcome through the
reaction network in which high-temperature Ca atoms facilitate
CaH formation by transferring energy to vibrationally excite
H,. This observation challenges the conventional thermody-
namic assumptions associated with endothermic reactions in
CBGB setups. We also experimentally investigated the viability
of enhancing the reaction with Ca excitation. We excited Ca to
two possible states, 4s4p *P, and 4s12s 'S, with the latter
exceeding the reaction barrier of ~2.7 eV. No enhancement
was observed with the readily available laser powers (~50
mW). This implies the critical role of the reaction network as
compared to the contribution of highly excited Ca atoms at the
early stage (~us) after laser ablation. The ability of H, to
simultaneously facilitate chemical reactions and act as a buffer
gas coolant highlights a dual functionality that has not been
previously explored in depth.

We have simulated the reaction dynamics in a CBGB source
using a reaction network model supplied with reaction rate
constants from QCT simulations. This reaction model includes
dependence of the reaction rate constants on the vibrational
state of H, and successfully captures several qualitative trends
observed in our experiments, such as the influence of
translational temperature on reaction dynamics and the peak
reaction efficiency of CaH. Due to the strong vibrational—
translational coupling of this reaction, the formation of CaH is
facilitated through vibrational excitations of H,, subsequently
opening reactive channels with other hot calcium atoms. One
possibility is dissociation of CaH via collisions with calcium,

for which the CaH density follows d';% = —k%ne,neyy where

k? represents the dissociation rate. While this expression

depends on the calcium density, the low temperatures within
the buffer gas cell and the relatively large binding energy of
CaH suggests that dissociation does not play a major role. We
also consider the possibility of three-body recombination
reactions, such as the formation of the van der Waals molecule
CaH—He via CaH + He + He —CaHHe + He, since it
depends on the CaH density. Using a classical threshold law
for three-body recombination reactions, we estimate a
recombination rate constant of 2.3 X 1073 cm®/s for CaH—
He recombination at 6 K,>° far too low to account for a
significant drop in the ratio of densities. Additionally, the loss
rate does not indicate any dependence on the buffer gas
density (see reaction efficiencies at high densities in Figure 2),
whereas the diffusion coefficient is inversely proportional to
the buffer gas density.’® This suggests that losses due to
diffusion do not play a major role within the parameters of the
experiment. Instead, we find that losses due to Ca*, which have
an increased production at large ablation energies, reacting
with CaH can effectively describe the discrepancy at large
ablation energies or high densities (see Supporting Informa-
tion).

The isotopic comparison reveals that H, outperforms D, and
HD in both chemical reactivity and buffer gas cooling
efficiency. This disparity can be attributed to the higher
saturated vapor pressure of H, at cryogenic temperatures, as
well as larger collisional cross sections. These properties ensure
a more robust supply of cold H, molecules in the gas phase.
This intriguing effect is partially captured by our reaction
network model, mainly due to differences in mass across
isotopes. Our observations indicate that it is necessary to
account for the inherent quantum nature of atom-molecule
collisions to quantitatively capture the isotopic effects on the
reaction dynamics in a buffer gas cell.

This study advances the understanding of cryogenic
chemical reactions and highlights the potential of H, as a
versatile tool in CBGB systems. By combining experimental
observations with computational modeling, we provide a
comprehensive picture of the unique properties of H, and its
isotopologues, paving the way for future explorations in this

field.
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Rotational temperature measurement

We measure the rotational temperature of the molecules by comparing the relative popula-
tions in different rotational states. Figure 1(a) shows the measured relative absorption of
X2%H(N = 0) and X221 (N = 2) states with respect to X?XT(N = 1) for varying ablation
pulse energies. The transitions involved in these measurements are A?Il;5(v' = 0, J' =
1/2, =) «+ X?5H(W =0, N =0, J' =1/2, +), AI1p(v/ =0, J = 3/2, +) «
X2t =0, N" =1, J" =3/2, —), and A’ p(v/ =0, J' =5/2, =) « X*EH (" =
0, N" =2, J"=5/2, +), for the states with N = 0, 1, and 2, respectively. Note that we use
different transitions in the rest of the paper (A%IL; (v =0, J = 1/2, +) < X?2H(/" =

0, N =1, J”=1/2, —)), and numbers in Figure 1(a) should not be directly interpreted
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Figure 1: (a) Relative in-cell absorption for X?XT(N = 0) and X2?X (N = 2) states with
respect to X2X (N = 1), versus ablation pulse energy. Absorption for X?YT(N = 3) and
higher ro-vibronic states is below the detection limit and therefore neglected. Solid lines are
fitted quadratic functions to guide the eye. (b) Fitted rotational temperature versus ablation
pulse energy. Temperatures are extracted from a least-squares fit according to Eq. (1), as
shown in inset (¢). The wide green band represents the 2-0 uncertainties from the fit.

as population ratios. We fit the relative absorption values to extract the corresponding

rotational temperature via the expression

P S xdx e BNINHD/ksT (1)



where P, S, d, and B denote the absorption, the Honl-London factor, the degeneracy of the
respective hyperfine magnetic sublevels, and the ground-state rotational constant, respec-
tively, and kg is the Boltzmann constant. The fitted rotational temperature as a function
of ablation energy is shown in Fig. 1(b), with the inset (c) showing a sample fit. With the
knowledge of the rotational temperature, we can use the population in the X?XT(N = 1)
state to predict the population in all occupied rotational states. We find that the rotational
states higher than X?%7(N = 2) can be neglected here since their population is very small

at ~6 K.

Ablation plume temperature measurement

We have measured the dependence of the ablation plume temperature on the ablation energy
when there is no gas flow in the system, as shown in Fig. 2. The temperature of the
ablation plume is determined by analyzing the measured absorption linewidth of the Ca
4s4p 1P, < 4s® 1S, transition at 423 nm. While the Ca yield remains stable during the
measurement, we sweep the frequency of the 423 nm laser through the cell and observe a
Gaussian-shaped absorption spectrum. Its linewidth is influenced by various line-broadening
mechanisms which we carefully consider to identify the dominant contributor.

The natural linewidth of the transition is ~ 30 MHz. Collisional broadening is negligible
here due to the low density of the buffer gas in the cell, and power broadening is minimal
due to the low intensity of the probe laser light. Consequently, the dominant broadening
mechanism is attributed to the Doppler effect. The measured linewidth of ~ 1 GHz is
significantly larger than any of the other broadening contributions, allowing us to directly
translate the linewidth to temperature.

It is important to note that the measured temperature represents a lower bound on the
actual translational temperature of the ablation plume. In non-equilibrium systems such as

the CBGB source, the translational temperature is anisotropic: the temperature along the



s @)
.8
85 °f i
(_U § o ¢ $
O o
n —1 r o ry <o O '
% Og:.::mr’~=-7 . '7: ;-.'_:T-
~2000 -1750 —1500 —1250 -1000 -750
. Detuning from 709.078341 THz (MHz)
< b
GLJ ————————————————————————————
2 2000}
g
o o
1000t 0 , © ©
(U 1 1 1 1
O 10 15 20 25 30

Ablation energy on target (mJ)

Figure 2: (a) Ca absorption spectra at different ablation energies. The data is fitted with the
Gaussian function. (b) The Ca plume temperature versus ablation energy (error bars not
visible at this scale). The gray shaded area represents the theoretical temperature 2400(60) K
that optimally matches the experimental results in Fig. 2 of the main text.

direction of ablation is typically higher than the temperature perpendicular to it.! Based
on our QCT simulations, a temperature of 2400(60) K provides the best fits to the exper-
imental data. We therefore estimate this value to be near the average plume temperature
in our system. Future experiments with more optical access could enable measurements
along multiple spatial directions to provide a more precise characterization of the plume’s

anisotropic temperature distribution.

Extraction of collisional cross sections

Here we describe the determination of the elastic collisional cross sections. These measure-
ments are based on the method in Ref. 2 We assume that particles either stick to the cell
walls or exit through the cell aperture via a diffusion process when the density of buffer
gas is low. By monitoring the decay of the signal over time, we estimate the diffusion time

constant and consequently derive the elastic collisional cross section.



The diffusion time constant is extracted by fitting an exponentially decaying function to
the later part of the absorption time trace as illustrated in Fig. 4(a) of the main text. The

elastic collisional cross section is then

ImvRaT
o= —
16 Acennpa

(2)

where vgg = /8kpTy/mmpc is the expected speed of the buffer gas which follows the
standard Maxwell-Boltzmann distribution, 7 is the fitted diffusion time constant, A.q is the

cross-sectional cell area of ~ 5 cm?

, and npg is the density of the buffer gas. The density
is set by controlling the flow as npe = 4fpc/(VBcAaperture), Where fpg is the flow rate of
the buffer gas into the system and A,perture is the aperture size of the buffer gas cell of

~ 0.25 cm?.

Table 1: Collisional cross sections (in units of 10716 ¢cm?) for Ca and CaH with He, Hy, HD,
and D2.

He H2 HD D2
Ca  13.2(28) 35(1.2) 1.8(0.2) 1.3(0.4)
CaH 77(25) 4.1(1.0) 3.3(1.4) -

To reduce systematic errors, we chose 3 different ablation spots and 2 different gas flow
rates, and averaged the results to obtain the cross section values and the measurement error
estimates. Overall, it takes 180 averages for He, 180 averages for H,, 300 averages for HD,

and 540 averages for Dy. The results are presented in Table 1.

QCT simulations

There have been numerous studies of the Ca+ H, reaction which used pump-probe tech-
niques, where Ca was introduced via a heat-pipe oven heated to around 900 K and then
excited to the (*P) and (*D) states to form CaH.*® On the theoretical front, six 'As po-

tential energy surfaces (PES) of the Ca + H, system were presented,” and it was reported
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Figure 3: (a) QCT calculated temperature-dependent state-to-state vibrational rate con-
stants for Hy (k! /), where the subscripts denote the initial and final vibrational states,
and formation of CaH (k]), where the subscript denotes the initial vibrational state of H,.
(b) Sample solution to the reaction model at 2400 K showing the change in number density
over time relative to the initial densities. The Ca and CaH densities are scaled up by a factor
of 500 for visualization. (c) Kinetic temperature of Ca over time, decaying due to elastic

collisions with buffer gases H, and He.

that these reactions are unlikely to occur from a single collision process due to large energy
separations in the low energy region of the three PESs originating from Ca(4s3d, !D) and
two PESs from Ca(4s4p, 'P). In this work, we use the quasi-classical trajectory (QCT)

method®? via the PyQCAMS software to calculate the energy-dependent cross sections



of processes involved in collisions between ground state Ca and H,, which are required to
solve Egs. (3-4) of the main text. The particle motion is treated classically, such that the
trajectories are found using Hamilton’s equations of motion. The internal states are treated
according to the Bohr-Sommerfeld quantization rule, which quantizes the classical action
into discrete energy levels. Thus, we gain insight into state-to-state cross sections of rele-
vant processes, such as vibrational excitation or quenching of H,, or a reaction leading to
CaH formation, at variable collision energies. Our calculations agree with those of the most
recent treatment of the Ca(!S)+ H,(r=0) reaction, which used a neural network method
to construct a global PES and reported subsequent dynamics using a time-dependent wave

packet method . The energy-dependent cross section for a process p is calculated via

bmaz
o (E.) = 2 / P (E., b)bdb (3)
0
N, N, [N—N, - .
where P,(E,,b) = ~ £ 7\ —w - represents the probability of process p occurring from

N, collisions for a given collision energy F, and impact parameter b. The uncertainty rep-
resents one standard deviation associated with the Boolean Monte Carlo process for calcu-
lating P,(E,,b). Here, process p can represent rovibrational quenching, formation of a new
molecule, or dissociation of the initial molecule. The integral is calculated after randomizing
initial conditions for a sufficient number of trajectories. The reaction rate of the collision is
then calculated as the product of the cross section and the collision velocity,

2F,

kp(Ee) = op(Ee) PR (4)

where /1 = mcamu, /(Mca+mn,) is the reduced mass of the colliding particles. For an appro-

priate Maxwell-Boltzmann distribution of energies, we calculate the temperature-dependent



rate constants of these processes,

2 E. _
kp(T) = W/kp(Ec) ?6 EC/kBTdEC. (5)

Table 2: Parameters used in the Morse potential for pairwise interactions. The H, potential
was calculated with the full configuration interaction method, and the CaH potential was
obtained from Ref.!? to which we fit the Morse parameters.

D. (Eg) 7. (a0) « (ag))
H, (X'S)) 0.165 1.40 1.06
CaH(X?¥*)  0.0653  3.79  0.691

The Hamiltonian governing the collision is given by

3 — 2

H = Z b +V(ri,73,73). (6)

2m2-

i=1

The three-body potential is approximated as a pairwise additive potential,

|4 (T_i, T_é, ’I“_é) == V(T’12> + V(ng) + V(Tgl). (7)

To approximate two-body interactions, we use the Morse potential, given by V(r) = D.(1 —
e~®r=re))2 D, where r is the interparticle distance, D, is the dissociation energy, and r,
is the equilibrium distance of the diatomic molecule. The potential parameters for H, and
CaH are listed in Table 2.

Figure 3(a) presents the temperature-dependent rate constants that were used in our
reaction model. The choice of states included in the reaction model was made by mapping
the rate constants and characteristic timescales of vibrational quenching of H, at a collision
temperature of 2400 K, where the density of H, is ~ 7.7x10™ cm™, corresponding to a
20 SCCM flow rate in the buffer gas cell. At this temperature and density, we find that
throughout the reaction, ~ 3.7% of the total H, density is expected to be excited to the first

vibrational state v = 1, and only ~ 0.02% to v = 2. Thus, the inclusion of these vibrationally



excited states of H, are sufficient to describe the cell dynamics. While there is a trend
of higher vibrational states leading to larger reaction rate constants at low temperatures,
excitation of H, to vibrational states larger than v = 2 is highly unlikely under buffer gas
cell conditions.

We do not include rotational excitations of H, in the model, as they show little influence
on the relevant reactions. In Table 3 we show the impact of the initial rovibrational state
of H, on the calculated rate coefficients of CaH formation and state-to-state quenching of
H, at a sample temperature of 3,000 K. We find that the calculated reaction rate constants
are largely independent of the initial rotational state of the reactants but are dependent
on the initial vibrational states. In addition, the efficient rotational quenching of H, in He
buffer gas restricts the lifetime of excited rotational states. Therefore, we only consider the
ground rotational state of H, throughout the reaction (j; = 0), but include the state-to-
state vibrational inelastic rate constants by summing over all final rotational states. As
H, becomes vibrationally excited, the endothermicity of the reaction Ca + H, is reduced
by ~0.55 eV, corresponding to the vibrational spacing of H,, making CaH formation more
probable at buffer gas temperatures. More importantly, vibrationally excited H, molecules
exhibit larger bond lengths, which plays a significant role in reactive collisions.” In other
words, the reaction is facilitated by vibrational excitation of H, since vibrational-translational

coupling is shown to be strong for this system.

Table 3: Influence of the initial rovibrational state (v, j) of Hy, on the CaH formation rate
constant (k]), and on the state-to-state H, vibrational quenching rate constants, where the
vibrational state is lowered by one (k] _, ,_;) or raised by one (k! _, ,.,), at a collision
temperature of 3,000 K. We sum over all rotational states, and present the rate constants in

units of cm?/s.

(v, §) | k(<1071 | kY, 1 (x107°) | K§_,, 4, (x107"°)
(0, 0) | 7.59 £ 0.69 - 2.97 £ 0.10
(0,2) | 7.00 + 0.63 - 2.63 & 0.10
(1,0) | 59.3 £ 7.11 | 3.57 & 0.04 1.78 + 0.08
(1,2) | 53.7 £ 7.42 | 3.42 4 0.04 1.63 & 0.08

The initial Ca density and collision temperature are dictated by the ablation laser power,



and serve as inputs for the reaction model. After finding the steady-state solution to Egs. (3-
4) of the main text, we report the expected density of CaH molecules forming in the buffer
gas cell. A sample reaction process with the initial Ca density of 9.2 x 10® cm™ and H,
density of 7.5 x 10!* cm ™3 is shown in Fig. 3(b), where the change in density of each species
is plotted. Thermalization of Ca is shown in Fig. 3(c) for the same sample reaction. CaH
formation is complete in < 0.2 ms, implying that all the chemistry happens before detection
and that the rapid thermalization of Ca subsequently restricts the reaction.

The main source of uncertainty in the model (shaded area around the solid blue and red
lines in Fig. 2 of the main text representing one standard deviation) is from the QCT rate
constants. To propagate the error through the model, we sample 100 rate constants from the
associated error distribution and solve the steady-state reaction network. We then collect

statistics on the density of each species at each calculation step.

Loss channel

At high ablation energies, the theoretical prediction of CaH production deviates from ex-
perimental measurements. It is well known that ablation of materials suffers from plasma
shielding at large ablation energies,'® when the plume becomes ionized. The freed electrons
absorb the incoming light, which presents as a decreased ablation efficiency. This effect
appears when plotting the number density of ablated atoms against the laser fluence in our
system, as shown in Fig. 4. At a laser fluence of ~ 150 J/cm?, the ablation efficiency of Ca
shows a clear change in trend. At this threshold, marked by the shaded region, the deviation
between experiment and theory begins, as shown by the orange CaH density curve. This is
evidence of a new reactive mechanism in the system which is linked to the plasma shielding
effect.

At the onset of plasma sheilding, we expect an increased production of Ca™ ions by the
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Figure 4: Number density of Ca and CaH as a function of ablation laser fluence, demon-
strating a change in power law behavior. Ca density serving as the input of the model is
represented by the solid blue curve, with experimentally measured Ca densities as blue open
circles. The CaH density is represented by the orange curve, and is the output of the reaction
model. The orange open circles represent experimentally measured CaH densities. The data
points were taken with 40 SCCM of H, and 2.2 SCCM of He flowing through the cell. The
shaded region is where plasma shielding is expected to occur. The dashed line represents
the predicted Ca density without plasma shielding, and the difference between the dashed
and solid lines indicates the amount of Ca' ions formed.

ablation laser, which opens possible loss channels:

Ca® + CaH — Ca," + H, (8)

Ca® + CaH — CaH™" + H. (9)

The rate coefficient of these reactions can be estimated with a simple capture model which

takes into account the polarizability and permanent dipole moment of CaH.!* For polariz-
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Figure 5: Effect of Ca™ ion production due to plasma shielding on CaH number density
as a function of ablation laser fluence. The data points are a combination of 10 SCCM
and 20 SCCM H,, with 2.2 SCCM of He flow. The solid line is the reaction model output
without Ca't present, and the dashed line is with Ca™t produced by laser ablation. The inset
shows the reaction efficiency, defined as the ratio of CaH and Ca densities. The errors of the
theoretical predictions are not shown but resemble those in Fig. 2 of the main text.

ability « and dipole moment pup, the energy-dependent rate coefficient for losses due to ionic

collisions, ki.ss(E), is given by

2 2
kloss(Ec) =T 2\/% + w[ IU,I.LEI? (10)

where 1 is the reduced mass of the Ca™ —CaH system, and we have assumed there is sufficient

time for the dipole to align with the electric field of the ion. Beyond the plasma shielding
threshold, we allow the density of ions to grow proportionally to the difference between the

two power laws describing Ca ablation shown in Fig. 4 (dashed and solid lines). Since the

12



number of ions produced by ablation is a free parameter, we find agreement if the fraction of

Ca™ ions produced by ablation is ~ 1/7,000 of the difference between the dashed and solid

lines in Fig. 4. In other words, the apparent reduced ablation efficiency of Ca is accompanied

by a proportional increase in the production of Ca™ ions.

In Fig. 5 we show the CaH density before and after the inclusion of losses due to Ca™ ions

represented as FEqgs. (8-9), where we now find agreement at large ablation energies. These

results indicate that the production of ions at large ablation energies has a significant loss

effect on the formation of CaH in the buffer gas cell.
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