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The destruction of *HeT" in collisions with tritium:
a dynamical studyf

Jayakrushna Sahoo, (22 Duncan Bossion,” Felix Spanier,®
Tomas Gonzalez-Lezana (2 *9 and Yohann Scribano (2 *@

The dynamics of the T + *HeT*(v = 0, j = 0) — T»" + ®He reaction has been theoretically investigated
by means of quantum, statistical and quasi-classical methods on a recently refined potential energy
surface. Integral cross sections, rotational distributions, differential cross sections and rate constants
have been obtained. The destruction following the above reaction of *HeT*, an ionic species formed
during the single-B decay of the molecular tritium, is thus studied in detail, and its possible influence on
current experiments to estimate the mass of the neutrino discussed. In this sense, values of the rate
constant for such a process between 10 and 500 K have been predicted to be around 1.2 x 1072 cm® s™%.

The thermal rate constant, obtained by considering also the rates for the processes initiated from the five

rsc.li/pccp

1 Introduction

The *HeT" ionic species is a product of the single-B decay of
molecular tritium:

T, —» *HeT +e” + 7, (1)

the main process exploited for recent estimates of the neutrino
mass by the KArlsruhe TRItium Neutrino (KATRIN) experiment."”
The KATRIN experiment consists of a windowless gaseous tritium
source where a constant inflow of molecular tritium, T,, provides
a stable rate of B-decay electrons. These electrons are transported
by means of a strong guide magnetic field to the detector and can
interact with the ambient gas via ionization recombination,
clustering and elastic scattering.®> The result of these atomic
and molecular processes is the production of secondary particles
which may subsequently yield even more particles which end
either eliminated via recombination processes or absorbed by
the walls of the experiment. With a sufficiently large charged
particle density a plasma is finally formed in the source of the
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first rotational states *HeT*(v = 0, j = 1-5), confirms such a value.

apparatus. The plasma generates an electrostatic potential which
may change the energy of decaying tritium with respect to the
detector. Some of the relevant processes occurring under such
conditions have been simulated by means of a Monte Carlo
model.*

Within the conditions of the KATRIN experiment, such as
characteristic temperatures of about 80 K and flow equilibrium
of the ambient gas, tritium clustering is the dominant process,
with higher densities of T;" and Ts' than those for T" and T,".
The abundance of larger clusters can be relevant but the cross
sections for their actual formation are unknown to date.
Upcoming versions of the tritium-decay based experiments,
such as the so called Project 8 experiment,”> are now in a
preliminary stage where the operating conditions and para-
meters are being carefully tested. Among the most significant
novelties introduced in this new set up with respect to the
original apparatus, we find that the desired temperature range
is significantly much lower (coming down to the millikelvin
range). Moreover, the injected atomic tritium stays far longer in
the source than before. These changes lead to a number of
different atomic and molecular processes becoming important.
In particular *He" is also expected to play some role since
helium is not removed from the source. The existing tritium
can then collide first with ionic helium to form *HeT" and then
with this species itself, T + *HeT". Although this process is not
crucial for the actual observation of the neutrino, constituents
like *HeT" and T, have significantly different cross sections for
ionization and recombination which in turn have an impact on
the total electron content and the plasma properties.

This current need for relevant information regarding the
possible processes occurring among the existing molecular
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species in the above described experiments leads us to address
the destruction of *HeT" via the following reaction (*He/T):

T + *HeT" — T," + *He (2)

As with many other processes including tritium (or *He)
neither theoretical calculations nor experimental observations
exist or can be trivially derived from 'H and *He. This makes
precision calculations for tritium experiments rather compli-
cated. As Project 8 is still in the design phase, it is possible to
build a theoretical model for which adequate observational
tools can be developed.

In a recent work,® some of us have investigated the dynamics
of the isotopic version (*“He/H) of the reaction in eqn (2) in
which tritium is substituted by usual hydrogen, H, and *He is
replaced by “He. Given the relevance of the HeH" ionic species
within an astrophysical context, the H + “HeH" — H," + “He
reaction has been the subject of numerous investigations.
Many of these previous studies’** had employed the potential
energy surface (PES) reported in ref. 16 and subsequent analy-
tical fits. However, as shown by Sahoo et al.,® the PES developed
by Ramachandran et al.*® presents an “artificial barrier” on the
reaction path as a spurious result of the numerical fitting
procedure. The dynamics of the reaction was investigated in
ref. 6 with a correct long-range interaction by means of a time
independent quantum method (TIQM), a statistical quantum
method (SQM) and quasi-classical trajectory (QCT) calcula-
tions. The resulting integral cross sections (ICSs) exhibited a
monotonic increase as the collision energy decreases as
opposed to the abrupt non-Langevin decrease found using
the original PES." The corresponding rate constants calculated
on the new PES exhibited a noticeable enhancement at low
temperatures which surely would affect the abundance of HeH"
in the early stages of the universe predicted by astrophysical
models. This newly corrected PES was also employed in a
subsequent calculation'” for a variant of the title reaction
where one of the H atoms is substituted by deuterium (*He/
D): HeH' + D — HD' + He and a good agreement with the
experimental cross sections established the validity of the new
surface. This corrected PES was also considered as the bench-
mark to test the performance of a mixed kernel/neural network
representation of a reactive PES for the H,He" system."®

In this work we have followed a similar procedure to study
the dynamics of the reaction (*He/T) in eqn (2), and calcula-
tions by means of the above mentioned TIQM, SQM and QCT
approaches have been conducted on the corrected PES reported
in ref. 6. Both, the above mentioned methods and the PES
employed are briefly described in Section 2.

2 Theoretical methods
2.1 Potential energy surface

The description of the procedure to obtain a corrected version
of the Ramachandran PES'® was given in ref. 6 and its supple-
mentary information (SI), so here we will restrict ourselves to
provide the most relevant details. Originally, Ramachandran
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et al. developed three different surfaces by calculating ab initio
energy points by means of both multi-reference'®*® and full
configuration interaction.>"** methods and correlation-consistent
polarized valence quadruple (cc-pvVQZ)- and quintuple-zeta
(cc-pV5Z) basis sets.”® These electronic energies were then analyti-
cally fitted using Aguado-Paniagua® functions with polynomials of
different highest order (6 and 8). The correction proposed by Sahoo
et al.® manages to remove the spurious barrier existing in the PES
by Ramachandran et al. by describing, on the one hand, the three-
body terms with an analytical Aguado-Paniagua fitting of FCI/cc-
PVQZ ab initio energy points and, on the other hand, the two-body
terms by means of Aguado-Paniagua® polynomials (order 10) and
long-range terms taken from Koner et al.>

2.2 Time independent quantum method

The quantum scattering dynamics of the reaction is investi-
gated using the TIQM scattering method, as implemented in
the ABC quantum reactive program by Skouteris et al.>® The
method employs a coupled-channel hyperspherical coordinate
approach to solve the time-independent Schrodinger equation
on a single adiabatic electronic PES for the nuclear motion of a
triatomic reactive system. The resulting set of coupled-channel
hyperradial equations is then solved using the constant refer-
ence potential log-derivative method.”” At the end of the
propagation, the scattering matrix (S-matrix) is obtained by
imposing asymptotic boundary conditions at large hyperradius.
Those scattering matrix elements are computed over a specified
range of total energy E (in a single run) for a given total angular
quantum number J and triatomic parity eigenvalue across all
three arrangement channels (inelastic, exchange and reactive
channels). Next, the parity-adapted S-matrix elements are
appropriately combined to obtain the helicity-representation
S-matrix elements, S;;.Qﬁv,j,g,(E), (see eqn (1) and (2) of ref. 26)
in order to get the reaction observables such as cross sections
and rate constants. The reactive state-to-state cross section is
calculated according to

Jxm\x
T
oy (B) = =3 S QI+ )P g (E) ()
EUEPIP IR AR
2
where the reaction probability P{].Qw,].,g, (E)= S{ig_w,j,g,(E)

and IEL:,- = \/2uE;/h, with p being the atom-diatom reduced
mass of the reactant channel, and E. being the collision energy
which is the total energy minus the rovibrational energy of the
reactant diatom. The symbols v, j, and @ denote the vibrational,
rotational, and helicity quantum numbers of the reactant
channel, respectively, and the corresponding primed quantities
are those for the product channel.

Formally, the state-to-state temperature dependent rate
coefficients are related to the corresponding cross sections by
thermal averaging over a Maxwell-Boltzmann velocity distribu-
tion according to

kT 1 _
by (1) =[P s ey (B 97 aE ()
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The numerical integration is performed as presented in ref. 6.
From those state-to-state observables it is then possible to
easily determine initial state observables or thermal average
observables.

In addition, we have obtained differential cross sections
(DCSs) as a function of the energy and the scattering angle 0
obtained by means of the following expression:>®

2

1
oy (E,0) = i—NV;(zJ—F l)dQQI(G)S;;Q‘V(/,Q,(E) . (5)

Performing these TIQM calculations requires the input of
several parameters, the values of which are determined by
means of convergence tests. For example, several convergence
tests at total angular momentum J = 0 are performed in order to
get the final optimal values of said parameters. In Table S1 of
the SI specific parameters used for the generation of reaction
cross sections with the ABC code are listed. Extensive conver-
gence tests are carried out for all parameters in each E. range as
given in Table S1 of the SI. The convergence of the cross section
is checked with respect to the maximum number of rotational
states in any reactive channel (j,ax), the maximum total energy
that includes all open and closed rovibrational levels in the
basis set (Epax), the maximum value of the hyperradius (pmax),
the number of log derivative propagation sectors (ne), the
helicity truncation parameter (Q.,,,) and the maximum total
angular momentum (Jinax)-

2.3 Statistical quantum method

The SQM was described in the previous investigation of the H +
‘HeH" — H," + “He reaction.® The method was designed by
Manolopoulos and collaborators®®*® to treat atom-diatom
complex-forming reactions and it has been employed on
numerous occasions (an early review with some applications
can be found in ref. 30). Within such an assumption for the
overall dynamics of the process, the state-to-state probability
can be expressed as:

Py(E)py(E)

= P 4(E) ~ T&)» (6)
!

:

S],/;(E)

o

where J is the total angular momentum, p}(E) is the capture
probability for the intermediate complex formation from the
initial « = (v, j) rovibrational states of the reactants *HeT"(v, j),
P)(E) is the probability for the collision complex to fragment
onto the final f = (v/, j') rovibrational states of the products
T,"(v/, j), and in the denominator the [ index runs for all
energetically accessible rovibrational states either in the reac-
tants channel or the products channel at the energy value E.
The capture probabilities of the above eqn (6) are obtained by
solving the corresponding coupled channel equations® using a
time independent log derivative method between the asympto-
tic region defined by R, and the region where the intermedi-
ate complex is assumed to form, defined by the capture radius
R.. Numerical values for these R. and R,y are 1.5 and 44.3 A,
respectively, for both reactants and product arrangements.
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The above expression for the state-to-state reaction prob-
ability shown in eqn (6) is then used to calculate ICSs as
indicated in eqn (3), which enable us to obtain as well rate
coefficients following eqn (4). The calculation of DCSs, on the
contrary, requires an extra approximation as explained in
ref. 29, given that the SQM does not provide information on
the phase of the scattering matrix. Thus, the adequate expres-
sion is given by:*°

1
@I+ 1 oo (O Pl ey ()

O'W-Qﬁv/j/Q/ (E, 0) N —=
vooJ

2.4 Quasi-classical trajectory method

The QCT method is presented in detail in Truhlar &
Muckerman®' and here we only give a brief description. The
internal energy associated to the diatomic initial state (v, j)
matches that of the exact rovibrational energy of the state
of interest, obtained using the Fourier grid Hamiltonian
method.?” The nuclear dynamics is performed by solving the
classical Hamilton’s equations (by means of a standard Runge-
Kutta integrator with adaptive time stepsize) on the ground-
state electronic PES.® At the end of the propagation, a set of
continuous pseudo quantum numbers (rotational and vibra-
tional) is obtained within the WKB approximation.®* We then
determine discrete quantum numbers (v', j') to which each
trajectory is assigned through a binning procedure.*’ Within
this work, we use our own modified version of the Gaussian
binning (GB). The efficiency of this scheme was already high-
lighted in a previous study of H + “HeH" — H," + “He
reaction.”

Each trajectory belongs to a histogram or Gaussian bin
labeled (v, j'). The ensemble of trajectories allows us to
determine the reactive state-to-state cross section as

Oyjvy(Ee) = nbmaxz(Ec)Pw'—»V’j’(Ec) (8)

where P,;_,,/y(E.) is the reaction probability determined by the
ratio of the weight of reactive trajectories in the bin (v', /') by the
total weight of all the trajectories (each trajectory has a weight
of w < 1, based on the value of its pseudo quantum number, in
our GB scheme as presented in ref. 15). Convergence of the
maximum impact parameter byax(Ec) = Dmax(Ec;V, j) for each
collisional energy is obtained by running small batches of
trajectories beforehand, leading to maximal impact parameters
between 8.7 and 67.6a, for the energy range considered. Cross-
sections are computed with collision energies starting from 1 x
107" eV up to 1 eV. To account for the logarithmic behaviour of
the cross section, we considered a logarithmic energy grid, with
5 energies per order of magnitude. Up to N, = 40 000 trajectories
were propagated to minimize the standard deviation of the
cross-section.

To estimate the lifetime of the intermediate complex for this
chemical reaction, we determine a lifetime (or collision time)
for each trajectory (labelled by «) at each collisional energy E.
and for the initial rovibrational state (v = 0, j = 0). This lifetime
is the time during which the internuclear distances of all the

Phys. Chem. Chem. Phys.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp03908h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 February 2026. Downloaded on 2/25/2026 4:49:42 AM.

(cc)

Paper

atoms are less than 5a, during the collision. An average over all
trajectories is then performed to obtain the average lifetime
Teomplex Of the complex as:

1
Tcomplex (Ec) = ﬁ Z Ty (9)
Ly=1

where N, is the total number of propagated trajectories and t,, is
the lifetime of the oth trajectory. Values for the parameters used
in the QCT calculation are shown in Table S2 of the SI.

3 Results and discussion
3.1 Integral cross sections and rate constants

In Fig. 1, we show the comparison among the ICSs obtained
with the different methods discussed in Section 2 for the
T+ *HeT'(v =0,/ =0) — T," + *He reaction in an energy range
up to 1.0 eV. The trend followed as the energy increases is a
monotonic decrease. This was also the behavior observed in
ref. 6 for the isotopic variant H + *“HeH"(v = 0, j = 0) — H," +
“He; in fact the SQM ICSs obtained for that process is also
included here in Fig. 1 for comparison (in the SI we include a
version of this figure separated in log-scale energy decades; see
Fig. S1). The agreement with the TIQM results of the SQM and
QCT predictions is remarkable, with only slight differences at
the low energy range (~107° eV). The apparent similarities of
the present ICSs for the *He/T process in comparison with the
corresponding “He/H reaction is consistent with a similar
comparison established with the HeH' + D — HD' + He
reaction."”

Rate constants have been calculated with these ICSs for the
T + *HeT'(v = 0, j = 0) » T," + *He reaction using eqn (4).

T+3HeT'(v=0,j=0) - T +*He

T T T Ty

10°

—TIQM
10% £

Cross Section [A?]

—QCT
—SQM
—— SQM (*HeH)
101 1 1 1 1
10° 104 103 102 10"

E,[eV]

Fig. 1 Total integral cross section of the T + *HeT*(v = 0,j = 0) » T,* +
3He as a function of the collisional energy obtained with the present
theoretical methods (see Section 2): TIQM (black line), SQM (red line) and
QCT approaches (blue line). The SQM result (green line) for the isotopic
variant of the title reaction where H instead of T and “He instead of *He are
considered® is included for comparison.
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141 T +°HeT* > T; + °He 1

&”_\_

1.3F

Rate Constant [10°° cm® s™]
o

—TIQM
11F ——saM
——aQcT
1 1 1
100 1000

Temperature [K]

Fig. 2 Rate constants, k(7), for the T + *HeT*(v = 0, j = 0) — To* + *He
reaction as a function of the temperature obtained with the TIQM (black
line), SQM (red line) and QCT (blue line) methods.

Results are shown in Fig. 2 between 7 = 10 and 1000 K. The
output from these three methods compare very well. In parti-
cular, the apparent capabilities of the statistical technique thus
seem to support the hypothesis of a complex-forming mecha-
nism leading the overall dynamics of the reaction that the ICSs
shown in Fig. 1 suggest.

In Table 1 we show the numerical values of the k(T) here
obtained with the TIQM, SQM and QCT calculations at some
specific temperatures. The agreement among the three sets of
data is very good. The table also contains the comparison with
the k(T) reported in ref. 6 in our previous study on the H +
"HeH'(v = 0, j = 0) — H,"” + "He reaction. The order of
magnitude of both isotopic variants of the reactive collision is
the same (below 2.5 x 10~° ¢cm® s') and in both cases the
statistical prediction remains slightly above the TIQM values.

In order to provide some insight to a possible experimental
investigation of the reaction, we have extended our study to
other rovibrational states of the initial reactant *HeT"(v, j)
which may be populated at the temperatures under considera-
tion. Thus, cross sections for the reaction initiated from the
rotationally excited *HeT"(v = 0, j = 1-5) states have been
calculated by means of the computationally less expensive
QCT and SQM methods. Results are shown in Fig. S2 and S3
of the SI. The corresponding rate constants obtained with them

Table1 Rate constants k(T) for the title reaction in comparison with those
for the isotopic variant H + “HeH*(v = 0,j = 0) - H," + “He reported in ref.
6 at specific values of the temperature obtained with the TIQM, SQM and

QCT approaches. Units for the rate constants are 107 cm® s™*

*He/T (this work) “He/H (ref. 6)

T (K) TIQM SQM QCT TIQM SQM QCT

50 1.25 1.28 1.26 2.01 2.21 2.00
100 1.26 1.27 1.26 2.04 2.21 1.96
250 1.25 1.28 1.29 2.10 2.25 2.03
500 1.24 1.29 1.29 2.09 2.17 2.08
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(shown in Fig. S4 and S5 of the SI) reveal that values do not vary
too much from 1.2 x 10™° ecm® s " for all the initial rotational
states under consideration in the case of the QCT and between
1.0 and 1.5 x 10~° em® s™! in the case of the SQM predictions.
Thermal rate constants obtained for both SQM and QCT methods

by means of the expression k(7)) = eEf/kBTkj(T)/Z e’E///"BT,
J

where j stands for the corresponding v = 0, j = 0-5 rovibrational
state, are compared in Fig. S6 of the SI. We can conclude that the
destruction rate of *HeT" is not significantly varied by its possible
rotational excitation.

3.2 The dynamics of the reaction

The above results presented in Section 3.1 have given us an idea
of how efficient and fast the title reaction is, in order to analyse
its possible relevance in the context of experiments discussed
in the introduction. As in other similar studies the observed
agreement between the statistical predictions and the other
theoretical methods employed here, especially the quantum

*HeT*(v=0,j=0)+T - T;(v') +°He

10°

102

10"

-
o
w

-
o
N

10°

—_

Cross Section [A?]

10 |
102 |

10" |

e e
Collision Energy [eV]

Fig. 3 Final vibrational state selected integral cross sections (in A?) as a
function of the collision energy for the T + *HeT*(v = 0,j = 0) » o™ (V) +
3He reaction. TIQM results (top panel) are compared with SQM (middle
panel) and QCT cross sections (bottom panel).

107"

1075
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mechanical (QM) ABC approach, can be interpreted as an
indication that the overall dynamics of the process is governed
by complex-forming mechanisms (since, as explained in Sec-
tion 2.3, these techniques are specially designed to describe
these kinds of insertion dynamics). We further investigate this
possibility by analyzing the cross sections at the state-to-state
level. We start with the final vibrational state selected ICSs
obtained by means of the three theoretical approaches, which
are shown in Fig. 3. Cross sections for T, (v’ = 0) are smaller
than for any other final vibrational state according to the TIQM
(in the top panel) and the QCT (in the bottom panel)
approaches, or in other words, T,"(v') is mainly produced with
some vibrational excitation in the entire energy range under
study. SQM predictions indicate just the opposite. In fact, as
expected from a statistical analysis, the increase in the vibra-
tional excitation of T,"(v' > 0) is accompanied by a decrease in
the corresponding ICS. The TIQM values, in turn, show some
mixing of final vibrational states as the energy increases. On the
other hand the progression of the final v’-selected ICSs
obtained in the QCT calculation goes from the v’ = 0 case up
to v/ = 3 with some mixing too as the energy gets larger. The
energy distribution among the possible different vibrational
states in the product T,'(v') species indicates thus deviation
from the expected behaviour in a purely statistical dynamics.

300 T T T T T T T
TIQM SQM QCT .
T 250F-®m O 4~ 5meV b
< -—m O —A—05meV 1
2 200 E
Ke) 1
8 150 E
U) o
@ 100 - -
o
O 5t A i
N : = O
0 | A St L L VQ'"'"""'O——W:\
0 1 2 3 4 5 6
60 T T T T T T T
TIQM SQM QC
e I —m——O0——4—-0.01eV
< O 4O 01eV
g 40 + .
Ke)
©
o)
()]
@ 20 .
o )
(@) -
3 g
0 \
o 1 1 1 1 ——

0 1 2 3 4 5 6
T,(v') final vibrational state

Fig. 4 Vibrational distributions (in A?) at four values of the collision
energy, Ec = 0.5 meV (blue) and 5 meV (red) in the top panel and
0.01 eV (black) and 0.1 eV (magenta) in the bottom panel, obtained with
the TIQM (filled squares), SQM (open circles), and QCT (open triangles)
approaches for the T + *HeT*(v = 0, j = 0) » T»" (V) + *He reaction.
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An alternative way to visualize the specific distribution in
the final vibrational manifold of the product T," is to consider
fixed values of the collision energy. In Fig. 4, for example, we
show vibrational distributions of the final state for the T +
*HeT*(v =0, =0) - T, (v') + *He reaction at different values of
the collision energy. In almost all cases, the most favored
vibrational state in the TIQM calculation is the v’ = 4, some-
thing which in principle is at odds with the monotonic decrease
predicted by statistical techniques of the cross section as the
final V' state increases. QCT results, in contrast, manages to
describe well such an inversion observed in the QM distribu-
tions. When the energy increases up to 0.1 eV, the largest
population is found for v’ = 3, a feature that the QCT calculation
also reproduces. Thus the sequence presented in Fig. 4 suggests
that a certain shift in the dynamics of the reaction may be
occurring as the energy increases.

It is hard to point out a conclusive explanation for this
inversion in the final vibrational distributions. Previous inves-
tigations of reactions such as F + H, reported that the dominant
product was vibrationally excited HF(v' > 0), as a result of the
existence of QM reactive scattering resonances,”® but this
seems not to be the case for the title reaction. Interestingly,
the study by Martinez et al.®>* concluded that vibrational dis-
tributions for O + H,'(v =0,/ = 0) — H + OH" were inverted but
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Fig. 5 Rotational distributions (measured in A?) at £. = 5 x 10~ calcu-
lated with the TIQM (black squares), SQM (red circles) and QCT (blue
triangles) approaches for the T + *HeT*(v = 0, = 0) » T,* (V' = 0-3,/) +
3He reaction.
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not for O + H,'(v =0, = 0) - H' + OH. Despite some possible
explanations for this feature being given in terms of the proper-
ties of the ground and excited PES, the authors stated that:
“(...) it is far from trivial to determine the weight of these factors in
the resulting distributions”.

In order to get insight into the ultimate origin of the
deviations from a statistical description of the process, we
have extracted state-to-state rotational distributions for the
T + *HeT'(v = 0, j = 0) — T,"(v, j') + *He reaction. Thus in
Fig. 5 we present such a distribution for E. =5 x 107> eV (see
Fig. S7 of the SI for the corresponding distribution at 0.01 eV).
The population predicted for v’ = 0-2 by the SQM is larger than
the TIQM result. In view of the distributions shown in Fig. 5,
the population of the low rotational levels for the vibrational
ground and first excited T,"(v' = 0, 1, j') states according to the
statistical prediction is clearly overestimated: both TIQM and
QCT results yield much hotter rotational distributions. The
reason is that for the QM calculation, most of the lowest
rotational states are almost unpopulated. A similar situation
is observed for a higher collision energy, E. = 0.01 eV, as shown
in Fig. S1 of the SI.

The interesting thing is that, despite this different energy
distribution among the final vibrational states, the overall

T+3HeT* > T; +°He
80 y T T T T T

- E,=1x102eV

Differential Cross Section [A%]

0 [Degrees]

Fig. 6 Differential cross sections at different values of the collision energy
(Ec = 0.01 (top), 5 x 10~% (middle) and 0.1 eV (bottom panel), obtained
with the TIQM (solid black line) and SQM (dotted-dashed red line)
approaches for the T + *HeT*(v = 0, j = 0) » T>" + He reaction.
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Fig. 7 Average intermediate complex lifetime, tcomplex. defined in egn (9),
for the title reaction, T + *HeT" (black solid line), compared to that of its
isotopic counterpart, H + *HeH* (blue squares) from ref. 15, as a function
of the collisional energy.

quantities, once summed up over all the final rovibrational
states, can be described by statistical means. An additional
confirmation of this phenomenon comes with the analysis of
the DCSs. The comparison between total DCSs at different
energies reveals that some of the TIQM features are fairly well
described by a statistical analysis. Fig. 6 shows results at E. = 5,
10 meV and 0.1 eV, respectively. The QM distributions depart
from a strict forward-backward symmetry, an indication of an
overall dynamics which is not completely governed by complex-
forming mechanisms. However, it is worth mentioning that the
SQM correctly describes the TIQM distributions at both side-
ways direction (0 ~ 90°) and at least one of the peaks (in this
case the backwards direction, 180°). As expected from the above
discussion, differences with respect to the TIQM results
become evident when we analyze state-to-state DCSs. Fig. S8
of the SI shows TIQM and SQM DCSs for the T + *HeT"(v = 0,
j=0) - T,"(v', ;) + *He process at 10 meV collision energy. As
seen in the case of the ICSs, both sets of results are quantita-
tively equivalent (with the exception of the already mentioned
preference seen along the forward direction 6 ~ 0°) but the
predictions for each final v’ state are different.

Although for some other systems, such as H;",*® certain
deviations from purely statistical predictions have been found
at the state-to-state level despite the overall good description
provided for total averaged magnitudes, the present findings
suggest more intrinsic differences regarding the energy distri-
bution among the available rovibrational degrees of freedom of
the product diatom T,"(v/, j').

Finally, in an attempt to give some insight about the role
played by possible complex-forming mechanisms, we use the
QCT methodology to evaluate the complex lifetime as described
in the Theoretical methods section. The average complex life-
time Tcomplex as defined in eqn (9) is presented in Fig. 7. It
fluctuates around 30 fs for collision energies between 10> and
2 x 10~ eV, with a maximum of 40 fs at 10”2 eV, then drops

This journal is © the Owner Societies 2026
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towards lower values for higher collision energies. For compar-
ison, above 1072 eV, the complex lifetime for the isotopic
reaction, H + “HeH" extracted from ref. 15, is presented. This
isotopic reaction was studied on the previous PES mentioned in
the introduction, which is known to exhibit a wrong behavior at
low energy due to the presence of an artificial barrier, and hence
we only here consider collision energies not affected by this PES
artifact. We can see that the complex lifetime of the two isotopic
reactions are relatively similar. An additional QCT calculation on
the “He/H reaction to study the vibrational distribution of the
product (not shown here) confirms a similar deviation for both
isotopic reactions from the statistical behavior regarding the
distribution of vibrational states of the product.

4 Conclusions

We have performed a detailed investigation of the T + *HeT" (v =
0,j=0) - T," + *He reaction by means of a TIQM method
combined with both SQM and QCT approaches. Total cross
sections and rate constants are found not to differ significantly
from previous results obtained for the isotopic variant *He/H
reported in a previous communication.® Fine details of the
dynamics of the reactions have been analyzed by calculating
vibrational and rotational distributions at the state-to-state
level specifying the final T,"(v, j') rovibrational states, where
deviations from a purely statistical behaviour have been
observed. The slight asymmetry seen for DCSs where the
forward scattering direction is favored seems to confirm the
role played by direct mechanisms in the overall dynamics of the
reaction. Despite these differences, total cross sections and rate
constants, where results are summed up over all final rovibra-
tional states, are fairly well described by statistical means. The
growing precision of neutrino mass measurements requires an
ever improving knowledge of the tritium chemistry network
and the present study uncovers a new channel for tritium
chemistry in experiments like KATRIN and Project-8. With
calculations for the cross sections, such as those we report
here, it is possible to determine the equilibrium concentration
of *HeT" a quantity which may be accessible in observations.
This not only improves the precision of plasma chemistry
calculations, it also allows for cross-checking calculations.
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