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D3
+ formation through photoionization of 

the molecular D2–D2 dimer
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A. Y. Naumov1, D. M. Villeneuve1, P. B. Corkum1 & André Staudte    1 

The H2–H2 molecular dimer is of fundamental importance in the study 
of chemical interactions because of its unique bonding properties and 
its ability to model more complex systems. The trihydrogen cation H3

+ 
is also a key intermediate in a range of chemical processes in interstellar 
environments, such as the formation of various organic molecules and early 
stars. However, the unexpected high abundance of H3

+ in molecular clouds 
remains challenging to explain. Here using near-infrared, femtosecond laser 
pulses and coincidence momentum imaging, we find that the dominant 
channel after photoionization of a deuterium molecular dimer (D2–D2) 
is the ejection of a deuterium atom within a few hundred femtoseconds, 
leading to the formation of D3

+. The formation mechanism is supported and 
well-reproduced by ab initio molecular dynamics simulations. This pathway 
of D3

+ formation from ultracold D2–D2 gas may provide insights into the high 
abundance of H3

+ in the interstellar medium.

The trihydrogen cation (H3
+), structured by three protons and two 

electrons, is one of the most abundant molecular ions in the universe. 
As a proton donor, H3

+ initiates most chemical reactions in interstellar 
space, making substantial contributions to the formation of almost all 
molecules1–3. H3

+ can also cool the condensing gases in interstellar 
clouds and therefore plays a vital role in the formation of stars. Follow-
ing ionization of interstellar H2 by cosmic rays, the subsequent ion–
molecule reaction (H2 +H2

+ → H3
+ +H) is considered to be the main 

pathway of H3
+ production in the interstellar medium. In 1996 and 1998, 

H3
+ was detected in dense4 and in diffuse interstellar molecular clouds5. 

Surprisingly, the detected H3
+ column density in diffused clouds is a 

few orders of magnitude higher than the expected value derived from 
a model that considers the production and destruction rates of H3

+ in 
those diffused clouds1. This is known as the H3

+ problem, and the enigma 
of the pervasive H3

+ in the interstellar medium has been challenging 
to understand.

When first discovered by J. J. Thomson with a prototypic mass 
spectrometer in 19116, H3

+ was produced in an electrical discharge in 
H2 gas via the ion–molecule reaction between H2

+ and H2 (ref 7). H3
+ can 

also be produced by doubly ionizing small organic molecules using 

electron- or ion- impact ionization8–11 or photoionization with intense 
laser fields8,12–21. This formation mechanism has been attributed to H2 
roaming, and the timescale of the process has been investigated11,13,18–21. 
Recently, the formation of H3

+ from nanoparticle-adsorbed water 
molecules has been observed22.

As the most abundant element in the universe, huge amounts 
of atomic hydrogen exist in our galaxy in warm (103–104 K) and cool 
(50–100 K) regions, while cold (10–30 K) regions are considered to 
be dominated by dense clouds of molecular hydrogen23. The pres-
ence of H2 in these clouds has been attributed to the catalytic action 
of dust particles24. The same mechanism could allow the formation 
of H2 dimers. H2 dimers, with an actual binding energy of ~3 cm−1, are 
among the most weakly bound dimers in nature. H2 dimers are thus 
elusive to spectroscopic detection, yet they have been found in the 
upper atmospheres of Jupiter and Saturn25–28.

In this Article, we propose a pathway of H3
+ formation under labo-

ratory conditions, which proceeds through single ionization of an H2 
dimer (H2–H2) and a subsequent proton transfer process in the dimer. 
Throughout this work, deuterium molecules (D2) are used in calcula-
tions and experiments. This choice is made for experimental reasons: 

Received: 28 July 2022

Accepted: 4 May 2023

Published online: 1 June 2023

 Check for updates

1Joint Attosecond Science Laboratory, National Research Council and University of Ottawa, Ottawa, Ontario, Canada. 2Hefei National Research Center for 
Physical Sciences at the Microscale and Department of Modern Physics, University of Science and Technology of China, Hefei, China. 3Max-Planck-Institut 
für Kernphysik, Heidelberg, Germany.  e-mail: ymi@uottawa.ca; elwang@ustc.edu.cn; andre.staudte@nrc-cnrc.gc.ca

http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-023-01231-z
http://orcid.org/0000-0002-2905-637X
http://orcid.org/0000-0002-5703-6501
http://orcid.org/0000-0002-7137-0725
http://orcid.org/0000-0002-8284-3831
http://crossmark.crossref.org/dialog/?doi=10.1038/s41557-023-01231-z&domain=pdf
mailto:ymi@uottawa.ca
mailto:elwang@ustc.edu.cn
mailto:andre.staudte@nrc-cnrc.gc.ca


Nature Chemistry | Volume 15 | September 2023 | 1224–1228 1225

Article https://doi.org/10.1038/s41557-023-01231-z

formation process is the same as that of the T-shape dimer. However, 
the formation time is about twice as long (Fig. 1b, middle panel). We 
also simulated the formation process of D3

+ with the initial geometry of 
an X-shaped D2 dimer (Extended Data Fig. 1). The complete dynamics 
of D3

+ formation for all three geometries of the dimer is provided in  
Supplementary Videos 1–3. The bottom panel of Fig. 1b shows the simu-
lated time-dependent trajectories (centre-of-mass distance between 
D3

+ and D) for the 892 dimer cations leading to D3
+.

For comparison, the simulation was also performed on H2 
dimers. The time-dependent centre-of-mass distances for T-shaped, 
parallel-aligned and X-shaped H2 and D2 dimers are shown in Extended 
Data Fig. 1. To estimate the branching ratio of H3

+ formation, we simu-
lated 593 trajectories of H2–H2

+. Of these, 493 ended up with the H3
+ + H 

channel, as shown in Extended Data Fig. 2a. The obtained branching 
ratio of 83.1% is close to that of the D3

+ (89.2%).

Experimental observation of D3
+ formation

Next, we turn to the experiment for the formation of trihydrogen cati-
ons from hydrogen molecular dimers using D2. The experiment was 
performed in a cold-target recoil-ion momentum spectroscopy (COL-
TRIMS) reaction microscope29. The D2 dimers were prepared in a cold 
molecular beam via supersonic expansion of D2 gas into a high-vacuum 
(10−11 mbar) chamber through a 10-μm nozzle and a skimmer (Fig. 2a). 
Details of the experimental set-up are provided in Methods.

The time-of-flight (TOF) spectrum of the photoions was measured. 
As shown in Fig. 2b, the dominant peak is D2

+ (TOF ≈ 2,250 ns), which 
is produced by single ionization of the D2 molecules in the gas jet. The 
multiple peaks centred at ~1,590 ns in the spectrum correspond to D+ 
ejected during dissociation of D2

+. The sharp peak at 1,950 ns is HD+ 
originating from the HD in the D2 gas cylinder. Centred at ~2,750 ns, a 
broad peak with a mass-to-charge ratio of 6, corresponding to D3

+, was 
observed. This evidences the observation of D3

+ produced from D2–D2.
To investigate the breakup mechanism of D2–D2, the photoion–

photoion coincidence (PIPICO) spectrum was recorded (Fig. 3).  
The sharp diagonal lines in this figure indicate that the first and  
second ions originate from a two-body fragmentation of a molecule. 

by measuring D3
+ instead of H3

+, we can avoid the ambiguity of the H3
+ 

mass spectrum peak with the ever-present contaminant HD+. Moreover, 
having the exact same electronic structure, D2–D2 only differs from 
H2–H2 in the reduced speed of the nuclear dynamics, making it also 
more amenable for our pump–probe scheme.

Results and discussion
Potential energy surface of D2–D2

We first calculated the potential energy surface (PES) of D2–D2.  
Figure 1a shows the coordinates R1 and R2, which represent the 
centre-of-mass distance between one D2 molecule and a deuteron of 
the other D2 molecule, and the internuclear distance of the other D2 
molecule, respectively. Point A on the lower PES shows the stationary 
point (equilibrium geometry) of the ground state of D2–D2. When an 
electron is removed, the molecular dimer is projected onto the ground 
state of D2–D2

+ and moves along the pathway marked by the yellow 
line. The D2–D2

+ ground state has an energy minimum (point B) with 
a potential energy barrier of ~0.25 eV (details are provided in Supple-
mentary Section 1), which is lower than the potential energy of the 
Franck–Condon region. Therefore, D2–D2

+ is not a stable molecular ion 
and dissociates into a D3

+ ion and a deuterium atom (point C).

Trajectory simulation
With the knowledge of this possible pathway, we carried out an ab ini-
tio molecular dynamics simulation to extract the temporal informa-
tion of the D3

+ formation. One thousand trajectories were simulated, 
and 892 of these led to D3

+ formation. Figure 1b shows the simulated 
centre-of-mass distance between D3

+ and D as a function of time. In 
the top two panels of Fig. 1b we show two typical trajectories for the 
T-shape and parallel-aligned D2 dimer. These two trajectories start from 
their respective equilibrium geometries without any initial internal 
energy. For ionization of a T-shape dimer, the D2

+ moves towards the 
D2 and a deuteron is attracted by the D2. At 100 fs, three deuterons 
start bonding together, while all four deuterons are still close to each 
other. The produced D3

+ and D separate after 170 fs, as indicated by the 
trajectory in the top panel of Fig. 1b. For a parallel-aligned dimer, the 
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Fig. 1 | PES and trajectory simulations. a, Calculated PES of a D2 dimer and 
the schematic pathway of D3

+ formation. The calculated PES indicates that 
D2–D2

+ is not a stable molecular ion and it will continue dissociating into a D3
+ 

and a deuterium atom. b, Simulation results of the time-dependent distance 
between D3

+ and D for a T-shaped (top) and a parallel-aligned (middle) D2 dimer, 

and simulated trajectories (centre-of-mass distance between D3
+ and D) of D3

+ 
formation for 892 D2 dimer cations (bottom). The simulations display the real-
time trajectories of D2–D2 dissociation after single ionization. These results show 
that D3

+ formation from D2–D2 is an efficient pathway.
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The centre TOFs of D+, D2
+ and D3

+ are marked with dashed lines for 
better characterization of the coincidence between these photoions. 
As shown in Fig. 3, besides the D+ + D+ correlation, which indicates the 
Coulomb explosion of D2 molecules, we also observed D2

+ + D2
+ and 

D+ + D3
+ correlations. These two channels originate from the double 

ionization and subsequent breakup of D2 dimers. The correlation on the 
PIPICO spectrum confirms this pathway of D3

+ formation. We note that 
the probability of double ionization is much smaller than that of single 
ionization. Therefore, the yield of D+ + D3

+ is much lower compared 

to the yield of D3
+ that is produced from single ionization of D2–D2 

(D2–D2
+ → D3

+ + D). In this experiment, D2–D2
+ was not observed in the 

TOF spectrum. This agrees well with the simulation results: D2–D2
+ is 

not stable and will dissociate into D3
+ and D.

Dynamics of D3
+ formation

Is it possible to measure the timescale of the D3
+ formation process? 

To answer this question, we designed a pump–probe experiment in 
which the circularly polarized laser pulse (3 × 1014 W cm−2) serves as 
the pump pulse, and a delayed, weak pulse (5 × 1013 W cm−2) with lin-
ear polarization was introduced as the probe. The circularly polar-
ized pump pulse triggers single ionization of D2–D2 while minimizing 
alignment-selective ionization. Furthermore, circular polarization 
suppresses recollision-induced processes such as double ionization. 
Note that the pump pulse removes an electron via a multiphoton ioniza-
tion process. This suggests that the timescale of the dissociation may 
be affected by vibrational excitation of the molecules in the dimer. 
However, because the pulse duration of the pump and the probe (25 fs) 
is much shorter than the vibrational period of the two D2 molecules in 
D2–D2 (~921.4 fs from the calculation), the ionization occurs so quickly 
that it can be considered a vertical ionization, which is analogous to 
a single-photon ionization. Compared to the pump pulse, the linearly 
polarized probe pulse is too weak to ionize D2–D2; however, it can work 
as a disruptive pulse20, which perturbs the intermediate D2–D2

+ cation 
either by dissociating or by secondary ionization and thereby probes 
the dissociation dynamics.

Figure 4a shows the yield of D3
+ as a function of the pump–probe 

delay for a time-delay range between −250 and 1,000 fs. The positive 
and negative delays indicate that the pump pulse comes before and 
after the probe pulse, respectively. When the delay is between −150 and 
150 fs, the constructive interference between the two pulses produces 
a higher peak intensity. Thus, the ionization rate of D2–D2 and thus the 
yield of D3

+ peak in this time window. However, the yield of D3
+ increases 

exponentially from 150 to 1,000 fs. The exponential shape can be 
understood qualitatively by the following D3

+ formation dynamics: 
when an electron is removed from a D2–D2 at time zero, D2–D2

+ starts 
to dissociate. In the first 100 fs, the deuterons are still in the vicinity 
of each other. The weak probe pulse can destroy the rearrangement 
process and prevent the system from evolving to a D3

+ and a D atom. 
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(60 K) nozzle and a skimmer. The dimers are ionized by 25-fs, 790-nm, circularly 
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However, when the D3
+ has already been formed at larger delays (that 

is, >400 fs), the probe pulse is not sufficiently intense to interrupt this 
process and thus the D3

+ yield recovers as the delay increases. When 
the weak probe pulse arrives first, it is not strong enough to ionize 
D2–D2. The D2–D2 ionized by the late-coming pump pulse leads to D3

+ 
in any case. Therefore, no substantial time-dependent yield of D3

+ was 
observed at negative delays.

Next, we investigate the ultrafast dissociation dynamics of the 
double-ionization channels. We show the time-resolved yields of 
D2

+ + D2
+ and D+ + D3

+ in Fig. 4b,c, respectively. The D2
+ + D2

+ yield does 
not show a distinct time-dependent variation outside the temporal 
overlap (>150 fs). However, the yield of D+ + D3

+ exhibits a maximum 
around 200 fs, when the yield of the D + D3

+ channel is minimized.
Comparing the yields of the two double-ionization channels with 

the time-resolved D3
+ yield, we find that the suppression of the D3

+ yield 
within the first few hundred femtoseconds can be at least partially 
explained with an enhanced yield of D3

+ + D+. However, in view of the 
overall low probability for double ionization (due to the low-intensity 
probe pulse), a dissociation of the D2–D2

+ into D+ + D + D2 via bond 
softening30 is probably the dominant pathway induced by the probe 
pulse. This bond softening is caused by a very strong a.c. Stark shift of 
the highly polarizable molecular ion. Details of the suppression of the 
D3

+ yield are discussed in Supplementary Section 5.
We now compare our experimental results with the calculation. 

For delay times smaller than 150 fs, the overlap of the pump and 
probe pulses causes an enhanced yield in all channels. Hence, we con-
centrate our attention on the time window between 150 and 1,000 fs. 

In Fig. 4d the measured D3
+ yield, shown by blue circles, starts out 

from a minimum and then grows to asymptotically recover to the 
value at negative time delays. We fit the D3

+ yield with the growth 
function Y(t) = a(1 − e−t/τ) + Y0, where a and Y0 are the amplitude and 
the offset of the D3

+ yield, and τ is the formation time of D3
+. Using 

this fit function, we extract the formation time τ = 330 ± 55 fs. The 
theoretical D3

+ yield (black line) was obtained by projecting the tra-
jectories in the bottom panel of Fig. 1b with a centre-of-mass distance 
larger than 8.0 a.u. (4.2 Å, which excludes most of the oscillation 
structures) on the time-delay axis. To facilitate comparison with the 
experimental data, the theoretical results were scaled accordingly. 
As shown in Fig. 4d, the theoretical D3

+ yield is in good agreement 
with the experimental data (blue circles) and the fit curve (orange 
line). With the same method as for the calculation for D2–D2, we 
also calculated and fitted the time-dependent yields of H3

+ from 
single ionization of H2–H2 as a function of time. The formation was 
determined to be 169.5 fs. These calculation results for H2 dimers are 
shown in Extended Data Fig. 3.

Conclusion
In conclusion, we have demonstrated in both theory and experiment 
that the trihydrogen cation can be produced via single ionization 
of a hydrogen molecular dimer. Taking a different perspective, the 
dimer represents a chemical reaction in waiting, which is triggered 
by the arrival of the ionizing pump pulse. Upon ionization, the D2–D2

+ 
begins the transition to D3

+ + D. The probe pulse modifies the PES, 
leading the system away from the dominant reaction pathway. This 
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are standard deviations (s.d.) of the corresponding number of counts at each 
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D3
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presented as mean values ± s.d. The box in a shows the yield of D3
+ between 

150 and 1,000 fs (outside the temporal overlap between the pump and probe 
pulses). In this region, we fit the D3

+ yield with a growth function and extract the 
formation time τ = 330 ± 55 fs. The time-dependent yields of different channels of 
D2–D2 dissociation indicate that chemical reactions between two D2 molecules in 
an isolated bimolecular system can be controlled by laser pulses.
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is an example of the dynamic Stark control of a chemical reaction31. 
The pump–probe experiment demonstrated that chemical reactions 
on isolated bimolecular system can be controlled and steered by a 
weak laser pulse.

Although H2 dimers will not be subjected to intense laser pulses 
in interstellar space, the ionization dynamics can be expected to pro-
ceed very similarly for high-energy photons (cosmic rays) due to the 
electronic simplicity of H2. Although the detection of H2 dimers in the 
interstellar medium is challenging due to their weak bond, the obser-
vation of H2 dimers in the atmospheres of Jupiter and Saturn could 
indicate that the contribution of hydrogen dimers to the formation 
of H3

+ has been neglected.
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Methods
Ab initio molecular dynamics simulation
Ab initio molecular dynamics simulation is a technique that allows for 
the simulation of molecular systems and processes from first princi-
ples. The simulation was performed under the extended Lagrangian 
molecular dynamics scheme in which the atom-centred density matrix 
propagation (ADMP) approach and density functional theory (ωb97xd/
aug-cc-pVDZ) were applied32–35. The details are described in Supplemen-
tary Sections 2 and 3, and only a brief introduction is provided here. 
The initial molecular configuration, that is, the geometries and the 
velocities of every atom of the D2 dimer, were calculated by the Wigner 
distribution, which traverses all possible regions on the PES of the D2 
dimer. We assumed a vertical ionization from the neutral to cationic 
state of the D2 dimer, and the sampled geometry and velocity were used 
for the initial configuration of the molecular dynamics simulation of 
the cationic state of the D2 dimer. In the ADMP simulation, the fictitious 
electron mass was 0.1 amu, and the simulation time step was 0.5 fs. Due 
to the low potential energy barrier of the D2 dimer, the anharmonic 
effect in the sampling cannot be ignored. By comparing the sampled 
internuclear distance distribution and the ab initio potential energy 
curve (Supplementary Section 3), we find that the anharmonicity of the 
intermolecular potential leads to 7% of our trajectories to start inside 
the inner classical turning point. The molecular dynamics simulation 
showed that these events result in the same dissociation limit and may 
result in a shorter formation time for D3

+.

Experimental set-up
In the reaction microscope, the backing pressure of the nozzle was 
3 bar, and the D2 gas in the nozzle was precooled to 60 K. The molecular 
beam intersects with a focused near-infrared laser beam (central wave-
length λ = 790 nm, pulse duration τ = 25 fs, repetition rate f = 10 kHz), 
where the ionization occurs. A static electric field (16 V cm−1) guides 
the ions to a delay-line detector, which records the flight time and 
impact position for every produced ion. This allows reconstruction 
of the three-dimensional momenta and the kinetic energies for every 
detected charged particle. In our experiment, circularly polarized 
laser pulses with a peak intensity of 3 × 1014 W cm−2 are used to ionize 
D2 dimers. With this intensity and the very low gas density in the reac-
tion region, the overall count rate of photoions in the experiment was 
below 0.2 ions per laser pulse, resulting in a high-quality coincidence 
measurement.

Data availability
The data that support the findings of this study and the raw data 
for all the figures have been uploaded to Figshare36 at https://doi.
org/10.6084/m9.figshare.21509769. Source data are provided with 
this paper.

Code availability
The code for the ab initio molecular dynamics simulation is available 
from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Comparisons of the simulated center of mass distance 
as a function of time for the H2 and D2 dimer. (a), (b), and (c) correspond to  
the T-shape geometry, parallel geometry and X-shape geometry of the H2  
(red curves) and D2 (blue curves) dimers, respectively. The results show that  

all initial configurations lead to the formation of H3
+ or D3

+. The molecule begins 
to dissociate once the trajectory shows a linear increase of the center of mass 
distance as a function of time. These results indicate that the H2 dimer dissociates 
faster than the D2 dimer.
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Extended Data Fig. 2 | Simulated trajectories of H3
+ formation as a function of time. The simulated center of mass distance of H3

+ + H is shown for 493 trajectories, 
out of a total of 593 simulated trajectories for H2–H2. The branching ratio for this channel is 83.1%, which is very close to that of the D3

+ + D channel (89.2%).
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Extended Data Fig. 3 | Simulated time-dependent H3
+ yield. The simulated data 

is obtained by projecting the trajectories with a center-of-mass distance larger 
than 4.2 Å onto the time axis, which excludes most of the oscillation structures. The 
red curve represents a fit to the data using the growth function Y(t) = a(1-e−t/τ) + Y0, 

where a and Y0 represent the amplitude and the offset of the H3
+ yield, respectively, 

and τ is the formation time of H3
+. By using this fit function, we find the formation 

time of H3
+ is 169. 5 fs.
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