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Introduction

Reactions of deuterated analogues of H+
3 ions with HD form a deuteration reaction-chain

H+
3 ↔H2D+↔D+

3 suggested by Philips and Vastel [1] to justify the expectation of high [D]/[H]

ratio in prestellar cores. The right-to-left direction in the chain (“de-deuteration”) is highly

improbable in the conditions of the interstellar medium prior to star formation (T < 10 K) if the

reactant H2 are in para nuclear spin states and resulting deuterated ions are in their ground levels,

because of the endothermicity ∆H ∼ 100 K. However the observed abundances of the ions

may surprise those astrophysicist who do not take the state-specific dissociative recombination

with electrons into account: different states of H+
3 , H2D+, D2H+ and D+

3 may recombine with

different rates. Therefore the reexamination of the assumption that the population of the nuclear

spin states of the ions correspond to the thermodynamic equilibrium (TDE) becomes crucial.

Our group was the first and the last which showed that the recombination rate coefficient for

para-H+
3 ions is 10 times higher than for ortho-H+

3 at the temperature 77 K by direct observa-

tion of the populations of the nuclear spin states [2]. Results of the measurements with other

temperatures were published recently [3]. Moreover, we have observed that the population of

para-states does not necessarily equal to the value corresponding to the thermodynamic equi-

librium (TDE) probably because the nuclear spin conversion of H+
3 by the collision with H2 is

restricted by non-trivial selection rules [4]. Similarly, the dissociative recombination of D+
3 is

nuclear-spin-state specific:

o,m,pD+
3 + e

o,m,pαeff−−−−→ neutral products (1)

(superscripts o, m, p stand for ortho, meta, para nuclear spin states, respectively). Studies of the

reaction (1) with nuclear spin states not resolved are going to be published soon. Here we will

show that ensemble of D+
3 ions in our experiments at temperatures above 77 K is in TDE and

therefore obtained αeff values correspond to TDE values.

Experimental

We use a method of the cavity ring-down spectroscopy in a continuous wave modification

(cw-CRDS) [5] as a diagnostics tool to measure number densities of D+
3 ions. A schematic
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Figure 1: The discharge tube equipped with

an optical resonator (not in scale). The

discharge is ignited inside the optical res-

onator in He/Ar/D2 gas mixture. Injection

of the light to the optical resonator is syn-

chronised with the discharge by the acous-

tooptic modulator (AOM) and measured by

InGaAs photodiode.
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Figure 2: The lowest rotational levels of the

ground vibrational state. Each rotational

level is indicated by corresponding quan-

tum numbers (J,G). The energy levels were

taken from [6].

picture of the apparatus is shown in figure 1. A microwave discharge is periodically ignited

in He/Ar/D2 gas mixture (see the sequence of reactions in Hejduk et al. [4]) with typical con-

centrations 1017,1014,1014 cm−3, respectively. The glass discharge tube is cooled by the liquid

nitrogen or its vapours to a desired temperature.

The population of the low-lying rotational levels of the vibrational ground state correspond-

ing to ortho and meta D+
3 (oD+

3 , mD+
3 , see figure 2) is monitored in the discharge and in the

afterglow. The line positions (5793.92 cm−1 for oD+
3 -(0,0) and 5792.68 cm−1 for mD+

3 -(4,2))

were calibrated with the spectra of water and the relative position between used wavelengths is

monitored by the Fabry-Perrot spectrometer. The kinetic temperature of D+
3 ions is evaluated

from the Doppler broadening of the absorption lines.

Results

The kinetic temperature TKin of D+
3 ions is collisionally stabilised to the temperature of the

He buffer gas THe, which is given by the temperature of the discharge tube TWall:

TKin = THe = TWall. (2)

This was checked by comparing the TKin evaluated from the Doppler broadening of the lines

(see figure 3 for illustration) and the temperature of the discharge tube measured by the thermo-

couple. TKin in the discharge and in the afterglow do not differ.
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In the previous work with H+
3 ions [4], we showed that if αeff . 10−7 cm3 s−1 and [H2] ∼

1014 cm−3, the interconversion between the nuclear-spin states of H+
3 in collision with H2

molecules is fast enough to keep the population of the rotational states constant during the

discharge and the afterglow. Also, at such [H2], a formation of H+
5 is very slow – this fact al-

lows us to study the recombination processes in the plasma where H+
3 ions exist predominantly.

Because of similarities with H+
3 , our experiments with D+

3 are carried at same settings.

In the experiment with H2 gas, we had the advantage of being able to monitor two states in

the ortho manifold and hence to evaluate the rotational temperature TRot. The population of para

and ortho states measured at that time corresponded to this TRot, which was equal to the kinetic

temperature TKin. This held for the conditions both in the discharge and in the afterglow and

allowed us to state that the H+
3 ions ensemble is in TDE.

With D+
3 ions and our experimental apparatus, we are technically not able to observe plural

number of lines within one nuclear spin manifold. Therefore we have to rely on the aforemen-

tioned experience with H+
3 and define the “internal” temperature TInt evaluated from the relative

population of oD+
3 -(0,0) and mD+

3 -(4,2) as if the relaxation between these states towards the

TDE populations was fast (even though they belong to different nuclear spin state manifolds).

Figure 4 shows the comparison between TKin and TInt. We can see that

TInt = TKin . (3)

This signs that nuclear spin states are populated in the amount corresponding to TDE at tem-

peratures above 77 K (liquid nitrogen temperature).

Conclusion

We have shown that the kinetic and the internal temperatures of the ensemble of D+
3 ions

are equal in the conditions of the presented experiment at temperatures above 77 K. This al-

lows us to interpret measurements (of D+
3 -electron recombination rate coefficients) carried out

in the plasma described here as the measurements in the ensemble of D+
3 ions with the TDE

population of the states. Moreover, the results of the presented study indicate that D+
3 recom-

bination rate coefficients obtained with our flowing afterglow apparatus [7] also correspond to

TDE conditions.
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Figure 3: Absorption lines corresponding

to two monitored states of D+
3 ions for

TWall = 112 K. The kinetic temperatures

TKin of the ions in both states evaluated

from the Doppler broadening are same.
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Figure 4: The comparison of TInt and TKin.

Data from the discharge and from the early

afterglow are plotted together.
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