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“ N either North nor South will overcome their addiction to gtbwvithout a collective and
comprehensive detoxification programme. The growth doetis like a disease and a

drug. As Rahnema saysHomo economicus had two strategies for taking over virgmitb-
ries: one operated like HIV, the other like a drug pusher.v@neconomics, like HIV, destroys
societies immune systems against social ills. And growtdee constant supply of new mar-
kets to survive so, like a drug dealer, it deliberately @eateeds and dependencies that did not
exist before. The fact that the dealers in the supply chaainiy transnational corporations,
benefit so much from our addiction will make it difficult to aegeme. But our ever-increasing
consumption is not sustainable; sooner or later we will Hagve it up.”

Serge Latouche,
Le Monde Diplomatique (english editigiyovember 2004

1 Majid Rahnema & Victoria Bawtre&Quand la migre chasse la pauviet






English abstract

Dense cold molecular clouds reckoned to be stellar nussareethe scene of an extreme molec-
ular deuteration. Despite the cosmic D/H ratio~af0—°, molecular species in prestellar cores
are observed to contain nearly as much deuterium as hydrdtenastonishing deuterium en-
richment promoted by low temperatures is the work gf. Ht is the key species which unlocks
the deuterium from its HD reservoir via reactions Iiké H HD = H,D* + H, and drags it
further to other species in successive reactions. Fordlaisan, the I§I + H isotopic system is
outstandingly critical for the astrochemistry of cold eoviments. However, its understanding
is yet incomplete and insufficient.

This thesis thus focuses on thg H H; isotopic system from a theoretical, experimental
and astronomical point of view giving a particular look i@ role of nuclear spins.

As a first step, the stringent nuclear spin selection rulessociative, dissociative and re-
active collisions are investigated. This purely theosdtstudy zooms into the details of the
nuclear spin wavefunctions and shows that their permutayonmetry representation is nec-
essary and sufficient, contrary to their angular momentypresentation. Additionally, a new
deterministic interpretation of nuclear spins in chemreaictions is proposed.

Based on these considerations, a complete set of statéat-rate coefficients for all
H3 + H, isotopic variants is calculated using a microcanonical endeaned on phase space
theory. An experimental study is conducted in parallel witB2—pole ion trap apparatus in
order to inspect the influences of temperature apdiho-to-pararatio. The good overall
agreement between experimental and theoretical resydfsosts the validity and utility of the
calculated set of rate coefficients. Furthermore, the piaiiéy of the 22—pole ion trap appara-
tus is explored via the Laser Induced Reaction (LIR) teanaigpplied to our system of interest.
High resolution overtone, combination and fundamentalatibnal spectroscopy of4D* and
D,H™ is thereby achieved with cw—OPO and diode lasers.

Finally, astronomical implications are inferred on an alagonal basis through the case of
the prestellar core L183 using simple chemical models whadount for theortho, metaand
paracharacters of the Hand H isotopologues and rely on the rate coefficients derivedi th
thesis. Above all, the results show that the non—theworthlo-to—pararatio of H, is a serious
limiting factor for the enhancement of deuterium fractibo@as. It is a first—class parameter for
the astrochemistry of very cold interstellar medium.






Deutsche Kurzzusammenfassung

Dunkle und kalte molekulare Wolken sind die Geburtsstétiuer Sterne und ein Ort extremer
molekularer Deuterierung. Trotz des kosmischen D/H-gkriisses von-10~° beobachtet man
in prestellaren Kernen Molekile, die fast soviel Deuterivie Wasserstoff enthalten. Diese er-
staunliche Anreicherung bei niedrigen Temperaturen istlas I—g*-lon zurlickzufuhren. Es ist
ein Schlusselmolekil, welches Deuterium durch Reaktiaher Form I?‘ +HD =HyD"+H>
aus seinem HD Reservoir entnimmt und anderen Spezies imantierfolgenden Reaktionen
weitergibt. Aus diesem Grund ist da§l+ H, Reaktionssystem in all seinen isotopischen Va-
rianten sehr wichtig fur die Astrochemie kalter Regionggdoch ist dessen Verstandnis noch
unvollstandig und unausreichend.

Diese Arbeit widmet sich dem$H+ H, isotopischen Reaktionssystem aus theoretischer, ex-
perimenteller und astronomischer Sicht, mit besonderemv&qunkt auf der Rolle der Kern-
spins.

Als ein erster Schritt werden die Kernspin-Auswahlregrlassoziativen, dissoziativen und
reaktiven Kollisionen untersucht. Diese rein theoretsg@nbeit studiert die Details der Kern-
spinwellenfunktionen und zeigt, dass die Darstellung kuPermutationssymmetrien ausrei-
chend und notwendig ist, die Drehimpulsdarstellung jedoicht. Zusatzlich wird eine neue
deterministische Interpretation der Kernspins in chehesdReaktionen vorgeschlagen.

Auf diesenUberlegungen basierend werden mit einem mikrokanonisthetrell die zu-
standsspezifischen Ratenkoeffizienten aller isotopistleanten der Reaktion H+ H; be-
rechnet. Ein paralleles Experiment mit einer 22-Pol loa@tuntersucht den Einfluss der Tem-
peratur und des ortho-para Verhaltnisses vene guteUbereinstimmung zwischen Experi-
ment und den Rechnungen unterstitzt die Gultigkeit untziEhkeit der berechneten Ratenko-
effizienten. Ausserdem wird das Potential der lonenfallammen mit der Methode der laser-
induzierten Reaktionen (LIR) erkundet, um die hier auftenden Fragestellungen zu beant-
worten. Es werden hochauflosende Spektren von Obertomrmbkations— und fundamentalen
Schwingungsbanden vornpB* und D,H™ mit einem cw—OPO und Diodenlasern ausgefiihrt.

Schliesslich wurde ein astrochemisches Modell auf die @asenen des prestellaren Kerns
L183 angewendet. In diesem Modell, in dem die zustandsiperen Ratenkoeffizienten die-
ser Arbeit bertuicksichtigt wurden, wurde zwischen a@etho, metaund para Zustanden der
H3 und H; Isotopomere unterschieden. Die Resultate zeigen zuated®ss das nichtthermi-
sche ortho-para-Verhaltnis vorplgine erhebliche Begrenzung fur die Deuteriumanreichgerun
darstellt und somit ein wichtiger charakteristischer Reeter fur kalte Wolken ist.






Résumeé francais

Les nuages moléculaires denses, reconnus comme p@giniétoiles, sont la scene d’'une
deutération moléculaire extréme. Malgré le rapposteigue D/H dev10~°, les espéces molé-
culaires qui sont observées dans les noyaux préstall@riennent presque autant de deutérium
gue d’hydrogéne. Cet enrichissement stupéfiant en deat@romu par les basses températures
(~10 K) est 'oeuvre de El. C'est I'espéce clé qui libére le deutérium de sonmésie HD, par
le biais de réactions du typejH- HD = HaD ™ + Hpy, puis le transfert a d’autres espeéces lors
de réactions successives. De ce fait le systéme isotepigu+ H, est de premiére importance
pour I'astrochimie des milieux froids. Pourtant sa conmgirésion est aujourd’hui incompléte et
insuffisante.

Cette thése focalise donc sur le systéeme isotopig§ietHH, depuis des points de vue
théorique, expérimental et astronomique avec une ateparticuliere pour le role des spins
nucléaires.

En premier lieu, les régles de sélection de spins nueg&rs de collisions associatives, dis-
sociatives et réactives sont examinées. Cette étueithie zoome sur les fonctions d’onde de
spin nucléaire demontrant ainsi que leur représemalgosymeétrie de permutation est nécessaire
et suffisante, contrairement a leur représentation de enbangulaire. De plus, une nouvelle
interprétation déterministe des spins nucleaires pesirdactions chimiques est proposée.

Sur la base de ces considérations, un jeu complet de \gtedsseaction d’état-a-état pour
toutes les variantes isotopiqueg H H. est calculé d’aprés un modéle microcanonique repo-
sant sur la théorie de I'espace des phases. Paralleleomenétude expérimentale est conduite
avec un piege a ions a 22 poles afin d’inspecter les infleee la température et du rapport
orthd/parade H. Le bon accord entre résultats théoriques et expérmuergoutient la vali-
dité et I'utilité du jeu de coefficients calculé. Par eills, le potentiel du dispositif expérimental
est étendu avec la technique®eaction Induite par Laseppliquée a notre systeme d’intérét,
réalisant ainsi de la spectroscopie vibrationnelle g Het DoH™ avec des lasers de type diode
ou OPO.

En dernier lieu, les implications astronomiques sontidéek sur une base observationnelle
du noyau préstellaire L183 en utilisant des modeles dies simples qui tiennent compte du
caractereortho, metaou para des isotopologues dejHet H; et faisant usage des vitesses de
réactions calculées dans cette these. Les resultatsembque le rappodrthd/parade H, étant
loin de I'equilibre thermique, il est un facteur limitarérgeux pour le fractionnement deutéré
de I—[,f C’est donc un parametre de premier ordre pour lI'astroighdas milieux froids.
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CHAPTER 1

Introduction

“Progress isn’'t made by early risers. Its made by lazy memtto find easier
ways to do something”

Robert A. Heinlein, American science-fiction Writer (190888)

According to this quote, astronomy is certainly the biggesigress in History since as-
tronomers keep exploring remote corners of the universe the earth, just by sitting in a chair
all nights long, going to bed when the sun rises. This shbdoasn't say that, once collected
with telescopes, electromagnetic radiations which ensghfsom space must be quantitatively
(flux) and qualitatively (spectral) analysed in order toragt informations on their origin and
path. From these astronomical observations spanning fnemaidio to the X-ray spectral do-
main, one can identify many classes of objects of differeates, ages, structures and physical
conditions. One very efficient tool to investigate objeatsparticular in the Milky Way, is to
use gas phase molecular species as proxies by tracing émcpétatures, densities, electromag-
netic fields or dynamics with their characteristic specffais technique boomed in the late
60’s thanks to the advent of major technical developmentadio astronomy. With this new
possibility to probe pure rotational transitions and coeldma, the molecular zoo of space had
been unveiled and the interstellar medium which was consitdas chemically sterile during
the first mid-28" was about to become a new topic of great interest.

As of November 2008, most of the 230 detected spétiage been identified beyond doubts
by means of their rotational spectra, essentially in thergtiellar medium. The majority are neu-
tral molecules, some common on earth likgdH NHsz, NaCl or CQ and some more exotic like
OH, CH or NH, radicals as well as carbon chains like 43, c-H,C30, G5 or HC11N which
can be linear or cyclic, saturated or unsaturated. Complgeaic molecules such as hydrocar-
bons (CHCHCH;3), alcohols (CHOH, CH,CHOH), carboxylic acids (CECOOH), aldehy-
des (CHCH,CHO), sugars (CHOHCHO), amides (CEBCONH,) and amines (NLCH,CN)

lincluding isotopologues and isotopomers. See http:falsamistry.net and http://www.astrochymist.org and
references therein.



Chapter 1. Introduction

are also found suggesting the presence of prebiotic ma@sa@ithough species larger than 10
nuclei are still rare. About 30 cations likeN", HCO" or HCS' and recently 5 anions similar
to GGH™ and GN~ have also been identified. This hunt for new species is triugvery year
thanks to combined efforts in characterising their speictréhe laboratories and developing
more powerful and sensitive observation facilities, nofdmet the necessary softwares and
databases to handle the enormous quantities of producad dat

Detecting and determining the abundance of molecular spegispace is by itself a big
deal but explaining these abundances and their evolutianather story. This is where astro-
chemistry begins.

1.1 ASTROCHEMISTRY

1.1.1 Chemical networks

The number density of a species depends on the processds adt to its production and
destruction. In the gas phase, regarding the low densitieanterstellar medium, only binary
processes involving atoms, molecules, ions, electronghotbns play a significant role. The
main processes which modify the bonds between nuclei acttehes are

e lon—neutral reaction XY+Z — X+YZ*
e Neutral-neutral reaction XY+Z — X+YZ

e Collisional dissociation XY+Z — X+Y+Z
e Charge—transfer reaction Y —s X+YT

e Associative detachment X+Y — XY +e~
¢ Radiative association X+Y — XYT +hv
e Dissociative recombination XY+e — X+Y

¢ Radiative attachement X e — X +hv
e Photoionisation X+h — Xt +e

e Photodissociation XY+h — X+Y

collisional processes being described with rate coeffisigrunits of cnis~! and photo-processes
with rates in st

The load of species are interconnected by a plethora ofioeactorming a chemical net-
work. The two largest databases for astrochemistryUHD&A [1] and OSU? both containing
~ 4500 gas-phase reactions ameng50 species. About half of these databases concern ion—
neutral reactions which are of central importance despieldw abundance of ions because
they are barrierless in most cases hence very efficientoéstmical models are usually run by

2available at http://www.udfa.net/ and http://www.physahio-state.edu/ eric/research.html



1.1. Astrochemistry

plugging these rates into systems of ordinary differemalations supplied with initial abun-
dances and physical conditions like temperature, densiyradiation field in order to obtain
species’ steady—state or time—dependant number densnesof the models’ Achilles heel is
the uncertainty which lies in the rate coefficients of poamylerstood and critical reactions [2]
often due to a lack of experimental measurements.

Generally talking, the faster its production paths and tbe/er its destruction paths, the
more abundant the species. Conversely, a species will besaimexistent if its productions
are inefficient and destructions efficient. Neverthelgss¢®s which are non-abundant because
transient can still be important nodes in a chemical netwdhat said, the abundance of species
depend first of all on the abundance of their building blodke:nuclei.

1.1.2 Hydrogen, the ubiquitous nucleus

Nuclei are essentially synthesised in three distinct meisinas, namely the Big Bang, stellar
and explosive nucleosynthesis.

In the Big Bang scenario, the known universe started fronmgusarity with quasi—infinite
temperature and density and cooled during rapid expangioa. nutshell, few minutes after
the beginning, the universe had cooled down sufficiently@® K) to freeze out the primordial
quark—gluon plasma into stable protons and neutrons (ganasis) which then started to fuse
to form heavier nuclides (nucleogenesis). Some ten minaties the temperature and density of
the universe fell below that which is required for thermdeac fusion. The brevity of nucleo-
genesis prevented nuclides heavier than beryllium frommilog resulting in the approximative
primeval abundances [3]

H 1

“He 1.101

’H 3.10°

3He 1.10°
Li + Be <107°

Heavier elementslike C, N and O did not exist until stellar nucleosynthesigdre Stars
arise from the interstellar medium, they are nuclear fuesgs 10’ K) which burn their reser-
voir of 1H and eventuallyHe generating heavier elements from carbon to iron througina
plex chain of nuclear fusion processes. The nucleosyrgklesing their evolution as well as the
death of a star strongly depends on its mass. Lower massusiagally end as red giants blow-
ing a significant fraction of their mass in strong stellar dgmrelatively rich in heavy elements
created within the star. Higher mass stars tend to explodgense bursts when their nuclear
fuel runs out. These powerful explosions like supernovae ptoduce traces of nuclides heav-
ier than iron. In any case, instantly or gradually, stareimimate the interstellar medium with

SAstronomers call them “metals”.
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4He 13BC

He 2Ne 3Ar
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Mg 8Gj  S6Fe
ZSMg 54Fe
26M g ’

Figure 1.1: Most abundant chemical elements in our solar system [4]. SHagled squares
represent their abundances with respectHgthe full rectangle). Elements with abundances
< 107° are not shown.

elements heavier than helium. This permanent transfoomafi cosmic material in successive
star factories is known asstration

Although the relative abundances of elements can vary tfrole Milky Way, the abun-
dances found in the solar system are well representativenayde seen in figure 1.1, hydrogen
is obviously ubiquitous, including in the astrochemicatwak.

1.1.3 Trihydrogen cation HJ

H3 was first discovered by Thomson [5] in 1911 using plasma diggs and an early form
of mass spectrometry. In 1961, Martin et al. [6] first sugeeéshat H may be present in the
interstellar medium given the overwhelming abundance ditgen. It took 27 years and the
particular perseverance of Takeshi Oka to confirm this Hygss. As may be inferred from
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its symmetry, the rotational spectrum of His forbidden due to lack of a permanent dipole
moment therefore this species should be detected throbgatiinal transitions. The first lab-
oratory detection occurred in 1980 and the complete spads iy now well characterised [7].
After several unfruitful attempts, Hwas finally spotted in the Jovian ionosphere in 1989 [8]
and in the interstellar medium in 1996 [9].

In 1973, Herbst and Klemperer [10] as well as Watson [11] sstgg that Fs‘i might be
responsible for the formation of many molecular ions. Ifjebe pivotal role of Fsl‘ in the
gas-phase chemistry of the interstellar medium is ungaiedl by any other molecular ion.
It can be summarised briefly in the following way: Cosmic Pamise molecular hydrogen
which yields a trihydrogen cation upon an exothermic reactvith the next colliding molecular
hydrogen

H +{ — Hi +e (1.1)
Hy + H, — H{ + H+ 15 eV (1.2)

The trihydrogen cation is stable upon collisions with malac hydrogen as well as atomic
hydrogen and helium. However, given the low proton affinityrmlecular hydrogen, it will
often transfer a proton to other species

Hy +H2 — H3 + Ho (1.3)
Hj + X — XH' + Hp + AE (1.4)

Most of the ion-neutral chemistry which is triggered by casmay ionisation goes through
the I—[,f cation according to this simple scheme. This justifies wheyptotonated molecular
hydrogenis sometimes referred to as theiversal protonatar As will be shown shortly, its
role is even more critical when it comes to deuterium aseaabtry.

1.2 DEUTERIUM ASTROCHEMISTRY

The deuterium abundance relative to hydrogen (see Fig.id.D/H = 1.5 x 107> in the
~100 parsed.ocal Bubblesurrounding the solar system but significant variationsfeoad
throughout the Milky Way [12]. The depletion with respecthe primeval abundance — ths-
tration factor— reflects the past stellar activity which does not producgeteim and consumes
it preferentially because of its low fusion temperature (B° K).

The proto—solar D/H ratio derived from measurements oft@dpiand Saturn’s atmospheres
[13] is comparable to that of the Local Bubble. However, tiill Eatio is not constant through-
out the solar system. For example, the terrestrial D/H rdéioved from the ocean’s water

4The three nuclei form an equilateral triangle held togeliyetwo delocalised electrons
SCosmic rays are highly energetic particlésit, 3He?", e or photons) travelling through the interstellar
medium and whose origin is still unclear.
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is 1.6 x 10~4. A D/H ratio of 3x 10~% has been observed in 3 comets’ water [143,110 % in
Titan’s methane [15] anel 6 x 10~° in Uranus’ and Neptune’s methane and molecular hydro-
gen [13]. These local D/H ratios are all inferred from thetdeium fractionation of observed
molecular species according to the simple statisticaticgla

XH D m D\™
= - 1.
XHrH—m Cn+m (H) ( 5)

where XH, . is the fully hydrogenated species, ¥B, its m—times deuterated isotopologue
and G, ,, the binomial coefficient.

It is clear that the inhomogeneous enhancement of deutexrinong solar orbiting objects
can only be the indirect consequence of the D/H mass ratio éfl®¥sical processes such as
thermal evaporation, diffusion and gravitational escage ia principle contribute to the seg-
regation of the heavier isotopologues toward these ohjpatsicularly during their formation
epoch [16]. But the prime origin of their deuterium enhaneatries in the chemistry of the
pre— and proto—solar nebula before these objects starfiedmo that is during early stages of
solar formation when planetary science and cosmochenmgtgts with astrochemistry of star
forming regions.

1.2.1 Cold space and star formation

Star formation occurs in molecular clouds which are the esticdand densest regions of our
galaxy (see Table 1.1). Eventhough they represent a sraatidnal volume of the Milky Way,
the overall mass they represent is very significant. Themnderd structures, sometimes called
stellar nurseriesare inhomogeneous presenting clumpy substructures oéhigmsities and
lower temperatures (n~ 10° cm3, T < 10 K). Such dense cold and optically thick cores
give birth to stars according to the scenario describedgnER . The reader is also urged to a
thorough review on the early physical and chemical cond&iof star forming regions [18].

Table 1.1: Classes of environments in the interstellar medium [17]

Environment Fractional Scale Temperature Density State of

volume  height (p® (K) (atoms/cni) hydrogen
Molecular clouds <1% 70 10- 20 1¢—-10° molecular
Cold neutral medium 15% 100- 300 50-100 20-50 neutral atomic
Warm neutral medium 18620%  300-400 6000-10000 02-0.5 neutral atomic
Warm ionised medium 2050 % 1000 8000 2-05 ionised

Hot ionised medium  3670% 1000-3000 16-10° 104-10"2 ionised
apc = parsec, astronomical length unit of approximativeti83 km, 3.26 light years or 2 10°AU.
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a) b) t=0 |0 t~10°-10°yr
A
,\\ //I
)
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v
200,000 AU 10,000 AU 1,000 AU
Dark cloud Prestellar core Protostar
d) t~10°-10°yr| |e) t~10°-10"yr| |f) t> 10" yr
N\ # |
\1/ N/
/4 v \ LN
100 AU 100 AU 50 AU
T Tauri star Pre-main sequence star Main sequence star

Figure 1.2: The birth of a Sun-like star can be described in a series gestéhat span more
than 50 million years (after [19, 20](a) Star formation begins inside dark interstellar clouds
containing high-density regior(®) which become gravitationally unstable and collapse under
their own weight. (c) The collapsing core forms a protostar and a circumstellsk chpidly
accreting mass from the surrounding envelope of gas andrelisting the build-up of angular
momentum in bipolar outflows(d) As the dusty envelope dissipates, the object powered by
gravitational energy becomes a T Tauri star visible at apticavelengths for the first time.
These objects can often be recognised in telescopic imagdeIpresence of a protoplanetary
disk. (e) After a few million years the dusty disk dissipates, leavanigare pre-main-sequence
star at its centre. In some instances, a remnant disk withsdaid planetesimals may continue
to orbit the star. (f) The star continues its gravitational collapse to the poihése its core
temperature becomes hot enough for nuclear fusion, andojleetdoecomes a main-sequence
star with an eventual planetary system. (AU = astronominod] the average distance between
the Sun and the Earth.)
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Figure 1.3: The dense molecular cloud Barnard 68, a prestellar coreapipin its early phase
of collapse. The dust and molecular gas at high concentratisorb practically all the visible
light emitted from background stars. Distane€l00-150 pc, diameter 0.2 pc, temperature

~ 10 K, Hy central density~ 2x 10° cm 2,

Molecular clouds form from the mild temperature neutral medthanks to the radiative
cooling induced by spontaneous emission of its atomic aniéentar material. As suggested
by their appellation, the hydrogen there is essentiallytsnmost stable fornm.e. molecular.
The H, formation by radiative association of atomic hydrogen imey collisions is extremely
inefficient because of the very low quadrupole spontaneausséon probabilities from the
molecule’s continuum into stable vibrational levels dgrits short lifetime. H formation thus
requires a third body to release the excess energy in ordgaldise, and this role is played by
grains

H+ H —  Hy* —+ Ho 4+ hv (< 4.48eV) (1.6)
H + H + grain — Hy* 4+ grain — Hy + grain’ (1.7)

Interstellar grains are mainly carbonaceous and siliceabmicrometric aggregates, hence the
term interstelladust Their presence in the interstellar medium has strong rapbns on ra-
diative transfer and thermal balance as well as on chemiJwyard low temperatures, gas
phase species freeze onto the grains forming a layer ofricextremely dense and cold cores,
depletion of gas phase metallic species can be very imgatahicy grains can be as large as
few ~ 0.1um in radius and represent up to 1% of the mass [21]. Chemidarbphysisorbed
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species, especially the light and small hydrogen and deuatestoms, can diffuse on ice sur-
faces or to a lesser extent into their mantle and find reagtaribers. Since the interaction
timescales of the reactants are dramatically increasedrapared to the gas phase, some reac-
tions are far more probable on grains, in particular assigeigeactions regarding their ternary
character as illustrated in Eq. 1.7 . Interstellar dust #misas a catalyst by opening new reac-
tion paths, extending the chemical network to larger mdescthat otherwise cannot form in
the gas phase. Complex organic molecules which are sya#tesn grains eventually desorb
into the gas phase upon exoergic formation, photo—induesdrgtion or thermal evaporation.
Unfortunately, besides their porous structure and inha@negus chemical composition, most
of the grain and ice processes as those put forward areaitlpunderstood. Grain—ice chem-
istry is probably the greatest weakness of astrochemicdets@and it is the subject of many
research projects (seeg.[22—-25]).

Nevertheless, it is clear that cold quiescent icy regiomsfavourable for rich chemistry
in contrast to warmer, ionised, photo—dominated or sho&m®dronments where molecular
species are exposed to harsh conditions. More surprisitighge cold regions are also the
scene of an extraordinarily rich deuterium chemistry.

1.2.2 Extreme deuteration

Equation 1.5 is based on the assumption that hydrogen andraen are equiprobably assim-
ilated in molecular species. Singly, doubly and triply d@ated molecules are thus expected to
be fairly, very and extremely rare, respectively. Howeabut 20 singly, 6 doubly and even 2
triply deuterated species have been observed mostly ingtlegscores and young protostellar
objects with deuterium fractionations as large as

XH,Dm
XHnim

Comparing Eqg. 1.8 to Eg. 1.5 shows that the incorporationeoterium in molecular species
is favoured by~ 4 orders of magnitude with respect to hydrogen. It appean likely that
the deuterium enhancements found in sun—orbiting objeetshe inheritage of an extreme
molecular deuteration during early phases of solar foronatbut this early deuteration still
needs to be explained.

The D/H mass ratio of 2 reduces the frequencies of the vidoratimodes involving a deu-
terium nucleus by a factor of /2 with respect to their hydrogenated analogs. Therefore,
Zero—Point Vibrational Energies (ZP\YEfor deuterated molecular species are lower than their
hydrogenated isotopologues. Moreover, larger molecplecies tend to a larger isotopic ZPVE
differences since a given H or D nucleus is involved in molational modes. We thus have
the isotope exchange reactions

XH +YD = XD + YH +AE (1.9)

5The ZPVE consists of half quantum residual energy in eactatidinal mode

> Ciim (0.7 (1.8)
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where the reactions’ ZPVE differencé& are usually positive when X is larger than Y. It
is important to note thaAE is (i) substantial when the reaction involves moleculadrbgen
i.e. Y = H and (ii) very important with atomic hydrogeire. Y = 0. Given the Boltzmann
behaviour of the reaction’s equilibrium constant K [26]

K(T) = [XD[YH] O exp(A—E) (1.10)

[XH][YD] KT
it becomes clear that a severe chemical isotopic segregatifavour of the large deuterated
molecular species appears for temperatures lower tharctivat@on energy
[XD] _ [YD]
KT < AE > 1.11
R IR T (41

The question that persits is how do such deuterium enhamdsmecur. What are the main
routes of the deuterium chemical network ?

1.2.3 Hj isotopologues

The starting point is molecular hydrogen with HR/H 3x 10> where most of the deuterium
of molecular clouds is locked. ThejHcation is the key species which unlocks this deuterium
reservoir via three isotope exchange reactions.

Hf + HD = HyD" + Hy + AE (1.12)
H,D' + HD = DoH" + Hs + AE (1.13)
DoH" + HD = D + Hy + AE (1.14)

with AE = 232, 187 and 234 K respectively. At temperatures as lowOak, the equilibria
are dramatically shifted in the forward directions cor@sging to fast exothermic deuteration
reactions with HD and extremely slow endothermic backwagttions with H. At such tem-
peratures, Q) can in principle become more abundant th@h Fhe I-g isotopologues are then
destroyed (i) by metallic species in proton (deuteron)df@anreactions (see Eq. 1.4) or (ii) by
electrons in dissociative recombination like

DI +e — D+D+D (1.15)
— D+ D (1.16)

In the former case (i), the Hisotopologues pass on directly their deuterium fractiomato
other metallic species and in the latter (ii), they enricé thedium with free deuterons both
according to

D] _ [XD*] _ [HoD™] + 2[DoHT] + 3[D3]

[~ XHT] ™ 3H3] + 2[HzD*] + [DzH"]

(1.17)

10
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The atomic deuterium fractionation is spread further onsiggaces to the complex organic
species via association or isotope exchange reaction2§fike

co2 pco . Hpco 2 co,HO P CDHOH +H — CH,DOH 4+ D (1.18)
CD;HOH+D — CDsOH +H+AE

1.2.4 ortho and para

The I-g cation is thus at the origin of a rich deuterium chemical rekw However this digest
is somewhat too simple because it should account for theeauspins.

Molecular hydrogen is referred astho or para whether his nuclear spins are symmet-
ric or antisymmetric, respectively, with degeneracies @n8 1. The same appellations are
given to the H isotopologues with respect to their indistinguishablerbgen or deuterium
nuclei. According to the molecular symmetry selection sulie rotational ground states of
p—H, and o—H are J=0 and J=1, respectively, with an energy differenc&06fkL The thermal
ortho-to-pararatio of H is 3 at high temperatufeand 9x exp(—170/T) at low temperature
corresponding to quasi—pure p>-With less than 1 ppm of o—at 10 K. However, it is unlikely
that such purities are reached in molecular clouds sincedhgnuous H formation on grains
(see Eg. 1.7) refills the gas phase with an o/p ratio of 3. Tmeigiant relaxation mechanisms
for H, are proton exchange reactions [29, 30] like

o-H, + H* — p-HA + Ht 4+ 170K (1.19)
o—H, + pH,Dt — p-HA + o-HHD*' + 84K (1.20)

but their efficiency which depend on the abundance of freeopmoand the Kl isotopologues

is not certain and the o/p ratio of;Hs suspected to be non—thermal in dense cores. These
overabundant traces of ostare probably very important since their 170 K internal egerg
helps overcoming the endothermicities of reactions 1.12.14 and shifts the equilibrium back

to the purely hydrogenatedjH Moreover, the o/p ratio of plappears to have an influence on
the o/p ratios of q and D™ as illustrated in reaction 1.20.

"H, with anortho-to—pararatio of 3 is called normal—} abbreviated n—bi

11



Chapter 1. Introduction

1.3 THIS THESIS

1.3.1 Aim

Regarding that Kl is a pivotal species in the astrochemical network and teasétoplogues
are at the origin of extreme deuterium fractionations insgemolecular clouds, thejH+ H;
isotopic system appears to be of paramount importance faycemical models yet it is only
partially understood.

This thesis thus aims at clarifying the connections betwbhemuclear spins and the deu-
terium fractionation of the K and H isotopologues. The problem is tackled from all three
theoretical, experimental and astronomical points of view

1.3.2 Outline

Chapter 2

We first investigate the role of nuclear spins in associatii&sociative and reactive processes
in thefrozen nuclear spiapproximation. This purely theoretical study zooms intdktails of
the nuclear spin wavefunctions considering their anguamentum and permutation symmetry
representations. Pure nuclear spin statistics are deskaaotong different reaction mechanisms.
The symmetry viewpoint is shown to be robust while the angm@mentum viewpoint reveals
weaknesses and even leads to interpretational paradoxaswAleterministic Bohmian—like
interpretation of nuclear spins which appears better dude chemical reactions is also pro-
posed.

Chapter 3

Based on these results, focus is set on the rate coefficiéttte & + H. isotopic variants at
temperatures of astronomical interest %0 K) considering the role of nuclear spins and the
reaction mechanisms at play. A complete set of state—te—site coefficients for the whole
H3 + H; isotopic system is calculated using a microcanonical mbeskd on the conserva-
tion of isotopes, nuclear spins, energies and rotatiorgullan momenta. Measurements of this
system are carried out in parallel with a 22—pole ion trapaagiois inspecting the influences
of temperature and Hortho-to—para ratio. The rate coefficients and steady—state isotopic
fractionations which are obtained support the full-scringbhypothesis assumed for the cal-
culations at low temperatures and suggest more directio@atiechanisms toward higher tem-
peratures. The successful comparison between experihamtaheoretical results comforts
the validity and utility of the calculated set of rate coeéids.

12
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Chapter 4

The potentiality of the 22—pole ion trap apparatus are edron further by applying the Laser
Induced Reaction (LIR) technique to our system of interegrospect for future measurements
of state—specific rate coefficientspBi" is probed via the LIR scheme

HoD* + Hy - Hj + HD

L hv / (1.21)
HoD™ + Hp

and DH™ via an analogous scheme. Overtone, combination or simptatidnal spectroscopy
of H,D* and DHT in the wavenumber domain 29003100 and 6100- 7300 cn? is
achieved at high resolution using a cw—OPO and diode lageqgerimental results are com-
pared toab initio predictions [31]. The LIR technique also serves as a didgntml for the
temperature of the ions revealing imperfections of the.trap

Chapter 5

Finally, astronomical implications are explored throughk tase of L183, a typical prestellar
core with a central density of210° cm~3 and a temperature of 7 K. A steady—state and a time—
dependent simple chemical model for prestellar cores agepted. Their chemical network
account for the nuclear spin symmetries of the &hd H isotopologues integrating the rate
coefficients calculated in chapter 3 as well as new disseeiadcombination rate coefficients.
Several parameters of the models are constrained by fittengliserved pH* deuterium frac-
tionation and o—-HD™ abundance of L183. As a result, the prestellar core is estiina be
~1.5-2¢<10° years old and its K ortho-to—para ratio is evaluated at 0.05 in its outer layer
down to 0.004 in its innermost part. This non-thermal o/praf H, is identified as a dominant
limiting factor for the H;' deuterium fractionation.

1.3.3 Prospects

Even though the symmetry viewpoint of nuclear spins is sefficto describe associative, dis-
sociative and reactive processes, the evidenced failutleecdingular momentum viewpoint is
unsatisfactory and leaves us with an open question caltinfufther investigations. The de-
terministic interpretation of nuclear spins proposed rase deserves deeper considerations
beyond its counter mainstream character. The sparsdliterdedicated to the stringent role of
nuclear spins in reactions, an aspect which is often igna@dd be completed following these
leads.

Regarding the more specificjH+ H, isotopic system, the phase space statistical treatment
accomplished in this thesis represents a significant thieatdreakthrough. Nevertheless, on
the condition that the nuclear spins are well considereattexing calculations on the potential
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energy surface would be beneficial. However, the full quantanechanical level of theory
appears difficult given the large size of the system.

The experimental lag with respect to theory can be recovesitd state—specific kinetic
studies in the laboratory which are in principle feasibléhvthe state selective Laser Induced
Reaction technique (LIR). The pure rotational LIR of and DH™ recently performed
in Koln [32] expands the possibilities to two—laser schemg. microwave and mid-infrared.
In any case, a proper thermalization inside the ion trap beéllnecessary in order to obtain
meaningful and accurate measurements below 20 K where rifgetature becomes the most
critical parameter.

The astronomical study conducted in this thesis demoestfat the first time on an obser-
vational basis that the non—thernmatho-to—pararatio of H, is a first—class parameter for the
astrochemistry of very cold environments. This brings a pevblematic, namely the quantum
relaxation of o—H during early phases of stellar formation. Answers will haabme from the
sole L183 prestellar core, a survey of the o/p ratio efila sample of prestellar cores using
the I—g* isotopologues as tracers is highly desirable. Such sureeydigreatly benefit from the
next generation of observational facilities — ALMA, Hersthnd SOFIA — which will improve
the detection limits of D™ and D,H™' and their spatial resolution.
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CHAPTER 2

Nuclear spins in reactive collisions

E. Hugo, S. Schlemmer and P. Jensen
In preparation

he permutation symmetry algebra reported by Quack [1] and
the angular momentum algebra reported by Oka [2] to derive
nuclear spin selection rules and statistics for reactiodissions
are revisited by working on the wavefunctions using permara
projectors and Clebsch—Gordan coefficients respectivBigth
methods are merged to access the complete detail of infammat
and applied to systems up to 5 identical nuclei of spin 1/2,3/2.
A detailed study of the Bsystem shows that the two algebras are
generally inconsistent and that the permutation symmaeifior-
mations cannot be neglected, contrary to the angular mament
informations. Finally, we propose a deterministic intetption
of nuclear spin systems and discuss its physical implinatio
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2.1 INTRODUCTION

The symmetrisation postulate states that the total waeéfumof a system must be symmet-
ric or anti-symmetric upon permutation of two identical bos or fermions, respectively. It
is a stringent selection rule which endows nuclear spink aivery peculiar role in molecular
physics. Because of the weakness of hyperfine interactiores¢can assume the internal wave-
function of a molecule as the product of a nuclear spin wawetfan and a rovibronic—electron
spin wavefunction.

Opor = CDnspin (cbrotcbvibcbeleccbespin) (2.1)

According to the symmetrisation postulate, a symmetrisgdear spin wavefunction cannot
support all symmetrised rovibronic—electron spin wavefioms which means that the nuclear
spin permutation symmetrg.modification) constrains the accessible sets of rovibrqunan-
tum numbers and energy levels. These nuclear spin symm&tri@ molecule are commonly
named with the Greek ternmstho, metaandpara.

The weak hyperfine interactions can be translated agrélzen nuclear spirapproxima-
tion. In this approximation, the magnetic coupling betweenlear spins and intra— or extra—
molecular magnetic fields are neglectable such that the etmgmoment of each nucleus is
frozen,i.e. its quantised values is strictly conserved and cannot flignimther value. The nu-
clear spin wavefunction of a given set of nuclei is therelmzén and its total nuclear spin
permutation symmetry, angular momentum and magnetic mbarenconservede(y. good)
guantum informations or numbers.

It obviously results that whenever sets of nuclei are coregk.g.spectroscopy and non-
reactive collisions), conversions between nuclear spidifivations are strictly forbidden [3—6]:

para—NH3z + hv - ortho— NH3 (2.2)
para—H, + para—HO —» para—H, + ortho—H>O (2.3)

Whereas if the sets of nuclei are rearranged.feactive collisions, radiative associations and
dissociative recombinations), new products are formed wieir nuclear spin modifications.
However, some modifications can be strictly forbidden byftbeen nuclear spimpproxima-
tion.

para—NH; + para—H, — para—NH7 + H (2.4)
- ortho—NHj + H (2.5)

para—CH] + ortho—H, — meta-CH: + hv (2.6)
—+  ortho—CH{ + hv (2.7)

ortho—H30" + e —  ortho—H,O + H (2.8)
—> para—H,O + H (2.9)
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2.1. Introduction

As for homonuclear exchange reactions, although they segrraactive, they can eventually
lead to the apparent conversion of nuclear spin modificatibat some of them are strictly
forbidden by thdrozen nuclear spimpproximation [7].

—  ortho—HHD™ + ortho—HAH (2.10)
—  para—HHD® + para—HH (2.11)
—»  para—HHD® 4+ ortho—HH (2.12)
—~  ortho—HHD" 4+ para—HH (2.13)

para—H,D* + para—H>

Nuclear spins are strongly coupled to the rovibronics bysthmametrisation postulate. Nev-
ertheless, due to the frozen nuclear spin approximatianticlear spin degree of freedom
is quasi—unperturbed by all other degrees of freedogarotation, vibration, electronic, ki-
netic, radiative,etc. Indeed, it is common to observe species in space whoseanuspén
modifications are not properly thermalized with their eamiment. The species can conserve
through time and temperature their initial nuclear spin rcations since the “conventional”
mechanisms that affect a molecule, radiative transitions and non-reactive collisions, are ex
tremely ineffective conversion mechanisms. The only meisdmas that effectively affect the
ortho/(meta)/para ratio of a species are its productiostrdetion and conversion in associa-
tive, dissociative or reactive collisions which all conisisrearrangement of sets of nuclei.

The first work on this subject was established by Quack in I@J¢7n his contribution, he
reported nuclear spin selection rules using the permuatigersion group algebra and the way
to insert nuclear spin statistics in statistical scattgtireories according to symmetry represen-
tations. More recently, Oka [2] reformulated the selectigies using the angular momentum
algebra and derived nuclear spin statistics according gollan momentum representations of
the K(spatial) rotation group.

In this contribution, we revisit those two complementargwpoints by working on the
wavefunctions themselves using the bracket formalism. Wa# enly focus on the nuclear spin
wavefunction since it can be treated separately from thibromic wavefunction in accordance
with thefrozen nuclear spiapproximation. Molecules are thus considered as boxesicmg
nuclei which are distinguished by sets regardless of thengéy of the molecule. Such in-
complete description of reactive processes is a prerdguisfore merging with the rovibronic
wavefunctions and its energetics also at play. Moreovercarefocus on systems of identi-
cal nuclei only since the nuclear spin wavefunctions ofedéht kinds of nuclei can be treated
separately given that they are necessarily distinguighabl

The paper is organised as follow. In section 2.2, the angutamentum viewpoint only is
developed using Clebsch-Gordan coefficients. In secti®ntBe permutation symmetry view-
point only is developed using permutation symmetry praject In section 2.4, both methods
are merged in order to access the full detail of informati@ve then apply these tools to the
3—spin 1 system in section 2.5 to show that the angular mameand permutation symmetry
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Chapter 2. Nuclear spins in reactive collisions

algebras are inconsistent and that, contrary to the angudarentum information, the symme-
try information is necessary and should not be neglecteddttition, a more controversial yet
interesting deterministic interpretation of the nuclgainsstatistics is also proposed in section
2.6. Results of this work are summarised in section 2.7 atidaks discussed.

2.2 THE ANGULAR MOMENTUM VIEWPOINT

2.2.1 Elementary Spins and the uncoupled basis set

From a physical viewpoint, spins give rise to magnetic masiemhe projection of a spin

| along a reference axis in space can adopt quantised magnetientsi in the range—I,
—I+1,---,1—=1,1 and its state is noted,i). A spinl thus represents a multiplet of (21+1)
degenerate states. From a mathematical viewpoint, spinsedescribed as angular momenta
or vectors represented in the K(spatial) rotation grou®]8,The representation of a spinn
this group is conventionally labelled; and has a dimension of (21+1).

A deuterium nucleus or an ortho-Hholecule both have a spin of 1 however the latter is
a composite spin which can be divided in several spins andotineer is an elementary spin
i.e. indivisible. The statistical weight of an elementary spirtte statgl,i) isW ; =1 and
the statistical weight of an elementary spiis W = 2| + 1, its multiplet degeneracy or its rep-
resentation dimension. Note that throughout this chaphterterm “statistical weight” can be
systematically replaced by “number of possible states”.

The combination of n identical nuclei of spin | can be repnésé in the uncoupled basis set
consisting of 2I +1)" pure states. Individual pure states correspond to a coelghetwledge of
the system where all nuclei are distinguished and each miagnement known. Indexing the
nuclei and their spins with Latin letters, the states shbeldhoted |y, ia, lp,ip, lc,ic---) but the
spinsl are often dropped down from the ket notation since they anatant of the problem.
Those pure states fulfil the orthonormality relation

(i1 ic - [iasibsic- ) |* = &,izGyit By - - (2.14)
and the closure relation verifies

+I +I +I
S b . i ibsic...) 2= (21 +1)" (2.15)

o= lip =l ip =1

which we contract as
S liainyic:-liayiyic- - -)[* = Wor (2.16)

|a,|b,|c...

with Wt = (21 4 1)" the total weight of the system.
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2.2. The angular momentum viewpoint

4 abcd

y
211 |abcd| |achbd| adb.c bd.a.c cd.ab

A

1111 (uncoupled basis set)

Figure 2.1: Mapping of the 4—nuclei systemlLeft map: The 5 classes of partitioning for
4 nuclei. Right map: The nuclei are distinguished and labekedb, ¢, d The connections
represent an addition of two subsets of nuclei. The 3—ngaleisystem (abc) is emphasised.

2.2.2 Addition of elementary spins

A pure state is rarely representative of our knowledge ofstesy of nuclei €.g.a molecule,
a molecular complex or a colliding system) since we cannstirdjuish and measure all its
nuclei. Nevertheless, we can in principle measure the smihtiae magnetic moment of the
complete set of nuclei and/or some subsets of nuicgeithe total and/orlocal spins and mag-
netic moments. In order to build nuclear spin wavefunctiwhgch represent the system with
specific total and local nuclear spin angular momenta, wl bmear combinations of pure
states, so—callethixedstates, using Clebsch-Gordan coefficients. Since CleBGgsldan co-
efficients work on the addition of two angular momenta ortlys inecessary to add the local
elementary and/or composite spins two by two, stepwisel tn& total spin is formed. As
illustrated in Fig. 2.1 for the 4—nuclei system, there areess ways to add nuclei two by two
in order to obtain the complete set of nuclei. These bottgrpaths or addition schemes are
referred asnduction schemeand they are representative of complex formation and sstbeei
processes. We illustrate the method through the 4—nuciéesy
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Chapter 2. Nuclear spins in reactive collisions

The addition of 4 identical nuclei, b, candd of spinl; =1, = I = I4 can be done according
to two class of induction scheme&ee Fig. 2.1):

* ((la®lp) @ (Ic®1d)) T (lab® lcd) T labed

* (la®lp)@lc)®@1a) T ((lav®le) @1d) T (labe® 1d) T labed
respectively describing complex formations of the type

e (a+b)+(c+d)— ab+cd— abcd

* (@+b)+g +d— (ab+q +d— abc + d— abcd

Regarding the latter induction scheme, the nuclear spirefuaction of the total state
[labed, 1abcd) iNduced via local spinkpc andlyy is given by

labeds labeds labe; lab) = Z (la,ia, Ip, ib/lab, iab) X (lab,iab, lc,ic/lane, iabe)
iayib7|C7id

X (labe, iabe, 1d, 1d]labeds labed) X [ia, ibs ic, 1d) (2.17)

With igp = ia+ip andigye = ia+ip +ic. The statistical weight of the total splig,.q induced via
the local spingapc andl gy is thus

. . 2
Vv(la®|b®|c®|d)T(lab®lc®|d)T(Iabc@)ld)“abcd = z |<Iade7 |abcd, |abc, |ab| |abcd, |abcd7 |abc: |ab>|
iabcd

= (2apcdt1) (2.18)

By summing the previous induction scheme over all possistallspind,,, we obtain the
induction scheme describing the complex formations ofgpefa + b + ¢) + d — abc + d— abcd:

(la®lh®1le)®1g) T (labe® 1d) T labed
|a+|b
= ; ((1a®lp) @) @1d) T ((lab®R1c) ®1d) T (lape®1d) T labed (2.19)
lab=la—Ip|

Correspondingly, the statistical weight of the total shigq induced via the local spilypc
irrespective of the local spiiRy is obtained by summing over all possible local sdips

la+lp

\N(la®|b®|c®|d)T(|abc®|d)T|abcd = | “Zl\N(la®|b®|c®|d)T('ab®|c®|d)T(|abc®|d)T|abcd
ab=|la—lp

fa@lp®le) Tlane X (Zlabed+ 1) (2.20)

1The direct product in the K(spatial) rotation group correspond to the vectatian of angular momenta.
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2.2. The angular momentum viewpoint

where f(la®|b®|c)
D1, @ D, R D

11 1S the frequency of the representatigi, . induced by the direct product

We can also obtain the weight of the total spip.q irrespective of local spinkpc andl gy
by summing further over all possible local spigg :

labcd+1d
V\/(|a®|b®|c®|d)“abcd - Z V\/(|a®|b®|c®|d)T(labc®|d)T|abcd
labc=|labcd—ld|

f(la@lp@lcolg) Tlaped X (2labed+ 1) (2.21)

This equation can be generalised to any (sub)systemmatlei with spind by stating that
the statistical weight of a total splpy irrespective of local spins is given by

W('tot) = f('tot) X dim(hot) (222)

with dim(liot) = 2ltot + 1 the dimension of the representién,, and f (liqt) its frequency in the

n
complete representation of the systé 7, .

2.2.3 Division of spins

Divisions of composite spins into several spins are therecal of the additions and thus repre-
sent complex decay and dissociative processes. As iltegtra Fig. 2.1, a division corresponds
to a top—down path and consists in subducing direct proadicepresentations from irreducible
representations. A division scheme is therefore refereedsaibduction schemdn terms of
braket notation, it results in inverting the reciprocalucton formula,.e. exchanging the bras
and kets.

Considering the subduction schefggg | (lapc®1q) | ((lap®1c) @1g) | ((Ia®1p) @1c) @1g)
of the 4—nuclei system, the statistical weight of a totahd$gicq subducing 4 elementary spins
la, Ip, Ic @andlq via local spindgpc andlgy is

. . 2
W apeal (labela) Llap®le@la) L(laelo@lesls) = |{labed Tabeas labe: labllabed: fabed labe, lab) |

labed
- Vv(la®|b®|c®|d)T(lab®|c®|d)T(labc®|d)“abcd
= (Zlabcd+ 1) (2'23)

This equation shows that the weight of a subduction schemegusal to the weight of its

reciprocal induction scheme as may be generally inferrexh fthe Frobenius reciprocity theo-
rem.
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Chapter 2. Nuclear spins in reactive collisions

2.2.4 Reaction statistics

A reactive process is a rearrangement of nuclei. It can beribesl by (i) the addition of two or
several reactants forming of an intermediate complex wbahbe long— or short—lived, tight
or loose, followed by (ii) the division of this complex intwd or several products. Correspond-
ingly, a reactive process can be described by an inductibense followed by a subduction
scheme.

In the example of the 4—nuclei system, reactions of the type X, — X4 — X3+ X can
be decomposed in 4 equivalent transfer reaction mechanisms

ab+ cd — abcd — abc+ d (2.24)
— abd+ ¢ (2.25)
— acd+ b (2.26)
— bed + a (2.27)

The transfer of the “c” nucleus (Eg. 2.24) corresponds toitiseiction—subduction scheme
(la®lp@1c®@1g) T (lap®1led) Tlaped I (labe®1g) | (la®lp®1c®1g). Its statistical weights are
given by

Vv(|a®|b®|c®|d)T(lab®|cd)Tlabcdl(labc®|d)l(|a®|b®|c®|d)

= Z ‘ <|abcd, labcd, lab, Icd‘ labeds labeds labe, Iab> ‘2 (2-28)
iabcd
Equivalently, the statistical weights for each reactiorchanism can be determined with the
proper induction—subduction scheme.

In the full-scrambling limit, all nuclei of the complex arerapletely mixed such that the 4
possible outcomes are equiprobable (Egs. 2.24 to 2.27)efdre, the statistical weights for the

full-scrambling reaction X+ X2 — X4 FS, X3+ X correspond to the average of the statistical
weights of the individual reaction mechanisms.

The full-scrambling of the nuclei within the complex cancale interpreted as the lost of
their initial informations,i.e. labels and arrangements, except the total nuclear spirhwhic
implicitely conserved since it includes all the nuclei. Véa¢hus express the statistical weights
for the full-scrambling by reseting the nuclei labels bedwéhe complex formation and decay:

FS
(la®lp@lc@ldg) T (lap®led) Tlabed™ lyy o dr d (o @lg ) L 1y Ry Qlg @1 )

W VNPT /W~ / / /
= Wiielyoleolg) (lanea) Tlabed X It/ dd i('w;\j"d (g ®ly@ly@ly) (2.29)
av/cd

with laped = layeqr- With this equation, statistical weights for the full-soialing collision
scheme is easily derived from the sole induction(subdaogstatistical weights. Furthermore,
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2.3. The symmetry viewpoint

- . FS . :
the overall statistics for the reaction X X, = X3+ X are obtained by summing Eq. 2.29 over
all total nuclear spins.

2.3 THE SYMMETRY VIEWPOINT

2.3.1 Permutation groups and symmetrised states

One can represent a systemnatlentical nuclei in a permutation group according to howlwel
he can distinguish its nuclei. For example, when the nuckeicampletely indistinguishable,
any transposition or permutation operation in the competeof nuclei keeps the system un-
changed thus corresponding to the complete permutatiarp@p If the nuclei are partionned
in k distinguishable subsets of, n, - - - ni indistinguishable nuclei witfzg‘zl n; = n, only those
permutations within these subsets keep the system unath#imgreby corresponding to the per-
mutation grouB,, n,--.n, = S, ® Sy, X ... ® S, which is a subgroup d,. Ultimately, if all the
nuclei of the system are perfectlyndistinguisheq.(ocalised), the system is represented by the

uncoupled basis set or tlig; )" = ®Sl group since no permutation is possible.

In order to represent the system in a permutation group, Wd symmetrised wavefunc-
tions P, |ia,in, ic...) by applying projector§:, of the symmetry representatiohson the pure
states of the uncoupled basis set. The symmetry projectorefR permutation group are
defined as

P = %gm RIxR (2.30)

with h the order of the grougRthe permutation operations of the group adR] the character
of the representatioh; under the permutatioR. Thorough description of permutation groups,
symmetry representations and projectors can also be fouBdimker and Jensen [8; 9] and
character tables for permutation groups containing up taddemare given in appendix 2.A as
supplementary material.

The statistical weight of a symmetry representafigrirom a permutation group is given
by its dimensiordim(l;) and the sum of square of its projector’s elements accordiBptn’s
rule:

W, = dim(I")? x > Y i, iysie - |Priliasip,ic:--)|? (2.31)
ia7ib7|c"'ia/7ib/7|c/"'
As in Eq. 2.22 for the angular momentum representationsstetestical weight of a symmetry
representatiof; is also given by the algebraic formula:

W, = dim(T) x f(T) (2.32)

with f(I';) the frequency of ; in the complete symmetry representation of the system.
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Chapter 2. Nuclear spins in reactive collisions

2.3.2 Induction statistics

It is possible to represent simultaneously different leg@hmetries of a system using symmetry
projectors of different permutation subgroups. As an eXampe statistical weight of a 5—
nuclei system with local symmetriésyc andl 4e inducing a total symmetr¥/ ;pcge@according

to the induction schem®&pc de T Savcde T SabcdelS

dim(Mabede)? X diM(T apede)® X (2.33)

Wraﬁb,c,d,eT I—abc,deT Iabcde =

|<|a’a|b/a|c’7|d’a|e/|H'abcdeH'adee||a,|b,|c,|d,|e>‘
ia,ib,lc,id,ieia/,ib/,lc/,id/,ie/

Equivalently, the notationS,p e COrresponds td 5pc® I'ge and we have

dim(Capcde) = dim(Fanc) x dim(T ge) (2.34)
I:1—abc,de I:1_abc|:1—de (235)

2.3.3 Subduction statistics

In the bracket formalism, a subduction scheme is relatet$ teeciprocal induction scheme by
inverting the formula that is to exchange the bras into keeskets into bras and the operators
P, into dagger operatonQ—iT. Since (i) the dagger operator is the Hermitian conjugatenof
operator which is the transpose conjugate in terms of negtioperators and (ii) the symmetry
projector matrices are real and diagonal symmetric, we ﬁﬁ\’?& Pr,. Moreover, the projector
operators are commutative. Therefore, the statisticagmesf a 5—nuclei system with a total
symmetryl gpcdeSubducing local symmetridgc andl ge according to the subduction scheme

Sabede! Savcde | SapcdeiS

; 2 ; 2
WrabcdeLrabcdelrab,c,d,e = dlm(radee) Xd'm(rabcde)
x 3 S liaimicidiePL R Jiasiyiciasie)]?
ia’7ib/7|c/7id/7ie/ iayib7|C7id7ie ’
= dim(raque)2 x dim(T" apede)?

. . . . . . . . . . 2
X Z Z |<|a’7|b’7|C’7Id’vIe’|H_adeeH_adee|la7|b7|C7|d7|8>|
iavibJC?id?ieia/?ib/7|d7id/7ie/

= V\A_ab,c,d,eTraqueTrabcde (236)
As for the angular momentum viewpoint (Eq. 2.23) and acewlgito the Frobenius reci-
procity theorem, the statistical weight of a subductioreset is equal to the statistical weight

of its reciprocal induction scheme.
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2.4. Merging both viewpoints

2.3.4 Reaction statistics

Similarly to Sec. 2.2.4, statistical weights for reactiamhemes can be obtained by corre-
lating the symmetrised states of the induction scheme (mijormation) with the sym-
metrised states of the subduction scheme (complex decayjhel example of the reaction
Xo+ X2 — Xg4 — X3+ X, the “c” nucleus transfer (Eq. 2.24) correspond to the otidun—
subduction schem&pcd T Sabed T Sabcd | Sabed | Sapcd- The statistical weight of local sym-
metriesl 5p andl g correlated with 5pc via a total symmetry gpcq is

Wra,b.c.dTrab,deTrabcdlrabcdlra,b.c.d
= dim(rab7cd>2 X dim(rabcd>4 X dim(raqu)z
X Z Z |<ia/7ib’7iC’7id/|H_ab7cdH-abcdH-abcdH-abcd|ia7ib7iC7id>|2 (237)

ia7ib7|c7id ia’vib’vlc’vid’

Following the argumentation of Sec. 2.2.4, the symmetriistsieal weights for the full-

scrambling collisions X+ X, — Xy4 Fs, X3+ X is the average of the statistical weights of the
individual reaction mechanisms. The symmetry statistiights for the full-scrambling can
also be obtained from the sole induction statistical weigtstin Eq. 2.29 by reseting the nuclei
labels between the complex formation and decay:

FS
I—a,bﬁcA,dTrabﬁchrabcd ” ra’b/dd/lra’b’c’,d’ lra’,b/,c’,d’

Wr

add Wawe o Moy o o

- \Ma.b,c,dTrab,chrabcd V\k (238)
ab'cd

X

With T gpcd = Mapoa- FUurther summation over all possible total symmetriesdgiehe overall
L FS .
symmetry statistics for the X+ X, = X3+ X reaction.

2.4 MERGING BOTH VIEWPOINTS

2.4.1 Induction and subduction statistics

Angular momentum and symmetry informations can be accessadtaneously by projecting
the angular momentum wavefunctions on the different regragions of the permutation sub-
groups.

Considering the angular momentum and symmetry viewpoirttssoinduction scheme
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Chapter 2. Nuclear spins in reactive collisions

(@+by+g+d — (ab+g+d — abc+d — abcd
(la®lp)@l) @l T (law®le)®lg T lapc®lg T labed

(S99)0S) S T (Su®%)9S% 1T Swe®S T Saved

the state with a total spihycg, @ total magnetic momeig,cq and a total symmetry jpcq in-
duced via local spinkc andla, with local symmetrie§ gpc andrl g is

“abcda iabcd7 rabcd7 |abC7 I_abo Iaba rab> = Pl'abcdpl'aqu Pl'ab7c7d||abcd7 iabcd7 |ab07 Iab> (2-39)

with igp =ia+1ip andigpc=1a+Iip+ic, and its statistical weight is

(la®lp@lc®lg)  T(lap®le®lg)  T(labc®ld) Tlabed (2 40)
(Fa®Mp®Fc®Mg) T(Map® c®@F ) T(Fabe® d) 1T abed )

. . 2
X Z |(labeds 1abeds T abeds labes M abes labs [ abllabeds 1abeds I abeds labe M abe, labs Tab) |
iabcd

Accordingly to the Frobenius reciprocity principle, thegakar momentum—-symmetry sta-
tistical weight of a subduction scheme and its reciproadiation scheme are equal as demon-
strated in Egs. 2.23 and 2.36 for the angular momentum ansythenetry viewpoints, respec-
tively.

The total angular momentum—symmetry statistical weightsystems of 3, 4 or 5 particles
of spins 1/2, 1 or 3/2 are given in Table 2.13 and their dedastatistical weights for bimolecular
induction €g.subduction) schemes are given in Tables 2.14, 2.15 and 2.16.

2.4.2 Reaction statistics

As in sections 2.2.4 and 2.3.4, the statistical weightsrfduction—subduction schemes are ob-
tained by correlating the induced states (complex forrmatiath the subduced states (complex
decay).

In the example of the induction—subduction scheme

(a+b) + (c+d) — ab+ cd — abcd — abc+ d — (ab+c) +d — ((@a+ b) +c) +d

representing the “c” nucleus transfer reaction mechartisestatistical weight of local spirg,
andl g with local symmetrie§ 5 andl ¢4 correlated with a local spihyc with local symmetry
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2.5. Analysis of the B system

I abc Via a total spin gpcq With a total symmetry gpcq IS

(la®lp®1c@lg)  T(lab®led) Tlabed (labc®ld) (lap®@le®lg) |(la®lpR1c®Ig) (2.41)
(Fa®Mp®Mc®g)T(Map®l cd) TMabedl (Fabc®T d) L (Map®M @M g) L (Fa@Mp@lc®lg) )

= dim(Fabcq)? x diM(Tabca)* x dim(Fabea)? x dim(Fab e d)?

. . 2
X Z |{labeds fabeds I abeds labe T abes labs I ab|labeds fabeds T abeds labs T abs leds Fed) |
iabcd

Detailed angular momentum—-symmetry statistical weight®ach reaction mechanism can be
determined with the corresponding induction—subductobreme as in Eq. 2.41. Repeating sec-
tions 2.2.4 and 2.3.4, the detailed statistical weightgHerfull-scrambling reaction can be ob-
tained by averaging the detailed statistical weights ofridezidual reaction mechanisms. They
can also be obtained as in Egs. 2.29 and 2.38 using the indudétailed statistical weights
from Tables 2.14, 2.15 or 2.16.

2.5 ANALYSIS OF THED3 SYSTEM

For systems of spin 1/2 particles, there is a one-to-onelatame between the angular mo-
mentum and the symmetry representatfofsee Table 2.13). The total spin information thus
implicitely gives the symmetry information and vice-vemach that, separately or combined,
the angular momentum and symmetry viewpoints yield idahstatistics. The system of three
particles of spin 1 is therefore interesting because itesstinallest and simplest system where
the isomorphism between angular momentum and symmetrggeptations breaks down. Ta-
ble 2.13 shows indeed that for the 3—spin 1 system, a totalafpl can be either of Aor E
symmetry and that the total symmetries @nd E can have total spins 1 or 3 and 1 or 2, respec-
tively. To study this system, we shall focus on the reactigpp-D — D3 — D, +D.

2.5.1 Full-scrambling statistics

The statistics for the P+ D — D3 induction scheme can be derived either from the angular mo-
mentum viewpoint (Table 2.2a), the symmetry viewpoint (€&h2c) or both simultaneously
(Table 2.2b). Note that Tables 2.2a and 2.2c can also benglotdiy rebinning the statistical
weights from Table 2.2b according to angular momentum omsgtry informations.

As in equation 2.29 and 2.38, the full-scrambling statsstian be calculated directly from
these induction statistics considering angular momensymmetry informations or both. The

- FS o :
overall statistics of the p+ D = D, + D reaction,j.e. summed over the total spins and/or sym-
metries of the intermediate complex, are given in tablea,23b and 2.3c depending on the

2We could not find a mathematical proof of this statement brified it for systems up to at least 6 particles.
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Chapter 2. Nuclear spins in reactive collisions

Table 2.1: D, + D = D3 induction (subduction) statistical weights.

(a) Angular momentum

0(A2) 1(A1,E) 2(E) 3(A) sum

2(A) @ 1(A) 0 3 5 7 15

1(B) ® 1(A) 1 3 5 0 9

0(A) ® 1(A) 0 3 0 0 3
sum 1 9 10 7 27=3

(b) Angular momentum and symmetry

0OA, 1A 1E 2E 3A sum

2A® 1A 0 4/3 5/3 5 7 15
1B®1,A 1 0 3 5 0 9
0A®1A 0 5/3 4/3 0 0 3
sum 1 3 6 10 7 273
(c) Symmetry

A1(1,3) A)0) E(1,2)  sum

A(0,2) ® A(1) 10 0 8 18
B(1) ® A(1) 0 1 8 9
sum 10 1 16 27=3

viewpoint(s) considered.

The striking result is that contrary to the statistics dediwith the symmetry information
only, the statistics derived with the angular momentumnmiation only are inconsistent with
those derived with both angular momentum and symmetrymmétions. Indeed, rebinning the
statistical weights from table 2.3b with respect to the dagmformation does not yield table
2.3a while rebinning them with respect to the symmetry imfation does yield table 2.3c. Such
result can also be observed for systems of 4 nuclei of spirdBamnclei of spin 3/2. By extent,
it will be true for any system where the isomorphism betwégmamngular momentum and sym-
metry representations is not true.
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2.5. Analysis of the B system

Table 2.2: D, + D E>D2 + D full-scrambling statistical weights.

(a) Angular momentum

2(A) ® 1(A) 1(B)® 1(A) O(A)® 1(A)  sum

2(A) ® 1(A) 21/2 7/2 1 15

1(B) ® 1(A) 72 9/2 1 9

0(A) ® 1(A) 1 1 1 3
sum 15 9 3 27=3

(b) Angular momentum and symmetry

2A®1A 1B®1A 0A®1A sum

2A® 1A 95/9 30/9 10/9 15
1B®1A 30/9 5 6/9 9
0A®1A 10/9 6/9 11/9 3
sum 15 9 3 27=3
(c) Symmetry
A(0,2) ® A(1) B(1) ® A(1) sum
A(0,2) ® A(1) 14 4 18
B(1l) ® A(1) 4 5 9
sum 18 9 27=3

We thus observe that the permutation symmetry algebra [d]the angular momentum
algebra [2] are inconsistent when describing reactionu@idn—subduction) schemes. The
angular momentum informations (total and local spins) avedd) quantum numbers to de-
scribe molecules (the complete permutation group), agsons (induction schemes) or disso-
ciations (subduction schemes) but they seem to be “bad”tqgomanumbers to describe reac-
tions (induction—subduction schemes). This result is emabaing and counter—intuitive as one
would expect it feasible to derive good statistics from tbke @angular momentum viewpoint,
yet we must conclude that the angular momentum informasiansufficient and that the sym-
metry information is essential. The necessity of the symynatormations is also motivated
by the symmetrisation postulate (a postulate of quantunmhargcs) since the symmetries of

3in its literal sens and the sens of “conserved in time”
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Chapter 2. Nuclear spins in reactive collisions

the reactants’ and products’ nuclear spin wavefunctiorsrequired to tell which rovibronic
wavefunctions and energetics are accessible.

2.5.2 Detailed reaction mechanisms statistics

Once the weakness of the angular momentum viewpoint has dgeéanced, we shall try to
explain it by focusing on finer details. The statistics foumdable 2.2 are (i) summed over the
total symmetries and/or angular momenta and (ii) correggorthe full-scrambling which is
the average of all reaction mechanisms. We will now derieedétailed angular momentum—
symmetry statistics (i) for a total angular momentum of 1hwit total symmetry and (ii) for
each reaction mechanism. To do that, we can use two meththes starting from the full-
scrambling statistics and ending by the reaction mechanstatistics or vice—versa.

Decomposition method

This method described by Oka in the frame of the angular mtumealgebra [see 2, sec. 3.2]
is shown in Table 2.4 . Thaull-scramblingstatistical weights (Table 2.4a) are first derived
as in Egs. 2.29 and 2.38 using the induction (subductiotisstal weights from Table 2.2b.
The Identity statistical weights (Table 2.4b) are then inferred from dtréct conservation of
local spins and symmetries. Finally, theansferstatistical weights (Table 2.4c) are derived
from thefull-scramblingand Identity statistical weights since, as illustrated in Table 2.3, the
full-scrambling consists in 3 equiprobable reaction medras: 1lldentity and 2 equivalent
Transfer

Recomposition method

We directly calculate thé&dentity and Transferstatistical weights (Tables 2.5a and 2.5b) as in
Eg. 2.41 and recompose thdl-scramblingstatistical weights (Table 2.5¢) according to Table
2.3.

Table 2.3: Mechanisms for the p+ D — D, + D reaction.

ab + ¢ —- abc — ab + ¢ 1/3 Identity
— ac + b + 1/3 ‘a-Transfer
— bc + a + 1/3 ‘b-Transfer
Do + D - D3 — Dy + D = Full-scrambling
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2.5. Analysis of the B system

Comparison and analysis

Surprisingly, the decomposition method results in negatieights (see Table 2.4c) which have
no physical meaning. Its reasoning thus holds an error wikiokvealed by thédentity statis-
tical weights from the recomposition method (Table 2.5agrmehwve see that the local angular
momentum of a B with local symmetry A is a 4/9 : 5/9 mixture of spins 0 and 2. &ltitat this
ratio also appears in the column “1 E” of Table 2.2b . We musttade that local nuclear spin
angular momenta are not strictly conserved as assumeddanfirence of thédentity statis-
tical weights in the decomposition method (Table 2.4b) . tleeo words, local and composite
nuclear spin angular momenta are gobdquantum numbers.

This observation raises questioning since for an isolatétb-D> moleculej.e.a complete
system with A symmetry, its total nuclear spin angular motmenof O or 2 ought to be strictly
conserved. However, considering this same molecule wibthen distant D atomi,e. as a sub-
system, its nuclear spin angular momentum turnsl@cal hence not strictly conserved. We
evidence a paradox regarding the conservation of nucleéaasgular momenta based on their
total or local properties. This interpretational dilemma is unsatisfacand needs to be solved.

It it also interesting to note that in Table 2.5, for all reastmechanisms, the symmetry
reaction probabilities are independent of the local amgulamenta. Comparing with the sta-
tistical weights for a total angular momentum of 2 and the falteymmetry (Table 2.6), we
can also conclude that the symmetry reaction probabitresndependent of the total nuclear
spin angular momentum. This confirms the conclusion frontige@.5.1: Contrarily to the
symmetry informations, the angular momentum informatiamsnot sufficient nor necessary.

Finally, Table 2.6 can also be derived with the decompasiti@thod since the total nuclear

spin angular momenta correlates with a single total symmetre decomposition method thus
works systematically for spin 1/2 systems.
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Chapter 2. Nuclear spins in reactive collisions

Table 2.4: D, + D — D, + D statistics withi;ot = 1 andl'io; = E: Decomposition method.

(a) Full-scrambling

2A®1A 1B®1,A 0A®1A sum

2A® 1A 25/54 45/54 20/54 5/3

1B® 1A 45/54 81/54 36/54 3

0,A® 1A 20/54 36/54 16/54 4/3
sum 5/3 3 4/3 6

(b) Identity reaction mechanism

2A®1A 1B®1A 0A®1A sum

1 2AR1A 5/3 0 0 5/3
— § 1B®1,A 0 3 0 3
0,A® 1A 0 0 4/3 4/3
sum 5/3 3 4/3 6
(c) Transfer reaction mechanism
2A®1A 1B®1A 0A®1A sum
2 2A®R1A -5/36 45/36 20/36 5/3
— é 1B® 1A 45/36 27/36 36/36 3
0,A® 1A 20/36 36/36 -8/36 4/3
sum 5/3 3 4/3 6
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Table 2.5: D, + D — D, + D statistics withl;o; = 1 andl";o; = E: Recomposition method.

(a) Identity reaction mechanism

2A®1A 1B®1A O0A®1A sum
1 2A® 1A 25/27 0 20/27 5/3
§ 1B®1,A 0 3 0 3
0,A®1A 20/27 0 16/27 4/3
sum 5/3 3 4/3 6
(b) Transfer reaction mechanism
2A®1A 1B®1A O0A®1A sum
2 2A® 1A 25/108 45/36 20/108 5/3
—+ 3 1.B@1,A 45/36 27/36 36/36 3
0,A®1A 20/108 36/36 16/108 4/3
sum 5/3 3 4/3 6
(c) Full-scrambling
2A®1A 1B®1,A 0A®1A sum
2A® 1A 25/54 45/54 20/54 5/3
— 1B®1,A 45/54 81/54 36/54 3
0,A®1A 20/54 36/54 16/54 4/3
sum 5/3 3 4/3 6
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Table 2.6: D, + D — Dy + D statistics withliot = 2 andlNgt = E

(a) Identity reaction mechanism

2A®1A 1B®1,A 0A®I1A sum

2A®1,A 5 0 0 5

1B® 1A 0 5 0 5

0A®1,A 0 0 0 0
sum 5 5 0 10

(b) Transfer reaction mechanism

2A®1A 1B®1,A 0A®I1A sum

2A® 1A 5/4 15/4 0 5

1B® 1A 15/4 5/4 0 5

0A®1A 0 0 0 0
sum 5 5 0 10

(c) Full-scrambling

2A®1A 1B®1,A 0A®I1A sum

2A® 1A 5/2 5/2 0 5

1B® 1A 5/2 5/2 0 5

0A® 1A 0 0 0 0
sum 5 5 0 10

36



2.6. Bohmian interpretation of nuclear spins

2.6 BOHMIAN INTERPRETATION OF NUCLEAR SPINS

Note: This section will not be part of the expected publmati

What is the nature of a wavefunction and its mathematicakssmtation ? Is a wavefunc-
tion a true description of reality or is it an observer’s mgwhstruction ? How determined is
the state of a system and can a wavefunction faithfully tiabs this state ? Do nuclei en-
tities which are indistinguishable to an observer loosér tinéividualities ? Are they really
delocalised ? Here are few foundational questions whichbeaanswered firmly according to
dogmata or cautiously according to various schools of thaug

In this section, we question the interpretation of the infations and statistical weights
gathered with the wavefunctions in the previous sectiongbgnsidering nuclear spin systems
in line with the Bohmian interpretation of quantum mechanM/e propose a formalism to ex-
tract hidden variables of the systems. This incompletergités a constructive challenge to the
commonly accepted Copenhagen interpretation.

In section 2.6.1, we will remind some differences betweenGopenhagen and Bohmian
interpretations of quantum mechanics and project theseprdtations to our systems of in-
terest. In section 2.6.2, a formalism necessary for the Bahnmterpretation of nuclear spin
systems is described. In section 2.6.3, this formalismieg to the H system in order to de-
rive statistical weights for the Bohmian informations. Bicgl implications are then discussed
in section 2.6.4.

2.6.1 Quantum determinacy or indeterminacy

A wavefunction can be interpreted according to the Copeah&gdeterministic) or the Bohmian
(deterministic) interpretation but before applying thesenantics to nuclear spin systems, we
shall briefly remind their differences through the Schragér’s cat example.

Schroedinger’s cat

A Cat can be in a living or dead state which we widve) and|dead. A living cat is enclosed

in a box and asked to toss a quantum éaithich triggers a device that release hydrocyanic acid
in the box if the result is head. The probabilities that thieicalive or dead after the coin event
and before the box is opened are 1/2. The wavefunction assignthe cat entity is therefore
(1/v2|alive) + 1/v/2|dead). The 1/+/2 amplitudes are determined according to Born's rule
and the signs of the two coefficients are irrelevant in thsedaecause there are no symmetry
implications.

4The original setup consist of a Geiger counter with a lititeobradioactive substance
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Chapter 2. Nuclear spins in reactive collisions

The fundamental difference between the Copenhagen andti@iBn interpretation lies in
the interpretation of the mixing of the pure states. In the&dagen interpretation, the mixing
is apparented to the "AND” logic operator or equivalentl timtersection " set operator
meaning that the cat (the reality) is undetermined sincé btites( |alive) AND |dead )
are coexisting Only when the box is opened, the wavefunction collapsesioar the other
state,i.e. the measurement action unfolds a degenerate reality. IBohenian interpretation,
the mixing is apparented to the “exclusive—OR” logic operatr “exclusive disjunction” set
operator meaning that the cat can be only in one single stadime, even if the observer
does not know it. Contrary to the Copenhagen interpretatioé Bohmian interpretation is
deterministic nevertheless it can be undetermined froroliserver’s viewpoint which explains
the mixing construction.

multi—spin system

According to the Copenhagen interpretation, we could nreathie total symmetry, total spin
and total magnetic moment for all subsets of nuclei of a gisystem in order to fully de-
termine the systeme(. collapse the states). However, according to the frozeneaudpin
approximation which implies their time conservation, thesiantum informations must have
been the same before the measurement action meaning thatstieen was necessarily deter-
mined before the measurement. Therefore, the only facwibatan measure those quantum
informations in the future implies that they are determinednytime : the system is fully de-
termined irrespective whether a measurement was perfoamedt. This argument known as
“counterfactual definiteness” invalidates the Copenhagtarpretation since mixed states do
not really exist nor do wavefunction collapse really occiill. the informations of the system
already exist but the observer simply ignores them, whiahhy this interpretation belongs to
the family of “hidden variable theories”.

Taking for instance two moleculesHy and HHg far from each other and non-interacting,
the symmetries of all the nuclei se&sg.l 5q Or Mg, are already determined.

2.6.2 Formalism of the Bohmian interpretation

The formalism and the method will be illustrated throughiest simple example, the 3—spin
1/2 systeme.g.Hs. The symmetry and angular momentum representations ofyistem as
those of its subsystems are equivalent so we may only work the symmetry viewpoint.

SIf it were the “OR” logical operator or equivalently the unitiJ” set operator, the state of the cat is even more
undetermined since it i§|alive) OR |[dead OR ( |alive) AND |dead ) ).
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2.6. Bohmian interpretation of nuclear spins

Complete representation space

The representation space of tBgpermutation group i$A1,A2,E} and the representation space
of each of the thre&, 1 permutation groups i§A,B} . Based on the previous argumentation, the
symmetry information for all (sub)sets of nuclei is detemad. Let this be theomplete state

of information. The complete states represent the map ohpetion groups (see Fig. 2.1)
and belong to the direct product of the representation spatall permutation groups. It
implies not only thetotal state of symmetry but also all théocal statesof symmetry. The
complete state of the 3—Hydrogen systegHgH. thus belongs to the representation space of
Sabe ® Sabe @ Sach @ Shea Which is {Ag, Az, E fape @ {A Blanc ® {A Blach @ {A B}bca ®. Let
this be thecomplete representation space The complete symmetry states which form the
basis set of the complete representation space are WHtgR® Mapc @ Mach @ Mpea) but for
brevity, we will drop thex operators.

It is important to mention that the map of permutation grodpss not have a group struc-
ture. Therefore the complete states are not classic grquegsentations. This category of
mathematical object with a higher order structure shouldréated in the topos of the finite
permutation groups using category theory. However, thepaims for physical rather than
mathematical implications so only the necessary tools eveldped.

We can organise the complete states in classes where tHes&tica of the information
is lost. We write those classes @i, s,I's,I's,]. For example, the class of partitioE AAH
written [EA?B] corresponds t¢EAAB) & (EABA @ (EBAA).

We also define for each permutation group the undetermireeisasu = (JI'j, the union

set operatotJ being equivalent to the direct sum operator The undetermlined state B
and S permutation groups arau = A1 Ao E and u= A& B, respectively. Using the
undetermined states of the permutation groups, we can&xgrepartial states as sets (direct
sums) of complete states. The direct sum operator beingdisve, we have for example:

(EAUB = (E®A®U®B) (2.42)
— (E®A®(A®GB)®B) (2.43)

= (E®A®A®B)®(E®ARB®B) (2.44)
(EAAB & (EABB) (2.45)

This partial states considefgcp as undetermined corresponding to the induction—subductio
scheme&S; pe T Saine T Sabed Sape | Sab,c Which does not considé&;c . The induction-subduction
schemes employed in previous sections concern the repaéises in at most two different
paths with their permutation groups, irrespective of thpgesentations in the other permutation

Sthe subscripts are here to distinguish the permutationrsuipg
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Chapter 2. Nuclear spins in reactive collisions

groups. Their corresponding partial states are thus intemnformations representative of
the Copenhagen interpretation which consider as coegiatiial undetermined all the possible
states in some permutation groups. In the Bohmian inteafioet, the partial states as unions (or
direct sums) of complete states reflect an observer’s agigin due to his lack of knowledge

of the system.

The direct product operatap is equivalent to the intersection set operator in the com-
plete representation space. In the Bohmian interpretati@direct product reflects the reality.
Working between representations of the same permutatmurpgthe direct product gives:

N 0=20 (2.46)
ierMhi=r; (2.47)
N[ orj=0 (2.48)
N ® u=rT; (2.49)

Working between representations of two distinct permatagjroups, the direct product gives:

[ ®0=0 (2.50)
Mel=rerl; (2.51)
Nou=r®u (2.52)

From these properties, we can show that complete state®eessarily orthogonal since they
do not share a common space in the complete representatioa.dpor example, we have

(EAAB ® (EABB = ((E®E)®(A®A)®(A®B)® (B®B)) (2.53)
= (E®AR02B) (2.54)
— 0 (2.55)

which translates the fact that a system cannot have the edenpi/mmetries (EAAB) and
(EABB) at the same time since it cannot be both of A and B symynetthe S,c, permu-
tation group. However, partial states may be non—orthdgamne overlap. For example, we
have

(UAUB ® (EAUB = ((URE)® (A®A)® (Uau)® (B B)) (2.56)
= (E®QA®U®B) (2.57)

= (E®A®(A®B)®B) (2.58)

(EAAB & (EABB) (2.59)

Causal Bayesian network

Consider now that the complete representation space forwasisal Bayesian network where
the weights and probabilities of its elements are related.
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2.6. Bohmian interpretation of nuclear spins

We define the conditional weight§y|x, and probabilities (likelihooddjy|x) as

Wyixy = Wixavix)y = Wixay) (2.60)
Pyix) = Pxnvix)y = Wixny)/Wix) (2.61)

X and Y being the observer’s prior and posterior informasiaespectively. In this study, they
are symmetry representations of the permutation groups uHtonditional weight8Vx
correspond to the absence of prior condition and we simpijevthemWy,. The weight
of the no—information information corresponds to the teteight of the systemi.e. W) =
Wror = (21 +1)". The unconditional probabilitieB x|, which we simply writeP ) are thus
Pixy =Wix)/Wror.

Some important properties of the statistical weights are:

Wvox) = Wix) +Wy) —Wixay) (2.62)
Wynx) = 0 if XNY=0 (2.63)
W) = Wixpy) (2.64)

Note that *U” is equivalent to ¥»” and “N” is equivalent to ®” in the complete space. Thg *
is also equivalent to®” with the extra—characteristic that it delimits the obseis prior and
posterior informations.

Equation 2.64 states that a conditional weight and its reced are equal. This was in-
terpreted as an equivalence to the Frobenius reciproditgipte in the previous sections (see
Egs. 2.23 and 2.36) and we see here that this principle ajg@ao the complete representa-
tion space. It implies that all the weight—tables of thisgragre transposable by exchanging the
prior and posterior property of the informatiomsg.switching an induction into its reciprocal
subduction and vice—versa.

2.6.3 Derivation of the Bohmian informations

Unconditional weights of the Copenhagen informations

All the statistical weights of the §lsystem derived as in previous sections are given in Ta-
ble 2.7 according to total and local symmetries and reactienhanisms. They correspond to
Copenhagen informations since the symmetry informatiosoime permutation groups is un-
determined. They can be translated in the Bohmian inteapoet as unconditional weights for
partial states. Their transcription into the Bohmian folisma is found in Table 2.8.

Unconditional weights of the Bohmian informations

The aim is now to access the unconditional weights of all trafglete states from the uncon-
ditional weights of the partial states using Bayes infeeenc
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Table 2.7: H, + H — Ho + H statistical weights from the Copenhagen interpretation

Id Trans FS
S S A B A B A B
Total 8 A 6 6 O 9/2 3/2 5 1
B 2 0 2 32 1/2 1 1
Ay 4 A 4 4 0 4 0 4 0
B O 0O O 0O O 0O O
A, 0 A O 0O O 0O O 0O O
B O 0O O 0O O 0O O
£ 4 A 2 2 0 1/2 3/2 1 1
B 2 0 2 32 1/2 1 1
Regarding thé\; total symmetry, we find:
Wiaaan = Waaay —Waasg) (2.65)
= Waaay — Paaasauae) X Wia,uag) (2.66)
Waaay (2.67)
= 4 (2.68)

sinceWa,uag) = 0. Furthermore, it is straightforward to derive that all twmplete states of
the classes1AZB], [A1AB?] and [A1B?] have statistical weights of 0 since the partial states of
the classes;ABU and [A;B2u] have weights of 0.

We thus have the likelihoo8a,aaaauuy = Wiagaan /Wiauuy = 1 meaning that all the
subsets of a totally symmetric set are necessarily symediguivalently for the 3—deuterium
system, we would derives,gerauuy = 1 Mmeaning that all the subsets of a totally antisym-
metric set are necessarily antisymmetric.

We can then put forward the causality principle to state:tl&hce a totally symmetric
(Aruuu) set of nuclei necessarily subduces symmetric subs&i&A4), reciprocally, completely
symmetric subsetsIAAA must necessarily induce a totally symmetric gatuul). The same
causality stands for antisymmetric representationstistroorrelatingA, with (uBBB). It fol-
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2.6. Bohmian interpretation of nuclear spins

Table 2.8: H3 unconditional weight of the partial states correspondin@aopenhagen informa-

tions.

Class Partial states Weight
[uud)] (uuuu) 8
[UAU?] (UAuu)  (uuAu)  (UuuA) 6
[uBU?] (UBuu)  (UuBu)  (uuuB) 2
[UAZu] (UAAU)  (UAUA)  (UUAA) 9/2
[uB2u] (uBBu)  (uBuB)  (uuBB) 1/2
[UABU] (UABu)  (uBAu) (UAuB) (uBuA) (uuAB) (uuBA) 3/2
[A1U%] (A1uuu) 4
[A1AU?] (A1Auu)  (AjuAu)  (AjuuA) 4
[A1BU?] (A1Buu) (AjuBu) (AjuuB) 0
[A1A%U] (A1AAU) (A1AUA) (A1UAA) 4
[A1B2u] (A1BBu) (AiBuB) (AiuBB) 0
[A1ABu]  (A1ABu) (A1BAu) (A1AuB) (A1BuA) (A1uAB) (A1uBA) 0
[AoU3] (A >uuu) 0
[A2AU?] (AoAuu)  (A2uAu)  (A2uuA) 0
[A-BU?] (A,Buu) (AuBu) (AuuB) 0
[AoA%U] (A2AAU)  (AoAUA)  (AsUAA) 0
[A,B?u] (A,BBu) (ABuB) (AuBB) 0
[A2ABU]  (A2ABU) (AoBAU) (AoAUB) (AoBUA) (A2uAB) (AoUBA) 0
[Eu’] (Euuu) 4
[EAU?] (EAuu)  (EuAu)  (EuuA) 2
[EBU?] (EBuu)  (EuBu)  (EuuB) 2
[EAZU] (EAAU) (EAUA) (EuAA) 1/2
[EB2u] (EBBu) (EBuB) (EuBB) 1/2
[EABU] (EABu) (EBAu) (EAuB) (EBuA) (EuAB) (EuBA) 3/2

lows that the (AAA and UBBB) completely symmetric and antisymmetric subsets canret co

relate with the total symmetrye@uuy. Therefore, the complete statdSAAA and EBBB
cannot exist and we have

Weary = Wessg = 0

Looking now at the E total symmetry, we have the relations

Weaw =Weaay +Weaap +Weasa +WeEasp =
Weuws =Weesg +WEeaag +Wesag +WEeasp =

(2.69)

(2.70)
(2.71)
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Subtracting Eg. 2.71 from Eg. 2.70 and using Eq. 2.69, we fiad t

Weasy =WEeeap (2.72)

By permutation of th&, 1 subgroups is Egs. 2.70 and 2.71, we can establish that atbtie
plete states of the classds4?B] and [EAB’] have the same weights. Regarding that

Weuwy =Weaap +Weasy +Wesaa +Weass +Wepag +Wessa =4 (2.73)

we get
Weaag =Weasy =Wesay =Weasg =Wesag = Wessa = 2/3 (2.74)
and
Weneg) = Wieaap +Weass +Wesas =2 (2.75)
Wear) = Weasg +Wesap +Wesss = 2 (2.76)

Note that the unconditional weights of the complete statgdies that we don’t have any prior
informations on the subsets of nuclei. Since there is nor poicalisation in the system, the
unconditional complete informations aagosterioridelocalised.

Conditional weights of the localised Bohmian informations

Consider now a gHp, + Hc collision with the prior informatiorf 3 = B, that is(uBuu). Us-
ing the unconditional weights we just determined and thendifh of the conditional weights
(Eqg. 2.60), we find

WeBuyuBuy Wepw = 2 (2.77)
WesaduBuy = Wesay = 3/2 (2.78)
WeBuAuBuy = Weswy = 3/2 (2.79)
Weseyusuy = Wessy = 1/2 (2.80)
Weswgwewy = Weswy = 1/2 (2.81)
Given the relations

WesBAuBuy +WEBBBUWBW = WEBBYUBWY = 1/2 (2.82)
WeeaguBuy +WeBBguBuwy = WEBUBUBWY = 1/2 (2.83)
Wiesasuuy ~WEBABUBUY = WEBAUBUY = 3/2 (2.84)

and Eg. 2.69, we have
WessAuBuwy = 1/2 (2.85)
WesaguBuwy = 1/2 (2.86)
Wepaguswy = 1 (2.87)
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Table 2.9: Conditional weights of the localised Bohmian informatidoisthe 3 spin—1/2 system. The induction weights are
equivalent to the subduction weights since it consists sharging the prior and posterior properties of the inforamet.
Note that the no-information (uuuu) prior information ingd that the posterior informations are delocalised.

[A%] [A2B] [AB 7] B3] Sum

Sabc Sach Shca AAA AAB ABA BAA BBA BAB ABB BBB
u u u 4 213 2/3 23 2/13 213 2/3 0 8
A u u 4 12 1/2 0 0 0 1 0 6
B u u 0 0 0 1 172 1/2 0 0 2
A A u 4 1/2 0 0 0 0 0 0 9/2
A B u 0 0 1/2 0 0 0 1 0 3/2
B A u 0 0 0 1 0 1/2 0 0 3/2
B B u 0 0 0 0 1/2 0 0 0 1/2
A A A 4 0 0 0 0 0 0 0 4
A A B 0 1/2 0 0 0 0 0 1/2
A B A 0 0 1/2 0 0 0 0 0 1/2
B A A 0 0 0 1 0 0 0 0 1
B B A 0 0 0 0 12 0 0 0 1/2
B A B 0 0 0 0 0 1/2 0 0 1/2
A B B 0 0 0 0 0 0 1 0 1
B B B 0 0 0 0 0 0 0 0 0
sum 4 12 172 1 12 1/2 1 0 =3

suids Jeajonu Jo uonelaidiaul uelwyog ‘9z



Chapter 2. Nuclear spins in reactive collisions

Moreover, the prior conditiofuBuu) forces to 0 the conditional weights of the partial states
and complete states wiffppc = A.

By applying the same method to any prior localised infororg#), we obtain all the condi-
tional weights of localised Bohmian informations for the $ystem as given in Table 2.9.

Conditional weights of the delocalised Bohmian informatios

It is also possible to extract conditional weights for dal@ed prior and posterior informations
using the conditional weights of the localised informasiqurst calculated. For this purpose, we
use the classes as defined in section 2.6.2.

For example, let our only prior information béhere is at least one pair of nuclei with
B symmetry corresponding tquBw?] = (uBuu) & (uuBU @ (uuuB). Since the unconditional
weights of those partial states are equa, Wygyy = Wuuey = Wuuws, We find that each
localised partial state is equiprobable:

Puguiue®) = Puusyue?) = Puwgusw) = 1/3 (2.88)

In other terms, the identified (but not localised) pair ofleuwith B symmetry is equaly likely
to be one of the three pairs.

Using the fact that
Wix|z) = ZW(xm x Py|z) (2.89)

we can derive the conditional weight of the claE#¥B] composed of (EAAB), (EABA) and
(EBAA):

Wierg|uew) = Weaarusw) TWeasausw) +WeEsaauBe)

= (Wenagusuy +Weasauuw +Weersusuy) X Pusuiuse)
+(Wearguusy +WeasAuey +Wesasusy) X Puusuuse)
+(\N(EAAI3uuuB) “HN(EABAuuuB) ‘HN(EBAA{uuuB)) X P(uuua[uBuZ})

= (04+0+1)x1/3
+(0+1/2+0) x 1/3
+(1/2+0+0) x 1/3

~ 23 (2.90)
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2.6. Bohmian interpretation of nuclear spins

and the conditional weight of the claSAB’] composed of (EABB), (EBAB) and (EBBA):

Wieazuew) = Weseausw) TWesasuew) +WeassuBe)

= (WessAusuy +WeEBABuBUY +WEABEUBWY) X Pusuyusw®)
+(WeBsAuway +WeEsaguusy ~WEABEWBY) X Pluusyusd)
+(VV(EBBA{uuuB) +WEBABUUUB +VV(EABI3uuuB)) X PuuuBuBe))

—  (1/2+1/2+0)x1/3
+(1/2+0+1)x1/3
+(0+1/2+1) x1/3

= 4/3 (2.91)

By applying the same method to any prior delocalised infaiongs), we obtain all the
conditional weights of localised Bohmian informationstioe Hz system as given in Table 2.10.

Table 2.10: Conditional weights of the delocalised Bohmian informasidor the 3 spin—1/2
system. The induction weights are equivalent to the sulmlueteights since it consists in
exchanging the prior and posterior properties of the infdrams.

S A1 E Ao sum
[S2.1°] [A3] [A2B] [AB?] B3

[ud] 4 2 2 0 8
[Au?] 4 43 213 0 6
[Bu?] 0 213 413 0 2
[A2u] 4 213 0 0 14/3
[ABuU] 0 413 4/3 0 8/3
[B2u] 0 0 2/3 0 2/3
[A%] 4 0 0 0 4
[A2B] 0 2 0 0 2
[AB?] 0 0 2 0 2
[B3] 0 0 0 0 0
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Chapter 2. Nuclear spins in reactive collisions

2.6.4 Physical implications

Theories with their formalism, objects, classes, sematugic, attributes, relations, laws and
so forth represent interpretations of reality and convgrséwo different interpretations can
thus lead to different theoretical predictions. We willubs few examples which highlight the
differences between the Copenhagen and the Bohmian iatations.

3—proton Gedankenexperiment

The protocole of the thought experiment is:

Let a p—H molecule collide with an K cation in order to obtain an E com-
plex with E total symmetry. Then repeat infinitely the follayyprocedure: Ran-
domly pick one K molecule from the ki complex and measure the symmetry of
its nuclear spin wavefunction, e.g. by spectroscopic mfeaRgassemble the H
complex.

What should the A:B ratio of the measured symmetries coaverg

The Copenhagen interpretation only considers one type otdt $ymmetry which corre-
lates with A and B local symmetries evenly. As shown in tahlg 2he probabilities that a
randomly picked H molecule has A or B symmetry will always be 1/2 and 1/2. Thenefany
experiment should converge to the A:B ratio of 1:1.

The Bohmain interpretation distinguishes two types of BRltesymmetries: those from the
complete symmetry class [B] and those from the class [EAB According to table 2.9, with
the B symmetry of the initial Bimolecule as a prior localised information, the probaleititio
form a complexes with a complete symmetry from the class?@And [EAB?] are 1/2 and
1/2. Once the complex is formed, the localisation of therimfations is lost since we cannot
distinguish the two nuclei of the initial Hmolecule. According to table 2.10, the probabilities
to pick randomly an K molecule with A or B symmetry are 2/3 and 1/3 for a [8BY complex
and 1/3 and 2/3 for a [EAB complex. Therefore, half of the experiments will convetgea
A:B ratio of 2:1 and the other half will converge to 1:2.

Note that if the 3—proton system is renewed after each rangicknand symmetry mea-
surement of an bilmolecule,e.g.using molecular beams, the Bohmian interpretation yields
probabilities of ¥2x2/3+1/2x 1/3=1/2 for A and B symmetries like the Copenhagen
interpretation. It is thus essential to carry out the experit with the same 3—protons in order

’which have the advantage to conserve the nuclear spin symmet
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2.6. Bohmian interpretation of nuclear spins

to expect differences.

The fact that an A or B symmetry is preferentially picked wailhs the expected results in
both interpretations. Nevertheless, it will remain thag(l the experiments will have the same
A:B ratio according to the Copenhagen interpretation wiijéwo different A:B ratios will be
evenly observed for the Bohmian interpretation. Consetliyj¢he complete randomness of the
pick of the H, molecule is not a critical element of the experiment.

Scattering theories

In statistical scattering theories such as Phase Spaceyl{RRST), nuclear spin selection rules
can be (i) simply neglected or (ii) considered in accordamitle the Copenhagen interpretation
or (iii) the Bohmian interpretation.

Consider for instance the following collision at low kire&nergy €10 K):

o-H, (J=1) + H* + 10K — o-H, (J=1) + H' + 10K (2.92)
— p-H, (J=0) + H" + 180K (2.93)

The two only energetically accessible channels are theaetdr channel and the channel
p—Hx(J=0) + H" that we labelod and 3, respectively. In the high orbital angular momentum
limit, we haveW, = 3Wj because of the channels’ angular momentum degeneraciek) (2J
When neglecting the nuclear spinsirrespective of the feasible reaction mechanisms, the
inelastic transition probability is:
P _
(B|G7Ec0|:10K) Wﬁ _|_Wa

= 1/4 (2.94)

In the Copenhagen interpretation (see Table 2.7), a system has only one total symmetry.
The scaterring quantities (probabilities, cross sectietd are thus calculated separately for
each total symmetry and then summed according to their cégpaveights. Assuming full—
scrambling of the K intermediate complex, the inelastic transition probapib:

%
Peiay *We

xWo +Pigjay)

Bg) X Wp

P < Wa + P X W
Ox1 1/2x1
_ oaex— 22X L o

/6 X T 3rox1 T Y Taxsri2x1

= 1/12 (2.95)

Plla Ea=10c) = Plaga) X 5

(A X Wg

+ Peja) x
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Chapter 2. Nuclear spins in reactive collisions

The corrected decay probabiliti®$ are defined aBr, ) = Rrara) /dim(T"2) [see 10]. Since
the dimensions of the A and B symmetriesSf; are unity, this correction does not affect the
results of a 3—nuclei system.

In the Bohmian interpretation (see Tables 2.9 and 2.10), a system belongs to only one
class of complete symmetry. The scaterring quantitieshare talculated separately for each
class of complete symmetry and then summed according tor#sgiective conditional weights.
Assuming full-scrambling of the Hintermediate complex, the inelastic transition probapili
is:

P uBuylaaam) X< Wa

x Wo + Flugug)aana)

XWIg

Pl Ea=10¢) = Plaaagiuauy X 5
([uAuy | [ArAAA)
P&uBuQ\[EAZB])

x We + P(*[UBUL]\[EAZB])

XWB

XWB

+ PEAB)juauy X =
([uAud|[EA?B])

I:)(*[uBuq [[EABY)

X Wo + Plusug Eam)

XWB

+ Pleasjuaw X 5
([uAud|[EAB?)

XWL;
Ox1
Tx3+0x1
1/3x1
2/3x3+1/3x1
2/3x1
1/3x3+2/3x1
= 19/210 (2.96)

= 4/6 x

+ 1/6x

+ 1/6x

As illustrated by the Gedenkenexperiment, the CopenhagdrBahmian interpretations
lead to the different theoretical expectations of 35/42028/420, respectively.

Statistical scattering theories account for nuclear sgmg according to the Copenhagen
interpretation only [1, 10-12]. We could not clarify yet hdwl—quantum scattering theories
(time—dependant or time—independent) could treat theeandpin degree of freedom and its
statistics nor if they could go beyond the frozen nuclean sypiproximation. It is also unfortu-
nate that some studies still do not consider at all the nuskaction rules at risk for important
errors,e.g.a factor of~3 in the example presented.

Regarding the symmetrisation postulate of quantum mechatiie full-dimensional sym-
metry information of a colliding system is necessary towdich rovibronic channels are ac-
cessible at each dissociative asymptote. Rejetting superposition of symmetries of any
subset of nuclei or dissociative asymptote, the completie €if symmetry and the Bohmian
interpretation of nuclear spins appear imperative.

8See the counterfactual argumentation in Sec. 2.6.1
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2.6. Bohmian interpretation of nuclear spins

Spectroscopy

New spectroscopic implications would also be expected thighBohmian interpretation. For
example, para-ki~ molecules which have a E total nuclear spin symmetry andah noiclear
spin angular momentum of 1/2 would split in two classes: E#?B] and the [EAE] complete
symmetry classes corresponding to the [1B]land the [1/2,1,€ complete angular momen-
tum classes. According to the frozen nuclear spin appraximathe transition from one class
to another would be extremely unlikely although not impbksconsidering very small inter-
nal nuclear spin interactions. Such interactions showd e off-diagonal terms in the total
Hamiltonian and extremely—fine splitting, probably finesttthe hyperfine splitting.

To reach that point, molecular quantum mechanics ought te-baterpreted according to
the Bohmian viewpoint by generalising the symmetrisatiostplate from the total symmetry to
the complete symmetrie. from the complete nuclear permutation group to the completp
of nuclear permutation groups (see Fig. 2.1). Moreoveg,tlike nuclear spin degree of freedom,
the rotational, vibrational and electronic degrees ofdoee also need to be re-interpreted in the
complete symmetry space.

2.6.5 Conclusion of the Bohmian section

The “counterfactual definiteness” of the nuclear spin symnie® supports the deterministic
Bohmian interpretation and invalidates the indeterminiS8openhagen interpretation.

The statistics of the Bohmian informations are fully cotesi (.e. not contradictory) with
the statistics of the Copenhagen interpretation sincedtterlare inferred from the former us-
ing the causality principle and Bayesian inference. In,fdot Bohmian informations which
are based on the constraining determinacy property coetdna informations which can be
regarded as hidden variablés. informations which are real but unknown to the observer.
Bohmian (complete states) statistics can be summed toeetioy Copenhagen (partial states)
statistics. Furthermore, it is possible to infer statsfior delocalised Bohmian informations
from the statistics of the localised Bohmian informatio@eat care must be taken with the
concept of prior, posterior, localised, delocalised andatermined informations from the ob-
server’s viewpoint. These apparently simple concepts eanibleading.
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Chapter 2. Nuclear spins in reactive collisions

The Bohmian interpretation has been applied to the 3—sgisyistem and it can be applied
to any system. However, comparing the 3—nuclei and the 4ersystems in Fig. 2.1, itis clear
that the number of permutation groups and subgroups anathplexity of a system increases
dramatically with its number of nuclei. Like the system ety studied, spin 1/2 systems are
the most simple because their complete symmetry and coemgubgfular momentum spaces are
isomorphic. Therefore, regarding the conclusions of Sex.iPwould be interesting to apply
this interpretation to the 3—spin 1 system and the compyetersetry—angular momentum space
[A1,A2,E]anc® [ 20, 21, P2, Z3]abc® [A, Blanc @ [Z0, 21, Z2)anc ® [A, Blach @ [Z0, 21, Z2]ach®
[A7 B] bca ® [@07 D, @2]bc7a .

The 3—proton Gedankenexperiment and the p+H™ scaterring examples were developed
to illustrate the differences in predictions between the&agen and the Bohmian interpre-
tations of nuclear spins. These two examples are probabliwtbrst” cases but for most of the
systems, the two interpretations could lead to extreméty thfferences probably beyond most
instrumental limits.

2.7 CONCLUSIONS

We described in details nuclear spin wavefunctions acogrtti the angular momentum and/or
symmetry viewpoints. Using these wavefunctions, a methatktive the nuclear spin statistics
rising from the frozen nuclear spin approximation in asste, dissociative or reactive pro-
cesses was developed. This method is in agreement with tiveipstion symmetry and angular
momentum algebra from Quack [1] and Oka [2], respectively.

A detailed analysis of the $system revealed weaknesses in the angular momentum view-
point and supports the necessity of the permutation synynvetwpoint. The problems and
paradox encountered for the angular momentum viewpointrergly intriguing and need an
explanation which lies either in the interpretation its®lin its mathematical transcription.

Additionally, a new deterministic interpretation of nuatespins in molecular physics is pro-
posed. This interpretation in the line of the Bohmian sclud@ahought seems better suited for
scattering theories than the indeterministic Copenhagtamgretation but its extension to the
field of spectroscopy appears difficult.

Regarding the symmetrisation postulate of quantum mechatiie nuclear spin degree of
freedom has an essential role in molecular physics andcpatly scattering theories, nev-
ertheless, it is clear that its understanding can be imgreval its weak dedicated literature
completed.
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Chapter 2. Nuclear spins in reactive collisions

APPENDICES

2.A CHARACTER AND CORRELATION TABLES

| S |
class | [1°] [21°] [221] [31% [32] [41] [5]
S, partition| 1 10 15 20 20 30 24
class [12] 2] A1 1 1 1 1 1 1
partition | 1 1 A2 1 -1 1 1 -1 -1 1
y 1 Gy 4 0 1 -1 0 A
B A G, 4 -2 0 1 1 0 -1
H1 5 1 -1 1 -1 0
Ho 5 -1 1 -1 1 1 0
| 6 -2 0 0 0 1
| S20S, |
Ssclass | [1°] [21] [3] [19 [21] [3]
> Seclass| 17 [12] [17 [2 [2] [2]
class | [1%] [21] [3] partiton | 1 3 2 1 3 2
partition| 1 3 2 (A1,A) 1 1 1 1 1 1
A1 1 1 1 (A,B) | 1 1 1 -1 -1 -1
A 1 -1 1 AA) |1 -1 1 1 -1 1
E 2 0 - AB) | 1 -1 1 -1 1 -
(E,A) 2 0 -1 2 0 -1
(E,B) 2 0 -1 -2 0 1
| S4 | | "$8°S |
class | [1% [217] [27] [31] [4] °Spclass| [17] [2] [17] [2]
partition| 1 6 3 8 6 *S,class| [17] [17 [2] [2]
Aq 1 1 1 1 1 partition | 1 1 1 1
As 1 -1 1 1 -1 CA*A) [ 1 1 1 1
E 2 0 2 -1 0 CA*B) | 1 1 -1 -1
F1 3 1 1 0 -1 CB*A) | 1 -1 1 -1
F, 3 -1 1 0 1 ¢B*B) | 1 -1 -1 1
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2.A. Character and correlation tables

| S| S©s |

A AR | S©S | S |
(AA) [AL+E
R (B.4) (BA) | A+E
E | (AA)+ (BA) ! 2
| S1]|  S®S | S80S |
A1 (A1,A) (AA)
A2 (A2,A) (B,B)
E (E,A) (AA) + (B,B)

Fi | (ALA) +(EA) | (AA) +(AB) +(B.A)
F2 | (A2A) +(EA) | (AB) + (B.A) + (B,B)

| S0 ] Sy |
(AA) |A1+E+HR
(A,B) Fi+F
(B,A) I:l + FZ
(B!B) A2 +E+ FZ

IEESN Sy |
(ALA) | A1+ R
(A2,A) | A+ R
(E,A) E+ I:l + F2

EIEE=N S80S |
Ay (A1,A) (ALA)
A> (A2,A) (A2,B)

G1 | (AL,A)+(F1,A) (A1,A)+(A1,B)+(E,A)
Gz | (A2,A)+(F2,A) (A2,A)+(A2,B)+(E,B)
Hi | (E,A)*+(FL,A) (A1,A)+(E,A)+(E,B)
Hz | (EA)+(FR2,A) (A2,A)+(E,A)+(E,B)
I | (FL,A)+(F2,A) | (A1,B)+(A2,A)+(E,A)+(E,B)

S$2S, | S |
S95 | S |

(:LA) ‘ AL+G ‘ (Ap,A) | A1+ Gy +Hy
(AZ,A) A2 + GZ (AlyB) Gl + 1

(A2,A) Gy +1
EA) | Hi+H
o | B (A2.B) | A+ Gy + Hy

(ELA) | G+ Hy+Hy
(F2A) | Ga + Ho (EB) | Go+ Hy +Hi

Table 2.12: Correlation tables
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Chapter 2. Nuclear spins in reactive collisions

2.B NUCLEAR SPIN STATISTICS

Table 2.13: Total angular momentum and total symmetry representatibssveral systems.

System | Total Spin Frequenéy | Degeneracy Symmetry | Weight

0 1 1 B 1

(Z1)2)? 1 1 3 A 3

2 3A®B =22
172 2 2 E 4
(Z1)2)° 3/2 1 4 Ay 4
2D112® D32 47 O2E =28

0 2 1 E 2

(Z1)2)* 1 3 3 Fy 9
2 1 5 Ay 5

2%0® 39 D Do 5A; PE @ 3F; =2
172 5 2 Hy 10
(Z1)2)° 32 4 4 Gy 16
5/2 1 6 A; 6
5912 ® 4D/ ® D59 6A1 4G, @ 2H, T=2°

0 1 1 A 1

(91)? 1 1 3 B 3
2 1 5 A 5

Do® D1® Do 6AD 3B s=32

0 1 1 A, 1

(21)° 1 1+2 3 AL +E 9
2 2 5 E 10

3 1 7 Ar 8

Do®3P1 3292 D3 10A; © A, G 8E y=3°

0 1+2 1 A +E 3

(21)* 1 3+3 3 FL+F 18
2 1+2+3 5 Al+E+F 30

3 3 7 = 21

4 1 9 Ay 9

390® 691, ©6%2 53935 D4 15A; & 6E @ 15F; @ 3R =3

0 6 1 [ 6

(71)° 1 1+4+5+5 3 A1+ Gy +Hy +Ho 45
2 4+5+6 5 Gy +Hy +1 75

3 1+4+5 7 A1+ Gy +Hp 70

4 4 9 G 36

5 1 11 A 11

6%0 D 1591 & 1597 & 1093 & 494 & D5 21A1 ® 246G, ®15H; 3H @ 6l 5=3°

0 1 1 A 1

(Z3)2)* 1 1 3 B 3
2 1 5 A 5

3 1 7 B 7

Do® P16 Do® D3 10A¢ 6B 5 =42

172 2 2 E 4

(Z3)2)° 32 1+1+2 4 Al +A,+E 16
5/2 1+2 6 A1 +E 18

712 2 8 E 16

9/2 1 10 A 10

2D 12 ®8D317 ©3Ds)2 D 2D7,2 D Do 20A; @ 4A, @ 20E T=43

8Frequency of the angular momentum representatpbimensions of the symmetry representations
56°Dimension of the angular momentum representagigriFrequency of the symmetry representations



2.B. Nuclear spin statistics

Table 2.14: Spin 1/2 sytemsd.g.H, 3He, 13C, 1*N ...). Bimolecular induction (subduction)
statistics with angular momentum and symmetry details.

(21/2)?® P12 1L (Z1)2)°

1/2(E) 3/2(A) | sum
1A) 12(A) | 2 4 6
oB) 1/2(A)| 2 0 2
sum 4 4 8=28

(21/2)? @ (Z1)2)* 1 (Z1)2)*
(21)2)°®@ Drjo 11 (D)2)*

O(E) 1(R) 2(A1) | sum
1A 1A | T 3 5 9 0(E) 1(R) 2(A1) | sum
1(A) 0B)| 0 3 0 3 32(A) 12(A)| 0 3 5 8
oB) 1(A) 0 3 0 3 1/2(E) 1/2(A)| 2 6 0 8
oB) 0B)| 1 0 0 1 sum 2 9 5 |16=2
sum 2 9 5 | 16=2
(21)2)* ® D172 11 (Z1)2)°
1/2(Hy)) 3/2(G) 5/2(A1) | sum
2(A1) 1/2(A) 0 4 6 10
1(F) 1/2(A) 6 12 0 18
0(E) 1/2(A) 4 0 0 4
sum 10 16 6 32=2
(21)2)° @ (Z1)2)* 1 (Zn)2)°
12(H) 3/2(G) 5/2(A) | sum
32(A) 1A | 2 4 6 12
12(E) 1A)| 4 8 0 12
32(A) 0B)| 0 4 0 4
12(E) o@B)| 4 0 0 4
sum 10 16 6 32=2
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Table 2.15: Spin 1 systems=(g.D, SLi, 14N ...). Bimolecular induction (subduction) statistics
with angular momentum and symmetry details.

(1)*@ 211 (%)?

0(A2) 1(A1) LE) 2(E) 3(A) | sum

2(A) 1(A)| O 43 53 5 7 | 15
1B) 1(A)| 1 0 3 5 0 9
0A) 1(A)| O 53 43 0 0 1
sum 1 3 6 10 7 |27=3

(NP0t (7)*

0(A1) O(E) 1(R) 1(R) 2(A) 2(E) 2(R) 3(F) 4(A1) | sum
3(A) 1(A) 0 0 0 0 312 0 712 7 9 21
2E) 1A | O 0 9/4  15/4 0 15/2  5/2 14 0| 30
1(A)  1(A) 1 0 3 0 712 0 312 0 0 9
1(E) 1(A)| O 2 15/4 9/4 0 5/2  15/2 0 0| 18
0(A2) 1(A) 0 0 0 0 0 0 0 0 3
sum 1 2 9 9 5 10 15 21 9 | 81=%
(21)?© (21)* 1 (70)*
0(A1) O(E) 1(R) 1(R) 2(A1) 2(E) 2(R) 3(F1) 4(A1) | sum
2(A) 2(A) | 4/9 5/9 3 0 10/9 3519 O 7 9| 25
2(A) 1(B) 0 0 12  5/2 0 0 5 7 0 15
1B) 2(A)| 0 0 1/2  5/2 0 0 5 7 0 15
2(A) O(A) 0 0 0 0 3518 5/9 52 0 0 5
0(A) 2(A) 0 0 0 0 3518 5/9 5/2 0 0 5
1B) 1(B)| O 1 0 3 0 5 0 0 0 9
1B) OA)| O 0 52  1/2 0 0 0 0 0 3
0(A) 1(B) 0 0 5/2 1/ 0 0 0 0 0 3
0(A) O(A) | 5/9  4/9 0 0 0 0 0 0 0 1
sum 1 2 9 9 5 10 15 21 9 | 81=%
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(D)* @ 1 (P)°

0() 1(A1) 1(G1)) 1(Hi) 1(H2) 2(G1) 2(H1) 2(I) 3(A1) 3(G1) 3(Hi) 4(G1) 5(A1) | sum
A 1A 0 0 0 0 0 0 0 0 85 275 0 9 11| 27
3(F) 1(A) 0 0 0 0 0 64/15 7/3 42/5 0 713 56/3 27 0 63
2A) 1A)| 0 85 75 0 0 5 O 0 275 85 0 0 o| 15
2E) 1(A)| 0 0 0 1 5 o 10 0 o 0 14 0 o| 30
oF) 1A)| 0 o0 3 6 O 73 208 6 0 563 73 0 o| 45
1F) 1A)| 3 o 6 3 0 425 6 35 0 0 0 0 o| 27
1R) 1A)| 3 o 0 0 9 0 0o 15 0 0 0 0 0| 27
0A) 1(A)| 0 755 85 0 0 0 o o0 o0 0 0 0 o| 3
oE) 1A)| 0 0 0 5 1 0 o 0 0 0 0 0 o| 6
sum 6 3 12 15 15 20 25 30 7 28 35 36 11 243=3
0() 1(A1) 1(Gy) 1(Hy) 1(Hy) 2(Gy) 2(H)) 2() 3(A1) 3(G)) 3(Hi) 4(Gi) 5(A1) | sum
3(A1) 2(A) 0 12/25 28/25 7/5 0 8/3 713 0 28/25 7125 28/5 9 11 35
3(A1) 1(B) 0 0 0 0 0 4/5 0 21/5 0 7 0 9 0 21
3(A1) 0(A) 0 0 0 0 0 0 0 0 21/10 56/15 716 0 0 7
2(E) 2A) | 2 0 2 1/2 15/4 2/3 70/12  7/2 0 14/3 28/3 18 0 50
2(E) 1B)| O 0 0 9/4 15/4 0 52 15/2 0 0 14 0 0 30
2(E) 0A)| O 0 0 0 0 14/3 10/3 2 0 0 0 0 0 10
1(A) 2(A) 0 28/25 121/75 4/15 0 713 8/3 0 189/50 224/75 7/30 0 D 15
1(A1) 1(B) 1 0 3 0 0 21/5 0 4/5 0 0 0 0 0 9
1(A1) O(A) 0 7/5 4/15 4/3 0 0 0 0 0 0 0 0 0 3
1(E) 2(A)| O 0 2/3 49/12 5/4 14/3 5/6 9/2 0 28/3 14/3 0 0 30
1(E) 1B)| 2 0 0 15/4 9/4 0 15/2 52 0 0 0 0 0 18
1(E) 0A)| O 0 10/3 5/3 1 0 0 0 0 0 0 0 0 6
0(A2) 2(A) 0 0 0 0 0 0 0 5 0 0 0 0 0 5
0(A2) 1(B) 0 0 0 0 3 0 0 0 0 0 0 0 0 3
0(A2) 0O(A) 1 0 0 0 0 0 0 0 0 0 0 0 0 1
sum 6 3 12 15 15 20 25 30 7 28 35 36 11 243=%
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Chapter 2. Nuclear spins in reactive collisions

Table 2.16: 3-Spin 3/2 systeme(g. ’Li, 3°Cl, 3’CI ...). Bimolecular induction (subduction)
statistics with angular momentum and symmetry detalils.

(23/2)*® D32 1 (Z3/2)°

12(E) 3/2(A) 3/2(A;) 3/2(E) 5/2(A) 5/2(E) 7/2(E) 9/2(A) | sum

3(A) 32(A)| O 6/5 0 14/5  14/5  16/5 8 10 | 28
2(B) 3/2(A)| 2 0 1013  2/3 0 6 8 0 20
1(A) 3/2(A) | 2 14/5 0 6/5  16/5  14/5 0 0 | 12
0B) 3/2(A)| O 0 213 103 0 0 0 0 4

sum 4 4 4 8 6 12 8 10 | 64=£
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CHAPTER 3

The H3 + H, isotopic system at low
temperatures . Microcanonical model and
experimental study

E. Hugo, O. Asvany and S. Schlemmer
Submitted to Journal of Chemical Physics

State—to—state thermal rate coefficients for reactionsldial+ H, isotopic

variants are derived and compared to new experimental ddta.theo-
retical data are also sought for astrochemical modellirgptf environments
(<50K). The rates are calculated on the basis of a microcaabapproach
using the Langevin model and the conservation laws of massgg, angu-
lar momentum and nuclear spin. Full scrambling of all fivelauduring the
collision is assumed for the calculations and alternagiyartial dynamical
restrictions are considered. The ergodic principle of thikston is employed
in two limiting cases, neglecting (weak ergodic limit) orcaanting for ex-
plicit degeneracies of the reaction mechanisms (strongdéezdimit). The
resulting sets of rate coefficients are shown to be congsigtiéimthe detailed
balance and thermodynamical equilibrium constants. Ragéicients, k(T),
for the deuteration chain of}’-lwith HD as well as I;ID*/Hg equilibrium
ratios have been measured in a variable temperature 22igpolkeap. In
particular, the experimental results indicate a changeaction mechanism
when going to higher temperatures. The good overall agreetetween
experiment and theory encourages the use of the theorptiedictions for
astrophysical modelling.
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Chapter 3. The Bl + H; isotopic system

3.1 INTRODUCTION

Deuterium in cold environments like dense molecular clopdsstellar or protostellar objects
is essentially locked in molecular HD. Yet, many speciesoliserved with deuterium enhance-
ments of several orders of magnitude with respect to the iwoBr ratio of 1.5<10~° [1].
Even triply—deuterated species are observed [2, 3].

Isotopic substitutione.g.X—H versus X-D, is promoted by differences in zero—point vi-
brational energies (ZPVE) which can be larger than typiodlision energies, & KT, thereby
favoring the incorporation of deuterium atoms in larger heevier species. Hhas been iden-
tified to play a dominant role in this interstellar relevasutopic fractionation. i originates
from cosmic ray ionisation of fland a fast exoergic proton transfer reaction with another H

Ho+{ — Hj+e (3.1)
H;-i—Hz — H;-l—H (3.2)

It can quickly deuterate in succesive steps via exchangawosfer reactions with HD

Hi +HD = HD"+H,+AE (3.3)
HoD"+HD = DyH"+Hy+AE (3.4)
D,;HY+HD = D +Hy+AE (3.5)

with AE = 232, 187 and 234 K for reactions 3.3, 3.4 and 3.5, respgtiOne of its deuterium
nuclei can then be transfered to “metallic” species viaalireactions such as

DoHT +X — X-Dt +HD (3.6)

with X = Ny, CO, etc Else, it recombines with a free electron and enriches thdiumewith
free deuterons in reactions like

D +& — Dy+D (3.7)
— D+D+D (3.8)

This may trigger a deuterium—rich ice chemistry after theefdeuteron’s accretion onto icy
grains [4-6]. In this scenario, thejHcation acts as a vector dragging the deuterium from its
reservoir and spreading it further, directly or indirecttyother species. This pivotal role in the
deuterium chemical network is by now well established.

The growing interest of the astronomical community in daute chemistry and its Eﬂ par-
ents has been stimulated by numerous detections of deadegt[7—9] leading to ever more
complex astrochemical models [10-16]. We now understaaichiigh deuterium fractionations
of the Hf cations need not only very low temperatures to occur but sitpuificant depletion
of heavy—element—bearing species (CQ) dhto the grains and sufficiently low electron abun-
dances. The Hortha/para (hereafter o/p) ratio which is thought to be not fully thetised in
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3.1. Introduction

dense molecular clouds [17] has also been identified as @idgrfactor to the level of deuter-
ation of H{ [10, 18] sincee.g.the 170 K internal energy of 0o-HJ=1) helps to overcome the
endothermicity of reactions 3.3 to 3.5 in the reverse dioect

Regarding theory, the potential energy surface (PES) ofiheystem was first character-
ized by Yamaguchi et al. [19] and has now been explored intgreketail also for its isotopic
variants [20, 21]. Much of the theoretical work has been eomed with the bond energies and
structure of this elusive molecule. Recently, the deteatiom of the vibrational spectrum of
HZ is also subject to a number of theoretical work [22, 23].

However, quantum scattering calculations for the HH, system calculating reactive or
inelastic cross sections or rate coefficients are missingate. Nevertheless, Oka and Epp
[24] proposed a simple formulation for the inelastic rateftioients but their statistical approx-
imation suffers a proper normalisation and neglects nudpm constraints. More recently,
state—to—state rate coefficients includimgho—para conversions of the purely hydrogenated
system were derived by Park and Light [25] on the basis of acnanonical statistical ap-
proach. Essentially, the present theoretical treatmemi@ra the same statistical approach,
where the reaction probability is calculated on the basia o&pture model for the collision
considering the cumulative reaction probability (CRP)m@tex formation and conservation of
the total energy, the total rotational angular momentumeltas total nuclear spin are used to
determine the CRP. In the present study, not only inelaslicsions but in particular isotopic
reactions are considered.

Prior to the derivation of rate coefficients for thg H H. collision, Quack [26] had most
imposingly settled the stringent nuclear spin constraifitieh are at play in reactive collisions.
Later, Oka [27] gave an elegant reformulation of those $ielecules and Park and Light [28]
carried on those aspects to greater details.

In the laboratory, the rate coefficients for all isotopicateans were first measured with a
VT-SIFT apparatus in the temperature range 80-300 K [29,80]y normal-H and normal—
D, i.e.0o/p=3 and 2 respectively. Later, Cordonnier et al. [31] eaypt spectroscopical means
to analyse nuclear spin reactions of the purely hydrogerststem at temperatures-0f400 K
relatingortho—para conversion probabilities with reaction mechanisms. Mexently, Gerlich
et al. [18] used a 22—pole ion trap apparatus at 10 K to medkanate coefficients for reac-
tions 3.3 to 3.5 in the forward direction and inferred theexpef reaction 3.3 in the backward
direction by equilibrium measurements in n-&hd p—H containing natural impurities of HD.
This experimental study demonstrated the detrimentatiedfieo-H, on deuteration for the first
time. Nevertheless, the low value for the forward rate coieffits caused a lot of discussion
and showed the need for temperature-dependent measuseamehtheoretical predictions in
the low temperature domain. A recent summary of some of thet imgportant HD;! colli-
sion systems is given in [32]. The branching ratios for sofrtb@se systems pose very critical
tests to current experimental and theoretical work. Intamidia critical discussion of the in-situ
calibration of HD and the o/p ratio ofHand other experimental considerations is given therein.

The Hj + H, isotopic system represented in Fig. 3.1 consists in 8 @@stwhen con-
sidering the isotopic exchange between the ionic and newdhission partner as well as 168
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Chapter 3. The Bl + H; isotopic system

+ + + +
Complex H, H,D DH D, A
5
H* &
5 ortho | para J ortho | para | para | ortho | para | ortho | meta é’
H4D* 33 0 87 0 50 0 63 43 0 para
+ Hz
H3D2 203 | 170 | 257 | 170 | 220 | 170 | 233 | 213 | 170 [ ortho
D3H2+ 265 | 232 | 273 | 187 || 284 | 234 63 43 0 HD
D4H’ 372 | 339 | 428 | 341 | 205 | 155 | 63 43 0 | ortho
+ D2
IZ)s 457 | 424 | 513 | 426 | 290 | 240 § 148 | 128 | 85 | para

Figure 3.1: The H} + H; isotopic system with nuclear spin details. All reactionghivi a given
isotopic complex (color shades) are possible (i) if allowgdhe feasible reaction mechanisms
and (ii) if not strictly forbidden by nuclear spin selectinrles. The numbers are the channel’s
zero-point energiesAE/k in Kelvin) relative to their complex’ most exoergic chmah. The
reactions are globally favored in the top right direction.

reactions when considering nuclear spin symmetries. Anibage reactions, 73 are strictly
forbidden assuming nuclear spin conservation (frozenaaudpin approximation). Despite the
several advances in both theoretical and experimentakfialdomplete set of rate coefficients
in order to model the interaction of thejHand H; isotopologues in interstellar conditions is
still missing and we would like to address this problem here.

The paper is organized as follows. In section 3.2, the mamoanical model to calculate
thermal state—to—state rate coefficients of thje HH, isotopic system is given. The incor-
poration of the reaction mechanisms during the complefésimne and the ergodic limits are
described. The results are presented and analysed inrs&8c8ioln section 3.4, new measure-
ments performed with a 22—pole ion trap apparatus are pebegxperimental and theoretical
results being compared. Limitations of the current thecakas well as experimental approach
are discussed in the section 3.5. Finally, section 3.6 sumasathe work and draws several
conclusions.

3.2 MICROCANONICAL MODEL
The model is based on phase space theory (PST). It desdnibesltisions at low temperatures
(<50K) of state specific k" and H isotopologues. The phase space and the conservation

laws are first introduced in section 3.2.1 by settling the enctature and presenting the/H
and H isotopologues. In section 3.2.2, we describe the complexdton with the Langevin
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3.2. Microcanonical model

model and derive statistical weights for nuclear spins adtional angular momenta from
which we obtain reactants-to-complex state—detailed gsiies. Equivalently, the complex
decay is treated in section 3.2.3 specifying statisticagtus for mass, nuclear spin, energy
and rotational angular momentum conservation from whichex-to-products state—detailed
probabilities are derived. State-to-state cross secaomsbtained in section 3.2.4 by distribut-
ing thecapture cross sectioron the basis of the complex formation and decay state—ddtail
probabilities. State-to-state thermal rate coefficienésd@rived by integrating the state-to-state
cross sections over the Maxwellian collision energy disifion.

3.2.1 Phase space and conservation laws

Micro states and phase space

The reaction process is decomposed in the entrance chafin€l.¢), the complex channé&f
and the exit channel{’_4".#"). The internal states (microstates) of the reactantgimdiate
complexes and products are expressed in the phase spacsiograf mass and energy scalars
as well as rotational angular momentum and nuclear spik&cthe entrance channel consists
in an ion.#, a neutral#” and their relative motional channe#. Anion.# or a neutral /" is
defined by its degree of isotopic substitution determintagriassn and zero—point vibrational
energyE", its nuclear spin symmetries for hydrogen nudléi and deuterium nucldi® and

its rotational state described by rotational quantum nufshbe- among which the rotational
angular momenturd — determining its rotational enerdy/. The charge of the ior;, and the
isotropic polarizability of the neutral,. The subscriptsandn are used to define the quantities
of the ion and the neutral, respectively. A relative motian is described by the collision
energyEcy and the quantum orbital angular momentunirhe reduced mass of two species
is denoted agi. The exit channel.¢'_+".#") and its quantities are defined identically and
referred to with a prime. The intermediate complex chafé defined by its total masg,
total energyE;qt, total rotational angular momentudp: and the total nuclear spin symmetries
for hydrogen nuclef {l; and deuterium nucldif,. Table 3.1 summarizes the quantities used in
this paper.

Table 3.2 details the channels for the ions and the neutraishvwere considered in the
following calculations. The rotational states of the speaorrelate with the nuclear spin sym-
metry representations according to the symmetrisatiotufaie [33]. As first introduced by
Maue [34] for methane, the greek appellatiamtho, metaandpara for the different nuclear
spin symmetry representations (eq. modifications) of an isotopologue are assigned in de-
creasing order of their high—temperature{o) statistical weighty\/(?i) which is simply their
high—temperature populations. Thﬁii)’s are thus proportional to their total number of rovi-

bronic states Ne(I';) and the nuclear spin degeneracy of their rovibronic states:g

W) = 9(Ti) x Nrve(I7) (3.9)
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Chapter 3. The Bl + H; isotopic system

Table 3.1: Nomenclature of the quantities considered. See the texidtailed explanations.

Reactants Complex Products
lon Neutral lon Neutral
Motion Motion

S N ya N
Channel Y ¢ o

m Mh / /
Mass " Mot m o mh

EY Ey EY Ey
Energy Ef Ef Etot = E/

EcoI EcoI’

Rotational Jj n 3 NY I
ang. mom. I ot K
Nuclear spin rH rH rH Fi'; FE
symmetry rP ro rR s ro
Polarizability On Oy
and Charge (o7 o/t

Since g(i) is the frequency of the representation;J( and Nye(Ii) is proportional to its
dimension dingl;)

g(h) = () (3.10)

ere(ri> ere(rj>

——— = 3.11

dim(T) dim(lj) ( )
the high—temperature statistical weight of a nuclear spmrsetry representation is propor-
tional to its frequency and its dimensiaoa. its pure nuclear spin statistical weight

W) (i) x dim(T) (3.12)
V\/(°Fj) f(Cj) x dim(l"j)
It is noteworthy that in the literature, the appellations tiee nuclear spin modifications are
often misassigned in decreasing order of the rovibronie'stauclear spin degeneracyl g\
only, neglecting the nuclear spin representation’s totathber of rovibronic states M(I).
This results in the exchange oftho andmetaappelations for I [15, 35, 36] and could lead
to confusions and errors.
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3.2. Microcanonical model

The zero—point vibrational energies [37, 38] in Table 32 expressed relative tosD for
the ions and B for the neutrals. Only the vibronic ground states were amred according
to the low temperatures of interest. The rotational ensrgfeH,, HD and [ were calculated
according to Ramanlal and Tennyson [38]. The rotationatges of I—g were taken from
Lindsay and McCall [39], those of #D" and D,H™ were taken from Tennyson [40]. For the
D§ rotational levels, we used the parameters for the Watsonilktarian given by Miller and
Tennyson [41]. All energies were rounded with 0.1 Kelvinecy. In order to avoid errors due
to energy truncation for the low-lying states of interest,systematically included the 9 and 4
lowest levels of each fHand H isotopologue and modification. The isotropic polarizaypitif
H,, HD and D> was taken as 0.78%[42].

Conservation laws

The phase space volume in which a given microstate can eihestricted by the conserva-
tion of the total mass, total energy, total rotational aagmhomentum and the hydrogen and
deuterium total nuclear spin symmetries:

My + My = Myt = My + My (3.13)

E'+E +Ey+E}, +Ecol = Etot = B + E| + EY, + EJy + Ecor (3.14)
J R T ot | @Iy (3.15)

MMertril iritert (3.16)

MPerP R, 1 rPerd (3.17)

Equation 3.13 is equivalent to the conservation of the hyelnoand deuterium nuclei. The
® operators in Eg. 3.15 and 3.16, 3.17 are the direct prodocthé K spatial rotation group
(i.e.vectorial sum of angular momenta) and the nuclear pernmutgtioups, respectively. THe
and| operators correspond to inductions and subductions oéfiresentations in the groups of
concern [26, 28]. The nuclear spins are treated as compldtebupled from the other degrees
of freedom considering the lack of significant magnetic dimgs during the collision process
[27, 43]. The nuclear spins are thus assumed to be frozeultingsin the strict conservation
of the total spin angular momenta, symmetries and magnetiments. The constraints and
statistics rising from thifrozen—nuclear spiapproximation have already been discussed in the
literature regarding symmetry [26], angular momentum [@7hoth [28]. Regarding the sym-
metrisation postulate, the nuclear spin symmetry reptaiens must be considered contrarily
to their angular momentum representations.

Transition probabilities of the microstates are assumédfith the equiprobability principle
according to the ergodic principle and the full-scramblygothesis inferred from the topology
of the H§ PES (see Sec. 3.2.5). Throughout this paper, the weightpracbilities derived
according to those conservation laws will be written wite general formV g o) andPg|q)
with a and being the prior and posterior informations.
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Table 3.2: H and H isotopologues: mass, zero—point vibrational energy,earcspin symmetries and lowest rotational

levels.
Isotopologue HD* DoHT D3*
Mass (a.m.u.) 4 5 6
ZPVE? (K) 1245.8 646.2 0
Modificatior? ortho (9) para (3) ortho (12) para (6) ortho (16) meta (10) affr
H symmetry 3A(1) 1B(1) 2A(1) 2A(1)
D symmetry 3A(1) 3A(1) 6A(1) 3B(1) 8E (2) 10A1 (1) 1A, (1)
Selection a K=0,Jeven K=0,Jodd
Uled K4 odd Ka even KetKe even Ky+K. odd K=3nt1 or K=3n or K=3n
86.4 (k1) 0.0 (o) 0.0 (@o)  50.2 (%) 46.5(k)  00(®) 62.7 (1)
104.2 (1p) 65.8 (by) 70.9 (41) 83.4 (%) 123.2(2) 187.9(2) 230.0(3)
199.8 (22) 189.4 (2) 146.3 (22) 158.6 (3>) 171.7(2) 230.0(3) 374.7(3)
Rotational 253.1 () 314.6(21) 196.2 (21) 257.8(21) 310.6 (3) 622.3(4) 730.6 (&)
level§ 365.5 (33) 322.1 (20) 262.0 (20) 282.1(33) 358.7(3) 730.6(6) 788.4(%)
469.3 (32) 361.7 (33) 287.8 (33) 361.6(32) 366.9(4) 788.4(%) 929.1(%)
580.7 (44) 510.4 (32) 407.7 (32) 426.0 (31) 533.8(3) 1155.6 (8) 1155.6 (@)
659.5 (31) 541.5(3y) 454.3 (44) 456.4 (44) 559.0 (4) 1163.1 (%) 1163.1(%)
661.6 (30) 579.6 (44) 542.6 (31) 543.5(30) 606.5 (4) 1293.5(6) 1499.0(9)

wa1sAs 21do1osI 2H + |§| ayl ‘¢ Jardeyd




Isotopologue H" H, HD D,
Mass (a.m.u) 3 2 3 4
ZPVE? (K) 1797.7 903.6 491.2 0
Modificatior? ortho (4) para (4) ortho (3) para (1) (6) ortho (6) para (3)
H symmetry 4A; (1) 2E (2) 3A (D) 1B(1) 2A(1)
D symmetry 3A(1) 6A (1) 3B(1)
Selection K=0, J odd K=3n+1 J odd J even J even J odd
ruled or K=3n
1251 (b)) 92.3 (%) 170.4 (1) 0.0 (0) 0.0 (0) 0.0 (0) 85.9 (1)
453.7 (3) 243.6 () 1014.5(3) 509.7 (2) 128.4 (1) 257.6 (2) 513.9(3)
743.7 (3) 341.5(2) 2499.6 (5) 1679.9 (4) 384.2 (2) 853.9 (4) 1276.0 (5)
Rotational 947.7 (4 615.8 (3) 4567.2 (7) 3465.3 (6) 765.7 (3) 1778.1 (6) 2357.9 (7)
level$ 1432.8 (@) 711.8(3)
1554.5 (3) 722.3 (4)
1829.0 (B) 1048.9 ()
2269.4 (8) 1105.6 (4)
2282.7 (3) 1199.3 (4)

érelative to the zero—point vibrational energy of Dand D, [37, 38]

bThe integer in parenthesis represents the high—temperstatistical weighteq.the pure nuclear spin statistical weight, as defined in Ex®.3.

cSymmetry representation in the appropriate permutationmr The first integer is the frequency of the representagqnthe nuclear spin
degeneracy of the rovibronic states, and the integer impiagsis is the dimensiorgq.the density of rovibronic states.

dRotational selection rules for the vibronic ground statoeading to the symmetrisation postulate.

®Energies in Kelvin and quantum numbers in parenthdsfisr H,, HD and B, Jk for H3™ and Dy, Jy k. for HoD* and D,H™.
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Chapter 3. The Bl + H; isotopic system

3.2.2 Complex formation

Consider a given entrance channgl (/") representing two § and H isotopologues with
specific internal states.

Langevin Model

Let the two reactants be on a trajectory with a collision gné&i,o and an impact parametbr
corresponding to a motional channgf. The reduced mass of the ion-neutral reacting system

Is
_ M XMy

My + My
Their relative motion may be described by the classical eailgmodel. Considering the
charge-induced dipole interaction and the centrifugatgnef the orbital motion, the long—
range effective potential between the reactants in Josles i

1 1 dPa b\?
Vett(r) = _z = G + Ecol (F) (3.19)

24mey ré

r being the distance between the reactants in meters, q trgeclof the ion in Coulombs,
a the isotropic polarizability of the neutral in3nEcg the collision energy in Joules and b
the impact parameter in meters. Taking as a capture critettie condition that the collision
energy overcomes the barrier of the effective potenti&b (> V1%, leads to a critical impact

parameteb; given by
[ o2
= = 2
be TN (3.20)

and the Langevin capture cross section
0¢(Ecol) = Tibe? (3.21)

For a given collision energy, it is assumed that a complek aiffinite lifetime is formed if
the impact parameter is below this critical value, else nmmex is formed. The complex
lifetimes are considered to be much longer than any peri@hafiternal motion. This is taken
as a justification to use a phase space approach for calglde reaction probabilities and
subsequently also the cross sections. In contrast, disdditions [44] which might result from
distant trajectorieda(> b;) are neglected as well as radiative association processes.

The classical orbital angular momentiinof the collision is given by.? = 2ub?E.g and is
related to the quantum orbital angular momentusy L2 = | (I 4+ 1)R?. The maximum classical
orbital angular momentuiiny,ax and the maximum quantum orbital angular momenktgg for
the formation of a complex are thus given by

2HbczEcoI = Lmat = Imax(Imax+ 1)52 (3.22)
2
Imax(Imax+ 1) < L,”%% < (Imax+ 1) (Imax+2) (3.23)

(3.18)
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3.2. Microcanonical model

Equation 3.23 discretises the classical picture. It reghit the quantum orbital angular mo-
mentuml for a given collision energ¥., can have equiprobable values in the range I0<
Imax that is

1 if | <lmax
W _ 3.24
(1'p,Ecol) {O if | > Imax ( )

The charge of the ion and the polarizability of the neutral aot explicited here since they
are the same for all isotoplogues but they are implicitelytamed inlyax This equation cor-
responds to the heavyside transmission function of Park_aid [see 25, Eq. 43] where the
transmission between a complex and reactants with a gil@tabangular momentum is con-
strained by the minimum collision energy necessagy Eo > V1% while in our case, the
transmission between a complex and reactants with a giviésicon energy is constrained by
the maximum orbital angular momentum feasible defined vighconditiorV 13 < Ecol.

Angular momentum conservation

The vectorial sum of the three rotational angular moméntd andl induces a total rotational
angular momenturiko; as decribed by the first part of Eq. 3.15. Its statistical Wkigs derived
with angular momentum algebra, is

Ji+Jn Jin+l

Wogd dnl) = (2kat +1) Y > Ol (3.25)
Jin=[Ji=n| Jini=[Iin—!|

03,3, Deing the Kronecker delta. Given a collision energy, theéstieal weight of a total rota-
tional angular momentum is the sum of the previous weight algpossible motional channels
A ,i.e.orbital angular momenta:

Widkotdhdnpt Eco) = lZ)V\/(Jtotui,Jn,l)><VV(||u,Eco|)

|max

= ) W33, (3.26)
2 Wold.n)

Imax being the maximum orbital angular momentum defined in E.3.2

Nuclear Spin conservation

The hydrogen and deuterium nuclei must be considered gepasince they are distinguish-
able. The direct product of the local nuclear spin symmefrjeaandl , induces a total nuclear
spin symmetry'iot as decribed by the first part of Eq. 3.16 and 3.17 for hydrogehdeu-

terium nuclei, and their pure nuclear spin statistical \w&sgare given in tables 3.3 and 3.4,
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Chapter 3. The Bl + H; isotopic system

Table 3.3: Pure nuclear spin symmetry induction and subduction $talsweights,
Wirieriro) = Wirerior,) for several hydrogen systems

H+H— Hp
A B total
A A 3 1 4
total 3 1 4=%
H, +H — Hj
AT A, E total
A A 4 0 2 6
B A 0O 0 2 2
total 4 0 4 8=3
Hz+H — Ha
Al A2 E R B total
AT A 5 0 0 3 O 8
A A O 0 O O o 0
E A O 0 2 6 O 8
total 5 0 2 9 0 16=2
Hy + Ho, — Ha
AL A E H Bk total
A A 5 0 1 3 O 8
A B O 0 0O 3 o0 0
B A O 0 0O 3 o0 8
B B O 0 1 o0 o 8
total 5 0 2 9 O 16=2
Hsz + Hy, — Hs
AT Ao G G Hi Hy | total
AL A 6 0 4 0 2 0 O 12
A B O 0 4 0 O O0 O 4
A A O 0 0O O O o0 o 0
A, B O 0 0O O O o0 o 0
E A O 0 8 0O 4 0 O 12
E B O 0 0O O 4 o0 O 4
total 6 0 16 0 10 O O 32=2
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3.2. Microcanonical model

Table 3.4: Pure nuclear spin symmetry induction and subduction $talsweights,
Wirieriro) = Wirelricr,) for several deuterium systems

D+D—D>
A B total
A A 6 3 9
total 6 3 9=3
D>+ D — D3
AT A, E total
A A 10 0 8 18
B A O 1 8 9
total 10 1 16 27=3
D3+ D — Dy
Al A2 E R B total
Ar A 15 0 0 15 O 30
A A O O O 0 3 3
E A 0O O 12 30 ©6 48
total 15 0 12 45 9 8143
Dy + Dy — Dy
AL A E H Bk total
A A 15 0 6 15 O 36
A B 0O O 0 15 3 18
B A 0O O 0 15 3 18
B B 0O O &6 0 3 9
total 15 0 12 45 9 8143
D3+ Dy — Dsg
AT Ao G G Hi Hy | total
Ar A 22 0 24 0 15 0 O 60
A1 B O 0 24 O 0O O © 30
Ay A O O O 0 O O 6 6
A B O O O 0 0O 3 O 3
E A O O 48 0 30 6 12 96
E B O O O 0O 30 6 12 48
total 21 0 9 0 75 15 36 24323
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Chapter 3. The Bl + H; isotopic system

respectively. These weights are directly used in the mamonical model.

W(Ftotlri,rn) = W(ri®rn¢rtot) (3.27)

It is noteworthy that, according to the Frobenius recigsoprinciple, the statistical weight of
an induction and its reciprocal subduction are equal.

Wiroririo) = Wl riers) (3.28)

In the case of an o4D* + HD — H3D§ collision, the hydrogen and deuterium components

are
o-H, + H — Hs

S © S 1 S
® A 1 T

A
D + D —» D,
S @ & 1T 9
A ® A T TR

S being the permutation group of n identical nuclei. The stital weights for |!, andr R, are

4 for THi=A

Wirttri-arti-a) = {2 for I _E (3.29)
6 for TR=A

Wirgire-arg-n = {3 for 2, —B (3.30)

In the case of a m—p+ p—H, — D3HJ collision, the total hydrogen and deuterium sym-
metries are simply the local symmetries of the neutral andéactants with statistical weights

Wit —Biri—orti-g) = 1 (3.31)
Wirp=ayrp=ay rp—g) = 10 (3.32)

Overall Complex formation probability

The total massn; and total energ¥;q: of the formed complex are given by the first parts of
Eq. 3.13 and 3.14. For the total rotational angular momenkgnand the total hydrogen and
deuterium nuclear spin symetrigs, andr2,, the overall weight of a complex chanr€lgiven

a reactant channelq.#") and a collision energ.q is

Wt1r Eeo) = WMot 30,1 Econ)
XWirt, reor)

tot

tot
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3.2. Microcanonical model

and its overall probability is

VV(‘f\ﬂ,JV,E;@)
%VV(%LﬂvJVvECOO

P74 Eco) = (3.34)

3.2.3 Complex decay

Consider a given complex chanri€lwith a total massn:, total energyE;qt, total rotational
angular momentund,,; and total nuclear spin symmetri€§,; andr®, for its hydrogen and
deuterium nuclei.

Mass conservation

The accessible isotopic channéis,, my) are constrained by the second equality of Eq. 3.13
and the feasible reaction mechanisms. In the most simpleagpip corresponding to the full—
scrambling hypothesis and the weak ergodic limit (see S@c5 &nd Table 3.5), the weights
are

1 0 my+my =mot

As an example, a gH,™ complex can decay to the following isotopic channels

DsH,™ — HoD" + Dy
— D2H+-l— HD
— D3"+ Hg

According to equation 3.35, all possible isotopic chanaetsconsidered with equal prob-
ability. However, as will be discussed below, different glegs may be introduced accounting
for accessible and inaccessible dissociative asymptdtigee alifferent product isotopologues.
Therefore reaction mechanism degeneracies have to berdeddor. The introduction of these
weights is moved to the end of this section in order to proegduthe overall derivation of the
desired state—to—state rate coefficients.

Nuclear spin conservation

Within a given isotopic channel, the accessible nuclean shannels are constrained by the
subduction parts of Eq. 3.16 and 3.17 and the feasible oeantechanisms [28]. According to
the Frobenius reciprocity principle, the statistical wegfor the induction and subduction of
a total symmetry ;o for both hydrogen and deuterium nuclei are equal as stated).ir3.28.
However, since the rotational states correlate with théeaunspin symmetries as pointed out
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Chapter 3. The Bl + H; isotopic system

in section 3.2.1, the full-scrambling statistical weightlee products’ local symmetrids, and
Iy emerging from a total symmetfyt; for both hydrogen and deuterium nuclei are taken as

W, _ \N(Ftotlri@rn/)
(TP M) = dim() x dim(Fy)
where the numerator is the pure nuclear spin subductioiststat weight given in Tables 3.3
and 3.4 and the denominators are the dimensions of the pdwclear spin representations
given in Table 3.2.

In the case of a fH" complex withl'), = F, the accessible and inaccessible isotopic and
nuclear spin channels are

DsHY (TR =F) — o-DH™ + p-D,
p—-D,H' + 0-D;
p-DH" + p-D;
o-DoH" + 0-D,
o-Ds" + HD
p-D;" + HD
—» m-D3* + HD

(3.36)

3

l

with the deuterium nuclear spin statistical weighteaf.the Dgf + HD isotopic channel

Wear) = 3 (3.37)
Waar) = 3 (3.38)
Waar) = 0 (3:39)

Note that Eqg. 3.36 ensures that the high—temperaturetigtatige consistent with the pure
nuclear spin statistics. Indeed, in the high—temperaiong (eq. infinite energy and orbital
angular momentum), all the internal states of an isotopamnokl are accessible irrespective of
their energy and rotational angular momentum such that

V\/((Fihrn/‘rtot) |:| Z Z \/\/(riurn/“—tot) (3-40)
glery vlery
|:| ere(ri/) X ere(rn/) XVV(ri“r

| tot)

and given Eq. 3.11, we find

Vv(oFi/,rn/Wtot) O dim(Ty) x dim(T"y) va(ri/vrn’|rt°t)
0 Wirlryer,) (3.41)

Regarding the previous example, the ratios of the high—ésatpre statistical weights of the
nuclear spin channels ofD+ HD are

WAy - Wiagle) - W) = 0:3:6 (3.42)
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3.2. Microcanonical model

which agrees as expected with the deuterium statisticaghvtgiof D} + D emerging from
2. = F (see Table 3.4).

Energy conservation

Within a given isotopic and nuclear spin channel, the adblessotational channels are con-
strained by the second equality of Eq. 3.14. A rotationahdeawith its vibrational and rota-
tional energie&y, Ef, EY andE], may only be accessed if the complex has enough total energy
which we can translate with the energy statistical weigbt [4

Wiy .Y E Eat) = (3.43)

1 If Eco|/ 2 0
0 else

with Ecor = Etot — EY + EJ + EY + E|, the relative kinetic energy of the products’ motional
channel.

Angular Momentum conservation

Moreover, only the motional channelg”’ whose kinetic energy is superior to the maximum of
the effective potential of the exit channel are accessibtmversely, the barrier of the effective
potential should be lower than the products’ relative kinehergy ¥} < Ecor). As developed

in Sec. 3.2.2, this condition leads to the statistical weigh

1if 1<l
Vv(l/‘”/vEcol/): {O if |/>|Fnax (3'44)

with I/, defined as in Eq. 3.23.
The rotational angular momentum statistical weight of adpot channel .¢’_+") is ob-
tained by summing over all accessible motional chanmlsi.e. orbital angular momenté:

I/
max

W3, 3y Ecop o) = Z W3, 3 1 tot) (3.45)
I’=0

WhereV\/(Ji“Jn,’,/pmt) is the statistical weight of an angular momentum chanhel{,l’) given a
total rotational angular momentudpy. This weight describing the subduction part of Eq. 3.15
can be straightforwardly inferred from its reciprocal iotdan (Eq. 3.25) using the Frobenius
reciprocity principle:

W33, 1300 = Watl3,.9,.17) (3.46)
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Chapter 3. The Bl + H; isotopic system

Overall decay probability

The overall weight of a product channef(_4") given a complex chann&f is

Wi ey = (my,my [Meot)
X\N(rH rH/\rtot)

(rt/)fn/\rtot)
*Wiey ey ey

n’ n/‘Etot)

X\/V( n’7l‘l 7Eco|/|‘JTOt) (3'47)

and its probability is
W)

> Wi %)
oy

P vi%) = (3.48)

3.2.4 State-to-state cross sections and thermal rate coefficients

The state-to-state cross sections for a given collisiomggnig., are obtained by distributing
the Langevin cross section (Eq. 3.21) among the productn&iamaccording to

Oy~ (Ecol) = Oc(Eeol) X st w70 4 Eey) (3.49)

where the state—to—state reaction probabilities are rddarom the reactants-to-complex and
complex-to-products state—detailed probabilities suthmeer all intermediate complex chan-
nels:

Pt 19N Beo) = ;P(ﬂ’,ﬂ’l‘f) X P N Ecar (3.50)

Egs. 3.34 and 3.48 show that the normalisatioh P s 4 s s ., = 1is automatically ful-
g
filled.

In thermal environments, the motions of the reactartsand. /", in the laboratory frame
exhibit Maxwell-Boltzmann velocity and energy distributs. Based on the properties of the
Gaussian distributions representing the reactants iratiaratory frame, the distributions of the
relative velocityveo and energyE.q in the center-of-mass frame are also Maxwell-Boltzmann
with the reduced mags

3/2
P(Vcol\T) = 4”(%) V2 e‘“"gol/ZkT (3.51)
Ho 32 2B o Ecol /KT
P(Ecol‘T) = 47-[(27.[1(-'-) u l/ (352)
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3.2. Microcanonical model

The reaction probabilities have been calculated in theecasftmass frame. The state-to-state
thermal rate coefficients are obtained from the definiken [ Vol - 0 (Veol) - P(Veor) - dVeol, @and

in the energy domain using the substitutiogs = /2Ecq/ 1 anddvie /dEgo = (Zcho|)_1/2
As a result the thermal state-to-state rate coefficiénts, . » 4(T) are given by

kﬂt/l/ﬂﬂh/l/’ (T)

= v VCOI X O—ﬂﬂﬂﬂ/ﬂ/(vcol) ( ||T) X dVCOI
col=
* 2Ecol
= X Oc(Ecol) X P gr g x d
Ecq=0 H ¢ COI (7 JVLﬂJVEcol) (Ec0I|T) dEC ECO|
® /2ECO| / ag? 3/2 2E., o Eea T
= 1t 41T ) col/
Ecoi=0 27750E(:ol Rl 19, 4 ) <2T[kT u
1
X ——— X dEq)
Vv 2“Ecol °
= X i P 4 / \/E e Ecol/de
ke /|5c0|:0 (I NI N Ecol) X \/7 Ecol
with the Langevin rate coefficient being:
a2
kg = 3.53
1€ (3.53)

The state-to-state thermal rate coefficients are propergalized since they verify

Koy (T)= Z Koy (T) =K (3.54)

Based on the above described procedure, state—to—stateoeiticients have been calcu-
lated for simulating low temperature laboratory experitseas discussed below and for sim-
ulating Hj and its isotopologues in interstellar environments [36f pbinted out above in
subsection 3.2.3, the possible reaction mechanisms assvikie proper implementation of the
ergodic principle will influence the results. Therefore tafa@ifferent approaches are discussed
prior to applications of the microcanonical rate coeffitsen

3.2.5 Ergodic principle and reaction mechanisms

Phase Space Theory is based on the equiprobability precipé a simple thus convenient the-
ory to describe systems but it is only a good approximatidghérergodic limit which considers

the microcanonical population as fully relaxed to an equilim state in the complexes’ poten-
tial energy surface (PES). As a consequence, a complex ehfangets its history and the decay
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Chapter 3. The Bl + H; isotopic system

Dissociated H;* + HD H,D* Intermediate Complex Dissociated H,D* + H,

D, ~ 3200 K Triangle In-Plane AzPVE ~ 140 K

=/ bt /1

Internal ~2250K Central
Rotation Proton Hop

i ] ey

>> ————— I Geometry of Minimum Energy ( 0 K )

Figure 3.2: Schematic of the kD™ PES according to calculations org“l-ﬂ19—21]. The min-
imum energy configuration consist of arj Hriangle entity and an flentity, the charge being
localised on the central nucleus. Saddle points for threenal motions are represented as well
as the asymptotes for the two isotopic channels. They diffenergy because of zero-point
rotational and vibrational energies.

probabilities are independent of the reactants’ chan&seish collision process can therefore be
described microscopically as a memoryless Markov chainy' .#) — ¢ — (' V"'.#") and

be decomposed in the complex formation and complex decagresttere. In this statistical ap-
proach, a weight has to be assigned to each isotopic chdhnething is known on the number
of possible pathways to link a reactant channel with a prodoannel, a statistical weight of 1
may be associated to an accessible isotopic channel whikightwof O is associated with an
inaccessible isotopic channel. This implementation ofefymdic principle is called thereak
ergodic limit. In thestrongergodic limit, the statistical weight of an isotopic chahisegiven

by its number of accessible dissociative asymptetpthe degeneracy of reaction mechanisms
leading to this isotopic channel. The statistical weightsoduced in Sec. 3.2.3, and conse-
quently the microcanonical rate coefficients derived atfovéne H. isotopic system will thus
depend on (i) theveakor strongergodic limit considered as well as on (ii) the feasible tigac
mechanisms constrained by the PES.

The Hg considered here is a peculiar system because on the soide@ti®n of its poten-
tial energy surface (PES), any entrance channel can paligrdaccess all 93!2! = 10 disso-
ciative asymptotes. Its configuration of minimum energylt@RES consists of agnd a b
moiety with the charge localised on the central nucleussge3.2). The two relevant internal
motions for nuclear rearrangement are the central nuclgpigvith an extremely shallow barrier
and the in—plane rotation of thesihoiety with a more consequent yet submerged saddle point.
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3.2. Microcanonical model

bce + ad

(Exch.)

Figure 3.3: Map of minimum energy arrangements of g ksotopic complex. A quartet of
arrangements is labelled ab.c/dewith a andb the two outer nuclei of the gimoiety, ¢ the
central nucleus belonging to thesHnoiety, d and e the two nuclei of the Kl moiety. The
30 guartets of arrangements are interconnected by $hmedieties’ in—plane rotation (red lines)
and the central nucleus hop (blue lines) internal motioashtf the 10 dissociative asymptotes
(shades) is connected to three quartets of arrangemerdgnghidentity, three transfer and six
exchange reaction mechanisms are attributed to the d&s@cisymptotes assumirac+de)

is the entrance channel.

Upon the internal rotation, also shown in Fig. 3.2, the posg of the two outer nuclei of the
Hs moiety or those of the fHimoiety are rearranged. This internal motion cannot prorante
modification of the H and H, moieties therefore it can be ignored in the current treatraed
the 5!= 120 different minimum energy arrangements are grouped Dy=24 into 30 quartets.
As depicted in Fig. 3.3, the 30 quartets of arrangements @maexcted to the 10 dissociative
asymptotes and interconnected by the two relevant intenadions, forming a map in which
the microcanonical population can evolve. We discuss tmitilng cases to which we refer as
(i) full-scramblingand (ii) hop, neglecting possible centrifugal distortion of the PES trel
fact that isotopic substitution in Hbreaks the symmetry of the PES [21], potentially favoring
some particular arrangements.
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Chapter 3. The Bl + H; isotopic system

Table 3.5: Microcanonical isotopic statistical weights obBI™ + HD collisions for the full-
scrambling and hop limits as used in section 3.2.3. The atuesdissociative asymptotes
correspond to reaction mechanisms for which the hydrogéfaeuterium nuclei involved
are specified.

Reaction mechanisms
Id Trans Exch Total

Isotopic channel

Full-scramling limit

HY + Do 0 0 1D-H 1(1)
2 H-H
_l’_
H,D* + HD 1 2H 1 D-D 6 (1)
DoHT +  H 0 1D 2H-D 3(1)
Total 1 3 6 10
Hop limit

H nucleus locked in the center: probability 2/3

H%“ + D3 0 0 0 0 (0)
H,D™ + HD 1 1H 0 2(1)
DoHT + Ho 0 0 0 0 (0)

Total 1 0 2

D nucleus locked in the center: probability 1/3

Hg + Dy 0 0 0 0 (0)
H,D™ + HD 1 0 0 1(1)
DoHT + H» 0 1D 0 1(2)

Total 1 1 0 2

8|sotopic statistical weight for the strong ergodic limithd number in parenthesis corresponds to the weak
ergodic limit which only accounts for the accessibility bétchannel.
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3.3. Results

(i) If both internal motions (hop and in—plane rotation) ganceed efficiently with respect
to the dissociation events, the microcanonical populatdhvisit all 120 minimum energy
arrangements of the PES corresponding to the full-scragphinit. Consequently, the complex
can probe equally all 10 dissociative asymptotes, depictddg. 3.3. These asymptotes are
denoted as 1 identity, 3 transfer and 6 exchange reactiohanesns, when entering as reactants
(abc+de) at the top of Fig. 3.3.

(i) If the rotation of the H moiety is dynamically hindered and only the central nucleus
hop can proceed efficiently during the complex lifetime, teatral nucleus is locked and the
microcanonical population will be equally distributedwitlocal wells of the PES correspond-
ing to the entrance arrangement (abc+de) and its arrangemenected by the central nucleus
hop. In this hop limit, the complex can probe only 2 dissaeegtisymptotes corresponding to
1 identity and 1 transfer but no exchange reaction mechanism

As an example, the microcanonical isotopic statisticalghts introduced in section 3.2.3
are given in Table 3.5 for the 4" + HD collision for the two limiting cases of full scram-
bling and hop. In case of full scrambling, e.g., the prodingrmel H + D, is accessible via
one exchange reaction, thebi" + HD channel occurs on 6 accessible assymptotes, and the
Do,H* + H, channel has 3 possibilities. Correspondingly, the stagibtveights in thestronger-
godic limit are 1:6:3 (see right side of table) and in Weakergodic limit they are 1:1:1. In the
following sections, thetrongergodic limit is considered if not stated otherwise. Corrguar of
the full scrambling and the hop limits to experimental dailhgive some first semi-quantitative
insight into the role of dynamical restrictions and reattivechanisms.

3.3 RESULTS

3.3.1 Thermal rate coefficients

The outcome of the calculation is a set of several thousairstate—to—state thermal rate coeffi-
cients, at present in the temperature range 5-50 K. An exaglven in Fig. 3.4 illustrating an
Arrhenius plot of the main state—to—state rate coefficitartp—H,D ™ (I« ,k.= Opo) + 0—Hx(J=1)
collisions. Elastic, inelastic as well as reactive cotiiss are accounted for. Collisions access-
ing endoergic states show an Arrhenius behaviour with amaditin energy very close to the
endoergicity while reactions to exoergic states are quasperature independent. Based on
the observed temperature dependence it is well justifieétarpeterize the rate coefficient as
k=a-eP/T. Such temperature behaviours are also found for the inelststte-to-state rate
coefficients for thepara and ortho ground transitions of bD™ and DH™ in collsions with
paraandortho H, given in Table 3.6. These rate coefficients are of particulfi@rest for the
modelling of astronomical observations.
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Chapter 3. The Bl + H; isotopic system

We note that our results agree with the ground state—toeaushin species thermal rate
coefficients of the Bl + H, system at 10 K calculated by Park and Light [25] within 3 % of
their given accuracy. These rates are defined according to

Keyorry (M= 5 > Koyoyn(T) (3.55)
ﬂ/Gri/ JI/’an/

Regarding the greater details they accounted for, we cdediuat in this temperature range,
spectroscopic accuracy of the energy levels, charge-elgpud charge—quadrupole interactions
[46], tunneling and above—barrier reflections do not affieetrate coefficients significantly and

can thus be safely neglected.

Temperature (K)

50 30 20 15 12 10 9 8 7 6 5
10-8 T T T T T T T T T T
5 /0'H2D+(111) +p-Hy(0)
107 | .
I ———— £——0-H,D"(Lyg) + p-H,(0)
— p-H,D"(Ogo) + 0-Ha(1)
10 | ’ i
g 10
%)
) .
X~ 11 | % i
10 -, X . pHg T+ HD
. 0-Hy" + HD
‘ "
12 o p-H,D™ +0-Hy --------
107 0-H,D* + p-H, 7
0-H,D" + 0-H,
10-13 A ! ! N |
0 5 10 15 20

100/ T (K'Y

Figure 3.4: Main state-to-state thermal rate coefficients for pPH(Jk k.= Opo) + 0—Hp(J=1)
collisions. The product channels are represented witbrmifft lines according to their isotopic—
nuclear spin modifications. Rates for endoergic channe® sin Arrhenius behaviour while
those for exoergic channels are quasi temperature indapéend
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Table 3.6: Inelastic state-to-state rate coefficients fordho andparaground transitions of kD and DyH™ in collisions
with paraandortho H, according to strong ergodicity. The rates are given in thefo= o e #/T. Thea (cm®s™1) and
B (Kelvin) coefficients were fitted in the temperature ranggéSk. The Einstein coefficients for spontaneous emissign A
(s1) [38] and the critical densities= Ay /ky (cm™3) of the transitions for p—bldominated environments are also given.

Reactants Products AER Rate coefficient p—DoHT (101 < 110) at 692 GHz
ion  Hy ion  Hy ab B p-0 -33 9.13(-10) 33.07
_ g _
P=loi P P=ho o1 203 2.89(10) 19835
. L . p-0 +137 6.89(-11) -143
p—HoD* (Ogo < 1o1) at 1.370 THz Pl 01 P-ko o 35 ess10) 3169
P~Go p-0 p-b pO -66 1.48(-9) 65.24 4y b0 pp, PO *33 907(10) -0.14
P—GQo 0-1 p-b; o-1 -66 5.35(-10) 63.43 P=40 P P=31 4 1 .137 5.72(-10) 133.26
p~li p-0 p-Q@ p-0 +66 4.91(-10) -0.24 i o1 pp, PO +203 405(11) 081
p-lpp 0-1 p-@Gp o-1 +66 1.96(-10) -0.93 P10 P51 41 +33 6.70(10) -0.84
A = 4.0397x 103 N ~ 8 x 10° A =5.0911x 104 Ne ~ 5.6 x 10°
O—HszL (111 — 110) at 372 GHz O—DijL (000 — 11]_) at1.476 THz
p-0 -18 9.41(-10) 17.68 p—0 -71 1.32(-9) 69.44
o0-1 -0 o— — — —
1 P Yo o1 _188 3.20(-10) 186.80 0=Qo PO ohi [, o4 325010) 23239
p—0 +152 4.36(-11) -0.56 p-0 +99 1.21(-10) -1.25
o-11 o-1 o— — -1 —
1 Yo o1 _18 647(10) 17.66 0-&o © b o1 71 951(¢10) 68.06
p-0 +18 9.36(-10) -0.17 -0 +71 472(-10) -0.24
0-1 -0 o— - — —
0 P Y o1 .152 369(-10) 150.74 ln PO 0B ;g9 384(10) 9817
p-0 +188 3.71(-11) -0.03 p—0 +241 1.78(-11) -1.04
0-10 o-1 o— — — —
10 o1 +18 643(10) -021 o-lu ol 0B o, 71 366(10) -0.73
A =1.2186x10"* ne~1.3x10° A =3.3031x 103 Ne~7x 10°

anternal energy difference in Kelvin.
bThe format a(-b) representsca0>.
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Chapter 3. The Bl + H; isotopic system

3.3.2 Microcanonical and Canonical approach

In order to test the microcanonical model, we compared thaulzded set of state—to—state
thermal rate coefficients to thermodynamical equationshbyiritermediate of a state—detailed
master equation.

State—detailed master equation

Consider an ensemble ofjHsotopologues in a givenHsotopic environment with respective
state populations£] and [#7]in cm~3. The fluxes of populations can be described by a set
of differential equations corresponding to a state-detidhemical master equation. Within the
dilute limit, i.e.the assumption that the ions are much less abundant thaetiais g[ﬂ] <

S [-4]), the populations of the gﬂ isotopologues evolve on a much shorter timescale than the
s

neutral environment’s populations hence the populatidriseoneutrals are almost unaffected
by the ionic ensemble. Consequently, the master equatiotealecomposed in (i) an ionic
part assuming a static environment and (ii) a neutral pamsickering the ionic ensemble in
pseudo—equilibrium with the environment itself.
The master equation describing the fluxes of populations@idnic ensemble is defined
by
dl.7]

T SRy s = IS Ry (3.56)
j/

j/

the first and second terms respectively representing thenirgthd outflows of the ion state
from/to the other ion stateg’. The element® ,~_, ,» of theR , matrix are conversion rates in
s~1 defined as

Ry = ;;[W [ Kyt p(T) (3.57)

with [_#] the neutral states’ populations here considered as aungthey correspond to given
isotopic enrichments [HD]/[pl and [Dy])/[H 2], o/p ratios of B and D, and a rotational tem-
perature Tot. Only bimolecular processes witht” as a collision partner are considered. The
state—to—state thermal rate coefficients are those camdspy to the kinetic temperature of
the neutral environmentf. Contrarily to the nuclear spins (o/p ratios), the rotagioand
kinetic degrees of freedom are often very well thermalidextdfore we considered a single
temperature, T.

The steady—state populationgTss of the Hj isotopologues which are solution to the set of
equations dl]/dt=0 can be easily obtained through diagonalisation @Rl matrix. Further-
more, the master equation describing the population flukdesemeutral environment is defined
by

d[.A]

gt = 2Ry = [T Ry (3.58)
r/‘/l

</V/
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with the conversion rates R_,_,+ of theR_, matrix defined as

Ry = ; > [sskgv—gr(T) (3.59)
j/

Thermal equilibrium

Consider the following exothermic reaction with forwardldrackward rate coefficienks and

Ko

k
A+ B%C-l— D + AE, (3.60)
The canonical equilibrium constant K at a temperature T rgibg statistical mechanics
[30, 47, 48] is ,
ki _ ¢ (u’) 2Qc Qo <—AEO)
K(T)=—==|— ex 3.61
D=k g\ k) Qe P (360

whereu and ' are the reduced masses of A+B and C+D respectively/dhadis the zero—
point energy difference. The terngsand g’ were added with respect to prior publications.
These canonical isotopic statistical weights corresporld degeneracies of the backward and
forward reaction mechanisms. They are a consequence ofatistisal weights used in the
microcanonical description. These weights are given idergbr. It is for example obvious
that for the H + D, = D,H™ + H, reaction they: ¢ ratio is 1:3 in thestrongergodic and full
scrambling limit, because there are three ways to pick a ki firee H’s but only one to form

Hér + Do.
The Q’s in Eq. 3.61 are the partition functions of the speatdbhe temperature T defined by
Qa(T) = Z N, (T) (3.62)
|
Na(T) = g exp(—Ei/KT) (3.63)

with Np, the population of the't state of species Aj; its nuclear spin and rotational degeneracy
andE; its energy. It should be reminded that Eq. 3.61 describesidesquilibrium only, when
all the species are effectively internally and kinetic&lgitzmnann distributed. The equilibrium
constants of the 8 isotopic reactions are plotted in Figu8iBg the strong ergodicity principle
and the full-scrambling hypothesis. It is noteworthy thagrg equilibrium constant seems to
converge to unity at infinite temperature. Moreover, on tihel temperature range 5-300 K,
i.e.from the low toward the high temperature limit [48], we oh&ethe strict equalities

Ki K3 Kg Ks Ks

KK and Ke ~ K (3.64)
with K;j the equilibrium constant of reactian(i as in Fig. 3.5). Those unexpected relations
might be explained by symmetric isotopic substitutionsthely are non—intuitive since they
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Table 3.7: Canonical isotopic statistical weightgg’ of the 8 isotopic reactions for the Full-
Scrambling (FS) and the Hop limits used in Eq. 3.61. In thelkw@&) ergodic limit, the

only accessibility of an isotopic channel is accounted farthe strong (S) ergodic limit, the
dissociative asymptotes are counted.

Reactants = Products FS Hop
S W S
H,D™ D, D§ H, 311 1:1 31 1:1
H§ D2 DoHT H, 1:3 1:1 1:3 1:1
D,H* HD D§ H, 6:1 1:1 0:0 0:.0
ng HD H,D™ H, 46 1:1 2.3 11
H,D* HD D,HT H, 6:3 1:1 2.1 11
DoHT D, Dér HD 6:4 1:1 3:2 11
H; D2 H,D™ HD 1.6 1:1 0:0 0:0
H,D™ D DoHT HD 3:6 1:1 1.2 11

@Averaged values assuming the 3 nuclei of thg idotopologue can equiprobably lock in the center of the

complex.
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Figure 3.5: Equilibrium constants (Eq.3.61) of the 8 isotopic reacdianth the full-scrambling
limit and the strong ergodicity principle.
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3.3. Results

involve vibrational energies, rotational constants anasdees of states as well as nuclear spin
selection rules and degeneracies.

The canonical equilibrium constant is also related to thedbal equilibrium (steady—state
populations or number densities) by

K(T) = o= (3.65)

The canonical balance corresponding to Eqg. 3.61 and 3.6bedransposed to specific
internal states of the species resulting in the detailedrza&. Although it also holds for re-
active collisions, this principle is mostly known for no@active, inelastic collisionise. with
(A,B)=(C,D), AEy=0, u=p’ andg=g':

Aa-l—Bj%Ai/-l—Bj/ (3.66)
_ﬁ _ Na N
K(T)—kb = N, Na, Ne, (3.67)
[Ai’]ss[Bj/]ss
= —_ = 3.68
[Ai]ss[Bj]ss ( )

Comparison and analysis

Steady-state populations of thé kbotopologues were obtained by solving the master equation
for various thermal and non-thermal neutral environmelats 8.56 and 3.57). These popula-
tions are compared to thermal populations derived accgidithe canonical balance (Eg. 3.61
and 3.65) and the detailed balance (Eq. 3.67 and 3.68). VBemtreere a sample of results.

The purely hydrogenated and deuterated systems were firstaged by employing a pure
thermal B or D, environment at various temperatures. As shown in Fig. 3.6He purely
deuterated system, D+ D,, the master equation renders thermaliseﬁd ddeady—state pop-
ulations thereby confirming that the set of state—to—statemal rate coefficients fulfills the
isotopically non-reactive detailed balance (Eq. 3.67).teNibat an isotopically non-reactive
collision can still be reactive in the sensehmimonuclear exchange

We also simulated environments at different temperaturdsterrestrial and cosmic deu-
terium abundancese. HD/H, = 3.2x10~4 and 3.2<10° respectively, neglectingD The o/p
ratio of H, was set as thermal or fixed between its high temperaturedi8itlown to 107. As
an example, the steady—statgDH /HJ isotopic ratio is shown in Fig. 3.7. The,B*/HJ as
well as the DH*/H,D* and D /D,H" (the latter two not shown in Fig. 3.7) steady—state ratios
in the thermal o/p—klenvironment are all consistent with the canonical equiiiarconstants
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Figure 3.6: Populations of the 12 lowest rotational levels of DSolid lines are thermal pop-
ulations and crosses are the steady-state populationfiérmal B environment derived from
the master equation using the set of state—to—state raffecenes.

of reactions (4), (5) and (3) in Fig. 3.5 respectively. Mare each FST isotopologue is well
thermalised internally.

We thereby show that the calculated state—to—state theateatoefficients fullfill the canon-
ical and detailed balance within few %.. These results, wisiih observed for the weak and
strong ergodic limits, demonstrate that the microcandmizadel is consistent with the canoni-
cal description. While this result is gratifying, simulagiexperimental results or astrophysical
observations with the state—to—state rate coefficientesgg a more serious test to the micro-
canonical model.

3.4 EXPERIMENTAL SECTION

3.4.1 22-pole ion trap apparatus

To study the H + H, isotopic system, we extended the measurements describ&eiigh
et al. [18] using the same apparatus depicted in Fig. 3.8.
The core of the setup, the temperature variable 22—poleapnias been described in detail
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Figure 3.7: Steady—state $D*/H3 isotopic fractionation in a blenvironment with terrestrial
deuterium abundance (HD#H= 3.2 x 10~%). The solid lines are results of the master equation
using the strong ergodicity principle for various o/p ratmf H, (no D, is considered). The
arrow indicates a decreasing o/p ratio af Hhe points are experimental results for o/p-=H3,

7% 10 2 and 8x 102 (see Sec. 3.4.3).

elsewhere [49, 50]. It is enclosed in stainless steel waltiElvare mounted on a closed cycle
helium refrigerator. The temperature of these walls, nawad by two silicon diodes, can range
from ~300 K down to 13.6:0.5 K.

H3 parent ions are produced in a storage ion source by electnoivérdment of n-Hand
pulsed via a first quadrupole mass filter into the 22—poleriam tThere, the ion cloud is exposed
to a constant density of reactant gas (HD orwith natural traces of HD) thermalised to the
surrounding walls. Additionally, pulsed or constant He gas be admitted to the trap. The
gas number densities were accurately determined with syme$on gauge calibrated against
a spinning rotor gauge prior to the measurements, and weitebktow 163 cm~3 in order to
avoid ternary association [51]. After a storage period ofd @000 ms, the ions are extracted,
mass selected in the second quadrupole mass filter and danraéaly—type ion detector.

The storage cycle is repeated for several trapping timestrmithe H, H,D™, DoH™ or
D3 products. As illustrated in Fig. 3.9, we obtain the time etioin and steady—state popu-
lations of each isotopologue from which we can fit reactide @oefficients using a standard
system of differential equations.

Prior to its introduction into the trap, thesHeactant gas could be flown through a p—H
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Chapter 3. The K + H, isotopic system

Figure 3.8: Schematic of the trapping apparatus. Thg idns are produced in the storage
ion source and pulsed through the quadrupole mass filteroltlve 22—pole ion trap. This
trap, consisting of 22 electrodes forming a cylindricalisture, is mounted on a closed cycle
helium refrigerator. On entrance, the ions are cooled doving ambient temperature by a short
intense pulse of He atoms. During the storage period of 1000 Ins, the ions are subject to a
constant density of Hor HD reactant gas. The result of the interaction is detdayesktracting
the stored ion cloud through the quadrupole mass filter 2 andting the number of product
ions in the detector.

generator in order to catalyse the conversioartiio-H, into para—H,. This converter contains

a para-magnetic compound ¢g&&; powder) confined in a copper block mounted onto a closed
cycle helium refrigerator. The temperature of the catalygs measured by a silicon diode
mounted on the copper block and could be tuned in the rangBOLK—n order to vary the
o/p ratio of the outflowing K down to 8<10~2. The o/p ratio was calibrated with an accuracy
of 20% in the 22—pole ion trap using the proton abstracti@ctien N"+H, —NH*+H as
described in Ref. [52]. We also monitoredsitu the HD content of natural Husing a BO™
beam and the proton (deuteron) abstraction reactions

H,O"+H, — H30" + H (3.69)
H,O"+HD — H3O0" + D 057 (3.70)
— H,DO"+ H 043 (3.71)

with the given branching ratios determingudsitu using pure HD target gas. In experiments
with unprocessed n—Hwe obtain the product ratio4®O"/H3017=1.1x10~%. Assuming that
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Figure 3.9: Sequential deuteration ofHin HD with a number density of 6:310° cm~2 at

a nominal temperature of 13.5 K. Due to the exothermicityhef teaction chain, a constant
number density of about-610'2 cm~2 He has been applied to ensure full thermalization of all
reactants. The lines are the solutions of a rate equatiderayfitted to the experimental data
yielding rates of 1.3810°9, 1.30x10°° and 1.05<10~° cm®s~?! for the deuteration of K,
H,D* and DH™, respectively.

both reactions with land HD proceed with the Langevin rate, that is

Kipot+Hp _ [ HHp0t+Hy _ () g7 (3.72)
Kiy0+ +H, HH,0++HD

we derive a HD fraction of 3.410~* which corresponds to the expected terrestrial deuterium
abundance. However, when starting the converter, the HDeobwf the processedHvas
depleted by about one order of magnitude caused appargnibotopic preferential freezing
on the cold catalyst [53]. After some hours of operation,tdreestrial fraction was approched
again. Therefore, to ensure the terrestrial HD fractionhm ¢éutflowing p-H, the converter
was run one day prior to the experiments. In summary, greatttas been taken to accurately
determine the number densities of the neutral reactiomeestas has been pointed out by
Gerlich et al. [32].
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3.4.2 Deuteration rates with HD

We measured the deuteration rate coefficients pf H,D™ and DbH™ with HD between 13
and 210 K in the presence of Helium buffer gas ([i#4¢HD]). The target gas HD has been
purchased from Cambridge Isotope Laboratories, Inc., wiegiy the purity of the deuterium
hydride to be 97 %, the rest mainly being End D,. The results are compiled in Fig. 3.10
together with previously published values. Our resultsiaugood agreement with Adams and
Smith [29] and Giles et al. [30] showing systematic tempemtiependencies overlapping in
the common temperature range. The low temperature ratéaeefs from Gerlich et al. [18]
are systematically lower than ours by a factor~ofd. This important difference needs some
special attention later.

All the rate coefficients approach the Langevin value at lempgerature. At 300 K, (i)
the deuteration rate coefficient of{Hs still very fast, (i) the deuteration rate coefficient of
H,D* + HD drops by a factor of 2 to 3 between 10 and 300 K and (iii) teatdration rate
coefficient of BH™ + HD drops by one order of magnitude over the same tempersdnge.
Contributions from B contaminations~ 1.5 %) in HD do not change these findings. These
trends are all consistent with the departure from the falabling to the hop limit toward
high temperatures. Indeed, in the hop limit when one nuctéube Hf isotopologue locks
in the center of the complex, (i) the deuteration &f Eln still proceed on every collision, (ii)
the deuteration of kD™ can only proceed when the deuterium nucleus is locked inegheec,
i.e.with an upper limit for the rate coefficient ef k| /3 and (iii) the deuteration of f4" would
be unfeasible under these circumstaneées,the rate coefficient would practically approach
zero. However, direct mechanisms without complex fornmatitay have to be considered at
higher energies. This interpretation of the current oketé is in qualitative agreement with
the experimental results from Cordonnier et al. [31] on the+HH, system at~ 400 K also
showing an incomplete scrambling. They derived statisti@aghts for the transfer:exchange
reaction mechanisms of 2.4:1 which are in between the fudmsbling and hop limits with
statistical weights for the identity:transfer.:exchangaation mechanisms of 1:3:6 and 1:1:0
respectively.

The presented experiments yield species—to—speciesaetiecents without any informa-
tion on the internal state distributions of the:,f Hsotopologues. In order to compare them
with theory, we overlaid in Fig. 3.10 the calculated statespecies rate coefficients from the
ground state of HD and the three lowest rotational statescti ¢i] isotopologuespara and
ortho nuclear spin modifications, corresponding to six curvesthBets of rates according to
the weak and strong ergodic limits are shown in this case.dElgeration rate coefficients of
H3 and HD™ are more or less state—independent and they are in very ggedraent with
the measured rates irrespective of the ergodic limit usdok Seme observation holds for the
deuteration rate coefficients ohbEB™ based on the weak ergodic limit. However, those based
on the strong ergodic limit are significantly lower than tkperimental rates for the high—lying
reactant states. Nevertheless, at low temperatures theadhsation with the dominant He-
lium buffer gas populates essentially theHD™ reactants in their lowegtara andortho ground
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Figure 3.10: Deuteration rate coefficients of§|—,| H,D* and DH™ with HD. The data points are
experimental values corresponding to Gerlich et al. [18¢lgs), Adams and Smith [29] (trian-
gles), Giles et al. [30] (crosses) and this work (squarebg Opmost lines show the Langevin
limits. The short lines are the state-to-species rate coaffis from the ground state of HD and
the lowest rotational states of thejHsotopologuespara and ortho modifications calculated
with the full-scrambling hypothesis for the weak (greenj atnong (red) ergodicity principles.
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states corresponding to the two uppermost red lines in Fif) @ndicated by arrows). As a
result, the calculations based on the strong ergodic liteit @mpare reasonably well with the
experimental results.

3.4.3 Steady-state in Hx(HD)

Another critical test for any theoretical determinationstdte—to—state rate coefficients is the
steady—state isotopic fractionation of Hit is also a crucial parameter for the deuterium astro-
chemistry in cold molecular environments [10, 15, 36] whieln be derived from astronomical
observations. As a result, it can be considered a benchrmardomparison between theory,
experiment and observation.

The steady—statejE)*/Hg ratio has been measured in With terrestrial abundance of HD
for o/p ratios of 81073, 7x10~2 and 3 with the temperature of the 22—pole ion trap ranging
from 13 to 50 K. Results are shown in Fig. 3.7 together witlothdcal values from the master
equation based on the strong ergodic limit. Results at thvedb temperatures are in good
agreement with Gerlich et al. [18]. Following their destiop, our forward rate coefficient
being higher by a factor of 4 together with an even equilibrium constant point at backiwa
rate coefficients also a factor ef 4 higher. Indeed, a value in the range of 2010 cm3s—1
for the backward rate coefficient has also been measurectlglitgy injecting HD™ ions into
n-H, target gas.

Our theoretical and experimental results shown in Fig. 3e7ia reasonable agreement
presenting similar trends. However, significant differehare found for the experiment at an
H, o/p ratio of 08x10-2 in comparison to the theoretical curve for 20 The discrepancy
is likely due to an improper thermalisation of the ions to ttep’s walls. Previous detailed
spectroscopic studies obB™ and D,H™ ions showed an ion kinetic temperature of 27 K when
the nominal temperature of the trap’s walls was 17 K. ReaBwrihis discrepancy are discussed
in Refs. [54-56] and improvements to the ion thermalisatitihe lowest wall temperatures are
currently explored. Despite these difficulties, the geheend of the HD*/H] ratio as a
function of temperature and o/p ratio opldgree very well but follow up experiments at fully
thermalized conditions will pose a more quantitative testtifie current and future theoretical
work.

The agreement with the experimental/H3 ratio is better for the predictions based on
the weak ergodic limit (not shown in Fig. 3.7) as comparechtdtrong ergodic limit results
presented in Fig. 3.7. The former values are lower by a faifter 6/4 as can be inferred from
Table 3.7.

3.5 DIsSCUSSION

Despite the subtle discrepancies between experiment aodytthe general trends are well re-
produced. Therefore this work clearly demonstrates thigyuif the microcanonical model. In

96



3.5. Discussion

fact the agreement between the two supports the assumgtfah scrambling in H at low
temperatures with an increasing influence of dynamicaliotisins perhaps to the limit of a
non-ergodic behavior at higher energies and temperatimemy case, the rate coefficients of
this study might serve as a test to compare any new experiasmbphysical modelling or to

a more realistic theoretical approach like scatteringudations which should be feasible for
this five, light nuclei system even at a full quantum level wlvemparing to similar systems
of current research [57]. Regardless of these future dpeet@nts some other aspects deserve
attention.

Regarding the complexity of state—detailed chemical mndekeduced model neglecting
the rotational states and considering only the nuclear smmdification of the isotopologues
may be preferred [10, 15, 36]. For this purpose, one can Jiggqund state—to—species rate
coefficients (see Eq. 3.55 and appendix) on the basis thabiotemperatures or for low 4
densities, only the ground state of each isotope—nuclearspgcies is significantly populated
or (ii) thermal species—to—speciegj(canonical) rate coefficients by considering each isotope—
nuclear spin species as internally thermalised. Such sstiowdels can account for the effi-
cient pumping from p—pD™ to H§ via o—HD™ in collisions with the energetic o4as well
as non-thermabrtho—-(metg—pararatios. However, it cannot account for collisional pumping
within the rotational ladder of each isotope—nuclear specges as it cannot account for radia-
tive cooling. This limitation may result in the overestinoator underestimation of the isotopic
fractionation of H in astrochemical modeling.

A principle limitation to the use of the microcanonical apach appears for non—-thermal
environments. State—to—state or species—to—sptwesalrate coefficients are based on the
fact that all internal states are kinetically thermalisedingthermalrate coefficients in a time
dependent or steady—state model thus implies that theikiohegrees of freedom of all internal
states are thermalised at all times. However, this assomp#n be wrong in environments far
from thermal equilibrium since the exchange of energy betwthe different degrees of free-
dom can lead to kinetic heating (or cooling). As an examplgn environment very far from
equilibrium like H, at Tyin=Tot=10 K with o/p=3, the H ions would be frequently colliding
with o—H,. Since the rotational and kinetic degrees of freedom cotalyienix their energies
during the collision process and that o-ttn relax to p— by exchanging a proton, thejH
ions would keep absorbing a significant fraction of the 17Mteinal energy of o—}pithereby
exciting their rotational and kinetic degrees of freedormian energies much higher than the
initial 10 K. The Hj ions would be kinetically heated. Thermal rate coefficiemesthus incor-
rect for such environments.

The master equation based on thermal state-to-state reffiic@mnts presented in section 3.3.2
works on the internal phase space only and implicitely ferite kinetic degree of freedom to
be thermally distributed. Therefore, it cannot accountiaetic heating just as it violates the
first law of thermodynamics in non—thermal environments $teady-state and time dependent
populations which follow from it are therefore biased. Id@rto mend this statistical mechan-

97



Chapter 3. The Bl + H; isotopic system

ical problem, a stochastic method working in the full phgss&ce was proposed [35] but it has
not yet been applied to thejH+ H, system. Note that this kinetic heating effect applies to all
species which can exchange a proton with tHus also to CEl, C;HJ and their isotopologues
and particularly the light H.

3.6 CONCLUSIONS

A microcanonical model used to calculate thermal statstate rate coefficients for allj Hy
isotopic variants in the temperature range 5-50 K has besrede Full-scrambling of the nu-
clei during the intermediate complex lifetime was assumedddition, both weak and strong
ergodic limits, respectively neglecting and accountinglie degeneracies of the reaction mech-
anisms, were tested. In both cases, the resulting set ofoaféicients were successfully com-
pared to the corresponding canonical approach by the ietiate of a state—detailed master
equation. Such microcanonical model can be straightfathyaapplied to other scrambling
isotopic systems like CH + Ha.

Extended measurements with a 22—pole ion trap were pertbstuelying in particular the
deuteration chain of §I with HD at low temperatures. In general, agreement betwgpare
iment and microcanoncical model was found. The temperatependence of the experiment
also agrees with previous experiments at higher tempewf28, 30]. However, the deuteration
rate coefficient at the lowest temperature is faster thariquisly reported by Gerlich et al. [18].
This is a very surprising result as the measurements havedoeglucted in the same setup but
with a different trap. Recent spectroscopic investigatishow that the ion temperature is of
concern. However, similar steady—stateDH to Hy ratios in the different experiments hint at
similar trap temperatures. Still, it is quite possible toater temperatures were reached in the
previous study. But it is questionable whether the ratefmdent will show a drastic drop over
a temperature range of 5-10 K. Therefore more systematiieswnder conditions of proper
thermalization are needed. Technical improvements ofdineot trap setup are underway.

The agreement between our experimental and theoreticdlgssipports the full-scrambling
hypothesis assumed for the calculations. Toward highepéeatures, experimental results sug-
gest partial scrambling in favor of the transfer reactiorthamism. State specific experimental
rate coefficients which could be obtained with spectroszopols [54, 55] would serve as a
more stringent test for theory.

State—to—state and state—to—nuclear spin species rdfecien¢s based on the weak and
strong ergodic limits as well as equilibrium constants aaudipon functions are available online
as supplementary material. Regarding the underlying phi/siterpretation, we recommend to
use the rate coefficients based on the strong rather thanghle &godicity principle although
our current experimental results tend to partially suppietatter.

State—detailed astrochemical models of the islotopologues are now accessible despite
their greater complexity. With the advent of a new genematibtelescopes and observation
facilities [58, see Table 3], the detection limits and sgatsolutions of o—-bD™ and p—DH™
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Figure 3.11: The p—-DH™"(1p1) / o-H,D"(111) steady-state ratio as a function of tem-
perature for pure molecular hydrogen environments withteteum cosmic abundance
(HD/H,=3.2x107°) and various o/p-kiratios. The arrow indicates a decreasing o/p ratio of
H>. Radiative processes are not considered here.

ground state transitions will be significantly improved ahdse of p—HD™ and o—-BH™ will
become accessible. Since their critical number denskiss (able 3.6) are in the typical range
of prestellar cores and protostellar objects, couplingvben radiative and collisional processes
ought to be considered for a good interpretation of the astrocal observations and exact
chemical modelling.

The H; isotopologues are greatly entangled with theirdtivironment, namely the HD/H
ratio, the temperature and the influentigl bfrtho-to—pararatio. The latter can be a serious
limiting factor for the H; deuterium fractionation which is a cornerstone of the cstodestro-
chemistry. The H o/p ratio thus has to be considered in models of cold enviema 10 K)
where extreme molecular deuteration can occur. For the seas®n, the Kl isotopologues
are likely the ideal tracers for thesHb/p ratio as illustrated in Fig. 3.11. We hope that the new
tools developed here will shed light on the non—thermal afiorof H, and its relaxation during
stellar formation [16, 17, 36].
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3.A. Rate coefficients

APPENDICES

3.A RATE COEFFICIENTS

Table 3.8: Ground state—to—species rate coefficients with nuclear smdification details
(see Eg. 3.55) according to the full-scrambling hypothasis the strong ergodicity princi-
ple. The rows are the ground state reactants and the columtiseaproduct species. The rates
are given in the fornk = a e B/T. Thea (cm®s~1) andB (Kelvin) coefficients were fitted in
the temperature range 5-20 K if the rates were higher that’xin®.s1, else up to 50 K. The
a coefficients are given with the format a(-b) representingd@ . The F’s refer to reactions
strictly forbidden by nuclear spins.

p—H; p—Hj o—H} o—H}

5 H system
y p-H o—Hp p—H o—Hp
1.89(-9) 8.16(-10) 5.88(-10)
HE pe
P-Hs p-He g5 164.9 F 198.2
o oy 298(10) 113(9) 346(10) 8.03(10)
-0.69 -0.19 -0.69 32.6
150(-9) 1.84(-9) 8.84(-9)
T pe
oy p-h F 136.2 -0.26 170.0
ot o, LO4CI0) 400(10) 967(11) 129(9)
0.00 -0.19 -0.14 0.07

4 H-1D system p-H; o-H;  p-HD" p-H,D* o-HD" o-HD*

HD HD p—H2 O—H2 p—H2 O—H2

o up  LS5(10) 571(11) 311(-10) 4.93(10) 6.08(-10) 5.I0}
P="s -1.05 32.25 0.71 0.95 -1.08 25.8
ot np 28711 162(10) 1.70(-10) 2.22(-10) 1.11(-9)
3 -0.38 -0.94 -0.44 -0.47 0.35
2.46(-10) 1.79(-9) 1.02(-9)

_ + _
P-HD™ p-He 65 F -0.01 F F 256.1
1.48(-10) 9.32(-9) 520(-10) 1.26(-9) 6.04(-10)

_ + _
P-HD™ o-Hp g g 94.6 F -0.18 0.06 88.8
1.31(-10) 9.49(-11) 558(-10) 1.79(-9) 6.54(-10)

_ + _
0-HD" pH 404 178.9 82.7 -0.02 174.0
oDt o, H67(1D) 164(10) 831(11) 168(10) 219(-10) LE(-
2 -0.82 6.31 -0.92 -0.77 -0.72 -0.06
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3H—2 D system p—H; p—Hj o—Hj o—Hj p-H,Dt  o-HpbDT p-D,H"  p-DoHt  o-DoHT  o-DH*
p-D2 o-D, p-D2 o-D, HD HD p—H o-H p—H; o-Hp
j O 221(11) 3.50(-9) 5.08(-9) 3.02(-10) 4.03(-10)
P-Hy D o F F F -0.41 -0.08 -0.12 0.62 F F
B B 1.73(-11) 3.06(-10) 2.42(-10) 4.81(-10) 5.39(-10)
p-H; oD -0.29 F F 0.59 0.08 F F -0.42 0.06
B ~ 3.14(-11) 8.02(-10) 7.50(-10)
o-Hy  p-Dy F F 0.29 F F 0.09 F -0.10 F F
B B 2.38(-11) 5.59(-10) 1.03(-9)
o-Hy oD F F F -0.63 2.49 F F F -0.86
oot Hp 78312 e48(12) . 2.08(-10) 2.84(-10) 4.12(-10) 1.89(-10) 7.32(-10) 1.98f-
237.8 146.6 -0.50 88.5 -0.50 33.1 0.30 -0.64
oDt hp 252(12) 388(12) 680(12) 103(10) 8.64(-11) 466} 6.41(11) 3.02(-10) 149(10) 5.24(-10)
150.1 65.1 181.7 96.8 -0.38 1.38 0.22 -0.60 -0.9 -0.56
2.02(-10) 3.26(-10) 4.49(-10) 1.73(-9) 7.09(-10)
. + _
e F F F 137.3 231.4 -0.01 168.8 F
2.65(-11) 7.33(-11) 5.94(-10) 2.84(-10) 1.35(-9)
DHt o-
P-DH™ o, F F 233.9 158 54.6 -0.58 010 T F
1.56(-11) 3.48(-10) 4.61(-10) 1.72(-9)  4.16(-10)
_ + _
0-DH" P F 325.2 F F 193.6 281.7 F F -0.05 1711
8.35(-12) 1.65(-11) 8.15(-11) 6.82(-10) 417(-10) 1.27(-9)
- + _
o-DH" o-R  F 171.1 F 1946 156 1034 F 036  -0.08

wa1sAs 21do1osI 2H + |§| ayl ‘¢ Jardeyd
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2 H—3D system p—HD*  p-HDT  o-HD*  o-HDT p-DHY  o-DHT p-D} p-Dj m-Dj m-Dj o-DJ o-DJ

p-D> o-D, p-D> o0-D; HD HD p—H o-Hp p—H o-H p—H o-Hp
4.42(-11)  4.82(-11) 6.78(-10) 5.41(-10) 1.69(-11) 1.41(-10)
—H,D*  p-
PHDT pDe s -1.01 F F -0.23 0.85 -0.64 F F F -1.05 F
2.07(-11)  7.62(-11) 257(-10)  7.49(-10) 2.27(-10) 1.60(-10)
—H,D*  o-
P-HDT oD ggg -0.65 F F -0.55 0.60 F F -0.86 F 0.11 F
8.14(-11) 3.93(-11) 6.64(-10) 5.39(-10) 1.48(-11) 1.31(-10)
| + |
o-HD™  p-De F F 1.48 0.21 0.20 -0.44 F -0.62 F F F 0.18
3.95(-11) 852(-11) 2.74(-10) 8.75(-10) 1.63(-10) 8.01(-11)
| + |
o-HD" oD, F F 88.5 173 -0.36 0.53 F F F 157 F -0.94
ot pp  LSACLD  L17(11) 047(11) 468(11) 653(-10) 336} 145(11) 409(11) | . 1.09(-10)  3.70(-10)
P 1455 57.0 2373 146.2 -0.73 1.80 -0.69 -0.71 -0.78 0.52
oDyt mp 78012 212(11) 350(11) 7.79¢11) 2.90(10) 750} . . 1.36(-10) 2.07(-10) 1.10(-10) 2.84(-10)
202.2 107.6 285.1 196.7 483 0.04 -0.15 -0.10 -0.27 -0.38
2.21(-10) 1.77(-9) 1.69(-9)
Dt _
P-D; P o790 F F F 225.2 0.00 F F F F F
3.00(-10) 1.69(-9) 1.59(-9)
Df _
p-D; o—Hy F F g oo F F oat F F F F
1.65(-10) 9.57(-10) 1.69(-9)
—Df —
m-D; Pt F 344.9 F F F 2393 F F 0.00 F F F
1.90(-10) 1.53(-9) 1.68(-9)
Dt _
m-D]  o-H F F F g o F F F oo F F
1.07(-10)  7.85(-11) 9.43(-10)  6.89(-10) 1.69(-9)
Dt _
o-b; M2 o939 296.9 F F 237.4 189.7 F F F F 0.00 F
153(-10) 9.60(-11) 9.06(-10) 7.70(-10) 1.30(-9)
Df _
o-D; o-H F F 303.8 213.6 66.2 17.0 F F F F F -1.47
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Chapter 3. The Bl + H; isotopic system

1H-4D system

p-D,HT  p-DobHY  o-DHT  o-DH* p-Dj m-Dj o-Dj

p-D2 0-D, p-D, o-D» HD HD HD
. 245(10) 516(-11) 4.36(-11) 142(-10) 8.94(-11) 8.23(-10)
P-DHT p=D2 19 0.10 3.11 1.31 -1.00 F -0.13
om op, 3TACLD 162(:10) 105-10) ©12(11) 744(11) 2.98F 7.59(10)
P 85.9 0.29 35.6 3.65 0.11 0.16 -0.52
oDt pp, 36ACLD 192(10) 9.40(11) 111(-10) 687(-11) 210 652(-10)
P 50.0 -0.70 -0.33 -0.50 -0.85 -0.76 0.90
575(-11) 7.31(-11) 4.28(-11) 2.24(-10) 5.82(-10) 5.81(-10)
0-DH" oD 705 50.3 85.5 -0.85 F -0.08 0.40
. 2.77(-10) 2.24(-10) 1.50(-10) 6.91(-10) 7.75(-10)
Dy HD 5097 1448 1820 F 0.00 F 0.00
- 1.08(-10) 8.74(-11) 2.65(-10) 1.41(-9) 5.97(-10)
m-Dy  HD F 206.7 251.3 154.3 F -0.25 46.3
oo np  1A40(10) 163(-10) 108(10) 120(-10) 9.16(-11) 246F 1.17(-9)
3 247.4 1605 1984 1052 155 -0.23 -0.18
Nt DNt Nt Dt Dt DNt
5 D system p—D3 p-Dg m—D3 m-D; 0-D; 0-Dj
pD, oD, pD oD pD oD
4.03(-10) 4.61(-10) 4.75(-10)
e F F F -0.29 0.54
5.56(-10) 4.00(-10) 5.34(-10) 6.18(-10)
D! o- F F
P-D; oDy -0.77 21.7 68.9 0.77
mot pp, F  837C11) 487(10) 148(10) 111(10) 612(10)
3 -0.61 -0.37 -0.49 46.6 0.45
2.14(-10) 1.27(-9) 1.63(-10) 6.66(-10)
D! o- F F
m-D;  o-Dy 84.7 032 1305 45.8
obi pp, 537(11) 449(11) 4.47(11) 564(11) 576(10) 5.80F
3 b 15.2 -0.23 -0.26 0.72 -0.10 -0.19
oD o, 25111 7.74(11) 321(10) 278(-10) 3.24(-10) 9.10f
3 99.5 15.3 38.3 -0.47 85.2 -0.39
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CHAPTER 4

Overtone spectroscopy of H,D* and
D,H™ using laser induced reactions

O. Asvany, E. Hugo, F. Mller, F. Kihnemann, S. Schiller, J. Tennyson and
S. Schlemmer

Journal of Chemical Physid27, 154317 (2007)

he method of laser induced reactionigl. is used to obtain

high-resolution IR spectra of #0* and DH™ in collision
with n-H, at a nominal temperature of 17 K. For this purpose
three cw-laser systems have been coupled to a 22-pole ipn tra
apparatus, two commercial diode laser systems in the ral@@ 6
6600 cnm! and 6760-7300 cm', respectively, and a high power
optical parametric oscillator (OPO) tunable in the rang2&H0-
3200 cnm. In total, 27 new overtone and combination transitions
have been detected forbB™ and D,H™, as well as a weak line in
the vy vibrational band of HD* (229 — 11 ) at 3164.118 cm?.
The line positions are compared to high accurabyinitio cal-
culations, showing small but mode-dependent differenoeisg
largest for three vibrational quanta in thre symmetric bending
of H,D ™. Within the experimental accuracy, the relative values of
theab initio predicted Einsteil coefficients are confirmed.
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4.1 INTRODUCTION

The smallest polyatomic moleculeHhas since long fascinated chemical theorists, spectro-
scopists and astronomers due to its apparent simplicityrapdrtance in astrochemical envi-
ronments. This molecule, in which the 3 protons are heldttagen a triangle by a distributed
cloud of two electrons (three center-two electron bondihg} first been observed spectroscop-
ically in the laboratory by Oka in 1980 [1], and since then altfeof laboratory studies has
been conducted, including fundamental, overtone, contibimand hot bands [2].

For the investigation of cold interstellar clouds, the éeated versions of i, H,D* and
D,H™, are of even greater importance, first because they are ktmwrive deuteration pro-
cesses in these environments by ion-molecule exchangeom=ag3], leading to a wealth of
deuterated species [4]. Even multiply deuterated moledudee been discovered in prestellar
cores (see for example [5-10]), suggesting the importan@s}oin such environments [11].
Secondly, the D™ and DH™ ions posses a permanent dipole moment and can thus be de-
tected by their rotational lines. Although thgyt 114 line of ortho-HD™ was detected in the
laboratory in 1984 [12-14], it took a longsome search uht! k,D* ion was observed 1999
in the interstellar medium [15], and five years later alsogtiemillimeter detection of pH™
was reported [16]. Since then, the 372 GHz-line gbH has been used routinely to probe the
conditions in cold clouds [17-19], whereas thgHD detection is the only one so far.

Owing to their fundamental importance, there is a 25 yeaohisof laboratory infrared
spectroscopy of bD™ and DH™. The first few fundamental lines ofJ®* were observed by
Shy et al. [20] who used a Doppler-tuned fast ion beam methibddwe no specific rotational
assignments. Assignments were made as part of subsequeatcomprehensive cell discharge
measurements of the and vz vibrational bands by Foster et al. [21], while the band was
measured by Amano and coworkers [22, 23]. The correspomdadts for the DH™ molecule
were reported shortly thereafter [24, 25] by those two gsoufhe first detection of overtone
and combination bands was reported by Farnik et al. [26] edtected the\®, 2v3 andvo + v3
bands of HD* and D,H™ in a cold supersonic jet. As these light molecules cannotkeribed
very well by the Born-Oppenheimer-approximation, and alge to strong Coriolis coupling
in the DH™ ion, that study was guided by and compared to high-lekelnitio theoretical
predictions.

Computationahb initio procedures have been developed in recent decades to phoyidy
accurate level predictions for few electron systems. Fatomiics such as HD the com-
putations can reach an accuracy far better thar® In~! [27, 28] and experiments using
sympathetically cooled ions have been carried out to tesettpredictions [29, 30]. For the
electronically simplest triatomic, fiand its isotopologues, the predictions reach 'only’ near-
spectroscopic accuracy of better than 0.17¢rf26, 31]. This accuracy is still one order of
magnitude better than can be obtained for a many-electstersysuch as water [32].

For triatomics the high-accuraap initio calculation of molecular vibration-rotation spectra
involves the use of variational nuclear motion calculai¢d3] and a high accuracy potential
energy surface. For thejHsystem, Cencek et al. [34] calculated a potential energgseimwith
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an absolute accuracy of 0.04 th They also computed an electronic relativistic correcfmn
this surface, although this only has a very minor influenctherspectrum. Of more significance
are corrections due to failure of the Born-Oppenheimer @gpration [35-37]. Polyansky
and Tennyson [38] developed a high-accuracy model basetieoabt initio calculations of
Cencek et al., including in particular a refit of their aditda&orrection, and a model of non-
adiabatic effects based on the use of the effective vibrationasses obtained by Moss for
the H; system [39]. The predictive nature of this model has beeteddsy Farnik et al. [26]
and, more recently, by Hlavenka et al. [40] fopBit and DH™ ions, respectively. Given
their greater sensitivity to corrections to the Born-Ogpsmer approximation [35, 36], the
deuterated isotopologues provide a particularly strihggst of the theory.

For astronomical studies it is important to have accurate fiositions as well as reliable
transition intensities. Although such studies are basezkperimental line positions (e.g. [41]),
they have to rely omab initio predictions of the transition strength (e.g. [42]). Thereansider-
able indirect evidence that these transition strength&naeed reliable, but the measurements
by Farnik et al. [26] raised some doubts about this issuterisive tests on the theory [43] failed
to identify any significant errors. Therefore, testing takability of the linestrength predictions
is one of the objectives of the present study.

This work uses the technique of laser induced reactiong)(to obtain high-resolution
overtone spectra of D+ and DH™. In contrast to the direct absorption spectroscopy methods
listed above, the transitions are detected by the actiomefldser light on the ion species,
as for example an induced chemical reaction with.n(see below). Several examples of the
feasibility of this approach for Elisotopomers have already been published [44—46]. This work
is organized as follows: The spectroscopic aspectamfdte summarized and an introduction
is given to the low-temperature 22-pole trapping apparassvell as the three laser systems
used in this work. In the results section the measured avelttioe positions are summarized
for Ho,D' and DH™ and also some new data for the transition of HD™ are shown. These
experimental results are then compared to the theoreiticaditio predictions, line positions as
well as EinsteirB coefficients. Furthermore, the measured Doppler widthstaednfluence
of Coriolis coupling and Fermi resonances are discussec prasent work provides basic
spectroscopic tools to probe the rotational level popaitatif the presented ions, which will be
the topic of a follow-up publication [47].

4.2 EXPERIMENTAL ASPECTS

4.2.1 Laser induced reactions (LIR) of HoD* and DoH™

LIR belongs to the family of "action spectroscopy” methods wehiire influence of the laser
light on the mass-selected ions investigated is monitogeddbecting changes induced to the
trapped ion cloud composition. Detection is usually achikvery efficiently using an ion
counter. In the special case ofR, changes of the rate of an endothermic ion-molecule reactio
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serve to detect the excitation of the parent ionic specidss @ffers not only the possibility

of doing very high sensitivity spectroscopy on transiemisi¢a number of only 1000 ions per
trapping period is sufficient), butik can also yield, for example, information on state-selected
reaction rate coefficients, inelastic collision rate cagffits, lifetimes of excited states, or the
population of rotational states.

Recent examples of this method include the IR spectroscbgyechighly fluxional Cl-gf
molecule [48-50], the laser induced charge transfer inystem NZ+ + Ar [51], and the spec-
troscopy of the infrared active stretching and bending omsti[52-54] of GHJ via the ab-
straction reaction §I—|§r +H, — C2H§j + H. In this latter scheme, the endothermicity of about
50 meV (= 403 cm?) is overcome by the rovibrational energy of the laser excit®lecule.
More recently, also the overtone spectroscopy and thesjporeling population and tempera-
ture diagnostic has been demonstrated fgrikireaction with Ar atoms at a nominal tempera-
ture of 50 K [44], and a similar work has been carried out fgHD [45].

Here the lowest rotational states of[i and DyH™ are probed by exciting their overtone
and combination transitions and also using thédand for BHD*. While the fundamentab,
band is well studied [22, 23, 31, 55], and the states pfitdve been explored up to high levels
of excitation [2], the experimental search for overtongibmation rovibrational transitions of
H,D* and D,H™ has only recently started [26]. In the following, the basioqesses of interest
for the spectroscopic aspects aRlare summarized with help of Figure 4.1 fopBi", but are
similar for D,H™. For LIR of H,D™, the exchange reaction

HoD* +Ha — HE +HD (4.1)

is used. This reaction is endothermic by about 232 K fgldH in the lowest rotational statg
and about 146 K for the the, 1 ortho state (see the dashed line in the Figure), and its lbvera
rate coefficienk has been measured to be small at low temperatures. Adamsnaitid [S6]
measured a value of@x 10~10 cm®s~1 for the reaction with n-KHat 80 K, and Gerlich et al. [3]
obtained a value of 8 x 10~11 cm®s! at a nominal temperature of 10 K. The slowness of this
reaction at low temperatures rendengispectroscopy feasible by first exciting the ion (with
rateR), starting from the ground vibrational lev@, 0, 0)

HaD"((0,0,0), KKy + oo > HaD™ (v, V5, 3), JKGKY) (4.2)
into a particular ro-vibrational level. Heréy, v,, v;) indicate the quanta in the three vibrational

modes of HD™. Once excited, the $D" ion can react much faster with akarget molecule
(with rate coefficienk* > k),

HoDF (V4 Vo, V), Y KLKL) +Hy =5 HE + HD | (4.3)

leading to an enhancement in the counts gf ptoduct ions. Thus, by counting these product
ions as a function of the laser wavelength, i®4spectrum is obtained. For maximal signal
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counts in the IR-experiment, the collision rate with the neutral reactiantper H should be
similar to the decay rata of the excited HHD™" ion:

ke-[Ho] > A . (4.4)

In the above relation, [b] is the number density of the neutral reaction partner ginem3).
The rate coefficienk; for the collision of HD™ with H, can be assumed to be the Langevin

rate coefficienk_, which is calculated to bl ~ k. =1.80x 10° cm®s 1 (1.74x 102 cm®s 1
for DoH™).

W
H.D + H
3v,
+
H. + HD
2004 2, 2
X
2 Lo
2 1004 1,
S Y
)
o
+
H,D
ot ] 0Oco
para ortho

Figure 4.1: LIR-spectroscopy exploits the change in speed of an ion-miéeeaction to detect
the excitation of the ion involved. For the spectroscopy eDH the collision with H, reac-
tion (4.1), leading tho the ionic product{Hs used. This reaction is endothermic by 232 K as
indicated by the dashed line. As only the lowest rotatioeatls of D™ are populated at the
low temperature of the experiment, the reaction is iniialbw. Its speed can be substantially
increased by exciting the ion prior to collision with the hholecule.
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4.2.2 22-pole ion trap apparatus

The experimental procedure is described using the setuprshioFig. 4.2. The central part

of this apparatus is a 22-pole ion trap which has been destiibdetail by Gerlich [57, 58].
The H,D* parent ions are generated in the storage ion source by tamzaf hydrogen gas
containing D admixtures of several percent (5-15%). Alg Hsotopologues are produced by
reactions of the type H+ H, — HJ + H and subsequent exchange reactions with the neutral
gas. The ionization energy is kept at about 22 eV to allow foetiicient production of the
parent ions. By trapping the ions in the source, the pressuhe precursor gas mixture can be
kept below 10° mbar and the produced cations are cooled to the source tatapepf 350 K

by collisions. Low source pressures are essential for e bf experiment because gases
leaking into the trap region would disturb the chemistryr¢he

The first mass filter is operated in a mode to admit only ionf wiasses greater than 3 u
(i.e. kD™, (D3), DoH* and Dj) into the 22-pole ion trap. This allows spectroscopy to be
performed on all of the admitted ions simultaneously. iBhpurities, with mass 4 u, react very
fast to form H isotopologues in the hydrogen environment of the trap. Wstiae average
number of BD™ ions injected into the 22-pole trap is about 700. The trapriieed by a RF
power of 17 MHz frequency and aboug = 15 V amplitude. In its field, the ion cloud is
typically stored for 1 s embedded in a cold na-glas environment and exposed to the tunable
IR light. The number density of {H(commercial grade 6.0) is abouts10° cm=2 to offer
enough collision possibilities with the excitedBt™ within their lifetime. The trap temperature
is kept at its lowest possible value. The closed cycle heteiinigerator to which the trap setup
is mounted has a nominal temperature of 10 K at its tip. A teatpee of (174-1) K is measured
with a silicon diode sensor at the trap housing on the oppassite of the cold head tip.

After the storage period, the content of the trap is extrthateass selected in the second
guadrupole mass filter and the ionic reaction produ;f:tiﬁcounted in the Daly-type ion detec-
tor. The experiment is run in a shot-by-shot mode, i.e. teerlés tuned to the next frequency
step and the process thpping/irradiation/reaction/detectiors repeated again, by which a
spectrum is recorded. The shots can be repeated severaldinie same frequency to improve
the S/N ratio.

4.2.3 Laser systems

Two different laser systems have been used for the expetiniéme first set of lasers were
Agilent 8164A diode laser controllers with diode laser miedu81642A and 81480A oper-
ating in the frequency range of 6097 - 6622 ¢n(1510-1640 nm) and 6757 - 7299 cf
(1370-1480 nm), respectively. The output power was vargwvegr the frequency ranges with
a maximum of about 5.5 mW. The diodes could be tuned and canpantrolled with a pre-
cision of 0.0001 nm (i.e. about 0.0005 th= 15 MHz). The intrinsic linewidth of the lasers
is specified to about 100 kHz, but exhibits broadening to rs¢\WHz due to frequency jitter.
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4.2. Experimental Aspects

Figure 4.2: Schematic setup of the trapping apparatus as used for Ladecdd Reactions
(LIrR). The ions are generated and collected ingterage ion source mass selected in the
quadrupolamass filter 1and then stored in th22-pole ion trap. This trap, consisting of 22
RF-electrodes forming a cylindrical structure (see ingstinounted on a closed cycle helium
refrigerator. On entrance the ions are cooled down to theearhbryogenic temperature by a
short intense pulse of cold He atoms. During the storagegefitypically one second, the ions
are subject to reactant gas molecules and turlabl light (coming from the right through the
axially transparent setup). The result of this interact®detected by extracting the stored ion
cloud intomass filter 2and counting the number of product ions in tetector. By repeating
this process while scanning the IR laser, an IR action spectf the stored parent ions is
recorded.

The calibration of the diode lasers were first checked with Burleigh wavemeters of the
type WA-1500. As these calibrations turned out to be ingieffi;c the Agilent lasers have been
compared to HO and CQ absorption lines which are tabulated with a precision bettan
0.001 cn! in the HITRAN database [59]. In total, the laser line posianeasured in this
work are accurate within 0.002 crh  The laser light was sent via an optic fiber to the laser
table of the trapping machine, where it was steered via awatbr, a Cak lens, a flip mirror
and a differentially pumped vacuum window [60] into the 28epion trap, see Fig. 4.3. No
nitrogen flushing was necessary on the short path of the talske, as the water absorptions in
the investigated frequency regions are quite weak.

The second laser system used in the experiments was a qreathetric oscillator (OPO)
operating in the 3um region. This OPO is a homemade high-power tunable cw system
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ZnSe and/or polarizer ion trap apparatus
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power meter

Figure 4.3: Setup of optical components on the laser table attachecettrdbping machine.
A flip mirror mount allowed to change between the laser ligithe commercial Agilent diode
lasers and the homemade OPO system. As the OPO power is mhit@up to 50 mW), several
attenuators (ZnSe windows, a KRS-5 window and a polarizavebeen used to weaken the
laser power to levels below 1 mW. By means of the KRS-5 windosvlieam is split and the
relative power is measured.

which photons from a pump YAG-laser at aboag= 9394 cnr (1064 nm) are splitin a PPLN
(periodically poled lithium niobate) crystal into signatdaidler photons according tax +

W = wp [61]. The idler beam of the OPO is tunable in the range 260000311 and can
reach a maximum power of 50 mW. For high precision deterrionaif the lines two Burleigh
wavemeters have been used to measure simultaneously goefiaes of the pump and signal
beam, giving an accuracy of about 0.003dmWhere lower accuracy was required only one
wavemeter was used to measure the signal beam, assumingrtipefgequency did not vary
appreciably. As shown in Fig. 4.3, a KRS-5 window was used lasaan splitter to send about
13% of the laser power to the 22-pole trapping apparatustandemaining 87% into a power
meter. The idler beam could be further attenuated to sub-roWéplevels by additional beam
inserts.

The OPO has a short-term intrinsic linewidth of some kHz asthaility of several MHz
during the trapping time of 1 s [61], which is much smallerrtithe Doppler widthop =
70 MHz of the corresponding transitions (see following exs). Problems arose initially due
to mode hops of the OPO system, rendering the spectrosctiioyli This problem was solved
by the data acquisition software, which rejected any daitstpavhen the wavemeters indicated
frequency jumps during trapping time.
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4.3 Ab initio PREDICTIONS

The line positions and corresponding wavefunctions weitated using the model of Polyan-
sky and Tennyson [38]. Nuclear motion calculations werégpered in Jacobi coordinates with
the DVR3D program suite [62] and used basis sets optimizepr&vious studies [43]. Einstein
A coefficients were calculated using thle initio dipole surfaces of Rohse et al. [37].
Variational nuclear motion calculations only use the r@g@ quantum numbers of the sys-
tem, for D™ and DH™ these are the total rotational angular momentynparity p, and
the nuclear spin state (ortho or para). Here approximatatidnal, (v1, v, Vv3), and rotational,
(KaKe), quantum numbers were assigned by hand based on a simpjsiardithe energy pat-
terns in the two systems. This procedure is not general amtéehard to apply for bD™ and
D,H™ as they show strong Coriolis effects which leads to strongjngibetween vibrational
states. However, the present experiments were performeenaiow temperatures meaning
that only states starting from tlle= 0, 1 and 2 states of the vibrational ground states needed
to be considered. For these lairstates the sparsity of levels means that the assignmenrts cou
be made unambiguously. The systematic errors shown byeliffddands which are discussed
below (section 4.4.2) acts as confirmation that this assggmiprocedure is indeed correct.

4.4 RESULTS ANDDISCUSSION

4.4.1 Detection of HoD™and DoH™ transitions

Second overtone and combination bands

The H,D™ transitions were measured by applyingrlto reaction (4.1), while the laser excited
D,H™ ions were detected by counting the same product igf) @ the similar reaction

D2H+ +Hy — Héi_ +Ds , (4.5)

in which the excited BH™ ion transfers a proton to the hydrogen molecule. Theseschemes
have proven to work well in a previous study in which the fumeatal bands, andvs of
H,D* and D,H™ have been excited by the powerful free-electron laser FEI]. That
the respective ions are indeed responsible for the increfasg counts in their LR-spectra
has been checked by mass spectrometric means in selecesd ¢as the line detections the
density of the H reactant was about 4 10'° cm~3, the trapping time was between 1 and
2 s, and the laser power varying from 1.5 to 5.5 mW. The trap keas at its lowest nhominal
temperature of about 17 K. Therefore, only transitiongistgufrom the lowest rotational levels
of HoD™ (see Fig. 4.1) and fH™ could be expected. The detections were guided by high
accuracyab initio calculations, from which the strongest transitions fagjlinto the wavelength
range of the lasers have been selected for the search. Asarpkx the strongest transitions
detected for D ((0,2,1) &1 « Ogo) and one weak transition fordbi™ ((1,1,1) Go < 1o1)
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Figure 4.4: Two representative combination band transitions measuitcthe Agilent diode
laser, the strongest peak fop Bt at 6466.532 cm?! ((0,2,1) 41 < Ogo), and one of the weakest
peaks measured foraBlt at 6581.112 cm® ((1,1,1) Qo < 1o1). The storage times were
1.5 and 2 s, respectively, and the laser power is indicatetidrfigures. The constant3H
background count of several hundred ions per trap fillingldessn subtracted. The,B™ peak
shape follows a Doppler profile, yielding a fitted kinetic {gmature of (2#2) K.
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Table 4.1: Second overtone and combination transitions eDH (in cm™1) detected with
the diode laser systems. The overall experimental accusaayout 0.002 cm!. Theab initio
transition wavenumbers and Einstdlg coefficients (in s1) are taken from a line list [63]
which was calculated according to the procedures descid@8]. From this list, the lifetimes
of the upper states = 1/Ait were determined. Also, the Einstely, coefficients have been
calculated from thé,; according to equation (4.8) and normalized to the strorgassition at
6466.532 cmt.

transition this work calc Aul Aot 0J/9 By

(0,3,0) Qo+« 1o1 6241.966 6242.121 7.08 154.7 1/3 0.21
(0,3,0) X1+ 150 6270.392 6270.544 2.13 156.9 3/3 0.19
(0,3,0) ko« 117 6303.784 6303.941 3.36 1545 3/3 0.29
(0,3,0) H1+ 0o 6330.973 6331.127 1.21 158.7 3/1 0.31
(0,2,1) Qo+ 117 6340.688 6340.778 9.36 268.1 1/3 0.27
(0,2,1) b1+ 110 6369.460 6369.557 6.04 267.4 3/3 0.51
(0,2,1) %o+ 191 6433.742 6433.833 4.64 270.3 3/3 0.38
(0,2,1) 2p+1;; 6459.036 6459.133 2.47 269.8 5/3 0.34
(0,2,1) %1+ 0pp 6466.532 6466.635 4.10 2716 3/1 1

(0,2,1) 33+ 21» 6483.576 6483.681 3.86 282.7 7/5 0.44
(0,2,1) 25+ 191 6491.349 6491.451 4.49 266.8 5/3 0.60
(0,2,1) 21+ 10 6573.837 6573.925 3.64 280.7 5/3 0.47
(0,2,1) 20+ 1;7 6589.412 6589.505 2.49 280.9 5/3 0.32
(1,2,0) Qo+ 1p1 6945.877 6945.868 10.25 105.2 1/3 0.22
(1,2,0) X1+ 119 6974.252 6974.253 5.54 117.0 3/3 0.36
(1,2,0) ko« 117 7004.803 7004.794 5.10 1055 3/3 0.33
(1,2,0) 1+ 0gp 7039.362 7039.366 3.72 121.4 3/1 0.70
(1,2,0) 2,+1;; 7066.839 7066.878 3.60 191.0 5/3 0.37
(1,2,0) 2o« 191 7077.529 7077.560 4.05 170.9 5/3 0.42
(1,2,00 27+ 130 7105518 7105.505 3.38 129.9 5/3 0.35
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Table 4.2: Second overtone and combination transitions gHD, for explanations see Ta-
ble 4.1. For comparison, also two transitions measured BZBRWDS [40, 45] are listed. The
values of the Einsteil, coefficients given here are about three times smaller thasetfor
H,D™, making the detection of fHT somewhat more difficult. The EinsteB), coefficients
are given relative to the transition at 6536.319¢m

transition thiswork Ref[40] calc Au Aot 0J/9 By

(1,2,0) 1+ 10 6466.936 6466.916 2.41 160.9 3/3 0.49
(1,2,0)0 41+ 0p9 6482.033 6482.011 0.53 1496 3/1 0.32
(1,2,00 20+ 1;; 6518.523 6518.511 1.88 151.1 5/3 0.62
(1,0,2) %o+ 1lp1 6524.010 6523.987 1.27 165.2 3/3 0.25
(1,2,0) 25+ 1p; 6535.953 6535.950 6535.943 2.28 157.4 5/3 0.75
(1,0,2) %1+ 0p9 6536.319 6536.319 6536.301 1.68 1711 3/1 1
(1,1,1) Qo+« 1lp1 6581.112 6581.141 4.35 255.1 1/3 0.28

are shown in Fig. 4.4. To increase the S/N ratio, the scan g@esated 10 times for the strong
H,D* signal, while averaging over 30 scans was necessary for the" peak shown. The
background of H ions has been subtracted in both cases. The good S/N ratidstr of the
measured peaks allowed their relative positions to be miéied to better than I¢ cm™1, but
the total accuracy was limited by the calibration of the @itaksers with an accuracy better than
2 x 1072 cm~! (see experimental section). A total of 2@t and 7 DH™ lines have been
detected which are summarized in Tables 4.1 and 4.2 togeiitiertheir assignments. Also
given in the Tables are thab initio computed transition wavenumbers and the Einstgin
coefficients (u=upper, I=lower) [63]. The total decay camssAwt = 5| Ay Of the upper states
have also been calculated from a comprehensive list of sankitions. Whiled, characterizes
the decay of the excited ion back into the specific state wiheagne from Aot gives the overall
decay rate of the upper state. More interesting in the cakerois the effective decay constant
Actt, Specifying the time the excited ion needs to cascade baclkhe ground vibrational state:

Ayl < Aett < Aot -

(4.6)

For the transitions summarized in Tables 4.1 and 4.2, tleetfe decay constanfss of the
corresponding upper states have been calculated by sadvammplete rate equation system
including all relevant rovibrational energy levels. Thi®ogedure is similar to that described
by Kreckel et al. [64]. By solving the rate equations, an @ffee decay constamfie between
25 and 35 st has been determined for various upper levels of both spetieis quantity is
an important parameter inik as to guarantee that the excited ions meep addction partner
before fluorescing back to the vibrational ground state,rekion (4.4). For example, asH
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Table 4.3: Transitions (in cm?) of the (1,0,0) band of bD* detected with the OPO sys-
tem, for further explanations see Table 4.1. The accuratyeo©PO-measurements using two
wavemeters is 0.003 cm and thus similar to the accuracy of Amano and coworkers [3P, 2
Theab initio calculated values [63] were published by Ramanlal and Teom{31].

transition thiswork Ref. [22] calc Ayl Aot 049 By

Ogo < 101 2946.805 2946.802 2946.826 53.167 53.4 1/3 0.318
110 137 3003.279 3003.276 3003.304 27.509 53.4 3/3 0.466
lo1 < Opp 3038.182 3038.177 3038.198 20.353 539 3/1 1
210177 3068.850 3068.845 3068.860 20.088 54.3 5/3 0.532
202 — 1o1 3077.611 3077.626 24.757 54.8 5/3 0.650
211 < 110 3094.671 3094.690 19.302 54.6 5/3 0.64
200 191 3164.118 3164.149 1.5976 53.1 5/3 0.04

number density of at least-410'° cm~3 and a collision rate coefficieft=1.8 x 10~° cm®s~1
for HoDT + Hy, yields a collision rate of more than 72% which is high enough to compete
with the effective raté\es given above.

For H,D™, the measured transitions fall into three well separatédational overtone or
combination bands, each of them containing at least twotquarthev, bending mode. Itis
interesting to note that the different character of theswlbas mirrored in the decay constant
Aot (see the corresponding column in Table 4.1), as well as irdiffierence to theab initio
computed transition wavenumbers (section 4.4.2). The saimee for D,H™. The transition at
6581.112 cmi, the only one measured for the (1,1,1) band, has an uppédnthea remark-
ably short lifetime, and it also exhibits a different offsethe calculated frequency values (see
Fig. 4.6 lower) than the otherdbl™ transitions. The rest of theJBi™ transitions belong to the
(1,2,0) and (1,0,2) bands which are mixed by Fermi resorsafsee section 4.4.3). Accordingly,
their lifetimesAiot Show similar values.

vy vibrational band

In a further series of experiments, the:B cw-OPO laser system has been used for the spec-
troscopy of they; band of HD™ and to evaluate the feasibility of probing the low-temperat
rotational population. This band was detected 25 years gdoriano and Watson [22, 23], and
later partly reassigned by Kozin et al. [55]. Table 4.3 litts 5 lines measured with the OPO
laser and compares them to previous experimental and atédNalues. The transitions from
low rotational states presented here agree well with thdtseeBom Amano and Watson [22],
while the calculated values from Ramanlal and Tennysong8&in to be systematically higher
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Figure 4.5: HoD transition in theyy vibrational band (2o < 1o1) at 3164.118 cm! as mea-
sured with the OPO system. It was predicted by Ramanlal andyE®n [31] to be at 3164.149
cm~L. The detection of this weak transition was possible by dsppthe high cw-power of
24 mW at this frequency. The Doppler width of aba=75 MHz confirms the low kinetic
temperatures of the ions.

than the experimental values by about 0.02 éifsee next subsection for a general comparison).

The fundamental band, of H,D™ is much stronger than the overtone and combination
bands by a factor of about 50. This can be estimated by ingestome values of\, from
Tables 4.1 and 4.2 in relation 4.8. Additionally, the Dopplgdth of a transition reduces as the
frequency of a transition is loweredi ~ vp). Therefore, only very low power was needed for
the v, band and the OPO power was therefore attenuated by seveyed {$ee Fig. 4.3). For
example, with an Einstein coefficieBf, = 1.3 x 10" m%/(J-s) for the Jg; < Ogo transition at
3038.182 cm?, a laser power oP=0.1 mW is sufficient to excite the cold ions (27 K) with
arateR~ 4.9 s'1. The full power capabilities of the OPO system could be destrated by
a hitherto undetected line which was predicted by RamanldlT@nnyson [31] at the position
3164.149 cm! with a very small Einsteir\, coefficient of only 1.598 s! (Table 4.3). For
the measurement of this line, all attenuators have beem takeof the beam line (Fig. 4.3)
and a full idler power of about 24 mW at the correspondingridsgiuency was directed to
the ion trap. The z) — 1o1 line measured with the cw-OPO is depicted in Fig. 4.5, and its
line position is determined to be at 3164.118¢min the Figure, the Kl signal counts were
background corrected (about 500 background ions) and nizeddo the measured laser power.

120



4 4. Results and Discussion

The Doppler width of this peak and all other transitions @& i band have measured values of
aboutop=75 MHz. Subtracting the slight broadenings caused by tloevtavemeters and the
jitter of the OPO on the timescale of 1 second leads to sirkitetic temperatures of the B ™

ion as measured with the Agilent diode lasers at higher wavders (see section 4.4.4).

4.4.2 Comparison of experimental to computed line positions

The experimental line positions compiled in Tables 4.1 ulglo4.3 are compared to the high
accuracyab initio calculations in Figure 4.6 together with other experimewtark on funda-
mentals [21, 22, 24, 25] and overtone/combination bandgj@8ormed over the last 25 years.
The previous experimental work on the fundamentals wasechaut in discharge tubes and
therefore the elevated ion temperatures allowed a wealltined to be detected, from which
only the transitions from the 4 lowest rotational levels@epicted in Fig. 4.6 for simplicity.

As can be seen, the deviations between experiment and thleovya clear dependence on
the specific vibrational band; a systematic dependenceead¢kiations on rotational quantum
numbers could not be observed. Heavier molecules violagethe Born-Oppenheimer approx-
imation, and indeed the differences between experimentaledlations are visibly smaller for
the heavier BH™ molecule, even though non-Born-Oppenheimer terms araded explicitly
in theab initio predictions. The greatest deviations between calculaimmhmeasurements are
seen for the bending mode in H,D™, and with three quanta in this mode the vibrational band
(0,3,0) reaches a maximum deviation of 0.15¢émlt has already been observed in cw-CRDS
experiments [40], that thab initio model developed by Polyansky and Tennyson [38] is better
in predicting stretching frequencieg;(and vs) than frequencies for the, bending motion.
Furthermore, for D™ the v, andvs, and the 2, and 23 states show an approximately equal
and opposite error in thab initio predictions. This is precisely the behavior expected from a
less than complete treatment of Born-Oppenheimer failBéé [This effect is less marked for
D,H™ for which, in any case, the errors and Born-Oppenheimeectian terms are smaller.

In the (1,2,0) band of kD there are two transitions at 7066.839chand 7077.529 cm'
which fall outside the band group in Fig. 4.6. These two titéorss also show a highet in
Table 4.1. The reason for this differing behavior is mosbpatuy that these levels are subject
to Coriolis coupling (see next section) with rotational lewels of the band (0,0,3) (which is
not measured in this work). The magnitude of the C-axis disrmupling is proportional to
the quantum numbe{, [26]. The strong deviation only for these two transitionsghelies on
upper levels withK; = 2 and apparently on near-accidental degeneracies.

4.4.3 Coriolis coupling and Fermi resonances
The spectroscopic assignments of the fundamantaind v; vibrations of HD* and DH™

were already hampered by the fact that these modes are dooplthe Coriolis interaction
[21, 25]. Both HD' and DyH™ belong to the @, symmetry group and the bending mode
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Figure 4.6: Comparison of experimentally determined fundamentalftone and combination
transitions of HD* and DyH™ to high accuracyb initio calculations [31, 38]. The measured
transitions comprise the fundamentals [21, 22, 24, 25],esfirst (Farnik et al. [26]) and some
second overtone and combination transitions (this workpefmental accuracies are marked
by error bars. Although deviations from the Born-Oppentegiapproximation are explicitely
included in theab initio predictions, the deviations ford®™ are visibly greater than for fH+.
For H,D™, the deviations depend on the specific vibrational baagv,,v3) and are greatest

when there are 3 quanta in the bending mogle
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and the antisymmetric stretal (with symmetries A and B, respectively) can couple by a
rotational motion with symmetry B which is in fact the rotation about the out-of-plane C-
axis. Farnik et al. [26] also observed strong Coriolisptmg between the combination band
(0,1,1) (symmetry B) and overtone (0,0,2) (symmetry; Afor both molecules. For fH ™, the
small difference in band origing\(o ~ 18 cnT!) leads to large shifts and in fact inverts the
zeroth-order asymmetric top level structure in severdahimses.

Similar resonance effects can be expected for the secomtboeeand combination bands of
H,D* and DbH™ which are only qualitatively discussed here. From the deteebD* bands,
(0,2,1) (symmetry B) can couple to the other two bands (0,3,0) and (1,2,0) (be}tby C-axis
Coriolis coupling, although the difference in band origsggests that only (0,3,0) and (0,2,1)
are substantially perturbed. These two bands\ae~ 113 cnm ! apart, see the vertical arrow
in Fig. 4.7 (upper), and therefore the level shifts have atiredly small magnitude, preserving
the asymmetric top energy pattern.

For DoH*, both the (1,2,0) and (1,0,2) bands are close in engkgy+ 67 cni 1) and have
symmetry A. Thus they are mixed by Fermi resonances, and therefordtihegional assign-
ments given in Table 4.2 have to be taken as an approximaBased on this approximative
band assignment, the degree of perturbation is more praeduthan for HD ™, see Fig. 4.7
(lower). From the simple symmetry arguments, there is almeols coupling between (1,1,1)
and the other two bands, although of small magnitude.

4.4.4 Kinetic temperature of ions

The stable and reliable operation of the commercial diogleriapermitted to measure spectro-
scopically several properties of the trapped ions, as famgte their kinetic temperature. As

indicated before, the measured Doppler temperature obtieis higher than the nominal tem-

perature of the trap. It is of special interest to determirgerhain influence on this discrepancy,
as also discussed by Mikosch et al. [44]. In particular, tiiliénce of hot gases leaking from

the ion source, of the laser power and of the RF field have e=ted. Applying the relation

OD:\/%V(), (4.7)

the kinetic temperaturé of the ions has been calculated using the ion nmassd the fitted
Doppler widthap. Under normal operating conditions, the ion temperaturéifd* has been
measured to be (272) K (corresponding tap ~ 150 MHz), using the trapping parameters
Vp=15V andf =17 MHz (see section 4.2.2), and moderate laser power of 2 ne&/Kgy. 4.4).
For DoH™, the measured Dopper temperature was determined to belgvegiew K. Allowing

an excess of hot gas (300 K) from the source region to leakdadh trap did not have a
measurable impact on the ion temperature. This is probalmytal the fact that the hot gases
entering the ion trap are readily thermalized. Likewisey@punced heating of the ions by
the laser could not be detected. A laser power in excess of 2anipretended a heating
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Figure 4.7: The lowest rotational levels of 4" (upper) and BH™ (lower) for the bands of
interest. The level positions are taken from #ieinitio linelist [63] which was obtained using
the methodology described in [31, 38]. FosHD", the 7 levels actually probed by spectroscopy
(see Table 4.2) are drawn thicker. Due to the difference mdlmigin of 113 cnm? for H,D*
(vertical arrow), the (0,2,1) and (0,3,0) bands are onlyptedi by a small Coriolis effect, thus
preserving the asymmetric top energy level patterns. RHbt'Dthe band origin difference for
(1,0,2) and (1,2,0) is quite small (67 cr), leading to strong mixing by Fermi resonances.
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4 4. Results and Discussion

effect by saturating the peak maximum and thereby appgrbrdbdening the measured peak,
giving it a non-Doppler profile. For this reason, specialecasas used to employ low laser
power when determining the Doppler temperature. The mdsteable effect on the kinetic ion
temperature was caused by the amplitude of the RF voltagasleasy to heat the ions by using
RF voltage amplitudes beyoMd=50 V. As an amplitude increase should not lead to higher ion
temperatures in an ideal multipole trap, this effect cay belexplained by imperfections (patch
fields) or by a direct heating of the trap by the RF power. Stilvas difficult to obtain kinetic
ion temperatures substantially below the above mentioffel,2ven when approaching the
lowest possible RF amplitudes of ab&gt10V. Thus, there is a discrepancy of about 10 K to
the nominal trap temperature of 17 K.

Numerical 3D simulations of a single ion moving in the 22etilap were performed to
attempt resolving this discrepancy. These computatideesitao account the combined effects
of the elastic collisions with the He buffer gas, the perfieét multipole field, as well as the
electrostatic field of the endelectrodes [65]. Space cheffgets were neglected due to the low
number of stored ions. Similar calculations for other typesultipole traps have been pre-
sented by Gerlich [58]. As pointed out in that work, the RFdfief a multipole trap conserves
the energy of the ion after reflection from the effective RHIsyaand it is only by including
buffer gas collisions that heating effects occur. Theséimgaffects depend on the trap geom-
etry and multipolarity, the RF frequency, and also on thenentral mass ratio. Preliminary
results of our simulations thus show that a temperatureass of about 2 K can be explained
by collisions of the HD* ions with the He buffer in the RF field, and a further 2 K inceeas
can be expected when the influence of the electrostatic ffelteeendelectrodes (shown in the
inset in Fig. 4.2) is included into the simulations. Thisatelely small heating effect is due to
the favorable ion-neutral mass ratio, in contrast to anvaréble case as for example}H-
Ar, where a pronounced heating effect has been observed [A4ummary, only about half
of the temperature discrepancy of 10 K can be explained bgpleeation of a perfect ion trap,
while the remaining temperature increase is probably chbgdrap imperfections or potential
distortion [44, 58], but also the kinetic energy releasexatiermic exchange reactions with
o-Ho (or traces of HD or D) could play a role.

4.45 Measurement of relative Einstein B, coefficients

Tables 4.1 through 4.3 list theb initio calculated coefficientd, for spontaneous emission for
all transitions. In laser probe experiments likek|.the quantity of interest is the coefficient for
laser absorption, the Einstdy, coefficient, which can be obtained using

_ G CA
lu g 8mthv3
whereg, andg, are the rotational degeneracigs= (2J + 1) of the upper and lower states.

These calculate®), coefficients are also included in the tables, and for sintglibey have
been normalized to the respective strongest transitiand D" and DH™.

(4.8)
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Table 4.4: Calculated and measured relative EinstBjn coefficients for several groups of
transitions starting from the same rotational levels §DH or D,H™.

transition line position/ cm! laser power/ mW  meaB, calcBy,
H,D™
(0,3,0) J1+ Ogo 6330.973 4.0 0.320.02 031
(0,2,1) %1+ Ogo 6466.532 1.8 1 1
(0,3,0) Lo+ 111 6303.784 5.0 0.29 0.29
(0,2,1) Qo+« 111 6340.688 5.3 0.2#0.03  0.27
(0,2,1) 2o+ 113 6459.036 4.1 0.35:0.04 0.34
DoH™
(1,2,0) 41+ Ogo 6482.033 3.8 0.330.02 0.32
(1,0,2) 41+ Ogo 6536.319 1.6 1 1

If one wants to measure the rotational level population ofcdecular species, it is impor-
tant to know how reliable the predictions for the (relati3g) coefficients are. The simple fact
that allab initio predicted lines have been found in this search, gave us tifeleace that the
calculatedB, coefficients are relatively correct within, say, a factoRoflo get a more quanti-
tative picture, relativ@®,, coefficients have been measured using transitionsBriHand DyH™
starting from the same rotational level. Special care has eken in these measurements not
to saturate the signals by applying too much laser powereliyegprobably skewing the ratios.
Table 4.4 gives an overview of the measurements where gafuesatively strong transitions
have been selected to compare the measured relative caetfBgj to the calculated ones. With
the stable and computer-controlled diode lasers, thessureraents could be done in an au-
tomated fashion: The laser was tuned iteratively to the mari of the respective peaks, and
the background-corrected counts divided by the laser pygie&ted the relative strength of the
transition. If necessary, the slight difference in Doppigiths for distant peaks was accounted
for (because it is the area, and not the maximum of the peaghwhatters).

As seen in Table 4.4, the applied experimental method is tabieeasure the relativigy,
coefficients within 10% of error, as determined from sevargbmated runs. The agreement
between experiment and calculations is surprisingly gaod,the different strength of the three
transitions starting at the;1rotational level in HD* is also well reproduced. A similar good
agreement within overtone/combination bands ¢fiD has been reported by Farnik et al. (see
their Fig. 7b), although statistically significant discamgies have been found comparing the
fundamental band; to overtone/combination bands ibBI" and DH™ [26]. Anyway, as
the determination of rotational populations requiresBhecoefficients to be relatively correct
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within the applied band, the good agreement in Table 4.4 migtgives a solid basis for the de-
termination of rotational populations [47], but also sustgehat the overall reaction probability
of the excited HD™ or DoH™ ions with H, does not depend on the type of combination band or
rotational state. This is astonishing, as it is known th#éedent fundamental vibrational modes
can have different reaction probabilities, as is for exanthk case for gH] + H, [52, 53].
One reason of this mode-independence is probably the fatthk excited states considered
lie well above the reaction endothermicity of 170 thand that the highly excited ions have
several different possibilities to react in collisionswit, while decaying.

4.5 CONCLUSIONS AND FURTHER EXPERIMENTS

The initial motivation for this research is to understand thle of the nuclear spin in low-
temperature ion-molecule collisions, and thereby expllagnrotational populations of ions at
cryogenic temperatures and its dependence on the o/pefatiee H, collision partner. Such
information is crucial to fully understand the processewrtemperature interstellar clouds,
in particular deuteration processes.

The present work describes the spectroscopic tools needeadh this final goal. Apply-
ing the method of laser induced reactiong), several laser sources have been used to excite
rovibrational transitions of bD™ and D,H™ when embedded in cold nafjas. Of the hitherto
used laser systems (free-electron laser FELIX [46, 66], ORfilent commercial diode laser),
the diode lasers are ideal to probe the level populationd@edplore rate coefficients of the
collision systems, due to their easy computer controlleztaion and stability.

An excellent agreement between experimentamohitio calculations has been observed for
the line positions and (relative) Einstddrcoefficients. Especially the latter fact is of paramount
importance not only for the astronomical community, bubaihen reliable rotational popu-
lations have to be determined in laser probe experimentsh 8xperiments, accompanied by
microcanonical simulations, are currently performed at lthPhysikalisches Institut in Koln,
using n-H and p-H as low-temperature collision partners.
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Context. The high degree of deuteration observed in some prestaltasdepends on the

ortho-to-para H ratio through the I§§I fractionation. Aims. We want to constrain the or-
tho/para H ratio across the L183 prestellar core. This is mandatoryteectly describe the
deuteration amplification phenomenon in depleted cords asit. 183 and to relate the total (or-
tho+para) HD™ abundance to the sole ortho-Pbt" column density measurememdethods.
To constrain this ortho/paragatio and derive its profile, we make use of theEIN'/NoH™ ratio
and of the ortho—bD " observations performed across the prestellar core. Wewsssimple
chemical models limited to an almost totally depleted cagscdption. New dissociative re-
combination and trihydrogen cation—dihydrogen reactaias (including all isotopologues) are
presented in this paper and included in our modeksults. We estimate the pD* ortho/para
ratio in the L183 cloud, and constrain the brtho/para ratio : we show that it is varying across
the prestellar core by at least an order of magnitude beifigysty high (=~ 0.1) in most of
the cloud. Our time-dependent model indicates that thegdtasscore is presumably older than
1.5-2x 10° years but that it may not be much older. We also show that itdeched its present
density only recently and that its contraction from a uniiadensity cloud can be constrained.
Conclusions. A proper understanding of deuteration chemistry cannotttaénad without
taking into account the whole ortho/para family of molecdigdrogen and trihydrogen cation
isotopologues as their relations are of utmost importanahe global scheme. Tracing the
ortho/para H ratio should also give useful constrains on the dynamicalugion of prestellar
cores.
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Chapter 5. Chemical modeling of L183

5.1 INTRODUCTION

Studies of the earliest stages of star formation have beeming in the last ten years with
the advent of new receivers acquiring better spatial andisgeesolution. Prestellar cores are
dense and cold cores where gravitational collapse has hotgared. In the densest regions of
the core (where, is larger than a few 10cm~3) most heavy molecules containing Carbon,
Nitrogen and Oxygen seem to deplete onto the dust grainsragdight ions remain in the gas
phase. There has been extensive observational evidené2 an€CS depletion in the center of
prestellar cores [e.g. 1-5] which seems to be typical of thgrty of dense cores. Nitrogen—
bearing species like CN, Nfand NbH™ appear to subsist longer before freezing-out onto the
dust grains [6-8].

In conditions under which heavy species are depletedahtl H; (and its deuterated counter-
parts) are the most abundant ions subsisting in the gas .pHaBg has been widely detected
and mapped in protostars and prestellar cores [9-11] thrdagrtho fundamental line, with
abundances large enough to be explained by the CO deplegomnyfobservations. Although
difficult to observe from Earth, the fBi™ molecule has been detected with its para line in the
source IRAS 16293E [12] with an abundance similar to thes#h D™ molecule as suggested
by Phillips and Vastel [13].

Consequently many theoretical studies germinated whicluded all the deuterated forms of
the Hj ion [e.g. 14, 15]. However all nuclear spin states (orthotangara, corresponding to
the spin state of the protons or deuterons) must be takemaatount in order to compare with
the observational sets. Moreover the thermicity of the &ollbackward reactions strongly de-
pends on the symmetric state of the species. Though thernc#uaf the ortho/para Jtatio on

the chemistry of HD™ [16] has been described several years before the first deteaftthe

ion [17], it is only recently that this particular, spin-saependent chemistry has been studied
in detail [18, 19].

The motivation for our study is sparked by the many deutdrateservations performed in
the L183 prestellar core (PSC) and the main aim of this payterstudy the ortho/parasHatio
from some of these deuterated species observations. Teftbdd, we constrain two chemical
models including all the symmetric states of,HD-, H§ and its deuterated counterparts with
observations of ortho—4D", combined with previous pH* and N.D* observations. These
models have been set up using recent dissociative recotidrimates computed for {and
its isotopologues as well as all non negligible reactioesdtetween pand H; and their
isotopologues (both presented for the first time in this pape
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5.2. Observations

5.2 OBSERVATIONS

5.2.1 Deuterated H

We first observed the ortho-B™ (and para—BH™) with the Caltech Submillimeter Observa-
tory (CSO) monopixel receiver and subsequently took acugnbf the newly installed Hetero-
dyne ARray Program, 16 channel 350 GHz band ("B-band”) (HARRamera on the James
Clerk Maxwell Telescope (JCMT) to fully map its emission.

CSO observations

The D™ and D:H™ observations were carried out at the CSO, between Augudt20dApril
2005, under good weather conditions (225 GHz zenith opaditays less than 0.06). Scans
were taken, using the chopping secondary with a throw’pfi8ing the reference position:
2000 = 15" 54™08°.50 anddygo = —02° 52 48",

The 345 GHz (respectively 650 GHz) sidecab receiver with aviz acousto-optical
spectrometer backend was used for all observations withvarage velocity resolution of
0.04 km s1 (respectively 0.02 kms"). At the observed frequencies of 372.421385(10) GHz
for the D™ (110-111) and 691.660483(20) for the,BI™ (110-101) lines [21], the CSO 10.4
meters antenna has a HPBW of about 20d 11’ respectively. We performed a cut in dec-
lination across the main dust peak in L183 betweer (30") and (30,100') for H,D* and
concentrated on the reference position foHD. The system temperature was typically 1000
to 2000 K for D' and 2500 to 3500 K for BH™.

The beam efficiency at 372 GHz (respectively 692 GHz) was nredn Saturn and Jupiter
and found to be- 60% (respectively- 40%) for point sources. Pointing was monitored every
1 hour and half and found to be better thdh 3f the emission is extended compared to the
beam size of CSO, as appears to be the caseDr'Hhen the efficiency is about 70% at 372
GHz and 60 % at 692 GHz. The data reduction was performed ts#1QLASS program of the
GAG software developed at IRAM and the Observatoire de Gyerand the LTE data analysis
with CASSIS developed at CESR (http://www.cassis.c@sr.fr

JCMT observations

The JCMT observations were obtained during semester O7ériice mode, using the HARP-
B 16 pixel camera (one pixel, located in a corner, was unalka). A third of the observations
was obtained in Jiggle—-chbmode and two thirds in Position switch (PSw) mode. The Jiggle
chop mode appeared to be no faster, the displacement oflédsedpe in PSw mode seeming
minor compared to other overheads, and because the Jiggie-rcode works in the Nyquist
regime each pixel receives much less integration time th&Sw mode. As adjacent pixels

http://www.jach.hawaii.edu/software/jcmtot/retismodes.html
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Figure 5.1: CSO map of the o—pD* (110-111) line. The position is indicated in arcsec-

onds for each spectrum and the (0,0) position correspondsdgy = 15" 54™ 08850,
dooo = —02 52 48’. The Y-axis represents the antenna temperature.
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5.2. Observations

Table 5.1: Line parameters from the JCMT and CSO observations. Théipasiare offsets to
the dust peak emission apggp = 15" 54™ 085.50, dpp00 = —02° 52 48’. For non—detected
lines we give the & upper limit. For JCMT and p—fH™ at CSO, we give both the Monte-Carlo
(MC) and the LTE column density estimates.

JCMT
Position rms v Av T:  N(-HDHZL N(o-HD"Pe  tafre
@) (K) kms?t kms?! K cm—? cm 2
(-45,0) 0.08 0.049 0.3 0.11 3.6%0 2.910°2 0.11
(-30,0) 0.08 0.049 026 0.28 8.1%0 8.1102 0.31
(-15,00 0.09 0.049 051 041 2.0%0 1.3 10° 0.49
(0,00 0.09 0.049 041 057 2.3%0 2.0103 0.77
(15,00 0.08 0.049 047 0.6 2.0%0 1.5 103 0.57
(30,00 0.08 0.049 039 0.21 8.1%0 5.7 10 0.22
(45,00 0.08 0.049 050 0.13 3.6%0 3.4107 0.13
(60,0) 0.08 0.049 <0.06 <1.8102 <1.610% <0.06
CSO
Positon rms  év Av T N(o-HD")Pre  tadfse
@ (K) kms?t kms?! K cm—?
(0,130) 0.08 0.077 <0.1 <3.010? <0.1
(0,110) 0.08 0.039 050 0.25 8.0%0 0.28
(0,90) 0.08 0.039 043 0.36 1.0%0 0.42
(0,70) 0.08 0.039 0.40  0.39 1.1%0 0.47
(0,50) 0.10 0.039 0.36 0.64 2.0%0 0.95
(0,30) 0.08 0.039 050 0.48 1.8%0 0.63
(0,00 0.10 0.039 041 0.66 2.4%0 1.00
(0,-20) 0.06 0.039 056 0.33 1.2%0 0.38
(0,-40) 0.10 0.039 048 0.30 9.5%0 0.34
Position rms  ov Av Ty N(pE-DHMje NE-DHN)SHe  tadre
@) (K) kms?t kms?t K cm—? cm 2
(0,00 0.07 0.042 <0.07 <24103 <1510° <o0.48

& Column densities have been computed after averaging spctymmetrical distance from center.

b Column densities and opacities have been computed withra beapling correction of 70% for both JCMT
and CSO.

¢ Upper limit column density and opacity have been computet wibeam coupling correction of 60% at
CSO.
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Figure 5.2: JCMT map of the o—bD* (110-111) line. The dust peak position [20] is indicated
by a cross and correspondsdgygy = 15" 54™ 08°.50, 5000 = —02° 52 48”. Contour levels
are 0.1, 0.2 and 0.3 K knT3,

had the same off spectrum subtracted, spatial average tigiveomuch improvement and we
subsequently changed to Position switch mode becausemtegpation on weak signal appears
more important than Nyquist sampling for this work. In PSwdaowe made 22 pointings to
fill the gaps in the camera, achieving thus a full beam samgpliwo such sets were performed
to cover the main dust peak and its northern extension (FAyith one pixel row overlap
between the two.

Most of the observations were run in band 1 weathess6, < 0.05) while a few were
done in band 2 weather leading to rapid degradation of theesytemperature. The source
was observed only above 40 to°¢fevation and band 1 weather system temperature was in the
range 500-1000 K depending on the pixels and on the elevaliorobserve both pD* and
NoH™ (J:4-3)(at 372.672509 GHz), we tuned the receiver half vetween the two lines and
used a frequency resolution of 61 kHz so that the backendi@myer both lines at once.

Data pre-reduction was done with Starlink software (KAPBMURF and STLCONVERT
packages) and subsequently translated to CLASS formanfarri2duction.
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5.2. Observations

5.2.2 CO depletion and dust content

All other observations used in this paper have been obtandgublished previously. The dust
content of L183, both in emission and in absorption has besaoribed in Pagani et al. [20; 22].
The source size is half a degree and contains a long filaméending on~6'from north to
south. Two peaks are clearly visible, one just south of thadieiof the filament (which we call
the main peak) with an opacity ef150 A, and a second one/r®rth of the first one (the north
peak) with an estimated opacity 670 Ay. These peaks have the characteristics of prestellar
cores. Most of the filament has an opacity above 40 A

Two large scale €0 and G’0 maps obtained with the Kitt Peak 12-m telescope fail to
trace the dense filament [5]. It is now well-established thatis due to depletion of CO onto
grains. Surprisingly, the opacity at which the depletiogibe (~20 Ay) is twice higher than
what is usually observed in other clouds [e.g. 2, 23, 24] ¢ still appears at a density-@

x 10* cm~3) which is a typical depletion density threshold [5]. Pobsithe low density enve-
lope, where depletion has not yet occurred, is very extemdéds cloud (which is confirmed
by its large influence on the'®0 (J:2-1) line intensity [25]. Finally, the depletion facia
volume for CO has been estimated to be 43 on average [5] oimehefl sight of the main dust
peal; and is probably much higher in the inner part of this edrere density is above & 10°
cm—°,

5.2.3 NyHT™ and N,D*

NoH* and ND* have been mapped at both low [Kitt Peak 12-m, 5] and high (IR30A
m) resolutions. From the high resolution data, a strip ¢ngsthe main dust peak has been
extracted and published [7]. In that paper, we performedtaildd analysis of the pH™ and
No,D* emission with the help of a Monte-Carlo model treating elyattte hyperfine structure
and line overlap of these species. We derived several pdymioperties, namely : a maximum
density of 2x 10° cm~3, with a radial dependence proportional to* rup to 4000 AU and
proportional to T2 beyond, a kinetic temperature of Z (1) K, a slight depletion of BH* in
the inner 3000 AU of the core and a deuterium fractionatiofctviis non-measurable at 40
AU (< 0.03) and reaches0.7 (= 0.15) in the center. As far as we know this is the highest
fractionation reported yet for a singly deuterated spediags may however not be exceptional
when compared to the detection of triply deuterated spgdiedND3 [26, 27] and CROH [28]

or to the fact that most reported fractionations are linasight averages and not derived from
detailed profiles.
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Table 5.2: Source parameters: distance from the core centgiigtisity, NH™ abundance
and ND*/N,H ratio. The position is measured away from the PSC centegalmR.A. axis
[from 7].

Position H density NHT™ abundance BD'/NoH™
(AU) (arcsec) (cmd)

0 0 2.09 16 2.40E-11 0.69t 0.15
1310 12 9.2319 8.50E-11 0.42t 0.05
2620 24 5.3319 1.10E-10 0.25t 0.02
3930 36 3.2219 1.53E-10 0.16t 0.03
5240 48 1.86 19 1.27E-10 0.06t 0.02
6550 60 7.08 16 1.00E-10 <0.03

5.3 ANALYSIS

We present 3 models in this paper : a Monte-Carlo model to coengbD "™ and DH™ line
intensities, a chemical steady-state model and a chenmoaldependent model.

Compared to previous works, we benefit here from two new deatsetficients and a large
set of observations in a PSC. Thg H H, (+isotopologues) set of rate coefficients are extracted
from the PhD work of E. Hugo in advance of publication and tl}fe(blnd deuterated counter-
parts) recombination rates have been computed for this impM Kokoouline and C. Greene
and are presented in Appendix 5.B. Rate coefficients, as stmdpy E. Hugo, describe all
possible interactions between trihydrogen cation anddiibryen isotopologues, including re-
active and non-reactive, elastic and inelastic collisioages, while recombination coefficients
describe the dissociative recombination (DR) rates of/thibgen cation isotopologues. Both
works take into account all the ortho, para anq [neta states.

5.3.1 Line emission

We have analysed the line emission of both orthgbH and para—BH™ using a two-level
Monte-Carlo code [adapted from 29] with our new collisionaéfficients. Because the tem-
perature of the PSC is around 7 K for both the gas [7] and the[@0s 22], the possibility
to populate the next rotational levekd = 212 at 114 K and 75 K above ground level for
ortho—HD™ and para—BPH™ respectively, is so low that it can be safely ignored. With tiew
coefficients, the critical densities are 1x110° and 4.9x 10° cm™2 respectively and thus the
lines are close to thermal equilibrium in the inner core.He tase of ortho—4D™*, the differ-
ence between LTE~2.0+ 0.25 x 10 cm~2) and Monte-Carlo{2.3+ 0.25 x 103 cm~2)
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Figure 5.3: 0—Hy,D™ (110-111) Spectra across the main dust peak. East and west sides$dme fo
together and fitted with a Monte-Carlo model. Density andperature profiles are taken from
Pagani et al. [7]. Spacing between spectra i§ 15

column density estimates is typically 10—-15% in the ditof the dust peak.

The para—BH™ line has not been detected [see 11] and tleetgper limit corresponds to
a total column density 0f-2.4 x 10'® cm~2 using the Monte-Carlo code. The LTE estimate
yields~1.5 x 1013 cm2,

5.3.2 Deuteration

H3 ions are formed at a rate 0.géby cosmic ray ionization of bi[15, rapidly followed by

a reaction with another #to form HJ] and destroyed in reactions with neutral species and
in dissociative recombination with free electrons, nagdyi charged grains and possibly neg-
atively charged polycyclic aromatic hydrocarbons (PAHsIn prestellar cores, the primary
reservoirs of hydrogen and deuterium argatd HD, respectively, with HD/p= 2(D/H)cosmic

~ 3.2 x 107° [30]. The proton exchanging reaction offHvith H, partly regulates the 4
ortho—to—para ratio but has no effect on the &bundance. Concurrently, the reaction with HD
forms H,D™ and this primary fractionation is then followed by the suhgnt fractionations
and produces gH* and D [13, 14]:

Hi + HD «— HuD" + Hy + 232K (5.1)
H,D*+ HD «— DoH" + H, + 187K (5.2)
D,HY+ HD «— Di  + Hz + 234K (5.3)

The backward reactions are endothermic with an energydrartiabout 200 K (when con-
sidering only the ground level for each species) and weneghtto be negligible at the low tem-

+
peratures found in prestellar cores 20 K) in which case the abundance rati[éké”M

n+105 ) n=0,1,2
would be greatly enhanced. However, such enhancement climibel by various processes
(see Fig. 5.4):
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Figure 5.4: Main reactions involved in the }}|chemica| network. When CO andchNire de-
pleted, the reactions with bold arrows are dominant.

« dissociative recombination ofH(and its deuterated counterparts) with free electrons or
negatively charged grains (and PAHS).

* reactions with "proton-friendly” molecules such as CO ahdwhich destroy the trihy-
drogen cations to produce HCGand NoH™

« ortho—H which can react with the deuterated trihydrogen cation @milove the Deu-
terium (see below)

In this modeling, we introduce the backward reactions tcaéqus (1), (2), and (3) as we
distinguish between ortho, meta and para states of thaeliffespecies. When these reactions
are completely neglected, the deuteration fractionasaronsiderably enhanced and observa-
tions towards pre-stellar cores cannot be reproduced [dd¢ed, the importance of considering
ortho and para states of various H/D carriers in the cheynstirihnydrogen cation and isotopo-
logues was first discussed by Pagani et al. [16] and substyge&panded in a series of papers
by Flower and coworkers [15, 18, 19, 31, hereafter colletyiveferred to as FPdFWNot
only is this important to compare the chemical model prédict on the abundance of,B™
to the sole observations of the orthooli" species but also because some important reactions
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are much faster with ortho—than with para—H hence not anymore neglectabladeed, the
170K internal energy of the lowest ortho-tevel (J=1) is large with respect to the tempera-
tures of concern and can significantly enhance the Boltznfeator of endothermic reactions.
In some cases, reactions which are endothermic with paraahl turn out to be exothermic
with ortho—H i.e. fast and temperature independdntfact, the ortho—to—para ratio of flis
found to be a crucial parameter for the whole deuterium clsémi

The key reactions involving ortho—tre essentially with meta-D para—DH™ and ortho—
H,D™ as well as para—4D " (see rates in Appendix A) because the internal energy ofrthe-e
H, alone is not enough to overcome the endothermicity of reastil to 3. Thus only those
species which have also an internal energy high enough @gothle sum of the two inter-
nal energies is higher than the endothermicity of reactibns 3) can react with ortho—H
at the Langevin rate in cold gas. Thus, the three reactiommdvimg ortho—H with meta—@,
para—DH™ and ortho—HD™ present exothermic or thermoneutral channels to rehydiaige
the cations forming respectively orthozB", para—HD™" and ortho/para—§ while the reac-
tion between ortho—H2 and para-i~ can efficiently convert the latter to ortho-BI*. The
ortho—H molecule thus opens a path to climb the 4 step energy laddk&iflan para—DH™ to
H3 via para—HD™ and ortho—HD™ which can be very efficient in presence of large orthg—H
fractions. However, this efficient ladder scheme does raduiite Dj because the conversion of
ortho—D,H™ to para—BH™ is strictly forbidden in collisions with bland very inefficient in col-
lisons with HD. Nevertheless, these reactions can be agstimit to the isotopic fractionation
of ng hence of other species. Any chemical model which includag&&im chemistry must
distinguish between ortho and para states of dihydrogerirdnairogen cation isotopologues
and include reactions between the different spin statéssolg Pagani et al. [16], Flower et al.
[19; 31] and the present work.

5.3.3 CO and N, chemistry

The CO and M abundances are critical parameters in the deuterationeofthion. CO is
expected to freeze-out onto the grain mantles at large tienéa few 16 cm3) and low tem-
peratures€ 20 K) [e.g. 1, 3, 5, 32, 33]. With an Nbinding energy similar to the CO binding
energy [34, 35], these two molecules are expected to belanvardy. However, observations
towards prestellar cores prove thatHN™ (produced from N) remains in the gas phase at larger
densities than CO. This can be explained by the fact th&t™Nis mainly destroyed by CO
[5, 36, 37], so that the CO freeze-out implies a drop in therdeson rate of NH*. This
would partially balance the lower formation rate due to theffdeze-out. ConsequentlypN™

is observed to survive in the gas phase at higher densiti#8(cm3). In the case of L183,
we have shown that M ™ partially survives but suffers from depletion at densiteating at
~5 x 10° cm~2 to reach a factor 652 at the core centreN2 x 10° cm~3). Because of grow-
ing Deuterium fractionation, D™ abundance still increases towards the PSC center until the
N, depletion becomes predominant over the Deuterium enhasemnd in turn, the pD*
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abundance slightly decreases in the inner most part of ttee[¢p
The NbD* and NbH™ ions can be produced via the following routes:

H:J;r + N — N2H+ + Hy (5.4)
H2D+ + Ny — N2D+ + H (1/3) (5.5)
— NpHT + HD (2/3) (5.6)

DoHY + N — NoDT 4+ HD (2/3) (5.7)
— NpH" + D2 (1/3) (5.8)

D;r + Ny — N2D+ + Dy (5.9)

We assumed that all thejHsotopologues react at the Langevin ragg With N2 (which is
inversely proportional to the square root of the reducedsneéshe colliding system, hence to
the mass of the H3+ isotopologue) and that deuterium andolygdr nuclei are equiprobably
transferred. ConsequentlygkiH,D ", D.H* and Dj respectively produce af:NoH™ ratio
of 0:3, 1:2, 2:1 and 3:0. The measured ratio of #.D0.15 in the center of L183 thus implies
significant fractions of BH™ and Dj. It has been shown [15] that in the case of complete
depletion of heavy species (C, N, O)§ Bvould be the dominant trihydrogen cation isotopo-
logue which would imply that BD" be more abundant than,N™. This is not the case here;
nevertheless the ™ deuterium fractionation is a good constraint to the abuodarfithe four
trihnydrogen cation isotopologues in our chemical model.

At steady state (d[pH"]/dt=0 and d[ND™]/dt=0), reaction 5.4 and its isotopic variants
(5.5 to 5.9) being the main path to producelN" and NbH™, we obtain :

[NoDT]  [H2D*]+2 [D2H '] +3 D3] (5.10)
[NaH] ~ 3[H3]+2 [HaD 1] + [D2H ] |

This ratio has been measured in the cut throughout the L188 R&C. We describe in the
following how our method can provide an estimate of the dghm HhD " ratio using this vari-
able and subsequently, of the ortho/patearétio itself as well as some indication of the cosmic
ionization rate and mean grain size.

5.3.4 Grain distribution

Recombination of ions with electrons on negatively chargeih surfaces is an important pro-
cess since it can be much faster than in the gas phase, dipiecthe case of H [38]. The
negatively charged grain surface area is therefore a d¢paiameter [we can safely ignore pos-
itively and multiply negatively charged grains, advocaietie very rare in cold environments,
38]. The grain size distribution in prestellar cores is umkn since it mostly depends on grain
condensation and also on ice condensation [e.g. 10]. Wéasdreating the grain radiugras

a parameter of the model, assuming all the grains to havathe size and the dust to gas mass
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ratio to be 0.01. Different values could be advocated [faregle, in places where depletion
is important, the ices increase the dust mass by up to 25%hut3he net result is to change
slightly the average grain size which is not well-constediim the PSCs in any case.

The focusing effect of the Coulomb attraction between ab@rparticles and oppositely
charged grains has been included using the Draine and S@&{jifdrmalism:

Jz=-1)= <1+ %) <1+ \/%) (5.11)

whereT is the reduced temperature£ agrkT/ez, e being the electron charge, k the Boltzman
constant). Therefore the recombination rate of theiéh on a negatively charged grain can be
expressed as:

8kT
Kgr = ™y

where g, is the grain radiugyy is the hydrogen mass and S is the sticking coefficient (8.
The latter represents the probability that a colliding sgewill stick onto the grain surface. For
ions, Draine and Sutin [38] concluded that the sticking iceht should be unity. The same
computation can be made to estimate the recombination fatiner ions, I—{ H,D™, DoHT,

D3 ,--- by a simple correction on the atomic mass of the ions (rebadetkg/v/3, kgr/\/Z,
kgr/\@, kgr/\/é, --+). In the case of collisions between charged particles anttalegrains, the
attraction due to the polarization of the grain by the chadnggrticle can be expressed through:

Jz=0=1+ \/g (5.13)

Therefore the sticking rate of electrons on neutral graamshe expressed as:

mag, (Sx J(Z2 = -1)) (5.12)

8kT ~
ke = ﬁnaér(Sx J(z=0) (5.14)
wheremg is the electron mass and S is the sticking coefficient. S isitaboity [39] for a
planar surface but curvature of the grain surface will tenittiuce this parameter. However we
will use in the following a factor of about unity as this pamrter did not seem to have a large
influence on the results in our runs.
The grain abundance [gr] can be expressed using:

mHZfd/g
9 = a5
Ta50

whered is the mean grain density (assumed to be 3 g%nﬁd/g is the dust—to—gas mass ratio,
andmy, is the mass of molecular hydrogen. Another important patame our model is the

(5.15)
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abundance of the negatively charged graiigg] < [gr° + [gr]). At steady-state, assuming
partial depletion of CO and Nand total depletion of all the other heavy species:

L~ g e~ forTH ke
[0 ][H3 kers — [0 ][H2D ke
—[9r7][D3]kgre — [9r™][D2H " Tkgrs
—[gr J[N2H " Jknh+ — [9r7][HCO' ko
0 N o~ 07 PO oo =0 (5.16)

We have neglected here HDDj, He', etc

5.3.5 Steady-state chemical model

The code we describe in the following is used to calculatestbady-state abundances of the
chemical species found in the different layers of the L1&%w@llar core as listed in Table 5.3.

In the steady-state approximation the abundance speeiastarlinked via their production
rates and their destruction rates (production=destmtio
Since H} is produced at a rate 0.96the H" abundance can be expressed as (including only
the main reactions) :

0.04¢
NH, ( le"]krec + [Or JKgr )

Ht] = (5.17)

The main production path of His via cosmic ray ionization of Hland proceeds in two
steps :

{+o0-H — o-H +e (5.18)
{+ptH - pH e (5.19)

and Hj rapidly reacts with another +to form HJ but the branching ratios between different
combinations of spin states are non-trivial [40] :
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p-Hy + p-H, — p-Hj + H (5.20)
p-Hf + o-H, — p-H{ + H (2/3) (5.21)
— o-Hy + H (1/3)

o-Hj +p-H, — p-Hf +H (2/3) (5.22)
— o-Hj + H (1/3)
o-H} +o-H, — p-Hj +H (1/3) (5.23)

— o-Hj + H (2/3)

These are different from those advocated by FPdFW who toakdhing ratios of 1/2 for both
species. The ortho—ngormation rate from cosmic ray ionizationk, is therefore the sum of
several terms:

Ker—o = 0.96 ( 1/3 [p—Hg][0-H}] + 1/3 [0-Hy][p-Hj] + 2/3 [0—Hy][0—H;] ) (5.24)

The production rate for ortho-Hcan be expressed as (including only the main reactions. The
rates are listed in Table 5.3) :

(Ker—o + NH, ( [0—Hp] [0—HoD ¥ 1K 1o00d + [P—Hg ][0—Hz] (kOpoop+ KOpooo)
+ [HD|[p~H; Klpgos ) (5.25)

which represent respectively the formation from cosmiciomyzation, backward destruction
of ortho—HDwith ortho—H, spin conversion of para-Hwith ortho—H and finally, spin
conversion of para—fiwith HD.

The destruction rate for ortho4Han be expressed as (including only the main reactions):

My [0—H5] (&7 Joeca + [0—H)(KOoopp-KOoopo)
+ [HD](K1od pd+ Klodpo+ Klodop+ Klodoo)
+[COlkeo + Nalknz + [or kg ) (5.26)
which respectively represents its destruction by dissiveiaecombination with electrons, spin

conversion with ortho-bl spin conversion and deuteration with HD, proton trangksttions
with CO and N and finally, dissociative recombination on grains.
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Similarly, the para—El formation from cosmic ray ionization can be expressed as:

-p = 0.96 ( [p-Hel[p-H{] + 2/3 [p-Hl[o-Hj] +
2/3 [o-Hyl[p-Hj] + 1/3[0-Hpl[o-Hj] ) (5.27)

The production rate for para4Hs:

{erp + Mhi (- [HD][0—H5]KLodpa + [0-H ) [0-Ho) (KOoopp+ kOoopo)
+ [0-Ha] [o-HoD* K Loopd + [0—Ha] [p~HoD* K Lpopd ) (5.28)

and the destruction rate is :

NH, [p—H3+] ( [e_] p—krecl + [O_HZ] (kopoo p+ kopooo)

+[COlkeo + Nalknz + [or Jkgn ) (5.29)

The N, abundance has been solved numerically to obtain the olub&lalgt abundance.
Electronic abundance is adjusted to reach equilibrium.

In our steady-state model, the ldrtho/para ratio, the average grain radius and the cosmic
ionization rated are the varying input parameters. Within each layer of th€ R®del (Table
5.3), these parameters are adjusted to match the following:

* the H, density

» the bDT/NLHT ratio at 7K

« the observed ortho—<4D* column density

« the upper limit on the p—gH™ column density

Though the full range of grain sizes and ortho—to—pagaatios have been explored for each
H, density, we have not allowed solutions in which, for examitie grain size would oscillate

from one layer to the next. We have searched solutions faeth®o parameters all through
the layers which are either constant or we have allowed griam to increase and ortho—to—
para H ratio to decrease with theJlensity. In any case, was kept constant throughout the
layers. We neglected detailed reactions withd3 Flower et al. [18] have shown that its role is
negligible in general and we have kept the HD abundance aonathich is generally a good

approximation.
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5.3.6 Time-dependent chemistry

In a second step, we have constructed a pseudo time-dependdal based on NAHOON, a
chemical model, a version of which has been made publiclyabla by V. Wakelari. We have
modified this model in two ways : 1) we have replaced electresy. ion) reactions with neutral
(resp. charged) grains as provided in the Ohio State Untyg@SU) reaction file (delivered
with NAHOON) by the set of equations described above (Se8t4and 5.3.5), which we have
directly included in the program, to take into account Caubdocusing; 2) we have included
the formation of HD and R on grain surface and we have introduced the spin state @ind
D, taking the usual assumption that they are formed with thiesstal ortho/para spin state
ratio of 3 and 2 respectively. We have used the formationpaideided in Nahoon (& 10~/
cm® s 1) for the formation of molecular hydrogen. Because grairscavered by ice in the
environments here concerned, we consider that the onlsactien between the atoms and the
surface is physisorption. In this case, the formation rafddD and D, (in cm® s71) is twice
lower for HD and 168 times lower for B with respect to H formation [as dicussed in 41]. In
environments where grains are not covered by icy mantletheoother hand, one would have to
consider chemisorption which strongly changes the effaemof the formation of HD and D
[42]. Finally, we have reduced the set of species and reatmour needs, limiting ourselves to
the most important reactions (see below) but differemtéaéll ortho and para (plus metasp
species as independent species and including all the etates between trihydrogen cation
and dihydrogen isotopologues as computed by E. Hugo (sde 5&c7) including spin state
conversions. We have however included more reactions th#reisteady-state model, taking
into account reactions withDHZ , He™, etc. and allowing the ortho/paraatio and the HD
abundance to vary.

The main path to convert ortho-thto para—H is via the reaction

o-H + HT — p—H, + HT (5.30)

which proceeds seven orders of magnitude faster at 7 K tlearetterse reaction.

5.3.7 Rate coefficients

Many groups have made available gas-phase rate coeffici€hts University of Manchester

Institute of Science and Technology (UMIST) Database fardchemistry contains informa-

tion on 4500 reactions of which 35% have been measured expetally, some at temperatures
down to 20 K [43]. The OSU group provides approximately thesalatabase but focuses
more on low temperature chemistry. We accordingly use imoaaleling some of the reactions
in the latter (with the most recent version OSU2007), cosrand) the low temperatures found
in L183. Apart from the rates calculated by E. Hugo, V. Kokiboeland C. Greene that are

2http://www.obs.u-bordeaux1.friradio/VWakelam/Vaiee®620 Wakelam/Downloads.html
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presented below, all reaction rates involving Deuteriuvehaeen taken from FPdFW (except
recombination on grains for which we have used differenkstg probabilities). We have given
up the odd branching ratio of M ™ dissociative recombination reported by Geppert et al. [44]
to consider a single possibility, namely the liberationlef tinitrogen [45].

H3 + Hy isotopologues reaction rates

Phase space theory (PST) was used to derive thermal statatéarate coefficients for the whole
H3 +Hy — HJ + H2 system and isotopic variants in the temperature range 5-B0IK statisti-
cal method accounts for such quantities as mass, energgipral angular momentum, nuclear
spin symmetry and their respective conservation laws. Thedic hypothesis which is a reg-
uisite for PST as well as the full-scrambling hypothesisam®umed according to the topology
of the PES [46, 47]. Reactants (products) trajectoriesragdd with the classical Langevin
model. The resulting set of state-to-state rate coeffisieiviates from the detailed balance
principle by few percents at worst and is well consistenhwitermodynamical equilibrium
constants. Details will be given in a forthcoming publicat{Hugo et al., in prep.)

In the present astrochemical model, nuclear spin statégedafifferent molecules are treated
as distinct species but their rotational states are notideres individually. We thus made the
assumption that only the rotational ground states of eackeauspin species were populated
and used the ground state-to-species thermal rate coefficdbtained by summing ground
state-to-state thermal rate coefficients over the prochenticels.

HJ isotopologues dissociative recombination rates

The dissociative recombination (DR) rate of Hhas a long story behind it due to the high
difficulty to measure it experimentally. Since the early sw@aments e.g. by Adams et al. [48],
numerous attempts have been carried out and summarizea ipapers [49, 50]. In parallel,
theoretical work has also been developed with the lates¢aement published by Fonseca dos
Santos et al. [50]. Extending upon that work, we present,hierable 5.4, the Kl updated
DR rate [50] along with newly calculated,B ", DoH", and D DR rates (see appendix B for
more details). These calculations do not predict the briagctatio of the DR products. We
have thus adopted the branching ratios published elseVih&r&4] which we have applied to
the calculated rates. The resulting DR rates at 7 K are list&edble 5.3. Several remarkltyable
effects at low temperature are visible (see Figs 5.10a53.00c, 5.10d) :

* the strong departure of ortho%l—DR rate from that of para—}’-l The difference is a factor
of 10 at 10 K.

» D,H™ shows a large DR rate drop, by a factor of 10 at 10 K for bothamehd para
species compared to the extrapolated value used by FPdFW.
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+ On the contrary, a large increase of thg DR rate is predicted to occur but mostly at
temperatures where deuteration is low and therefore thsecprence on D abundance
is limited.

5.4 RESULTS ANDDISCUSSION

5.4.1 H,D™ linewidth

In order to fit the observed ortho-B™ line profiles, we run the Monte-Carlo model using the
"best model” velocity, density and temperature profileswdel from the NH™ and Nb\D ™ data
analyzed in Pagani et al. [7]. However, the linewidth for tive stronger spectra (offsets (0,0)
and (1%,0), Fig. 5.3) is too wide to be reproduced with the same mizndulent width which
we have used for pHT (Aviun(FWHM) ~ 0.14 km s'1). Indeed, the central spectrum linewidth
measured by fitting a gaussian, yields 0.4903) km s 1. The thermal contribution being

AVinerm(FWHM) = 2.336x ,/%T —0.28kms? (5.31)

at 7 K, k being the Boltzmann constant antthe mass of HD ™, the Avy,,(FWHM) contribu-
tion is 0.35 km s1, 2.5 times larger than for M. If we impose a turbulent velocity similar
to the one modeled for M, then the temperature needed to obtain such a wide line viauld
16K which is completely ruled out by i+ observations [7]. Infall motion limited to the inner
core could have explained theBit width if only the central HHD* spectrum had been wide
combined with a large depletion obN™. In fact it is not possible because theH™ spectrum
at (18',0) has the largest width (0.480.03 km s1) in a region where pH is hardly depleted.
This remains therefore a pending problem.

5.4.2 NoH™ deuteration

Requested conditions

We next discuss here the main parameters that control hie” euteration using the steady-
state chemical model.

The models have been run for a temperature of 7 K which preiraill the layers where
No.D* has been detected in the PSC cut presented in Pagani et.alMf7have also run the
models for the corresponding density,H\™ abundance and D"/N,H™ ratio of each layer
(the parameters are listed in Table 5.3).

As discussed above, the abundance of orthaskhe main controlling factor of the trihy-
drogen cation isotopologue abundances and therefore dbEADE/N,H™ ratio [and similarly of
the DCO"/HCO" ratio, see e.g. 55]. We have therefore explored the rangessiilple solutions
for the ortho/para biratio in the two extreme layers of our core profile (a)i# 7 x 10* cm ™3
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and 2x 10°cm~3) for which we have a pD*/N,H ratio of <0.03 and 0.7 0.15 respectively
(Fig. 5.5). We have done this for three cosmic ray ionizatates (1017, 10716, and 101°
s™1) covering the values generally discussed in the litergeuge 55] and for all possible elec-
tronic abundances (or average grain size as they are linkeithe abundance of Hwhich is
mostly controlled by the grain surface area). In this first, mue have simulated total depletion
by adjusting CO and Nabundancéto 10-8. We have also indicated the range ofN /NoH ™
ratio measured in both layers. The average grain radius éas varied from 0.0um to 5
um and electronic abundance from 1 to 10~ which are largely covering usually accepted
values. We can see thapN*/N,H™ ratios above 100 are possible in dense gas though they re-
quire very low electronic abundances and therefore verylgmaans which are probably absent
from these dense and cold regions due to grain coagulatends. 56].

In the lower density outer layer where ngD" has been detected, ortho/parartio must
be high enough, i.e. above0.01, to prevent any deuteration to occur whatever the aosmi
ionization rate. On the contrary, the dense, strongly dated layer has solutions only below a
maximum ortho/para pratio of 0.01 (or lower for high{ rates). Thus the ortho/para Hatio
across the PSC clearly must vary from above 0.01 to below. Qi®@1the case of low cosmic
ray ionization rate (10!’ s~1), though the ortho/parattatio of 0.01 seems to be a common
solution for both layers, it must be noticed that it requadarge electronic abundance (and large
grains) in the outer layer and a low electronic abundance g¢amall grains) in the inner dense
part. This is clearly improbable. Temperature being lowugioin all the layers, warm layers
(above 20 K) cannot be invoked instead of a high ortho/pareakio to limit the deuteration in
the outer parts of the PSC. CO total depletion is howevertopresle and we also used in the
model a CO depletion factor of 10 (abundance of%)an the outer layer and a CO depletion
factor of 100 (abundance of 16) in the inner layer (Fig. 5.6). This only limits the maximum
NoD*/NoH™ ratio which decreases by one order of magnitude. Indeedjeb&uction of I—}
by CO dominates over recombination with electrons whenr theundance is very low and
conversely. However, the conditions to reach the obserg&d IN,H " ratio remain unchanged
and thereforenly a variable ortho/para K ratio can be invoked Such a variable ortho/para
H» ratio cannot be investigated with a steady-state modelusecen all layers, the ortho-H
abundance would eventually decrease to values abodt-10* as discussed by FPdFW.

The ortho/para H, variation

We discuss here the possibilities to make the ortho/panaatib vary across a single PSC.

It is commonly accepted thatHs formed on grain surfaces with an ortho/para ratio of 3
because of spin statistics and the exothermicity of thetimaél + H — H,. Subsequently, the
ortho—H is converted into para—Hollowing equation 5.30 and to a lesser extent with reastion
involving H3 and its isotopologues. As already discussed by FPdFW, timgecsion is slow
and has probably not reached steady state in clouds withbetereen 1Dand 16 years.

3Here, we look for general solutions of theN/N,H* ratio as a function of several parameters, we thus do
not try to fit the N abundance to get the observesHN™ abundance
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We have therefore run the modified Nahoon model to searchdoimeidental solution for
all layers which would get the necessary ortho/pasatadient across the PSC to both explain
the observed BD"/N,H™ ratio and ortho—HD™ abundance profiles. In this model, we have
no direct measurement of the CO abundance but for the cligglith the model, we have set
CO abundance to 18 in the outer layer and increased the depletion to reach arfaétL00
(i.e. a CO abundance of 16) in the core. The results are presented in Figs. 5.7 & 5.8. We
have searched for a solution where each modeled layer ninectwd observational constraints
(N2DT/N,H™ ratio and ortho—pD™ abundance) at the same time, but it must be noticed that
these solutions are not coincidental in between the diftdegers. We varied the average grain
radius and the cosmic ray ionization rafe We could find solutions for grains of average radius
0.025t0 0.3um . No solution has been found for grains above/d3 Figs. 5.7 & 5.8 show the
case for which the grain average radius is@m and = 2 x 10~17s71, In this case, the time
range inside which all layers meet the requested conditsods$ to 1.7x 10° years. Figure 5.8
shows how the ortho/parapatio evolves for 3 selected layers. We have marked the appate
time which is the solution for each of these layers as estladdl from Fig. 5.7. In that figure, we
can see that the o/pzHatio is below 0.01 for the dense layers and still above God1He outer
layer for which no HD™ has been detected, as expected from the steady-state ridelehan
also see that the full o/ptelaxation has not yet occurred even for the densest pdreafdud.
Smaller grains have a larger interacting surface and tberééwer the abundance of'Hons
which preferentially recombine on negatively chargedriggor PAHS ), consequently slowing
down the dominant ortho—Helaxation reaction (eq. 5.30). Though smaller grains iahgdy a
lower electronic density, therefore favouring a highertdeation of NH™ as shown in Fig. 5.5,
the slower disappearance of orthag-id the dominant process here and finally, smaller grains
slow down the deuteration process. For grains of averagas@d025um, the range of ages
matching the range of Ml*/N,D* observed ratios is 2.7-3:8 10° years, while for grains of
average radius 0.8m, the time range is only 3.8-7:2 10* years. Finally, Fig. 5.8 suggests
that D, should become a sizeable fraction of available deuteriumnoat svhile after present
state (typically 2—3< 10° years) and that HD should drop a little, correspondingly.

5.4.3 Age of the core and collapse

Though it is normal that dense layers evolve faster thandesse ones, at least to account for
a differential ortho/para Fratio, they are evolving too fast in our model. The densegira
would have reached their present status 2 to 3 times fasderttie outer, less dense layers.
This could be possible only if the denser layers had readieddteady-state equilibrium. This
is not the case here where the densest layer would reacle#dysstate equilibrium after 2
x 10° years only and this would imply aJ®*/N,H™ ratio of 6, almost an order of magnitude
larger than observed. The most probable reason for thisdiswepancy is that the core has
undergone a contraction and therefore all layers were ndésee in the past. While the outer
layers have little evolved in density (the most external bag probably started at 0.5-110*
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NZD+/N2H+ ratio

3
3

n(Hy) = 2.1 x 10% cm™
n(Hy) = 9.2 x 10° cm”

n(Hy) = 3.2 x 10° cm™>

n(Hy) = 7.0 x 10* cm™

Time (years)

Figure 5.7: Time-dependent variation of the,B™/NoH™ ratio for the 6 layers defined in
Table 5.3. For each colour, the density of the layer is giventhe insert, the ortho—4D™
abundance is represented with the same color code, zoonthd epoch of interest. Horizontal
dot lines represent the observegdN /N,H™ ratio range for each layer and the observed ortho—
H,D*abundance as derived from the Monte-Carlo model applieldQd€EMT observations.
The part of the chemical solution which fits in both these tn@nd the common time limits

is set in bold. Vertical arrows indicate upper limits for thgD*/N,H™ ratio. Vertical dashed
lines are placed at 0.63 and 1x71C° years to delimitate the period when all layers reach their
observed MD* enrichment. This case has been computed for an averagergdiirs of 0.1
pumandl =2 x 10717 s,

cm 2 to reach 7x 10* cm 3 today), the inner ones have undergone a much larger density
increase. As constant density through the core would givehemical differentiation while a
time-frozen density profile as measured here gives too miffgrehtiation, the solution is in
between the two. Starting from a uniform gas, the chemidétrdintial evolution of the core
should therefore help us to constrain the duration of théraotion and the type of contraction.

Of course the model should also include the evolution of elegt which also plays a role in
the process acceleration.

As the core must have started to contract from a lower densifipn, typically 16 cm3,
it is clear that all layers have accelerated their chemigallution while their density has been
increasing. Therefore, the layer with the longest time &xhethe observed D /NoH™ ratio
is giving a lower limit to the age of the cloud. Depending oe #xact average size of the
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Figure 5.8: Time-dependent variation of the ortho— and pargaHd other related species for
3 of the 6 layers defined in Table 5.3 (layers 1, 3 and 6) . \@rtines are placed at the times
corresponding to the observedDIi/N,H™ ratio in Fig. 5.7 for the same 3 densities. This case
has been computed for an average grain radius ofithlnd? =2 x 1071/ s71,

grains, this lower limit is 1.5-2 10° years here. In fact it is even larger because before the
cloud underwent contraction, depletion had not yet occaretitherefore, species like atomic
sulfur, S, must have been present in quantities large entugtansfer notable quantities of
electric charges from Hto S" (H™ + S — H + S™) and PAHs must have also been abundant
enough to help destroy Hions [57]. All these phenomena contribute to the diminutbthe
H*abundance, therefore slowing down the orthg-+rélaxation process. Indeed, Flower et al.
[31] show that the relaxation process in some cases taked @ years, typically 50 times
slower than in the case presented here (and 15 times slon&nidar conditions of grain size
and cosmic ray ionization rate but without depletion in tioaise).

5.4.4 Para—DyH™

It must be noted that at 7 K, the strongest possible line sitgi{LTE case) for the ground
transition of para—BH™ is below 0.3 K because of the Rayleigh-Jeans correction hiGi9z
which becomes very important. Moreover the thermalizatibthe line is difficult to obtain
in this source beyond the radius of 3000 A.U. because the R8&6itg drops below the para—
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DoH*critical density (rit = 4.9 x 10° cm*3) beyond and a slight drop of the excitation tem-
perature turns into exponential decrease of the brighteesgerature. Forek = 6 K, Tyright <
0.13 K. Therefore searches for pargHD must reach very low noise level to have a chance of
detection. From the models we present here, we predict agrated line intensity of 11 mK
km/s (34 mK peak) with the Monte-Carlo model, and an uppeitloh16 mK km/s (48 mK
peak) in the case of LTE. This is a factor of 3 to 4 below the ufipet we have obtained from
the observations.

5.4.5 The chemical profile

Finally, we obtain a detailed profile of the PSC which we pnése Fig. 5.9. It represents
the solution for the model which we presented in Figs. 5.7 & taking for each layer the
values at their respective best-fit time. The large vanmatibthe ortho—H species across the
core (factor 15) makesDchange by an even larger amount (2 orders of magnitude) baeg
not become the most abundant trinydrogen cation isotopelagthe core center at this stage
because the ortho4-hbundance is not yet low enough. In the present case, forstger 2

x 10° cm~3, the inversion betweenyand q occurs when the abundance of orthg-dtops
below 3x 1073,

The ortho/para Hratio in the outer layer is 0.04 (as expected from Fig. 5.6cwimdicates
a lower limit of 0.01). As discussed above, the ortho/pagaaiio evolution speed is linked
to density and grain size, both of which are lower outsideRBE, in its embedding parental
cloud. We can thus expect this ratio to be at least 0.05 anagplg above 0.1 in the envelope
of the cloud.

N> is an input parameter in our model because we have not intlaitlehe Nitrogen chem-
istry. As reactions with %I isotopologues are the main path to destroy this moleculf {84
do not make a large error in determining its abundance dijrrom the NbH™ abundance itself
and obtain a M profile which is probably closer to the reality than if we hatithe whole N-
chemistry freely establish its abundance because of tog oréinowns. The abundance profile
thus starts at 1.5 10~/ with respect to H in the low density layer to diminish to 8 108
in the densest layer. The undepleteg &bundance after attainment of the steady state3is
x 107°[31] but this is reached only after 5 x 10° years. As depletion of Nin the outer layer
is possibly still small, we can conclude thai Nas not yet reached its steady state abundance
which puts an upper limit to the age of the cloud of about 10° years following the estimate
of Flower et al. [31]. However, this depends very much uporess factors, like for example
the C.0 elemental abundance ratio. Consequently thisrrdton is only indicative.

Though our model does not deal with the nitrogen chemidtggems to indicate that low
abundances of Nare sufficient to explain the observedh\™ abundance. Therefore, the much
debated contradiction between the presencebfNin depleted cores while Nshould deplete
like CO does not seem to be a real problem. Low CO and electaimindances, limiting the
destruction rate of BH™, seem to be sufficient to compensate for thedépletion itself to
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Figure 5.9: PSC profile for the different species. The ajHN,H' abundance, and
NoD*/NoH™ ratio profiles are input data. The four trinydrogen catiostapologue profiles
are also grouped together to visualize their relative tabaindances andHis compared to
both e (upper right box) and to gq (2nd upper left box). The profile has been computed for
the case presented in Fig. 5.7, i= 2 x 101" s71, g, = 0.1 um. In the two upper boxes,
the green curve refers to the green axis on the right. In fhéeto box, the arrow indicates the
NoD*/NoH™ ratio upper limit for that layer.
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a large extent. In the inner corepMnd NbH™ (+ NoD™) follow a similar decreasing trend,
suggesting that Ndepletion eventually forcesJR™ decrease.

Though ortho—-HD™ is 83 K above the para ground state, it is more abundant all ove
the core profile by almost an order of magnitude while thernttagrequilibrium ratio would
be ortho/para D ~ 2 x 102 at 7 K. This demonstrates the efficiency of the orthg-tti
convert para—pD™ into ortho—HD*and therefore limits the total abundance ofH, as the
backward channel to Hiremains open even at 7 K. This ortho/para population ineardbes
not occur for BH™' as the needed species to perform this inversion is no mone-gt but
the much rarer ortho—p Therefore, the para—{bi* remains the least abundant of the two spin
state species which, combined with the fact that its grotanasition is higher in frequency than
the one of ortho—BD™, makes its detection extremely difficult.

5.5 (CONCLUSIONS

We have presented a pair of simple chemical models restriotél-carriers, He plus CO and
N, to account for the observed HGQODCO" (not discussed in this paper)pN*t, and ND*
ions. We have benefited from new computed reactions ratdmfarthe H + H; isotopologue
combinations and for ki isotopologue dissociative recombination rates which &iglicitly
into account the nuclear states individually.

With the steady-state model we have shown that the orthefadéio of H must vary from
above 0.01 in the outer parts of the L183 PSC to less than A.0teiinner parts to explain the
variation of deuteration across the core. Checking withmeetdependent model the reality of
the ortho/para blvariation, we have also found that if the present PSC depsitifle is static,
then the inner layer would have reached its present statu3 firhes faster than the outer layers.
Because the present status is not in steady-state, the Islyeuld evolve at a similar rate and
therefore the density must have been lower in the past. Tts probable explanation is that
the core has probably evolved from a uniform density cloutthéopresent centrally condensed
PSC. The time-dependent model also suggests that the maitiad/ ratio is changing by one
order of magnitude from-5% at a density of & 10* cm~2 down to a fewx 10~2 in the inner
dense core. This has two important consequences :

« it is most probable that most of the cloud, outside the densgions (i.e. the two PSC
and the ridge in between) have an ortho/pagsadtio also above 5%, and possibly 10%
contrarily to what is usually assumed in models.

* In principle, it should be possible to fit the PSC profile wilirs chemical model com-
bined to a dynamical model including depletion, to set antaghis PSC and possibly
discriminate between several types of collapse but it i®bdythe scope of this paper.

We have already some indications that the age of the PSC isvgoat above 1.5-2 10°
years though the Nabundance suggests a relatively short time (fears, except if depletion
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is compensating for its formation) when we compare our adguabundance to the formation
rate of N> given by Flower et al. [31]. The low abundance of heeded to explain the observed
N,H™* abundance indicates that its depletion is not a real probleaugh, obviously, BH™
would be much more abundant ibNvas not depleting but CO still was.

Finally, we stress the importance to consider ortho/mata/phemistry when dealing with
the deuteration of the interstellar medium. The importaofcine ortho—H on the amount of
deuteration and the observations limited to the sole oaB+ make this inclusion compul-
sory. Moreover, a complete state-to-state chemical mdualild be developed to take into
account rotational pumping, leading to a larger destraatabe of deuterated trihydrogen cation
and possibly explaining the observed linewidth of orthebH.

Detecting para—BH™ would be highly desirable to help constrain the models, hattigh
frequency and limited transparency of the atmosphere makdifficult tool to use. Though ob-
servable from the ground, because of its weakness in colkdbttawds, which are the only places
where it should be found, direct parasHD" observations should be made on a large number of
Galactic lines of sight using the HIFI receiver on board tleséhel Space Observatory.
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APPENDICES

5.A REACTION RATE TABLE

Table 5.3: Reaction rates used in the Nahoon modified chemical moded.rdie coefficients
are given for 7K. Reaction rates less tham ¥focm~3s~1 are not taken into account in our
models. Reference (1) corresponds to Gerlich [58], retaerf2), (3), and (4) correspond to
E. Hugo, OSU 07, and this paper respectively. For OSU 07,dbiag ratios involving spin
states have been infered from quantum mechanical rulese&ations involving grains, a grain
radius of 0.1um and a sticking coefficient of 1 have been considered. (53 Baal. [52] (6)
Datz et al. [51], (7) Zhaunerchyk et al. [54], (8) Larssonlef9], (9) Molek et al. [45].

. Rate

Reaction mbel oot Ref

HT + o-H — H+ + p—H2 2.2 10_10 (1)
p-Hf + o-H — p-H} + p-Hp 33101 (2
— O—H;: + p-Hp KOpoop 3.9 1010 (2

— O—H;,)r + o-H kOpooo 7.8 1012 (2

o_H%‘ + o-H — p—H; + p—H kOoopp 1.0 101 (2
— p—H;,)r + o-H KOoopo 4.1 1010 (2)
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5.A. Reaction rate table

Rate

Reaction abel g Ref.

—  o-Hj + p-Hp kOooop 1.0101°  (2)

p—H} + HD — o-H{ + HD Klpgoa 821018 (2
— p-HD* + p-H Klpgpp 3.210°%0 (2

— p-HD* + o-H Klpgpo 4.310°%0 (2

— o0-H,DT + p-Hp klpgop 6.81010 (2)

— o-HDt + o-H Klpgoo 1.610°1 (2)

o—Hj + HD — p-HoD* + o-Hp klogpo 1.71010 (2)
—  p-Hi + HD kKlogpa 4.35101 (2

— o-HDT + p-Hp klogop 2.310°10 (2)

— o-HDt + o-H klodgoo  1.0107°  (2)

p—H,D* + o-H, — o-H,DT + p-Hp 1.310° (2
—  p-Hf + HD Klpops 3910 (2

— 0-H,DT + o-Hp 2010% (2

oD + o-H, — p-H} + HD Kloops 7.7101 (2
—  o-H{ + HD Kloood 8.310% (2

— p—H.DT + p-Hp 9.210% (2

— p-HD* + o-H 1.81010 (2

— o0-H,DT + p-Hp 2351010 (2

o-H,Dt + p-H — p-HD" + o-H 4210 (2
o-H,D* + HD — p-H{ + o-D 1.210%% (2
— p-HbDT + HD 541011 (2

— p-DHT + p-Hp 73101 (2

— p-DHt + o-H 3.81010 (2

— o0-DHT + p-Hp 1.8101° (2

— o-DHt + o-Hp 6.81010 (2

p-HbD* + HD — p-DbH* + p-Hp 481010 (2
— p-DHT + o-Hp 21102 (2

— o-D)Ht + p-H 751010 (2

— o0-DHT + o-Hp 231010 (2

p-DoH* + o-H, — p-HbDT + HD 3.1101% (2
— p-DHT + p-Hp 33100 (2

— o-HpD* + HD 1.2108 (2

o-DHt + o-H, — p-H,D* + HD 3.81012 (2
— o-D)Ht + p-H 4451010 (2)

p-DobHH + HD — p-H,DT + o-D 2810% (2
— o0-DbHT + HD 9.1101 (2

—  p-DJ + p-Hp 33101 (2

— p-Dj + o-H 9.75101 (2

— m-DJ + p-H 261010 (2
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Rate

Reaction obel oSl Ref.

— m-Dj + o0-Hp 781010 (2

o-DH* + HD — m-Dj + p-H 1.6101° (2
— m-Dj + o-Hp 45101 (2

— o-Dj + p-Hp 191010 (2

— o-Dj + o-H 471010 (2

— p-DbHT + HD 9.910 (2

m-DJ + o-H — o-DHT + HD 1.3101 (2
— p-DbHT + HD 1.9101 (2)

0-D} + o-H — o-DHT + HD 4.410% (2
p-Dj + o-H — p-D,Ht + HD 261018 (2
p-D} + HD — m-Dj + HD 7751019 (2
m-Df + HD — o-Dj + HD 251010 (2)
— p-Df + HD 951012 (2)

oD + HD — mDj + HD 8.4510%1 (2
o—Hj + oD — o-HbDt + HD 211010 (2
— o0-DHT + o-Hp 1.310° (2

o-Hj + p-Db — o-HbDt + HD 501010 (2
— p-DHT + o-H 9.7101 (2

p—Hi + oD, — p-HbDt + HD 1.61010 (2)
— 0-H,DT + HD 1.4101° (2

— o-D)Ht + p-H 5951010 (2)

— o0-DHT + o-H 6.21010 (2

p—H + p-D, — p-HDT + HD 2551010 (2
— o0-H,DT + HD 3451019 (2

— p-DHT + p-Hp 40101 (2

— p-DbHt + o-H 49101 (2

o-H,D* + o0-D, — p-D,HT + HD 1.7101°  (2)
— o-DHt + HD 391010 (2

— m-DJ + o-H 3210 (2

— o-Dj + o-Hp 531010 (2

o-H,D* + p-D, — o-H,DT + o-D 48101 (2
— p-D,HT + HD 411010 (2

— o0-D,HT + HD 3.61010 (2

—  p-Df + o0-Hp 6.110% (2

— m-D} + o-H 5.05101° (2

p-H.D* + o-D, — p-D,Ht + HD 1.21019 (2
— o-D,Ht + HD 271010 (2

— m-DJ + p-H 431010 (2

— o-Dj + p-Hp 581010 (2
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5.A. Reaction rate table

Rate

Reaction obel oSl Ref.

p—-H,D* + p-D — p-HbDT + oD 6.55101 (2)
— p-DbH* + HD 41101 (2

— o-DHt + HD 281010 (2

—  p-D} + p-Hp 69101 (2

—  m-DJ + p-H 581010 (2

o-DbHt + o0-D, — p-DbHT + oD 3.8510% (2)
— m-DJ + HD 571010 (2

— o-Dj + HD 6.41010 (2

o-D,H* + p-D, — p-DH" + p-D; 2110" (2
— p-DbHt + oD 161010 (2

— o0-DHT + oD 8.810% (2

— p-D} + HD 84101 (2

—  m-D} + HD 6.4101° (2)

— o-Dj + HD 351010 (2

p-D,Ht + o-D, — o-DHY + p-D» 501018 (2
— o0-DbHT + oD 37101 (2

—  p-D} + HD 771011 (2

— m-DJ + HD 8.6101 (2

— o-Dj + HD 3.05101° (2

p-D:H" + pD; — p-DH" + oD 3710 (2
— 0-DbHT + p-D 20101 (2

— o0-DbHT + oD 8510 (2

— p-Df + HD 1.15101° (2

—  m-D} + HD 9510 (2

m-Dj + oD, — p-Dj + oD 8.6101 (2
—  m-D} + p-D 1.7101%  (2)

— o-Dj + p-D 1.21012  (2)

— o-Dj + oDy 3.01010 (2

m-DJ + p-D, — p-Dj + p-D 591012 (2
—  p-D} + o-D 47101 (2

— m-DJ + o-D 6.1101° (2

—  0-D} + p-D 47101 (2

— o-DJ + o-D 51101 (2

oD + oD — mDj + oD 1.01012  (2)
—  0-D} + p-D 1.1510% (2

0-Dj + p-D, — p-Dj + o0-D 9.210% (2
— m-DJ + p-D 161018 (2

— m-DJ + o-D 571010 (2

— o-Dj + oDy 161010 (2
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Rate

Reaction Ref.
label cp st

p-D} + o0-D, — m-Dj + p-D 2810% (2
- m—D% + o-Dp 7.0 101‘13 (2)

—  0-Dj + p-D 1.7 107 (2)

p-D} + p-D, — m-D% + p-D 4.8 1012 (2)
—  m-Dj + o-Dp 4.4 10 (2)

The primes for ko and k, indicate that the rates have been corrected
for the higher reduced mass of the system with respectto H

o—Hj + CO — HCO™ + oH kco 1.610° (3)
p—H; + CO — HCO" + pH 1/2 keo 8.1101° (3)
— HCO" + o-Hp 1/2 ko 8.110 (3)

o-H,D* + CO — HCO" + HD 213 Ko 9.410% (3)
— DCO" + o-H 113 kg 4.7101° (3)

p-H,D* + CO — HCO" + HD 2/3 Ko 9.4101 (3)
— DCO" + pH 1/13 K- 47101 (3)

o-D,H* + CO — HCO" + oD 113 Ko 431010 (3)
— DCO" + HD 213 K.q 8.61010 (3)

p-DbHF + CO — HCO" + p-D 1/3ko 431010 (3)
— DCO" + HD 213 Kq 8.61010 (3)

o-Dj + CO — DCO" + oD ko 1.210° (3)
m-Df + CO — DCO" + oD 1/2 Ko 6.010° (3)
— DCO" + p-D 112 Ko 6.010° (3)

p-DJ + CO — DCO" + p-D &5 1.210° (3)
p—H} + N, —  NpH* + 0-H, 1/2 Kk, 8.5101° (3)
—  NoH* + p-H 1/2 Ky, 8.510° (3)

o-Hf + N2 — NHT + oH, Kny 1.710° (3)
o-HoD* + N  — NoH* + HD 213 K, 1.010° (3)
—  NoD* + 0-H 1/3 K, 5010 (3)

p—H,D* + N»  — NpH* + HD 213 K, 1.010° (3)
—  NoDT + p-H, 1/3 Ky, 501010 (3)

o-DHT + N, —  NoH* + p-D 1/3 K, 451010 (3)
—  NoDT + HD 2/3 K, 9.11010 (3)

p-DoH* + N  — NpH* + p-Dp 1/3 K, 451010 (3)
—  NoDT + HD 2/3 K, 9.11010 (3)

o0-Dj + N, —  NoD* + oD K, 1.310° (3)
m-D} + N — NoD*t + o-Dp 172 K, 6.310° (3)
—  NoD* + p-Dp 172 K, 6.310° (3)

p-DJ + N — NoDt + p-Dp i 1.310° (3)
HF + e — H Krec 49101 (3
o—HI + e — H + H + H 3/40-kea 36108 (4,5

3
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5.A. Reaction rate table

Rate

Reaction abel e Ref.

—  0-Hp + H 1/4 0—keq 1.2108% (4,5

p-Het + e — H + H + H 3/4phkea 56107 (4,5

— p-H + H 1/8 p—kec 9.410% (4,5

— o-Hp + H 1/8 p—kect 9.410% (4,5

o-H,D* + e — H + H + D 3/40ke 26107 (4,6)

— o-Hp + D ~0.07 0¥ 25108 (4,6)

— HD + D ~0.18 0Ker 6.25108 (4,6)

p—-H,D* + e — H + H + D 3/4pke 1.8107 (4,6)

—  p-Hp + D ~0.07 p—Hee 17108 (4,6)

— HD + D ~0.18 p—hee 43108 (4,6)

o-DH" + e — H + D + D ~0.770-ks 43108 47

— HD + D ~0.13 0¥z 7.310° (4,7)

— o-D + H ~0.10 0-kes 5.610° (4,7)

p-DbHt + e — H + D + D ~0.77p%s 46108 (4,7

— HD + D ~0.13 p—hes 7.810° (4,7)

— p-D + H ~0.10 p—Hez 6.010° (4,7)

o-Dst + e — D + D + D 3/40ku 1.8107 (4,8

— o-D + D 1/4 0—kexs 6.1108% (4,8)

p-Dst + e — D + D + D 3/4pkex 15107 (4,8

— p-D + D 1/4 p—kecs 50108 (4,8)

m-D;3* + e — D + D + D 3/4mkey 3.6107 (4,8)

— o-D + D 1/8 m—kexs 6.010% (4,8)

- p-D + D 1/8 m—kKecs 6.0108% (4,8
NoH* + e — H + Np K-+ 6.8107 (9)
N,D+ + e — D + Ny Kn,D+ 6.8107 (9
HCO" + e — H + CO Kacot 3.210°% (2
DCO" + e — D + CO kocor 3.210°% (2
gr® + e - gr Ke 3.710% (4
HF + gr — H + gP Kgr 6.010% (4
HD™ + g — H + D+ g 23ky 23104 (4)
— HD + gP 1/3 kyr1 1.210% (4
o0-Dj + g — D + D+ g 2/3ky 20104 (4)
— o-D + gP 1/3 Kyr2 1.010% (4
p-Dj + g — D + D+ g 2/3ky 20104 (4)
— p-D + gP 1/3 kyr2 1.010% (4
Het + gr — He + gP 3.010% (4
p—H} + g — p-H + H  + g 1/6kys 5810° (4)
—  0-H + H + g 1/6kys 5.810°  (4)
—  3H + g + 2/3 kyr3 23104 (4)
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Chapter 5. Chemical modeling of L183

. Rate

Reaction abel g Ref.

o-Hj + gr — o0-H + H + gf 18kys 1.210% (4)
— 3H + g + 203kys 2.310% (4)

p—H,DT + gr — p-H + D + g 1/6kys 5.010° (4)
— HD + H + gf 1/3kys 1.010% (4)

— 2H + D + g 122kys 1510% (4)

o-H,D* + gr — 2H + D + gP 12kys 1510% (4)
—  0-Hp + D + g 1/6kys 5.010° (4)

— HD + H + gf 13kys 1.010% (4)

o-DHt + g — 2D + H + g 12kys 13104 (4)
— oD + H + g 16kys 4.410° (4)

— HD + D + g 13kys 8910° (4)

p-DoHT + g — p-D + H + gf 16kys 4.410° (4)
— HD + D + g 1/3kys 8910° (4)

— 2D + H + gP 12kys 1.310% (4)

o-DJ + g~ — 3D + gP 23kys 1.610% (4)
— 0D, + D + g 1/3kys 8.110° (4)

m-Dj + gr — 3D + gP 23kys 1.210% (4)
— 0D, + D + g 1/6kys 4.110° (4)

—  p-D + D + g 16ky 4.110° (4)

p-Df + g — 3D + gP 203kys 1.610% (4)
—  p-D + D + g 13kys 8.110° (4)

HCO* + gr — H + CO + gP Kkycor 1.110% (4)
DCOt + gr — D + CO + gf kpcor 1.110% (4)
NoH+ + g — H + N2 + g kyye 11104 (4)
N,D* + g — D + N2 + g kypr 11104 (4)

5.B DRRATE COEFFICIENTS OF THEH:J,’r ISOTOPOLOGUES

The dissociative recombination (DR) rate coefficients ftho- and para—£i have been re-
cently published by Fonseca dos Santos et al. [50]. Hereresept the results obtained for the
all four Hj isotopologues. The DR rate coefficients for different speaif the nuclear spin are
calculated using the approach described in a series of pdpeoted to DR theory for triatomic
molecular ions. See Fonseca dos Santos et al. [50], Kokeoalid Greene [60; 61] for H
and Dj calculations and Kokoouline and Greene [62; 63] fobH and DH ™. The scope of
this paper does not allow to review the theoretical approadtetail. We only list its main
ingredients.

The theoretical approach is fully quantum mechanical aedrjporates no adjustable pa-
rameters. It relies oab initio calculations of potential surfaces for the ground eledtrstate
of the Hf ion and several excited states of the neutral molecy|ekrformed by Mistrik et al.
[64].
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5.B. DR rate coefficients of theHisotopologues

The total wave function of the system is constructed by an@gpate symmetrization of
products of vibrational, rotational, electronic, and maelspin factors. Therefore, rovibronic
and nuclear spin degrees of freedom are explicitly takemantount.

The electronic Born-Oppenheimer potentials for the fog*r(land H) isotopologues have
theCs, symmetry group. Th€s, symmetry group has a two—dimensional irreducible represen
tationE. The ion has a closed electronic shell. The lowest eleatrstaite of the outer electron
in H3 has thep-wave character. Thp-wave state of the electron also belongs to Ehepre-
sentation. Due to the Jahn-Teller theorem [65], this leads $trong non-adiabatic coupling
between thée-degenerate vibrational modes of the ion and pheave states of the incident
electron. The coupling is responsible for the fast DR ra@] [6 Héj. In the present model,
only the p-wave electronic states are included because other pagiads have a much smaller
effect on the DR probability : the-wave states don’t have tlietype character and, therefore,
are only weakly coupled to the dissociative electronicestatf Hs; d-wave electronic states
are coupled to th&-vibrational modes, but the coupling is rather small beedbed-wave of
the incident electron does not penetrate sufficiently clogke ionic core owing to thd-wave
centrifugal potential barrier.

All three internal vibrational coordinates are taken intoc@unt. Vibrational dynamics of
the ionic core are described using the hyper-sphericaldboates, which represent the three
vibrational degrees of freedom by a hyperradius and twotaygges. The hyperradiusis treated
as a dissociation coordinate that represents uniformlfvtbgossible DR channels, three-body
(such as H+H+H) and two-body (such asg+#t). Although the initial vibrational state of the
ion is the ground state, after recombination with the etectiother vibrational states of the
ionic target molecule can be populated. Therefore, in génerany vibrational states have to
be included in the treatment. In particular, the states efvibrational continuum have to be
included, because only such states can lead to the digsocaitthe neutral molecule. The
vibrational states of the continuum are obtained using aptexrabsorbing potential placed at
a large hyperradius to absorb the flux of the outgoing dissivei wave.

Since the rovibrational symmetry 3z, for H§ and q andC,, for H,D* and DbH™, the
rovibrational functions are classified according to thedtrcible representations of the corre-
sponding symmetry groups, .89, A, A,, Aj, E’, andE” for D3, andAq, Ay, By, andBs; for
Cov. We use the rigid rotor approximation, i.e. the vibratioaatl rotational parts of the total
wave function are calculated independently by diagonadizhe corresponding Hamiltonians.
In our approach, the rotational wave functions must be abthseparately for the ions and for
the neutral molecules. They are constructed in a differet for theD3, andC,, cases. The
rotational eigenstates and eigenenergies obigemolecules are symmetric top wave functions
[see, for example 67]. They can be obtained analyticallgeftotational constants are known.
The rotational constants are obtained numerically fromatibnal wave functions, i.e. they are
calculated separately for each vibrational level of thgegmolecule. The rotational functions
for the Cy,, ions are obtained numerically by diagonalizing the asymimébp Hamiltonian
[63, 67].

Once the rovibrational wave functions are calculated, westract the electron-ion scatter-
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ing matrix &matrix). TheSmatrix is calculated in the framework of quantum defecbtlye
(QDT) [see, for example, 61, 63, 68] using the quantum dgfecimeters obtained from thb
initio calculation [64]. The constructed scattering matrix acitsdor the Jahn-Teller effect and
diagonal with respect to the different irreducible repréaBond” and the total angular momen-
tumN of the neutral molecule. Thus, the actual calculations aadaseparately for eachand
N. Elements of the matrix describe the scattering amplitfioiethe change of the rovibrational
state of the ion after a collision with the electron. Howevlee S-matrix is not unitary due to
the presence of the dissociative vibrational channels @amtinuum vibrational states of the
ion, discussed above), which are not explicitly listed ia tomputedS-matrix. The "defect”
from unitarity of each column of thiS-matrix is associated with the dissociation probability
of the neutral molecule formed during the scattering prec@e dissociation probability per
collision is then used to calculate the DR cross-sectiodsate coefficients.

The nuclear spin states are characterized by one cAthA,, or E irreducible representa-
tions of the symmetry grou§; for D3, molecules and by th& or B irreducible representations
of the symmetry grouf$; for Cp, molecules. The irreducible representatign of a particular
nuclear spin state determines its statistical weight anelased to the total nuclear spirf the
state. Herel is the vector sum of spirisof identical nuclei.

For HY, thel s = Ay states &, andAj rovibrational states) correspondite- 3/2 (ortho);
thel,s = E states E’ andE” rovibrational states) correspondlte- 1/2 (para). The statistical
ortho:para weights are 2 : IFor H,D™, the s = A states B; and B, rovibrational states)
correspond td = 1 (ortho); thell,s = B states A; and A, rovibrational states) correspond to
| =0 (para). The statistical ortho:para weights are 3Fdr.D,H ™, thel',s= A states &; and
Ay rovibrational states) correspondite- 0, 2 (ortho); thd s = B statesB; andB, rovibrational
states) correspond fo= 1 (para). The statistical ortho:para weights are 2 : 1. Kinfair D,
thelns = A; states f] andA7 rovibrational states) correspondite- 1,3 (ortho); thel ns = Ao
states &, andA7 rovibrational states) correspondite- 0 (para); the s = E states £’ andE”
rovibrational states) correspondlte= 1,2 (meta). The statistical ortho:para:meta weights are
10:1:8.

Figures (5.10a), (5.10b), (5.10c), and (5.10d) summahie®btained DR thermal rate coef-
ficients calculated separately for each nuclear spin speithe four H isotopologues and the
numerical values are listed in Table 5.4. For comparisam fithures show also the analytical
dependences used in previous models of prestellar coreistngiFPdFW). As one can see, the
rates for different nuclear spin species are similar to edloér (for a given isotopologue) at high
temperatures. However, for lower temperatures, the ratedifferent ortho/para/meta-nuclear
spin species significantly differ from each other. The ddfece in behavior at small tempera-
tures is explained by different energies of Rydberg resoespresent in DR cross-sections at
low electron energies. The actual energies of such resesare important for the thermal av-
erage at temperatures below or similar to the energy diffterdetween ground rotational levels
of different nuclear spin species. At higher temperatutesgexact energy of the resonances is
not important. The averaged rate is determined by the desusit the widths of the resonances,
which are similar for all nuclear spin species over a larggesof collision energies.
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Figure 5.10: Theoretical DR rate coefficients as a function of tempeeafar the ortho, para
(and meta) nuclear spin species of (@) ) HoD™ (c) DoH™ (d) Dg. The figures also show the
species-averaged rate coefficient. For comparison, we #imanalytical dependence for the
coefficient used in earlier models of prestellar cores byFWRdT he rate coefficients obtained
for Hg in the TSR storage ring by Kreckel et al. [69] are also showfigure (a).
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Table 5.4: Dissociative recombination rates o§“|,—|H2D+, D,H™T, and D3+ for each individual nuclear spin state species.

Temperature para-H ortho—Hj para—BD" ortho-HD" ortho-DH" para-DH" ortho-D; meta-0 para-DO}
K cm®s? cmPs? cmist cms? cmst cs?  cmPs?t  cmPs! cmist

1.28 1.81e-06 8.21e-08 6.63e-07 8.74e-07 2.18e-07 9.89e-06.33e-07 2.38e-06 2.61e-07
141 1.71e-06 7.86e-08 6.23e-07 8.46e-07 2.02e-07 9.86e-05.90e-07 2.22e-06 2.47e-07
1.56 1.61e-06 7.52e-08 5.85e-07 8.17e-07 1.87e-07 9.86e-05.49e-07 2.06e-06 2.34e-07

1.72 1.52e-06 7.20e-08 5.48e-07 7.87e-07 1.72e-07 8.88e-05.10e-07 1.90e-06 2.22e-07
1.90 1.44e-06 6.90e-08 5.14e-07 7.56e-07 1.58e-07 8.82e-04.73e-07 1.75e-06 2.10e-07

2.10 1.36e-06 6.61e-08 4.81e-07 7.25e-07 1.45e-07 8.85e-04.39e-07 1.61e-06 1.98e-07
2.32 1.29e-06 6.34e-08 4.51e-07 6.93e-07 1.32e-07 8.87e-04.08e-07 1.48e-06 1.88e-07
256 1.22e-06 6.08e-08 4.23e-07 6.60e-07 1.21e-07 8.28e-03.79e-07 1.35e-06 1.79e-07

2.83 1.16e-06 5.84e-08 3.97e-07 6.27e-07 1.11e-07 8.88e-03.52e-07 1.23e-06 1.72e-07
3.12 1.11e-06 5.62e-08 3.73e-07 5.94e-07 1.02e-07 787e-03.29e-07 1.12e-06 1.66e-07
3.45 1.06e-06 5.42e-08 3.51e-07 5.60e-07 9.35e-08 784e-03.08e-07 1.01e-06 1.62e-07
3.81 1.01e-06 5.23e-08 3.31e-07 5.28e-07 8.62e-08 7.81e-02.90e-07 9.18e-07 1.61e-07
420 9.63e-07 5.08e-08 3.13e-07 4.95e-07 7.98e-08 7.87e-02.74e-07 8.30e-07 1.63e-07
4.64 9.19e-07 4.94e-08 2.96e-07 4.63e-07 7.41e-08 6.84e-02.62e-07 7.49e-07 1.66e-07
5.13 8.77e-07 4.83e-08 2.81e-07 4.33e-07 6.90e-08 6.80e-02.52e-07 6.75e-07 1.73e-07
5.66 8.36e-07 4.76e-08 2.67e-07 4.04e-07 6.45e-08 6.87e-02.46e-07 6.07e-07 1.80e-07

€8T71J0 Buiispow [eaiway) g Jardeyd

6.25 7.95e-07 4.71e-08 2.54e-07 3.76e-07 6.04e-08 6.24e-02.43e-07 5.46e-07 1.90e-07
6.90 7.55e-07 4.69e-08 2.42e-07 3.51e-07 5.69e-08 6.82e-02.45e-07 4.92e-07 1.99e-07
7.62 7.14e-07 4.71e-08 2.31e-07 3.28e-07 5.37e-08 5.81e-02.50e-07 4.42e-07 2.09e-07

8.41 6.74e-07 4.75e-08 2.22e-07 3.08e-07 5.08e-08 581e-02.59e-07 3.98e-07 2.18e-07
9.29 6.35e-07 4.81e-08 2.14e-07 2.91e-07 4.82e-08 583e-02.72e-07 3.59e-07 2.27e-07
10.25 5.96e-07 4.88e-08 2.09e-07 2.77e-07 4.59e-08 D28e- 2.87e-07 3.25e-07 2.34e-07
11.32 5.58e-07 4.96e-08 2.07e-07 2.65e-07 4.38e-08 BB5e- 3.04e-07 2.95e-07 2.39e-07
12.50 5.21e-07 5.05e-08 2.09e-07 2.56e-07 4.19e-08 DB6e- 3.22e-07 2.69e-07 2.44e-07
13.80 4.86e-07 5.12e-08 2.14e-07 2.49e-07 4.02e-08 08le- 3.39e-07 2.48e-07 2.46e-07
15.24 453e-07 5.18e-08 2.24e-07 2.44e-07 3.87e-08 0Ble- 3.55e-07 2.30e-07 2.48e-07
16.82 4.21e-07 5.22e-08 2.36e-07 2.41e-07 3.74e-08 085e- 3.68e-07 2.16e-07 2.49e-07
18.57 3.92e-07 5.25e-08 2.52e-07 2.40e-07 3.65e-08 BB5e- 3.79e-07 2.06e-07 2.48e-07
20.51 3.65e-07 5.26e-08 2.68e-07 2.39e-07 3.58e-08 B80e- 3.85e-07 1.98e-07 2.46e-07
22.64 3.40e-07 5.26e-08 2.85e-07 2.39e-07 3.56e-08 D89%e- 3.87e-07 1.92e-07 2.43e-07
25.00 3.17e-07 5.26e-08 3.01e-07 2.39e-07 3.58e-08 DF3e- 3.85e-07 1.89e-07 2.40e-07




Q.1

Temperature para-H ortho-H; para—BD" ortho-HD" ortho-DH" para-DH" ortho-Dj meta-O para-O;

K cm®s!t cmist cm®s ! cmPs ! cm®s ! cmPs ! crst  cmist emPst
27.60 2.96e-07 5.27e-08 3.14e-07 2.38e-07 3.64e-08 £88e- 3.79e-07 1.86e-07 2.35e-07
30.48 2.77e-07 5.29e-08 3.24e-07 2.38e-07 3.75e-08 ®326e- 3.68e-07 1.83e-07 2.28e-07
33.65 2.59e-07 5.32e-08 3.31e-07 2.37e-07 3.92e-08 ®83e- 3.53e-07 1.81le-07 2.21e-07
37.15 2.44e-07 5.38e-08 3.33e-07 2.35e-07 4.14e-08 ®©88e- 3.34e-07 1.78e-07 2.12e-07
41.02 2.29e-07 5.46e-08 3.32e-07 2.32e-07 4.42e-08 D8le- 3.11e-07 1.75e-07 2.02e-07
45.29 2.16e-07 5.57e-08 3.28e-07 2.29e-07 4.76e-08 D2le- 2.85e-07 1.71e-07 1.91e-07
50.01 2.04e-07 5.68e-08 3.22e-07 2.24e-07 5.15e-08 D36e- 2.57e-07 1.66e-07 1.79e-07
55.21 1.92e-07 5.81e-08 3.13e-07 2.20e-07 5.59e-08 D&8e- 2.29e-07 1.60e-07 1.67e-07
60.96 1.81e-07 5.95e-08 3.03e-07 2.14e-07 6.06e-08 086e- 2.01e-07 1.54e-07 1.54e-07
67.31 1.71e-07 6.08e-08 2.91e-07 2.08e-07 6.54e-08 D8le- 1.76e-07 1.47e-07 1.42e-07
74.31 1.61e-07 6.21e-08 2.79e-07 2.02e-07 7.01e-08 083e- 1.54e-07 1.40e-07 1.30e-07
82.05 1.51e-07 6.33e-08 2.67e-07 1.95e-07 7.44e-08 D83e- 1.34e-07 1.33e-07 1.19e-07
90.59 1.41e-07 6.43e-08 2.54e-07 1.88e-07 7.82e-08 D8le- 1.18e-07 1.25e-07 1.09e-07

100.02 1.31e-07 6.52e-08 2.41e-07 1.81e-07 8.12e-08 -D86e 1.05e-07 1.18e-07 1.00e-07
110.43 1.22e-07 6.58e-08 2.29e-07 1.73e-07 8.33e-08 -D80e 9.35e-08 1.10e-07 9.21e-08
121.93 1.13e-07 6.61e-08 2.17e-07 1.65e-07 8.45e-08 -D82e 8.42e-08 1.03e-07 8.50e-08
134.62 1.05e-07 6.61e-08 2.05e-07 1.57e-07 8.46e-08 -D8le 7.65e-08 9.58e-08 7.87e-08
148.64 9.70e-08 6.58e-08 1.93e-07 1.48e-07 8.40e-08 -089%e 7.00e-08 8.91e-08 7.31e-08
164.11 8.99e-08 6.50e-08 1.82e-07 1.40e-07 8.25e-08 -D84e 6.44e-08 8.27e-08 6.80e-08
181.20 8.35e-08 6.38e-08 1.71e-07 1.32e-07 8.05e-08 ©8B6e 5.94e-08 7.67e-08 6.34e-08
200.06 7.76e-08 6.23e-08 1.60e-07 1.23e-07 7.80e-08 ©87e 5.50e-08 7.09e-08 5.90e-08
220.89 7.23e-08 6.04e-08 1.50e-07 1.15e-07 7.51e-08 ©86e 5.11e-08 6.54e-08 5.49e-08
243.88 6.73e-08 5.83e-08 1.40e-07 1.08e-07 7.21e-08 ©23e 4.73e-08 6.02e-08 5.10e-08
269.27 6.28e-08 5.59e-08 1.31e-07 1.00e-07 6.90e-08 8% 4.38e-08 5.53e-08 4.73e-08
297.31 5.87e-08 5.34e-08 1.22e-07 9.34e-08 6.58e-08 DF4e 4.04e-08 5.07e-08 4.37e-08
328.26 5.48e-08 5.08e-08 1.14e-07 8.68e-08 6.27e-08 D89%e 3.73e-08 4.64e-08 4.03e-08
362.43 5.13e-08 4.81e-08 1.06e-07 8.07e-08 5.97e-08 D24e 3.43e-08 4.23e-08 3.71e-08
400.16 4.80e-08 4.54e-08 9.85e-08 7.51e-08 5.67e-08 039 3.15e-08 3.86e-08 3.41e-08
441.82 4.49e-08 4.27e-08 9.17e-08 6.99e-08 5.38e-08 HF4e 2.88e-08 3.51e-08 3.12e-08
487.81 4.21e-08 4.01e-08 8.53e-08 6.50e-08 5.11e-08 H5le 2.63e-08 3.18e-08 2.85e-08
538.60 3.95e-08 3.76e-08 7.94e-08 6.06e-08 4.85e-08 H27e 2.40e-08 2.88e-08 2.60e-08
594.67 3.70e-08 3.52e-08 7.40e-08 5.65e-08 4.59e-08 9HB5e 2.19e-08 2.61e-08 2.36e-08
656.58 3.47e-08 3.29e-08 6.88e-08 5.27e-08 4.35e-08 -883e 1.99e-08 2.35e-08 2.14e-08
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9.1

Temperature para-H ortho-H; para—BD" ortho—-HD" ortho-DH" para-DH' ortho-Dj meta-O para-O;

K cm’s!t cm’s cm®s ! cmPs ! cm®s ! cmes crst  cmist em’st
724.93 3.26e-08 3.08e-08 6.41e-08 4.91e-08 4.11e-08 -B8%2e 1.80e-08 2.12e-08 1.94e-08
800.40 3.05e-08 2.87e-08 5.96e-08 4.58e-08 3.88e-08 -88le 1.63e-08 1.91e-08 1.76e-08
883.72 2.86e-08 2.68e-08 5.55e-08 4.27e-08 3.66e-08 -820e 1.47e-08 1.72e-08 1.59e-08
975.72 2.68e-08 2.50e-08 5.15e-08 3.98e-08 3.43e-08 -B88le 1.33e-08 1.55e-08 1.43e-08

1077.30 2.51e-08 2.33e-08 4.78e-08 3.70e-08 3.22e-08 e-D81 1.20e-08 1.39e-08 1.29e-08
1189.45 2.35e-08 2.17e-08 4.43e-08 3.44e-08 3.00e-08 edD82 1.08e-08 1.25e-08 1.16e-08
1313.28 2.20e-08 2.02e-08 4.09e-08 3.19e-08 2.80e-08 edD83 9.70e-09 1.12e-08 1.04e-08
1450.00 2.05e-08 1.87e-08 3.77e-08 2.95e-08 2.59e-08 ed25 8.70e-09 1.00e-08 9.33e-09
1600.95 1.90e-08 1.73e-08 3.47e-08 2.72e-08 2.40e-08 e-D88 7.80e-09 8.95e-09 8.36e-09
1767.62 1.76e-08 1.60e-08 3.18e-08 2.50e-08 2.21e-08 eD81 6.97e-09 7.99e-09 7.47e-09
1951.64 1.63e-08 1.47e-08 2.91e-08 2.29e-08 2.02e-08 eD85 6.23e-09 7.12e-09 6.67e-09
2154.81 1.50e-08 1.35e-08 2.66e-08 2.09e-08 1.85e-08 eD80 5.55e-09 6.34e-09 5.94e-09
2379.14 1.38e-08 1.24e-08 2.42e-08 1.91e-08 1.69e-08 eD85 4.94e-09 5.64e-09 5.29e-09
2626.82 1.26e-08 1.13e-08 2.19e-08 1.73e-08 1.53e-08 eD82 4.39e-09 5.00e-09 4.70e-09
2900.28 1.15e-08 1.03e-08 1.98e-08 1.57e-08 1.38e-08 eD89 3.90e-09 4.44e-09 4.17e-09
3202.22 1.04e-08 9.36e-09 1.79e-08 1.42e-08 1.25e-08 eDB7 3.46e-09 3.93e-09 3.70e-09
3535.58 9.48e-09 8.47e-09 1.61e-08 1.28e-08 1.12e-08 e@85 3.06e-09 3.48e-09 3.27e-09
3903.65 8.57e-09 7.66e-09 1.45e-08 1.15e-08 1.01e-08 e®86 2.71e-09 3.08e-09 2.90e-09
4310.04 7.75e-09 6.91e-09 1.30e-08 1.03e-08 9.04e-09 eD9I6 2.40e-09 2.72e-09 2.57e-09
4758.74 6.99e-09 6.23e-09 1.16e-08 9.26e-09 8.10e-09 e®95 2.13e-09 2.41e-09 2.27e-09
5254.15 6.31e-09 5.61e-09 1.04e-08 8.31e-09 7.26e-09 e®23 1.89e-09 2.14e-09 2.02e-09
5801.13 5.70e-09 5.06e-09 9.39e-09 7.47e-09 6.51e-09 e®98 1.68e-09 1.90e-09 1.79e-09
6405.05 5.15e-09 4.58e-09 8.45e-09 6.73e-09 5.85e-09 e®92 1.50e-09 1.69e-09 1.60e-09
7071.85 4.67e-09 4.14e-09 7.63e-09 6.08e-09 5.27e-09 e4€82 1.34e-09 1.51e-09 1.43e-09
7808.06 4.24e-09 3.77e-09 6.91e-09 5.50e-09 4.77e-09 e4098 1.20e-09 1.36e-09 1.29e-09
8620.92 3.87e-09 3.43e-09 6.28e-09 5.01e-09 4.33e-09 edJl 1.09e-09 1.23e-09 1.16e-09
9518.40 3.55e-09 3.14e-09 5.73e-09 4.57e-09 3.95e-09 eB38 9.86e-10 1.11e-09 1.05e-09
10509.31 3.26e-09 2.89e-09 5.26e-09 4.20e-09 3.61e-09 9ed9  8.99e-10 1.01e-09 9.60e-10
11603.38 3.01e-09 2.67e-09 4.85e-09 3.87e-09 3.33e-09 5edD8  8.25e-10 9.29e-10 8.80e-10
12811.35 2.80e-09 2.48e-09 4.50e-09 3.58e-09 3.08e-09 3eD9 7.61e-10 8.56e-10 8.12e-10
14145.07 2.61e-09 2.31e-09 4.19e-09 3.34e-09 2.86e-09 5edg 7.05e-10 7.94e-10 7.53e-10
15617.64 2.45e-09 2.16e-09 3.92e-09 3.12e-09 2.67e-09 9ed2 6.58e-10 7.40e-10 7.0le-10
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