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This curious world we inhabit is more wonderful than convenient;
more beautiful than it is useful;

it is more to be admired and enjoyed than used.

-- Thoreau --



Abstract

In this thesis I report on the dynamical scattering properties of proton transfer re-
actions producing the isomers HCO™ and HOC™. The two investigated reactions
are H;+CO—>HCO+/HOC+—|—H2 and HOCOT+CO—HCO* /HOC*+CO3. The
first of these ion-molecule reactions is of great interest in astrochemistry because
it involves one of the most abundant ions (trihydrogen cation), as well as the
second-most common molecule (carbon monoxide) in the interstellar medium
and circumstellar envelopes.

The first section of this thesis describes a summary of previous investigations
of the two isomers, either astronomical observations, theoretical calculations or
experimental studies. Furthermore the experimental setup applied for the gas
phase study, consisting of a crossed beam machinery in combination with a ve-
locity map imaging spectrometer, is described. In the second part I discuss the
measurement results of the two reaction. The obtained 3D-velocity images show
forward scattering for all investigated collision energies but a kinematic separa-
tion of both species is not possible. A fit for the internal energy distribution
of the reactions is performed and an upper bound for the HOC™ /HOC™ ratio
is determined. The limiting factor for a separation of the two isomers appears
to be the high internal excitation of the products. The thesis concludes with
an outlook for the improvement concerning the ion-beam preparation, as well as

further experimental plans.



Zusammenfassung

In dieser Arbeit berichte ich von dem dynamischen Streuverhalten von Proton-
transfer Reaktionen welche die Isomere HCO' and HOC™ erzeugen. Die zwei un-
tersuchten Reaktionen sind H;+CO—>HCO+/HOC++H2 und HOCOT+CO—
HCO'/HOCT+CO;. Die erste dieser Ion-Molekiil Reaktionen hat sehr grofies
Interesse in der Astrochemie, weil sie eines der héufigsten Ionen (dreiatomiges
Wasserstoftkation) und das zweithdufigste Molekiil (Kohlenstoffmonoxid) im in-
terstellaren Medium und zirkumstellaren Hiillen beinhaltet.

Der erste Abschnitt der Arbeit beschreibt eine Zusammenfassung von vorher-
gehenden Untersuchungen von den zwei Isomeren. Diese Untersuchungen bein-
halten astronomische Beobachtungen, theoretische Berechnungen und experi-
mentelle Studien. Des Weiteren wird der experimentelle Aufbau, welcher fiir
die Untersuchung der Gasphase verwendet wird, beschrieben. Das Aufbau kom-
biniert ein Kreuzstrahlexperiment und ein Velocity-Map-Imaging-Spektrometer.
Im zweiten Teil werden die Messergebnisse der zwei untersuchten Reaktion dis-
kutiert. Die ermittelten dreidimensionalen Geschwindigkeitsbilder zeigen eine
Vorwiértsstreuung fiir alle untersuchten Kolissionenergien aber keine kinetische
Trennung der zwei Isomere. Ein Fit fiir die Verteilung der internen Energie wird
vorgestellt, mit welchem eine obere Schranke fiir das HOCT /HOC™ Verhéltnis
bestimmt werden kann. Der limitierende Faktor fiir eine gute Trennung der zwei
unterschiedlichen Isomere ist die hohe interne Anregung der Produkte. Abschlie-
Bend wird ein Ausblick fiir Verbesserungen der Ionenstrahlerzeugung présentiert

und weitere mogliche experimentelle Untersuchungen werden vorgestellt.
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Chapter 1

Introduction

In the last decades astrochemistry has emerged as a very important branch
of natural science towards understanding the chemical composition of the uni-
verse. Over the past 40 years, astronomers have discovered a large number of
molecules in the gas phase of space. These molecules are located in planetary
atmospheres, star-forming regions and between stars, the so called interstellar
medium (ISM). Denser regions are called interstellar clouds and consist of matter
including gas in ionic, atomic, and molecular form, dust and cosmic ray [I]. The
gaseous molecules are synthesized from precursor atomic material, which derives
from the mass loss of previous destructions of stars. Several models exist that
predict the synthetic paths connecting primary simple species with astronomi-
cally detected complex organic molecules [2]. In the last years the importance
in astrochemistry has increased, as can especially be seen in the installation of
ALMA' what has been fully operational in March 2013. In 2009 Roueff & Herbst
presented a list of 133 neutral molecules and 17 molecular ions so far detected
in circumstellar envelopes [3]. The great diversity of the observed molecules in
the ISM is produced by many radiative and chemical processes [2]. One of the
most important astrochemical processes is the ion-molecule reaction type, due
to the high reactivity of ionic species. These reactions show an important influ-
ence, as they can explain the observed chemical composition in molecular clouds,
circumstellar envelopes and planetary atmospheres [4-6]. For decades molecular
ions have been conceived as progenitors of neutral molecules. In the last years

the idea of dust grain processes, like in cometary ices, being the origin of com-

' ALMA is the acronym for Atacama Large Millimeter /submillimeter Array and is an astro-
nomical interferometer of radio telescopes in the Atacama desert of norther Chile.



plex molecules observed in the ISM has found a lot of interest [7, [§]. The most
current discussion regards the formation of polycyclic aromatic hydrocarbons [9].
However, gas phase ion-molecule reactions are still a crucial process for astro-
chemical models in order to explain the composition of molecular species in the
ISM.

The most abundant molecules in the ISM are molecular hydrogen (Hz) and
carbon monoxide (CO), whereas the most abundant molecular ions for the evo-
lution of interstellar molecular clouds are the trihydrogen cation (Hj ) and pro-
tonated carbon monoxide (HCO™). Hj is stable in the ISM due to the low
temperature and low density of interstellar space. This ion was detected for the
first time in 1913 by Thomson when he studied the resultant species of plasma
discharge [10]. In 1925 Hogness & Lunn discovered the formation pathway of
H;{ Their investigations on hydrogen discharge have shown that by increasing
the pressure of molecular hydrogen, the amount of H;f increases linearly and
the amount of H2+ decreases [11]. This behaviour suggested the proton exchange
formation pathway

Hi +Hy — Hy +H. (1.1)

In the ISM H; is produced manly by cosmic ray ionization of molecular hydrogen
Hy +cr. — Hot e +cr.. (1.2)

Martin and coworkers suggested that H; may be present in the interstellar
space, due to the large amount of hydrogen and its exothermic reaction pathway
(~1.5eV)[12]. Further studies suggested the importance of Hj for the forma-
tion of many observed molecular ions [I3]. In 1996 the first Hf was detected
in the ISM by Geballe & Oka in two molecular interstellar clouds in the sight-
lines GL2136 and W33A [I4]. The HJ destruction is mostly controlled due to
reactions with neutrals, mainly CO, and by recombination reactions [I5]. The
reaction with CO forms the stable formyl cation HCO™ and the metastable iso-
formyl cation HOC™. This molecular ion (HCO™) was first detected by Buhl &
Snyder and is the most abundant molecular ion in the ISM after HJ [16].

Until now, the models of the reaction networks in the ISM rely heavily on
theoretical calculations, as the study of ion-molecule reactions under ISM condi-
tions is experimentally very challenging due to the low temperature and density

requirement. In previous experimental investigations classical techniques such



as the afterglow method or the flow tube arrangement were used [I7]. Another
technique is ion trapping in cryogenic radio frequency multipole ion traps [I§].
These experimental studies do not yield dynamical information about the reac-
tive processes. Such informations are how the reactants approach each other,
which spatial constraints appear or how transition states influence the redistri-
bution of the collision energy.

Since HCO™ has been detected in the interstellar medium, the interest in this
molecular ion and its isomer HOC™ has remained. Rate coefficients are calcu-
lated [I9H22] and the ratio of the two isomers is obtained by measurements [23}-
25]. The formation of the isomers as well as the isomerisation from the metastable
HOCT to the stable HCO™ is of interest [26, 27]. Many astronomers, chemists
and physicist have investigated the ratio of HCO' and HOC™ and observed vari-
able values in different regions. Until now, it is still not clear which effects really
influence the ratio of different regions in the ISM. The formation of aldehydes
and alcohols in interstellar clouds depends on the ratio of the two cation isomers,
where HCO™ initiates aldehydes (e.g. formic acid CH205)! and HOC™ initiates
more likely a reaction chain leading to alcohols (e.g. methanol CH;OH)! [28-31].
Thus, it is quite interesting to know more about the reaction dynamics which
lead to these two isomers and the ratio of those.

The aim of my master thesis is to understand the dynamics of the most

important reaction
Hi + CO — HCO1/HOCT + H, (1.3)

which leads to the formyl and isoformyl ions HCO* and HOC™ in the ISM.
A secondary reaction is investigated in this thesis, in which protonated carbon

dioxide (HOCO™) reacts with carbon monoxide

HOCO™ + CO — HCO'/HOCT + CO, (1.4)

and forms the same products as in the previous reaction. Beside reaction (/1.3))
this process also influence the ratio of the two isomers in the ISM a little. For this

purpose a combined crossed beam imaging technique [32] is used to perform a

L CH,0s: CH3OH: 3




gas phase collision experiment at low relative energies. In these gas phase studies
the energy and angular distribution of the reaction products are monitored as
a function of the relative kinetic energy of the two reactants. Additionally the
branching ratio of the two isomers HCO™ and HOC™ is analysed in terms of
the relative energy. Due to the different enthalpies of the two reaction channels
the isomers have different energies after the collision. We present a discussion
of higher and lower limits for the ratio of the two isomers formed in the proton
transfer reactions depending on the collision energy of the products.

In the following chapter I will first present previous investigations for the
HCO™'/HOCT ratio, both theoretical and experimental studies. Afterwards an
overview of the experimental setup and the velocity map imaging spectrometer
is shown followed by the presentation of the experimental results. At the end of
my thesis an outlook will be provided which command on further investigation

and possible experimental plans.



Chapter 2

Previous studies on the
HCO™*/HOCT ratio

In the last decades many astrochemists and astrophysicists were investigating
in the formyl HCO™ cation and the isoformyl HOC™ cation. In this chapter an
overview of the most important astronomical observations, theoretical calcula-

tions and experimental studies regarding the isomer ratio is presented.

2.1 Astronomical observations

One of the most important discoveries in molecular astrophysics is the detection
of HCO™ [16]. When Buhl and Synder were searching for HCN and its molecular
isotope H¥CN they discovered a new molecular line in Orion A and referred to
it as the X-ogen line. The frequency determined for this X-ogen line was 89.190
GHz. Klemperer and coworkers suggested this line to be a HCO™ transition
frequency [33]. The presence of this molecular ion in the ISM validated chemical
models which considered ion-molecule mechanisms as the dominant synthetic
scheme. Further more they showed that most of the compounds found in the
dense ISM are synthesized through ion-molecule reactions [34].

In 1983 Woods and coworkers made a sensitive search for the J=1— 0 tran-
sition of HOC™ in 14 interstellar sources and detected it towards Sgr B2 (Sagit-
tarius B2) [24]. In this giant molecular cloud a lower limit for the isomeric
abundance ratio HCO™ /HOC™ of approximately 375 was yielded. For other

interstellar sources they obtained lower limits between 75 and 510. They ex-



2.1. ASTRONOMICAL OBSERVATIONS

plained the gas phase ion-molecule reaction is the reason for the large isomeric
ratio. Specifically, they suggested that both isomers are formed at the same rate

via the reaction between CO and H;
Hi + CO — HCO"/HOC™ + H,. (2.1)

While the metastable HOC™T isomer is destroyed fast by reaction with atomic
hydrogen, HCO™ is destroyed more slowly by recombination with electrons [35].
Ziurys and coworkers repeated in 1995 the observations of the HCO™ iso-
mer towards Sgr B2(OH) and Orion-KL (Kleinmann-Low nebula), which is
the most active part of the Orion Nebula and they detected the J=2—1 and
J=3—2 lines of the HOC™ ion for the first time. For a better estimation of
the HCO* /HOCT ratio they measured the lines of the *C and 8O isotopomers
of HCO™. For Sgr B2(OH) they obtained a HCOT/HOC™ ratio of 140- 360
and towards Orion-KL a ratio of ~ 1800 was estimated. Consequentially it was
claimed that HOC™ must exist in gas with n(Hz) ~10%cm™3 for T ~ 80 K [36].

Apponi and coworkers extended the observations for several star-forming re-
gions and a few sources with known photo dissociation regions (PDR). They
detected the J=1—0 transition in all sources except of one and in several of
these clouds also the J=2—1 and J=3— 2 transitions. For Sgr B2(OH) the
same ratio was obtained and for the other investigated clouds they determined
HCO™ /HOCT ratios typically in the range of 900 to 6000'. From their obser-
vations of the widespread distribution of HOC™ they could conclude that these
ions are preferentially produced in PDRs [25].

More recent observations show absorption lines of HOC™ from local diffuse
and translucent clouds. For these clouds? a column density ratio HCO* /HOC*
of 70-120 could be determined, which is a factor 5- 50 lower than typically found
in dense dark gas, but comparable to observations in dense PDRs [27].

HOC™ and COT have been detected towards two well-known PDRs, S140
and NGC 2023 by Savage and coworkers in 2004 [37]. This study predicts that
the charge transfer reaction H +CO—CO*+Hy is not the major source of the

CO™ cation, because of the scarcity of H;r Formation from direct photoioniza-

'HCO*/HOC™T  ratio for: DR21(OH)=2600, D34.3=4000, L134N=4500,
NGC2024 =900, NGC7538 =3 500, Orion(3N,1E) =2000, Orion-KL =2100, W3(OH) = 6 000,
W51M =1300

2coordinates: B03554-508, B0415+379, B0528+-134, B01730-130, B2200+4-420



2.2. THEORETICAL CALCULATIONS

tion of CO is not likely either in this environment, since its ionization potential
is very high. The dominant reason is the reaction of C* with OH or O3. The
investigation for the ratio of HCO'T /HOC™ yielded 12400 for S140 and 1913 for
NGC 2023. Although neither NGC 2023 nor S140 shows a definitive enhance-
ment of HOC™ relative to HCO™, there seems to be a correlation between HOC™
and CO™.

The astronomical observations show different ratios, which depend on the com-
position of the detected cloud. However, it is not clear which combination of

cloud properties really influence the ratio.

2.2 Theoretical calculations

After the unidentified interstellar emission line (X-ogen) was reported in 1970,
Klemperer calculated the J=1—0 transition frequency of the cation HCO™
to be close (0.06% deviation) to the measured frequency [33]. HCO™ was pre-
dicted to be an abundant ion in dense interstellar clouds by Herbst and cowork-
ers. To prove that HCO™ is the carrier of the X-ogen line, they estimated the
J=1-0 transition in H"¥CO* which was then observed in a number of X-
ogen sources [23]. The transition line J=1— 0 for HOC™ was first calculated by
Herbst & Klemperer. They argued that both isomers are formed at the same
ratio and the metastable HOC™ is rapidly destroyed by the reaction with atomic
hydrogen

HOCY +H — HCO" + H (2.2)

while HCO™ is depleted more slowly by recombination with electrons [35].
Dixon and Freeman predicted the HOC™ formation to be less likely because
the proton affinity of the carbon atom of CO is higher than of the oxygen atom.
They calculated a binding energy difference for the HOC* and HCO™ isomers
of 1.62£0.15eV [38,[39]. A variety of calculations concerning the HCO* /HOC™
abundance ratio was published by DeFrees and coworkers [40]. They calculated
the tunneling from HOC™ to form HCO™ and claimed this process to be very
unlikely. In addition, they investigated the exothermic reaction of HOC™ and
molecular hydrogen
HOC™* + Hy — HCO™ + H, (2.3)
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which was calculated to have a high activation energy barrier. If this reaction
occurs at a low but appreciable rate, the abundance HCO*T/HOC™ ratio would
be close to the observed value of 375. A second isomerisation, which influences
the ratio of the isomers is HOCT+CO—HCOT+CO (with a rate coefficient of
5.0x1071% cm?s™1), due to the high reactivity of HOC™T in comparison to HCO™.

Further investigations of reaction by Jarrold and coworkers suggested
the reaction to be so fast that only few HOC™ should be found in the ISM [41].
In the same work they presented a potential energy surface (PES) for reaction
. The energy barrier between the two weakly bound complexes HCO™ - - - Hy
and HOC™ - - - Hy is 1kcal mol~! below the zero-point energy of the reactants Hi
and CO. Together with the calculation for reaction , where they obtained
a ratio for HOC™T of 20%, they predicted the abundance ratio HCOT/HOC™ to
be lower than 10000 at typical cloud temperatures and densities of n(Hsz) ~ 105
and claimed this ratio will increase with higher n(Hs).

Herbst and Woon improved the PES calculation for reaction . They
obtained for temperatures of 50 K and at times from 10*° to 10° yr with their
newly computed rate for reaction (2.3) an abundance ratio HCO™ /HOC™ of
1500-4000 depending on the gas densities. They yielded a similar ratio as
the one measured by Ziurys and Apponi towards Orion-KL. Additionally they
presented a temperature dependent rate coefficient in the range of 10-300 K for
HOCT +H, which is less than 1x107' cm3s~! at temperatures below 100 K [42]
13].

The following part summarises current papers to which I refer the main theo-
retical considerations and which show the continuous interest in this reaction. To
obtain theoretical insight regarding the stability and formation dynamics of the
interstellar ions HCO™ and HOC™, Li and coworkers calculate stationary points
on the full nine-dimensional PES for the electronic ground state [19]. The results
of a reduced five-dimensional PES for the two reactions are shown in Fig.
where one can see the higher energy release of the Hy--- HCO™ complex com-
pared to the Hy - -- HOC™ complex. As one can see in Fig. they calculate an
exothermicity of 40.427 kcalmol=! (1.753eV) and 2.684 kcal mol~* (0.116eV) for
the HCOT+CO and HOCT+CO channels respectively. This leads to an energy
difference of 1.636 eV. This is in good agreement with the difference of the proton
affinity of CO on the carbon and oxygen side, respectively (1.62 +0.15eV [3§]).

In a following work they also investigate reaction (2.1)) in terms of intra-molecular
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vibrational energy redistribution (IVR) using direct dynamics calculations and
obtain different excitations of the vibrational and bending modes of the products
depending on the orientation of the CO molecule with respect to the collision
axis. For the collinear approach at T =20K the bending mode v(bend.) is not
excited, whereas at T =300K or a 20°off-axis collision it is excited [44].
Thermal rate coefficients and product branching ratios in the temperature
range of 20K to 350K are calculated by Yu in 2009 by using a direct ab ini-
tio molecular dynamics method [20]. For HCO™ he obtains a constant thermal

rate coefficient of 1.0x10~2 cm3s~!

over the whole temperature range. For the
HOC™ isomer the rate coefficient is 8x10~' cm3s ~! at T=20K and rises to
4.2x1071%em?s~! at T =350 K. He obtains a branching ratio HCO* /HOCT to
be ~15.5 at T=20K and ~ 2.5 at T =350 K respectively.

Klippenstein and coworkers introduce calculated rate coefficients for reaction
with an ansatz for different interaction terms. The CO molecule has a
small non-zero dipole moment, with the C atom slightly negative [45]. Thus, the
charge-dipole interaction

d
Veag = —R—qz cos (2.4)

is the longest ranged term for the interaction of CO with H:J{ However, the
charge-quadropole

Qq
Veg = i (3cos®0 —1) (2.5)

and charge-induced-dipole interaction

7> (a” cos?  + o) sin? 6)

‘/;id: - 2R4

(2.6)

are of comparable magnitude. The charge-dipole and charge-quadrupole rate co-
efficients are proportional to T=1/2 and T~1/6, respectively, whereas the charge-
induced-dipole capture is temperature independent [45]. Thus, as the tempera-
ture rises, both temperature dependent terms decrease. For the charge-quadrupole
term, this decrease is quite gradual. The overall capture is not well-described
by any single term over the whole temperature range [45]. In Fig. the
potential energy for the linear approach for H?{—FCO is shown for the different
interactions and the sum of these. The thermal rate coefficient for this reac-
tion is plotted in Fig. [2.3(b)| where the sum of the interaction is compared with
the QCISD(T)/CBS ab initio potential. Over the temperature range of 10 to

10
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Figure 2.3: Potential energy and rate coefficient for Hj +CO with charge-
dipole(cd), charge-induced-dipole(cid) and charge-quadrupole(cQ) (taken from
[45]).

400K these two curves are almost identical, with a small difference of 5% at
the highest temperatures. This increase is indicative of contributions from an
additional term in the potential. Fig. [2.3(c)| illustrates the rate coefficients for
the two products HCO™ and HOC™. Over the 10 to 400 K temperature range,
the predicted rate coefficient for HCO™ is described by the modified Arrhe-
nius expression! k= 1.36x1072(T/300) %112 exp(3.41/T) cm3s~1, while that for
HOC™ is k =8.49x10719(T/300)°-96! exp(-5.21/T) ecm®s~L. Over this tempera-
ture range, all three terms have a strong influence on the rate coefficient. For
temperatures of more than 500 K the simulated curve hints to an increase of the
ratio for the HOC™ isomer.

Le and coworkers evaluate the reaction cross sections and thermal rate coeffi-
cients for the production of HCO™ and HOC™ by using quasi-classical trajectory
simulations [21]. In Fig. the results are shown. For the reaction cross section
one can see a decrease at higher collision energies and the cross section for a
relative energy of 14kJmol™' (0.14eV) is ~60 A% for HCOT and ~30A? for
HOCT, respectively. In the temperature range between 75 and 300K the rate

coefficients show a constant trend.

e = A(T/Tg)"cfE““RT> with Ty is a reference temperature and E,, is the activation energy.

11
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Figure 2.4: Reaction cross section and rate coefficient for HCO™ (x), HOC™ (o)
and both products (e) are shown (taken from [21]).

2.3 Experimental studies at low collision tempera-

tures

After the X-ogen line was detected in 1970, Woods and coworkers observed the
J=1— 0 rotational transition of the HCO™ ion. They used a discharge in various
mixtures of hydrogen and carbon monoxide, cooled to ~ 80 K. They obtained an
absorption at 89.188 GHz which is close to the X-ogen line (89.190 GHz) and
defined this as the HCO™ J=1— 0 line [46].

In laboratory measurements Gudeman & Woods have assigned some of the
lines in the spectrum from a discharge through a CO and Hy mixture to HOC™.
The measured frequency was 89.487 GHz and they determined this to be the
J=1—0 rotational transition line of the HOC™ ion [47]. In the same year Il-
lies and coworkers studied the collision-induced dissociation with H;{ and CO
at 300 K [48]. By measuring the C*/CH™ ratio to be 1.49 and comparing it to
electron impact reactions of different molecules (CH—2D and CD3OH) they es-
timated the product to be predominantly HCO™. However, their data indicates
that a small amount of HOC™ is also produced with a probability of ~6%. If
HOCT is depleted at the same rate as HCO™ by the recombination with elec-
trons, these experimental results would lead to an interstellar HCO™T/HOC™
abundance ratio of almost 16, which is far below the observed value of 330.

Thus, Jarrold suggested the result determined by Illies and coworkers probably
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2.3. EXPERIMENTAL STUDIES AT LOW COLLISION TEMPERATURES

represents only a lower limit [41].

The HOC™ isomer and its depletion in a selected-ion flow tube was investi-
gated by Freeman and coworkers [39]. For this they used different methods to
produce the HOC™ ions and used Hy and CO as a specified neutral reactant. A
rate coefficient of 0.47x107? cm3s~! for Hy and of 0.86x107° cm3s~! for CO,
respectively, was determined.

As the isomerisation from HOC™ to the stable HCO™ is very important for
the ratio of these two isomers the isomerisation rate of reaction at 25K
was investigated by Smith and coworkers by using a temperature variable 22-
pole ion-trap apparatus [26]. Mass-selected CO™ ions are injected from a storage
ion source into the cooled ion trap, where they are stored in the presence of
H, for varying trapping times. During this time, the CO™ is rapidly converted
to the two isomers HCO' and HOC™. The isomerisation according to reaction
is a competition to the accumulation of reaction forming HOC™. For
determining the abundance of the isomers as a function of time, the method
of chemical probing has been applied. Laboratory measurements by McEwan
indicated that reaction is relatively fast (k~1071%cm3s™1) at 300 K [49],
what is a good explanation for the high ratio of HCO™ in conditions where much
molecular hydrogen exists.

In 2002 Wester and coworkers used the technique of foil-induced Coulomb
explosion imaging (CEI) combined with a heavy ion test storage ring (TSR) to
investigate in the relaxation dynamics of deuterated formyl and isoformyl cations
(DCO* and DOC™) [50]. Their experimental results indicate a constant abun-
dance of DOC™ molecules in the stored ion beam of about 10% for storage times

of a few milliseconds up to some seconds.

The proton transfer reaction forming the formyl cation HCO™ and the metastable
isoformyl cation HOC™ was studied by many physicists in the last years and still
shows a remaining interest. The main part of the investigations of this reaction
were theoretical calculations and only a few experimental studies were done. To
get more insight into this reaction and especially the ratio of the two isomers, we
will use a crossed beam apparatus in combination with a velocity map imaging
spectrometer to study the dynamical properties of this reaction. In the following
chapter the used experimental setup and the velocity map imaging detection will
be described.
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Chapter 3

Methods

Crossed beam scattering experiments are often used to study atomic and molec-
ular dynamics. Two reactant beams collide in a small interaction volume where
the reactants are cooled either due to supersonic expansion or by collisions with
a cold buffer gas in the ion trap. With such a setup, collision processes at low
relative energies can be studied. To detect the product ions and obtain informa-
tion about the reaction dynamics, velocity map imaging has established itself in
the last years as a very useful method. This technique has been introduced by
Eppink and Parker [5I]. The advantage of this technique is based on the pos-
sibility to map the velocity distribution of the products onto a detector with a

high accuracy.

3.1 Experimental setup

In the group of Professor Roland Wester in Innsbruck, an experimental setup
has been developed to study low energy reactive collisions between ion an neu-
tral beams. The setup combines a crossed beam machinery with a velocity map
imaging spectrometer (VMI). The experiment is controlled by two pulse gener-
ators at a frequency of 20Hz. In Fig. the most important components are
shown. In the following chapter I will briefly describe the different sectors. A
very detailed description of the setup has already been given in many papers and
theses [62H56].
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3.1. EXPERIMENTAL SETUP
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Figure 3.1: Setup of the experiment: The combination of a crossed beam setup
and a velocity map imaging (VMI) spectrometer offers the possibility to carry
out crossed molecular beam studies. The multipole trap enables the study of
internally cold ions. The ions are generated in the source chamber using plasma
discharge. These ions are accelerated via a Wiley-McLaren mass spectrometer
using a field gradient. In the 8-pole radio frequency ion trap the ions are stored
and afterwards they are extracted and focused into the centre of the scattering
chamber, where they collide with a supersonic neutral beam. With the VMI
spectrometer the product ions are detected on a micro-channel plate (MCP) and
a phosphor screen and imaged with a CCD-camera. By using a photomultiplier
the time of the impact at the MCP can be measured. This experiment is pulsed
at a repetition rate of 20 Hz (Graphic taken from [52]).
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3.1. EXPERIMENTAL SETUP

3.1.1 Ion beam generation

As discribed in the previous section two different ions (Hi and HOCO™) are used
in the experiment. The method to produce the ions depends on the produced
species, in our case trihydrogen cations H:J{ and the protonated carbon dioxide
HOCO™. In both cases trihydrogen cations are created in the ion source (see
Fig. . For using H;{ as product ions they can be extracted directly from the
ion source. To create the HOCO™ ions, H;,r cations have to collide in the ion
trap with carbon dioxide.

The trihydrogen cations are created by a pulsed supersonic expansion in a
plasma ion source. The supersonic gas jet is created by using a home-built
piezo electric valve. The used gas is molecular hydrogen (Hz) and the pressure
of the gas before the piezo valve ranges from 0.8 to 1.5bar. The gas is then
expanded into the vacuum chamber with a pressure of around 1x107° mbar. A
ring electrode is located at a distance of 2 mm after the nozzle of the piezo valve.
This electrode is switched to a voltage of 800-1000V for a time of typically 80 -
100 s to ignite a plasma in the gas which is passing through it. To optimize the
starting time and the duration of the plasma, a 10 k{2 resistor restricts a current
over the ring electrode once the plasma starts. By monitoring the voltage over
the resistor, the length of the gas pulse can be characterized.

In the plasma positive and negative hydrogen ions are produced. To mass
select these ions a Wiley-McLaren time-of-flight mass spectrometer [57] is used
and the ions are detected on a micro-channel plate detector (MCP) located off-
axis at the end of the machine. The Wiley-McLaren mass spectrometer consists
of four plates, switched to 228V, 225V, 214V and 0V respectively, creating
a field gradient to accelerate the ions. By changing the timing of the plasma
pulse after the extracting of the supersonic beam and changing the extracting
time of the Wiley-McLaren mass spectrometer the signal of the H}f ions can be
optimized. In Fig. the intensity of the different hydrogen cations and the
arrival time at the off-axis MCP is shown.

The time of flight (t7or) is inversely proportional to the ion velocity and the

kinetic energy is the same for all ions determined by the same extraction voltage

E=q-U= ) (3.1)
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Wiley-McLaren
mass spectrometer

lon optics
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Figure 3.2: Schematic drawing of the ion beam source. A pulsed piezoelectric
valve is used to creates a supersonic expansion. By using a plasma discharge,
which can be stabilized by a pulse from an electron gun, the gas is ionized. To
extract the ions towards the scattering region a Wiley-McLaren mass spectrom-
eter is used. To focus and guide the beam six cylindrical lenses and deflector
plates are used (graphic taken from [52]).
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Figure 3.3: Ion signal: By changing the plasma delay and the extraction time
of the Wiley-McLaren mass spectrometer the intensity of the different hydrogen
cations can be optimized. The time of flight (t7or) relies on the mass of the
ions.
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Figure 3.4: Time of flight of the three hydrogen cations H+, Hy and H;r One
can see the proportionality trop o /m.

so the TOF is directly proportional to the square root of the mass of the ion.

tror X m (3.2)

This behaviour can be seen in Fig. if one adds an additional time ty and
multiplies v/m by a factor k.

tror = to + kvm (3.3)

By doing a linear fit one gets to =0.535 us and k=7.93 usamu~/2. After the
three Wiley-McLaren (WiMC) electrodes an ion optical arrangement consisting
of six cylindrical lenses is located to collimate the ion beam towards the scattering
region. Before entering the radiofrequency octupole ion-trap the ions are guided

using deflector plates positioned in horizontal and vertical directions.

3.1.2 Ion trap

To reduce the kinetic energy spread and cool possible excited vibrational modes,
the ions are first stored in a 8-pole radio frequency (rf) ion trap (see Fig. [3.5),
before entering the scattering chamber. A detailed description of the 8-pole ion

trap is given in [52].
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3.1. EXPERIMENTAL SETUP

The effective potential for an ideal cylindrical multipole of the order n can be

1n2(qVp)? [ r \ "2
Vi) 4 mQ2R3 \ Ry (34)

expressed as

where Vj denotes the amplitude of the oscillating rf-field, m the mass and ¢ the
charge of a particle in an electric field oscillating on a frequency 2 in a trap with
a inscribed diameter of 2Ry. With a multipole order n =4 the effective potential
of the ion trap scales with V,¢r ~ 6. The total length of the trap is 36 mm and
it consists of eight cylindrical rods with a diameter of 2rg=2.5mm which are
mounted into two copper side plates. The rods have an inscribed diameter of

2Ry ="T7.5mm. The geometry of the trap fulfils the relation

Ry
n—1

ro = (3.5)
to approximate a hyperbolic potential [18] 58]. A typical frequency of 8 MHz is
applied with up to 150 V rf amplitude. The ions are stored in radial direction by
the oscillating rf field of the rods. The endcaps of the trap (see Fig. prevent
the ions from leaving the trap. To manipulate the position of the ions during the
storage time three static ring electrodes (shaping electrodes) surround the trap.
These shaping electrodes shift the ions to one end of the trap. After opening
the endcap located at the scattering chamber side the ions are accelerated from
nearly the same region and therefore have a lower energy spread.

By closing the barrier at a specific time the ion trap can be used as a time-of-
flight mass filter. So one can load the ion trap only with a given ion species. The
whole ion trap can be set on an offset potential that matches nearly the kinetic
energy, which the ions have after they were accelerated out of the ion source.
Hence, approaching the potential of the trap decelerates the ions to 1-2eV, and
a short buffer gas pulse can be applied into the trap to further slow down the
ions.

To extract the stored ions the endcap is switched from a repulsive potential
to an attractive one. This potential gradient extracts the ions out of the ion trap
and the ions leave the trap at the mean kinetic energy of its potential offset. To
achieve a good energy resolution for the ion beam the gradient of the trap has
to be optimized. This is done by changing the voltage of the endcaps and the

shaping electrodes respectively. By using another pair of deflector plates and a
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outer endcap
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pulsed gas inlet

Figure 3.5: Sketch of the 8-pole ion trap. Instead of a buffer gas hydrogen
is used on the one hand to cool the H; ions through inelastic collisions or the
proton transfer reaction and on the other hand carbon dioxide is used to
produce HOCO™ in the trap by collisions with H; The endcaps are used to
load or unload the trap. Three shaping electrodes afford to shift the ions to one
endcap to improve the energy spread after extracting the ions to the scattering
chamber (graphic taken from [52]).

lens system these ions are guided towards the velocity map imaging spectrometer
where they are decelerated to energies between 0.2 and 5eV. The kinetic energy
distribution of the ions is established by using the VMI spectrometer.

The generation of the two different species for the performed experiments
(Hf and HOCO™) occurs in the ion trap.

H; generation

Stabilising the H:}f ions in the ion trap with Helium as buffer gas, as it is done in
many other experiments, does not lead to an efficient capture of the ions in the
trap. Using molecular hydrogen as buffer gas in the ion trap achieves the desired
trapping. The method to use a buffer gas that is the same species than the
trapped ion is used the first time in our setup and we assume that the incoming
H:J{ ions collide on the one hand elastic with the Hy molecules. On the other
hand a proton of the fast H; ion can transfer via a proton transfer reaction to

the slow neutral Hs ion.

Hz)’i_(faSt) + H?(slow) - H;—(slow) + HQ(fast) (36)
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Figure 3.6: Nonthermal kinetic energy distribution of ng ions extracted from
the ion trap and decelerated to 2.05eV. An energy spread of AE=222meV
(RMS) can be obtained.

Both mechanisms cool down the H;{ ions and the energy spread of them can be
reduced.

After the ions are extracted towards the scattering chamber their energy res-
olution is measured using the VMI setting of the spectrometer (see section.
Fig. shows a typically energy distribution of the H;r ions. To improve the

spatial distribution of the ion beam the SMI mode of the imaging spectrometer

is used (see section |3.2.1)).

HOCO™ generation

In the second scattering experiment protonated carbon dioxide HOCO™ collides
with CO. To create the HOCO™ ions two methods are tested. The first one is to
create the ions directly in the plasma by adding a Hy/CO2 mixture to the gas
inlet. Due to the creation of COQ|r and HOCO™ in the plasma, it is complicated
to separate these two masses in the Wiley-McLaren mass spectrometer. Thus,
the HOCO™ cations are also produced in the ion trap by using COs as buffer
gas. H; ions are created in the same way as in the first experiment in the ion
source. These H; ions collide in the ion trap with the CO9 molecules and create

via a proton transfer HOCO™.

Hi + COz — Hy + HOCO™ (3.7)
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3.1. EXPERIMENTAL SETUP

3.1.3 Neutral beam source

The neutral molecules are generated by a pulsed supersonic beam. This beam
originates from a second differentially pumped source chamber. A detailed de-
scription of the molecule source is given in [54]. A supersonic expansion is
achieved when a highly pressurised (1 to 6 atm) gas is expanded through a small
nozzle into vacuum [59]. To produce the supersonic beam a home-built piezoelec-
tric valve is used. For the experiment carbon monoxide is expanded at 1 bar. Due
to the low clustering effect of CO, no additional carrier gas has to be mixed. Af-
ter the valve, the jet is skimmed using a 300 um skimmer producing a supersonic
expansion which cools the beam both rotationally and translationally. As can
be seen from tabulated values for the heat capacities [60], at room temperature
and below the vibrational mode of CO is essentially unexcited.

To measure the velocity distribution of the neutral beam the molecules are
ionized via an electron impact process, using a 1-2keV pulsed electron gun
attached to the scattering chamber. The velocity of the neutral beam is measured
in order to obtain the scattering parameters. By measuring the velocity spread of
the beam its temperature can be obtained through o, = \/m. By using the
VMI spectrometer the velocity distribution of the generated ions is detected. A
jet velocity of 867 m /s with a sigma of 165 m/s is obtained as shown in Fig.[3.7(b)|
For our beam conditions we find a translational temperature of 91 K. Due to
the momentum transfer by the electron impact, the temperature of the CO
beam is increased and the value of 91 K is only a high upper limit for the beam
temperature.

In order to maximize the scattering efficiency, by minimizing the overlap and
interaction volume of the reactant beams, the spatial position of the neutral beam
has to be determined. A smaller interaction volume produces less uncertainty in
the mapping of the produced ions. To determine the position and the width of
the molecular beam the imaging spectrometer is used in the spatially resolving
mode (SMI mode - see chapter to directly map the position of the beam.
This technique is also used to optimize the placement of the piezo valve and to
be sure that the expansion of the neutral beam is not conical but linear. A cut
through the spatial distribution of the neutral beam is shown in Fig. A

beam diameter of 1.1 mm can be derived.
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(a) Velocity map image(VMI) of the CO beam. (b) A mean velocity of 867 m/s with a sigma
of 165m/s is measured for the molecular CO
beam.

Figure 3.7: To define the velocity distribution of the molecular CO beam, the
molecules are ionized using a pulsed electron gun. With the VMI settings of the
spectrometer the velocity can be mapped onto the detector. For our conditions
we measure a velocity of 867 m/s with a sigma of 165m/s. With o, = \/kpT/m
a temperature of 91 K is obtained for the CO beam.
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(a) Spatial map imaging (SMI) of the CO (b) By transforming the picture of the CCD
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Figure 3.8: The position and the beam width of the CO beam is measured
by using the spectrometer in the SMI mode (see chapter . To detect the
neutral CO beam, it is ionized using a pulsed electron gun. The white lines in
(a) show the width of the beam.
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3.1.4 VMI spectrometer

The setup of the velocity map imaging spectrometer has been described in detail
in many other publications [52H55] [61} [62]. Only a brief summary will be given
here. To extract and focus the ions out of the scattering plane six cylindrical
field plates (VMI1- VMI 6) are mounted onto each other. Between the two lowest
plates the ion beam crosses the molecular beam. The lowest plate (VMI 1) acts as
a repeller, whereas the sixth is grounded to generate a field free region between
the imaging stack and the detector. To improve the resolution and minimize
stray fields from the ion optics close to the imaging region the plates VMI2-
VMI6 are featured with a shielding. The shielding of the second plate features
many cylindrical holes through which the molecular and ion beam can pass
into the interaction region. These holes also provide the possibility to guide a
second molecular beam or different lasers into the scattering region. In order to
decelerate the incoming ions to a tunable kinetic energy, the first three plates of
the VMI stack are held on a variable platform potential. Due to the low electrical
field penetration of the voltage of the fourth plate, it can be assumed that it is
sufficient to set only three plates on the platform voltage. This was tested by
comparing the signal at the detector by setting only three plates on the platform
voltage and setting as well the fourth plate on the same platform voltage. No
difference in the imaging quality is observed.

After the incoming ion package has crossed the neutral molecular beam the
field plates of the VMI stack are switched onto their working potential. This
switching is usually done in 50ns using fast commercial HV-switches (Behlke
HTS 31). In order to provide a homogeneous field ramp for the extraction of
the ions out of the interaction region it is necessary to synchronize the switch-
ing time for the different electrodes [54]. This is done using cable propagation
delays giving a delay of the first three electrodes of 1-2ns. After the electrodes
are switched to the working potential the ions are accelerated towards a posi-
tion and time sensitive detector system consisting of a double MCP in chevron
configuration, a phosphor screen and a photomultiplier. If wished, the target
mass can be isolated of other fragments by setting a time window for the voltage
of the MCP. To detect the impact position on the detector a CCD-camera is
used. The pixel density of the CCD is 11.75 px/mm, which has to be taken into
account for transforming the impact position on the detector into a mm scale.

A photomultiplier connected to a time-to-digital converter (TDC) is installed to
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Figure 3.9: Schematic cut along a plane containing the symmetry axis of the
setup with the voltages for the velocity map imaging (VMI) mode. The voltages
for the 2-kV setting are: U; =2000V, Uy=1856V, U3=1657V, Uy =1434V,
Us=789V and Us=0V. The electrodes VMI2-VMI6 feature a curtain-like
shielding to avoid field distortions due to the close by electrodes outside the
spectrometer. The distances between the electrodes and the size of the windows
in the respective electrodes are displayed. The equipotential lines in blue with
100V spacing as well as the ion-trajectories are calculated with SIMION [63].
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3.2. COLLISION PROCESS AND DETECTION

determine the time of the impact of the produced ion [53]. To assure that the
measured time of the TDC belongs to one defined particle, only events with one
single detected ion are considered. Cycles with two or more events are discarded.
By combining the velocity map imaging with the simultaneous detection of the
flight time of each scattering event, a full three dimensional velocity distribution
can be reconstructed. Compared with the time slice imaging method, where the
detector is only switched on for a short time period to cut out the centre slice
of the three dimensional velocity distribution, this method is capable to detect
different ion species during the same measurement. The advantage of the slic-
ing method is that the speed of the data acquisition can be enhanced, but the

possibility to obtain a full three-dimensional velocity image is lost.

3.2 Collision process and detection

In this section the imaging process is given. A more detailed description of
velocity map imaging and of spatial map imaging can be found in other published
works [32, [64]. The following description allows us to understand how a specific
imaging setup can be used to resolve different phase space properties, like its
velocity or position. A particle with a defined mass, can be described by its
starting properties (r,z,v,,v,,m) , where r is the horizontal position in the
scattering region and z is the vertical position. v, and v, are the corresponding
velocities in the respective directions. During the imaging process the mass of the
ion can be treated as fixed and the symmetry of the apparatus is cylindrical. The
ion imaging process can be described as a mapping of the vector (r, z, v, v;)m
onto the detector. Every event is described by the coordinates (R, T'), where R
is the radial position on the detector (using the CCD-camera) and T the time
of flight (using the PMT + TDC setup described in this section) of the ion.
The geometry and voltage of the imaging lens system define the transformation
(ryz,vp,0:)m — (R,T). The points of origin for r and R are located on the
symmetry axis of the setup, whereas the origin of the z-direction is located
between the first two electrostatic plates of the setup, 8 mm above the lowest
one. The time of flight tror is measured relative to the arrival time (Ty) of a

particle at rest that is starting at »r = 0 and z = 0.
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3.2. COLLISION PROCESS AND DETECTION

To characterize the imaging resolution of the electric field configuration of
the electrodes the radius R of the impact position and the arrival time tror on

the detector can be approximated in the first order as

OR or
or or
IR or
R = (T’,Z,UT,UZ) g}Zz 5 tTOF - TO + (T‘,Z,’U»,-,UZ) g; . (38)
vy Ovy
OR oT
v, v,

The time offset Ty denotes the flight time of a particle from the centre of the
VMI setup (r =0, z = 0) with a zero initial velocity (v, = 0, v, = 0).

3.2.1 Spatial map imaging (SMI)

If the spatial position of the particle in the spectrometer is of interest, it can be
mapped onto the detector
(r,z) = (R,T). (3.9)

By setting the voltages of the spectrometer to the required voltages this spatially
resolving mode can be achieved. This mode is then called spatial map imaging
(SMI) and is used as a tool for mapping and optimizing the shape of the ion beam
and improving the overlap with the neutral beam. Additionally this technique
can be used to monitor the spacial extension of the product ions. According
to the investigation of [64], the voltages applied to the individual plates of the
imaging spectrometer are U; =3000V, Uy =2800V, Us=2600V, Uy =1400V,
Us =0V and Ug =0V to obtain a SMI configuration. For the settings employed

in the present experiment a scaling factor of
R=-3.1r (3.10)

is simulated [52]. This mode provides a mapping in r and z. The scaling pa-
rameter is approximately one order of magnitude larger than the influence of re-
spective velocity derivatives [64]. The negative magnification in equation ([3.10))

reflects that the spatial map imaging inverts the picture.
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Figure 3.10: Velocity map image in the centre-of-mass frame. The two circles
depict the velocity mean values of the two produced isomers.

3.2.2 Velocity map imaging (VMI)

The more interesting imaging mode, which can be achieved with the experimental

setup, provides a mapping of the velocity of the particle onto the detector
(vp,v;) = (R,T) (3.11)

and is known as velocity map imaging (VMI). The VMI mode can almost be
approximated in the first order to be independent of the spatial extension of
the ion cloud which can be estimated to be about (2-4mm)3. This spatial
extension can be estimated, when the produced ion cloud is extracted 1-2 us
after the collision of the ion package with the neutral beam. To increase the
distance of the imaged HCO" and HOC™ ions on the detector (see Fig. ,
the magnification of the spectrometer is adjusted to be maximal. This was
simulated with SIMION to optimize the used detector area with the assumed
velocities of the products and minimizing the aberrations of the spectrometer.
The voltage settings for the velocity map imaging for this case are Uy =2000V,
Uy=1856V, Us=1657TV, Uy =1434V, U5 =789V and Us=0V (see Fig [3.9).
These values are a fraction of the settings which were used in [32, [52]. To image

the HJ ions for measuring their energy distribution a different magnification
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parameter is used. For this all voltages are scaled-up by the same factor of 1.5
to have the 3-kV settings. The flight time Tj in the velocity map imaging mode
(2-kV settings) for HCO™ ions (m = 29 amu) starting at the centre of the setup is
given by 7.2 us. As an approximation the coordinates R and T only depend on v,
and v, respectively [32]. This means that two ions with the same velocity and a
different spatial initial position are detected onto the same spot on the detector.
Most VMI experiments do not record the time of flight T, so the information of
the velocity component v, cannot be detected and only the information of the
radial velocity v, can be extracted. In ion-molecule reactions with a spherically
symmetric velocity distribution, it is possible to reconstruct the initial velocity
using an Abel inversion scheme [65] or it is possible to produced sliced images
depending on the arrival time on the detector. In our experiment the time
of flight of the ions is detected and so the velocity component v, is observed.
By knowing this additional velocity the radial velocity of the product ions is

measured.

3.2.3 Calibration of the zero point of the detector

To determine the velocity origin of the detector, the scattering chamber is flooded
with neutral argon gas which is then ionized with 1keV electrons. Due to the
fact that the velocity of the neutral gas in the scattering region is thermally
distributed after some collisions with the chamber wall, the velocity image on
the detector shows a homogeneous distribution. Thus, the origin (z, yp) can be
approximated to be (583.4px,480.4px) (see Fig. [3.11)).

3.2.4 Mapping simulation

As described in the beginning of this section the detection process of the product
ion consists of a MCP in combination with a PMT. With these two detection
methods a three dimensional velocity distribution can be measured. Assuming
ideal velocity mapping, each position x, y of an ion detected on the detector
corresponds to its laboratory velocity vector in the scattering region. With this
projection, the velocity components v;, v, are easily calculated from the impact

position using the equation

T,y — Zo, Yo
= 3.12
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Figure 3.11: Measurement of the zero point of the detector. The scattering
chamber is flooted with Ar gas which is then ionized using a 1 keV electron
gun. Imaging the homogeneous velocity distribution lead to the zero point of
the detector. The zero point is 583.4 pixel in x-direction an 480.4 pixel in y-
direction.
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3.2. COLLISION PROCESS AND DETECTION

where M denotes the magnification factor of the lens arrangement and tror the
time of flight to the detector. xg, yg are the points of origin obtained from the zero
velocity. The magnification factor M depends on the electric field gradient of the
spectrometer [32] and is obtained from simulations of ion trajectories through
the VMI spectrometer ran with SIMION [63]. By simulating the flight path
of ions with a different starting velocity (v,,) out of the scattering region (see
Fig.3.12(c)) one can obtain the relation between this starting velocity and the
impact position on the detector (see Fig.[3.12(a)]). The straight line represents
the magnification factor M, which is calculated to be 0.72. The magnification
factor M is independent of the ion mass, so particles with the same velocity but
unequal mass are detected at the same spot on the detector. The TOF however
will depend on the ion mass. The value of t7oF is identified by taking the results
from the same SIMION simulation as described before.

The determination of the velocity component along the VMI spectrometer
axis v, is done in a slightly different way. For this, one takes the difference in

the time of flight of the ion and a magnification factor M,

T 1T
v, = M,

(3.13)

To identify the magnification factor M; for the velocity in z-direction, another
simulation of trajectories through the VMI spectrometers is performed with
SIMION. By taking ions which a different starting velocity v, and matching
them with the arrival time T at the detector, obtains the magnification factor
M, yielding a value of -35.6x1073s?>m ™! (see Fig. [3.12(b)). This magnification
factor represents g—g; and is negative due to the fact that ions starting with a
positive velocity in z-direction arrive earlier at the detector. The time T} is the
time for an ion starting out of the point of origin with v, = 0. The data points in
Fig are simulated with a normal distribution (0 =1.1mm) for the starting

position in the scattering region. This spatial spread leads to a distribution in

the simulated velocities. Fig |3.12(a)| and [3.12(b)| present these error bars. In

the case of the velocity in z-direction, the error due to the uncertainty in the
spatial starting point are within the data points. The error bars in the x- and
y-direction, increase with increasing velocities. This indicates the worse map-
ping of the VMI spectrometer for high velocities, because in this case the ions

are nearly reaching the plates.
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Figure 3.12: SIMION simulations obtain a magnification factor M =0.72 for
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All simulations are done with the 2-kV setting with m =29 amu.
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3.2.5 The data acquisition

. . . 3 .
For each detected event, the differential cross section dv‘éﬁ is measured by
AUy QU

determining the three dimensional velocity (v, vy,vs) of the scattering product.
To generate the scattering images for one energy, about 30000 events are col-
lected. Depending on the cross section and the production rate of the ions this
takes about 10 hours up to more than one day of acquisition time. Isolating the
target mass of other fragments is done by setting the correct time window on
the MCP. To evaluate the data, the position and the time information is con-
verted into the product velocity vector and then transformed into the centre of
mass frame. This transformation involves substituting the velocities of collision
partners by their equivalent velocities in the centre of mass frame by calculating

first the centre of mass (c.m.) velocity

. Zz m;v;

U' .=

Taking this into account, the kinetic energy of the system can be split up into

(3.14)

the kinetic energy of the centre of mass and the relative kinetic energy of the

two collision partners

1 1

1 1
Ekin = imlv% + §m2v§ = ingm. + §,uv2 (3.15)
with M = mq 4+ ma, MZM, V= 0U] — U2
my1 + mg

being M the sum of the implied masses, u the reduced mass of the system and
v the relative velocity of both particles, which is a direct measurement of the
available translational energy [66]. Therefore a single particle starting from the
scattering centre 7 = 0 can be assumed. This particle with the reduced mass m
is moving with an initial translational energy and angular momentum, which are
conserved respectively. Fig. shows a Newton diagram, where the relation
between the velocities in the centre of mass frame and in the laboratory frame
are expressed. This diagram illustrates the equation in its equivalent form:

n=V+ %v vp=V — wY (3.16)

The Newton diagram in Fig. [3.13] shows an example of a scattering event with

two particles. The solid arrows (red and blue) denote the velocities of the neu-
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Figure 3.13: Newton diagram for a scattering event with two particles. The
scattering process is cylindrically symmetric with respect to the relative veloc-
ity axis. The outer circle marks the kinematic cut-off, given by the maximum
product velocity that can occur taking into account that the energy and mo-
mentum is conserved. The dashed inner circle marks the kinetic energy, due to
transformation from kinetic energy to internal excitation.
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Figure 3.14: By using equation (3.12)) the position on the detector is trans-
formed into the velocities respectively. The red circle represent the kinematic

cut-off, whereas each dashed white circle illustrates a kinematic energy loss of
leV.
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3.3. DESCRIPTION OF IMAGING UNCERTAINTIES

tral molecule and the ion respectively. After the collision process, the maximum
energy of the ion is depicted by the outer solid circle which represents the kine-
matic cut-off. This circle corresponds to a collision where the kinetic energy is
conserved and no kinetic energy is transformed into internal energy [66]. The
dashed inner circle depicts exemplarily a collision where some of the initially
available kinetic energy is transferred into internal excitations of the products.
As a consequence of the kinetic energy loss one can directly measure the sum of
the internal degrees of freedom of the products. The momentum of each collision
has to be conserved.

In addition, the distribution in the centre of mass frame is rotated such that
the relative velocity vectors align horizontally along the collision axis v,. A
comparison of the raw image on the detector and the rotated distribution in the
centre of mass frame is shown in Fig.

3.3 Description of imaging uncertainties

After the detection of the product ion on the detector, one has to take into ac-
count that there are different sources of uncertainties for the ion energy, ranging
from imaging errors of the VMI spectrometer, caused by the offset and uncer-
tainty of the starting position of the ion to the finite resolution of the ion beam

and neutral beam.

3.3.1 Uncertainty of the VMI spectrometer

As already described in section the first order matrix for the velocity map
imaging shows not only a value in g—ﬁ but also a small value of %—f . This
means that the position of the detected ion on the detector depends not only
on the starting velocity, but also on the starting position. Due to the fact that
the velocity of the product ion is calculated from the position on the detector,
the determined velocity depends also on the starting position and not only on
the velocity in the scattering regime. This blurring effect on the product ion
velocity and is determined by taking a SMI image of the product ions as shown
in Fig. An offset of the starting position of 1.3 mm in x-direction and 1.4 mm
in y-direction (with respect to the zero-point) is obtained from this image and a

width of 2.5 mm can be assumed.
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(d) SIMION simulations with the determined offset and width of the starting
point in the scattering region. This leads to a blurring on the detector which
corresponds to 36 m/s (for a relative energy of 1.85eV).

Figure 3.15: SMI picture of the products to determine the offset and the width
of the starting position of the produced HCO' and HOC™ ions. With this
information the influence of the starting position on the velocity uncertainty can
be simulated with SIMION.
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3.3. DESCRIPTION OF IMAGING UNCERTAINTIES

To know the influence of the starting position the matrices for the 2-kV
setting of the VMI spectrometer could be calculated. Another method is to
do simulations in SIMION for the given potential of the spectrometer and the
starting position (Fig.[3.15(d)]). By simulating the position on the detector with
multiple starting points, which are Gaussian distributed around the measured
offset, the velocity spread due to the given starting point can be determined.

These simulations are then performed for all different relative kinetic energies

(see Tab [3.1)).

Table 3.1: Velocity blurring of the product ion due to the uncertainty of the
starting point. The starting point is Gaussian distributed with ¢ =1.1 mm.

collision energy [eV] | mean velocity [m/s] | velocity uncertainty [m/s]
0.20 360 39
0.65 485 34
1.85 775 36
2.50 920 43
4.40 1140 51

3.3.2 Ion and neutral beam uncertainties

In addition to the uncertainty due to the VMI spectrometer as described in the
previous section there is an uncertainty caused by the given quality of the ion
an neutral beam. The velocity spread of the neutral CO beam is constant over
all measurements and is given by a sigma of 165m/s. For the ion beam the
energy spread depends on the used energy. The resulting velocity spread of the
produced ion after the collision is calculated by taking the uncertainties of the
ion beam velocity and angle, the molecular beam velocity and angle and the
given masses before and after the collision as described in [32]. An example
for specific conditions is shown in Fig. In this plot, which represents the
velocity resolution in the centre of mass frame, one can see two different rings.
The outer one is for the kinematic cut-off as described in section 3.2.5 where the
inner ring is the velocity resolution at a given energy loss caused by the inner
excitation of the molecules after the scattering reaction, namely 40% internal

excitation fraction.
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Figure 3.16: Estimation of the velocity resolution due to the velocity spread of
the ion and neutral beam, calculated by Gaussian error propagation (see [32]).
The two rings show the kinematic cut-off and a resulting velocity for a given
internal excitation of the product ion.

3.3.3 Error budget and systemetics

After determining the velocity resolution due to the imaging uncertainty of the
spectrometer and the finite velocity spread of the reactant beams these two errors
have to be merged. As there is no correlation between these two errors Gaussian

error propagation for uncorrelated errors is applied

n
oF =) o} (3.17)
%

This leads to a pre existing velocity resolution oy, which is independent of any
internal excitation of the products and just depends on the velocity spread due
to technical issues oy, and the velocity uncertainty oy given by the imaging

properties of the VMI spectrometer

Opre = \/Ufech + 0"2/MI (3.18)

In section this error propagation will be used and described in more detail

in order to discuss the broadening of the internal energy (E;,).
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Chapter 4

Results and discussion

In this section the results of the investigated reactions producing the formyl
isomers HCOT and HOC™ are presented. First the reaction Hf +CO is discussed
and in a later section the results of the reaction HOCO™+CO are shown. To
analyse the ion-molecule reaction the energy or rather the velocity distribution of
the ion and neutral beam are shown, together with their resolution. Afterwards
the scattering images are presented together with a discussion of the internal
energy distribution and their angular dependence. Due to the different time of
flight for unequal masses, isotopes of carbon can be detected as well as carbon
monoxide cations. The ratio of these masses are compared for the different
relative energies of the reactants. As a result of the different binding energies of
the HCO™ and HOC™ isomers the kinetic energy and therefore the velocity of the
ions after the collision process depends on the enthalpy respectively. Thus, these
two isomers should be on different circles on the Newton diagram. Due to energy
broadening the two isomers cannot be separated directly. Section describes
a model to fit the measured internal energy distribution, which explains how an
upper bound for the ratio of HOC™ can be estimated. Before showing the results
of the measurements a motivation for the two different reactions (Hj +CO and

HOCO™+CO) is shown.

4.1 Newton diagrams of the two reactions

As already discussed the reaction Hy +CO—HCOT/HOCT+Hj is a key reaction
to understand the chemical composition in the interstellar medium. Another re-

action contributing to the formation of HCO™ and HOC™ is the reaction involves
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Figure 4.1: Newton diagrams for the two reactions. The arrow which points
up is the H;f and HOCO™ respectively. The arrow from the left to the right side
depicts the CO beam where the red circle is the kinematic cut-off for the HCO™
cation. Units of the diagrams in mm.

the cation HOCO™. The two reactions are quite different in their dynamics be-
cause the mass ratios of the two educts (H7 /CO and HOCO™T/CO) is different.
This difference in the mass ratio leads to totally different Newton diagrams (see
Fig. . As one can see, the velocity vector of the H;f beam compared to the

CO beam is enormous.

4.2 Hj 4+ CO

The most important reaction to form HCO™ in the interstellar medium is the

reaction

Hi +CO - HCOt +Hy  (AH= —1.76eV) (4.1)

which also forms the isomer HOC™ by the reaction
H + CO - HOCT +Hy  (AH = —0.13eV), (4.2)

where AH is the enthalpy of the reaction. This reaction is studied experimen-
tally at five different relative energies to preserve energy dependent scattering
results. The energies are 0.20eV, 0.65eV, 1.85eV, 2.50eV and 4.40eV. As de-
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scribed in section the H:}f are produced by plasma discharge and focused
into the scattering chamber after they are stored and cooled in an ion trap. By
setting the offset potential of the VMI spectrometer to a given voltage the ions
are decelerated to the required energies. Using the VMI settings of the imag-
ing spectrometer the kinetic energy of the ions can be measured. Changing the
settings of the ion trap, i.e. radio frequency, trapping time and endcap voltage,
increases the energy resolution of the ion beam. Fig. 3.6 shows such a mea-
surement for the ion beam with 2.05eV. Tab. shows the HJ energies and
the corresponding standard deviations of the internal energy. The variation of
the mean energy and the standard deviation are caused by multiple measuring
cycles of the same energy. During these cycles the energy of the ion beam is
drifting. After a scattering time of about two hours the energy of the ion beam
is controlled to make sure that the drift is not to high and if necessary the beam

is aligned again.

Table 4.1: Table of the H;r ion energies used in the experiment. The mean
values and the sigmas are shown as well as the relative energies of the two
reactant beams.

energy [meV] | o [meV] | E,¢ [eV]
280 122 0.20
700 133 0.65
2120 190 1.85
3010 340 2.50
5060 243 4.40

4.2.1 Time of flight spectrum of CO", HCO" and H*CO™"

After the crossing of the reactant beams the plates of the VMI spectrometer
are switched to their working potential and the produced ions are accelerated
towards the detector. The MCP of the detector is active in the time interval of
6 ps- 8 us, due to the fact that the time of flight for the HCO™ ions is simulated
with SIMION to be 7.2 us for the 2kV settings. During this time all ions with an
according mass are detected. Fig. [4.2(a)| shows a typical time of flight spectrum
where the time axis starts at the time at which the MCP is active.

Three different ion species are observed. To identify the two small peaks
better the major one is scaled down by the factor 30. The main peak at ~ 7500 ns
is the signal of the HCO™ and HOC™ ions with mass m = 29 amu where the minor
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is scaled down by 30 to see the small for all energies where the CO™ peak is more present

peaks better. at the relative energy of 4.4eV. The error bars result
from the varied cuts (£ 5ns) for each mass.

Figure 4.2: Time of flight (TOF) of the produced ions where the masses
m=28amu, m=29amu and m=30amu show a clear peak. Also mass
m =31amu appears in a tiny peak. These masses belong to CO*, HCO™,
H¥CO™ and HC'SOT.

peak at ~7380ns corresponds to the mass m =28 amu. This peak is supposed
to be CO™". The third peak at ~ 7625 ns accords to the mass m =30 amu and is
most likely given by the carbon isotope *C. So the peak corresponds to H*CO™
and HOC™. Also a little contribution of DCO™* would be found in this peak,
but this is negligible, as the natural isotopic abundance of deuterium is only
0.0156% [67].

By setting a cut! with slightly varied edges (& 5ns) the number of counts
for all ions of the three peaks is determined. This is done for all five relative
kinetic energies and the ratios CO™ /HCO™ and H'3CO™ /HCO™ respectively are
depicted in Fig. 4.2(b)l The error bars appear due to the variation of the time
cuts for the three peaks.

The proportion of H¥CO*/HCO™ is for all energies almost constant at
1.45%. The NIST database [67] declare this proportion to be 1.09%. The higher
value in the measurements is caused by the width of the HCO™ peak, so that
some hits of this peak are wrongly counted as mass m =30amu. In Fig. 4.2(a)

one can also see a tiny peak at a time of flight of ~7725ns. This peak belongs

Lonly taking the counts into account which are in a defined time interval between two edges
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Figure 4.3: Scattering image for 4.40eV relative energy. In the left picture
the time of flight window is set for COT, HCOt and H3CO™ (m =28,29 and
30amu). At the end of the CO arrow in the Newton diagram a blob is present.
By setting the time of flight only for the CO™ ions one can see in the right picture
that the blob is generated by these ions.

to m=31amu and is for all energies about 0.2% of the HCO™ peak. The iso-
topic percentage of the ¥O isotope is about 0.2% [67]. Thus, this peak has to
be HC'®O™. By looking at the scattering image of the H'3CO™* and HC'8O™
ions one can see that these show the same dynamic features as the HCO™ ions.
This is caused by the same chemical characteristics because only the nucleus is
different in both cases.

By looking at the behaviour of the proportion of CO™ /HCO™ in Fig.
one can see a rise for higher collision energies, especially for the energy of 4.4eV.
Due to the fact that for all energies the CO™ peak is existing, the possibility of
creating this cation in the molecular CO beam is considered. If this is the case,
the CO™ counts are correlating with the measuring time for each energy because
the molecular CO flux is constant for the whole experiment. One can observe
a positive correlation between loop numbers (duration of the measurement) and
COT™ events. This would be a indication for CO™ that is produced in the molec-
ular beam source. However, as the appearance energy to form CO — CO™ is
19.5+0.2eV [68] it is unlikely that this really happens.

By anticipating the results of the TOF spectrum of the HOCO'T+CO ex-
periment (compare section , where no peak for the CO™ cation appears,

one can exclude the possibility that these ions are created in the neutral beam
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source. Because if the CO™ ions would be produced in the neutral beam source,
there must be also a peak in the HOCO™ experiment.

For the H'3CO™ and HC'O™ ions the scattering images are the same than
for the HCO™ ions. This is not the case for the CO™ ions (see Fig[d.3)). There the
ions appear just at the position of the neutral CO beam. This implies that the
ions are either directly formed in the molecular CO beam or that a dissociative
charge transfer from the ng takes place: H§F+CO—>H2+H—|—CO+.

4.2.2 3D-Velocity Images

After the collision of the reactant beams the product ions are imaged onto the
detector as described in section |3.2] This signal is then converted into a velocity.
The velocity v, , parallel to the extraction plates corresponds to the position R
on the detector and the velocity v, in direction of the spectrometer axis depends
on the difference in the flight times. For some reason v, cannot be calculated as
described in equation This was also tried by [52] 54] but no real cause was
found. Assuming that the velocity distribution of the products after the collision
process is cylindrical symmetric the width of the v, and v, distribution has to
be identical . By taking the known distribution of vy, one can transform the
information from the time of flight into v,. By knowing the components in y-

and z-direction the radial velocity is calculated by

— 2 2
Up =4/ Uy + U3

In Fig.[4.4]the 3D scattering images for the five collision energies are presented
with the corresponding Newton diagrams. The red circles depict the kinematic
cut-off and the dashed white circles represent kinetic energies reduced by 1eV
respectively. At a glance one can see that for all energies the velocities are clearly
lower than the kinematic cut-off. Furthermore forward scattering in direction
of the CO molecule appears as the mayor mechanism. For increasing relative

collision energies the energy loss increases as well.

IThe picture is already transformed into the centre of mass frame and rotated horizontally
to the scattering axis - compare with Fig. 3.14(b)
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Figure 4.4: 3D-velocity images and internal energy distributions. In the left
plots the 3D scattering images for all experiments are shown. The black arrows
correspond to the velocities of the reactant beams and the circles represent the
Newton diagram as described in the text.

In the right graph the internal energy distribution for two different scattering an-
gle areas are plotted, where the black line represent forward scattering (10°+ 10°)
and the red one shows the internal energy for ions with a scattering angle of
50°(£10°).
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4.2.3 Angular dependence

The right graphs in Fig. show the angular dependence of the internal energy
where the histograms are normalized to allow a comparison of the distributions.
For the low collision energies, like 0.20eV and 0.65eV, no shift in the internal
energy is observed at higher energies a shift to more internal energy and also a
broader energy distribution is identified. The higher internal energies for larger
scattering angles are related to the impact parameter. Due to the fact that a
smaller impact parameter leads to a higher scattering angle, one can say that a
collision with small impact parameter has to produce more internal excitations.

Recently Trippel and coworkers have investigated the angular differential
state-to-state cross sections as a function of the collision energy in the reaction
Art+Ny —Ar+Nj [69]. They obtained a dominant excitation for the v/ =1 vi-
brational level of the molecular nitrogen cation. Higher vibrational excitations
up to ' =6 have been observed for large scattering angles. Their results of the
vibrational level-dependence of the angular cross section agree with the model
presented by Candori and coworkers who obtained the vibrational levels of N;r
from curve crossing probabilities for vibrationally-adiabatic intermolecular po-
tentials [70]. Their model shows, that for a particular product vibrational state
V', the yield changes strongly with the impact parameter and is thus correlated
to the scattering angle.

This explains, why larger scattering angles result in more internal energy and

the internal energy is broader .

4.2.4 Internal excitation of the products

The internal energy of the products after the collision is determined by taking
the difference of the kinetic energies of the reactants and the products after
subtracting the enthalpy. As one can see in Fig. the internal energy of
all different relative energies is considerably high. The energy has not only
redistributed into the HCO™ system but also in the second collision product,
Hs. One can say that both products are internal excited after the collision takes
place. Due to the existence of multiple vibrational modes in HCO™ /HOC™ and
Hs, it is not possible to quantify the exact vibrational distribution from the
obtained internal energy distribution

The NIST database provides values for the stretching and bending modes
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of the HCO™ formyl cation [71]. In the results of Stamatiadis and Werner the
stretching and bending modes of the neutral HCO molecule are shown [72], [73].
There one can see that the existence of two excitation modes at the same time
leads nearly to a superposition of the energies of the two separate excitation
modes. Doing this with the results of the HCO™ values of the single excitation
modes gives an approximation for the energies with more than one excited mode.
The variation of the values for the frequencies in Tab. results from the dif-
ference in the values given by NIST [71].

Table 4.2: Vibration and bending modes of the HCO molecule: vy is the H-C
strech mode, vo the C-O strech mode and v3 is the bending mode. Frequency
and energy with respect to the v 23=0 level [74].

Mode | Freq. (cm™1!) | Energy (eV)
(1/17V2,I/3>
(1,0,0) 2973+134 0.368
(0,1,0) 2159+34 0.268
(0,0,1) 829 0.102
(1,1,0) 5132 0.636
(1,0,1) 3802 0.471
(0,1,1) 2988 0.370
(1,1,1) 5961 0.739

For the Hy molecule the vibrational zero point energy is 2200.6 cm™! [75]. As

the energy levels of a harmonic oscillator

E(w) = <,, + ;) i (4.3)

are equally spaced by AF = hw the energies for the vibrational quantum num-
bers v = 0,1,2,... can be calculated (see Tab. |4.3)). The plots of the internal
energy (Fig. show a maximum at 1.7eV, 1.9eV, 2.1eV, 2.4eV and 3.0V for
the five different energies. As these internal energies are appearing as excitations
in the vibration modes of the product molecules, one can say that more than
one mode is excited. In Tab. also the superposition of the first excited modes
and their corresponding energies are shown. These energies are not large enough
to cover the whole internal energy. Thus, more than the first modes have to
be excited. Due to the large amount of possible excitation combinations of the
different vibration modes of HCO™ and Hj, a precise determination cannot be

carried out.
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Table 4.3: Vibration energies of the Hs molecule, where v is the vibrational
quantum number [60, [75].

v | Freq (cm™1) | Energy (eV)
0 2200 0.273
1 6601 0.818
2 11003 1.364
3 15404 1.910
4 19 805 2.455
1.0 — T T T T T T T T T T T T 1
v(bend.) 132—625 fs
0s | collinear
’ 330K
b -
k%)
§ 0.6
RS i
2 v(HC-str.)
T 04
& v(CO-str.)
0.2

0.0 :
0 1000 2000 3000 4000 5000 6000 7000 8000

Wave number/ cm™

Figure 4.5: Different excitation modes in the HJ - -+ CO complex. Intramolec-
ular vibrational energy redistribution calculated by Hirano and coworkers for a
collinear approach of the Hi to the C end of CO at 330K (taken from [44]).

In 2009 Hirano and coworkers were studying the linear approach from H:J{
to the C end of CO with translational temperatures of 20K (a typical kinetic
temperature of dark clouds) and 330K (a typical translational temperature for
ions in a glow discharge) in direct dynamics calculations [44]. In the first 100 fs
of the approach the HT is attracted to the CO and forms HCO™, where the H-
C stretching mode is highly excited. This excitation can then relax within the
same vibrational ladder or be transferred into the bending mode. The relative
intensities of the different excitation of the HCO™ is shown in Fig. Although
excitations of higher vibrational levels are seen, the majority of the products are
populated in the fundamental vibrational states. This may change at higher

collision energies, as we are using in our experiments.
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Figure 4.6: Ratio of the internal energy and the total energy as a function of
the relative energy. The total energy is the sum of the relative energy and the
exothermicity. The error bars depict the RMS of the internal energy.

As discussed in section [£:2.3] Candori and coworkers showed for the reaction
Art+Ny —Ar+NJ that the excitation of the v/ level for NJ depends on curve
crossing probabilities for vibrationally-adiabatic intermolecular potentials [70].
In our reaction we have not only one possible vibrational state but three, one
in the Hy molecule and two in the HCO™ cation, which has also an additional
bending mode. Thus, much more curve crossings are possible, which lead to the
excitation of one or more of these vibrational modes.

Fig.4.6|shows the ratio of maximum internal energy Ei,; (taken from Fig. [4.4])
to total available energy Eio as a function of the relative energy E,q of the two
reactant beams. The total energy is the sum of the relative energy and the
enthalpy. One can see that for higher relative energies the ratio decreases and it
reaches a value of ~ (.5 for the highest entry.

By now, only the vibrational modes of the products are considered. The
rotational constants for HCO' and Hy are 0.185meV and 7.53meV respec-
tively [40, 76, [75]. Regarding the rotational energy levels of the molecules, which

can be described using the rigid rotor model, the energies are
E;=ByJ(J+1), (4.4)

where J is the rotational quantum number (0, 1,2, 3,...) and By is the rotational
constant. For the Hy molecule a rotational energy of nearly 1eV is reached for
J=11. Due to the low rational constant for the HCO™ cation, the model of
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4.2. Hf + CO

the rigid rotor is no good approximation. Nevertheless, the rotational energy of
the HCO™ must be taken into account, if one is looking for possible populated
internal excitations of the products.

In total there are several possibilities in which the kinetic energy can be
transformed. One can not really say, in which type of energy it is converted but
most likely all of them are excited at least in the first mode, especially for higher

relative energies where also the internal energy is higher.

4.2.5 Ratio of HOC™ / HCO™*

The main task of this work is to determine the ratio of the formyl isomer HOC™
depending on the relative kinetic energy of the two reactant beams. Due to the
lower proton affinity of the oxygen in the carbon monoxide the enthalpy of the
reaction H§L + CO — HOCT + Hy is lower than in the reaction where HCO™ is
formed. Thus, the kinematic cut-off of the observed HOC™ ion appears 1.63eV
lower. By looking at the plots of the internal energy (Fig. one should see two
separated peaks, one for the HCO' and one for the HOC™ channel respectively.
As already discussed in section the internal excitations of the products are
quite high.

By assuming that the internal excitation does only depend a little on the
formed isomer, one can say that the percentage energy loss due to internal ex-
citations compared to the maximum available energy for both isomers has to be
the same. With this assumption one can calculate the position of the mean value
of the HOC™ isomer if the position of the HCO™ peak is known. Due to the
high internal excitation of the products, the distance between the two peaks of
the HCO™ and HOC™ isomer is reduced. Together with the broadening of the
peak due to the distribution of the internal energy, it is not possible to see two
different peaks. For lower collision energies this effect is even more critical, as
the percentage of the internal energy compared to the maximum available energy
is higher and so the distance of the two peaks will decrease even more.

To find a fit function, which describes the measured internal energy as a
superposition of the internal energy of both two isomers a second assumption
has to be made. It is assumed that the velocity of the cations after the collision

process are Gaussian distributed!. With these two assumptions a fit function for

!This distribution is chosen, because this distribution leads to a very good fit for the case
of forward scattering.
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4.2. Hf + CO

the internal energy distribution can be constructed.

(V) = A - exp (-W) (4.5)

where A is a factor to normalize the Gaussian function and ¥y is the velocity
of the mean value of the energy distribution. The relation between the density
function of the velocity and the density function of the internal energy is given

by
dv

dEint

When the measured velocity of the ion increases the internal energy decreases.

p(v)dv = —p(Eint)dEine  —  p(Eint) = —p(v)

(4.6)

This is the reason for the minus sign.

where EJ, is the relative energy after, Ej;, the relative energy before the collision
and AH is the enthalpy of the reaction (for HCO* AH =-1.76 eV and for HOC*
AH=-0.13¢eV).

1
Epin = 5// -'? (4.8)
with the reduced mass ' of the HCO and Hy molecule and the relative velocity
©'. In the centre of mass the momentum is zero, so the momenta of the two

molecules are the same

= Uy, = = Uy, (4.9)

Prco = _ﬁHQ
In this model only forward scattering is taken into account, as the main part of
the scattered ions are forward scattered, so ¥ becomes v.
With v' = vgeo + vh,, because the velocities are in the centre of mass frame in

the opposite direction, the relative kinetic energy after the collision process is

1 m, +m
; ’ H HCO ~2 )
Eyin = ot <2mH2 ) oy =0T (4.10)
and the internal energy is
Eint = Epin —a-v2, — AH (4.11)
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!
kin

By, — AH — E; By, — AH — E
cho:\/ kin int 7 v():\/ kin Orco (4.12)

a a

where a is the prefactor of E} . described by the masses.

By assuming that the enthalpy AH is independent of the internal energy E;,;

dv 0 B 1 1
dBint 20 [Epp—Ewm—AH
a

With C‘lj—g and the expression for v and vg one gets

(4.13)

A. emp(— (\/Ekm—AHHCO—Emt;;{fkm—AHHco—EOHCO)2)
(4.14)

2 \/Ekin*AHHCO*Eint
a

P(Bintpeo) =

This is the function for the internal energy distribution of HCO™ if one assumes
that the velocity is Gaussian distributed. In this function the parameters A, Eg
(the mean value of the energy distribution) and o are free parameters and they
could be used for fitting the function to the internal energy distribution if one
only takes the HCO™ isomer into account. By taking the assumption that the

relative energy loss (in %) is equal for both isomers, one obtains

Bowoe__ _ __ Poweo (4.15)
Eiin — AHpoc  Egin — AHpco

and that the o is the same for both energies the fit for the second isomer is

—(VErin—AHpoo—Eint—/Erin—AHroc—Eo o )
B -exp 552 o

2 \/Ekin*AHHOC*Eint

> (4.16)

P(Eintyoc) =

a

where the factor A is replaced by the factor B. The superposition of both prob-

ability density functions produces the fit function for both isomers

p(Eint) = p(EintHco) +p(EintHoc) . (417)

In section the uncertainty of the educt beams .., and of the VMI spec-

trometer oy are discussed. To account for the whole width of the measured
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Figure 4.7: Fit function for 0.65eV relative kinetic energy. No suitable result
can be obtained for the fit with two isomers, so the fit for only the HCO™ isomer
is shown. The two dashed lines show the split-up of the different o.

internal energy the broadening of the internal energy o, itself is also considered.
As this uncertainty is not correlated to oiecp, and oy one can sum up all these

three uncertainties

2 _ 2 _ 2 2 2
0 = Ootal = Ttech + ovmI + Oint - (418)

To find the best fit parameters a x? test was used

n

0; — E;)?
2=y (12')7 (4.19)
i=1 v

where O; is an observed value, E; an expected (theoretical) value and n is the
number of bins! in the histogram. By minimizing x?/dof the best fit is obtained?.
In Fig. and the results of the fit function for the relative kinetic energy
of 0.65 eV and 1.85 eV are shown. For both energies the fit functions for either
the whole scattering sphere (left plot) or mainly forward scattering (right plot)
are presented. By looking at the fit parameters x?/dof of both plots (left and
right), one can see that the results for the forward scattering is better (lower
x%/dof value). This can be explained by the fact that in the fit function only

forward scattering was considered.

The plots in Fig. and are divided into n bins, where for each bin the number of
counts is depicted.
2dof = degrees of freedom = bins - fit parameters
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Figure 4.8: Fit functions for 1.85¢V relative kinetic energy. The left plots are
for the whole scattering angle and the right ones consider only forward scattering.
The two plots at the top show the fit function with no appearance of the HOC™
isomer. The middle ones are the fit functions for both isomers, where the lower
plots show the split-up of the o (see text for more details).
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To determine the ratio of the two isomers with the fit function, exemplarily
the reaction with the collision energy of 0.65eV and 1.85€V, respectively, are
considered. The fitting of the internal energy distribution for the 0.65 eV collision
results in a HOC™ ratio of 0. A reason for this is that HOC™ is only possible
above 1.6 eV, because the enthalpy of the reaction channels are different by this
value. By assuming that the internal energy distribution for the HOC™ isomers
looks similar than the distribution of the HCO™ isomer, almost no contribution
is left for the HOC™ isomer. For the energies of 2.5eV and 4.4 eV no fit function
is made. As discussed in section 2.2 the transition state from HCOt +— HOCt
is 3.1eV beyond the energy level of the HCO™'. Thus, it is not possible to
distinguish between the two isomers when the internal energy is higher than this
value.

In Fig. the fit with the two isomers is shown for the collision with 1.85eV
kinetic energy (middle plot). By looking at the forward scattering one can see
that the fit parameter x2/dof is better for the fit with two isomers. The two
coloured lines in the middle plot represent the two different isomers, where the
red one is the HCO™ isomer and the blue one the HOC™. The height of the two
isomers depict the parameters A and B (compare equation and )
The percentage for the HOC™ isomer is calculated by

B

— 1 . 4.2
T 100% (4.20)

The dashed lines in Fig. 4.7 and 4.8 (lower plot) represent the contribution of the
different uncertainties (otechtvar, Gint), where oieen, and oy are determined as
described in section and o;,; is a parameter of the fit function and calculated
by that. The values are shown in Tab. [1.4]

Table 4.4: Split-up of the ¢ as shown in Fig. and

energy angle [°] | otech [m/s] | ovar [m/s] | oine [m/s]

0.65eV 06_14850 83 39 1;3
one nomer) | 05 | P ||
osomers) | 05 | % | T | 1
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Figure 4.9: Quality of the fit function y? as a function of the HOCT ratio with
the 10 and 20 error range.

As can be derived from the different contributions, the width of the curve is
mainly given by o;,¢. This is explained by the fact that the internal excitation
after the collision is not always the same, so different vibration modes of the
molecules are excited. One can also see that the width of the internal excitation
is higher if one takes the whole scattering angle into account.

The fit function for the 1.85eV relative kinetic energy measurement for for-
ward scattering is the most interesting one. Here the fit with the second isomer
leads to a better result and the transition state between the two isomers has not
to be taken into account.

In Fig. x?%/dof is plotted as a function of the HOC* ratio. One can see
a minimum at 10% (with x?/dof =1.87). With the Least Squares Method the
10 error is defined as Ax? = +1 above the best-fit point and the two sigma error
range corresponds to Ax? =+4. By taking the 1o error range an upper limit
of about 19% for the HOC™ isomer can be obtained and for a 28% ratio of the
HOC™ isomer the error is still in the 2 o range.

With these results one cannot exclude that only the HCO™ isomer is pro-
duced, but one can definitely say that the ratio for the isomer HOC™ of 50% as
suggested by Klippenstein and coworkers is not obtained. This result is interest-
ing as it shows that the isomerisation process is probably influencing the ratio

even at high relative energies.
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4.3. HOCO* + CO

4.3 HOCO" + CO

In the second experiment we analyse the reaction
HOCO™ + CO — HCO™ + CO, (AH = —0.56eV) (4.21)
which also forms the isomer HOC™ under endothermic conditions

HOCO™ + CO — HOCt + CO,  (AH = +1.18eV). (4.22)

Due to the endothermic reaction for the isomer HOC™ the energy barrier of
1.18 eV has to be exceeded to form this isomer. In the previous reaction (H3 +CO)
this is not the case. There both isomers can be produced because both reaction
channels are exothermic. Therefore we choose two relative kinetic energies where
one is lower than the barrier and one is higher. As described in section the
HOCOT cations are produced in the ion trap by the collision of COs and H;
This beam is then accelerated towards the scattering chamber. By changing
the offset voltage of the scattering region the energy of the ion beam can be

controlled. The ion energies for the two experiments are depicted in Tab.

Table 4.5: Table of the HOCO™ ion energies used in the experiment. The mean
values and the sigmas are shown as well well as the relative energies of the two
reactant beams.

energy [meV] ‘ o [meV] ‘ Erer [€V]
2560 171 0.8

4840 158 1.7

4.3.1 Gaussian calculations towards determining the enthalpy
and isomerisation

For the reactions .21l and [£.22] no calculations for the transition state in the
OCO---HCO™" intermediate complex can be found in literature. Such calcula-
tions are of interest, because they can show if an isomerisation between the com-
plexes is possible as in the previous reaction. To determine the energy for this
transition state and the enthalpy difference for the two reaction channels with
the products HCO' and HOC™, the G09 software has been implemented [77].

The calculations are carried out using the Mgller-Plesset perturbation theory
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Figure 4.10: Potential energy surface (PES) for the reaction

HOCOT+CO—HCO*/HOCt+COy. The PES is calculated at a MP2
level with a 6-3114++G** basis set (red = oxgygen, gray = carbon, white =
hydrogen).

(MP2) at the 6-311++G** level of theory. The energies for all the components
in reaction

HOCO™ + CO — HCOT/HOCT + CO, + AH (4.23)

are calculated by optimizing the geometry (angles and bond lengths) of the
molecules.

In Fig. the calculated potential energy surface is presented with the
energies for the two intermediate complexes OCO--- HCO™ and OCO---HOC™.
The transition state of these two intermediate complexes is presented as well.
One can see that the transition state is just 0.1eV above the zero-energy level
of the reactants.

To calculate the energy levels of the intermediate complexes, the geometry
of the involved molecules is first optimized. These optimized molecules are then
scanned in the sense of distance, angle and minimal energy for each structure.

By comparing the energies of all the reaction components of reaction [£.23]
the enthalpy for the HCO™ channel of AH; =-0.72 eV and for the HOC™ channel
AHs =1.33¢eV are obtained. The energy difference for the two channels is AHs
- AH; =2.05eV. Comparing this value with the proton affinity and the results

of Li and coworkers, an inaccuracy of ~20% can be approximated [19].
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Figure 4.11: Time of flight of the HOCO experiment with 0.8eV relative
energy. One can see that there is no peak on the left side of the main peak.
Thus, no CO" was determined. The H¥CO™ peak still exists.

Even with this accuracy of the calculation the transition state between the
two complexes is below or only a few 100 meV above the zero energy of HOCO™
+ CO. For a reaction with a relative energy of only 0.5eV this transition state

can be passed and an isomerisation process is possible.

4.3.2 Time of flight spectrum

As already discussed in section the time of flight spectrum shows different
peaks for mass 28 amu, 29 amu, 30 amu and also 31 amu, where m =29 amu cor-
responds to the HCO™ and HOC™ cations. In Fig. one can see the time
of flight spectrum for the HOCO™+CO experiment at 0.8eV relative energy.
The main peak in the middle corresponds again to the HCO™ molecules with
m =29 amu. On the right side of the main peak at m =30 amu appears the peak
of the H'¥*CO™ molecules. The peak for the CO™ molecules, which was clearly
detected in the previous experiments (especially for higher collision energies),
does not appear in this TOF measurement. In the discussion of the TOF spec-
trum in section (Hi +CO) the possibility that the CO™ is produced in the
neutral beam source was mentioned. Due to the fact that no CO' peak appears
in the TOF measurement of this reaction, one can exclude this possibility. If one
compares this TOF spectrum with the TOF spectrum of the H:}f—i—CO reaction
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(see Fig. , a shift of ~ 80 ns and a broader peak for the HCO™ can be seen.
It is unclear where this effect comes from, but simulation with SIMION show a
shift of the time of flight of 80 ns if the potential of the repeller plate is decreased
by 15V. A second effect of the lower potential of this plate is a higher standard
deviation what explains the more expanded peak. Another reason could be a
different spatial interaction region of the two beams in this experiment, as this

can also lead to a different time of flight.

4.3.3 3D-Velocity images and angular dependence

In section it is described how the radial velocity is calculated. In Fig.
(left image) the 3D scattering images for the two collision energies are shown.
As already observed in the previous experiment the main part of the ions are
scattered in forward direction. The red circle depicts again the kinematic cut-off
of the reaction and the dashed white circles show each an energy loss of 1eV.
Again, a huge internal excitation can be observed for both energies so that no
ions are scattered to the kinematic cut-off.

If one looks at the angle dependence of the internal energy (Figld.12] right)
it is evident that for larger scattering angles the internal energy is higher. This
is the same result than in the Hg’—i—CO experiment and one can also see that for

higher relative energies the angle dependence is higher.

4.3.4 Internal excitation of the products

In the right plots of Fig. [4.12] one can see the internal energy after the collision.
As described in section [£.2.4] the internal energy is the difference of the kinematic
energies before and after the collision with respect of the enthalpy.

Comparing the internal energy with respect to the maximal available energy
(Egin-AH) from the previous reaction (Hj +CO) with the results of the present
measurement, one can see that the present internal energy shows less excitation.
This can be caused by the difference of the enthalpies of the two reactions or by
the fact that the educts of the two reactions are different. The Hy molecule in the
previous reaction has very high vibrational energies in low excited states (1.36 eV
at v =2) and in the current reaction the second educt is the CO2 molecule with

lower vibrational energies as shown in Tab.
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Figure 4.12: 3D-velocity images of the HOCO™ eperiment (left) and the inter-

nal energy distribution (right) for both relative energies.
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4.3. HOCO* + CO

Table 4.6: Vibration energies of the COs molecule with symmetric and anti-
symmetric stretch as well as the bending mode [60].

Mode ‘ Freq. (cm™1) ‘ Energy (eV)
sym. stretch 1333 0.165
asym. stretch 2349 0.291
bend 667 0.083

As Hirano and coworkers tell, the departing Hy carries away 2/3 of the excess
energy [44]. This could explain the difference in the internal energy distribution
between both experiments as in the second experiment no Hs molecules are

available.

4.3.5 Ratio of HOC™ / HCO™*

In the reaction H;)F—I—CO both isomers HCO' and HOC™ can be produced with
small relative energies because both reaction channels are exothermic. A clear
separation of the two isomers is not possible, but a fit is made to obtain a
upper bound for the HOCT isomer. In the present reaction (HOCO'+CO)
up to a relative kinetic energy of 1.33eV no HOC™ can appear because the
endothermicity for creating this isomer is not reached. This is quite interesting,
because one knows that the internal energy of a reaction below this limit always
shows just one channel.

By comparing the shape of the internal energy distribution of the two different
reactions one may tell more about the HOC™ ratio in the first experiment. The
shape of Ej,; for the 0.8eV (HOCO™) reaction is similar to the shape for the
1.85eV and 2.5eV (HJ) reaction. In the fit for the Hf +CO experiment with
1.85eV relative energy the right part of the distribution was declared to be the
part of the second isomer HOC™. As the shape is now the same for the current
experiment at 0.8 eV relative kinetic energy where no HOC™ can be produced, it
is questionable if this comparison can be done. A more detailed analysis of the

ratio in the HOCO™ experiment could help to make more precise predictions.
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Chapter 5

Conclusion

In the present master thesis the ratio of the isomers HCO™ and HOC™, formed by
proton transfer reactions, is studied. Our data analysis for the system including
a fit function for two isomers shows an upper limit of 19% for the HOC™ isomer

in the reaction

Hi + CO — HCO"/HOC™ + Hy,

with a relative kinetic energy of the two reactants of 1.85eV. This is not in
agreement with the prediction of Klippenstein and coworkers who claim this ratio
should increase up to 50% for relative energies above 1eV [45]. Due to the high
internal excitation of the products, the energy resolution of the two channels
does not afford to separate the two peaks of the different isomers. Thus, no
precise ratio of the isomers can be determined.

In the second proton transfer reaction
HOCO™ 4+ CO — HCOT/HOC™ + CO»,

which is studied in this thesis, the internal excitation of the products leads to a
similar energy resolution and no separation of the two isomers is possible. The
ratio of the HOC™ isomer is determined to be below 50%

This experiment presents the first results of a velocity map imaging process
concerning the investigated reactions and opens the possibility for obtaining
complete dynamical and kinematical pictures for ion-molecule reaction systems

of interest for astrochemistry.
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Chapter 6

Outlook

In the previous chapters the results for the reactions ng—i—CO and HOCO™+CO
have been discussed. For the HOC™ ratio an upper limit of 19% was obtained,
however it is also possible that the HCO™ ratio is 100%. The limiting property
for a good separation of the two isomers is the energy resolution. Thus, the exact
ratio for the two product isomers HCO™ and HOC™ remains unclear and one
can only predict an upper and lower limit for the HOC™ ratio to be 19% and 0%
respectively. A reason for the limiting energy resolution is on the one hand the
high internal excitation with a high width and on the other hand the distance
between the two isomers is too small to detect a clear ratio.

In this chapter, I will give a brief outlook for possible experimental improve-
ments and new planed related reactions to the studied system towards under-
standing the HCOT/HOCT ratio as a function of the relative energy are pre-

sented.

6.1 Technical improvements

One important question relies on the possibility of resolving both isomeric re-
action channels. There are four parameters influencing the resolution of the
two isomers. The first improvement can be achieved for the reactant ion beam.
Recently it has been found out, that by using additional lenses after the ion
trap, the energy resolution of the ion beam can be increased at least by factor
2. A second improvement for the velocity of the reactant species relies on the
temperature of the neutral molecular CO beam. Pre-cooling of the gas before

entering the valve through collisions with buffer gas together with higher backing
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6.2. POSSIBLE EXPERIMENTS

pressure will lower the temperature of the supersonic beam and therefore also
the velocity distribution will be improved. One has to take into account that a
higher pressure before the valve and the pre-cooling of the CO gas will lead to
cluster formation.

By reducing the uncertainty of the VMI spectrometer (o) the resolution
will be improved as well. This can be achieved by minimizing the interaction
volume of both reactant beams. These three improvements can generally be
done, though they do not maintain to a much better resolution of the internal
energy, as the part of the VMI spectrometer uncertainty is little.

A lower internal excitation of the products will lead to a better separation
of the two isomers. As discussed in section the internal excitation relies
on the intrinsic physical characteristics of the system and cannot be improved.
As the uncertainty of the internal energy o;,; is the main contribution to the
told uncertainty, it will be difficult to separate efficiently the two isomers of
the reaction H;,F—G—CO. To investigate in the branching ratio HCO*/HOC™ other

reactions are of interest and will be presented in the next section.

6.2 Possible experiments

As the energy distance between the two isomers is too low to separate them, it
would be of interest to have different scattering dynamics. By exchanging the

hydrogen by deuterium one gets the reaction
DI + CO — DCO'/DOCT + D (6.1)

which also leads to two different isomers.

Due to the mass difference of the Ho and Do molecules, which are produced
in the reaction as well, one can say that the vibrational frequencies of the Do
molecule will be lower than of the Hy molecule. The classical vibrational fre-

quency v is related to the reduced mass p and the force constant k by

y— % (i)m (6.2)

so it scales with u‘l/ 2. In section a reason for the high internal excitation of

the reaction Hj +CO was indicated as the vibrational energy of the Hy molecule
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6.2. POSSIBLE EXPERIMENTS

which could be improved in the reaction (6.1)) by the double mass of deuterium.

Another interesting reaction to investigate is the reaction
DHJ + CO — DCO"/HCO™ + Hy/DH (6.3)

which was investigated by Yu theoretically [20]. Here the competition between
the proton and deuterium transfer could be investigated. Yu calculated a stronger
decrease of the DCO™ ratio with temperature than the HCO™ ratio. Thus a
higher ratio of DCOT/DOCY than HCO*/HOC™ can be obtained at relative
collision energies of about 1eV.

Two other reactions which could be studied are:
C* +Hy0 — HCO'/HOCT + H (6.4)

and
CO* 4+ Hy — HCOT/HOCT + H (6.5)

which were studied in the past by using a selected-ion flow-tube mass spec-
trometer by Freeman and coworkers [39]. In their measurements they yielded
HCO™'/HOCT ratios of 0.19 and 1.08 for reaction and respectively.
These ratios, especially for reaction , makes it easier to separate the two iso-
mers. Another big advantage of these two reactions is that the neutral product
is just a hydrogen atom and no kinetic energy can be transfered into vibrations
of this product. Therefore, lower excitation is expected in this system. This
would lead to a better energy resolution and to a higher separation of the peaks
of the two isomers (see section .

Regarding the reaction HOCO™ + CO an interesting question is, if in this
reaction only a proton transfer takes place or if there is also an oxygen transfer.

By replacing CO by its isotopic isomer 3CO the reactions
HOCO™' +13C0O — HY¥COT 4 CO, (6.6)

and
HOCO™' +3C0O — HCO™ +13C0, (6.7)

can take place, where the masses of the produced ions differ in 1 amu.
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6.2. POSSIBLE EXPERIMENTS

Producing the H¥*OC*O" ion (instead of HOCO™") with the isotopic isomer
C18045 would lead to the reactions

HB0CB0* + CO — HC®Ot + CO'0 (6.8)

and
H®¥OC¥0" + CO — HCOT + C180, (6.9)

where the masses of the produced ions differ even in 2 amu.
Although the two isomers in our investigated reactions could not be separated

in a clear way, there are a lot of interesting questions involving proton transfer

reactions which are waiting to be studied.
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