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Reactions of Cn (n= 1–3) with ions stored in a temperature-variable
radio-frequency trap
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Abstract

A new experimental set-up has been developed for studying astrochemically relevant collisions between small neutral carbon molecules
Cn (n= 1–3) and stored ions. The ions are confined for seconds in a ring electrode trap (RET) the temperature of which can be varied over a
wide range (presently 80–600 K). There they interact with an effusive carbon beam, which is produced via high-temperature vaporization of a
carbon rod. Due to the accessible temperature range and other features of the set-up, rate coefficients can be measured, which are of importance
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or understanding the chemistry occurring in the outflow of stars, the formation of hydrocarbons in stellar atmospheres, and the int
he stored product ions with radiation. Results are reported for the interaction of stored D3

+ with hot Cn. The D+ transfer dominates over a
ther exothermic product channels forn= 1–3. The reaction rate coefficients measured for forming CnD+ are almost a factor two smaller th
alues presently used in astrophysical models. Another important class of reactions concerns the growth of pure carbon chains via
m

+ + Cn collisions. First results indicate that the rate coefficients are slower than generally assumed in models. Due to the weak s
ough limits can be reported. For future studies, the number density of carbon penetrating the trap must be increased. This and
xtension of the temperature range is briefly discussed in the outlook.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Within the last 30 years, a variety of chemical models has
een developed for describing the formation and destruction
f molecules in different regions of the interstellar medium
ISM) (see for example[1–4]). In early simulations of dense
r diffuse molecular clouds, accretion disks, etc., a reaction
etwork using mainly ion-molecule reactions was sufficient

or explaining the observed molecular abundances. Ions cer-
ainly play an important, if not the dominant role in the for-
ation of molecules at low temperatures since many of their

eactions have no barriers[5] and, due to the long range ion-
nduced dipole attraction, the reactions are often fast. With
he growth of observational details, e.g., spatial correlation
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between specific molecules such as C4H and C3H2 [6], the
progress of quantum chemistry and reaction dynamics an
development of new experimental tools dedicated to stud
interaction of molecules under conditions in space, more
more information became available. In this way, some
cific questions can be answered; however, it also has
realized that the overall understanding of how atoms
molecules are processed in space, is much more com
than described by the early simple models.

Today models for describing the evolution of the ISM
very sophisticated and specialized. In chemical reaction
works neutral–neutral reactions, especially radicals are
tinely included. Also the surfaces of grains play an impor
role in catalysis, in freezing out gas or in providing produ
synthesized in the ice, e.g., via energetic photons or
mic rays. Due to this huge complexity, one often has to
strict the number of processes, which one includes in a m
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describing a specific object, otherwise one is not able to nu-
merically solve the problem. A typical example is that cou-
pling of a complex chemical network with a dynamic global
2-D model of protoplanetary disk is already beyond present-
day computer capabilities[7]. For such attempts one needs,
in addition to the help from mathematics and computer sci-
ence, relevant and selected data from experimental and the-
oretical astrochemistry. In some cases, simplified rates for
the involved physical and chemical processes are sufficient
in other situations detailed temperature dependent and state
specific rate coefficients are needed. In addition, the evo-
lution of the matter from atoms to molecules and grains is
not only determined by the overall elemental abundance or
the number densities and chemistry of the formed molecules
but, it depends in a complicated way on the environment,
e.g., the radiation field, electron density, shocks etc. There-
fore, dedicated measurements performed under conditions of
astrochemical relevance are needed.

Chemical processes between ions and molecules have
been studied originally in plasmas, afterglows and later us-
ing beam methods or flow systems and traps defining more
or less thermalized conditions, mainly at room temperature.
Stimulated by the need to learn more about reactions at the
cold conditions prevailing in dense interstellar clouds, the
last two decades have seen several successful initiatives to
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the chemistry occurring in the interaction of a stellar jet with
a clump in a molecular cloud must also include the intense
radiation field generated in the jet-cloud shock[16]. The in-
creasing need for high temperature data has been emphasized
in [17] and it has been started, on a rather heuristic way, to
extend the range of validity of the rate coefficients contained
in the database over a wide temperature range.

Due to a variety of reasons carbon atoms and carbon-
bearing molecules play a dominant role in all fields of nat-
ural science, ranging from physics via chemistry to biology.
They are found in all environments, e.g., in the hot outflow
of a carbon rich star or in the cold interstellar medium where
carbon atoms and ions are important coolers. A challenge
for planning dedicated experiments relevant for the early
universe is the recent observational hint, that C atoms may
have been present already in the early universe[18]. Another
unsolved problem are the diffuse interstellar bands (DIB).
Many researchers are convinced today that carbon contain-
ing molecules are responsible for those spectral features or
also for the extended red emission (ERE); however, there are
not yet any systematic experimental strategies to get some or-
der into the multifaceted astrochemistry producing and pro-
cessing the huge variety of carbon containing ions, radicals,
and saturated neutrals. A recent simulation of the growth of
molecular structures in stellar atmosphere[3] can be used
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evelop special instruments for extending the temper
ange down to 10 K and even below[8–10]. Many interest
ng observations have been made in reactions, which ar
o tunnelling, differences in zero point energies in the ca
sotope substitution, the energy provided by ortho-hydro
eating etc. Recent examples from our systematic low
erature studies of the chemistry of hydrocarbons inc

he formation of CH5+ in CH4
+ + H2 collisions the rate coe

cient of which increase by one order of magnitude in go
rom room temperature down to 15 K[11] or the new efficien
outes found for the formation of C3Hn

+ and their deuterate
nalogues in cold environments[12,13].

Low temperature studies are now becoming routine
t is time to develop innovative instruments, which are a
o operate at conditions ranging from the cold interst
edium to the hot and dense environment prevailing in s
tmospheres. Many molecules are formed in stellar outfl
here the emitted material cools from 5000 K or higher d

o 50 K and where the number density goes from about12

o 106 cm−3. It is concluded[14], that at 1000 K and below
here the expanding gas has a density from 1010 to 108 cm−3,
ffective molecule and cluster formation and particle gro
ccurs; however, there are almost no experimental st
vailable, especially not of the important processes of r
ive association prevailing in the transition region. One
ral problem is for example the understanding of the chem
athways, starting from very small molecules C2, C3, C2H
r C3H towards nano-structures and finally to large gra
igh temperatures of more then 2000 K are also prod
y shocks occurring in supersonic protostellar outflows[15]

eading to mostly unknown chemical changes. In addi
o illustrate the complexity. In this study, the interaction
housand different species has been modeled at temper
etween 2000 and 7000 K. The sensitivity of the mode

he microphysics can be seen from the fact, that alread
odification of one single parameter, e.g., the carbon to
rogen abundance, leads to significant changes. Calc
arbon atoms sputtering yields impacting on amorphous
on target are dominant at velocities less than∼35 km/s[19]
nd therefore can be important for sputtering in the outfl
f cool stars.

A lot of experimental and theoretical effort has been
oted to investigate pure carbon clusters, ranging from t
etical calculations of stable isomers, to experimental s
roscopy of different size clusters[20–22]. The reason fo
his is not only the importance of carbon compounds in
rophysics, but also in material science and in combu
rocesses. From a fundamental point of view carbon

nterest due its fascinating properties and chemical dive
eading not only to the well-known classical structures
romatic rings, graphite, fullerite, diamond etc. but als
ore complicated arrangements if additional element

ncluded. Already the addition of a proton to hydrocarb
eads to special features as known from the hypercoordi
arbocations characterized by a two electron – three c
onfiguration[23]. The above mentioned protonated meth
s the simplest but not yet understood member of this gr

It was only in the last two decades, that experimenta
orts have been started to investigate chemical reaction
olving pure carbon atoms or molecules. The reason is
t is experimentally difficult to obtain an intense and well
ned beam of carbon atoms or molecules needed for stu
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reaction dynamics. The development of the laser vaporization
carbon source lead to the discovery of fullerenes for which the
Nobel price has been awarded to R. F. Curl, H. W. Kroto and
R. E. Smalley. Significant contributions to the understand-
ing of neutral reactions involving carbon and hydrocarbons
have been made in the group of Y. T. Lee using the crossed
beam technique[24]. According to the best of our knowl-
edge, there have been no experiments performed so far on
reactions between ions and neutral carbon molecules. In the
following a new ion trapping – carbon beam instrument is pre-
sented. Various details of the machine are explained, which
has been developed for studying reactions of astrochemical
importance over a wide range of temperatures and densities.
Also specific properties of carbon vaporization are discussed
since they are not only important for controlling the compo-
sition, the velocity etc. of the beam but it also provides some
information on carbon chemistry occurring at high tempera-
tures. Results are given for the deuteron transfer from D3

+ to
carbon and for the interaction of stored carbon ions with the
neutral carbon beam.

2. Experimental

Many experimental techniques have been developed in the
last decades for investigating inelastic and reactive interac-
t us is a
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t from
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i pur-
p d into
t

2.1. Apparatus

A dedicated ion-trapping apparatus has been developed
for combing a carbon beam with a special ion trap, which
can be operated both at low and high temperatures. The most
important modules of the experimental set-up, some techni-
cal details have been described already in[27], are shown
in Fig. 1. They are (from the left) (i) the carbon vaporiza-
tion source, (ii) an electron bombardment ion source, (iii) the
80–600 K radio-frequency ring electrode trap (C-RET), and
(iv) a quadrupole mass spectrometer detector. A few addi-
tional hints are given in the following section with emphasis
on the carbon evaporator.

A very good vacuum is crucial for this type of experiments
in order to suppress parasitic reactions of stored ions with
impurities such as CO and CO2, which, in the present case,
mainly emerge from the hot carbon source. From various tests
it has been concluded that these molecules are not evaporated
directly from the carbon rods after baking them; however
they originate from the carbon coated surfaces of the beam
chamber, which become oxidized after venting the machine
or also by background gas. Therefore, effective differential
pumping was needed. A total of four turbo pumps have been
integrated into the system two of which (pumping speeds
2 l/s× 230 l/s) evacuate the trapping and the detector cham-
b the
m ping
s ham-
b her by
t . The
s ping
c ssure

F f the ca ts
a nly the tan
t mber d ment
i positi
ions between ions and molecules. The present apparat
ypical ion trapping machine aiming to study chemical re
ions between ions and neutral carbon. As can be seen

variety of applications[10,25,26]the method to trap ion
n inhomogeneous rf field is very versatile. For special
oses, a variety of modules and lasers can be integrate

he systems.

ig. 1. Schematic diagram of the experimental assembly consisting o
re extracted, mass selected and detected with a Daly type detector (o

he carbon rods and the trap which is 40 cm. In the trapping volume C3 nu
on source is used for creating reactant ions and for analyzing the com
er and two of which are used for differentially pumping
ain and the second chamber of the carbon source (pum

peeds 170 and 56 l/s, respectively). The two source c
ers and the main chamber are separated from each ot

wo apertures (diameters 3 mm and 6 mm, respectively)
ource can be closed using a UHV gate valve. In the trap
hamber the pumping system sustains a background pre

rbon evaporator, the ionizer, the ring electrode trap. For analysis, therapped ion
entrance is indicated). The parts are at scale with exception of the disnce betwee

ensities up to 2× 108 cm−3 have been reached. The electron bombard
on and density of the effusive carbon beam.
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below 3× 10−10 mbar. Additional cooling of the RET with
liquid nitrogen leads to additional reduction of background
gas. At such conditions, less than 1% of primary ions are
converted through reactions with the residual gas at a storage
time of 1 s. The versatile gas inlet system allows for intro-
ducing pure or mixed gases into the trap or the ion source,
either continuously via a leak valve or pulsed using a fast
piezo driven valve. A spinning rotor gauge (MKS SRG2) is
connected via a stainless steel tube to the main chamber for
monitoring the pressure and calibrating the ion gauge.

As can be seen fromFig. 1and explained in more detail in
[28] the ionizer which is based on a commercial construction
originally developed for quadrupole mass spectrometers (Ex-
tranuclear), is located between the carbon source and the ion
trap. It has several functions such as (i) preparation of primary
ions and loading them into the trap (ii) monitoring the carbon
flux or (iii) injecting electrons directly into the trap. It con-
sists of cylindrical electrodes with axial apertures. The open
construction allows the neutral carbon beam to pass through
the source into the RET. Below 10−8 mbar, this source op-
erates in a space charge trapping mode leading to very high
collection efficiencies. All ions produced are mass selected
in a quadrupole (rod diameterd= 18 mm, 260 mm long, r.f.
frequency 1.6 MHz) and detected using an ion detector of the
Daly type[29].
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the trapping region has been defined by applying a voltage to
the center of the coil via a low frequency band pass circuit.
In the radial direction, ions are confined by the effective rf
potential. Adequate conditions for ion trapping can be esti-
mated by using simple calculations[31]. Usually one chooses
the effective potential high enough for safely storing all ions
in a volume of radiusr = 0.8 r0, Combining the equations
for the effective potential and the adiabaticity parameter and
usingη < 0.3 andr = 0.8 r0 leads to the minimal values for
the frequency and the voltage. Since in the present case the
parameters have been set for carbon clusters, the light ion
H3

+ was already at the limit. Therefore, deuterium has been
used since storing simultaneously D3

+ and C3D+ posed no
problem.

In the axial direction, the trap is closed and opened by
applying suitable voltages to the trap entrance and trap exit
electrode. For safe trapping, voltages of a few 100 mV are suf-
ficient. After thermalization of the injected ion cloud much
lower values are sufficient. For extracting the ions, a small
negative pulse, typically−1 V, is used. The trap is equipped
with two steering electrodes, the electric field of which pen-
etrates into the interior. For fast ejection, e.g., for TOF-MS
[33] suitable axial potential gradients have been applied just
before or during ion extraction. The electrodes are also used
routinely for testing inhomogeneities of the trap potential
c ce.
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.2. Ring electrode trap

The central part of this machine is the ring electrode
RET) shown in the center ofFig. 1. It is mounted onto
ange via a light stainless steel structure, which has su
ood heat insulation that the trap can be easily cooled

iquid nitrogen or heated to high temperatures. Already w
ut a heat shield, a temperature of 600 K has been rea

ust from the rf power dissipated in the coil. Besides the w
emperature range, an important advantage of the RET d
s, in contrast to the 22-pole trap, that it is rather insens
o coating with carbon since most insulators are protecte
hields. In addition the complete set-up is easy to clean

The geometry of the electrode arrangement was firs
cribed in[30] and in more detail later[31–33]. The trapping
egion is defined by 20 electrodes alternatively connect
wo metal bars. The gap between successive electrod
mm, the electrodes themselves are 1 mm thick and h
ircular hole with a radius ofr0 = 5 mm. The metal bars a
elded to metal tubes. These tubes are used both for e
al connections and for flowing liquid N2 through the whol
ystem including the metal bars. In addition they are wo
o form a coil which is the inductance of the resonant cir
upplying the trap with rf. For more details see the figur
30].

For excitation, this circuit is connected to an rf genera
sing two external capacitors the operating frequency
een lowered tof= 7.8 MHz. Typically, the trap was ope
ted with amplitudes up toV0 = 250 V. The dc potential o
aused by surface effects and for reducing their influen

.3. The carbon source

The astrochemical importance of reactions involving
on atoms, molecules, and clusters has been emphasi

he introduction. As a consequence, several attempts
een made in recent years to construct suitable ca
ources, e.g., based on laser ablation of carbon rods
imation of graphite, or evaporation of suitable carbon c
aining compounds. The source used in this work is base
aporizing graphite rods in high vacuum by resistive h
ng with an electric current of several hundred Amperes.
onstruction used was developed in Krätschmer’s group i
eidelberg for spectroscopic studies on matrix-isolated
on molecules[34]. Only minor changes have been m
n the basic design while the control of the source par

ers has been improved leading to a better longtime sta
27,28].

Two graphite electrodes (cathode 4.6 mm and a
.15 mm diameters, RW4 type, impurities < 2 ppm, SGL Ca
on) are pressed together and resistively heated usin
erial-parallel arrangement four switching power supp
Philips PE 1980, 5 V, 200 A each). Note, that the pola
oes not play a remarkable role. For cleaning the carb
ew rod must be baked first for 5–7 h with 600–700 W.
orization of carbon starts at about 1 kW. The power ca

ncreased up to a maximum of 1.3 kW: above this limit,
ystem becomes unstable. In order to reduce excessive
ng of the vacuum chamber, a copper radiation shield
ater cooling is used.
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A sensitive characteristic of the operating conditions of the
source is the rod resistance, which is monitored continuously
via a four-point scheme. The resistance drops with increasing
temperature and it reaches finally, for the electrodes used, a
mean value of about 20 m�. A control program stabilizes the
heating power independent on changes of the rods resistance.
Via a stepping motor the carbon rods are pushed against each
other for maintaining a constant pressure, which is estimated
to be in the order of 10 N/cm2. It was an erroneous hypothesis
that the temperature of the emitting area would be an even
better control parameter. A pyrometer has been used for lo-
calizing and monitoring this region. However, the maximum
average surface temperature, which could be found was at
most 2300 K indicating that the emitted carbon flow does not
sublimate from an outside surface area of the rods. For future
improvements of the source the discovery was very impor-
tant that the carbon material is ejected in a pulsed mode from
the interior of the contact area, i.e., vaporization occurs be-
tween the two rods pushed against each other[28]. Whether
the eruptions, which occur a few times per second, are due
to hot carbon gas or liquid bubbles enclosed in the interface
is still uncertain. Therefore, the temperature of the emitted
carbon is uncertain but it is estimated to be 3000 K or above.
Another problem, which is correlated with this observation,
is the condensation of carbonaceous material in the vicinity
o e by
7

ated
m ively
a rod
a
o
a acro
s im-
p of
3 the
r t
a ation
o izer.
T e car-
b
a e-
t lute
c Sec-
t the
s

2

(see
S e.
T fter a
p f the
t ting.
D d to
c per-

iment measurements have been performed in two different
ways.

For better understanding the operation of the carbon
source, the trapping time was held fixed and the number den-
sity of the neutrals was changed by varying the heating power.
The relative change in the carbon temperature (3000 K, see
above) was only a few hundred Kelvin and is negligible in
comparison with the uncertainty in the actual temperature
of the carbon gas. Note that the temperature of the trapped
ions is defined separately. In most experiments liquid nitro-
gen cooling of the trap was used. As can be seen fromFig. 2,
measurements have been performed at carbon number den-
sities starting at values as low as 106 cm−3 and going up to a
maximal value of 2× 108 cm−3.

In the second group of experiments, the trapping time was
changed while the number density of the carbon target was
stabilized at a constant value. For determining the changes of
the ion composition due to reactions, the sequence (i) ion for-
mation, (ii) injection, (iii) relaxation and reaction, (iv) analy-
sis and (v) carbon flux determination is repeated many times
for each product mass and typically for 5–10 different stor-
age times. More details of typical trapping measuring pro-
cedures and applications can be found in recent publications
[26,35,36].
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f the contact area, reducing the efficiency of the sourc
5%.

A simple way to determine the total amount of evapor
aterial is to measure the mass loss, which occurs exclus
t the expense of the 4.6 mm rod. Typically, 7.5 cm of the
re vaporized in 8 h, corresponding to 2.6�m/s. Only 25%
f this vaporized material, corresponding to 1.9× 10−5 g/s,
ctually goes into the gas phase, the rest condenses in m
copic structures and finally falls down. Assuming for s
licity that C3 is isotropically emitted with a temperature
000 K, one obtains in the trap which is 40 cm away from
od a number density of 1× 108 cm−3. This is in excellen
greement with the number density measured at the loc
f the trap with a calibrated electron bombardment ion
his universal detector has also been used to find out th
on cluster distribution. The result 80± 8% C3, 8± 2% C2,
nd 12± 6% C is in full accordance with the distribution d

ermined by chemical probing. For monitoring the abso
arbon flux during regular operation, the ionizer (see
ion 2.1) has been calibrated in situ using nitrogen and
pinning rotor gauge.

.4. Measuring procedure

The primary ions are produced by electron impact
ection2.1) directly in the trap and stored for a given tim
hey are continuously exposed to the carbon beam. A
eriod, which is varied between ms and min, the content o

rap is analyzed by extraction, mass selection and coun
irectly after this, the flux of the carbon beam is monitore
orrect for drifts of the carbon source. In the present ex
-

. Results and discussion

.1. Reactions of D3+ with Cn

Selected experimental results for forming CnDm
+ in colli-

ions between D3+ and Cn are presented inFigs. 2 and 3. The
3

+ primary ions have been prepared by introducing a s
ntense gas pulse of D2 into the RET. With a certain delay
ulse of electrons with an energy of 70 eV was injected

he trap using the filament of the ionizer. The primary D+ and
2

+ ions produced by electron bombardment collide with
mbient D2 gas. D2

+ ions are almost completely converted
3

+. By changing the delay between the gas and the ele
ulse, the composition of the ions in the trap can be

rolled. Some isotopic variants of D2+ and D3
+ are present i

mall amounts due to the isotopic composition of the in
uced gas. In the present experiment, HD2

+ and D2
+/H2D+

ould be suppressed to 2 and 0.1% of D3
+, respectively.

Fig. 2 shows the dependence of D3
+, C3D+ and C3D2

+

ons as a function of the number density of C3 after 1 s stor
ge time. The most abundant product is C3D+ formed in the
eaction

3
+ + C3 → C3D+ + D2. (1)

It can be seen from the figure that more C3D+ and C3D2
+

roducts are formed at higher number densities; how
here are some nonlinearities in the dependence. Espe
he loss of D3+ at high number densities is larger than
ain in C3D+ and C3D2

+. This is only to a minor fractio
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Fig. 2. Number of ions per filling,Ni , as a function of the number density
of C3. The primarily injected D3+ ions have been exposed to the carbon
flux during a storage time of 1 s. The data obtained for D3

+, C3D+ and
C3D2

+, are fitted (solid lines) using a model described in the text. For the
C3D+ products shown in this plot a rate coefficientk1 = 6.3× 10−10 cm3 s−1

has been obtained. Using the same value for reactions with13C12C2 and
accounting for the natural abundance of13C, a perfect fit of the measured
13C12C2D+ ions has been obtained. As can be seen from the open triangles,
only traces of C3D2

+ are produced.

due to the fact that not all product ions are presented in this
figure. The main reason is that at large fluxes, the trap or
ion optics become coated non-uniformly with a carbon layer
influencing the work functions, and in this way, the trapping
and transmission properties. A clear indication is that this
process is not directly reversible but has a rather long time
constant. In order to reduce this problem additional water
cooled baffles and apertures limiting the beam have to be
included into the set-up.

F
C d
f ns
o xt.

Table 1
Measured reaction rate coefficients for various D3

+ + Cn reactions

Reaction k/10−10 cm3 s−1

This work UMISTa

D3
+ + C3 → C3D+ + D2 7.3b 14.7

D3
+ + C2 → C2D+ + D2 5.7b 13.4

D3
+ + C2 → C2D2

+ + D 1.0c

D3
+ + C→ CD+ + D2 4.7b 15.5

D3
+ + C→ CD2

+ + D 2.2c

D3
+ + C→ CD3

+ 0.4c

a The UMIST values[17] which are included into the database only for
H3

+, have been converted by accounting for the reduced mass.
b The error for deuteron transfer is 50%.
c Due to uncertainties with secondary reactions the errors can be larger

than 50% (see text).

In the present evaluation of the data an empirical density-
dependent term for ion loss has been introduced into the
standard kinetic model. Inspection ofFig. 2 reveals that
the resulting fit (solid line) follows nicely the experimen-
tal data points. The main result from this evaluation pro-
cedure is the rate coefficient for reaction (1) which is
given in Table 1. It is gratifying that the line following the
13C12C2D+ data has been obtained without any additional
assumption, just by using this rate coefficient and taking
in account the natural abundance of13C12C2 of 3.3%. For-
mation of traces of C3D2

+ have also been detected; how-
ever, the data have not been fitted because the signal is too
low.

A typical result from an experiment where the trapping
time was changed is presented inFig. 3. The number den-
sity of C3 was fixed at a mean value of 2× 107 cm−3,
fluctuations have been monitored and accounted for. The
sum of all experimental data measured at different stor-
age times has been used for normalization. Also here the
data have been fitted (solid lines) using the solutions of
a simple rate equation approach. The resulting reaction
rate coefficient,k1 = 7.5× 10−10 cm3 s−1 is in accordance
with the final value given inTable 1. The dotted lines in
Fig. 3 which have been calculated with two extreme val-
ues of k1, illustrate the accuracy of the fitting procedure
(
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D

ig. 3. Number of ions per filling,Ni , as a function of storage timet. The

3 number density has been stabilized at 2× 107 cm−3. The data obtaine
or D3

+, C3D+ and C3D2
+ ions are normalized for monitored fluctuatio

f the number density and the total sum of ions. For details see the te
±20%).
In the same way reactions of primary ions with C2 and C

ave been followed as a function of the total carbon de
nd the interaction time. Note that in the present experim

he number density of C2 and C cannot be controlled sep
ately but it is determined by vaporization. It is derived fr
he measured C3 number density and the rather temperat
ndependent C2/C3 and C/C3 ratios determined in indepe
ent experiments (see Section2.3). Due to this complicatio
nd since, in addition, traces of D2 are still present in th

rap, it was necessary to make several simplifying ass
ion for evaluating the data. For example C2D+ ions are mos
robably formed in the reaction

3
+ + C2 → C2D+ + D2. (2)
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Also a minor part (<20%) of C2D2
+ has been detected. In

the evaluation it has been assumed to be formed directly via

D3
+ + C2 → C2D2

+ + D; (3)

however, some of these products may have been formed in the
secondary reaction C2D+ + D2 → C2D2

+ + D with the traces
of D2 remaining in trap. In the analysis, C2D3

+ ions could
not be accounted for because they have the same mass as the
COD+ ions (see below). However it is rather save to assume
that radiative association reactions of D3

+ with C2 (and also
C3) are negligible at the high internal temperatures of the
neutral target.

Products containing only one carbon atom, i.e., CD+,
13CD+, CD2

+ and CD3
+ are most likely formed via

D3
+ + C → CD+ + D2, (4)

D3
+ + C → CD2

+ + D, (5)

D3
+ + C → CD3

+. (6)

Also in these cases it cannot be excluded, that CDn
+

(n= 2 and 3) ions are produced in the subsequent reactions
CDn−1

+ + D2 → CDn
+ + D.

The rate coefficients reported inTable 1 for reactions
(1)–(6) have been derived from the measurements by neglect-
i ch as
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clouds as well as in stellar atmospheres. The Langevin model
predicts larger rate coefficients, especially if one takes the
larger polarizability reported in C3 [37].

Stimulated by the experiments, also theoretical work has
been started[38] including the calculation of the poten-
tial energy surface and molecular dynamics simulations of
the H3

+ + C3 collision [39]. Formation of the most sta-
ble collision complex, c-C3H3

+ has been determined to be
907 kJ−1 below the energy of the reactants. Both the pro-
ton transfer C3 + H3

+ → l-C3H+ + H2 as well as the reaction
C3 + H3

+ → C3H2
+ + H is exothermic by the same value of

about 330 kJ−1. More details on the energetics and the ac-
curacy of the calculations can be found in[39]. In accor-
dance with our experimental results the trajectory calcula-
tions show that proton transfer is by far the dominant reaction
channel in H3+ + Cn collisions. The thermal reaction coeffi-
cients derived from the calculations are given inTable 2.
The results are well below the Langevin value indicating that
the outcome of the reaction is not determined by the long-
range capture, but rather by structural changes required in
the collision complex. Protonation occurs via two mecha-
nisms, direct transfer of H+, Cn+ H3

+ → CnH+ + H2 or pas-
sage through an excited intermediate but leading to the same
product, Cn+ H3

+ → (CnH3
+)* → CnH+ + H2. More compli-

cated reactions are infrequent. These findings are in accor-
d ions
p t
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ng secondary reactions or any other complications su
ormation of C2 containing ions in collisions with C3. In gen-
ral the overall accuracy of the rate coefficients is determ
y statistical errors and the fitting procedure (here 20%
ncertainties in the number density of the carbon beam

ts overlap with the ions cloud. In the present experim
dditional problems arise from the fact that with increa

emperature of the carbon rods and the source chamb
O and CO2 background gas increases leading to forma
f COD+ and CO2D+ ions in collisions with stored D3+ ions.
lso VUV radiation emitted from the hot surfaces can l

o ionization. Weighting the various influences it is estima
hat the resulting rate coefficients for deuteron transfe
ctions (1), (2) and (4), have an overall uncertainty of 5
he rate coefficients for reaction (3) and (5) can be rega
s upper limits. The same holds for reaction (6); howev
ust be mentioned, that it is also possible that a fractio
D3

+ has been formed via radiative association since in
ase of the atomic target the collision temperature is m
iven by the ion temperature. Note that the trap is cooled

iquid nitrogen and it can be assumed that the ions und
nough collisions with the deuterium gas pulse used fo
reparation.

The measured data are compared inTable 1with values
erived from the UMIST data for Cn+ H3

+ → CnH+ + H2
17]. The values of 2× 10−9 cm3 s−1, 1.8× 10−9 cm3 s−1

nd 2× 10−9 cm3 s−1 for n= 1, 2 and 3, respectively ha
een converted just by accounting for the reduced mass
oted that these values may have an error of up to fac

t is assumed that the values are independent from tem
ure, and therefore, they are used at 10 K in dense inters
ance with earlier ab initio quantum mechanical calculat
erformed for the collision system C + H3

+ [40] showing tha
roton transfer prevails while there is no pathway witho
ignificant activation energy to lead to the CH2

+ + H prod-
ct channel. Also for the C2 + H3

+ it has been found that th
ain reaction channel is formation of C2H+ instead of C2H2

+

38].

.2. Reactions of Cm+ with Cn

One of the major aims of the constructed machine
nd is to study the growth of pure carbon clusters in the
ver a wide range of temperatures. One of the basic q
ions is to find out the conditions under which a stron
ound collision complex just “sticks” together. Another

eresting problem is the formation of isomers or transit
etween them, e.g., from linear to ring structures. Unfo
ately the number density of the carbon target is not yet
nough or the sensitivity of the apparatus is not yet suffic

able 2
hermal reaction rate coefficients calculated by G. Seifert and cowo

39,38] for the indicated reactions

/K k/10−10 cm3 s−1

C3 + H3
+ → C3H+ + H2 C3 + D3

+ → CnD+ + D2

00 5.1 4.1
00 6.7
00 7.7 5.9
00 8.5
00 9.1 7.1
000 11.0 8.6
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Table 3
Measured upper limits of rate coefficients for Cn

+ + C3 (n= 1–3) association
reactions

Reaction k

C+ + C3 → C4
+ <4× 10−11 cm3 s−1

C2
+ + C3 → C5

+ <4× 10−10 cm3 s−1

C3
+ + C3 → C6

+ <1× 10−11 cm3 s−1

to answer such questions in detail. Nonetheless, first results
for the formation of C4+ and C5

+ have been obtained.
In this experiment the neutral carbon beam was first used

as the precursor for the ions. Ionized with 70 eV electrons,
the ions are accumulated for typically 200 ms in the trap. In
addition the stored ion cloud consisting of the C+, C2

+ and
C3

+ is exposed continuously to the flux of carbon. Storage
times have been varied between 0.5 and 5 s. Since there are
several loss mechanisms competing with the formation of
reactive products, the largest number of products has been
observed at a storage time of 3 s. Typically only a very few
counts per filling are obtained and it takes averaging over
many iterations until useful information on the rate coeffi-
cients can be extracted. In addition the carbon beam flux is
measured periodically in order to account for fluctuations.
Systematic studies of the loss of primary or product ions are
impossible under these conditions. Nonetheless it is a rather
good approximation to assume that parasitic reactions or loss
from the trap affects all Cn+ ions fromn= 2–6 in the same
way at the conditions the trap is operated.

In order to evaluate data from this experiment certain sim-
plifications have been made, since three different ionic reac-
tants are allowed to react with three different neutral partners.
Since C3 is by far the dominant constituent of carbon vapor,
it has been assumed that the three following reactions domi-
n + + + + + +
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C by
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lives longer than the time needed for radiative stabilization.
The present C3+ + C3 result is in contradiction to this. May
be this discrepancy can be explained with a steep dependence
of the radiative rate coefficient and the fact that in the present
experiment the C3 molecules are still too hot.

4. Conclusions and outlook

First reactions between neutral carbon atoms and clusters
and stored D3+ and Cn+ ions have been studied at a rather
undefined effective temperature which is determined by the
ions stored at 80 or 300 K and by the fast and hot beam of Cn

molecules, with an estimated translational and internal tem-
perature of 3000 K or higher. The new experimental set-up
which is still under development aims at studying not only
reactions relevant for interstellar clouds but to simulate also
conditions which are important for understanding the chem-
istry in stellar atmospheres, stellar outflows, shocks etc. The
instrument is equipped with a trap the temperature of which
can be varied over a wide range. With minor changes such as
adding a heat shield, trapping temperatures of 1000 K can be
easily reached. In addition, higher ion velocities are accessi-
ble by confining in the trap an ion beam with the desired ki-
netic energy[10]. The method of CO2 laser heating is already
being tested for obtaining hot stored ions or nanoparticles.
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ate: C + C3 → C4 , C2 + C3 → C5 and C3 + C3 → C6 .
n the evaluation the simple linear approximation can be u

=N2/(N1[Cn]t). N1 is the number of primary ions,N2 the
umber of products, [Cn] the number density, andt is the

rapping time. It is obvious that other reactions also can
ribute to the formation of C4+, C5

+ and C6
+ and therefore

he rate coefficients presented inTable 3are only estimate
pper limits. Nonetheless important conclusions can be m

rom these studies the most important being that the as
tion reaction C3+ + C3 → C6

+ is not fast. The reaction ra
oefficient is certainly smaller than 1× 10−11 cm3 s−1!

The results can be compared only with a rather c
heory [41]. In this simple model the rate coefficients
+ +Cn→ Cn+1

+ + hν have been parameterized simply
= f× kL wherekL is the Langevin rate. The fractionf= 0 for
= 1 is in accordance with the fact, that collision comple
re very short-living in atom–atom collisions and, theref
adiative association is very unlikely. The values forn= 2 and
aref= 10−7 andf= 10−3, respectively. Forn> 3 argument
ave been given, that the collision complex, formed with
angevin rate, is stabilized with unit efficiency. This is ba
n the assumptions that in the C4

+ collision complex, the to
al number of degrees of freedom is already so large, t
More work is needed to prepare a better beam of ca
toms or clusters, to achieve higher number densities i

rap, and to avoid partial coating of the trap and the electro
n one side it is planned to use a laser ablation source

lar to the one described in[42] in which the C/C2/C3 ratio
nd the temperature can be modified by changing the
arameters and the expansion conditions. On the other

t is also intended to continue to utilize the present sourc
hough carbon emission from the heated graphite rods
et fully understood. It is sure that carbon is not vaporize
ublimation from the surface but ejected from inner region
he contact area where much higher temperatures preva
oon as this process is understood in more detail, the s
an be used more efficiently, especially for measuring
emperature rate coefficients with a very hot target. In
rocess of further testing the source, it is also planned t

he carbon evaporator as a flow system and to use lase
robing (LIF, REMPI) or modifying (heating with Nd-YA
r CO2 laser pulses) the concentrations very close to the

t can be foreseen that such tests will provide additiona
ormation on high temperature carbon chemistry.
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