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Abstract

Studies of Molecular Carbon Cluster Dianions in
DESIREE

Klara Kiselman

Since the surprising first detection of small carbon cluster dianions by Compton et al
1990, several studies have been made investigating their structure, fragmentation
pathways and stability. As other carbon anions have been found in space, it is likely
that these dianions exists as well and their ability to react with other molecules is
therefore of interest. Previous studies have shown that they may survive on
microsecond timescales, but it is still an open question whether they are metastable
or thermodynamically stable. Therefore, this study utilizes the cyrogenic storage ring
DESIREE to investigate the lifetime and stability of carbon cluster dianions Cn(2-)
(n=7-10) in the new domains. Dianions were produced with a cesium ion sputtering
source and their spontaneous decay Cn(2-) -> Cn(-) + e- was monitored for almost
100 ms by detection of the singly charged decay products. Also, the extra electron's
tunneling probability through the repulsive coloumb barrier for C8(2-)  was calculated
and the lifetime for different energy states was estimated. Analyzing the DESIREE data,
the lifetime of the dianions could be determined to exceed the previous concluded
lifetimes of 10 us by a whole order of magnitude. The only way to detect stable ions
after that would be if they collided with rest gas and due to good vacuum, this
eventual signal is too low. Probably due to varying structures, an alternating pattern
was found, dianions with even n decaying slower than their odd neighbours. The
fitting of power laws to the data is consistent with that the dianions were produced
with a broad internal energy distribution. Calculations for C8(2-) indicated that its
electron affinity had to be at least -1eV in order to agree with the experimental
results. Continuing the investigations, future studies could, after sufficient time, use
DESIREE in an alternative way, allowing detection of possible stable dianions.
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Sammanfattning

Dubbelladdade, negativa, molekylära joner är inte särskilt stabila eftersom att de extra
elektronerna repellerar varandra. Ett sätt att studera stabiliteten hos s̊adana dianjoner är
att lagra dem i en lagringsring och detektera produkterna som avges när de sönderfaller.
Den här studien studerar små klusterformade koljoner p̊a formen C2�

n med n=7-10 och
hur länge de existerar innan de sönderfaller genom att tappa en elektron. dessa joner
är av intresse inom astrofysiken Även om just dessa dianjoner inte kunnat p̊avisats har
flertalet negativa koljoner i andra former observerats i rymden. Det är därför av intresse
att veta om de små dubbelladdade jonerna är tillräckligt stabila för att kunna existera
tillräckligt länge och reagera med andra molekyler i s̊adana miljöer.

I det här projektet lagrades jonerna i DESIREE, en jonlagringsring med extremt l̊ag
temperatur (13K) och nästan perfekt vakuum. Där h̊alls de kvar av elektrostatiska fält
och när de tappar en elektron ändras den totala laddningen i förh̊allande till massan, vilket
gör att de avviker fr̊an sin bana och trä↵ar en detektor. Genom att analysera hur antalet
sönderfall ändras med tiden observerades ett alternerande mönster för udda och jämna
n, jämna n̊agot mer stabila. Det beror troligen p̊a att strukturen och därmed stabiliteten
hos molekylerna varierar. De jämna har en linjär struktur medan de udda har en mer
komplicerad triangulär struktur. Om det efter l̊ang tid ciruklerar ett stabilt tillst̊and i
ringen g̊ar det inte att detektera. Enda möjligheten för en jon att sönderfalla d̊a är att
kollidera med en restgasmolekyl vilket p̊a grund av att vakuumet är s̊a bra sker otroligt
sällan. Dock visar experimenten att jonerna överlever ca 0.1ms, en hel storleksordning
längre än vad som visats tidigare.

Dianjonernas elektron försvinner iväg genom att tunnla ut ur en potentialbarriär.
Genom att kvantkemiskt beräkna formen och tjockleken p̊a barriären kan man beräkna
sannolikheten för sönderfallet och därmed ocks̊a en approximativ livstid. S̊adana beräkningar
gjordes för C2�

8 . Sannolikheten beror p̊a vilken ursprungsenergi elektronen har, s̊a energin
varierades (mellan 0.2 och 2.44 eV). Resultated stämde överens med tidigare beräkningar.
I framtiden är planen att använda DESIREE p̊a olika sätt för att minska bakgrundsdatan
och ta reda p̊a mer om dessa koljoner. Exempelvis g̊ar det att dumpa jonstr̊alen p̊a en
detektor för att se om det finns n̊agra stabila joner kvar efter en längre tid.
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1 Introduction

Multiply charged anions, with a charge of -2 elementary charges or less, play important

roles in nature. They are most common in solutions and solids, since they tend to be fragile

in the gas phase when they aren’t stabilized by surrounding molecules and electrostatic

interactions. The instability is a consequence of the intramolecular Coulomb repulsion

between the excess electrons. Because of this, isolated multiple charges anions are hard

to study and the knowledge of their intrinsic properties has previously been limited. [1, 2]

The observation of small carbon cluster dianions, C2�
n (n=7-28), by Compton et. al. in

1990 [3] was the first observations of multiple charged anions that small. Since the smaller

the ion the larger the repulsion between the electrons, the observation of small dianions

surviving up to 10µs was surprising. The study increased the interest in multiple charges

anions, or more specifically, dianions, and after this, several studies have been made

investigating their decay pathways and structures [1, 4, 5, 6, 7]. There are now numerous

of studies analyzing the stabilities of dianions, such as the storage ring experiment of C2�
60

and C2�
70 by Tomita et al. [8].

The interest in carbon cluster dianions partly originates from astrophysics where

molecules containing carbon are important in multiple processes of e.g. astrobiological

relevance [9]. Comparing rotational spectra from laboratory work with astronomical ob-

servations, the singly charged carbon anions C4H�,C6H�,C8H�,C8H�,CN�,C3N� and

C5N� have been discovered [10, 11, 12, 13, 14, 15]. While not yet detected, carbon cluster

anions in the form C�
n are still believed to be important for reactions in dark clouds [16].

The formation of these cluster anions is likely due to attachment of free electrons and

when the kinetic energy of the electron is transformed to ro-vibrational energy, the result

is high internal energies [17, 18]. This is referred to as a ”hot” ion. It is possible that mul-

tiple charged anions, such as the carbon cluster dianions, are present in dark interstellar

clouds as well [19]. If so, their lifetimes and cooling rates are of high relevance in order

to establish if they may survive and interact with other molecules and particles in such

environments.

Until now, the lifetime of carbon cluster dianions have been found to be at least

10 µs [3] as this is the typical time needed to observe ions in a mass spectrometer [20].

Observations of dianions as small as C2�
2 have been made, living for some fs [21], but

the smallest dianion with predicted thermodynamical stability is C2�
7 [22]. However, the

dianions need to be stored longer in order to investigate if they are metastable with a

finite lifetime or thermodynamically stable. Until now, the carbon cluster dianions have

only been observed and never stored for timescales exceeding microseconds nor monitored

as they cool.

Therefore, this study utilizes the Double ElectroStatic Ion Ring ExpEriment (DE-

SIRRE), a cyrogenic storage ring allowing storage of ions on much longer timescales.

Previous studies on these small carbon dianions have been done in DESIREE using an

ion sputtering source [19]. In DESIREE, both carbon di- and anions where successfully

produced and analyzed. However, they were not stored in those pilot experiments, DE-
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SIREE was only used as a mass spectrometer. The obtained mass spectrum showed an

odd-even varying intensity for both the dianions and anions [19]. Clusters with even n

had higher intensity than their odd neighbor clusters. As the di- and anions had to travel

a distance of approximately 10.6m from the ion production to the injection and then

additional distance inside DESIREE before measured, the intensity depends on both the

decay rate and the production rate in the source [19]. A similar alternating intensity

pattern was also observed by Compton et al in 1990 [3].

The aim of this study was to investigate the stabilities of small carbon dianions,

C2
n� with n ranging from 7 to 10 by storing them in DESIREE and analyzing the decay

C2�
n ! C�

n + e�. This decay is due to the molecules vibrational energy being converted

to kinetic energy of an electron, gaining enough energy to tunnel trough the repulsive

coloumb barrier (RCB). Using a model potential for the RCB of C2�
8 , the tunneling

probability and lifetime for di↵erent energy levels was done and compared with the ex-

perimental results. The following sections will introduce key concepts such as the energy,

stability and structure of the carbon dianions, the formation of the RCB and lifetime

estimation by tunneling probability and in Section 2, DESIREE and it’s set up will be

explained.

1.1 Structure and Stability of Carbon Cluster Dianions

The electron a�nity (EA) or binding energy is of great importance when discussing the

stability of molecular anions. The adiabatic EA is the energy di↵erence between the

energy of the parent molecule in its ground electronic and ro-vibrational state and the

energy of the daughter molecule (anion) in its corresponding lowest state. The vertical

electron a�nity is the energy di↵erence when the daughter molecule is in the electronic

and ro-vibrational ground state and the parent molecule is in the equilibrium geometry

of the parent molecule. An anion is considered electronically stable if the EA is positive,

since energy then is needed to remove an electron from the anion. If the EA is negative,

a molecule may still bind an electron. The electron can however escape by tunneling

through a potential barrier and this state is referred to as a metastable state. [2]

When investigating the structures of double charged negative carbon clusters, they

di↵er greatly from the mononanionic and neutral species. This is because of the need to

minimize the coloumb energy associated with the two extra electrons. The stability of the

carbon clusters C2�
n varies with an odd-even pattern and tas reflected in their structures

[23]. The neutral carbon clusters have linear shapes up to n=9 and with respect to vertical

electron loss, C2�
8 and C2�

10 also has linear structures [23]. However, C2�
7 have been found

to have a stable branched triangular structure, a D3h symmetry [23]. For C2�
9 Sommerfeld

et al found two non-linear isomers that in addition to electronic stability also is stable

with respect to fragmentation. The linear structure of C2�
10 was confirmed by Middelton

and Klein [5] in 1997.

Using the quantum chemical software Gaussian09 and Density Functional Theory

(DFT) to optimize the structure and minimize the total energy of the molecule, it is
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possible to obtain the geometric shape of the molecules. The name of the method used

for this is b3lyp/6-31+G(d,p) and the result is presented in Figure 1. Note that C2�
9 has

two isomers, the structure in Figure 1c having lower energy than the structure in Figure

1d. The energy di↵erence between these two is only 0.05 eV so when doing experiments,

it is likely that both of them exists.

Several theoretical calculations and predictions of the stability have been made by

previous studies. The even dianions C2�
8 and C2�

10 are more stable than C2�
7 and C2�

9 .

With respect to fragmentation and loss of C�
4 , the cluster dissociation energies Ed has

been determined to be 1.46 eV and 1.78 eV for the latter ones. The even ones, n=8 and

10 does however have Eds of 2.81 eV and 3.2 eV. [6, 7]

1.2 The Repulsive Coloumb Barrier

As mentioned, dianions are often not very stable on their own and decay spontaneously.

The decay pathways of carbon cluster dianions was investigated by Gnaser in 1999 [6],

concluding that they may decay by

C2�
n !

8
>><

>>:

C�
n + e�, electron deattacment

C�
p + C�

m, fragmentation, (p+m=n)

C2�
n + h⌫, radiation.

. (1)

When an electron is detached from a dianion, as in the first decay, it will not experience

an attraction, as is the case when an electron is ejected from a a monoanion. Since

dinaions have an excess of negative charge, the electron experiences a repulsive Coloumb

potential in the form r�1 at long distance from the molecule. At closer distance however,

the electron may polarize the anion so that the attraction from the nucleus overcome

the repulsion. The combination of these two potentials results in a potential barrier, the

so called repulsive coloumb barrier (RCB.) If the net potential close to the nucleus is

negative, the electron is bounded and the dianion is electronically stable. [2]

Though, if the attractive force isn’t strong enough, a metastable state of the dianion

can be the result [2]. In this case, an electron may tunnel through the repulsive Coulomb

barrier (RCB) [2]. A schematic image of the RCB for a stable and metastable dianion

is shown in the left and right panels of Figure 2, respectively. RCBs are not only found

in multiple charged anions but also in the atomic nuclei. An ↵ decay is the result of an

alpha particle tunneling through a barrier originating from the strong interaction and the

long range Coloumb repulsion [20].

The potential around molecular dianions is three dimensional and angular dependent.

The height of the RCB depends on from where and in which direction the electron is

ejected. This non isotropic barrier makes the tunneling electron escape easier in certain

directions where the barrier is lower. According to Simons, it is possible to obtain an

estimate of the dianion’s lifetime by only looking at certain regions where the RCB is

small and thin. [2]
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(a) C2�
7

(b) C2�
8

(c) First isomer of C2�
9 , with slightly

lower energy.
(d) Second isomer of C2�

9 , with slightly
higher energy.

(e) C2�
10

Figure 1: Structure of carbon cluster dianions C2�
n with n=7-10 obtained with Density

Functional Theory and Gaussian09. The name of the method is b3lyp/6-31+G(d,p).
The lines indicate the strength of the bond between the atoms.
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Distance to ejected electron

Energy

RCB

Distance to ejected electron

Energy

RCB

EA

(a) Potential of a stable dianion where the
attractive force is strong enough to create
a stable molecule.

Distance to ejected electron

Energy

RCB

Distance to ejected electron

Energy

RCB
EA

(b) Potential of a metastable dianion, indi-
cating that the lifetime of the dianion de-
pends on the tunneling probability.

Figure 2: Schematic curves illustrating the shape of the potential of a dianion ejecting an
electron with a ground state and the electron a�nity (EA) indicated. [2]

By calculating the shape of the RCB, one can calculate the tunneling probability and

then estimate the lifetime of a certain species. The calculation of the RCB is however com-

plicated. Dreuw and Cederbaum [20] made calculations of some dianions’ RCB, including

the linear carbon clusters C2�
n (n=2, 4, 6, 8). These dianions possess a linear structure

and their RCB is therefore cylindrically symmetric. They found that the maximum of the

barrier is located along the molecular axis and the minimun is located perpendicular to

the molecular axis from its midpoint. Furthermore, the height of the barrier increases as

the length of the chain decreases, due to a smaller distance and therefore stronger electro-

static repulsion between the excess charges. When calculating the RCB at the minimun

height, the barrier decreased with 2.4 eV when n ranged from 2 to 8. [20]

In addition, Dreuw and Cederbaum used the RCB potentials to calculate the tunneling

probability and lifetime of the carbon dianions. Using semiclassical WKB theory, the

tunneling probability is given by

P = exp(�2

~

Z r2

r1

p
2m[(�EA) � V (r)]dr). (2)

Both the electron a�nity for a certain energy state, EA, and the RCB V (r) are needed

as well as the width of the RCB at energy �EA, r2 � r1. Using this probability and

the frequency v
2r1

of the electron hitting the barrier, the lifetime ⌧ of the dianion can be

obtained using

⌧ =
2r1
v

e2�, � ⌘ 1

~

Z r2

r1

|p(x0)|dx0. (3)

Motivation and derivation of equation 2 and 3 can be found in Appendix A. Dreuw and

Cederbaum did these calculations for carbon cluster dianions with RCBs obtained with

di↵erent methods, concluding that the energy of the electron was more important for the

lifetime then the small di↵erences in the RCB. [20]
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2 Experimental Methods

The experimental studies in this project was conducted at the Double ElectroStatic Ion

Ring ExpEriment (DESIREE) facility at Alba Nova University Centre at Stockholm Uni-

versity. DESIREE is one of three working cyrogenic storage rings for ions. In contrast to

the single 35-m Cryogenic Storage Ring at the Max Planck Institute (Heidelberg, Ger-

many) and the single 3-m RIKEN Cryogenic Electrostatic ring at the RIKEN laboratory

(Tokyo, Japan), DESIREE consists of two 8.6m circumference rings. These two rings

merge at a straight section, allowing anion-cation reaction studies. [19, 24]

In DESIREE, charged particles can be stored at around 13K and 10�14mbar. The

cryogenic temperature and low pressure allow studies to be done in an environment close

to vacuum with only 102 � 104 rest gas molecules per cm3. DESIREE’s vessel consists of

two vacuum chambers separated by a thermal screen. The low temperature is achieved

using four two-stage cryogenerators. The cooling from room temperature down to 13K

takes around two weeks and since all ion optical and deflector elements are attached to

the inner chamber, they are cooled to the same temperature. [19, 24]

The set-up inside the chamber, presented in Figure 3, uses electrostatic focusing ion-

optic elements to generate an electric field, steering the ions. The 360� turn is made by

two 160� deflectors and four deflectors deflecting the beam 10�. Only ions with a specific

kinetic energy to charge ratio will be stored and all neutrals will remain una↵ected by

the fields. Therefore, it is possible to detect reactions or decays where the ions’ charges

or masses are changed. A reaction resulting in a neutral occurring in the straight part

of the ring will be possible to the detect as the neutral continues straight and hit a

particle detector. If a charged fragment is produced, it can be detected with the fragment

detector (FD). The asymmetric and symmetric rings work in the same way, but have

di↵erent detectors attached to them. [24]

ID

Symmetric ring

Ions

FD

RAEA

Asymmetric ring

e-Ions RAES

quadrupoles

10° deflectors

overlap control
deflectors

160° cylindrical
deflectors

Figure 2.2: A schematic of the two storage rings of DESIREE. The ion optics
of the electrostatic rings are held within a single vacuum chamber. The four
detectors: resistive anode encoder symmetric ring (RAES), resistive anode en-
coder asymmetric ring (RAEA), imaging detector (ID), movable fragment detec-
tor (FD).

uum is achieved with a residual gas pressure of ⇠ 10�14 mbar equivalent to
a few thousand H2 molecules per cubic centimetre. Cryogenic temperatures
are achieved by cooling using four two-stage coldhead cryocoolers. The first
stage of the coldhead is connected to the copper screen and the second stage
to the bottom of the inner chamber. This cooling system is able to achieve an
operational temperature of ⇠ 13 K in the inner chamber. To cool the system
from room temperature to base temperature takes approximately 2 weeks. All
the ion optics and detectors are cooled to the same temperature as they are all
mounted to the base of the inner chamber.

There is currently no pressure gauge available that can directly measure the
pressure within the inner chamber. This means the pressure must be inferred
from the lifetime of a stored ion beam or from the count rates of neutrals from
residual gas collisions. When the only loss mechanism available to an ion is
via residual gas collisions, the decay rate of the stored beam is proportional to
the number density of the residual gas.

2.2 Ion Sources and Injection Lines

The ions are prepared using an ion source and the ion beam is transported along
injection lines of several meters to DESIREE. Fig. 2.3 shows the layout of the
DESIREE laboratory. Two high voltage ion source platforms service the stor-

7

Figure 3: Schematic sketch of DESIREE seen from above illustrating the injections, the
asymmetric and symmetric ring, deflectors and detectors (RAEA, RAES, FD, ID) [24].
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2.1 Ion Production

DESIREE has two platforms for high voltage ion sources allowing production of two types

of ions simultaneously. Usually, the 100 kV platform holds an electron cyclotron resonance

ion source, producing positive ion beams. For production of negative ion beams, the 25 kV

platform is used, holding a SNICS II caesium sputter ion source. [24]

SNICS II is a caesium sputter ion source from National Electrostatics Corp. [25] using

heated caesium vapor. For a schematic illustration, see Figure 4. The vapor is produced

with an oven and as the vapor is charged after being condensed onto a heated surface,

it is accelerated towards a cathode [25]. In the middle of the cool cathode, a sample of

the material which the ions consists of is placed [25]. The bombarded sample sputters

particles, atoms, molecules or clusters [25]. In order to produce an ion beam, a high

positive potential is used [25]. Both the negative particles sputtered by the ion, and the

particles picking up electrons from the caesium are typically accelerated to energies of

10 keV [24]. The ion beam contains a broad range of ions with varying mass [24]. In order

to only have selected ions injected to the DESIREE chamber, the ion beam is bent by

a 90� bending magnet, selecting only the ions with the correct mass-to-charge ratio. [24]

Since caesium has a low electron a�nity, the production of negative ions is favoured [25].

The sputter ion sources produces vibrationally and rotationally hot, excited particles with

a broad internal energy distribution [24]. The temperatures are around some thousand

Kelvin [24].

The ions are not injected straight into the circulating beam path, but bended 10� in

order to minimize thermal input from the room temperature environment. Along with the

injection lines slits and collimators (making beams parallel) are situated. Also, a number

of Faraday cups allow measurements of the ion current. [24]

Cathode

Ionizer

Cs+

Ion beam

Ce oven

Extractor

Figure 4: A schematic overview of a SNICS ion source and its ceasium oven, the heated
ionizer, cathode and extracting positive potential.
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2.2 Detectors

Holding four detectors, DESIREE allows di↵erent types of measurements. Their locations

are presented in Figure 3. Located at the end of the straight sections of the rings are the

resistive anode encoder symmetric ring (RAES) detector, the resistive anode encoder

asymmetric ring (RAEA) detector and an image detector (ID). The fragment detector

(FD) is moveable and located next to the asymmetric ring beam path. The FD can be used

for fragments in the asymmetric ring if the mass-to-charge ratio decreases or fragments

from the symmetric ring if the mass-to-charge ratio increases. The four detectors consist

of three, stacked, microchannel plates (MCPs). [24]

channels

V

incident particle

glass channel

semiconducting
layer

output electrons

V

A.

B.

incident particle

electrons

MCP 1

MCP 2

MCP 3

C.

V

Is

V

V

Figure 3.1: A. Schematic of a microchannel plate (MCP) showing the many
electron multiplying channels. B. single channel of the MCP. Is is the strip current
(also called the bias current). C. stack of three MCPs in z-configuration.

glass is removed by etchant leaving behind the micro-channels. The remaining
lead-glass plate is treated so that the surface layer of the channels becomes
semiconducting 1. exhibiting the required conductive and secondary electron
emissive properties. The two faces of the plate are coated with a thin layer of
metal to allow good electrical contact to the channels [15].

MCPs are operated in vacuum (p < 10�6 mbar) and a bias voltage is ap-
plied across the plate (along the length of the channel) of up to 1000 V [17].
Fig 3.1B. shows a single channel and the electron multiplication. When a par-
ticle hits a channel wall, secondary electrons are released. These electrons are
accelerated along the channel by the applied potential difference and will again
collide with the channel wall releasing more electrons. This cascading effect
result in a cloud of electrons exiting the back side of the plate. The array of
channels over the plate leads to good spatial resolution of incident particles and
2D position information is a significant advantage of MCP detectors. Excellent
timing resolution is another significant advantage of MCPs.

The electron cascade results in removal of charge from the walls of the
channel, which must be replaced for secondary electron emission to occur
when another incident particle hits the same channel. The channels are re-
charged by the strip current flowing through the channel wall (see Fig. 3.1B.).

1Here a semiconductor is defined as a material which has a conductivity between
that of a insulator and a conductor. The materials resistance decreases as its tempera-
ture increases.

20

Figure 5: Sketch of an MCP done by Emma K. Anderson [24].
A) MCP with channels and applied voltage.
B) The electron multiplication in a channel after a hit.
C) A z-stack of three MCPs.

MCPs are small plates used to detect and amplify the hit of a particle or photon

and are in general made of lead silicate glass. Channels of a length around 0.5mm and a

diameter of 10µm acts as channel electron multiplier. An illustration is found in Figure

5. When a particle hits a wall of one of these channels, electrons are released and acceler-

ated by applied voltage. Moving further down, the released electrons hit the wall again,

releasing even more electrons. When the channel ends, the cascade of electrons hits the

next plate and new channels. In the end, one hit results in an amplification around 108 if

three plates are used. The applied voltage ranges up to 1000V and the plates have to be

operated in a pressure lower than 10�6mbar. The potential di↵erence also yields a cur-

rent running from the top to bottom of the plate, recharging the channels where electrons

have been removed. In order to minimize the probability that a particle goes through a

8



channel without hitting the walls, the channels are tilted around 8�. A z-configuration of

a MCP stack is when the orientation of the tilt is turned 180� per MCP, resulting in a

zig-zag pattern, illustrated in part C of Figure 5. [24]

Background noise from MCPs can originate from cosmic rays [26] but the majority

comes from the lead silicate glass. Mainly composed of SiO2, PbO and K2O, other metal

oxides probably exist. Radioactive 40K naturally exists in 0.0118% of potassium and

are responsible for these background counts. There is also a possibility of the few gas

molecules or atoms detached from the wall of the MCP being ionized by the electron

cascade and pulled down by the voltage and generating an event. [24]

In addition to three MCPs, the RAES detector, RAEA detector and FD also holds a

resistive anode. The resistive anode is a resistive sheet holding an electrode in each corner.

Using data from these electrodes, the position of the electron cascade from the MCPs

can be determined. The position information is however limited to single events.This is

not the case for the larger ID. After three 80mm MCPs, stacked in a z-configuration, the

detector holds a phosphor screen generating light. The light travels outside of the chamber

and hits a 16 channel photomultiplier tube (PMT), recording the peaks intensity as well

as arrival time by a complementary metal oxide semiconductor (CMOS) camera. This

allows detection of synced multiple hits. [24]

2.3 Lifetime Measurements in DESIREE

In order to measure the liftetime of certain ion, it is produced at one of the ion sources

and travels around 11m until it is injected to one of the storage rings in DESIREE. This

takes around 10 µs, so the hottest ions will not reach the detector as they spontaneously

decay before. When entering the ring, a Faraday cup is used to monitor the strength of

the ion current. A low current prevents detector saturation and ion-ion interactions while

a high current give beter statistics at long storage times. However, a strong current may

result in detector saturation in the first time fractions. The time it takes for an ion to

travel the length of the ring is calculated using the kinetic energy and ring length. As the

ions are stored and circulates the ring, the decay is monitored using one of the detectors.

Neutrals can be detected using the RAES or RAEA and fragments are detected using the

FD. Data is collected over many measurement cycles. A measurement cycle ends with a

beam dump, dumping the beam and measuring the detector background noise. However,

during a measurement cycle, background events also originates from the collision of the

stored particle with the residual gas. [24]

2.4 Analysis of Decay Rate

As the anions in the sputter ion source are produced hot and have a broad internal

energy distribution the beam consists of ions in di↵erent excited states. These states

decay exponentially and independently and the total decay rate is the sum of these

decays, following a power law. In order to show this, one considers N number of ions
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with an energy distribution g(E, t) of the excitation energies E. The produced neutral or

fragmentation rate from the losing an electron is then given by [24, 27]

R(t) = N0

Z
g(E, t)kfragment(E)dE (4)

where kfragment(E) is the decay rate of a specific energy state. The decaying ions over time

reduces the initial distribution g(E, 0) by an exponential decay with the rate kfragment(E).

This results in

R(t) = N0

Z
g(E, 0)kfragment(E)e�kfragment(E)tdE. (5)

Assuming that g(E, 0) is a constant, considering that it is broad compared to

kfragment(E)e�kfragment(E)t it can be moved outside of the integral. The resulting equation

is then

R(t) = N0g

Z
kfragment(E)e�kfragment(E)tdE. (6)

Rewriting this, multiplying and dividing by the time t, one obtains the proportionality

R(t) / g/t

Z
kfragment(E)te�kfragment(E)tdE. (7)

The peak of kfragment(E)te�kfragment(E)t is located where kfragment(E)t = 1 and assuming

that this peak is very narrow, it can be replaced by a delta function [27] and the rate

then follows the power law

R(t) / 1/t. (8)

Further experiments did however show that this simple law needed to be rewritten as [28]

R(t) / t�1+�. (9)

This form of decay for carbon cluster dianions have been suggested by both theoretical

and experimental findings [6]. However, this derivation considers only fragmentation or

electron detachment. Including the radiative process, see equation 1, the power law needs

to be modified. The population of hot ions decreases and if enough energy is emitted, the

ions may not have enough energy to undergo the neutral by fragmentation or electron

detachment. If the heat capacity is small, all emissions of photons will result in ions

which energy isn’t enough for these decays. Letting ⌧ describe the characteristic photon

emission time, the production of neutrals is described by [19, 24]

R(t) / t�1+�e�t/⌧ . (10)
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3 Measurements of the Spontaneous Decays of Car-

bon Dianions

Carbon clusters ions were produced using DESIREE’s 25 keV cesium ion-sputtering source

with a graphite target. Dianions with the kinetic energy 20 keV together with anions with

10 keV, both with the desired mass-to-charge ratio, was selected by the bending magnet

and entered the symmetric ring in DESIREE. However, anions with half the mass of the

dianion have the same mass-to-charge ratio, so such singly charged species also entered

the ring. For n=8 and 10, selected dianions contained one isotope of 13C, making it possi-

ble to select a non-integer mass-to-charge ratio, allowing only dinaions to enter. For other

species, the mass di↵erence results in hits at di↵erent positions on the FD, allowing the

monoanions and dianions to be separated. As the ions decayed by losing one electron,

the mass-to-charge ratio changed and the ions were bent less by the deflectors. Departed

from the primary beam path, they hit the FD where the position of the hit was logged

together with the event time. Data was collected for 120ms for C2�
7 , C2�

8 and C2�
10 and

for 100ms for C2�
9 . The beam was dumped after 91ms for n=7, 8, 10 and for n=9 after

80ms.

3.1 Data Analysis of Experimental Data

The data from the FD was analyzed using Python. Looking at the raw data, cross formed

background noise from the detector was removed, as well as overall background noise.

The area where the interesting fragment hit was selected, separating eventual hits from

anions with the same mass-to-charge ratio. An example of a raw detector image, filtered

image and a selected area can be found in Figure 6.

In order to fit a function to the data, the selected data was binned. Studying the data,

the revolution time, the bunch length, was found and the selected data was binned in

integers of the bunch length. An illustration of this for C2�
10 can be found in Figure 7. The

data was then also binned in logarithmic intervalls to emphasize the rapid change in the

beginning. When binning logarithmically, the data was weighted with respect to the size

of the varying timeinterval. A function on the form

f(t) = at�1+� + C (11)

or, for C2�
10

f(t) = at�1+�et/⌧ + C, (12)

was fitted to the data, neglecting time after the beam dump. The scipy.optimize func-

tion curve fit in Python was used together with the error estimation
p
n, n being the

number of hits within a certain bin.
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(a) Raw image plot of all the hits on the FD
for C2�

10 , not showing the lower left corner
as a high disturbance peak there changes
the relative intensity of the image. A cross
noise originating from the detector is seen,
as when analyzing all the datasets.

(b) Filterd image plot of all the hits on the
FD for C2�

10 , neglecting the lower left corner
as a high disturbance peak there changes
the relative intensity of the image. A hit
area is visible in the central left part.

(c) Image plot of the selected data area
where the hit of C2�

10 fragments C�
10 is

shown. Selections like this was made for all
carbon dianions by looking at the raw im-
age. All the ones having an odd number of
carbon atoms had the same selection area.
For this case, the beam oscillated vertically
and two spots are therefore seen.

Figure 6: Image plot of all hits generated using gaussian kernel estimation. The greener
the higher relative intensity.
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Figure 7: Data binned with a time interval of 1 µs in green and the manually acquired
bunch length, the revolution time of the beam, of 48µs in red.

3.2 Modeling of Tunneling Lifetime

The lifetime of C2�
8 was found using the form of RCB computed by DFT. A potential of

the form

V (r) =
a

r
� b

rn
(13)

was fitted to the obtained data, presented in Figure 8. The first term of the potential

is motivated by the long range Coloumb repulsion, dominating when r is big and the

second term by quantum chemical calculations of the RCB at short distances. Using

this potential, the lifetime of the dianion was calculated using equation 25, for electron

a�nities ranging from �0.2 eV to �2.44 eV.
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Figure 8: The calculated RCB of C2�
8 based on DFT calculations done by the research

group in Atomic Physics at Stockholm University.

4 Results and Discussion

4.1 Lifetime Measurment of Molecular Dianions

The data from DESIREE with fitted functions is presented in Figure 9 to 12. The decays

for C2�
n n=7-9 appear to follow equation 11, C2�

10 follows a quenched power law in equation

12. According to the discussion in Section 2.4, this means that the smaller carbon dianions

don’t decay significantly by radiative cooling at this timescale. However, the quenching

for C2�
10 is most likely due to a radiative cooling processes with a characteristic time of

⌧ = 0.0080s. Furthermore, all fits justify the assumption made in Section 2.4 that the

internal energy distribution among the produced dianions is broad.

Looking at the data, it is clear that the dianions exist at least an order of magnitude

longer time than previous mass spectrometry experiments have shown. The dianions’

lifetimes are at least 1ms for C2�
7 , 100ms for C2�

8 , a bit more than 1ms for C2�
9 and more

than 10ms for C2�
10 . It is however possible that there exist thermodynamically stable ions

after this time but if they decay, the occurance and detection is in the same order of

magnitude as the noise from the detector.

As shown in Figure 9 - 12 there is a clear odd-even pattern of the exponent in the

power law. The � for di↵erent n= 7, 8, 9, 10 is -0.66, -0.57, -0.74, -0.25, meaning that even
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clusters decay slower than odd ones. Even-odd e↵ects for the small dianions have also been

seen in the mass spectra from previous experiments [3, 19]. One plausible explanation

is that this trend is related to the alternating structure (see Figure 1) of the clusters

resulting in di↵erent electron a�nities and RCB shapes, which will influence the cooling

rates.

Figure 9: The decay rate of C2�
7 fitted with f(t) = at�1+� + C, � = �0.66 ± 0.03.

Figure 10: The decay rate of C2�
8 fitted with f(t) = at�1+� + C, � = �0.57 ± 0.01.
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Figure 11: The decay rate of C2�
9 fitted with f(t) = at�1+� + C, � = �0.74 ± 0.03.

Figure 12: The decay rate of C2�
10 fitted with f(t) = at�1+�e�t/⌧ + C, � = �0.25 ± 0.01

and ⌧ = 0.0080 ± 0.0014s.

4.2 Modeling of Tunneling Probability

The calculated lifetime for C2�
8 with initial electron a�nities ranging from -0.2 to �2.44 eV

is presented in Figure 13. Comparing this with the experimental results in Figure 10,

where the lifetime was found to be 100ms, which corresponds to the electron a�nity of

C2�
8 being �1 eV. If less strongly bound, the estimated lifetime would be lower than the

measured one.
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Figure 13: The calculated lifetime of C2�
8 for di↵erent electron a�nities, based on DFT

calculations of the RCB done by the research group in Atomic Physics at Stockholm
University, shown in Figure 8.

5 Conclusion

This study measured the spontaneous decays of C2�
n ! C�

n +e� in DESIREE and was able

to show that the carbon cluster dianions C2�
n , n=7-10 surive on an order of magnitudes

longer timescales than observed in previous single pass experiments. An alternating odd-

even pattern could be seen, where the dianions spontaneously cool on longer timescales

for even n. These decays followed simple power laws for n=7-9 and a quenched power

law for n=10, as expected for ions produced with a broad range of internal energies.

The origin of the exponential quenching of the power law decay for C2�
10 is likely due

to radiative cooling. This study was however not able to conclude if the carbon cluster

dianions are thermodynamically stable or metastable with lifetimes exceeding those of

spontaneous electron emission.

Modeling of the RCB for C2�
8 and calculations of the tunneling probability resulted

in an estimated survival time for the dianion with respect to electron loss. The result was

consistent with previous work and combined with the experimental result, these suggest

that electron a�nity of the dianion is larger than �1 eV. Similar predictions for odd small

dianions are planned, but are more demanding. Then, a three dimensional calculation is

necessary as the shape of the odd clusters are less symmetric.
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In order to see if there is any metastable or thermodynamically stable dianions left in

the beam after on even longer timescales than in the present study, future experiments

could use a beam dumping technique. By switching o↵ the 10� deflectors in the symmetric

ring after an appropriate long time, the eventually remaining ions will continue straight

and be detected by one of MCP detectors. In order to avoid signal from any singly charged

anions circulating in the ring, a 13C enriched graphite sample should be used. Then the

mass-to-charge ratio would be half integers, allowing a selection of a pure dianion beam.

This experiment would allow more information about the lifetime and stability of the

dianions and whether they are stable or metastable.

In addition, future plans involve measurements of the height of the RCB using laser

probing techniques where the threshold energy for prompt electron detachment is deter-

mined by scanning the photon wavelength. Future experiments could also use the pos-

sibility of merging ion beams in DESIREE, studying reactions between carbon clusters

and positively charged atomic or molecular systems.
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A WKB Approximation in Quantum Tunneling

This section will use WKB Approximation (Wentzel, Kramers, Brillouin) to explain the

derivation of equation 2 and 3, starting with a modification of the Schrödringer eqution

� ~2
2m

d2 

dx2
+ V (x) = E . (14)

By defining the classical momentum of a particle with energy E in a potential V (x) as

p(x) =
p

2m[E � V (x)] one obtains

d2 

dx2
= �p2

~2 . (15)

Let the wavefunction be represented by its amplitude and phase,  = A(x)ei�(x) and

prime denote the derivative respect to x. Then, equation 15 becomes

A00 + 2iA0�0 + iA�0 � A(�0)2 = �p2

~ A. (16)

As E is assumed to be bigger than V (x), this equation can be divided in two. The real

part being A00 � A(�0)2 = �p2

~2A and the imaginary part 2A0�0 + A�00 = 0. Solving the

imaginary part results in

A(x) =
Cp
�0(x)

(17)

where C is a real constant. In order to solve the real part, the A00 term is ignored,

approximating that the amplitude varies very slowly. Then, the parts left gives (�0)2 = p2

~2

or

�(x) = ±1

~

Z
p(x)dx. (18)

Combining equation 17 and 18 the final approximate, general solution

 (x) =
Cp
p(x)

e±
1
~
R
p(x)dx (19)

is obtained. This result form the WKB-approximation can be used to estimate the tun-

neling probability. However, one now has to leave the nonclassical region and let p(x) be

imaginary, as E < V . When the wave bumps into a barrier starting at x = 0 and ending

at x = a the resulting wave kan be written as  (x) = Feikx, traveling to the right. Before

bumping, the wave and its reflection travel in both directions so  (x) = Aeikx + Be�ikx.

Here, A is the incident amplitude and B is the reflected amplitude and k ⌘
p
2mE/~.

As F is the transmitted amplitude, the probability of transmission is

T =
|T |2

|A|2 . (20)
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The wave equation in the tunneling region is, according to equation 19

 (x) =
Cp
p(x)

e
1
~
R
p(x0)dx0

+
Dp
p(x)

e�
1
~
R
p(x0)dx0

. (21)

When tunneling trough the barrier, the wave decreases with the exponential term

|F |
|A| ⇠ e�

1
~
R a
0 |p(x0)|dx0

(22)

and the transmission probability is, consistent with equation 2,

T ' e�2�, � ⌘ 1

~

Z r2

r1

|p(x0)|dx0 (23)

[29]. Using this to model an electron trapped inside a RCB, it is possible to calculate

the lifetime of a dianion. Assuming that the electron hits the barrier with a frequency of

f = 2⇡
! the probability of tunneling per time unit is fT .The lifetime for the dianion is

then

⌧ =
2⇡

!
e2�. (24)

Using f = v
2r1

instead, assuming that the electron moves back and forth with the velocity

v =
p

Em/2 the lifetime can be modified and written [29]

⌧ =
2r1
v

e2�. (25)
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