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Simulationen zu Experimenten von Ionen- und Neutralstrahl Über-
lagerungen am kryogenen Speichering CSR:

Kollisionen zwischen Ionen und neutralen Teilchen sind die bestimmenden Reak-
tion für die Gasphasensynthese komplexer Moleküle in der interstellaren Ma-
terie (ISM). Um das astrochemische Netzwerk in ein Model zu fassen, werden
Ratenkoe�zienten der vorhandenen Reaktionen benötigt. Diese wurden jedoch
selten unter astophysikalischen Bedingungen gemessen. Der kryogene Speichering
CSR am Max-Planck-Institut für Kernphysik ist in der Lage gespeicherte und
gekühlte Ionen mit einem Strahl aus neutralen Atomen zu überlagern. Dabei
können niedrige Kollisionsenergien bei sehr geringem Druck erzeugt werden. Um
die Kollisionstemperatur abzuschätzen wurden Kollisionen zwischen H+

3 und C
simuliert, eine essenzielle Reaktion für die organische Astrochemie. Dazu wurde
das Teilchen-Tracking Programm G4beamline benutzt, um den gespeicherten Io-
nenstrahl zu simulieren. Der neutrale Strahl wurde in einer ballistischen Näherung
mit Python berechnet. Um den Ein�uss des Erdmagnetfeldes auf den Ionenstrahl
abzuschätzen, wurde es an über 400 Messpunkten um den Speicherring mit einem
Fluxgate-Magnetometer aufgenommen. Eine Kompensation durch elektromag-
netische Spulen wurde mit Finite-Elemente-Programm Opera 3D simuliert. Dabei
konnte das Magnetfeld auf 1/10 gesenkt werden, wodurch Kollisionstemperaturen
mit minimalen relativen Energien von 64 K ermöglicht werden können.

Simulation of ion-neutral merged beams experiments at the Cryogenic
Storage Ring:

Collisions between ions and neutrals are decisive for the gas-phase synthesis of
complex molecules in the interstellar medium. In order to model the astrochem-
ical network, rate coe�cients of existing reactions are required. However, these
coe�cients were barely measured under astrophysical conditions. The Cryogenic
Storage Ring (CSR), housed by the Max Planck Institute for Nuclear Physics, is
capable of merging stored and cooled ions with a neutral beam. This results in
extremely low collision energies in a low pressure environment. In order to verify
the collision temperatures, collisions between H+

3 and C were simulated, a crucial
reaction for organic astrochemisty. The particle tracking program G4beamline
was used to simulate the stored ion beam. The neutral beam was calculated by
python in a ballistics approach. The in�uence of the earth's magnetic �eld was
evaluated by recording the magnetic �eld with a �uxgate magnetometer at over
400 measuring points. The compensation of the earth's magnetic �eld by elec-
tromagnetic coils was simulated by the �nite element program Opera-3D. Thus,
the magnetic �eld inside the CSR could be reduced to 1/10 of its former power,
enabling collision temperatures down to 64 K.



Contents

1 Introduction 5

2 Principles of ion beam transport 7
2.1 De�ection and Acceleration Forces on Particles . . . . . . . . . . . . . 7
2.2 Motion of Particles in Linear Approximation . . . . . . . . . . . . . . 8
2.3 Solution of Linear Equation of Motion . . . . . . . . . . . . . . . . . 11

3 Basic Theory of Ion-Neutral Collisions 15

4 The Cryogenic Storage Ring (CSR) 19
4.1 The Ring Lattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2 The Merged Beams Experiment . . . . . . . . . . . . . . . . . . . . . 23

5 Simulation of Ion-Neutral Collisions 26
5.1 Ion Beam Pro�le: G4beamline . . . . . . . . . . . . . . . . . . . . . . 26
5.2 Neutral Beam Pro�le: Python . . . . . . . . . . . . . . . . . . . . . . 27
5.3 Calculating the Collision Energy . . . . . . . . . . . . . . . . . . . . . 28
5.4 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6 Precise Earth's magnetic �eld measurement 42
6.1 CSR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.2 Peripheral E�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

7 Compensating the Earth's Magnetic Field 52

8 Summary 57

9 Bibliography 59

4



1 Introduction

The interstellar medium (ISM) is the matter between the star systems in a galaxy. It

consists mainly of hydrogen and helium and has a average density of ∼ 1 cm−3. Re-

gions of high concentrations of gas and dust particles are called interstellar clouds.

A molecular cloud is a type of interstellar cloud, where the density, temperature

and size permits the formation of molecules. Cloud densities and temperatures

range from 10 cm−3 to 106 cm−3 and from 10 K to 100 K, respectively. Despite

these extreme conditions, almost 200 molecules have been detected in the ISM [1].

The population of these species is determined by the formation and the destruc-

tion processes. Due to the low density in interstellar clouds, three-body reactions

are unlikely and two-body reactions dominate. Although neutral species are most

abundant, neutral-neutral reactions are often suppressed owing to the presence of

activations barriers and the lack of attractive forces between the reactants. Anion-

cation reactions are energetically favourable, but infrequent due to the low abun-

dance of negative ions in the ISM. Thus, exothermic ion-neutral reactions dominate

in the interstellar gas-phase and are the key formation reactions.

Vast amount of data has been gathered from various space telescopes, Herschel [2]

and Spitzer [3], and the new generation, the airborne observatory SOFIA [4] and

the astronomical interferometer ALMA [5]. In order to evaluate the information

gained from astronomical observations, laboratory studies and models of the inter-

stellar chemical network are needed. In 1973, a pioneering work about chemistry

in interstellar clouds was published [6]. By this time, most rate coe�cients were

measured using �owing afterglows [7]. In this technique an ionized carrier gas, nor-

mally helium, is introduced at one end of a tube and exhausted at the other end.

By injecting a neutral gas into the tube it can react with He+, producing positive

ions. Rate measurements of the mass-selected daughter products lead directly to

a reaction rate coe�cients. Selected ion �ow tube (SIFT) technique re�ned this

method, removing the carrier gas before reaction [8]. Investigating ion-neutral col-

lisions, virtually no other techniques have been used. As a consequence most rate

coe�cients were measured at room temperature and at relatively high pressures, in
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contrast to the astrophysical conditions of the models they are used in.

This work describes an experiment capable of investing gas-phase reactions at as-

trophysical relevant temperatures: the merged beams experiment at the Cryogenic

Storage Ring (CSR) at the Max Planck Institute for Nuclear Physics. Both collision

partners have to be produced in de�ned states before the experiment. The molecu-

lar ions are created in suitable ion sources and stored in the cryogenic environment

of the CSR for cooling, while the ground term neutral atoms are produced by pho-

todetachment of negative ions.

After introducing the principles of ion beam transport via electromagnetic �elds,

phase ellipses are discussed, as a way to describe an ion beam as a whole. Subse-

quently, a brief overview is presented over the CSR and the incorporated merged

beams experiment, where a cooled ion beam and a a well-de�ned neutral atomic

beam superpose. Afterwards, details are o�ered on the simulation of the merged

beams experiment, using the example of reactions between H+
3 and neutral C atoms.

The results are described thereafter, estimating the collision temperatures in depen-

dence of an external magnetic �eld, the beam emittance and the velocity match

between the beams. A series of measurements containing over 400 data points

around the storage ring evaluates the in�uence of the earth's magnetic �eld on the

ion beam. After presenting a con�guration of electromagnetic coils compensating

the earth's magnetic �eld, the expected improvement on the merged beams exper-

iment is estimated. Eventually, the results are summarized and perspectives are

given.
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2 Principles of ion beam transport

2.1 De�ection and Acceleration Forces on Particles

The interaction between the electromagnetic �eld and charged particles depends on

the forces de�ecting, focusing and accelerating it. The central equation in accelerator

physics is known as Lorentz force

F = q (E+ v×B) , (2.1)

where q is the charge, v is the velocity of the charged particle, E is the electrical

�eld, B is the magnetic �eld and × the vector cross product. Field intensities of E

and B depend on space r and time t. The Lorentz force is invariant when performing

a Lorentz transformation. Single charged particles have a charge equal to the ele-

mentary charge q = e. The charge of heavy ions depends on the state of ionisation.

The charge is equal to the nuclear charge q = Ze if all electrons are removed from

the electron shell.

Forces acting perpendicular to the particle's velocity v produce circular de�ections.

Thus, neither does the absolute velocity |v| change nor does the kinetic energy.

Forces acting parallel to the particles velocity v leading to a change of the absolute

velocity |v|, hence to change of the kinetic energy. B �elds generate forces per-

pendicular the particle's velocity v and therefore are only used for de�ection and

focusing. Acceleration in the sense that the kinetic energy changes can only be

achieved with E �elds.

A change in the particle momentum can be obtained from the time integral

∆p = p (t2)− p (t1) =

∫ t2

t1

Fdt. (2.2)

A change in kinetic energy between position r1 and r2 can be obtained from the line

integral

∆E = E (r2)− E (r1) =

∫
r2

r1

Fdr. (2.3)
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Since dr is perpendicular to v×B, (v×B)dr = 0 is valid and

∆E =

∫
r2

r1

q (E+ v×B) dr =

∫
r2

r1

qEdr, (2.4)

meaning only the electric �eld E contributes to the change in energy, to be exact only

the component E|| parallel to the particles velocity v. Solving for the component

dp||/dt parallel to v

qE|| =
dp||
dt

= m
dv||
dt

. (2.5)

The component E⊥ perpendicular to v causes merely a change in direction in the

same way as (v×B) does,

q (E⊥ + v×B) =
dp⊥
dt

= m
dv⊥
dt

. (2.6)

Radial acceleration dv⊥/dt leads to circular de�ection. The centripetal force yields

the current radius of curvature ρ ∣∣∣∣dv⊥dt

∣∣∣∣ =
v2

ρ
. (2.7)

Although space charge e�ects were neglected in simulations later on, they should not

be left unmentioned. In this process, the acting forces do not arouse from external E-

and B-�elds, but from the electromagnetic interaction between the charged particles

of the beam. The magnitude is determined by particle density of the beam. Its

impact is the most with a high amount of space charge and a low velocity of the

particles. Particles trajectories diverge due to repulsive coulomb forces caused by

the space charge e�ects, leading to continuous defocusing of the beam and a steady

increase of the emittance.

2.2 Motion of Particles in Linear Approximation

An ion beam consists of a large number of charged particles. In the case of storage

rings it is desired to direct the beams path. This is done by ion-optical elements

creating electromagnetic �elds. The force acting on charged particles in an electro-

magnetic �eld is given by the Lorentz force (Eq. 2.1). From Eq. 2.1, the equations

of motion can be derived for a charged particle, moving in an electromagnetic �eld.
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Here the equations of motion of a charged particle are derived solely due to the in-

�uence of the magnetic �eld. The derivation of the motion of a particle in an electric

�eld can be determined in the same manner. The motion of a particle a�ected due

to a magnetic �eld is given as

F = ṗ = qv×B. (2.8)

An ion beam takes a circular path through a magnetic de�ector. It is speci�ed

through the radius of curvature ρ0. The orthogonal (x, y) coordinate system moves

along the central path and has a velocity vs equal to the projection of the particle

velocity to the central path. If a particle is displaced by a small amount x in x-

direction relative to the central path, the new curvature, induced by the magnetic

�eld, can be described by the radius (ρ0 + x). The centrifugal force FC acting on

this particle can be derived by

FC =
mv2s
ρ2 + x

, (2.9)

wherem represents the particle mass and vs ≈ vz the linearly approximated velocity.

The particles motion in the moving (x, y) coordinate system an be rewritten using

Eq. 2.8 and Eq. 2.9, leading to

ẍ =
q

m
(vyBz − vzBy) +

v2s
ρ0 + x

,

ÿ =
q

m
(vzBx − vxBz) .

(2.10)

With the linear approximation vs ≈ vz Eq. 2.10 can be simpli�ed to

ẍ = −q
p
v2sBy +

v2s
ρ0 + x

,

ÿ =
q

p
v2sBx,

(2.11)

where p describes the total momentum of the particle. Using a series expansion on

Eq. 2.11, the �rst order terms are

ẍ = −q
p
v2sBy +

v2s
ρ0

(
1− x

ρ0

)
,

ÿ =
q

p
v2sBx.

(2.12)
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With the relations

d

dt
=

ds

dt

d

ds
= vs

d

ds
,

d2

dt2
= v22

d2

ds2
,

(2.13)

the equation of motion Eq. 2.12 can be rewritten,

x′′ = −q
p
By +

1

ρ0

(
1− x

ρ0

)
,

y′′ =
q

p
Bx.

(2.14)

The magnetic �eld term can be expanded as long as the particle trajectory demon-

strated only small deviations to the central path

By(x) = B0 +
∂By

∂x
x+

1

2!

∂2By

∂x2
x2 · ··,

Bx(y) = 0 +
∂Bx

∂y
y +

1

2!

∂2Bx

∂y2
y2 · · · .

(2.15)

In linear approximation of Eq. 2.15 and with p0 = qB0ρ0 , Eq. 2.14 can be rewritten

as

x′′ = −
(
q

p

∂By

∂x
+

1

ρ20

)
x,

y′′ =
q

p

∂Bx

∂y
y.

(2.16)

Taking into account the momentum deviation δ = ∆p/p0 to the central particle with

the momentum p0 and substituting kx = q
p

∂By

∂x
+ 1

ρ20
and ky = − q

p
∂Bx

∂y
, respectively,

leads to the �nal form

x′′ + kxx =
δ

ρ0
,

y′′ + kyy = 0.

(2.17)
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2.3 Solution of Linear Equation of Motion

General Solution

In the case of mono-energetic particles (δ = 0), the equations of motion (Eq. 2.17)

both have the same structure, which is given by

u′′ + ku = 0. (2.18)

A general solution of such a di�erential equation can always be given by a pair of

linear independent distinctive solutions C(s) and S(s):

u(s) = u0C(s) + u′0S(s),

u′(s) = u0C
′(s) + u′0S

′(s),
(2.19)

where u0 and u′0 are the initial parameters. They indicate the deviation in space and

direction at the starting point. The functions C(s) and S(s) are called cosine-like

or sine-like and satisfy the following conditions:

C(0) = 1, C ′(0) = 0,

S(0) = 0, S ′(0) = 0.
(2.20)

If the particles are not mono-energetic (δ 6= 0), the di�erential equation becomes

inhomogeneous (see Eq. 2.17) for deviations in radial positions close to an ion-

optical element which de�ects the particle. A general solution can be given as a

linear combination of the homogeneous solution (Eq. 2.19) and a particular solution

of the inhomogeneous equation δdx(s). dx(s) describes the dispersion function [9]

which must satisfy the initial conditions:

dx(0) = 0, d′x(0) = 0. (2.21)

Characteristic Solutions

Using the linear approximation, the most relevant ion-optical elements are drift sec-

tions without a �eld (k = 0), quadrupole magnets, de�ection electrodes and magnets.

Assuming that k is constant within an ion-optical element Eq. 2.18 can be iden-

ti�ed with the di�erential equation of a harmonic oscillator. The traversal motion

of particles within ion-optical elements (0 ≤ s ≤ L) is given by the characteristic
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solutions [9]:

� For K(s) > 0 (focusing):

C(s) = cos
(√

ks
)
,

S(s) =
1√
k

sin
(√

ks
)
,

dx(s) =
1

ρ0k

[
1− cos

(√
ks
)]
.

(2.22)

� For K(s) = 0:

C(s) = 1,

S(s) = s,

dx(s) = 0.

(2.23)

� For K(s) < 0 (defocusing):

C(s) = cosh
(√
|k|s
)
,

S(s) =
1√
|k|

sinh
(√
|k|s
)
,

dx(s) =
1

ρ0|k|

[
cosh

(√
|k|s
)
− 1
]
.

(2.24)

The variation in the longitudinal displacement l between the particle of interest and

a reference particle at the central path is given by l = −v0(t− t0). t and t0 denote
the time of �ight between two planes for the particle of interest and the reference

particle, respectively. Longitudinal displacements solely appear due to de�ecting

ion-optical elements since the path length can di�er. Longitudinal displacement can

be neglected while using continuous ion beams and is only of interest in combination

with bunched beams.

Phase Ellipse

An ion beam is formed by a superposition of several particle trajectories. Since

determining every single trajectory becomes impractical as the particle number

rises, looking at the whole beam becomes very appealing. The phase space den-

sity ρ (x, x′, y, y′, l, δ) is able to fully characterise an ion beam. Assuming that the
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horizontal (x, x′), vertical (y, y′) and longitudinal (l, δ) coordinates are not cor-

related, the phase space density can be split into two-dimensional distributions:

ρ (x, x′, y, y′, l, δ) = ρ (x, x′) ρ (y, y′) ρ (l, δ). Usually these distributions can be edged

by an ellipse, which provides the general properties of the particle beam.

The horizontal phase ellipse should serve as an example. Phase space ellipses can be

represented by a symmetric 2×2-matrix with a positive determinant, the so-called

σ-matrix [10]:

σx =

(
σ11 σ12

σ21 σ22

)
=

(
σ11 σ12

σ12 σ22

)
. (2.25)

The equation of the phase ellipse is given by

XTσ−1x X = 1, (2.26)

where X denotes the vector from the origin of coordinates to a point on the ellipse,

XT = (x, x′) , X =

(
x

x′

)
. (2.27)

The inverse matrix σ−1x is determined by

σ−1x =
1

det (σx)

(
σ22 −σ12
−σ12 σ11

)
. (2.28)

Solving Eq. 2.26 leads to an equation for the phase ellipse

σ22x
2 − 2σ12xx

′ + σ11x
′2 = det (σx) = ε2x, (2.29)

where εx indicates the emittance. The value of εx times π de�nes the area Ex of the

phase space ellipse

Ex = πεx = π
√
detσx = π

√
σ11σ22 − σ2

12. (2.30)

Assuming that the density distribution ρ(x, x′) of the area encircled by the phase

space ellipse is normally distributed

ρ(x) =
1

2πεx
exp

(
−1

2
xTσ−1x x

)
, (2.31)
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where x denotes arbitrary phase space coordinates. The density distribution can be

represented by elliptical contour lines. The phase ellipse

XTσ−1x X = 1 (2.32)

marks the contour line where the density is lowered by a factor of exp(−1/2) com-

pared to the center. This corresponds to one standard deviation at the beam pro�le

and hence encloses 39, 3% of the total intensity. The value for the beam emittance

depends on the chosen phase ellipse. Therefore the fraction of included particles has

to be indicated. This can be done in standard deviations or percent.

Rewriting Eq. 2.25 using the twiss parameters α, β and γ [10] yields

σ = ε

(
β −α
−α γ

)
. (2.33)

The betatron function βx(s) is correlated to the maximum beam radius xmax(s) as

followed

xmax(s) =
√
εxβx(s). (2.34)

The parameter α(s) is represented by the derivative of β(s),

α(s) = −β
′(s)

2
. (2.35)

The last twiss parameter γ is de�ned as

γ =
1 + α2

β
. (2.36)

This twiss parameter γ and the beam emittance ε provide the the maximum diver-

gence x′max
x′max =

√
εxγx. (2.37)

As the twiss parameters are independent of the phase space area, they describe the

ion beam transport conveniently.
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3 Basic Theory of Ion-Neutral Collisions

The interstellar medium (ISM) is mainly made up of atoms and molecules. Most

of the detected molecules in space are formed by gas-phase processes. Moreover,

they appear to be dominated by ion-molecule reactions. Another important route

of molecule formation, not being limited to ion-neutral collision partners, occurs on

the surface of dust grains. Knowing the rate coe�cients of these reactions is crucial

for evaluate their role in astrochemistry. With databases containing more than 4000

reactions, the abundance of many of the ∼180 yet detected molecules in the ISM

could be predicted by chemical models.

In order to set up chemical models it is important to know the reaction rates in great

detail. Particularly their temperature dependency and their branching ratios in the

case of reactions with di�erent product channels. Additionally, information about

the initial temperature and initial abundances plays a signi�cant role. However, only

a fraction of the relevant reactions are characterized in the laboratory. Moreover,

rarely the temperature dependence was measured, which can generally be stated in

the Arrhenius-Kooij formula [11]

k(T ) = α(T/300K)β exp

(
−γ
T

)
, (3.1)

where the parameter α describes the overall size of the rate coe�cient, while β and

γ characterize its temperature dependence. Only for reactions hindered by a barrier

or endothermicity γ is unequal to zero. While the important H+
3 forming reaction

H+
2 + H2 → H+

3 + H does not show a temperature dependence at all, generally re-

actions of ions with molecules show a reverse temperature dependence. In other

words, the rate coe�cient increases at lower temperatures.

As proposed by F. Lindemann [12] ion-molecular reactions can be broke down into

two elementary steps. According to this model, an intermediate molecular complex

is formed through a collision. In order to release the excited energy, the intermediate

molecular collisions complex need to interact with a third body or emit a photon.

Picking the example of C+ + H2 reacting to CH+
2 the two-step association process
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can be written as

C+ + H2
k1−−⇀↽−−
k2

(C + H2)
+∗ k3−−→ (C H2)

+ + h ν, (3.2)

where C+ and H2 �ll the role of the colliding ion-molecule pair and k1, k2 and k3

represent the reaction rate constants for combination, decomposition and radiative

stabilization. hν describes the radiation and (C + H2)
+∗

the intermediate complex

with a characteristic lifetime τ2 = 1/k2, against decomposition back to reactants

C+ and H2. The lifetime τ2 is strongly temperature dependent, increasing up to

microseconds in cold molecular clouds. Compared to that, the radiative lifetime

τ3 = 1/k3, describing the process stabilizing by emitting a photon, is rather long

being in the order of milliseconds. Thus, the chances to form CH+
2 are rather

small and temperature dependent because the decomposition lifetime τ2 plays a

determinative role. However, regardless of the reaction conditions, this reaction is a

dominant pathway to form carbonaceous species in space.

On the contrary, reactions with a slow decomposition process k2 and a fast radiative

stabilization process k3 are generally limited by the combination rate k1. In this case,

the Langevin collision theory [13] presents a good estimate of the rate coe�cient.

Generally a two-body rate coe�cient k(E) at a given energy E is given by

k(E) = vσ(E), (3.3)

where v describes the relative velocity of the collision partners and is proportional

to
√
E, where E is the kinetic energy of the collision in the center-of-mass frame.

Similar to a hard sphere model, the capture collision section is de�ned as [13]:

σ(E) = πb2c . (3.4)

The impact parameter b describes the closest distance between a potential �eld cen-

ter and a projectile if it were not de�ected. Fig. 3.1 illustrates a ion-neutral collision

with the impact parameter b, where the attractive force originates from an induced

dipole moment in the neutral collision partner. bc describes a critical value of the

impact parameter b, where the angular momentum barrier can be surmounted, thus

enabling collisions.

The Langevin theory describes the e�ective potential between neutral atom or
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Figure 3.1: Schematic depiction of the impact parameter b for a collision between a
neutral molecule or atom (large sphere) and an ion (small sphere). The
ion induces a dipole moment on the neutral particle and subsequently
gets de�ected.

molecule and an ion inducing a dipole on the former one:

Veff (r) = − 1

8πε0

q2 · an
r4

+ E ·
(
b

r

)2

, (3.5)

where q denotes the ions charge, an represents the polarizability of the neutral

collision partner, r is the distance between them and ε0 = 8, 85 As
V m

is the vacuum

permittivity. The �rst term gives rise to the attractive ion induced dipole force, while

the second one depicts the centrifugal potential yielding repulsive forces. From the

conditions δVeff/δr = 0 and δVeff = E(r) the maximum critical impact parameter,

where the centrifugal potential barrier can be surmounted, can be found

b2c =

√
q2an

2πε0E
. (3.6)

Inserting the critical impact parameter in Eq. 3.4 imposes a proportionality σ(E) ∝
E−

1
2 ∝ 1/v and �nally yields the temperature independent Langevin value as de-

scribed by Giomousis and Stevenson [13]

kL = q

√
πan
ε0µ

, (3.7)

where µ denotes the reduced mass. In the case of ion-molecule reactions this model

mostly describes an upper limit for the rate coe�cients. Since especially collision

restrictions as barriers or endothermicity may cause deviations, the rate coe�cient

of exothermic ion-neutral reactions shows a relative smooth behaviour without any

sharp resonances. For some cases, where the chemical attraction is stronger than

predicted by this model, rate coe�cients also can exceed the Langevin value. This is
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the case for the reaction H− + H. In the end, the Langevin value provides a proper

assessment in order to distinguish between fast and slow reactions.
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4 The Cryogenic Storage Ring (CSR)

The Cryogenic Storage Ring (CSR) is a storage ring capable of storing beams of

anions and cations at kinetic energies between 20 and 300 keV per charge unit. In

order to be able to investigate large molecules and clusters, only electrostatic ele-

ments are used inside the CSR. Thus, charged particles can be stored independent

of their mass. A closed-cycle helium system ensures that the experimental vacuum

chamber, housing the stored beam with all its beam optics, can be cooled down be-

low 10 K. Coper sheets wrapping the experimental vacuum chamber are connected

Figure 4.1: Schematic depiction of the CSR. Ion and neutral beams can be injected
in the bottom corner. After crossing the �rst straight section ion-neutral
reaction products can leave the ring, being detected afterwards. Anti-
clockwise, the second straight section houses the electron cooler indicated
in purple colour. The third section is dedicated to beam diagnostics and
the last one provides space for the future installation of a reaction mi-
croscope.
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via copper cables to the 2 K He line, enabling temperature transfer due to their high

thermal conductivity. The experimental vacuum chamber is surrounded by an isola-

tion vacuum chamber (< 10−5 mbar), which houses a 40 K and 80 K radiation shield.

While the 40 K shield surrounds the inner vacuum chamber, the 80 K envelopes the

40 K shield. A 5 K helium line is recirculated four times all around the ring to cool

the cryogenic equipment and subsequently the two radiation shields at 40 K and 80

K. While the bottom plates of the 40 K radiation shield carry the vacuum chamber,

all the ion optical elements of the CSR are mostly mechanically decoupled from the

experimental vacuum chamber by mounting them individually on external concrete

support blocks. Moreover, care was taken to only use non magnetic components.

This way the earth's external magnetic �eld will not be enhanced by perturbations

at the beam position.

In order to achieve residual gas densities below 140 cm−3 (corresponding to a room

temperature pressure of 10−14 mbar), �rst the vacuum chambers are baked out at

∼250 ◦C to remove volatile compounds. Turbomolecular pumps in conjunction with

ion getter pumps, which bind the residual gas molecules, attain pressures of ∼ 10−11

mbar in the experimental vacuum chamber. Cooling down the entire inner vac-

uum chambers below 10 K yields the desired gas density as most chemical elements

condensate on the chamber surface. As a result, measured lifetimes ranges from a

few hundred seconds up to almost an hour. The cold environment as well as the

long storage time allow stored molecules to radiatively cool into their rovibartional

ground states.

4.1 The Ring Lattice

The CSR lattice consists of electrostatic ion-optical elements, namely cylindrical

de�ectors and quadrupole doublets. At the corners, the 90◦ bend is split up in two

6◦-de�ectors and two 39◦-de�ectors. On the one hand the 1.1 m distance between

the 6◦- and 39◦-de�ector enables the injection of an ion or neutral beam. On the

other hand it provides the space to detect neutral fragments which are generated

in experiments. During the injection of an ion beam one 6◦-de�ector is switched to

ground. This way the ion beam does not get de�ected and can enter the storage

ring. After one circuit the 6◦-de�ector has to be switched back to storing voltage in

order to properly store the ion beam.

The focusing quadrupoles have a length of 0.2 m and are separated by 0.15 m within a
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Figure 4.2: Simulated horizontal and vertical betatron functions βx (solid blue line)
and βy (red dashed line) for the standard operating mode of the CSR,
adopted from [14].

doublet. The gap between the quadrupole doublets o�ers space for experiments. The

�rst straight section after the injection houses ion-neutral reaction measurements.

Here the stored ion beam can be superimposed by a neutral atom beam and cross

sections are calculated by the means of their the daughter products. Following

anticlockwise, the second straight section permits the addition of a collinear merged

electron beam for electron collision studies and phase-space cooling to a wide range

of stored ion species [15]. The stored ion beam cools due to a merger with a velocity-

matched electron beam, which is geometrical well de�ned and has a narrow energy

distribution. The third section focuses on beam diagnostics. It relies on three

di�erent pick-up modules [16, 17] and a beam viewer [18]. The fourth section is

currently under development. It is planned to install a reaction microscope [19],

which allows the investigation of collision processes, using Cold Target Recoil Ion

Momentum Spectroscopy (COLTRIMS) [20].

The storage ring can be described by a closed periodic system. The transfer matrices

program Methodical Accelerator Design (MAD8) [21] was used to simulate CSR

lattice in linear approximation [14]. Fig. 4.2 shows the horizontal (x) and vertical

(y) betatron functions βx and βy, starting at the center of a straight CSR section.

For the starting position the Twiss parameters were calculated: αx = αy = 0,
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Figure 4.3: Opera-3d simulation of a single particle, showing its the phase space. It
started at the center of a straight section of the CSR with x = 40 mm,
y = 15 mm and x' = y' = 0. The transverse positions and angles on
subsequent turns at the same longitudinal position are indicated with
dots, forming a phase space ellipse. The maximum phase space for a
stable ion storage de�nes a ring acceptance. The maximum horizontal
and vertical beam sizes at this position are found to be ±40 mm and
±15 mm respectively. Leading to the acceptances Ax = 180 mm mrad
and Ay = 120 mm mrad.[14].

βx = 12.3 m and βy = 1.2 m. In the case of a ring lattice the Twiss parameters are

called machine parameters. The injected beam has to match these parameters in

order to be stored stably.

The ring acceptance is de�ned as the maximum beam emittance that can be stored.

It is primarily limited by the �eld quality of the quadrupoles. Since MAD 8 only

considers linear ion-optical e�ects, the �nite element program Opera-3d [22] was

used to calculate the acceptance. Fig. 4.3 shows the maximum phase space ellipses

at the center of a straight CSR section, yielding to the horizontal Ay = 120 mm

mrad and the vertical acceptance Ax = 180 mm mrad.
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4.2 The Merged Beams Experiment

As mentioned in chapter 4.1, the �rst straight section of the CSR is dedicated for

measurements of ion-neutral reactions. The goal is to investigate cross-sections of

ion-neutral reactions under astrophysical conditions. This is achieved by merging

the ion beam, stored in the CSR, with a neutral atom beam. The cross sections are

calculated with the aid of their the daughter products. Fig 4.4 shows a schematic

overview of the CSR transfer line. Particles injected into the CSR may be generated

at two di�erent ion sources employing two di�erent electrostatic platforms, designed

Figure 4.4: Schematic overview of the CSR transfer line, taken from [23]. Ion beams
are generated and accelerated at 60 kV and/or 300 kV platforms, entering
the storage ring guided by ion-optical elements. Dipole magnets and
quadrupoles are represented by blue areas and red lines, respectively.
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Figure 4.5: Schematic overview of the photodetachment chamber, taken from [23].
A laser (red) intersects the ion beam (blue) generating neutrals (green)
due to photodetachment.

to hold a maximum voltage of 60 kV and 300 kV, respectively. To serve as an ex-

ample, H+
3 and C were used as ion-neutral reactants. In this case the H+

3 would be

generated at the 60 kV ion source, due to its lower mass. Before leaving the platform

ions are accelerated to their �nal kinetic energy. A 90◦-dipole magnet provides the

mass separation of the ion beam. After crossing 4 focusing quadrupole doublets

and a 90◦-de�ector the ion beam gets injected and stored in the CSR. Although the

experiment aims for reactions between ions and neutrals, another ion beam (C−) is

generated at the 300 kV platform. This is because neutrals are unsuitable for accel-

erating and de�ecting. Since we are interested in reactions at low relative velocity,

the energies of the two platforms have to match such a way, that both ions leave

the platforms with an equal velocity. In order to be as fast as H+
3 with 51 keV, C−

requires the kinetic energy 202,7 keV. After leaving the 300 kV platform C− gets

mass separated at two 45◦-dipole magnets.

At the photodetachment section a laser beam neutralizes a fraction of the C− beam.

The photodetachment process is able to create ground-state neutral atoms, which

are required for relevant astrophysical reactions. In this process an anion absorbs

a photon and subsequently eliminates an electron to form a neutral species. Inside
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of the photodetachment chamber, depicted in Fig. 4.5, the laser beam is guided

through laser windows into and out of the vacuum chamber. The ion beam, which

propagates along the central axis of the PD chamber, is crossed by the laser beam.

On entering and exiting the PD chamber the particle beam passes two circular aper-

tures, which are separated by a distance of 2.9 m and have a diameter of 4.5 mm.

These apertures constrain the shape of the neutral beam and collimate it. This

is desirable for merged beams experiments, since it minimizes the relative collision

angle and thus restricts and de�nes the center-of-mass collision energy.

The earth's magnetic �eld would force the ion beam inside the PD chamber onto a

curved track. Hence, the neutral beam would leave the PD section slightly slanted.

This is problematic since the neutral beam position cannot be corrected afterwards.

To provide a straight neutral beam leaving the PD section, electromagnetic coils

have been installed around the PD section, compensating the external �eld.

As mentioned previously, only a portion of the anions, transported through the PD

chamber, are photodetached by the laser beam. This results in a particle beam con-

sisting of anions and neutral atoms. In order to inject a pure neutral atomic beam

into the CSR, the remaining anions have to be �rst removed. This has been done by

a so-called beam-cleaner, a electrostatic de�ector, only a�ecting the charged anions.

At the �rst section of the CSR both neutral C and stored H+
3 beams superpose

at low relative energies. With this species the main interest lies on the reaction

H+
3 + C→ CH+ + H2 and its rate coe�cient. As the merger product CH+ has dif-

ferent charge to mass ratio than the stored ion H+
3 it will leave the ring at the �rst

CSR de�ector. There, an energy-selecting electrostatic de�ector isolates CH+ before

it hits the detector. From the detection count and the measured beam densities of

the ion and neutral beam one �nally can calculate the desired cross-section.
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5 Simulation of Ion-Neutral Collisions

The fact that most rate constants have been measured at room temperature, not at

the very cold temperatures of interstellar space, pushed the merged beams experi-

ment at the CSR. In order to verify the collision conditions, namely the temperature,

simulations were done. In the �rst step both ion and neutral beam pro�les were cal-

culated with G4beamline and Python, respectively.

5.1 Ion Beam Pro�le: G4beamline

G4beamline [24] was used to simulate the H+
3 ion beam, stored in the CSR. It is a

single-particle tracking and simulation program to model beamlines and experimen-

tal equipment. It handles a wide range of materials and �elds, being particularly

well suited for the study of muon and neutrino facilities. As it is based on the

Geant4 toolkit [25], G4beamline includes most of what is known about the interac-

tions of particles and matter. The basic structure of a simulation is to �rst de�ne

and place the beamline elements to be used, including their geometry, materials, and

local �elds. The following beamline elements were used in the CSR: 39◦- and 6◦-

de�ectors, quadrupole doublets and vertical steerer (Fig. 5.1). Electric and magnetic

�elds of the elements were calculated by Opera-3d [22]. For the simulation vertical

steerer were only used in one half of the ring, being able to only correct the beam

locally at the �rst straight section, were ion and neutral beam merge. Horizontal

steering was achieved by tuning the 6◦-de�ectors. Eventually starting position and

beam properties, as particle energy, particle species (H+
3 ) and starting distribution

(Gaussian), have to be set. Virtual detectors were placed along the collision region

to sample the ion beam pro�le. As illustrated in Fig. 5.1, G4beamline provides the

beam pro�le as a discrete distribution. For most simulations 481 equidistant placed

detectors were used, covering 4,8 m where ion and neutral beam superpose.

26



Figure 5.1: Visual output of G4beamline showing all beamline elements used for
simulation. Additionally beam pro�les, taken by virtual detectors, are
presented.

5.2 Neutral Beam Pro�le: Python

Analogous to [26], a geometric approach was used to simulate the neutral beam. As

illustrated in Fig. 4.5, the neutral beam is essentially limited by the geometry of the

apertures at the photodetachment area. With the assumption that the incoming C−

beam homogeneously �lls out aperture 1 a ray tracing model was used, shown in Fig.

5.2. We start by discretizing into pixels the plane in aperture 1 and the pseudoplane

at the distance of interest behind aperture 2. The simulation then starts counting

every pixel at aperture 1 seen from the pixels at the desired pseudoplane. The

geometry of aperture 2 constrains the count number. The neutral beam pro�le

at various distances to aperture 2 is presented in Fig. 5.3. The nature of the

discretized approach implies that the total count number at the pseudoplane rises
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Figure 5.2: Geometric approach: The circular apertures at both end of the photode-
tachment are constraining the shape of the neutral beam [26].

Figure 5.3: Beam pro�le of neutral beam at several distances d to the photodetach-
ment section. Linearly scaled and in arbitrary units. In order to grasp
the experiment properly, the pro�les still need to be normalized.

with increasing distance to the PD section. However, with no particle losses in the

experiment the particle count should stay constant along the beamline. Hence, the

beampro�les have to be normalized afterwards.

5.3 Calculating the Collision Energy

In the non-relativistic limit, the relative energy in the center-of-mass frame Er is

given by [27]

Er = µ

(
EH+

3

mH+
3

+
EC
mC

− 2

√
EH+

3
EC

mH+
3
mC

cos θ

)
, (5.1)

where mH+
3
and mC are the masses of H+

3 and C, respectively, µ is the reduced mass

of the colliding system, and θ is the angle of intersection. According to the formula

even collision energies of E = 0 eV can be reached. To accomplish this, �rst both
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beams have to be velocity-matched perfectly, leading to equal energy to mass ratios

for both species. Moreover, the root can be extracted, yielding the same energy to

mass ratio. Second, the intersection angle θ has to be equal to zero by which means

cos θ = 1 and thus the whole bracket equals to zero. In the case of a realistic merged

beams experiment collision energies on the order of a few meV are feasible. The

energies are mainly limited by the spread in collision angles between the two beams

[27].

Fig. 5.4 gives an overview about simulation steps performed in order to gain the

collision temperature. To get an energy distribution representing all possible colli-

sions at the merged beams experiment, all their energies have to be summarized,

weighted by their probability. This has been done by picking one particle from the

g4bl detector and calculating the collision energies between this ion and every neu-

tral (given by the Python code simulating the neutral beam) that reached the ion

position from its pixel at aperture 1, taking into account the relative collision energy

and angle. Afterwards this step was repeated until all particles at every detector

from the g4bl simulation have been covered. To get a temperature estimate from

the energy distribution a Maxwell�Boltzmann distribution was �tted.

The energy dependency of the distribution p, required for the �t, was derived from

[28]:

p(v)dv =
( m

2πkT

)3/2
4πv2 exp

(
−mv2

2kT

)
dv, (5.2)

where m is the particle mass and kT the product of the Boltzmann constant k =

8.617 ·10−5eV ·K−1 and the thermodynamic temperature. Deduced from the kinetic

energy Ekin = mv2/2 the substitutions v =
√

2E/m and dv = dE/
√

2mE yield the

desired dependency

p(E) = 2

√
E

π

(
1

kT

)3/2

exp

(
−E
kT

)
, (5.3)

where E and T denote the collision energy and temperature, respectively. To be

able to �t the distribution to the histogram it was multiplied by a scaling con-

stant c, because arbitrary units were used in the histogram. Since histograms with

logarithmic energy scales will be used, the bin width varies proportional to the in-

teraction energy. Thus, bins at higher energy gather collisions in a higher energy

range. To compensate for that the �tted Maxwell�Boltzmann distribution has to be

additionally multiplied by the factor Ekin.
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Figure 5.4: Overview of the way, how collision temperatures are gained from the
simulation. First both ion and neutral beam pro�les were calculated
with G4beamline and Python respectively. Subsequently both beams
were superposed and the energy of every collision was summed up. To
get a temperature estimate a Maxwell�Boltzmann distribution �t for the
low energy part of the distribution was used.
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5.4 Examples

Using the example of superposed H+
3 and C we want to investigate the collisional

energy distribution. A best case scenario is presented as a limit for the lowest

attainable energies. Additionally, it will serve as a basis where other e�ect will be

examined by only varying one property of the beam or the environment. Particularly,

a velocity spread of the beams, di�erent ion beam emittance's and the e�ect of the

earth's magnetic �eld was considered. Finally, a realistic combination of all the

e�ects is presented.

Best Case Scenario

In order to understand the features at the energy distribution we �rst want to look

at the best case scenario. More speci�cally, both beams share exactly the same

velocity, the impact of the earth's magnetic �eld on stored H+
3 ions was neglected

completely and the starting emittance of the stored beam is equal to zero, resulting

in a point-like cross section of the beam. Fig. 5.5 displays a collision energies for our

best case on the top panel and the corresponding beam shapes at the intersection

region in the bottom. Horizontal beam broadening is a consequence of computational

accuracy. Collisions at the center drift section between the quadrupole doublets have

low energies, forming the peak 1 meV. The quadrupole doublets focus the charged

beam leading to increased intersection angles, thus also higher collision energies.

The bump at 10 meV has its origin in collisions at the quadrupole doublets. The

discrete peaks at high energies originate from the 6◦-de�ectors. With raising ion

beam angle the energy increases. Since virtual detectors are placed every 10 mm,

falsely discrete energies are computed. Fitting the Maxwell�Boltzmann probability

distribution p(E) results in a 9 K mean collision temperature, as a lowest reachable

limit.

As no sharp resonances and maxima are expected for ion-neutral reactions, usually

peaks at high energies will not dominate. In every simulated scenario they make

up ∼11% of all reactions. Since they can be included in the analysis of energy

dependent experiments, these experiments are mainly limited by the low energy part

of the distribution. As a consequence it is reasonable to �t the Maxwell�Boltzmann

distribution only to low energy part.
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Figure 5.5: Histogram of collision energies (top) and interaction region (bottom)
for the best case scenario. Particularly, no velocity distribution on both
beams, a point-like ion beam cross section and no e�ects from the earth's
magnetic �eld.
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Velocity Spread of the Beams

Equation 5.1 suggests a dependence of a velocity mismatch between the beam on

the collision energy. In reality, both the ion and the neutral beam possess a velocity

spread of about 10 eV. Fig. 5.6 shows a modi�ed best case scenario where the neutral

beam energy has a normal distribution with a standard deviation of 30 eV. While

this permits collision energies below ∼0.2 meV, the overestimated velocity spread

shows only a minor e�ect on the resulting collision temperature. As the neutral

beam trajectories are gained from a geometric approach the energy di�erence does

not change the particle paths. However a energy spread of σ = 30 eV on the ion

beam neither alters its trajectory noticeably and the e�ect on the energy distribution

is similar to the displayed one. It should be noted that there is a speci�c reason why

the histogram in Fig. 5.6 uses larger bins and appears pixelated. It helps to grasp

the relations of the high energy tail, which was hampered by peaks, originating from

individual virtual detectors.
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Figure 5.6: Varying the best case scenario (see Fig. 5.5) by giving the neutral beam
a gaussian velocity spread of σ = 30 eV.
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Beam Shape

While the cross section in our best case scenario is point-like this is far from realis-

tic. Already the injected ion beam possesses a certain emittance. While Liouville´s

theorem states that the total phase area is conserved, this is true only when solely

using linear ion-optical elements. Non-linear elements, as the focusing quadrupoles,

lead to a distortion of the phase space distribution, called �lamentation, which can

lead to an increase of the e�ective emittance.

The results in Fig. 5.7 were obtained by changing the point-like ion beam from

the best case scenario to a natural shape. Since the beam shape inside the CSR is

mostly limited by the injection line acceptance, it �lls the inner vacuum chamber of

the CSR only partially. Thus, in Fig. 5.7 the standard deviation σx and σv for initial

position and velocity spread correspond to only 6 % of the rings acceptance. With

a horizontal ion beam width of approximately 2 cm at the section center, it has a

similar spatial spread as the neutral beam. Being that broad the focusing e�ect of

the quadrupoles can be observed nicely. With an enhanced spatial spread like this,

collision angles raise and thereby collision energies do too. This can be observed at

the main peak and the quadrupole bump, both shifting to higher energies. In total

the collisional temperature increases to 209 K.

While choosing 6% of the CSR acceptance as starting condition might capture the

properties of an ordinary stored ion beam it may still be interesting to investigate

di�erent beam shapes. Particularly, as the CSR houses an electron cooler capable of

phase-space cooling the stored ion beam. Assuming that the cooling e�ect reduces

the beam size so that starting condition decreases to 2% of the CSR acceptance,

simulations predict a horizontal beam width of ∼5 mm at the section center. Fur-

thermore the Maxwell-Boltzmann �t predicts collision temperatures of 31 K, which

lays perfectly in the desired temperature regime of 10-100 K.
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Figure 5.7: Varying the best case scenario (see Fig. 5.5) by increasing the beam
emittance from point-like to 6 % of the beams acceptance.
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Earth's Magnetic Field

At last we want to have a look at the e�ect of the earth's magnetic �eld. Since mag-

netic �elds force stored ions on curved trajectories, storing becomes more di�cult

for ions with either a lower mass to charge ratio or low energies. As H+
3 is a relatively

light ion, signi�cant e�ects of the earth's magnetic �eld will be expected. For the

�rst assessment a globally homogeneous �eld |Bearth| = 51.5 µT was assumed. This

initial coarse value resulted from a mean of measurement series around the ring with

a Hall e�ect sensor. Strikingly the ion beam has shifted and bend (Fig. 5.8). The

collision energy does not only raise but also shows a di�erent distribution. Two small

peaks appear on the right side of the main peak. The two peaks could be identi�ed

with the two Quadrupole regions, where collision energies occur due to the slanted

ion beam. The di�erence in the vertical component is the crucial part for the ap-

pearance of two discrete peaks. While being higher on the left quadrupole, the peak

can be observed at higher energies. Due to the two prominent quadrupole peaks

it becomes unsuitable to �nd the collision temperature with a Maxwell-Boltzmann

�t. In this case only the main peak originating from collisions at the center region

between the quadrupole doublets is captured by the �t.

Since ion beam displacement can be corrected, this consequence of the earth's mag-

netic �eld can be compensated. Correction can been done with help of vertical

steerers, installed between 6◦-de�ectors and quadrupole doublets, and moreover by

tuning the applied voltage at the 6◦-de�ectors. It should be noted, that corrections

cover displacements in position and angle. Fig. 5.9 shows the result of a locally cor-

rected ion beam. The ion beam remains curved, but is centered now. The correction

yields the collision temperature T = 586 K.
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Figure 5.8: Varying the best case scenario (see Fig. 5.5) by enabling a homogeneous
magnetic �eld |Bearth| = 51.5 µT to interact with the ion beam. The ion
beam gets shifted especially horizontally.
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Figure 5.9: Varying the best case scenario (see Fig. 5.5) by enabling a homogeneous
magnetic �eld |Bearth| = 51.5 µT to interact with the ion beam. Vertical
Steerer (purple) and 6◦-de�ectors (green) were used to direct the beam
to the center.
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Collisions under realistic conditions

In the previous subchapters various e�ects were examined individually. In reality

they show up together to some degree. Table 5.10 gathers the results for di�erent

compositions. Considering the earth's magnetic �eld |Bearth| = 51.5 µT, a spread

ion beam �lling 6 % of the rings acceptance and a velocity deviation σE = 10 eV on

both beams, a high collision temperature T = 614 K will be reached. To tackle this

undesirable high temperature we want to lower the impact of the earth's magnetic

�eld inside the CSR. It is foreseen to install electromagnetic coils around the entire

ring, the same way as it has been done in the photodetachment area. They would

produce a magnetic �eld with the same strength as the earth's magnetic �eld but

oriented in the opposite direction, reducing the magnetic �eld inside the CSR ideally

to zero. Taking the assumption that the earth's magnetic �eld can be reduced at

the whole ring to 10% of its former strength the temperature T = 209 K would

drop signi�cantly. Even reduction rates of 25% and 50% show a huge improvement

temperature wise.

Since it is more e�cient in time and resources to install electromagnetic coils only

at one straight section, this case also was calculated. Reducing the earth's magnetic

�eld to 10% only at the straight line of the CSR where the ion-neutral collisions

happen, a huge temperature drop to T = 280 K has been recorded. An unrealistic

point-like beam shows the impact of local �eld compensation at the collision area,

where temperatures of T = 22 K can be expected.

The achievable temperatures under realistic conditions presumably lie somewhere

Figure 5.10: Collisional temperatures for various settings. The orange one indi-
cates, that a velocity distribution of σE = 10 eV was considered on
both beams. The green background indicates, that no steerer nor 6◦-
de�ectors have been used to ensure a centered beam. Without correc-
tion the Maxwell-Boltzmann �t suggest a collision temperature to low,
as discussed in chapter 5.4.
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between these values As one section in the CSR is dedicated to cool the stored ion

beam probably beam shapes corresponding to 2% of the ring acceptance can be

stored. In the case of a global magnetic �eld reduction to 10% of its former strength

this would lead to collision temperatures T = 136 K, being the most realistic collision

temperature assessment. Still the beam shape exhibits unresolved problems, because

it has not been measured precisely although the collision temperature shows a strong

dependence on it. It should be noted that the case studied here (collisions of H+
3

on C) shows a particularly strong in�uence of the earth's magnetic �eld, since the

maximum energy is limited by the small ion source platform and we are dealing with

a relatively light ion.
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6 Precise Earth's magnetic �eld

measurement

As discussed in the previous chapter the earth's magnetic �eld has a strong in�uence

on the stored ion beam. This alone should be enough incentive to determine the

magnetic �eld accurately. But also the magnetic �eld compensation inside the CSR

requires detailed knowledge.

In order to acquire a detailed and accurate magnetic �eld map around the CSR the

�uxgate magnetometer AS-U3D GEO-X [29] was used. There, for every coordinate

axis a magnetically susceptible core is wrapped by two coils. A periodic electric

current is passed through the �rst coil, driving the core periodically in magnetic

saturation. In the absence of a background �eld the induced electric current in the

second coil matches with the input current. Otherwise a signal can be measured in

the second coil proportional to the vectorial component of the magnetic background

�eld. In our case a magnetic �uxes from 0.01 µT up to 200 µT could be measured

in every Cartesian spatial direction simultaneously. A linearity error of <0,8% ±0.2
µT has to be considered. Despite the accuracy of the probe it may possess an o�set,

which is stable in a span of a day, but may change over longer time scales or when

it is exposed to strong magnetic �eld strengths (≥200 µT).

Figure 6.1: AS-U3D GEO-X [29], the magnetometer used to determine the magnetic
�eld precisely.
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6.1 CSR

As motivated in chapter 5.4 it is bene�cial to have the stored ion beam exposed

to a minimum external magnetic �eld. To compensate the external �eld it has to

be known at �rst, preferably at the position of the stored ion beam. The problem

is, that the beamline itself is hardly accessible, due to the inner and outer vacuum

chamber and the 40 K and the 80 K radiation shield enveloping it. Therefore the

�eld was measured at serveral points outside of the CSR chamber. As care was taken

to only use non-magnetic materials for the CSR construction it should be possible

to reasonable assess the �eld inside the CSR.

Fig. 6.2 illustrates the locations of measurement and the measured magnetic �eld

values. For all measurements the big crane at the CSR hall was positioned above

the e-cool section of the Test Storage Ring TSR, since it in�uences the magnetic

�eld. Normally 4 measurements were taken per cut, one at every corner. Corners

bear the advantage to be cut-in, aligning the cubic magnetometer automatically,

thus ensuring a measurement of the same �eld components at every location. Mea-

surement cuts were taken every 40 cm.

Figure 6.2: Illustration of all measured points and magnetic �eld values.
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It was considered to take measurement points not at the edges, but at each side: left

and right of the ring as well as above and beneath. They would have a favourable

position as they sit closer to the ion beam than the measurement points at the

edges. The reason why the edge points were chosen over the side points are due to

the following di�culties coming with the side points. First, without the cut-in at

the edges, measurements at the side of the CSR can not ensure a proper magne-

tometer alignment. Second, often the side positions are blocked by experiments, as

it is the case with ecool or the cryocooler. Moreover taking measurements on the

bottom side of the CSR often is hampered by surface irregularities and the existence

of pillars and wires.

Another possibility is to straight take 8 measurement points per cut, 4 at the edges

and 4 at sides. However, comparing the results from 4 and 8 data points show only

marginal di�erences for �eld at ion beams position, making the e�ort to take 8 over

4 edge data points unappealing. It should be noted that unlike suggested in Fig.

6.2 measurement points could not be taken equidistantly. Mainly perturbed by the

geometry of the CSR corners and central part of the straight regions, measurement

points deviate up to 15 cm from the desired location.

Figure 6.3: Range of in�uence of pressure gauges, installed underneath the CSR, on
the magnetic �eld .
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Fig. 6.2 implies a relatively homogeneous magnetic �eld around the CSR. Noticeable

are the low values at the e-cool region incorporating iron. Thus, making an esti-

mate for the central �eld insu�cient. Furthermore, extremely high magnetic �elds

close to the corners are conspicuous. That is because pressure gauges are installed

next to each corner underneath the CSR, which contain magnets themselves. Fig.

6.3 displays the range of in�uence on the magnetic �eld of these pressure gauges.

Several locations placed in a straight line from 2 di�erent gauges were measured.

Although the e�ect close to the gauges is huge, it declines rapidly with increasing

distance. The ion beam has a minimal distance of 75 mm to the gauges. At that

Figure 6.4: Magnetic �eld strengths inside the CSR were calculated from the values
measured at the CSR casing. Each blue dot indicates their location.
The red box marks the area where ion neutral collisions actually may
happen.
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distance almost no e�ect on the background �eld can be recorded.

Fig. 6.4 features the magnetic �eld inside the CSR. A weighted mean was taken

from all measured points from one cut (see 6.2). It was weighted with 1/r3, where

r is the distance from the data points to the beam. The blue dots in the upper

panel indicate the positions where the mean was calculated from the measurements.

Since the positions are aligned in a line, they deviate from the ion beam position

in the CSR corners. In the bottom panel the mean values were plotted for each

component. A local coordinate system was used in every straight section. Moving

counter-clockwise with the ion beam the x-axis always points up, the y-axis always

to the left and the z-axis always opposed to the direction of the ion beam. Only

magnetic �elds with a component orthogonal to the ion beam are able to a�ect it

due to the Lorentz force. Hence, compensation coils around the CSR only would

need to compensate these components and can neglect the z-component in our case.

Thus, a mean has been calculated for the x- and y-component for every straight

section indicated by dotted cyan line. Since local coordinates have been used, the

y- and z-axis show in di�erent directions at every straight CSR section. To identify

matching global coordinate sections y- and z-components are coloured alternatingly.

The red box marks the area where ion neutral collisions actually may happen.

The outlier at the start of each straight section originate from the pressure gauge

installed beneath the CSR casing. Even if Fig. 6.3 implies no e�ect magnetic �eld

inside the CSR, the mean was calculated from all 4 edge data points. This could lead

to overestimate of the in�uence of the pressure gauges. More realistic results may

be obtained by ignoring the data points in�uenced by the pressure gauge. However,

the pressure gauge seems to change the magnetic �eld both to the negative and the

positive, lowering the �nal in�uence on the straight section mean.

Furthermore inhomogeneity can be observed on CSR scales. The x-component seems

to be stronger by 9 µT in the ion-neutral collision section than in the others. The y-

and z-components show a inhomogeneous trend too, since otherwise the magnetic

�eld strength in section A and B should be equal to the negative strength in sec-

tion C and D, respectively. In the end, a distance weighted mean at the ion beam

positions yields a magnetic �eld strength of 39 µT ± 8 µT.
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6.2 Peripheral E�ects

Construction Hall Crane

The construction hall, housing the CSR, contains a crane, which can be seen in

Fig. 6.5. It is assumed that the crane has a signi�cant in�uence on the magnetic

�eld at the CSR since it is almost fully constituted of iron. Hence, in the previous

measurements, attention was paid to place the crane always at the same position,

the e-cool section of the TSR. In order to gauge the impact of crane position on

the magnetic �eld at the CSR several positions were examined. This was done with

both a stationary and a moving crane.

Fig. 6.6 depicts measurements for a stationary crane at di�erent positions, where

0 m marks the position directly over the ion-neutral CSR section. The magnetic

�eld variations were measured at the two straight sections of the CSR parallel to

the crane. At the diagnostic section measurements at 3 di�erent cuts were taken,

4 measurements at every edge per cut. The �rst cut was located at the center and

the others at a distance of 1.6 m. At the ion-neutral collision section measurements

at 5 di�erent cuts were taken. Again, the �rst cut was located at the center but the

others in a distance of 1.6 m and 3.2 m. To take the crane's in�uence on the whole

section into account Fig. 6.6 displays the mean of all measurements at a speci�c

crane positions for both sections. The in�uence on the ion-neutral section (blue

straight line) is rather symmetrical and lowers with the distance to it. The beam

Figure 6.5: Crane (yellow) placed next to the CSR.
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Figure 6.6: B �eld measurement taken for di�erent crane positions at two straight
CSR sections. The relative position of the CSR and both of its exam-
ined sections are illustrated at the top. Each blue dot represents the
mean of 20 measurements along the ion-neutral collision section. At the
diagnostic section (red) 12 measurements were taken per crane position.
Field strengths can be read at the appropriate axis, marked in the same
color. The grey dotted vertical line was set to the value at the initial
position over the e-cool section of the TSR.

diagnostic section is located at ∼-10 m. There, the same trend can be observed

(red dashed line), the crane's in�uence increases with decreasing distance. Only the

y-component reveals a strange behaviour. In general the crane position changes the

magnetic �eld strength up to 0.7 µT.

Fig. 6.7 displays measurements for a moving crane. The magnetic �eld was measured

at the center of the collision section on top of the CSR. The crane was moved from

a position close to the entrance of the construction hall (-9 m) to a position over

the TSR (9 m) back and forth. The position exactly above the collision section

corresponds again to the 0 m mark. The arrows indicate the direction the crane is

moving to. Each dot represents one measurement, which was taken every 2 seconds.
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Figure 6.7: Magnetic �eld B measured under the interference of a moving crane.
The measurement location, at the center on top of the CSR collision
section, is marked with a red "x" at the top where the relative CSR
position is illustrated. The arrows indicate the direction the crane is
moving to.

The orientation of the coordinate axes was retained. A delay in the change of the

magnetic �eld can be observed for every component, as the magnetic �eld does not

match for both moving directions. The correlation between the distance and the

in�uence on magnetic �eld is conspicuous for component y and z. For both cases,

still and moving, the crane seems to have a maximal in�uence on the magnetic �eld

at the CSR of about ≈ 1 µT.
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Injection Line

Figure 6.8: Injection line leading the beam into the CSR visible on the right side.
The black boxes protect the laser used for photo-detaching.

Moreover the magnetic �eld at the injection line (Fig. 6.8) was measured. Mea-

surements were contained to the section, starting at the 90◦-de�ector, where both

platform beam lines encounter, and ending at the CSR casing. The electromagnetic

coils around the photodetachment section were turned o� while measuring. As be-

fore, measurements were taken at four positions around the beam line in order to

estimate the �eld strength at the ion beam. Without a CSR casing measurement

position can be chosen to be close to the beam line. Measurements were positioned

at each corner around the vacuum tube: left-up, left-bottom, right-up and right-

bottom. Usually 4.5 cm above or beneath the ion beam and 4.5 cm right or left of

the beam. Only at the boxes protecting the laser this could not be accomplished.

There, measurement positions were 40 cm beside the ion beam. The top positions

were located 20 cm above the beam and the bottom ones 25 cm underneath it. All

4 corner measurements were averaged in Fig. 6.9. Compared to the CSR the ab-

Figure 6.9: Magnetic �eld measured in the injection section. Measurements range
from the 90◦-de�ector (0 cm), where both platform beam lines encounter,
to the CSR casing (740 cm). Grey boxes indicate the positions of both
laser boxes.
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solute magnetic �eld 47 µT ± 27 µT is stronger and �uctuates signi�cantly more.

On the one hand this can be attributed to manufactured material of the injection

line, where less attention was paid on its non-magnetic quality. On the other hand

a large iron pillar close to the beam line disturbs its surroundings. It can be seen in

Fig. 6.8 between both laser boxes, coloured in black. The peak at 700 cm originates

from a pressure gauge. The discontinuities at the laser box boundaries arise from

double measurements taken at the same location at the propagation plane, but once

close to the beam line and once more at larger distances determined by the laser

box geometry.
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7 Compensating the Earth's Magnetic

Field

The magnetic �eld inside the CSR, caused from the external earth's �eld, should be

compensated by installing electromagnetic coils around the CSR. Fig. 7.1 features

one possibility to structure those coils. Is was distinguished between long sections at

the merged beams and diagnostics section and short ones at the e-cool and opposite

side. Coils are intended to be attached outside at the CSR casing. As only �eld

components perpendicular to the ion beam shall be compensated, resulting in 2 coil

pairs per section. At the CSR corners the beam is not aligned parallel to the straight

sections, thus compensation works only partly there. Taking the x-component as an

example, optimal compensation at one straight section is achieved when∫
BCoils
x dS =

∫
BEarth
x dS, (7.1)

where BCoils
x denotes the x-component of the magnetic �eld induced by the coils

along the line S and BEarth
x denotes the x-component of the earth's magnetic �eld

Figure 7.1: Schematic proposal for electro magnetic coil installation (red) around
the CSR in order to compensate for the external magnetic �eld.
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Figure 7.3: Magnetic �eld maps of a coil pair installed on top and underneath the
CSR. The vertical �eld component is displayed in two di�erent planes
illustrated in the CSR images on the left. The coils have a length of
10.64 m, the width amounts to 1 m and have a distance of 1.1 m to each
other. The long parts of the simulated coils compensating the horizontal
component a positioned alike. The dashed line indicates the position of
the ion beam, which is shifted vertically upwards by 5 cm. The magnetic
�eld corresponds to an electromagnetic coil with 100 turns applied to a
current of 1 Ampere.

measured in chapter 6. The path S was chosen to be along the points from Fig. 6.9,

in order to compensate for the external �eld calculated there. Thus, compensation is

adjusted along the straight CSR sections and will deviate from the desired ion beam

position at the CSR corners. In order to estimate the magnetic �eld induced by

the coils the �nite element software Opera-3d was used. Its Static Electromagnetics

Module, formerly called TOSCA, can calculate magneto- and electrostatic �elds and

DC current �ows.

Fig. 7.3 shows the magnetic �eld of the same pair of coils. It depict only the

vertical magnetic �eld component, but varying vertically in the upper panel and

horizontally in the bottom one. The spatial orientation of the coils at the CSR is

marked in yellow at the images on the left. At the center region deviations from

perfect ion beam trajectory lead horizontally to an decreasing magnetic �eld and

vertically to an increasing one. Besides, it can be seen that the ion beam leaves the

center between the coil at both ends of the coils. Therewith it also leaves the part

of the most homogeneous �eld. This is of special interest since the magnetic �eld

was compensated only to be at a minimum at the center of the CSR casing.

Utilizing Eq. 7, Opera-3d predicts currents up to 55 Ampere, summarized over

all coil turns, in order to compensate the external �eld properly. Fig. 7.4 depicts
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Figure 7.4: Superposition of the measured external �eld and the compensation �eld
of electromagnetic coils. Positive �eld values indicate �elds toward the
direction of observation for the vertical components, and �elds towards
the top and right of the picture for horizontal components. The dashed
lines denotes the trajectory of the stored ion beam.

the superposition of of the measured external �eld and the compensation �eld of

electromagnetic coils. Mostly the ion beam, marked with a dashed line, is located

at regions where the magnetic �eld is compensated almost to zero, indicated with

green color. Pressure gauges close to the corners give rise to artefacts exhibiting

strong �eld magnitudes. Moreover, the �eld becomes inhomogeneous at positions

where the beam leaves the center region of the coils. It should be noted that the

beam crosses territory at the edges where no magnetic �eld was surveyed. Observing

the magnetic �eld close by, it can be assumed that the coils have a negative e�ect

there. The tail of the short coils have a negative e�ect, too. This can be seen

in the horizontal component at the point where the beam enters the ion neutral
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section. The upended rectangles at each corners with exceptional high magnetic

�eld strengths are artefacts, caused from non surveyed areas. Investigating the same

positions as in Fig. 6.4 yields a mean magnetic �eld strength 0 T for components

vertical to the straight sections, with a mean magnetic �eld amplitude of 4 µT ± 7

µT.

Fig. 7.5 depicts the properties of ion-neutral collisions for a cooled ion beam. It

is in�uenced by an external magnetic �eld and the �eld of the coils compensating

it. The ion beam appears straight, only being perturbed at the vertical de�ectors

and quadrupoles. Again, the main peak, the bump to higher energies and the

high energy tail can be related to the center drift section, the quadrupole doublets

and 6◦-de�ectors, respectively. The Maxwell-Boltzmann �t yields the best bet for

achievable collision energies at the CSR using H+
3 at 51 keV and C at 202,7 keV. As

the �t describes mainly the main peak the collision energy T = 64 K should not be

taken as a realistic thermal value, but as an estimate of the lowest collision energies

achievable when the full velocity distribution is taken into account. It is obvious

from the graph that a thermal distribution is no longer a good approximation, even

for the low-energy part of the spectrum.
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Figure 7.5: Properties of ion-neutral collisions for a cooled ion beam (corresponding
to 2% CSR acceptance) in�uenced by an external magnetic �eld and the
compensation from individual coils at each section.
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8 Summary

Reactions between ions and neutral species are pivotal for gas-phase chemistry in

interstellar clouds, where they represent approximately 2/3 of all reactions [30].

However, only a few rate coe�cients have been measured under astrophysical tem-

peratures, leading to wrong models of the chemical network. The merged beams

experiment, housed at the Cryogenic Storage Ring (CSR), is capable of investigat-

ing these coe�cients under proper conditions.

In order to evaluate if the collision temperature in the experiment matches the as-

trophysical cloud temperatures 10-100 K, simulations were done. The H+
3 ion beam

was simulated in G4beamline and the C neutral beam with Python, using a geo-

metric approach.

Gathering slit-wise all possible reactions at the collision area allows to calculate

the relative collision energy distribution in a non-relativistic limit. The distribution

consists of a main peak from collisions at the drift section and shows features from

the quadrupole doublets, 6◦-de�ectors and steerer to higher energies. A Maxwell-

Boltzmann distribution, �tted to the main peak, provided information about the

lowest accessible collisions temperature. Taking the best case scenario with a point-

like ion beam and no in�uence of an external magnetic �eld on the ion beam, collision

temperatures of 9 K seem accomplishable. The ion beam emittance remains a prob-

lem, since it is unknown, but can a�ect the ion-neutral collision temperatures up to

200 K. However, the main di�culties emerge from the earth's magnetic �eld, which

increases the collision temperature almost by 600 K, even when its assumed to be

fully homogeneous.

With the magnetic �eld having a massive impact on the stored ion beam a precise

investigation is necessary. Since the beam location itself is inaccessible, a series of

over 400 measurements was taken around the CSR casing. A distance weighted

mean at the ion beam positions yields a magnetic �eld strength of 39 µT ± 8 µT. It

was primarily disturbed by pressure gauges installed under the ring, which possess

magnets themselves. It should be noted, that in�uence range measurements of the

p-gauges were taken outside of the ring. They predict no in�uence of the ion beam.
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However, the CSR casing prevents con�rmation.

Another device, actually disturbing the magnetic �eld in the whole experimenting

hall, is the crane. Di�erent crane positions were investigated for a moving and a

resting crane. Movement shows a delay in the magnetic �eld appearance, but the

same amplitude of ∼ 1 µT.

Furthermore the magnetic �eld along the injection line to the CSR was measured.

Compared to the CSR the magnetic �eld 47 µT ± 27 µT is stronger and �uctuates

signi�cantly more. Presumably this can be attributed to the manufactured material,

where minor attention was paid on its non-magnetic quality.

In order to compensate for the external magnetic �eld electromagnetic coils will

be installed around the storage ring. With the con�guration of two long and two

short coil sections around the CSR, Opera-3d simulations predict a decrease of the

perpendicular component of the magnetic �eld to 4 µT ± 7 µT , while being zero

in the mean along chosen lines. Di�culties emerge especially at the CSR corners,

where the ion beam traverses the fringe �elds of the coils. Moreover, a coil width

of 1 m leads to uncovered parts of the ion beam trajectory, where the coils even

have a negative e�ect in the magnetic �eld. Additionally, the usage of short coils,

which end immediately before the CSR corner lead to turbulences directly at the ion

beam trajectory. However, the usage of such coils promises a decrease of collision

temperature as low as 64 K.
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