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Názov práce: Astrochémia negatívnych iónov – Laboratórne štúdium
Autor: Pavol Jusko
Vedúci doktorskej práce: Prof. RNDr. Juraj Glosík, DrSc.

Abstrakt: Predložená práca sa zaoberá experimentálnym štúdiom
interakcie aniónov s neutrálnymi časticami pri teplotách relevantných
pre astrofyziku. Zaoberali sme sa aniónom H−, doležitým pri tvorbe
molekulárneho vodíka a aniónom O−, ako možným zdrojom vody.
Určili sme teplotnú závislost’ rýchlostného koeficientu reakcie v roz-
medzí teplôt 10 až 150 K pre reakcie H−+H→ H2+ e− a O−+H2 →
H2O+ e−. Získali sme rozdelenie energií elektrónov produkovaných v
druhej z menovaných reakcií pri teplote 300 K. Merania prebiehali na
dvoch experimentálnych zariadeniach, v práci uvádzame ich princíp
činnosti, konštrukciu, kalibráciu a podporné merania.
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A B S T R A C T

Title: Negative ion astrochemistry – A laboratory study
Author: Pavol Jusko
Supervisor: Prof. RNDr. Juraj Glosík, DrSc.

Abstract: Presented work focuses on experimental study of anion
interaction with neutral particles at temperatures relevant for astro-
physics. Anion H−, important for molecular hydrogen creation, and
O− as a possible source of water are investigated. The temperature
dependence of reaction rate coefficients from 10 to 150 K for reactions
H− + H → H2 + e− and O− + H2 → H2O + e− has been determined.
The energy distribution of electrons produced in the latter reaction at
300 K has also been acquired. These studies have been performed on
two experimental setups, which are presented together with the the-
ory of operation, construction details, calibration, and supporting test
measurements.
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N O M E N C L AT U R E

Constants and scalar variables are written in italic (c, E, V , ϕ), vectors
are written in bold (v, F, B). Vector magnitude is usually written in
italic variant of the corresponding symbol (v, F, B), occasionally nota-
tion |v| is used. Unit vectors are written with hats (e. g. x̂, ŷ, ẑ). Dot
notation is used for time derivation, e. g. v = ẋ, a = ẍ. Angle brack-
ets 〈〉 are used for averaging. The number density is denoted using
square brackets, e. g. [H2], [D2]. Some common symbols used through
the text, with their usual meaning, are listed below.

r radius vector

v velocity vector

v⊥ velocity component perpendicular to B

v|| velocity component parallel to B

E energy

E⊥ energy associated with perpendicular motion

E|| energy associated with parallel motion

E electric field

B magnetic field

V0 rf amplitude

U0 DC potential

Ω rf angular frequency

V∗ effective potential

Ωc cyclotron frequency

rL Larmor radius

T temperature

q electric charge

m mass

u atomic mass unit

xi





1
I N T R O D U C T I O N

Astronomical observations of various particles in space have been
done for several decades. Presence of the molecules from simple di-
atomic gases up to the fullerenes and PAHs (Polycyclic Aromatic Hy-
drocarbons) together with positive ions have been confirmed. How-
ever, the existence of negative ions in interstellar medium have not
been confirmed by direct detection before the observation of C6H−

done by McCarthy et al. (2006). Since then, several other carbon con-
taining anions have been spectroscopically detected (Agúndez et al.,
2010). These anions have high electron binding energy (higher than
2 eV) and are relatively easy identifiable in visible and infrared spec-
trum. The simplest anion H− has not been identified directly yet,
though transitions in the ultraviolet region exist (Ross et al., 2008).

With current availability of high precision spectroscopic measure-
ments from instruments like the Herschel1 telescope or the ALMA2

observatory, the amount of data regarding the molecular composition
of interstellar medium is increasing. In order to understand the pro-
cesses taking place in such medium, with widely varying composi-
tion and temperature in its sub-domains, laboratory experiments are
needed.

As an example of importance of accurate reaction properties knowl-
edge the abundances of H2 during the star formation in the early uni-
verse are discussed. According to Glover et al. (2006), the molecular hy-
drogen plays an important role in the cooling process of the primordial
gas, almost exclusively composed of atomic hydrogen. If the cooling
process is efficient enough, collapse of the primordial medium leads
to protostellar formation. Different processes leading to the formation
of H2 have been studied by numerical modeling. The conclusion from
the models was shown to be strongly dependent on the reaction rate
coefficients used. Glover et al. (2006) shows that especially the uncer-
tainties of rate coefficient of associative detachment of H− + H → H2
influences the outcome of the model by several orders of magnitude.
The discrepancy influence between the reaction rate coefficients has

1 http://www.sci.esa.int/herschel/

2 http://www.almaobservatory.org/
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introduction

been resolved only recently by accurate laboratory measurement of
the associative detachment by Kreckel et al. (2010).

This work is divided into chapters according to the topics. The chap-
ter 2 deals with theoretical description of charged particle motion and
methods of confinement using magnetic and electric fields in differ-
ent configurations. In chapter 3 we describe experimental techniques
in more detail from the practical point of view and show supplemen-
tary measurements proving the conditions attained in the actual mea-
surement. Chapter 4 is devoted to the reaction rate coefficient mea-
surements. Reactions involving H− and O− with molecular hydro-
gen/deuterium and atomic hydrogen at temperatures ranging from
10 K to 300 K are investigated. In chapter 5 we present a newly de-
signed instrument for electron energy determination. Electrons are
produced in the associative detachment of O− with H2, D2, and CO.

1.1 goals of the thesis

The focus of this work is experimental determination of temperature
dependent reaction rate coefficients, which are needed to understand
the complicated astrochemical reaction networks. Electron energy dis-
tribution of electrons produced in associative detachment has also
been investigated in order to understand the distribution of energy
released in the reaction. It is important to note that experiments pre-
sented need at least one charged particle as a reactant because of
ease of trapping, guiding, and detection. Neutral-neutral experiments,
though possible, are out of the scope of this work.

The main topics of the thesis are:

• Experimental investigation of reaction rate coefficients for ion-
molecule reactions of H− and O−anions.

• Design, construction, and calibration of the new instrument for
investigation of energy distribution of electrons produced in the
associative detachment.
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2
M O T I O N O F C H A R G E D PA RT I C L E S

Accurate description of motion of objects in any given system is of fun-
damental importance for estimation of its behaviour. In general, this is
a difficult task neither solvable analytically nor using computer mod-
eling in situations with many elementary particles. Situation becomes
even more complicated if inter-particle interactions are considered.

We are going to focus on conditions important for understanding
processes appearing in this work, especially:

• Number density of charged particles is low. We assume that par-
ticle charge is negligible and does not alter externally introduced
fields.

• Particles are slow, i. e., non relativistic.

Single particles are going to be immersed in different field config-
urations and analytical description of resulting motion is going to be
explained. Since our experiments make use of geometries where parti-
cles are stored for long time, special emphasis is going to be given to
traps and confinement.

If further interested, the reader is also strongly encouraged to take
a look in the publications written by Chen (1974) and by Kivelson
and Russell (1995) for charged particles (plasmas) in general, and by
Gerlich (1992) and by Ghosh (1995) for particle confinement.

2.1 homogeneous fields (B 6= 0)

As we stated earlier, we are going to focus on describing the behaviour
of charged particles. We immediately see that electrical and magnetic
forces play significant role in equations describing the motion system.

Let us consider a particle with mass m and charge q moving with
velocity v in an environment consisting of magnetic field B and electric
field E. The particle experiences the Lorentz force FL

FL = qE + qv × B . (1)

In combination with first Newton law for balance of linear momen-
tum of such particle we derive

m
dv
dt

= FL + FG = qE + qv × B + FG , (2)

3



motion of charged particles

where we introduce nonelectromagnetic forces FG (e. g. gravitational
force). We immediately make an assumption that nonelectromagnetic
forces are negligible FG = 0.

2.1.1 E = 0

Let us solve the equation (2) in magnetic field only (i. e., E = 0). With-
out the loss of generality, we assume that B = |B| is along the z axis

mv̇x = qBvy, mv̇y = −qBvx, mv̇z = 0 ,

v̈x =
qB

m
v̇y = −

(
qB

m

)2
vx , v̈y = −

qB

m
v̇x = −

(
qB

m

)2
vy . (3)

Equation (3) implies circular motion in clockwise direction for q > 0
and counterclockwise direction for q < 0

x = −i
v⊥
Ωc
eiΩct , y = ±v⊥

Ωc
eiΩct , (4)

where we introduce v⊥, which is a component of v perpendicular to
B and an angular frequencyTo get the feel of

Ωc, for e− in
B = 1 mT
cyclotron

frequency is
Ωc = 1.8 ·

108 rad.s−1 . . .

Ωc =
|q|B

m
, (5)

which is called cyclotron or gyro-frequency.
In equation (4) one can immediately identify the radius of such ro-

tation, which is called Larmor or gyro-radius

rL =
v⊥
Ωc

=
mv⊥
|q|B

. (6)

. . . and with
energy of 1 eV
Larmor radius
rL = 3 mm

It is important to note that cyclotron motion does not change the
kinetic energy of the gyrating particle (from equation (2))

d
(
1
2mv

2
)

dt
= qv · (v×B) = 0 . (7)

2.1.2 Finite E

Let us add finite electric field intensity E into our system. The resulting
motion is going to be a superposition of the cyclotron motion and the
drift of gyration center. For simplicity, but without the loss of general-
ity, we assume that E = |E| is oriented along the x axis (Ey = Ez = 0).
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2.1 homogeneous fields (B 6= 0)

E

B

+

_

Figure 1: Motion of charged particle in nonzero homogenous perpendicular
electric and magnetic field. E is perpendicular to B.

In this case, the velocity in z direction is again not coupled with the
x, y directions (figure 1).

The equation of motion (1) can be written as

m
dv
dt

= q (E + v×B) , (8)

in components

m
dvx

dt
=
q

m
Ex ± Ωcvy ,

m
dvy

dt
= ∓ Ωcvx ,

m
dvz

dt
= 0 .

(9)

For constant E

d2

dt2
vx = −Ω2c vx ,

d2

dt2

(
vy +

Ex

B

)
= −Ω2c

(
vy +

Ex

B

)
.

(10)

After substituting vy +
Ex
B by vy, we have the previous case and equa-

tion (3) can be rewritten as

vx = v⊥e
iΩct ,

vy = ±v⊥eiΩct −
Ex

B
,

(11)

where the Larmor motion is the same as in section 2.1.1 and for non
zero Ex a drift velocity in the y direction appears.

2.1.3 Motion in ∇B‖B field and the magnetic moment µ

We are going to discuss one special non homogenous magnetic con-
figuration shown in figure 2. The magnetic field is oriented along the

5



motion of charged particles

z axis in cylindrical coordinates r, z, θ and its intensity is changing
(i. e., gradient in this direction is non zero). Such configuration is eas-
ily created using two coils (black outlined rectangles, upper panel in
figure 2) with different diameter or current density.

−6 −4 −2 0 2 4 6
z (mm)

0.00

0.02

0.04

0.06

0.08

0.10

B
z

(m
T

)

2

4
r 

(m
m

) 

Figure 2: Magnetic field ∇B‖B. Two current coils are used to produce the
desired magnetic field. Upper panel shows the rotationally symmetric con-
figuration in cylindrical coordinates (r, z, θ = 0) together with magnetic field
lines. Black outlined rectangles represent current coils. Lower panel shows
the Bz field component on the z axis.

Since our setup is rotationally symmetric along the z axis Bθ = 0

and all ∂
∂θ = 0. Gauss’s law for magnetism states that ∇ ·B = 0 which

in cylindrical coordinates leads to

1

r

∂

∂r
(rBr) +

∂Bz

∂z
= 0 . (12)

Assuming the ∇B in z direction for r = 0 is known and only slowly
varying the equation (12) can be rewritten as

rBr = −

∫r
0

r
∂Bz

z
dr = −

1

2
r2
∣∣∣∣∂Bz

∂z

∣∣∣∣
r=0

,

Br = −
1

2
r

∣∣∣∣∂Bz

∂z

∣∣∣∣
r=0

.
(13)
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2.1 homogeneous fields (B 6= 0)

Lorentz force for such magnetic field configuration can be written
in components as

Fr = qvθBz ,

Fθ = q (−vrBz + vzBr) ,

Fz = −qvθBr .

(14)

First two equations describe cyclotron rotation (terms vθBz and −vrBz)
and drift of gyration center along the magnetic filed lines (term vzBr).
Last equation can be rewritten using equation (13)

Fz =
1

2
qvθr

∂Bz

∂z
. (15)

In our field configuration depending on the q sign the assumption
vθ = ±v⊥ holds. Averaging of this expression while using r = rL from
equation (6) gives the average force acting on a moving particle

〈Fz〉 = ∓
1

2
qv⊥rL

∂Bz

∂z
= ∓1

2
q
v2⊥
Ωc

∂Bz

∂z
= −

1

2

mv2⊥
B

∂Bz

∂z
. (16)

We define the magnetic moment of the rotating particle as

µ =
mv2⊥
2B

. (17)

The average force can be generalized, using the magnetic moment
µ in the form

F‖ = −µ
(
B̂ · ∇

)
B , (18)

where B̂ is the unit vector in the direction of B.
The particle traveling in different magnetic intensities B changes its

Larmor radius. It may seem that this particle may also gain energy by
being accelerated along the field lines through this force. We will show
that it is not true and that magnetic moment µ is an invariant.

Let us start from the motion equation of the gyrating radius. We are
going to take a projection along B (we again assume that fields are
only slowly changing)

m
dB̂ · v

dt
= −µ

(
B̂ · ∇

)
B . (19)

We now define the parallel velocity v‖ = B̂ ·v and modify the previous
equation to

mv‖
dv‖
dt

= −µ
(
v‖B̂ · ∇

)
B ,

d
dt

(
1

2
mv2‖

)
= −µ

dB
dt

.
(20)
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motion of charged particles

The left hand side can be understood as a derivative of kinetic energy
and the right hand side as a convective derivative along the trajectory.
Since the energy is conserved we can substitute v‖ for v⊥ by changing
the sign of the derivative

d
dt

(
1

2
mv2⊥

)
= µ

dB
dt

. (21)

Finally substitution of magnetic moment µ (equation (17)) leads to

d
dt

(µB) = µ
dB
dt

, (22)

from where
d
dt
µ = 0 . (23)

2.2 magnetic mirror trap

Many effects are explainable by the fact that µ is an invariant. In chap-
ter 5 we make use of conversion between v⊥ and v‖ in order to colli-
mate particles’ velocities, here we are going to introduce a concept of
a magnetic trap.

(a)

B0

Bm

v||

v⊥

ϑm

vx

vy

(b)

v0

Figure 3: Panel (a) shows the rotationally symmetric magnetic field configu-
ration for the magnetic mirror trap produced between two coils with mini-
mal and maximal field intensity B0, Bm respectively. Panel (b) represents the
graphical representation of the escape cone characterised by the angle ϑm
(equation (26)) from the magnetic mirror trap (see text).

Consider the situation shown in figure 3 panel (a). Two coils are
creating a magnetic field with maximum and minimum. If the particle
during its movement is traveling from lower magnetic field intensity
B0 to the region with higher intensity Bm, its magnetic moment µ stays

8



2.3 charged particles in electrostatic fields

constant, and v⊥ has to increase at the expense of v‖. In the extremal
point the v‖ component may become zero and the particle is reflected
back to the lower magnetic field.

Let us find the conditions particle has to fulfill in order to stay con-
fined. Particle in the B0 region has a total velocity v0 with compo-
nents v⊥0 and v‖0 (with respect to B). In the reflection point, region
with B = Bm, the particle’s total velocity v0 stays the same due to the
energy conservation and its components become v⊥m and v‖m ≡ 0

1

2

mv2⊥0
B0

=
1

2

mv2⊥m
Bm

, (24)

v20 ≡ v2⊥0 + v2‖0 = v
2
⊥m . (25)

Combining equations (24) and (25) we have

B0
Bm

=
v2⊥0
v2⊥m

=
v2⊥0
v20

= sin2(ϑm) . (26)

Figure 3 panel (b) summarises this result graphically by introducing
the escape cone characterised by ϑ in velocity space. All particles with
velocity components ratio lower or equal than sin(ϑm) are confined in
the trap. Other particles are free to enter or exit the trap.

One interesting feature of the escape cone is that it is only defined
by the ratio of B0/Bm and it is not dependent on particle’s mass or
charge. The existence of the escape cone has also a consequence that
velocity distribution of particles confined in the magnetic mirror trap
is never isotropic.

2.3 charged particles in electrostatic fields

Let us start our discussion of electrostatic fields by introducing the
Gauss’s law

∇ · E =
ρ

ε0
, (27)

where E is the electric field, ρ is the charge density, and ε0 is the
vacuum permittivity. The Gauss’s law describes the relation between
charge and the electric field in space. The electric potential ϕ is con-
nected with electric field as

E = −∇ϕ . (28)

9



motion of charged particles

2.3.1 Laplace equation

Combining the Gauss’s law with the electric potential and simple vec-
tor identity

∇ ·∇ϕ = ∆ϕ = −
ρ

ε0
, (29)

one obtains the Poisson equation, which reduces to the Laplace equa-
tion in regions with no charged particles

∆ϕ = 0 . (30)

The Laplace equation has important consequences that can be sum-
marised in two theorems:

Theorem 1 If ϕ satisfies Laplace equation, the average value of ϕ over a
surface of any sphere equals to the value of ϕ at the center of the sphere.

Theorem 2 If ϕ satisfies Laplace equation in a given volume, it has no ex-
tremal point inside the volume.

These theorems can be proved using the divergence theorem1 from
vector calculus. The second theorem implies that it is not possible
to construct the electrostatic configuration where the charged particle
would remain stable.

In figure 4 we illustrate the use of the Laplace’s equation. The Dirich-
let problem for Laplace’s equation consists of finding a potential ϕ on
some domain while the value of ϕ is given on the boundary. In fig-
ure 4 the solution is shown for the cut perpendicular to the axis of
an octopole. One can see that a saddle point appears in the center of
the octopole where ∇ϕ = 0. This is not in contradiction with theo-
rem 2. Although there are no forces acting on a particle in the saddle
point, any slight move will lead to forces accelerating the particle in
the direction away from the saddle point. In section 2.4 we show that
by introduction time dependent electric potentials configurations with
true minima are becoming possible.

2.4 charged particles in radio frequency fields

2.4.1 Adiabatic approximation

To describe the motion of one particle with mass m and charge q in
an inhomogeneous electric field E(r, t), we first have to assume that:

1 If F is a continuously differentiable vector field defined on neighborhood of V , then∫
V (∇ · F)dV =

∮
∂V (F · n̂)dS.

10



2.4 charged particles in radio frequency fields

-10.3
-9.85
-9.57
-9.28
-9.00
-8.71
-8.42
-8.14
-7.85
-7.57
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-6.42
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-4.42
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-0.71
-0.42
-0.14
0.14

Figure 4: Solution of the Laplace equation (2D) with Dirichlet boundary
condition using finite element method for a cut through an octopole in a
grounded conducting tube. Potentials applied on two rod systems are ±10 V.

• Quasistationary electric field E(r, t) is composed of a static field
Es(r) and time dependent part E0(r) cos(Ωt+ δ) where E0(r) is
the field amplitude, Ω = 2πf is the constant angular frequency
and δ is a phase.

• The motion is described by the differential equation

m
dr
dt

= qE0(r) cos(Ωt+ δ) + qEs(r) . (31)

• The frequency is high enough for amplitude a cos(Ωt)

a =
qE0
mΩ2

(32)

to be reasonably low2.

These assumptions reduce our task to describe the particle move-
ment in the so-called adiabatic approximation.

2.4.2 Effective potential V∗

We will seek the solution of the equation (31) in the form of smooth
drift term R0(t) and a rapidly oscillating motion R1(t) = a(t) cos(Ωt)

r(t) = R0(t) + R1(t) = R0(t) + a(t) cos(Ωt) . (33)

2 For quantification of “low” see end of the section 2.4.2.
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motion of charged particles

We presume that slow spatial variation in E0 allows us to keep only
first two terms in cosine expansion

E0 (R0 + a cos(Ωt)) = E0R0 − (a · ∇)E0(R0) + cos(Ωt) + . . . , (34)

and that slow time variations imply da
dt � Ωa and d2R0

dt2 � ΩdR0
dt . Com-

bining equations (31)–(34) and assuming that amplitude a changes
only by motion along R0, we have

m
d2R0
dt2

= −q (a(t) · ∇)E0(R0) cos2(Ωt) . (35)

Using a time average of cos2(Ωt) = 1
2 , vector identity3 and Faraday’s

law ∇× E = 0 we can write

m
d2R0
dt2

= −
q2

4mΩ2
∇E20 , (36)

which describes the time averaged motion of particle in the oscillatory
field.

We still have to account for the static part of the electric field Es,
which according to equation (28) can be characterised by electrostatic
potential ϕs. Let us define the effective potential V∗ as

V∗ =
q2E20
4mΩ2

+ qϕs . (37)

With such defined effective potential, the equation of motion (31) can
easily be written as

m
d2R0
dt2

= −∇V∗(R0) . (38)

This equation describes the motion of a particle in simple time in-
dependent potential. Moreover, it allows us to easily characterise the
motion in complicated field geometries only by investigating the prop-
erties of the effective potential V∗.

Our definition of the effective potential would not be complete with-
out specifying the conditions of validity. Therefore, we introduce the
adiabaticity parameter η as

η =
|2 (a · ∇)E0|

|E0|
, (39)

which can be rewritten using equation (32)

η =
2q |∇E0|
mΩ2

. (40)

3 (E · ∇)E = 1
2∇E

2 − E× (∇× E) = 1
2∇E

2
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2.4 charged particles in radio frequency fields

The definition of the adiabaticity parameter is established as the con-
dition that requires the change of the field E0 over a full distance of
oscillation to be smaller then the field itself

|2 (a · ∇)E0| < |E0| . (41)

Because of the last inequality we demand η � 1 for justifying the
use of the adiabatic approximation. The value of η < 0.3 is widely
accepted as sufficient for most applications and is supported by nu-
merical simulations and experimental observations (e. g. quadrupole
fields Dehmelt and Walls (1968), rf traps Gerlich (1992)).

2.4.3 Linear Multipoles

Linear multipoles are systems composed of 2n long parallel cylindri-
cal rods evenly spaced on a diameter with inscribed radius r0. The
z axis is coincident with the multipole axis of symmetry. To describe
the potential inside the multipole we use V0 as amplitude and Ω to
denominate angular frequency of the oscillatory voltage, and U0 for
the static voltage difference applied to the rods

ϕ0 = U0 − V0 cosΩt. (42)

We also define the reduced radius

r̂ =
r

r0
, (43)

and the characteristic energy

ε =
1

2n2
mΩ2r20. (44)

Detailed description of deriving the effective potential V∗ for this con-
figuration is out of the scope of this work and can be found in Gerlich
(1992).

We define the effective potential

V∗ =
1

8

q2V20
ε

r̂2n−2 + qU0r̂
n cosnθ , (45)

where θ is the cylindrical coordinate and the adiabaticity parameter η
for the linear multipole

η =
n− 1

n

qV0
ε
r̂n−2 . (46)
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Figure 5: Effective potential V∗ and adiabaticity parameter η in an octopole
for singly charged mass 16 u ion. Vertical line represents the turning radius
0.8 · r0.

In figure 5 we show V∗ and η for an octopole (2n = 8; Ω = 4.4 MHz;
V0 = 10 V; U0 = 0 V) and singly charged oxygen anion4. It is estab-
lished to require the turning radius for the particles moving in the
effective potential to be 0.8 · r0. As discussed in section 2.4.2 operating
conditions which fulfill η < 0.3 can be safely described using the effec-
tive potential. Operating the multipole beyond the validity of the adi-
abatic approximation, or using the turning radius higher than 0.8 · r0
may have several effects, which may not be apparent immediately. The
best known is the effect of rf heating, where particles are still confined
in the effective potential, but the energy of particles is not conserved.
Instead, particles are gaining energy from the rf field, when they are
present too close to the poles.

Let us finish our discussion with the best known 2n pole, which
is the quadrupole with n = 2. Applying the adiabatic theory to this
device, it can be described by introducing the Mathieu’s parameters

q2 = 4
qV0

mΩ2r20
and a2 = 8

qU0

mΩ2r20
. (47)

Mathieu equations can be generalized for higher order multipoles, al-
though the quadrupole is the only 2n pole which has the q parameter
not dependent on r̂ and that underlying differential equations are cou-

4 See listing 2 in Appendix C for script source.
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2.4 charged particles in radio frequency fields

pled and nonlinear for higher order mutlipoles. The Mathieu(a2, q2)
stability diagram5 for the quadrupole is shown in figure 6.
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Figure 6: Mathieu stability diagram for a quadrupole (only the important
lower zone). Stability regions for several masses between 1 to 18 are shown
(full lines). Black points represents measured points where the transmission
of the quadrupole for mass 16 dropped to 0. The amplitude V0 was mea-
sured with uncalibrated probe, hence the error in V0 is greater than 10%.
Quadrupole parameters: f = 1.72 MHz, hyperbolic rods, r0 = 4 mm.

Because of its unique properties amongst multipoles the quadrupole
is often used as Quadrupole Mass Spectrometer (QMS). It is usually oper-
ated in the tip of the diagram (figure 6), where high mass resolution
can be achieved. However, high resolution is obtained at the expense
of disturbing the kinetic energy distribution of the ions, because the
adiabatic theory is only valid in the left part of the diagram, where V0
is small.

Less known method of use is the low mass band pass and high mass
band pass filter. The high mass filter uses high V0 (right part of the
Mathieu diagram) to discriminate low masses. Adiabatic theory is also
not valid.

On the other hand, the low mass band pass filter operates in the
range of the validity of the adiabatic approximation theory. It ensures
the conservation of energy through the quadrupole and is thus well
suited for guiding low energy ions for trapping.

5 See listing 1 in Appendix C for script source.
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motion of charged particles

Equation for a threshold condition for a mass to be transmitted can
be written as

m <
qV20

Ω2r20U0
. (48)

All lighter masses, up to the mass m, are transmitted.

16



3
E X P E R I M E N TA L T E C H N I Q U E S

This chapter, focused on the components of our experimental setups,
is going to give a short introduction into the field of experimental
physics of ion-molecule reactions with emphasis on the radio frequency
ion traps.

Charged particles production, detection and confinement is going
to be discussed, together with determination and confirmation of con-
ditions in the confinement area. A unique atomic beam source of H
atoms is also going to be described with emphasis on determination
of beam properties.

The reader is strongly encouraged to consult the publication by Ger-
lich (1992) if interested in rf trapping and technology in general.

3.1 charged particle production

The cations and anions (charged particles) are created using the same
device in our experiments. The Storage Ion Source (SIS) is an ion source
described by Gerlich (1992), though it has been used almost exclu-
sively for cation production until now.

The ions and anions are created at the same time from the suitable
precursor gas (table 1) by electron bombardment (figure 7). Rhenium
wire is used as a hot filament for thermionic electron production. Elec-
trons are then focused into the cavity surrounded by rf plates (thick
lines, left in figure 7), where the collisions with the precursor gas
molecules take place.

Table 1: Precursor gases used in SIS, their approximate ionization cross sec-
tions, and corresponding electron energy. Compiled from Massey (1976) and
Tawara et al. (1989).

gas ion cross section (cm2) electron energy (eV)

H2 H+ 6 · 10−18 100

H2 H− 4 · 10−20 14.5

N2O O− 1 · 10−17 2
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In case of positive ion production, the electron energy has to be
greater than 1st ionization potential, the main process of cation produc-
tion is electron impact ionization. On the other hand, the dissociative
attachment or polar ionization are the dominant processes of anion
production (Massey, 1976). The produced cation/anion is trapped in
the rf effective potential (section 2.4.1).

Ion Source 1.QP Bender

B1

B2

B3

Filament

End plate

B1

B1

B-1

Focus

Reppeler

Iem/Ufil Uf

B0

Figure 7: Storage ion source with quadrupole mass spectrometer (not to
scale). Charged particles are created in the ion source (left), extracted and
selected in QMS (center) and focused using the ion electrostatic optics (right).
The bender at the end is used to bend the ion beam by 90◦ into the 22-pole
trap setup (section 4.1, figure 19).

Using suitable electrostatic potentials, only cations or anions are ex-
tracted from SIS to the QMS. Since SIS works for wide ion mass range,
the QMS is needed in order to select only the mass of interest. Figure 8

illustrates the transmission properties of the QMS. The f0 and V0 are
constant and the U0 is varied. In this particular case, H2 is used as a
precursor gas in the SIS and electric fields are set for cation extraction.
The intensity on the ordinate represents the total number of ions (mass
1, 2, and 3 u corresponding to H+, H+

2 and H+
3 respectively) detected

after passing through the QMS. The inner panel represents Mathieu
equations (47) for this configuration as described in section 2.4.3. The
calculated thresholds for selection for each mass (intersection of the
dash-dotted line with respective full line in inner panel) are marked
using triangles.

The last part of the charged particles production instrument is the
electrostatic optics used to focus the cations/anions before injection
into the next stage. If needed, the electrostatic “bending” quadrupole
(most right part in figure 7) can be used to steer the ions by 90◦. This
feature is used in the 22-pole trap setup (figure 19).
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Figure 8: Transmission properties of the QMS used for mass selection of ions
produced in SIS. Panel (a) – total number of ions passing through the QMS

as a function of U0 (see text). Triangles represents calculated position of first
stable trajectory in the QMS according to equation (48). Panel (b) – graphical
representation of Mathieu equations (47). Dash-dotted line shows the opera-
tion amplitude V0.

3.2 particle detectors

The particle detection systems used in the 22-pole trap and Electron
Spectrometer with Multipole Trap (ES-MPT) apparatuses will be described
in this section. It is important to mention that only charged particles
(cations, anions, electrons) are detectable in our setups and that every
single detection event is converted to digital pulse and accounted for.
The detection based on current measurement is not used.

GND
200k 2M 500k

1
M

150 pF
SIGNAL

Udet

particles

Figure 9: Schematic diagram of MCP electrical connection in configuration
for detecting negative particles (Udet ≈ +2750 V).

19



experimental techniques

Three detection systems have been used, though only the Micro
Channel Plate (MCP) is going to be described as the only detector suit-
able:

1. Daly type detector (described in Daly (1960)) used in experiments
where H atom source has been characterised. The main disad-
vantage of this type of detector is its inability to detect negative
anions.

2. Channeltron (Sjuts KBL20RS) was the first device we used for an-
ion detection. The channel in this type of channeltron has multi-
ple turns. We discovered that its amplification quickly decreases
in magnetic field and is not suitable for our setup.

3. MCP (Hamamatsu F-4655-12) is used for cations, anions, and elec-
trons. Works reasonably well with magnetic field intensities used
in ES-MPT.

The schematic diagram of electrical connection of the MCP in config-
uration for negative particle detection is shown in figure 9. The 150 pF
capacitor and 1 MΩ resistor are located inside the vacuum chamber
close to the collector plate. The remaining resistors creating the voltage
divider are located outside the vacuum and can be easily reconfigured
for positive ion detection.

The output signal coupled through the 150 pF capacitor is directly
connected to the discriminator (Phillips Scientific model 6904) from
where it is fed to the counters and Multi Channel Scaler (MCS). The
pulse height distribution of pulses on the output of the MCP (50 Ω
termination) in zero magnetic field and H− as primary particles being
detected is shown in figure 10. The discriminator level is set to ≈
40 mV (according to figure 10).

The MCP has a different detection efficiency for ions, anions, and
electrons. Furthermore, particles of the same type (e. g. ions) with dif-
ferent mass or energy have different detection efficiency (Gilmore and
Seah, 2000). Direct comparison of absolute number of different parti-
cles detected is not an easy task. In all experiments presented in this
work, only relative numbers of the same particles are measured – we
do not need to worry about absolute detection efficiencies.

The magnetic field influences the MCP too. This phenomena is known
and has been studied by Morenzoni et al. (1988), and Lehmann et al.
(2009). The change in number of events detected, depending on dif-
ferent magnetic field configurations, is shown in figure 11. It is not
known, whether these phenomena are caused by the MCP itself, or by

20



3.3 h atom source

0 50 100 150 200 250

Pulse height (mV)

0

5

10

15

20

25

30

35

40

45

C
ou

nt
s 

(a
rb

.)

Udet =2732 V

Figure 10: Pulse height distribution of pulses produced by H− primary anion
(B = 0).

magnetic field guiding and/or focusing of H− anions. The fact, that
all measurements where the MCP is operated in the magnetic field do
use the same magnetic intensity in the detector area, has two conse-
quences:

• the MCP has the same overall detection efficiency

• all individual measurements can be directly confronted between
each other.

The experiment operator although must be aware of these caveats.
These findings are also valid for electron detection in the electron spec-
trometer (chapter 5).

3.3 h atom source

3.3.1 Theory of operation

Schematic diagram of atomic H source used in this work is shown in
figure 12. It is an atomic source based on dissociation of molecular hy-
drogen in an rf discharge (Slevin and Stirling, 1981). Special emphasis
is given to accurate determination of thermal energy distribution of
produced atoms and the beam effective number density of H and H2.
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Figure 11: Influence of magnetic field on MCP relative overall detection ef-
ficiency (H− anion). The current on the abscissa represents the current in
the respective coil (figure 31 in chapter 5). Each symbol represents different
coil configuration. Store – coils in the trapping area, Focus – refocusing coil,
Bend – coil for bending the field of axis. St+Fo and St-Fo represent parallel
and anti-parallel combination of Store and Focus coils.

Molecular hydrogen is leaked into the glass discharge tube (left side,
figure 12). The tube is water cooled and immersed into the cavity,
where rf radiation is fed. Mixture of discharge products is flowing
through the glass tube into the copper block with thin “L” shaped
channel. The Cu block is called accommoddator and is connected to
the cold head, its temperature can be varied between TACC = 7 and
300 K. The hydrogen pressure in discharge tube is in order of few
100 Pa, pressure in the vacuum chamber is in order of 10−3 Pa. The
beam coming from the accommodator is skimmed and runs through
several differentially pumped stages.

The main issue of the H atom source is to achieve high dissociation
ratio and to keep the recombination as low as possible in the glass
tube and on the accommodator walls. Our final solution involves thin
Polytetrafluoroethylene – Teflon (PTFE) coating of the Cu wall.

The use of hexapole magnets to focus the diverging H atom beam
was also considered and tested. The added magnets did not increase
the beam density significantly. Moreover, the magnetic field disturbs
the H atom velocity distribution (Borodi et al., 2009). Thus the H atom
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Figure 12: H atom source (schematic diagram). Glass discharge tube (left) is
connected to the accommodator (center), cooled by a cold-head (right).

beam source was operated without additional focusing in presented
experiments.

3.3.2 Atomic beam velocity distribution

The atomic beam velocity distribution has been measured using the
Time of Flight (TOF) method. Wheel with slits was used to chop the
beam. After passing the TOF free path, the beam was ran through the
ionizer to convert the H atoms to H+ ions, which could be conse-
quently detected.

The TOF spectra of H atoms for two different accommodator temper-
atures are shown in figure 13. Recorded spectra are evaluated using
the analytical function for the intensity

N(t) = N0 +C
L3

(t− t0)4
e
− L2m

2kBT(t−t0)
2 , (49)

where N0 is the background intensity (intensity not influenced by the
slits), L is the free flight length, kB is the Boltzmann constant and m
is the mass of H atom (N, C, t0 and T are the free parameters of the
fit). The beam source is effusive, thus we assume that the beam is
Maxwellian in the equation (49). The temperature characterisation of
the beam is in good agreement with the accommodator temperature
TACC and differs by no more than 20%.
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Figure 13: Time of flight (TOF) spectra of atomic H in the beam. Two accom-
modator temperatures are presented. Fits represent the Maxwell-Boltzman
distribution convolved with the window function. Resulting temperature is
in good agreement with the accommodator temperature.

3.3.3 Determining the beam density in the trap

First, let us repeat that the beam from the atomic H beam source is not
composed of pure H atoms. The dissociation ratio α, defined as

α =
H2off − H2on

H2off
, (50)

where H2off and H2on represent H2 density in the beam while the
discharge is on and off respectively, is shown in figure 14. The operat-
ing conditions of the source are easily characterised using α. Figure 14

shows 30% dissociation in this case and huge decrease of α around
TACC = 25 K. As a consequence the H atom source can be operated
only in a suitable TACC range.

The best way of the in situ beam characterisation is the use of a
chemical reaction for calibration. There are many suitable reactions
to characterise atomic beam sources (for positive ions see Scott et al.
(1997); Fehsenfeld and Ferguson (1971); Tosi et al. (1984), for reactions
with negative anions Martinez et al. (2009)). The rate coefficients for
the calibration reactions are usually known with high accuracy, al-
though only for temperatures higher or equal to 300 K. We chose the
reaction of CO+

2 with atomic and molecular hydrogen to calibrate both
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Figure 14: Dissociation ratio α of H to H2 in the beam from the H atom
source as a function of accommodator temperature. Discharge is operated
with 60 W power at 27.12 MHz. The accommodator is equipped with PTFE

tube in this case. Results with three different H2 flows (QHAS) through the
discharge tube are presented.

densities at once. This reaction was investigated by Borodi et al. (2009)
even for temperatures in the range 25 to 300 K (the only disadvantage
is the overall rate coefficient uncertainty of 40%).

The chemical model of the calibration reaction is composed of two
equations

CO+
2 + H→ HCO+ + O ,

CO+
2 + H2 → HCO+

2 + H .
(51)

Since the rate constants are known, only number densities are varied
in the model and the best fit gives the values of number density [H]

and [H2] present in the trap.
Figure 15 shows one time evolution of number of ions present in

reactions (51) in the trap. The CO+
2 ions are created in the SIS from

CO2 gas using electron bombardment. The CO+ ion is also created,
the quadrupole is used to filter only mass 44 u before injection into
the trap. The ratio of CO+

2 number to other ions is better than 103.
The beam is aligned to the trap and the discharge is turned on and
off to evaluate the presence of H atoms. The number densities (typical
values) obtained from the reaction model (51) are [H] ∼= 1.0 · 108 cm−3

and [H2] ∼= 5.5 · 109 cm−3.
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Figure 15: Number of CO+
2 , HCO+, HCO+

2 and the sum Σ of all particles
detected in the trap as a function of storage time. The symbols represents
measured data, solid and dashed lines results of fitted chemical model. Mea-
surements with the discharge turned on and off are shown using full and
dashed lines respectively. The difference between HCO+ lines is due to the
presence of atomic H. The molecular H2 is always present due to recombina-
tion on the walls and diffusion from the source.

Note that the measured number density shown in figure 15 does not
take the uncertainty of the rate coefficients into account. Several other
aspects need to be considered before using obtained number densities
in other reactions, see section 4.2.2.

3.4 reaction temperature

In our experiments, we are often studying the temperature depen-
dences. The 22-pole trap is mounted on a cold head equipped with
a heater and a silicon diode used as a thermometer. After adjusting
the heating current, the temperature stabilises and the trap’s wall tem-
perature is known with high accuracy (better than 1 K). However, are
the trap temperature and the temperature of gas and cations/anions in
the trap the same? Moreover, what happens if anions in the trap are in-
teracting with a beam of particles with different temperature injected
into the trap? We will answer these questions in following sections.
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3.4 reaction temperature

3.4.1 Thermometer for low temperature ions

The neutral gas molecules in the 22-pole trap are in contact with walls
with known temperature. Since the pressure in the trap is low enough
to be in molecular regime, the gas molecules interact with walls more
often than with each other and we can estimate that the neutral gas is
in thermal equilibrium and has the same temperature as walls do.

The same cannot be stated for the ions, which are trapped in the rf
field and do not interact with cold walls. The temperature equilibrium
has to be achieved by collisions with cold neutral gas. Moreover, the
ions can be subject to rf heating as discussed in section 2.4.3.

We decided to investigate the temperature in the trap using a ternary
association of He+ and He

He+ + He + He k3−→ He+2 + He . (52)

This reaction can be used as a thermometer. Helium assisted asso-
ciation has been studied in various experimental setups e. g. liquid
nitrogen cooled flowing afterglow (Johnsen et al., 1980), liquid he-
lium cooled drift tube (Bohringer et al., 1983) and helium closed cycle
cryostat cooled rf traps (Smith and Gerlich, 2008). Temperature depen-
dence of k3 in form k3 ∼ T

−κ has been found.
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Figure 16: Apparent binary rate coefficient k∗ dependence on number density
of He buffer gas shown for two different temperatures. Lines represent linear
fit through the axes origin.
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In the 22-pole trap, we are only able to measure apparent reaction
rate constant k∗, which is connected with ternary k3 and binary (or
radiative) k2 rate coefficients as

k∗ = k3 [He] + k2 , (53)

where [He] is the He gas concentration. The easiest way of accurate
k3 determination is to vary the He density in the range where k2 6
k3 [He]. In figure 16 we show the dependence of apparent rate coeffi-
cient k∗ on the He density in the trap. The linear dependence of k∗

on the density shows that we are not measuring in helium density
range where the binary association is a significant contributor (we can
neglect the k2 term in equation (53)).
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Figure 17: Ternary association rate coefficient k3 as a function of temperature.
Circles correspond to the rf 22-pole trap measurements (calculated from data
plotted on figure 16). Triangles (down) – drift tube measurements (Bohringer
et al., 1983). Squares – flowing afterglow measurements (Johnsen et al., 1980).
Triangles (up) – older rf trap measurements (Smith and Gerlich, 2008). Di-
amonds – older drift tube measurements (Beaty and Patterson, 1965). Mea-
sured k3 increases with constant exponent κ = −0.56± 0.1 down to 10 K (full
line (k3 ∼ T−κ), Bohringer et al. (1983)).

In figure 17 we summarise our temperature dependence of k3 mea-
surement together with older results. The temperature on the abscissa
is the temperature measured by a silicon diode connected to the trap
copper wall. These results show that we are able to attain reaction tem-
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peratures down to 10 K at least for ions of mass 4 u and higher. These
results were published in Plašil et al. (2012).

3.4.2 Collision temperature for particles with different T

In the experiment with atomic H beam we study the interaction of par-
ticles with different mass and temperature m1, T1 and m2, T2 respec-
tively. We will show that such situation is easily transferable to equiva-
lent situation with particles at single temperature. For exact derivation
see Roučka (2012).

Let us define the normal distribution N(x, σ2) centered at zero with
variance σ2. The Maxwell velocity distribution of particles with mass
m1 and temperature T1 is f(v) = N(v,kBT1/m1). The relative velocity
distribution frel is a convolution of the velocity distributions

frel(vrel) = N

(
vrel,

kBT1
m1

)
∗N

(
vrel,

kBT2
m2

)
(54)

Convolution of two normal distributions is a normal distribution with
the sum of variances

frel(vrel) = N

(
vrel,

kBT1
m1

+
kBT2
m2

)
. (55)

If the system is in thermal equilibrium, i. e., T1 = T2 = T , the resulting
variance is σ2 = kBT(m1+m2)/m1m2. We can write the equation (55)
in the form

frel(vrel) = N

(
vrel, kBTcol

(
m1 +m2
m1m2

))
, (56)

where Tcol defines the interaction (collision) temperature

Tcol =
T1m2 + T2m1
m1 +m2

. (57)

The effusive beam has a Maxwell distribution. Though only a coni-
cal subset of this distribution is available in the reaction region where
it interacts with confined particles, the conclusion regarding the inter-
action temperature Tcol also applies, due to the spherical symmetry
(Roučka, 2012).

As discussed in section 3.3, and shown in figure 13, our H beam has
a Maxwellian distribution with temperature Tbeam. Therefore, when
interacting with particles in the trap with temperature Ttrap, the inter-
action temperature of the reaction can be written as

Tkin =
Tbeammtrap + Ttrapmbeam

mbeam +mtrap
. (58)
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T H E R E A C T I O N R AT E C O E F F I C I E N T S

Several positive ions have been observed and identified in the Interstellar
Medium (ISM), where they play an important role in space from evolu-
tion of interstellar clouds to the formation of stars. The same could not
have been said for the negative ions before the article by McCarthy et
al. (2006). Since then several other negative ions have been identified,
with the lightest being CN− (Agúndez et al., 2010). The simplest neg-
ative ion H− has not been identified directly.

In this chapter, we are going to present a laboratory study of neg-
ative ions, focusing on the reaction rate coefficients. The rate coeffi-
cient characterises the reaction by establishing the rate at which it
proceeds. In astrophysics, the coefficients are important for accurate
models explaining the abundances in the constitution of interstellar
matter (Glover et al., 2006).

4.1 the 22-pole trap apparatus

The reaction rate coefficients presented in this work are investigated
using the rf ion 22-pole trap (22-pt) (Gerlich, 1992; Gerlich and Horning,
1992; Gerlich, 1995) in combination with an effusive atomic hydrogen
beam source (section 3.3). This apparatus was built in Chemnitz Uni-
versity of Technology as described in (Borodi et al., 2009; Plašil et al.,
2011; Gerlich et al., 2011). The configuration used in our experiments
is presented schematically in figure 18 (for full CAD drawing see fig-
ure 44 in Appendix A).

Ions are produced in a SIS (section 3.1) by electron bombardment of
precursor gas. After thermalization in the SIS the ions with energies
in order of 100meV are mass selected using a quadrupole mass filter
and injected into the 22-pole trap. The ion trap temperature T22pt is
variable in the range 10 K < T22pt < 300K. Ions are cooled down
by collisions with buffer gas (He), close to the trap temperature. The
agreement between the trap temperature and the ion temperature was
studied by action spectroscopy for heavier ions (Glosík et al., 2006) and
by numerical simulations for mass 1 u ions (Asvany and Schlemmer,
2009). The ternary association of He+ + He has also been used to
confirm the ion (mass 4 u) temperature (section 3.4.1). The upper limit
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Figure 18: Cut through the 22-pole rf ion trap apparatus. Ions produced in SIS

(left, bottom) are injected to the trap (center) using the bending quadrupole.
Products are selected using the second quadrupole (center, right) before de-
tection using an MCP (right, top).

for ion temperature is estimated to be 5 K above the measured trap
wall temperature.

Ions are confined in the trap using inhomogenous rf field (see sec-
tion 2.1) for confinement in the radial direction and electrostatic barri-
ers in the axial direction. Neutral gas can be introduced to the trap vol-
ume, or an effusive particle beam can be aligned to pass through the
trap. In the latter configuration, the H Atom Source (HAS) (section 3.3)
is connected from the left side of the apparatus (figure 18) to form the
Atomic beam – 22-pole trap (AB 22-pt) apparatus.

A standard experimental procedure for examining an ion-neutral
reaction in the trap is used (Gerlich and Horning, 1992; Gerlich, 1995).
Each single measurement starts with a pulsed extraction of the pri-
mary ions from the SIS. Ions of the desired mass are then selected
using a quadrupole mass filter and injected into the 22-pole trap. The
trap can be closed after injection by applying an electrostatic potential
to the entrance electrode. After storing the ions for a defined trapping
time, the ions are extracted from the trap using a pulse on the exit
electrode and analysed using a second quadrupole mass filter. This
procedure is applied repeatedly for different trapping times until a
sufficient signal to noise ratio is achieved. The rate coefficients for a
given conditions (e. g. T22pt, TACC, number density of neutrals) are then
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extracted from the time evolutions of charged reactants/products in
the trap.

4.2 the H− + H system

4.2.1 Role of H− in primordial astrochemistry

The evolution of primordial matter in the early universe toward the
formation of the first stars is determined by atomic and molecular
processes involving mainly hydrogen (H, D), helium (3He, 4He), elec-
trons and radiation. The elemental composition of the medium re-
mained unchanged during this period, one could have expected that
the primordial chemistry is rather simple. However, up to 200 reac-
tions can contribute to the abundance of 23 atomic and molecular
species as pointed out by Lepp et al. (2002). The role of molecules
as coolants (i. e., the conversion of translational energy into internal
degrees of freedom via inelastic or reactive collisions), followed by
radiative transitions, is important for star formation.

There has been significant progress in improving the models, which
predict abundances of molecules and their role as coolants. However,
all these models use only simple temperature dependent rate coeffi-
cients for characterising most of the chemical reactions. The uncer-
tainty in the knowledge of these rate coefficient introduces uncertain-
ties of several orders of magnitude into these models (e. g. uncertain-
ties in formation of protogalaxies (Glover et al., 2006)).

Formation of a hydrogen molecule from two H atoms under early
universe conditions requires a catalytic gas phase reaction such as
H+ + H → H+

2 + hν followed by H+
2 + H → H2 + H+. Besides

the proton, an efficient catalyst is the electron, as soon as the life-
time of H− gets long enough. The sequence is radiative attachment
e− + H → H− + hν, followed by Associative Detachment (AD)

H− + H k−→ H2 + e− . (59)

Despite direct observations of anions in the interstellar medium
(first observation published by McCarthy et al. (2006), several more
anionic species observed since then (Cernicharo et al., 2007; Brünken
et al., 2007)) and its abundance, H− has not yet been observed directly
by its specific transition (in the UV region as stated by Ross et al.
(2008)). Thought, indirect observations proving its presence in space
exists (Heap and Stecher, 1974). The central role of H− and AD in
the primordial chemistry have been discussed by Glover et al. (2006);
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Glover (2008). Investigation of the AD reaction on the AB 22-pt appara-
tus is going to be described together with comparison with previous
measurements and theoretical calculations (section 4.2.3).

4.2.2 Determining the rate coefficient using the 22-pole trap

The geometry of the interaction region where the neutral beam interact
with the trapped ion cloud is shown in detail in figure 19. Primary

Figure 19: Detailed drawing of the central part of the 22-pole ion trap appa-
ratus. H− anions are injected into the trap via the electrostatic quadrupole
bender. To the right, anions move via the quadrupole mass spectrometer to-
wards the detector. The cold effusive H-atom beam comes from the left. The
gray shaded areas indicate the overlap between the anion cloud and the neu-
tral beam. For photodetachment studies, a laser beam is injected from the
right (more in text). Adopted from Gerlich et al. (2012).

H− ions are produced by electron bombardment of H2 precursor gas
in the SIS (section 3.1). After pre-thermalization in the source, the H−

anions are mass selected using a quadrupole filter, bent by 90◦ using
an electrostatic quadrupole (figure 7) and injected into the 22-pole trap.
In the radial direction, the ions are confined by the rf field created by
two sets of 11 poles (RF1 and RF2) precisely mounted on both sides.
The potential inside the trap can be corrected locally using the five ring
electrodes (RE). The entrance and exit electrode (EN and EX) are used
to open and close the trap with electrostatic barriers of approximately
10 meV . After various storage times, the ions are extracted from the
trap by opening the exit electrode. Afterwards, the ions pass through
the QP mass spectrometer to be converted into a short current pulse
using an MCP, and finally accumulated in a counter.

The H atoms were produced in an rf discharge in H2 operating at
20 Pa and a gas flow of 5 · 10−4 Pa m3 s−1. The H atom effective
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4.2 the H− + H system

Table 2: Diameter of the ion cloud (d1 for H− and d2 for CO+
2 ) for differ-

ent kinetic energies E of the ions calculated from the effective potential (45).
Adopted from Gerlich et al. (2012).

E d1
(
H−
)

d2
(
CO+

2

)
(d1/d2)

2

meV (mm) (mm)

100 9.21 8.17 1.271

10 8.21 7.28 1.272

1 7.32 6.49 1.272

Note: The 22-pole has been operated with Ω/2π = 18 MHz and V0 = 50 V
and 25V for mass 44 and 1 u respectively. Note that the inner free diameter
of the 22-pole is 10 mm. As long as the kinetic energy distributions of CO+

2

and H− are the same, the volume of the CO+
2 cloud is about 1.27 times the

volume of the H− anions. This can be seen from (d1/d2)
2, the ratio of the

areas.

number density in the trap has been calibrated using the chemical
probing with CO+

2 ions as described in section 3.3.3 with a result

NH = (1.3± 0.6) · 108 cm−3 . (60)

The estimated 45% error is caused mainly by the 40% uncertainty
in the rate constant of the CO+

2 + H → HCO+ + O reaction (Borodi
et al., 2009) in combination with 20% error estimate of our measure-
ment. The presented result was measured at accommodator tempera-
ture TACC = 50 K. The value is corrected for different shapes of CO+

2

and H− ion clouds, so that it is valid for H− ion cloud under the
operating conditions used in this experiment (table 2).

The standard sequence of

1. filling the trap repetitively with a well defined number of pri-
mary ions (N(t = 0) ≈ 100),

2. storing them for various storage times t,

3. detecting them,

is averaged over many iterations, to reduce the statistical errors. For
comparison – typical raw data (the number of ions Ni(t), normalized
to the total number of ions in one iteration) is shown in figure 20. In
the present experiment, the charged products from the AD reaction
are electrons which cannot be detected in the current setup, thus only
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Figure 20: Relative number of H− anions per filling as a function of storage
time (ion trap temperature: T22pt = 11 and 103 K, hydrogen beam temper-
ature TACC = 50 K), small and large symbols correspond to H-atom beam
OFF and ON, respectively. Yellow line corresponds to laser photodetachment
(used for testing purpose only). The statistical errors are in the order of or
smaller than the size of the symbols. Fitting the data with exp(−t/τ) (solid
and dashed lines) lead to the time constants τ shown on the right. Adopted
from Gerlich et al. (2012).

the decrease of primary anion H− is monitored. Single measurements
have been repeated with period of 1 s. The number of ions in trap
was first checked after 50 ms, when most of them have already been
thermalized in collisions with cold ambient molecular hydrogen. Typ-
ical H2 densities have been 1012 cm−3, originating mainly from the
ion source precursor H2. Higher densities have also been tested with-
out any effect. Extracting the ions at later times reveals a more or less
slow loss, depending on the temperature of the trap and on the pres-
ence of the H atom beam. The data have been fitted with exponential
decay functions, resulting in time constants τ longer than 1 minute
without H atoms and shorter than 1 s with H atoms (numbers on
the right side of figure 20). The slow loss of primary ions, without H
atoms, is caused by reactions with ambient background gas. At 11 K,
cryopumping inside the trap leads to long confinement times. To ex-
tend the measurements toward higher temperatures, better vacuum
conditions are needed. The rate coefficients of reaction (59) are simply
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4.2 the H− + H system

determined from the difference of the rates with the H beam ON and
OFF and the effective number density of the H atoms.
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Figure 21: Measured rate coefficients (reaction (59)), shown as a function of
the translational temperature. The data shown as squares, diamonds, and
triangles have been measured at TACC = 10, 50, and 120 K respectively. Vari-
ation of T22pt between 10 and 150 K covers each time a range of 70 K (in
the center-of-mass system). The dotted lines indicate the systematic error es-
timate. Adopted from Gerlich et al. (2012).

The temperature dependence of the rate coefficient was measured
by varying the 22-pole temperature in the range 10 K < T22pt < 150 K
with fixed accommodator temperature. The upper limit for T22pt is
caused by the loss of H− anion caused by the presence of impuri-
ties at temperatures over 150 K. Due to the kinematic averaging (sec-
tion 3.4.2), the reaction temperature T is

T =
TACC + T22pt

2
. (61)

With single TACC, the rate coefficient can be measured in the range
of 70 K. The total measurement range was extended by measuring
at three different TACC (10, 50, and 120 K). The effective density of
atomic hydrogen NH was obtained by chemical probing at TACC =

50 K. The NH at other accommodator temperatures was determined
by least squares fitting of the uncalibrated rate constant measurements
to the calibrated data in the region of their overlap. The results of
this procedure are illustrated in figure 21, where the data measured
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at different accommodator temperatures are represented by different
symbols. The systematic error margin due to the H beam calibration
is indicated by a dotted line in the figure. It has to be noted, that
the systematic error is contained in a single multiplicative factor and
hence does not affect the overall observed trend.

4.2.3 Comparison with theoretical calculations and previous measurements

In order to simplify the comparison with other measurements and the-
ory, the calibrated data were reduced by binning. The result is plotted
in figure 22. The errorbars represent the standard deviation of our
data points. The figure shows, that our results are in a good agree-
ment with the theory of Čížek et al. (1998). At higher temperatures,
where the theory of Čížek et al. (1998) differs significantly from the
theory of Sakimoto (1989), our data support the theory of Čížek. Since
the theory of Sakimoto is specialized for energies below 10−2 eV this
outcome has been expected.
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Figure 22: Comparison of our ion trap results (squares, bars indicate the
statistical errors, the systematic uncertainty is larger, see text) with previ-
ous measurements and results from theory. The solid line indicates the ther-
mal rate coefficient k(T), derived from the merged beams data published by
Bruhns et al. (2010). The theoretical results of Sakimoto (1989) and Čížek et al.
(1998) are in good overall agreement, while the Langevin limit and the 300 K
flow tube measurements are significantly smaller (from left to right: Schmel-
tekopf et al. (1967); Fehsenfeld et al. (1973) and Martinez et al. (2009) (shifted
in temperature for better readability). Adopted from Gerlich et al. (2012).
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Although our measurements cannot be directly compared to the
older flow tube measurements (Schmeltekopf et al., 1967; Fehsenfeld
et al., 1973; Martinez et al., 2009) due to the different temperatures,
they are in good agreement with the recent merged beam experiment
(Kreckel et al., 2010; Bruhns et al., 2010) in the overlapping tempera-
ture range.

4.3 reaction of atomic oxygen anion with h2 – water

production

Reactions of atomic oxygen anion O− and molecular hydrogen have al-
ready been studied in the past by McFarland et al. (1973); Moruzzi and
Phelps (1966). However, the reaction rate coefficient below 300 K re-
mained unexplored until now (older data are measured from 0 .04 eV
and 0 .4 eV respectively).
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Figure 23: Relative number of O− and OH− anions per filling as a function
of storage time (ion trap temperature: T22pt = 11, 75, 135, and 210 K), Upper
lines correspond to the decrease of O− anion relative number. Lower lines
correspond to the increase of OH− anion number (scaled by factor 0.1 for
better readability). Maroon square symbols correspond to the measurement
without H2, remaining data are recorded with H2 present in the trap. The
statistical errors are smaller than the size of the symbols. Fitting the data for
O− relative number with exp(−t/τ) (upper lines) leads to the time constants
τ shown on the right.

39



the reaction rate coefficients

0 50 100 150 200 250 300

temperature (K)

0.0

0.5

1.0

1.5

2.0

k 
(1

0
−

9
cm

3
s−

1
)

k

(i)

0

2

4

6

8

10

O
H
−

/Σ
 (

%
)

OH
−

/Σ

Figure 24: Measured rate coefficient k (reaction (62)), shown as a function of
the temperature (squares). At higher temperature, the correction (red circles)
for the losses induced by reaction with the background gas (triangles, (i)) is
needed. The rate coefficient k2 is expressed as a ratio of the number of OH−

ions produced to the number of O− ions lost (diamonds, right ordinate).

The reaction has two possible exothermic channels for the products

O− + H2
k1−→ H2O + e− ,
k2−→ OH− + H ,

(62)

of which only the second one produces ions, which are confined in the
trap. We are not able to detect the produced water molecule and elec-
tron in the 22-pt apparatus, for detection of electron see section 5.4.1.

The O− anions are produced in SIS from N2O and after being mass
selected in the first quadrupole, they are injected into the trap. The
raw data, as plotted in figure 23, are interpreted as follows. First the
total reaction rate k (k = k1+ k2) is calculated from the time evolution
of the relative number of the primary O− ions in the trap using a
dependency in form of NO−(0) exp(−t/τ), where t is the storage time
and τ is the characteristic confinement time for a given temperature
and number density of the molecular hydrogen (for number density
determination in the 22-pole trap see Asvany (2004)). The increase
of relative number of the OH− ion in the trap is approximated by
the function in form of NO−(0)k2k (1− exp(−t/τ)) +NOH−(0). If we
assume that the detection efficiency for O− and OH− is the same,
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Figure 25: Measured rate coefficient k for the reaction of O−+D2, shown as a
function of the temperature (squares). At higher temperature, the correction
(red circles) for the losses by reaction with the background gas (triangles, (i))
is needed. The rate coefficient k2 is expressed as a ratio of the number of
OD− ions produced to the number of O− ions lost (diamonds, right ordi-
nate).

then we can write k1/k = NOH−(t)/(NO−(0) +NO−(t)). In this way
the decoupling of k1, k2 is possible even without the possibility of
detection of electrons produced in AD reaction (62). The measured
temperature dependences of k together with the branching ratio for
reaction (62) are shown in figure 24.

The isotopic variant of the reaction (62) with D2

O− + D2
k1−→ D2O + e− ,
k2−→ OD− + D ,

(63)

has also been investigated. The results are plotted in figure 25. The
reaction rate r is linearly proportional to the number density of the
molecular reactant gas (figure 26). This leads us to the conclusion that
the reactions (62) and (63) are a binary process. The temperature de-
pendence of the reaction rate coefficients is not an apparatus effect
(section 3.4.1).
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Figure 26: Measured O− + D2 reaction rate r as a function of D2 number
density for three different temperatures T = 11, 44, and 180 K. Linear fit in
form of r = k[D2] through axes origin reveals binary reaction rate coefficient
k. We are also certain that the eventual condensation of the neutral gas on
the 22-pt walls is not significant.
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4.3.1 Comparison with previous measurements
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Figure 27: Comparison of our ion trap results (squares and diamonds, bars in-
dicate the statistical errors) with previous measurements of McFarland et al.
(1973) (stars and triangles) and measurements done at the ES-MPT apparatus
(circles at 300 K, section 5.4.1). All three measurements overlap at approxi-
mately 300 K and are in overall good agreement.

The reactions (62), (63) have been studied by McFarland et al. (1973)
using a flow-drift tube technique (from 0.04 to 0.5 eV). The apparatus
described in chapter 5, though not primarily designed to measure the
rate coefficients, has also been used to investigate the reactions (62),
(63) at 300 K. These results are compared in figure 27 together with
the data recently measured at the 22-pt setup (from 10 to 300 K). The
data acquired at 300 K are also compared in table 4 in section 5.4.1.

4.3.2 The isotope effect

We summarise the isotope effect between H2 and D2 in the reaction
with O− in figure 28. To emphasize the effect, we show the data mea-
sured (figure 27) divided by the Langevin rate coefficient for corre-
sponding ion neutral reaction in the form

kLang = 2πe

√
αn

µ
, (64)
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where e is the elementary charge, αn is the neutral molecule polar-
izability, and µ is the ion-neutral reduced mass (Eichelberger et al.,
2003). Polarizability αn for H2 and D2 molecules at 77 K can be found
in Milenko et al. (1972) (temperature dependence of polarizability is
negligible).
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Figure 28: Isotope effect observed in the reaction of O− with H2/D2 (reac-
tions (62), (62)). The measured reaction rate coefficients are divided by the
corresponding Langevin rate coefficients (see text). Panel (a) – associative de-
tachment channel (k1). Panel (b) – OH− and OD− production channel (k2).

One can observe, that the isotope effect is not simply explainable by
the change in reduced mass of reactants as suggested by Langevin’s
simple point charge and point-polarizable neutral attractive model.

4.4 is formation of H−
3 /D−

3 possible in the 22-pole trap?

Negative triatomic anions H−
3 and D−

3 have already been produced
in dielectric barrier discharge (Wang et al., 2003). The lifetime of such
anions is infinite, although binding energy of such anions is in order
of 0 .013 eV (for H−

3 ) according to Ayouz et al. (2010). Thus even col-
lision at room temperature can lead to destruction and they have not
been observed in the ISM yet. The H−

3 anion can not be formed di-
rectly by radiative attachment from unstable H3 molecule, other pro-
cesses have to be considered – Radiative Association (RA) or three body
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(ternary) association. The radiative association rate coefficient of H−

with H2 has been calculated by Ayouz et al. (2011), the result in order
of 10−23 cm3 s−1 at 10 K reveals that the process is many orders of
magnitude slower than we are able to investigate in our experimen-
tal setup. However, the RA is probably more important than a ternary
process in the ISM due to low H2 density.

In this work, we focused on the ternary association reaction

H− + 2H2
k3H−−→ H−

3 + H2 ,

D− + 2D2
k3D−−→ D−

3 + D2 ,
(65)

which is a dominant process of creation according to Wang et al. (2003).
We were not able to detect H−

3 or D−
3 directly as mass 3 or 6 u respec-

tively in the mass scan. However, we can try to estimate the upper
limit for reaction rate coefficients. Figure 29 shows a relative number
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Figure 29: Relative number of D− per filing as a function of storage time.
Measured data are shown using squares and diamonds. Dashed line rep-
resents the exponential fit (essentially a constant). Blue full line and circle
represent the hypothetical position of D−

3 (2% of N(t = 0)) detected.

of D−
3 ions in trap as a function of storage time. This time we did not

use the exponential decay fit to investigate the reaction rate, instead
we formulate a hypothesis that if the reaction is proceeding we are
able to detect at least 1–2% of the primary ions converted in product
ions at the longest trapping time tmax used. We can reformulate this
problem, taking into account that the sum of reactant and products is
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constant, in relative number densities of reactants, we get a hypotheti-
cal time constant

τH =
−tmax

ln(N(tmax)/N(0))
. (66)

In figure 29 we used more than 104 D− ions at storage time tmax =

9.97 s, thus our requirement of 1–2% would lead to hypothetical de-
tection of at least 100 D−

3 ions created. Using equation (66) we are able
to calculate a time constant τH > 480 s. We used the highest pressure
of the molecular D2 possible in our experimental setup, leading to
number density ND2 > 1 · 1014 cm−3. Measured constraints lead us to
the conclusion that the rate coefficient for the ternary creation of D−

3

is
k3D < 1 · 10−31 cm6 s−1 . (67)

Similar experiments have also been done for H− and molecular hy-
drogen with the same conclusion for the hypothetical time constant
and the reaction rate coefficient.
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5
A S S O C I AT I V E D E TA C H M E N T A N D T H E E L E C T R O N
S P E C T R A

For the purpose of studying the associative detachment reactions, we The measure-
ments presented
in this chapter
were submitted to
IJMS (see
Article II).

have developed a novel experimental technique, which is capable of
measuring the energy distribution of electrons produced in the asso-
ciative detachment reaction of ions stored in an ion trap. The subject of
this chapter is the description of the Electron Spectrometer with Multipole
Trap (ES-MPT) instrument together with construction details, exper-
imental characterization, calibration, and selected first experimental
results.

5.1 associative detachment

The associative detachment (AD) is an anion-neutral reaction which
can be formally described as

A− + B→ AB(Ei) + e−(Ee) , −∆H ≈ Ei + Ee , (68)

where Ei is the energy of the internal excitation of the molecule and
Ee is the kinetic energy of the electron. Thanks to the high mass of the
molecule compared to the electron, the kinetic energy of the produced
molecule can be neglected. The reaction proceeds via a compound
state AB−, which decays by autodetachment. The redistribution of the
internal energy of AB− between Ei and Ee is – within the kinematic
constraints – determined by the internal structure of the AB− complex
(Čížek et al., 1998; Smith and Leone, 1983).

The importance of AD reaction studies, especially in the field of as-
trophysics, has been emphasized recently by Glover et al. (2006). Since
then several experimental setups were used to measure the AD reac-
tion rate coefficient (Martinez et al., 2009; Kreckel et al., 2010; Gerlich
et al., 2012) exclusively. It has also been shown by Živanov et al. (2003)
that the measurements of the energy of the detached electrons are a
useful tool for benchmarking of the theoretical description of the AD

process.
The reactions of O− with H2 (theoretical description in Claydon et

al. (1971); Werner et al. (1987); Haxton et al. (2007))

O− + H2
k1−→ H2O + e−; ∆H = −3.58 eV , (69)
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O− + H2
k2−→ OH− + H; ∆H = −0.28 eV , (70)

their isotopic variants with D2, and the reaction of O− with CO

O− + CO k3−→ CO2 + e−; ∆H = −4.03 eV (71)

are used in this work as a model systems to demonstrate the capabili-
ties of the presented experimental setup. The exothermicities of the re-
actions with H2 are given by Claydon et al. (1971) and the exothermic-
ity of the reaction with CO by Abouaf et al. (1976). The uncertainty of
these values is smaller than 0.1 eV. The product energy distributions of
reactions (69) and (70) have been studied by Mauer and Schulz (1973)
and partly by Esaulov et al. (1990). Furthermore, strong unexpected
isotopic effects have been observed in the product energy distribution
of reaction (70) with H2/D2 as reactants (Lee and Farrar, 1999).

5.2 theory of operation

The ES-MPT instrument is a combination of an electron spectrometer
with an rf ion trap. These two devices are combined in such a way
that the ion trap is located inside the input region of the electron spec-
trometer (see schematic diagram in figure 30 and CAD drawing of the
apparatus in figure 45 in Appendix A).

R1
R2

anion cloud

MCP

B1 = 30 mT

B2 = 1 mT
(30)

(ø15)
(ø33)

(ø36) (ø19)(60) (46)
(181) (35)

(12)

octopole

ES1
ES2

ES3

ES4

hν

v0

v║1

v┴1

v0

v║2

v┴2ES0

isolators

→

Figure 30: Schematic diagram of the ES-MPT apparatus (not to scale). The
principle of combination of the radiofrequency ion trap (octopole on the left
side) and the MAC-E filter (right side). Anions are injected into the octopole
trap from the left and confined axially using the electrostatic ring electrodes
(R1, R2). Laser radiation can be applied along the axis, reactant gas can be
introduced into the trap between R1, R2. Produced electrons are magnetically
guided to the region with lower magnetic field (B2) and refocused to the
MCP detector. Cylindrical electrodes ES0–ES4 create the electrostatic barrier
(diameter and length in parentheses are in mm).

Thanks to the high mass ratio and different energies of the anions
and electrons, we can choose such operating conditions that the an-
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ions are governed mainly by the rf field of the trap and the produced
electrons mainly by the magnetic field of the electron spectrometer.

Although the rf ion traps in magnetic field have been used in experi-
ments such as Fourier transform mass spectrometers (Beu et al., 2011),
magneto-optical traps (Rellergert et al., 2011), and photoelectron spec-
trometers (Moseler et al., 2003) before, we believe that our instrument
is unique in its ability to extract and analyze the electrons produced
in the rf ion trap.

5.2.1 MAC-E filter

One of the principal components of the ES-MPT setup is the MAC-E
filter – Magnetic Adiabatic Collimation combined with an Electrostatic filter.
This device guides the produced electrons using magnetic field and
filters them according to their energy with good resolution regardless
of their initial velocity direction. This type of instrument was first de-
scribed by Beamson et al. (1980) and is used in many particle physics
experiments (KATRIN collaboration, 2005), where the produced light
charged particles have random initial velocity direction. In such cases,
filtering of the particles by a retarding potential barrier is not directly
applicable, because the barrier acts only on the randomly distributed
projection of the velocity parallel to the electric field.

The principle lies in the adiabatic invariance of magnetic moment µ
of electrons with mass me:

µ =
E⊥
B

, (72)

where B is the magnitude of the magnetic field, E⊥ is the kinetic en-
ergy associated with the particle velocity perpendicular to the mag-
netic field vector. For detailed derivation of the magnetic momentum
concept and invariance see section 2.1.3.

The magnetic field configuration of the MAC-E filter consists of two
regions with magnetic field intensities B1 � B2. We will denote these
regions as strong-B and weak-B in the text. The electrons are produced
in the strong-B region (B1) and guided along the magnetic field lines
into the weak-B region (B2). Thanks to the conservation of magnetic
moment µ, the initial energy of the perpendicular motion E⊥1 is re-
duced to

E⊥2 = E⊥1
B2
B1

(73)

in the weak-B region and because of the energy conservation, the en-
ergy of the perpendicular motion E⊥ must be transformed into the

49



associative detachment and the electron spectra

energy of motion parallel to the magnetic field (E‖, associated with
parallel velocity v‖). The electron velocities become collimated and
their energies can be analysed simply by placing a variable retarding
potential barrier into the weak-B region.

Assume that an electron with charge qe is produced in the strong-B
region with velocity v0, energy E0, and velocity projection parallel to
magnetic field v‖1 (figure 30). To pass through the potential barrier
EB = qeUB in the weak-B region, the energy of the parallel motion
must satisfy E‖2 > EB (we set the reference zero potential in the center
of the trapping area). This condition can be rewritten in terms of the
initial values using eqation (73) and the law of energy conservation:

v‖1

v0
>

√
1−

(
1−

EB

E0

)
B1
B2

. (74)

We calculate the response of the MAC-E filter to a monoenergetic
isotropic source of electrons analytically in order to understand the
transmission properties of the MAC-E filter relevant for our experi-
ment. The probability distribution of the velocity component v‖1 is
uniform in the interval [−v0, v0]. Therefore, the fraction of particles
satisfying (74) is simply calculated as

PT

(
EB

E0

)
=
1

2

(
1−

√
1−

(
1−

EB

E0

)
B1
B2

)
. (75)

The factor 1/2 accounts for the particles with initial velocity in the
direction away from the spectrometer. We neglect it in the further dis-
cussion, since these particles can be reflected back to the spectrometer
by placing a high electrostatic barrier on their escape path. Evaluation
of the extreme cases leads to the transmission function of the spec-
trometer

PT

(
EB

E0

)
=


1 EB

E0
6 1− B2

B1

1−

√
1−

(
1− EB

E0

)
B1
B2

1 > EB
E0
> 1− B2

B1

0 EB
E0

> 1 .

(76)

The electron spectrum is obtained by differentiating the retarding
curve. Hence the relative resolution ∆E of the filter can be calculated
by differentiating the transmission curve for monoenergetic electrons (76).
We define the relative resolution as the width of the support of the ob-
tained energy distribution peaks

∆E = E0
B2
B1

. (77)
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The expression (76) is also useful in estimating the efficiency of
extracting the electrons from the ion trap. A small potential barrier
UT ≈ −0.3V, which is used to trap the anions, can prevent some elec-
trons from leaving the trap. Since the magnetic field in the trap is
nearly constant, we can evaluate the extraction probability PE by set-
ting B1/B2 = 1 in equation (76). Expressing the result in terms of the
electron energy Ee and trapping potential UT leads to

PE(Ee,UT) = 1−

√
qeUT

Ee
(78)

for Ee > qeUT, otherwise the probability is zero.

5.2.2 Radiofrequency ion trap

The radiofrequency (rf) multipole traps are well understood and widely
used for trapping of charged particles as has been described in sec-
tions 2.4 and 4.1. Linear radiofrequency octopole is used to guide and
trap the anions in the radial direction in the ES-MPT. In the axial direc-
tion, the ions are trapped by electrostatic barriers. To trap an anion of
mass M and charge q, the rf field of an amplitude V0 creating an effec-
tive potential V∗ greater than the particle kinetic energy E is needed.
In the adiabatic approximation (section 2.4.1), the effective potential of
a linear octopole as a function of the reduced radius r̂ = r/r0 is given
by

V∗(r̂) =
n2

4

q2

MΩ2
V20
r20
r̂6 , (79)

where Ω is the rf field angular frequency, r0 is the inscribed radius of
the octpole (3 mm in our case), r is the radial coordinate.

The minimal rf amplitude V0 necessary for trapping the ions is
given by a requirement that the turning radius of the ions must be
within a safe distance from the rods, typically smaller than 0.8 · r0, as
discussed in section 2.4.3. This imposes a condition V∗(0.8) > E. Un-
der the typical operating conditions in our experiments with trapped
O− anions, Ω/2π = 4.4 MHz, V0 = 10 V, and the effective potential
at the safe turning radius is V∗(0.8) = 0.05 V. These conditions are
just sufficient for trapping of thermal anions at 300 K and significant
lowering of the rf amplitude is not possible without the decrease of
the frequency. The adiabatic theory is not applicable to the interac-
tion of electrons with rf fields in our conditions. The residence time of
electrons in the rf field is comparable to the rf period and no simple
analytic description is available. Therefore, we used a computer model
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of the spectrometer described in Roučka (2012) to investigate potential
problems with this interaction.

In the particular case of the ES-MPT instrument, the ion trap is op-
erated in magnetic field. The problem of ion motion in such combined
fields has been studied theoretically (Chun-Sing and Schuessler, 1981;
Huang et al., 1997; Li, 1989; Dodin and Fisch, 2005; Dodin and Fisch,
2006). In our experimental conditions, the magnetic field is relatively
weak, i. e., the cyclotron frequency is much smaller than the rf fre-
quency. We have verified by numerical simulations that, in such cases,
the adiabatic theory and equation (79) remain valid. The experimental
confirmation is presented in section 5.3.2.

5.3 experimental setup

The ES-MPT (figure 30) is an UHV apparatus with background pres-
sures < 1 · 10−7 Pa. The storage ion source, trapping area, and MAC-E
filter vacuum vessels are each pumped by its respective magnetically
suspended turbomolecular pump (total of 3).

The anion part of the apparatus consists of the anion source (sec-
tion 3.1), quadrupole mass spectrometer (section 3.1), guiding octopole,
and the trapping octopole area (Glosík et al., 2000). The O− anions are
produced in the SIS by electron bombardment of the precursor gas
(N2O) and are mass selected in the quadrupole before injection into
the trap.

The trapping area is enclosed in a scattering cell with a separate gas
inlet system for introduction of a reactant gas. The octopole rods are
2mm thick (rr = 1mm), spaced on a circle with 6mm inner diameter
(r0 = 3mm). The lowest usable rf amplitude for O− is 10 V as dis-
cussed in section 5.2.2. The axial trapping barriers are created using
ring electrodes R1, R2 located outside of the octopole (rings with in-
ner diameter 12 mm and length 10 mm). The ring electrode R2 is also
responsible for the trapping potential UT described by equation (78).

No cooling or heating of the reaction area is implemented, the ex-
periments are conveyed at room temperature.

The apparatus is optically transparent along the axis of the octopole
so that laser radiation can be used to photodetach the trapped anions.
A microchannel plate (MCP) detector (section 3.2) is used for detection
of ions and electrons. The detector is located off axis in order to retain
the optical transparency of our setup.

The strong-B region of the MAC-E filter is coincident with the ion
trap location and the field is parallel to the trap axis in order to ex-
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Figure 31: Configuration of the electrodes, coils, and ferromagnetic elements
of the electron spectrometer. The calculated color-coded magnetic field inten-
sity is projected on the calculated magnetic flux tube emanating from the ion
trap. The flux tube approximately represents the possible electron trajecto-
ries. The number of ampere-turns (At) used for producing the magnetic field
is indicated for each coil.

tract the produced electrons. The magnetic field for the MAC-E filter
is produced with standard enamelled copper wire coils (4 in total)
located outside of the vacuum chamber. Two coils in approximately
Helmholtz configuration are used to generate the strong magnetic
field in the trapping area. These coils are surrounded by ferromagnetic
steel rings, which enhance the gradient of the magnetic field between
the strong- and weak-B regions, thus reducing the dimensions of the
filter. The other two coils are used to focus and deflect the filtered
electrons to the off-axis detector.

The suitable configuration of coils and ferromagnets was designed
using computer simulations with the FEniCS software (Logg and Wells,
2010; Logg et al., 2012) (figure 31, for details see Roučka (2012)) and
verified by measurements with a Hall probe (figure 32).

The highest magnetic field intensity (in the trapping area) is B1 =

30mT, the lowest magnetic field in the electrostatic barrier region is
B2 = 1mT. The theoretical resolution of the MAC-E filter is thus ap-
proximately 3 %.

All electrodes are made from austenitic (non-magnetic) stainless
steel. The MAC-E filter parts were newly designed for this setup. The
shape of the electrodes ES0–ES4 was optimized to provide an accurate
potential barrier coincident with the minimum of the magnetic field
intensity. The calculated inhomogeneity of the barrier is smaller than
1 %. The optimization was carried out using the Elmer software1.

1 URL: http://www.csc.fi/english/pages/elmer
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Figure 32: Measured magnetic field generated by the Helmholtz coils and the
focusing coil with 4.5 A current (using a hall probe). The zero on z axis is set
into the center of symmetry of the Helmholtz coils. The area between the end
electrodes, is indicated in the left panel and it is shown in detail in the right
panel. The shape of the retarding electrostatic barrier (located in z ≈ 0.2 m)
is indicated by the dotted line.

The measurement of electron spectrum proceeds by measuring the
electron flux Ie (number of detected electrons per second) as a function
of the electrostatic barrier height UB. This way we directly measure the
integral spectrum and the differential spectrum is obtained by numer-
ical differentiation with smoothing using the Savitzky-Golay filter. Un-
less stated otherwise, the differential spectra are always normalized to
unit area.

The ES-MPT is highly modular and several configurations have been
used to obtain the results presented. These modifications are going to
be described in the text when relevant.

A number of test measurements in different configurations were
performed in order to understand the properties of this unique instru-
ment and in order to properly calibrate the energy resolution. The
following subsections document these auxiliary measurements.

5.3.1 Thermionic emission as electron source

In order to analyze the resolution of the MAC-E filter without the in-
fluence of the rf field, the electrons produced by thermionic emission
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were used. The anion producing part was disconnected and a thin
tungsten filament was placed into the center of the octopole (radially
and axially with respect to the ring electrodes). The potential of the
ring electrodes was set to 0V with respect to the reference DC poten-
tial of the octopole rods.

The filament was heated by ohmic heating and the heating current
was turned on and off with repetition frequency ≈ 100Hz and duty
ratio 0.5. We ensure by gating of the detector that the electrons are
counted only in the phase with zero heating current. In this way the
filament surface potential is well defined and can be biased to desired
value without the influence of voltage drop due to the filament resis-
tance.

The electrons emitted from the hot filament originate from the high-
energy tail of the Fermi-Dirac distribution of electrons in the metal,
which can be approximated by the Boltzmann distribution. The elec-
tron flux distribution is obtained by multiplying the Boltzmann veloc-
ity distribution with electron velocity component perpendicular to the
metal surface. After integration over the angular coordinates this leads
to the energy distribution of the emitted electrons

f(Ee) dEe = (kBT)
−2Ee exp

(
−
Ee

kBT

)
dEe , (80)

where kB is the Boltzmann constant and T is the filament temperature.
The offset on energy scale of the measured spectrum is determined
by the bias voltage applied to the filament and by the difference of
work functions between the spectrometer electrodes and the filament.
Several measurements were performed at different bias voltages with
respect to the trap potential and the obtained integral and differential
spectra are shown in figure 33. The differential spectra were analyzed
by fitting a convolution of the theoretical spectrum (80) and a Gaus-
sian function. The position µ, standard deviation σ, and temperature
T were used as free parameters. We have determined that the work
function of the filament is approximately 0.1 eV higher than the work
function of the electrodes. The effective potential barrier is approxi-
mately 2 % higher than the applied electrode potential with respect
to the octopole due to the filtering properties of the MAC-E filter in
combination with the inhomogeneities of the electrostatic field, which
is in agreement with our numerical calculations. The estimated tem-
perature of the filament is T = (1080± 40) K.

The fitted standard deviation as a function of electron energy is
shown in figure 34. The same analysis was also carried out on simu-
lated data under equivalent conditions and the results are also shown
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Figure 33: The measured spectra of electrons produced by thermionic emis-
sion from hot filament. Panel (a) — Integral recorded spectra. Panels (b),
(c) — Differential spectra (normalized) obtained from the integral spectra in
logarithmic and linear scales respectively. Cathode bias voltages −0.1, −1.1,
−2.1, −3.1, and −4.1V were used to provide electrons of 5 different energy
distributions (full lines). Fits of the theoretical spectrum (80) convolved with
a Gaussian function and offset by the bias voltage are indicated by the dotted
lines.

therein. The figure demonstrates the broadening of the peaks at higher
electron energies, which is also apparent in figure 33(c). This observa-
tion is in accordance with equation (77), since the MAC-E filter reso-
lution is proportional to the energy. The broadening σ, which consists
of a constant part σc and a proportional part σpEe, can be expressed
as σ2 = σ2c + (σpEe)

2. The constant part is comparable to the expected
variation of the work function on the filament surface (between 0.01
and 0.1 eV according to Darling et al. (1992); Rossi and Opat (1992))
and it is not relevant for our analysis. The proportional part deter-
mined by fitting of the experimental data is σp = (2.0± 0.1) % and
it is compatible with value determined from the simulation σp =

(1.6± 0.1) %. The measured value is of the same magnitude as the
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Figure 34: Resolution of the MAC-E filter as a function of electron energy.
Triangles correspond to the resolution determined from the measurements
with electrons from thermionic emission (figure 33). Circles represent the
computer simulation of the spectra (Roučka, 2012). The instrument function
is approximated with a Gaussian and its standard deviation σ is shown on
the ordinate.

theoretical peak width B2/B1 = 3.3 % (equation (77)), although it is
not directly comparable, because the peak is not Gaussian and other
effects such as potential inhomogeneity contribute to the experimental
and simulated values.

The electrons from the thermionic emission can also be used to in-
vestigate the influence of the octopole rf field on the measured spectra.
The distortion of the measured spectra for bias voltage −1.1V and dif-
ferent rf amplitudes applied to the octopole is indicated in figure 35.
This effect of the rf field on the electrons from the filament is not di-
rectly comparable to the effect on electrons from the trapped anions,
because the potential of the filament is well defined by the applied
bias in contrast to the potential at which the electron is detached from
the anion. The actual position of the detaching anion in the rf field
determines the potential (section 2.3.1). We deduce that the effects pre-
sented in figure 35 are caused by rf multipole field interacting with
the electrons flying through the octopole after leaving the filament
surface.

The influence of the magnetic field intensity inside the trap on the
measured spectra was also investigated in the configuration with ther-
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Figure 35: Influence of the rf field to the measured spectra of cathode emitted
electrons. Spectrum measured with and without rf field present (cathode bias
is −1.1V, this corresponds to 0 eV energy on the abscissa).

mionic filament. The results for two different intensities are plotted
in figure 36, although the interpretation of such measurements is not
straightforward because the refocusing and bending coils magnetic in-
tensities had to be also adjusted. Therefor the ES-MPT was operated at
single spatial magnetic intensity configuration in all remaining exper-
iments.

5.3.2 Anion photodetachment

For further tests with trapped O− anions, the MCP detector was placed
closer to the trap replacing the ES2 electrode in order to allow simulta-
neous detection of ions (focused by electrostatic fields) and electrons
(focused by magnetic fields directly to the detector without adiabatic
collimation). The experiment was operated in two distinct modes:

1. The ions were repeatedly injected into the trap, stored for a cer-
tain trapping time, then extracted to the detector and counted. In
this mode the detector was gated in order to detect only the ions
after the trap opening. A similar technique was previously used
by Hlavenka et al. (2009) to measure absolute photodetachment
cross sections of O− and OH− anions.
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Figure 36: Influence of the magnetic field intensity inside the trap to the
measured spectra of cathode emitted electrons.

2. A long fixed trapping time was used and the detector gate was
open continuously between the ion injection and extraction. In
this mode, the electrons produced in the trap were detected and
their arrival times were recorded using a multichannel scaler.

In this configuration, in mode 1., we have verified that the presence
of the magnetic field of the spectrometer does not influence the con-
finement time τ (the time constant of the ion loss from the trap) in
figure 37. The confinement time in our experiment is limited by reac-
tions with background gas and by eventual evaporation of anions due
to the rf heating. For numerical simulations of the latter phenomena
see Asvany and Schlemmer (2009).

Irradiating the trap with laser with photon energy hν higher than
the electron affinity EA of the atomic oxygen causes photodetachment

O− + hν→ O + e−(Ee); Ee = hν− EA . (81)

The loss of the ions due to the photodetachment was observed in the
mode 1. of our measurement. In the mode 2. we were able to detect
the photodetached electrons under the same conditions. The results
of these measurements with a pulsed laser beam with 660 nm wave-
length are summarized in figure 38. The laser wavelengths and photon
energies used in this work and corresponding energies of the photode-
tached electrons are summarized in table 3. The figure 38 clearly in-
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Figure 37: Measured number of O− anions as a function of storage time t.
The data shown as circles, triangles, diamonds and squares have been
recorded using different magnetic field intensity inside the octopole trap.
The statistical errors are smaller than the size of the symbols. Number of
O− is not normalized, various intensities at different magnetic field intensi-
ties are caused by the change of overall detection efficiency. The confinement
time is independent on the magnetic field intensity.

dicates the increased rate of electron production related to the laser
pulse. Order of magnitude smaller flux of electrons is observed even
after the laser is switched off. This is caused by trapping of a frac-
tion of the photodetached electrons in the ion trap as explained in
section 5.2.1. These electrons reside in the trap until their velocity is
sufficiently disturbed by the rf field and they leave the trap towards
the detector or to the octopole rods.

In figure 38 we compare the measured total number of produced
electrons (integral of the electron flux in time) and the expected num-
ber of electrons calculated from the decrease of the number of O−

anions as a function of storage time. The lines are in a remarkably
good agreement after introducing normalization due to different over-
all detection efficiency for electrons and O− anions.
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Figure 38: Number of detected electrons and O− anions as a function of stor-
age time (t) during a pulsed laser photodetachment experiment (using red
laser, see table 3). Panel (a) — the measured electron production rate with
the laser pulse ON. The duration of the laser pulse is indicated. Panel (b) —
squares and circles indicate the number of O− with the laser pulse OFF and
ON respectively. Exponential fits of the ions counts are also indicated. The
dashed line shows the expected number of produced electrons calculated
from the fits. The expected number is in good agreement with the measured
number (solid line) obtained by integrating the electron production rate cor-
rected for the differences in electron and ion detection efficiencies.

5.3.3 Spectra of the photodetached electrons

The spectra of photodetached electrons were measured in the full ES-
MPT setup (figure 30). The integral spectra are obtained by measuring
the electron count rate on the detector as a function of the retarding
potential UB. The laser is switched on after filling the trap with ap-
proximately 20 ms time delay, during which the ions are cooled by
collisions with the helium buffer gas. The spectra of photodetached
electrons were measured with four lasers, the wavelengths and corre-
sponding electron energies are summarized in table 3. The differential
spectra obtained with the Savitzky-Golay smoothing filter are plotted
in figure 39. The standard deviation of the measured data is indicated
by the error bars.

A similar experiment was carried out also with a mixture of H2 and
He in the trap. In this case, only the violet (405 nm) laser was used. The
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Table 3: Overview of the laser wavelengths and corresponding photon ener-
gies used in the photodetachment experiments. The right column shows the
energy Ee of electrons produced by photodetachment of O−. The electron
affinity of O is EA = 1.4610 eV (Appendix B).

color λ hν Ee

(nm) (eV) (eV)

red 660 1.88 0.42

green 532 2.33 0.87

blue 445 2.79 1.33

violet 405 3.06 1.60

number of Langevin collisions between O− and H2 before switching
on the laser was varied by changing the H2 concentration in the trap
and the delay of the laser pulse after trap filling. The obtained spectra
are shown in figure 40. Depending on the average number of Langevin
collisions between O− and H2 before switching on the laser, we can
observe two peaks with varying intensities in the spectra. These peaks
can be attributed to the electrons produced by photodetachment of O−

and OH−, the anion product of the reaction (70). The peak positions
are in good agreement with the electron energies expected from the O
and OH electron affinities (Appendix B).

5.4 experimental results

Although the ES-MPT apparatus is primarily designed to study the
energy distribution of the electrons produced from the associative de-
tachment reaction, it is also in principle usable to measure the reaction
rate coefficents. The reaction rates of associative detachment were stud-
ied by adding a mixture of helium buffer gas with the reactant into the
scattering cell. The typical ratio of the reactant to the buffer gas num-
ber densities was approximately the same for all reactions [H2]/[He],
[D2]/[He], and [CO]/[He] ≈ 1/3.

5.4.1 Reaction rate coefficient

The electron production rate dNe/dt in the presence of a reactant gas
is proportional to the number of ions in the trap and to the number
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Figure 39: Measured spectra of electrons photodetached from O−anions. Pho-
ton wavelengths used are 660nm (R), 532nm (G), 445nm (B) and 405nm (V)
(table 3). Panel (a) — points correspond to measured data with wavelengths
red, green, blue, and violet respectively (from left). Triangles indicate the
expected electron energies according to table 3. The right axis corresponds
to the extraction probability PE(UT) (dotted line), where the trapping po-
tential UT is determined from the fit. The smooth full lines represents the
convolution fitted on the theoretical spectrum using the instrument function.
Panel (b) – the spectra obtained from the measured data after deconvolution
with the instrument function.

density of the reactant. In the case of trapping NO of O− ions in the
trap with reactant H2 (concentration [H2]), we derive

Ie = s
dNe

dt
= sk1[H2]NO , (82)

where Ie is the number of detected electrons per unit time (electron
flux) and s the detection efficiency of our instrument for electrons.
The detection efficiency is constant for electrons at our electron en-
ergy scale, therefore we are allowed to investigate the disappearance
of O− after filling the trap by recording the electron flux in time us-
ing the multichannel scaler. Examples of the measured Ie for different
H2 number density are shown in figure 41. In this measurement the
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Figure 40: Panel (a) – measured spectra of the photodetached electrons from
O− and OH− using the violet laser. The trapped O− ions interact with H2
in the trap. The average number of Langevin collision of O− with H2 be-
fore the laser is switched ON is 0, 2, and 7 for the curves (I), (II), and (III)
respectively. The peaks in the spectrum, obtained from the measured data
after deconvolution, can be attributed to the electrons produced from OH−

and O− (panel (b)). The expected positions of the peaks are indicated by the
triangles.

retarding potential UB is set to zero – all produced electrons are con-
tributing to Ie.

When the reactant gas is not present in the trap, the number of
ions in the trap as a function of time can be probed using short laser
pulses (≈ 10ms). The number of observed photodetached electrons is
proportional to the number of ions in the trap (figure 42).

The number density of the reactant is estimated from the geomet-
rical configuration, pumping speed and ion gauge pressure measure-
ment. Our estimates account for the differences in the ion gauge sen-
sitivities and vacuum conductivities between different gases. The cal-
culated total reaction rate coefficients k = k1 + k2 for reactions of
O− + H2 and O− + D2 (reaction (62) and its isotopic variant) are com-
pared with the previous measurement done at the 22-pt and measure-
ments done by McFarland et al. (1973) in table 4. Despite the good
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Figure 41: Measured electron production rate in reaction (69) as a function of
trapping time measured at two H2 number densities (full lines (I) and (II)).
The trap is filled with O− at t = 0 ms. At t = 20 ms, the axial trapping barrier
is lowered to allow the low energy electrons to escape. The circles indicate
a data proportional to the number of trapped ions without added H2. The
number of ions is probed by illuminating the ions with short laser pulses
and detecting the photodetached electrons (also see figure 42). Dashed lines
correspond to exponential decay fits in form exp(−t/τ), obtained τ at given
[H2] are indicated (τRES corresponds to confinement time without added
reactant).

agreement with the results of McFarland et al. (1973), we estimate that
the error of the calculated number density could be up to a factor of 2
caused by the simplifications in the geometric model of the instrument
and because of the limited accuracy of the ionization pressure gauge.
However, the geometric factors cancel if we calculate the ratio of the
isotopic variants of the reaction coefficients k(H2)/k(D2) = 1.7± 0.1
(the same for ES-MPT and 22-pt section 4.3), where only the statistical
error is given. This value is slightly higher than the isotopic effect ob-
served by McFarland et al. (1973), k(H2)/k(D2) = 1.4.

5.4.2 Energy distribution of detached electrons

The technique of acquiring the energy distribution of electrons from
the associative detachment reaction is the same as for the photode-
tached electrons. The difference is that the electrons are produced con-
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Figure 42: Indirect method of probing number of anions in the trap at differ-
ent storage times (t). Electrons produced using short laser (≈ 10ms) pulses to
induce photodetachment of trapped O− anions are counted using MCS. Sum
of electrons produced at one particular time is proportional to the number of
anions in the trap at that time.

tinuously. The electrons are selected by gating of the detector, so that
only the electrons produced from cold O− (thermalized by collisions
with He buffer gas) are accounted.

Figure 43 shows the measured electron energy distributions for the
associative detachment reactions of O− with H2, D2, and CO. The
energy distributions have been investigated up to the maximum en-
ergy allowed by the reaction exothermicity, which was given in sec-
tion 5.1. The differential spectra were obtained by differentiating and
smoothing the integral spectra using the Savitzky-Golay filter with the
same parameters as the photodetachment spectra in figures 39 and 40.
The differential spectra were deconvolved with the Gaussian kernel
N(0,σ3) using the Lucy Richardson algorithm (Lucy, 1974; Richard-
son, 1972) with a constraint on the positive value of the data and then
divided by the extraction probability PE (equation (78)). The data mea-
sured by Esaulov et al. (1990) are used as a reference for the normal-
ization of our data with H2 reactant. The same normalization factor
was used afterwards for the data measured with D2 and CO reactants,
assuming a similar behavior in the inaccessible low-energy part of the
spectrum. For the AD with H2, there is a good agreement between our
results and the spectra obtained by Esaulov et al. (1990) in the over-
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Table 4: Total reaction rate coefficient estimated from temporal evolutions of
electron production at 300 K (figure 41) compared with previous measure-
ments.

reaction k (ES-MPT) k (22-pt) k (Drift tube)

(10−10 cm3 s−1) (10−10 cm3 s−1) (10−10 cm3 s−1)

O− + H2 5.4± 0.2 10.2± 0.6 6.4

O− + D2 3.2± 0.1 5.9± 0.2 4.6

ratio 1.7 1.7 1.4

Note: For reaction rate coefficient measurement on the 22-pt see section 4.3,
for drift tube measurements see McFarland et al. (1973).

lapping region, despite the fact that his measurement was carried out
at 1 eV collision energy. The measured spectra of electrons from the
three studied reactions show similar features – we can conclude that
the excess energy of the reactions is stored mainly in the internal ex-
citation of the produced molecule. In figure 43, one can observe that
there is no significant structure in the electron spectrum at energies
above approximately 1.5 eV.

5.5 discussion

We outlined the possibilities of the ES-MPT apparatus together with
first experimental results. Despite problems encountered, the instru-
ment has sufficient resolution to obtain general characteristics of the
energy distribution of electrons produced in AD. In the following sec-
tions we are going to discuss plausible improvements of the ES-MPT

and several consequences for AD of O− that have been discovered dur-
ing our work on the apparatus.

5.5.1 Improvements of the ES-MPT apparatus

Our measurements with the electrons produced by thermionic emis-
sion (figure 33 and 34) demonstrate that the properties of the spec-
trometer itself are in accordance with the design. The measurements
with electrons produced by thermionic emission and by photodetach-
ment with applied rf trapping field indicate that the rf field influences
the electrons and causes splitting of initially monoenergetic electron
energy distribution (figure 35 and 39). According to our knowledge,
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Figure 43: Measured electron energy spectra in the reactions of O− + H2,
D2 and CO (solid lines in panels (a), (b), and (c) respectively). The data of
Esaulov et al. (1990) are shown for comparison and are used to normalize
the spectra. The standard deviation of multiple measurements is indicated in
the graph. At electron energies above 1.5 eV, the signal intensity is below the
noise level and the results should be interpreted as an upper bound of the
actual probability.

supported by computer model of Roučka (2012), such effects are not
expected in the rf field of an ideal multipole. In the non-ideal condi-
tions, where rf field in the trap is not symmetric (e. g. due to misalign-
ment of the rods), the resulting spectra are possibly shifted/splitted
depending on the location of origin of the electrons.

Since further decrease of the amplitude V0 is not feasible in our
setup as has been discussed in section 5.2.2, the obvious solution
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5.5 discussion

would be to use a higher order multipole. The field decreases much
faster towards the axis thus eliminating the variances in V0 better.

The spectrometer threshold at low energies can in principle be im-
proved by lowering the O− energy, i. e., by cooling the trap. If the O−

anions have lower temperature, their kinetic energy is also lowered,
thus a smaller axial barrier on ring electrodes would be needed to
confine them, effectively improving the extraction probability PE.

5.5.2 Electrons produced in AD

The spectra of electrons produced from the AD of O− with H2, D2,
and CO were measured at 300 K. In case of the reaction with H2,
our results agree with the results of Esaulov et al. (1990), providing
a supporting evidence in favor of Esaulov et al. against the results
of Mauer and Schulz (1973). To our knowledge, the spectra for the
reaction with D2 and CO were not measured in the corresponding
energy range up to now.

Our results indicate that for the studied AD reactions, the excess en-
ergy is stored mainly in the internal excitation of the molecule. There
are two mechanisms responsible for this result. Firstly, a high rota-
tional excitation is expected due to simple kinematic constraints – a
collision system with nonzero impact parameter has nonzero angular
momentum and this angular momentum is stored mainly in the molec-
ular rotation because of the low mass of the ejected electron. Higher
rotational excitation is statistically favored (Smith and Leone, 1983; Ži-
vanov et al., 2003) up to a certain Jm, which is limited by the energy
conservation and by the corresponding centrifugal barrier. Secondly,
the vibrational product distribution depends on the coupling between
the bound and continuum states of the detaching electron. If this cou-
pling is strong and the electron detaches early during the interaction
at higher internuclear separation, the product will have high vibra-
tional excitation according to the Franck-Condon principle (Smith and
Leone, 1983; Živanov et al., 2003; Lee and Farrar, 1999).
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6
F I N A L R E M A R K S

In this work we presented several experimental techniques useful for
anion–molecule reaction investigation. Apparatuses AB 22-pt and ES-MPT

were described and supporting measurements have been shown to
demonstrate their capabilities. Several new experimental results have
been obtained and are going to be discussed together with the future
planned improvements of the two instruments in this chapter.

atomic beam – 22-pole trap

The description of the AB 22-pt apparatus can be found in section 4.1.
The apparatus has been used to investigate the associative detachment
reaction H− + H → H2 + e− (section 4.2) and O− + H2 → H2O + e−

(together with OH− channel, section 4.3).
In case of H−, our measurements of reaction rate coefficient are in

good agreement with previous results of Kreckel et al. (2010) in the
overlapping temperature region and also with theory of Čížek et al.
(1998). Our measurements in the range 10 to 40 K are unique, though
do not show any unexpected behaviour. The greatest source of uncer-
tainty is the 40% estimated error of the reaction rate coefficient used
to calibrate the H beam number density. These results have been pub-
lished (Gerlich et al., 2012), see Attached articles, Article I.

On the other hand, results of O− associative detachment reaction
rate coefficient have smaller overall uncertainty (expected below 20%),
because of higher accuracy of number density determination of di-
rectly leaked molecular gas in our setup. The results obtained at 300 K
are directly comparable with previous measurements of McFarland
et al. (1973) and are slightly higher. The measurements down to 10 K
are unique and are showing a similar unexpected maximum at tem-
perature close to 50 K as has been recently observed by Otto et al.
(2008) for the NH−

2 + H2 system. These results are being prepared for
submission.
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electron spectrometer – multipole trap

Whole chapter 5 is devoted to the ES-MPT. The ion part of the setup is
a well known guided ion beam configuration. However, the spectrom-
eter part of the instrument has been built from the very beginning,
thus we made several calibration measurements, which were then con-
fronted with the design to properly and undoubtedly characterise the
ES-MPT.

Electrons produced from thermionic emission (section 5.3.1) and
photodetachment (section 5.3.3) have been used as an energy calibra-
tion standard. The spectrometer resolution is close to the projected,
including the problems associated with low energy electrons due to
axial barriers used for anion trapping. The ES-MPT is ideally suited for
associative detachment reaction studies of cold trapped anions and in
contrast with previous measurements even allows measurements with
beams (e. g. atomic H), not only molecular gas as a neutral reactant in
the reaction.

The measurements of energy distribution of electrons produced in
associative detachment reaction O− + H2 → H2O + e− are in agree-
ment with previous measurement of Esaulov et al. (1990) in the over-
lapping region. Even though energy in the Esaulov’s experiment was
close to 1 eV (our measurements are thermal). The electron energy
distributions for reactions O− + D2 → D2O + e− and O− + CO →
CO2 + e− measured up to 4 eV are unique and have not been ac-
quired before according to our knowledge (O−+CO has been studied
by Mauer and Schulz (1973) up to 0.6 eV). There is no significant struc-
ture in the electron spectrum for any of the AD reactions studied at en-
ergies above 1.5 eV. Results presented in chapter 5 served as a basis for
the article submitted on 28. May 2013 (Attached articles, Article II)).

Future improvements of the ES-MPT include active cooling of the
anions below 300 K, in order to decrease the anion axial trapping bar-
rier, effectively improving the spectrometer response at lower electron
energies. The spectrometer would also benefit of use of higher order
multipole because of faster rf field decrease towards the axis.
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B
E L E C T R O N A F I N I T I E S

atomic anions

Compiled from
NIST Chemistry
WebBook. http:
//webbook.

nist.gov/

Table 5: Electron afinities of the elements in eV.

I.A II.A III.A IV.A V.A VI.A VII.A

1 H

−0.76

2 Li Be B C N O F

−0.62 −0.28 −1.27 −1.43 −3.41

3 Na Mg Al Si P S Cl

−0.55 −0.46 −1.39 −0.75 −2.08 −3.62

4 K Ca ... Ga Ge As Se Br

−0.5 −0.31 −1.25 −0.80 −2.02 −3.37

5 Rb Sr ... In Sn Sb Te I

−0.49 −0.31 −1.26 −1.05 −1.97 −3.06

6 Cs Ba ... Tl Pb Bi Po At

−0.47 −0.31 −1.14 −1.14 −1.87 −2.8

selected molecular anions

Table 6: Electron afinities of selected molecules in eV.

H/D H2O C+H C+O N N O

OH H2O CH CO N2O NO O2
−1.83 −1.20 −1.24 −1.33 −0.22 −0.02 −0.45

OD H2O ·H C5H C2O H2N NO2 O3
−1.83 −1.53 −2.42 −2.31 −0.77 −2.27 −2.10
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C
S C R I P T S F O R E F F E C T I V E P O T E N T I A L V ∗

Listing 1: Script for evaluation of quadrupole transmission properties

#!/usr/bin/python2 .7

import numpy as np, pylab as plt

#Quadrupole parameters

f0 = 1.723e6 #in Hz

r0 = 0.004 #in m

V0max = 80.0 #in V

U0max = 0 #in V; 0 for "auto"

masses = [1,2,13,16,17,18] #masses to be plotted

#----------------------------------------------------------------

a_ideal = 0.237

q_ideal = 0.706

q = 1.602177e-19

Omega , amu = 2*3.14159265 * f0 , 1.67262158e-27

x_vec = np.arange (0.0, V0max , 0.1)

ax = plt.subplot (111)

for m in masses:

y_vec = np.minimum(q*x_vec **2/(m*amu*Omega **2*r0**2),

m*amu*Omega **2*r0 **2/(8.0*q) - x_vec /2.0)

U0max = max(max(y_vec), U0max)

ax.plot(x_vec ,y_vec)

ax.text(x_vec[y_vec.argmax ()], max(y_vec)+0.06, '%d'% m,

horizontalalignment='center ', verticalalignment='bottom ')

ax.set_ylim ([0.0 ,1.08* U0max])

ax.set_xlim ([0.0 , V0max])

ax.set_xlabel(r"$\it{V_0}$ (V)")

ax.set_ylabel(r"$\it{U_0}$ (V)")

plt.show() �
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scripts for effective potential v∗

Listing 2: Script for effective potential evaluation

#!/usr/bin/python2 .7

import numpy as np, pylab as plt

#Multipole parameters

f0 = 4.4e6 #in Hz

V0 = 10 #in V

q = 1.602177e-19

r0 = 0.003 #in m

n = 4

Omega = 2*3.14159 * f0

mass = 16 #in amu

def epsilon(m):

return 1.0/(2.0 * n**2) * m*1.67262158e-27 * Omega **2 * r0**2

def Ve(r, eps):

return 1.0/(8.0 * eps) * q**2 * V0**2 * (r/r0)**(2*n-2)

def eta(r, eps):

return (n - 1.0)/(eps* n ) * q * V0 * (r/r0)**(n-2)

#----------------------------------------------------------------

x = np.arange(0, r0, 0.00001)

fig = plt.figure ()

ax = fig.add_subplot (111)

ax.plot(x*1000,Ve(x, epsilon(mass))/q*1000 , ls = "--",

label = '$\it{V*}$ ($\it{m}$=%d)' % mass)

ax.set_ylim ([0, 100.])

ax.set_xlim ([0.0 , r0])

ax.set_xlabel(r'$\it{r}$ (mm)')

ax.set_ylabel(r'$\it{V*}$ (meV)')

ax2 = ax.twinx()

ax2.plot(x*1000 , eta(x, epsilon(mass)), ls = "-.", c='r',

label = r'$\it{\eta}$')

plt.axvline(x=0.8* r0*1000 , c='r', label = None)

ax2.set_ylim ([0, eta(r0,epsilon(mass))])

ax2.set_ylabel(r'$\it{\eta}$')

ax.text (0.02, 0.7, r'$\it{f_0}$ = %.1f MHz' % (float(f0)*1.0e-6),

transform = ax.transAxes)

ax.text (0.02, 0.6, r'$\it{V_0}$ = %.1f V' % V0, transform = ax.

transAxes)

ax.text (0.02, 0.5, r'$\it{n}$ = %d' % n, transform = ax.transAxes)

ax.text (0.81, 0.1, r'$\it{r = 0.8 r_0}$', color='r', transform =

ax.transAxes)

ax.legend(loc=2), ax2.legend(loc=9)

plt.show() �
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ABSTRACT

Thermal rate coefficients for forming H2 via associative detachment in H− + H collisions were determined using
the combination of a 22-pole ion trap (22PT) with a skimmed effusive beam of atomic hydrogen penetrating the ion
cloud. The temperature of both reactants have been varied independently (ion trap: T22PT = 10–150 K, neutral beam
accommodator TACC = 10, 50, 120 K). Using various combinations, the temperature range between 10 and 135 K
has been accessed for the first time experimentally. The effective number density of H (typically some 108 cm−3)
is determined in situ via chemical probing with CO+

2 ions. With decreasing temperature, the measured thermal rate
coefficients decrease slowly from 5.5 × 10−9 cm3 s−1 at 135 K to 4.1 × 10−9 cm3 s−1 at 10 K. The relative error
is 10%, while the absolute values may deviate systematically by up to 40%, due to uncertainties in the calibration
reaction. Significant improvements of the versatile and sensitive experiment are possible, e.g., by using electron
transfer from H to D + as calibration standard.

Key words: astrochemistry – atomic processes – early Universe – methods: laboratory – molecular processes
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1. INTRODUCTION

The evolution of matter in the early universe toward the for-
mation of the first stars is determined by atomic and molec-
ular processes involving mainly hydrogen (H, D), helium
(3He, 4He), electrons, and radiation. Traces of lithium and beryl-
lium are assumed to play only a minor role. Since the elemental
composition remains unchanged during this period, one could
expect that primordial chemistry is rather simple. However, up
to 200 reactions can contribute to the abundance of 23 atomic
and molecular species as pointed out by Lepp et al. (2002). Im-
portant for star formation is the role of molecules as coolants,
i.e., the conversion of translational energy into internal degrees
of freedom via inelastic or reactive collisions, followed by ra-
diative transitions.

There has been significant progress in improving the mod-
els which predict abundances of molecules and their role as
coolants; however, in all these models, most chemical reactions
are described just by simple temperature-dependent rate coeffi-
cients whereas, in principle, one would need state-to-state cross
sections (or elementary rate coefficients) for describing the non-
equilibrium chemistry. An example of central importance is the
scrambling reaction of H + with H2 and isotopic variants. This
collision system is very efficient in converting kinetic energy
into internal excitation of the product molecule. Important for
the spectrum of the emitted radiation is that not only does vibra-
tion play a role but that also rotational states are populated very
efficiently to the limit given by the available energy. A recent
extensive comparison between theoretical and experimental re-
sults for collisions of H + + D2 and D + + H2 corroborates this
statement (Jambrina et al. 2012).

Several specific uncertainties in the reaction network describ-
ing the primordial chemistry have been discussed in recent years.
A special problem is the efficiency to form H2, the most abun-
dant molecule, and HD, which is important because it has a
dipole moment (Glover et al. 2006). But also molecules such as
H+

3 and its isotopic variants or HeH + are considered to be impor-
tant trace molecules and coolants (Glover & Abel 2008; Puy &

Signore 2007). An interesting case is the HeH + ion. This ion (or
He+

2) is the first molecule ever formed in the primordial universe
and, in sequential collisions with H atoms, first H+

2 and then H2
is formed. A new ab initio calculation for the proton transfer
rate coefficient in HeH + + H recently led to the conclusion that
the abundance of HeH + is more than one order of magnitude
higher than previously predicted (Bovino et al. 2011).

Formation of a hydrogen molecule from two H atoms under
early universe conditions requires a catalytic gas phase reaction
such as H + + H → H+

2 + hν followed by H+
2 + H → H2 + H + .

Besides the proton, an efficient catalyst is the electron, as soon as
conditions are such that the lifetime of H− gets long enough. The
sequence is radiative attachment e− + H → H− + hν followed
by associative detachment (AD)

H− + H → H2 + e− (1)

Due to bound–free, free–bound, and free–free transitions, the
(H–e−) system plays an important role in the universe, for
example for the continuum opacity of late-type stars or in
establishing a thermal equilibrium in the photosphere of a star.
Despite its abundance, H− not yet has been observed directly
via a specific transition (in the UV; see Ross et al. 2008 and
references therein).

The central role of H− in the primordial chemistry and con-
sequences of uncertainties in several rate coefficients have been
discussed by Glover et al. (2006) and Glover & Abel (2008).
Theoretical calculations for reaction (1) disagreed among each
other in the range of (1–5) × 10−9 cm3 s−1 (Sakimoto 1989;
Launay et al. 1991; Cizek et al. 1998). A few years ago, the
only experimental results have been from flow tubes operated
at room temperature and using two different schemes for pro-
ducing the H atoms (Schmeltekopf et al. 1967; Fehsenfeld et al.
1973; Martinez et al. 2009).

Meanwhile, the situation has changed due to new experimen-
tal and theoretical activities. At Columbia University, D. W.
Savin and coworkers have constructed a dedicated instrument
based on the merged beams principle. Using a 10 keV fast H−
beam and converting a fraction of the ions into neutral atoms
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Figure 1. Detailed drawing of the central part of the 22-pole ion trap apparatus. H− ions are injected into the trap via the electrostatic quadrupole bender. To the right,
ions move via the quadrupole mass spectrometer towards the detector. The cold effusive H-atom beam comes from the left. The gray shaded areas indicate the overlap
between the ion cloud and the neutral beam. For photodetachment studies, a laser beam is injected from the right.

(A color version of this figure is available in the online journal.)

via photodetachment (PD), reaction (1) could be studied at col-
lision energies between 4 meV and 1 eV (Bruhns et al. 2010).
Recently an extension to 4.8 eV has been reported by Miller
et al. (2011). Despite the fact that the merged beams technology
is rather complex and that the precise detection of the neutral H2
products from reaction (1) is a challenge, rate coefficients have
been determined with rather high accuracy, the total systematic
error has been estimated to be only ±24% (Kreckel et al. 2010;
Bruhns et al. 2010; Miller et al. 2011).

The merged beams results are in very good agreement with
calculated cross sections (Cizek et al. 1998) but there is still a
discrepancy, not only with the above-mentioned old flow tube
measurements but also with recent rate coefficients determined
at the University of Colorado, Boulder, with a tandem flowing
afterglow–selected ion flow tube (Martinez et al. 2009). The
old and new flow tube measurements agree with each other;
however, they are a factor of 2.2 ± 0.9 smaller than the recently
slightly correct merged beams results (Miller et al. 2011). It
has been suspected in Bruhns et al. (2010) that the discrepancy
may be due to an error in the AD calibration reaction Cl− + H
used for determining the H-atom density in the flow tube.
Looking at the recent activities related to the specific reaction
(1) and realizing that there are certainly more uncertainties in
the models simulating the processes in the pregalactic era, it
becomes obvious that more dedicated experimental activities
are needed.

In the following, we report first results for reaction (1)
obtained with an ion trapping instrument, a versatile method
which is complementary to the two experimental methods
mentioned above and which allows us to extend the temperature
range down to 10 K. After a short description of the ion trap
and the effusive H-atom beam, new data are presented with
emphasis on the accuracy of the absolute values, achieved so
far and on planned improvements, especially concerning the
determination of the effective number density of the reactants.
In the outlook we will mention other primordial reactions which
can be studied using temperature variable ion traps and give a
short summary to ongoing activities for detecting the electrons
produced by reaction (1).

2. EXPERIMENTAL

2.1. 22PT Ion Trap

The instrument used in this study was developed at the
Chemnitz University of Technology and is now operated

successfully at the Charles University in Prague. It is based
on the combination of a radio-frequency (rf) 22-pole ion trap
with an effusive beam source for atomic hydrogen (AB-22PT).
The method of using inhomogeneous rf fields for storing ions
has been summarized in Gerlich (1992). Technical details of
the present experimental setup can be found in Borodi (2008)
and Borodi et al. (2009). Previous studies of the interaction of
stored CH+

n ions with H atoms have been reported in Gerlich
et al. (2011) and Plasil et al. (2011).

The geometry of the region where the trapped ion cloud and
the neutral beam interact is shown in some detail in Figure 1.
The importance of determining the effective volume where
the reactants overlap is discussed below. Primary H− ions are
produced by electron bombardment of H2 precursor gas in a
storage ion source (Gerlich 1992). After prethermalization in
the source, the ions are mass selected using a quadrupole filter,
bent by 90◦ using an electrostatic quadrupole and injected into
the 22-pole trap. In the radial direction, the ions are confined
by the rf field created by two sets of 11 poles (RF1 and RF2)
precisely mounted on both sides. The potential inside the trap
can be corrected locally using the five ring electrodes (RE).
The entrance and exit electrode (EN and EX) are used to open
and close the trap with electrostatic barriers of some tens of
meV. After various storage times the exit electrode is opened,
the ions leave the trap, pass through the QP mass spectrometer,
and they are converted into a short current pulse using a micro
channel plate detector (MCP assembly F4655-12, Hamamatsu).
The pulses are accumulated in a 100 MHz counter.

The standard sequence (1) filling the trap repetitively with
a well-defined number of primary ions, (2) storing them for
various times, and (3) detecting them is averaged over many
iterations, for reducing the statistical errors. For comparison,
the number of ions, Ni(t), is normalized to one iteration or
normalized to the total number of ions. In general, there is no
loss of ions, i.e., the total number per filling remains constant.
In the present experiment, the charged products from the AD
reaction are electrons which cannot be detected in the current
experimental setup. A method to guide them out from the
rf field by superimposing a suitable magnetic field is under
development.

The temperature of the ion trap, T22PT, can be varied between
10 K and 300 K. Ions are cooled to the trap temperature by
collisions with H2 buffer gas. For relaxing the kinetic energy
of H−, a few collisions are sufficient. As discussed by Gerlich
(1992) and emphasized in Gerlich (2008a), the influence of the
micromotion driven by the oscillating confining field—effects
referred to as radio frequency heating—is negligible if high
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Figure 2. Relative number of H− ions per filling as a function of storage time
(ion trap temperature: T22PT = 11 and 103 K, hydrogen beam temperature
TACC = 50 K, small and large symbols correspond to H-atom beam OFF and
ON, respectively. The statistical errors are in the order of or smaller than the
size of the symbols. Fitting the data with exp(−t/τ ) (solid and dashed lines)
leads to the time constants τ shown on the right.

(A color version of this figure is available in the online journal.)

enough frequencies are used. Problems may be caused by
potential distortions or parasitic low frequency fields.

2.2. Atomic Beam

H atoms are produced by dissociation of H2 in an rf discharge
operating at 0.2 mbar and a gas flow of 5 × 10−3 mbar l s−1.
For slowing down the gas emerging from the hot discharge, an
accommodator is used the temperature of which can be tuned
to 6 K < TACC < 300 K. It consists of a channel in a copper
block (2 mm diameter, length 22 mm) which is coated with
a ∼50 μm thick layer of PTFE for reducing recombination.
A mechanical shutter can block the H beam (beam ON or
OFF). The geometrical arrangement of apertures and differential
pumping ensures that a well-collimated beam (divergence < 1◦)
passes through the trap without hitting any surface. The gray
shaded areas in Figure 1 indicate the overlap between the ion
cloud and the neutral beam. The volume of the ion cloud is
∼1.5 cm3, the interaction volume is about one quarter.

The actual velocity distributions of atoms and molecules
emerging from the accommodator have been determined using
time-of-flight measurements. The obtained distributions are in
a good agreement with Maxwellians the actual temperatures
of which are very close to the accommodator temperature.
Deviations are less than 2 K or a few percent, whichever is
larger. In deviation from the description in Borodi et al. (2009),
all measurements of this study have been performed without
hexapole magnets for focusing the beam of H atoms. Although
this leads to a much lower effective number density in the trap
(about one order of magnitude; see Borodi et al. 2009), it has
the advantage that one can use flux conservation for absolute
calibration, i.e., the total number of H flowing through the
accommodator (as atom or in a molecule) remains unchanged
if the discharge is switch on or off.

2.3. Typical Raw Data

Figure 2 shows a typical set of raw data. Plotted is the relative
number of H− ions per filling, N(t)/N(0), as a function of
trapping time. The repetition period was set to 1 s. The number
of initially injected ions, typically 100 H− per filling, is checked
after 20 ms, when most of them have already been thermalized

Table 1
Diameter of the Ion Cloud (d1 for H− and d2 for CO+

2 for Different Kinetic
Energies E of the Ions Calculated from the Effective Potential (Gerlich 1992)

E d1 d2 (d1/d2)2

(meV) (mm) (mm)

100 9.21 8.17 1.271
10 8.21 7.28 1.272
1 7.32 6.49 1.272

Notes. The 22-pole has been operated with Ω/2π = 18 MHz and V0 = 50 V
and 25 V for mass 44 and 1, respectively. Note that the inner free diameter of the
22-pole is 10 mm. Assuming that the kinetic energy distributions of CO+

2 and
H− are the same, the volume of the CO+

2 cloud is about 1.27 times the volume
of the H− ions as can be seen from (d1/d2)2, the ratio of the areas.

in collisions with ambient hydrogen. Typically H2 densities
have been 1012 cm−3, mainly from the ion source gas. Higher
densities have also been tested without any effect. Extracting the
ions at later times reveals a more or less slow loss, depending
on the temperature of the trap and on the presence of the
H-atom beam (small symbols and dashed lines: beam OFF, large
symbols and solid lines: beam ON). The data have been fitted
with exponential functions, resulting in time constants τ longer
than 1 minute and shorter than 1 s (see numbers on the right
side of Figure 2). Without H atoms the slow loss of primary ions
is caused by reactions with ambient background gas. At 11 K,
cryopumping inside the trap leads to long storage times. For
extending the measurements toward higher temperatures, better
vacuum conditions are needed. The rate coefficients for reaction
(1) are simply determined from the difference of the rates with
the H beam ON and OFF and the effective number density of
the H atoms.

2.4. Effective Number Density

In order to extract absolute rate coefficients from the exper-
iment, one has to account for the spatial distribution of the
reactants and for their velocity distributions. Special aspects
concerning kinematic averaging in neutral beam–ion trap ar-
rangements can be found in Gerlich (2008a, 2008b) and Gerlich
& Borodi (2009). For determining the distribution of the relative
velocity, it is safe to assume in the present arrangement that we
have two ensembles, thermalized to T22PT and TACC. In such a
case the temperature (in the center-of-mass frame) is the mass-
weighted average of the two temperatures. For reaction (1) one
gets

T = (T22PT + TACC)/2. (2)

Note that in our beam-trap arrangement reactions occur only
in the nearly field-free region, since the target density goes to
zero in regions of large amplitude micromotion. As indicated in
Figure 1, it is straightforward to account for the spatial overlap,
at least under ideal conditions, i.e., a well-skimmed neutral beam
with a diameter of 4 mm, an angular divergence of 0.◦7 and a
homogeneous density in the region of overlap, and an ion cloud
the distribution of which is determined by the effective potential
and the temperature of the ions. Some parameters relevant for
trapping H− can be found in Table 1. In the axial direction, the
electrodes EN and EX are used to close the trap with dc voltages.
A few tens of mV are sufficient for confining the ions.

In reality the potential of the ion trap may be influenced by
geometrical effects, by perturbations of the surface potential, or
by other stray fields. Related experimental tests and strategies
to avoid or reduce such effects have been discussed in Gerlich
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Figure 3. Measured rate coefficients, shown as a function of the translational
temperature. The data shown as squares, diamonds, and triangles have been
measured at TACC = 10, 50, and 120 K, respectively. Variation of T22PT between
10 and 150 K covers each time a range of 70 K (in the center-of-mass system).

(A color version of this figure is available in the online journal.)

(1992, 2008a). An odd situation has been reported by Otto
et al. (2009). The spatial distribution of the ion cloud on a
22-pole, imaged by PD, showed 10 intensity maxima close
to the rods. The origin of this effect can be explained by the
superposition of a dipolar field, caused by a misalignment of
the two sets of electrodes against each other. In our trap (see
Figure 1), all 22 rods are localized rather precisely on each
end. Nonetheless we observed that, at lower temperatures, the
ions spend more time close to the rods than predicted from
calculations. Some tests have been performed via PD with a
660 nm laser beam. Going from 100 to 10 K the PD rate
dropped by 20% instead of an increase of 30% expected from
the fact that colder ions are confined closer to the axis of the
trap. This indicates that there are some forces attracting the ions
toward the electrodes. Improvements are possible by cleaning
or also by using the RE (see Figure 1), if the perturbations
are localized. An alternative solution is to use a reaction for
calibrating the effective overlapping volume as described in the
following.

Since it cannot be excluded that the ion distribution is affected
by perturbations or that some H atoms were hitting the surface
of the entrance or exit electrode in the present experiment,
we decided to determine the effective number density via
chemical probing with CO+

2. This method has the advantage
that it accounts automatically for the real overlap integral of
the spatial distributions of ions and neutrals. As described by
Borodi et al. (2009), collisions of CO+

2 with molecular hydrogen
lead to HCO+

2 while collisions with H atoms produce HCO + .
The rate coefficients for the last reaction are independent on
the temperature of the CO+

2 ions and on the velocity of the
atoms. Borodi et al. (2009) recommend a value of k(T) = 4.6 ×
10−10 cm3 s−1 for H as target, and 2.2 × 10−10 cm3 s−1 for D.
The uncertainty was conservatively estimated to be 40%.

In the present experiment the H-atom density was measured
routinely between several runs at an accommodator temperature
TACC = 50 K, using the probing reaction. Depending on
the conditions of the discharge tube, typical values of some
108 cm−3 have been obtained. The results have been corrected
for the mass dependence of the effective potential which scales
with V0

2/(mΩ2). Selected ion trap parameters used for CO+
2 and

H− are given in Table 1.

Figure 4. Comparison of our ion trap results (squares; bars indicate the
statistical errors; the systematic uncertainty is larger; see the text) with previous
measurements and results from theory. The solid line indicates the thermal rate
coefficient k(T), derived from the merged beams data published by Bruhns et al.
(2010). The theoretical results of Sakimoto (1989) and Cizek et al. (1998) are
in good overall accord agreement, while the Langevin limit and the 300 K flow
tube measurements are significantly smaller (from left to right: Schmeltekopf
et al. 1967; Fehsenfeld et al. 1973; Martinez et al. 2009; shifted for better
readability).

(A color version of this figure is available in the online journal.)

3. RESULTS AND DISCUSSION

Rate coefficients for reaction (1) have been measured in sev-
eral iterations and under various conditions as described above.
Usually data were collected by holding the accommodator tem-
perature fixed and by varying the 22-pole temperature between
10 and 150 K. Higher trap temperatures could not be used be-
cause of ion loss due to reactions with gas impurities. Figure 3
shows a collection of typical sets of data as a function of trans-
lational temperature, each of them covering a range of 70 K.
As indicated, the different symbols correspond to TACC = 10,
50, and 120 K. The 50 K values are absolute based on the cali-
bration reaction while the two other sets of measurements have
been matched to them using the region where the data overlap.
Higher temperatures TACC are possible; however, the dissocia-
tion degree of the H-atom source decreases (Borodi 2008). The
overall trend is well reproduced accounting for the statistical
uncertainties of each data point. All individual data were re-
duced by binning leading to the result plotted in Figure 4. The
error bars represent the standard deviation of each data point.
Not shown is the fact that there is a systematic uncertainty of
40%. As discussed above it is caused by the calibration reac-
tions. Below 20 K the actual ion temperature may be higher by
up to 5 K, at higher temperatures the error is less than 2%.

In the overlapping regime, our results are in good accordance
with the results from Bruhns et al. (2010). For better compar-
ison, their experimental results which have a total systematic
uncertainty of 24% are represented just by the solid curve taken
from Figure 10 of Bruhns et al. (2010). Note that this curve,
showing the derived thermal rate coefficients, should be shifted
up by 8.6% according to a recent new evaluation (Miller et al.
2011). For solving the discrepancy with the flow measurements,
it is mandatory to extend the ion trap experiments to higher tem-
peratures. This is possible by improving the vacuum conditions,
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e.g., by mounting the trap on a different support such that it can
be baked. Alternatively, there is the possibility to create a fast
beam of H atoms.

Inspection of Figure 4 reveals the good agreement of our
data with the low temperature prediction of the two theories
(Sakimoto 1989; Cizek et al. 1998). They are both based on
the same interaction potential from Senekowitsch et al. (1984)
which is significantly more attractive than the polarization
potential. A recent new calculation of the potential curve (Pichl
2005) agrees well and it is stated that further improvements
have to account for correlation effects in the electron and
proton motion. Sakimoto (1989) discussed convincingly the fact
that at energies below 0.1 eV the rate coefficient for reaction
(1) is determined just by a simple capture condition at large
distances. During the succeeding approach of the two atoms,
the probability to detach the electron is close to unity. From
this point of view, our data may indicate that the potential is
even more attractive at distances which are probed by 1 meV
collisions (partial waves up to l = 10, turning point at distances
larger than 10 a0).

For such conclusions, we have to reduce the uncertainties
in the determination of absolute rate coefficients and in our
temperature scale. This is possible by better characterizing the
flux of the H-atom beam (see discussion by Borodi et al. 2009)
and by characterizing the ion cloud using PD. The ions can
be influenced by varying the effective potential and shifted
with the correction electrodes. Cleaning the electrodes (stainless
steel) always has some effect on potential distortions. Since a
calibration reaction has a lot of advantages, it is also planned to
establish the exothermic electron transfer from H to D + as one.
Since this one-electron system is much better understood from
first principles than the three-electron reaction (1), it is ideal for
determining the effective H density. Also the reverse process,
the 3.70 meV endothermic electron transfer from D to H + is
well characterized by theory (Esry et al. 2000). The threshold
onset is a critical test of the instrument.

A final remark has to be made regarding reaction (1).
Measured absolute integral cross sections (or rate coefficients)
are in general a critical test for theory; however, in the present
case the outcome of the H− + H collision is rather insensitive
to the actual AD process occurring at distances of a few a0. A
more sensitive experiment is to observe the competition between
electron transfer and AD in H− + D and D− + H collisions.
Corresponding work is in progress. Most information on the
details of the dynamics can be obtained by determining how the
exothermicity of 3.724 eV is distributed among the degrees
of freedom of the products, i.e., the kinetic energy of the
electron and the rovibrational population of H2. The population
of the rotational states is mainly determined by conservation
of total angular momentum since only p-electrons are ejected.
From this it can be concluded that, for example at a collision
energy of a few meV (corresponding to JMAX ∼ 20), more
than 1 eV goes into rotation of H2. The actual population of
the vibrational states depends on the coupling in the collision
complex. Interesting predictions already have been made by
Cizek et al. (1998; see Figure 5). Such information is certainly
also of importance for cooling early universe matter.

4. CONCLUSION AND OUTLOOK

Using the rf ion trapping technique and by exposing an H− ion
cloud to a cold effusive beam of hydrogen atoms, thermal rate
coefficients for reaction (1) have been measured in a temperature
range so far unexplored. The temperature dependence is in

accordance with simple theoretical predictions based on capture
via the long-range attraction. In the overlapping energy range,
there is good agreement with the merged beams results reported
by Kreckel et al. (2010), Bruhns et al. (2010), and Miller et al.
(2011). Due to our rather large systematic uncertainty, caused
by the calibration reaction, our present results cannot solve the
discrepancy between merged beams and flow tube results at
300 K (Martinez et al. 2009). Improving the accuracy of our
instrument and going to higher temperatures will solve this
problem. Work is in progress to use the electron transfer in
D + + H collisions as calibration standard.

The versatile instrument opens up new possibilities to study
reactions which are of interest for early universe chemistry or
which are of central importance for testing fundamental theories.
The need to determine state specific rate coefficients for HeH +

(v = 0, j) + H, which was mentioned in Section 1. Radiative
association of two atoms, especially with H, is an experimental
challenge. With today’s technologies, it should be possible to
detect HeH + from H + + He. Storing H− and operating the beam
source with deuterium will allow us to study the competition
between electron transfer and AD in H− + D. Also mutual
neutralization of H− and H + can be studied in a trap since the
effective potential is proportional to the square of the charge,
i.e., the rf field confines simultaneously positive and negative
ions.

A challenge for theoretical predictions for reaction (1) is
an experiment which can determine the kinetic energy of the
detached electrons and which provides information on the
rovibrational population of the H2 product. Simulations show
that one can superimpose an rf field and a suitable magnetic
field such that electrons are guided out of the trap and that
one can detect them. Moreover, the integration of an electron
spectrometer using magnetic adiabatic collimation should be
possible. Corresponding work is in progress.

The AB-22PT instrument has been developed in Chemnitz
with contributions from S. Schlemmer, G. Borodi, and A. Luca
and the help from many other people. Financial support of
the Deutsche Forschungsgemeinschaft (DFG) via the Forscher-
gruppe FOR 388 “Laboratory Astrophysics” is gratefully ac-
knowledged. Since 2010 the instrument has been operated in the
Faculty of Mathematics and Physics of the Charles University
in Prague, also within the COST Action CM0805 (The Chemi-
cal Cosmos). We thank the Chemnitz University of Technology
and the DFG for making this transfer possible. This work is a
part of the research plan MSM 0021620834 and grant OC10046
financed by the Ministry of Education of the Czech Republic.
It was also partly supported by GACR (202/07/0495, P209/
12/0233, 205/09/1183, 202/09/0642) and by GAUK 25709,
GAUK 406011, GAUK 388811.
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Abstract

Design of a novel instrument for the analysis of the kinetic energy of the detached electrons is presented. The Electron Spectrometer
with Multipole Trap combines a radiofrequency ion trap with a magnetic adiabatic collimation filter and is capable of measuring
the energy of electrons produced in the trap. The theory of operation and numerical simulations of the instrument are presented
together with a proof of concept measurements using three different mechanisms of electron production – thermionic emission from
a tungsten filament; laser photodetachment from O− anions; associative detachment of O− + H2,D2, and CO.

Keywords: associative detachment, multipole trap, electron energy spectrum, reaction rate coefficient

1. Introduction

The associative detachment (AD) is an anion-neutral reac-
tion which can be formally described as

A− + B→ AB(Ei) + e−(Ee) , −∆H ≈ Ei + Ee , (1)

where Ei is the energy of the internal excitation of the molecule
and Ee is the kinetic energy of the electron. Thanks to the high
mass of the molecule compared to the electron, the kinetic en-
ergy of the produced molecule can be neglected. The reaction
proceeds via a compound state AB−, which decays by autode-
tachment. The redistribution of the internal energy of AB− be-
tween Ei and Ee is – within the kinematic constranints – deter-
mined by the internal structure of the AB− complex [1, 2].

The aim of this work is to study the dynamics of the asso-
ciative detachment by measuring the energy distribution of the
produced electrons. The reactions of O− with H2 (theoretical
description [3, 4, 5])

O− + H2
k1−→ H2O + e−; ∆H = −3.58 eV , (2)

O− + H2
k2−→ OH− + H; ∆H = −0.28 eV , (3)

their isotopic variants with D2, and the reaction of O− with CO

O− + CO
k3−→ CO2 + e−; ∆H = −4.03 eV (4)

are used in this work as a model systems to demonstrate the
capabilities of the presented experimental setup. The exother-
micities of the reactions with H2 are given by Claydon et al. [3]
and the exothermicity of the reaction with CO by Abouaf et al.

∗Corresponding author. Tel.: +420 22191 2344
Email address: Stepan.Roucka@mff.cuni.cz (Š. Roučka)

[6]. The uncertainty of these values is smaller than 0.1 eV. The
product energy distributions of reactions (2) and (3) have been
studied by Mauer and Schulz [7] and partly by Esaulov et al.
[8] with contradicting results. Furthermore, strong unexpected
isotopic effects have been observed in the product energy dis-
tribution of reaction (3) with H2/D2 as reactants [9]. Therefore
we aim to search for possible isotopic effects in the H2O−/D2O−

collision system. It has also been demonstrated by Zivanov et
al. [10] that the measurements of the energy of the detached
electrons are a useful tool for benchmarking of the theoretical
description of the AD process.

The importance of AD reaction studies especially in the
field of astrophysics has been emphasized recently by Glover
et al. [11]. Since then several experimental setups were used
to measure the AD reaction rate coefficient [12, 13, 14] exclu-
sively.

For the purpose of studying the AD reactions, we have de-
veloped a novel experimental technique, which is capable of
measuring the energy distribution of electrons produced in the
AD reaction of ions stored in an ion trap. The subject of this ar-
ticle is the description of the Electron Spectrometer with Mul-
tipole Trap (ES-MPT) instrument. Computer models, experi-
mental characterization, calibration, and selected experimental
results will be presented.

2. Radiofrequency ion trap with MAC-E filter

The ES-MPT is a combination of an electron spectrometer
with an rf ion trap. These two devices are combined in such a
way that the ion trap is located inside the input region of the
electron spectrometer (see schematic diagram in Fig. 1).

Thanks to the high mass ratio and different energies of the
anions and electrons, we can choose such operating conditions
that the anions are governed mainly by the rf field of the trap

Preprint submitted to Elsevier May 28, 2013
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Figure 1: Schematic diagram of the ES-MPT apparatus (not to scale). The principle of combination of the radiofrequency ion trap (octopole on the left side) and
the MAC-E filter (right side). Anions are injected into the octopole trap from the left and confined axially using the electrostatic ring electrodes (R1,R2). Laser
radiation can be applied along the axis, reactant gas can be introduced into the trap between R1,R2. Produced electrons are magnetically guided to the region with
lower magnetic field (B2) and refocused to the MCP detector. Cylindrical electrodes ES0–ES4 create the electrostatic barrier (diameter and length in parentheses
are in mm).

and the produced electrons mainly by the magnetic field of the
electron spectrometer.

Although the rf ion traps in magnetic field have been used
in experiments such as Fourier transform mass spectrometers
[15], magneto-optical traps [16], and photoelectron spectrome-
ters [17] before, we believe that our instrument is unique in its
ability to extract and analyze the electrons produced in the rf
ion trap.

2.1. MAC-E filter
One of the principal components of the ES-MPT setup is the

MAC-E filter – Magnetic Adiabatic Collimation combined with
an Electrostatic filter. This device guides the produced elec-
trons using magnetic field and filters them according to their
energy with good resolution regardless of their initial velocity
direction. This type of instrument was first described by Beam-
son et al. [18] and is used in many particle physics experiments
[19], where the produced electrons have random initial velocity
direction. In such cases, filtering of the electrons by a retarding
potential barrier is not directly applicable, because the barrier
measures only the randomly distributed projection of the veloc-
ity parallel to the electric field.

The principle lies in the adiabatic invariance of magnetic
moment µ of electrons with mass me:

µ =
1
2

mev2
⊥

B
=

E⊥
B
, (5)

where B is the magnitude of the magnetic field, v⊥ is the projec-
tion of the particle velocity perpendicular to the magnetic field
vector and E⊥ is the kinetic energy associated with the perpen-
dicular motion. The magnetic field configuration of the MAC-
E filter consists of two regions with magnetic field intensities
B1 � B2. We will denote these regions as strong-B and weak-B
in the text. The electrons are produced in the strong-B region
(B1) and guided along the magnetic field lines into the weak-B
region (B2). Thanks to the conservation of magnetic moment µ,
the initial energy of the perpendicular motion E⊥1 is reduced to

E⊥2 = E⊥1
B2

B1
(6)

in the weak-B region and because of the energy conservation,
the energy of the perpendicular motion E⊥ must be transformed
into the energy of motion parallel to the magnetic field (E‖, as-
sociated with parallel velocity v‖). The electron velocities be-
come collimated and their energies can be analysed simply by
placing a variable retarding potential barrier into the weak-B
region.

Assume that an electron with charge qe is produced in the
strong-B region with velocity v0, energy E0, and velocity pro-
jection parallel to magnetic field v‖1 (Fig. 1). To pass through
the potential barrier EB = qeUB in the weak-B region, the en-
ergy of the parallel motion must satisfy E‖2 > EB (we set the
reference zero potential in the center of the trapping area). This
condition can be rewritten in terms of the initial values using
eq. (6) and the law of energy conservation:

v‖1
v0

>

√
1 −

(
1 − EB

E0

)
B1

B2
. (7)

The response of the MAC-E filter to a monoenergetic isotropic
source of electrons is calculated analytically below in order to
understand the transmission properties of the MAC-E filter rel-
evant for our experiment. In this case, the probability distri-
bution of the velocity component v‖1 is uniform in the interval
[−v0, v0]. Therefore, the fraction of particles satisfying (7) is
simply calculated as

PT

(
EB

E0

)
=

1
2

1 −
√

1 −
(
1 − EB

E0

)
B1

B2

 . (8)

The factor 1/2 accounts for the particles initially receding from
the spectrometer. We neglect it in the further discussion, since
these particles can be reflected back to the spectrometer by plac-
ing a high electrostatic barrier on their escape path. Evaluating
also the extreme cases leads to the transmission function of the
spectrometer

PT

(
EB

E0

)
=



1 EB
E0
≤ 1 − B2

B1

1 −
√

1 −
(
1 − EB

E0

)
B1
B2

1 > EB
E0
> 1 − B2

B1

0 EB
E0
≥ 1 .

(9)
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The electron spectrum is obtained by differentiating the re-
tarding curve. Hence the relative resolution ∆E of the filter can
be calculated by differentiating the transmission curve for mo-
noenergetic electrons (9). We define the relative resolution as
the width of the support of the obtained peaks

∆E = E0
B2

B1
. (10)

The expression (9) is also useful in estimating the efficiency
of extracting the electrons from the ion trap. A small poten-
tial barrier UT ≈ −0.3 V, which is used to trap the anions, can
prevent some electrons from leaving the trap. Since the mag-
netic field in the trap is nearly constant, we can evaluate the
extraction probability PE by setting B1/B2 = 1 in equation (9).
Expressing the result in terms of the electron energy Ee and
trapping potential UT leads to

PE(Ee,UT) = 1 −
√

qeUT

Ee
(11)

for Ee > qeUT, otherwise the probability is zero.

2.2. Radiofrequency ion trap

The radiofrequency (rf) multipole traps are well understood
and widely used for trapping of charged particles [20]. In this
work a linear radiofrequency octopole is used to guide and trap
the anions in the radial direction. In the axial direction, the ions
are trapped by electrostatic barriers. To trap an anion of mass M
and charge q, the rf field of an amplitude V0 creating an effective
potential V∗ greater than the particle kinetic energy E is needed.
In the adiabatic approximation [20], the effective potential of a
linear multipole as a function of the reduced radius r̂ = r/r0 is
given by

V∗(r̂) =
n2

4
q2

MΩ2

V2
0

r2
0

r̂2n−2 , (12)

where Ω is the rf field angular frequency, r0 is the inscribed
radius of the multipole (3 mm in our case), r is the radial coor-
dinate, and 2n = 8 is the number of rods for the octopole.

The minimal rf amplitude V0 necessary for trapping of the
ions is given by a requirement that the turning radius of the ions
must be within a safe distance from the rods, typically smaller
than 0.8 · r0. That is, V∗(0.8) ≥ E. Under the typical op-
erating conditions in our experiments with trapped O−anions,
Ω/2π = 4.4 MHz, V0 = 10 V, and the effective potential at
the safe turning radius is V∗(0.8) = 0.05 V. These conditions
are just sufficient for trapping of thermal anions at 300 K and
significant lowering of the rf amplitude is not possible at this
frequency. The adiabatic theory is not applicable to the interac-
tion of electrons with rf fields in our conditions. The residence
time of electrons in the rf field is comparable to the rf period
and no simple analytic description is available. Therefore we
are using a computer model of the spectrometer described in
section 3.1 to study this interaction.

In the particular case of the ES-MPT instrument, the ion
trap is operated in magnetic field. The problem of ion motion
in such combined fields has been studied theoretically [21, 22,
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ferromagnetic shielding

detector

detector focusing coil 
Helmholtz
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detector deflecting coil 

Figure 2: Configuration of the electrodes, coils, and ferromagnetic elements of
the electron spectrometer. The calculated color-coded magnetic field intensity
is projected on the calculated magnetic flux tube emanating from the ion trap.
The flux tube approximately represents the possible electron trajectories. The
number of ampere-turns (At) used for producing the magnetic field is indicated
for each coil.

23, 24, 25]. In our experimental conditions, the magnetic field
is relatively weak, i.e., the cyclotron frequency is much smaller
than the rf frequency. We have verified by numerical simula-
tions that in such cases the adiabatic theory and equation (12)
remain valid. The experimental confirmation is presented in
section 3.3.

3. Experimental methods

The ES-MPT (Fig. 1) is an UHV apparatus with background
pressures < 1 · 10−7 Pa. The storage ion source, trapping area,
and MAC-E filter vacuum vessels are each pumped by its re-
spective magnetic suspension turbomolecular pump (total of 3).

The anion part of the apparatus consists of the anion source,
quadrupole mass spectrometer, guiding octopole, and the trap-
ping octopole area [26]. The O− anions are produced in the
storage ion source [20] by electron bombardment of the precur-
sor gas (N2O) and are mass selected in the quadrupole before
injection into the trap.

The trapping area is enclosed in a scattering cell with a sep-
arate gas inlet system for introduction of a reactant gas. The
octopole rods are 2 mm thick (rr = 1 mm), spaced on a cir-
cle with 6 mm inner diameter (r0 = 3 mm). The lowest usable
rf amplitude for O− is 10 V as discussed in section 2.2. The
axial trapping barriers are created using ring electrodes R1,R2
located outside of the octopole (rings with inner radius 12 mm
and length 10 mm). No cooling or heating of the reaction area
is implemented, the experiments are conveyed at room temper-
ature.

The apparatus is optically transparent along the axis of the
octopole so that laser radiation can be used to photodetach the
trapped anions. A microchannel plate (MCP) detector is used
for detection of ions and electrons. The detector is located off

axis in order to retain the optical transparency of our setup.
The strong-B region of the MAC-E filter is coincident with

the ion trap location and the field is parallel to the trap axis in or-
der to extract the produced electrons. The magnetic field for the
MAC-E filter is produced with standard enamelled copper wire
coils (4 in total) located outside of the vacuum chamber. Two
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coils in approximately Helmholtz configuration are used to gen-
erate the strong magnetic field in the trapping area. These coils
are surrounded by ferromagnetic steel rings, which enhance the
gradient of the magnetic field between the strong- and weak-B
regions, thus reducing the dimensions of the filter. The other
two coils are used to focus and deflect the filtered electrons to
the off-axis detector.

The suitable configuration of coils and ferromagnets was
designed using computer simulations with the FEniCS software
[27, 28] and verified by measurements with a Hall probe. The
highest magnetic field intensity (in the trapping area) is B1 =

30 mT, the lowest magnetic field in the electrostatic barrier re-
gion is B2 = 1 mT. The theoretical resolution of the MAC-E
filter is thus approximately 3 %.

All electrodes are made from austenitic (non-magnetic) stain-
less steel. The MAC-E filter parts were newly designed for this
setup. The shape of the electrodes ES0–ES4 was optimized to
provide an accurate potential barrier coincident with the min-
imum of the magnetic field intensity. The calculated inhomo-
geneity of the barrier is smaller than 1 %. The optimization was
carried out using the Elmer software1.

The measurement of electron spectrum proceeds by measur-
ing the electron flux Ie (number of detected electrons per sec-
ond) as a function of the electrostatic barrier height UB. This
way we directly measure the integral spectrum and the differ-
ential spectrum is obtained by numerical differentiation with
smoothing using the Savitzky-Golay filter. Unless stated other-
wise, the differential spectra are always normalized to unit area.

The ES-MPT is highly modular and several configurations
have been used to obtain the results presented. These modifica-
tions are going to be described in the text when relevant.

A number of test measurements in different configurations
were performed in order to properly understand the properties
of this unique instrument and computer models of the instru-
ment were used to analyse the results. The following subsec-
tions document these models and auxiliary measurements.

3.1. Computer model of the ES-MPT

A three dimensional computer model of the ES-MPT was
used to verify our design and to explain the observed results.
All parts of the instrument relevant for the electron dynamics
are included in the model (i.e., the electric field of the octopole
rf trap, the electrostatic filter electrodes, and the MCP detec-
tor and the magnetic field of the coils and ferromagnets). The
model geometry is illustrated by Fig. 2. This model was used to
investigate the influence of rf field imperfection in the trap on
the measured electron spectrum. In our simulations, the initial
positions of electrons are chosen randomly with a spatial distri-
bution approximating the distribution of the trapped ions. The
initial phase of the rf field is also randomized and the electron
trajectories are obtained by numerically integrating the equa-
tions of motion. The number of electrons reaching the detector
was then calculated as a function of the retarding potential UB.
Three different scenarios were studied in the model: 1) model

1URL: http://www.csc.fi/english/pages/elmer
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Figure 3: Simulated spectra of monoenergetic isotropically distributed elec-
trons with energies corresponding to the photodetached electrons from O− us-
ing 660 nm (R), 532 nm (G), and 405 nm (V) lasers (see Table 1). Panel (a) –
Integral spectra of electrons normalized to unity at zero retarding barrier. Panel
(b) – Differential spectra obtained by differentiation of the spectra in panel (a).
The spectra calculated without rf field (full lines), with ideal symmetric rf field
(dashed lines), and with non-ideal asymmetric rf field (dotted lines) are shown.

without rf trapping field; 2) model with symmetric rf trapping
field; 3) model with disturbed rf trapping field (20 % higher rf
amplitude on one of the rods). The 20 % increase of the am-
plitude approximates the effect of moving the rod by 0.2 mm
towards the octopole axis, which is plausible in our configura-
tion. The simulated differential and integral spectra are shown
in Fig. 3. The results of the model support our hypothesis that
the resolution of the ES-MPT apparatus is limited due to the
interaction of electrons with the rf field of the octopole ion trap.
The model also demonstrates that imperfections of the rf field
penetrating into the trap center can lead to shifting of the ob-
served peaks on the energy scale – the stray rf field in the trap
accelerates the produced electrons.

3.2. Thermionic emission as electron source

In order to analyze the resolution of the MAC-E filter with-
out the influence of the rf field, the electrons produced by therm-
ionic emission were used. The anion producing part was dis-
connected and a thin tungsten filament was placed into the cen-
ter of the octopole (radially and axially with respect to the ring
electrodes). The potential of the ring electrodes was set to 0 V
with respect to the reference DC potential of the octopole rods.

The filament was heated by ohmic heating and the heat-
ing current was turned on and off with repetition frequency
≈ 100 Hz and duty ratio 0.5. We ensure by gating of the de-
tector that the electrons are counted only in the phase with zero
heating current. In this way the filament surface potential is
well defined and can be biased to desired value without the in-
fluence of voltage drop due to the filament resistance.

The electrons emitted from the hot filament originate from
the high-energy tail of the Fermi-Dirac distribution of electrons
in the metal, which can be approximated by the Boltzmann dis-
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Figure 4: The measured spectra of electrons produced by thermionic emission
from hot filament. Panel (a) – Integral recorded spectra. Panels (b), (c) – Dif-
ferential spectra (normalized) obtained from the integral spectra in logarithmic
and linear scales respectively. Cathode bias voltages −0.1, −1.1, −2.1, −3.1 and
−4.1 V were used to provide electrons of 5 different energy distributions (full
lines). Fits of the theoretical spectrum (13) convolved with a gaussian function
and offset by the bias voltage are indicated by the dotted lines.

tribution. The electron flux distribution is obtained by multiply-
ing the Boltzmann velocity distribution with electron velocity
component perpendicular to the metal surface. After integration
over the angular coordinates this leads to the energy distribution
of the emitted electrons

f (Ee) dEe = (kBT )−2Ee exp
(
− Ee

kBT

)
dEe , (13)

where kB is the Boltzmann constant and T is the filament tem-
perature. The offset on energy scale of the measured spectrum
is determined by the bias voltage applied to the filament and by
the difference of work functions between the spectrometer elec-
trodes and the filament. Several measurements were performed
at different bias voltages with respect to the trap potential and
the obtained integral and differential spectra are shown in Fig. 4.
The differential spectra were analyzed by fitting with a convo-
lution of the theoretical spectrum (13) and a gaussian function.
The position µ, standard deviation σ, and temperature T were
used as free parameters. We have determined that the work
function of the filament is approximately 0.1 eV higher than the
work function of the electrodes. The effective potential barrier
is approximately 2 % higher than the applied electrode poten-
tial with respect to the octopole due to the filtering properties of
the MAC-E filter in combination with the inhomogeneities of
the electrostatic field, which is in agreement with our numeri-
cal calculations. The temperature of the filament is evaluated as
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Figure 5: Resolution of the MAC-E filter as a function of electron energy.
Triangles correspond to the resolution determined from the measurements with
electrons from thermionic emission (see Fig. 4). Circles represent the computer
simulation of the spectra (see Fig 3). The instrument function is approximated
with a gaussian and its standard deviation σ is shown on the y-axis.

T = (1080 ± 40) K. The fitted standard deviation as a function
of electron energy is shown in Fig. 5. The same analysis was
also carried out on simulated data under equivalent conditions
and the results are also shown in Fig 5. The figure demon-
strates the broadening of the peaks at higher electron energies,
which is also apparent in Fig. 4(c). This observation is in ac-
cordance with equation (10), since the MAC-E filter resolution
is proportional to the energy. The broadening σ, which consists
of a constant part σc and a proportional part σpEe, can be ex-
pressed as σ2 = σ2

c + (σpEe)2. The constant part is comparable
to the expected variation of the work function on the filament
surface (between 0.01 and 0.1 eV according to [29, 30]) and
it is not relevant for our analysis. The proportional part deter-
mined by fitting of the experimental data is σp = (2.0 ± 0.1) %
and it is compatible with value determined from the simula-
tion σp = (1.6 ± 0.1) %. The measured value is of the same
magnitude as the theoretical peak width B2/B1 = 3.3 % (equa-
tion (10)), although it is not directly comparable, because the
peak is not gaussian and other effects such as potential inhomo-
geneity contribute to the experimental and simulated values.

The electrons from the thermionic emission can also be used
to investigate the influence of the octopole rf field on the mea-
sured spectra. The distortion of the measured spectra for bias
voltage −1.1 V and rf amplitude 10 V applied to the octopole
is indicated in Fig. 6. The figure shows that the effect of the
rf field on the undistorted spectrum can be approximated as a
convolution with a sum of two gaussians – the instrument func-
tion. The parameters of the gaussians were determined by least
squares fitting the convolved undistorted spectrum to the dis-
torted spectrum. This effect of the rf field on the electrons from
the filament is not directly comparable to the effect on electrons
from the trapped anions, because the potential of the filament
is well defined by the applied bias in contrast to the potential
at which the electron is detached from the anion. The actual
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Figure 6: Influence of the rf field to the measured spectra of filament emitted
electrons. Panel (a) – spectrum measured with and without rf field present (fila-
ment bias is −1.1 V, this corresponds to 0 eV energy on the abscissa). Panel (b)
– instrument function which represents the effect of rf field on the undistorted
spectrum.

position of the detaching anion in the rf field determines the
potential. We deduce that the effects presented in Fig. 6 are
caused by rf multipole field interacting with the electrons flying
through the octopole after leaving the filament surface.

3.3. Anion photodetachment
For further tests with trapped O− anions, the MCP detec-

tor was placed closer to the trap replacing the ES2 electrode
in order to allow simultaneous detection of ions (focused by
electrostatic fields) and electrons (focused by magnetic fields
directly to the detector without collimation). The experiment
was operated in two distinct modes:

1) The ions were repeatedly injected into the trap, stored
for a certain trapping time, then extracted to the detector and
counted. In this mode the detector was gated in order to detect
only the ions after the trap opening. A similar technique was
previously used by Hlavenka et al. [31] to measure absolute
photodetachment cross sections of O− and OH− anions.

2) A long fixed trapping time was used and the detector
gate was open continuously between the ion injection and ex-
traction. In this mode, the electrons produced in the trap were
detected and their arrival times were recorded using a multi-
channel scaler.

In this configuration, in mode 1), we have verified that the
presence of the magnetic field of the spectrometer does not in-
fluence the confinement time τ (the time constant of the ion loss
from the trap). The confinement time in our experiment is lim-
ited by reactions with background gas and by eventual evapora-
tion of anions due to the rf heating. For numerical simulations
of the latter phenomena see Asvany and Schlemmer [32].

Irradiating the trap with laser with photon energy (hν) higher
than the electron affinity EA of the atomic oxygen causes pho-
todetachment

O− + hν→ O + e−(Ee); Ee = hν − EA . (14)
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Figure 7: Number of detected electrons and O− anions as a function of storage
time (t) during a pulsed laser photodetachment experiment (using red laser,
see Table 1). Panel (a) – the measured electron production rate with the laser
pulse ON. The duration of the laser pulse is indicated. Panel (b) – squares and
circles indicate the number of O− with the laser pulse OFF and ON respectively.
Exponential fits of the ions counts are also indicated. The dashed line shows the
expected number of produced electrons calculated from the fits. The expected
number is in good agreement with the measured number (solid line) obtained by
integrating the electron production rate corrected for the differences in electron
and ion detection efficiencies.

color λ hν Ee
(nm) (eV) (eV)

red 660 1.88 0.42
green 532 2.33 0.87
blue 445 2.79 1.33

violet 405 3.06 1.60

Table 1: Overview of the laser wavelengths and corresponding photon energies
used in the photodetachment experiments. The right column shows the energy
Ee of electrons produced by photodetachment of O−. The electron affinity of O
is EA = 1.4610 eV [33].

The loss of ions due to photodetachment was observed in the
mode 1) of our measurement. In the mode 2) we were able to
detect the photodetached electrons under the same conditions.
The results of these measurements with a pulsed laser beam
with 660 nm wavelength are summarized in Fig. 7. The laser
wavelengths and photon energies used in this work and cor-
responding energies of the photodetached electrons are sum-
marized in Table 1. The Fig. 7 clearly indicates the increased
rate of electron production related to the laser pulse. Order of
magnitude smaller flux of electrons is observed even after the
laser is switched off. This is caused by trapping of a fraction of
the photodetached electrons in the ion trap as explained in sec-
tion 2.1. These electrons reside in the trap until their velocity
is sufficiently disturbed by the rf field and they leave the trap
towards the detector or to the octopole rods.

In Fig. 7 we compare the measured total number of pro-
duced electrons (integral of the electron flux in time) and the
expected number of electrons calculated from the decrease of
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Figure 8: Measured spectra of electrons photodetached from O−anions. Pho-
ton wavelengths used are 660 nm (R), 532 nm (G), 445 nm (B) and 405 nm (V)
(see Table 1). Panel (a) – points correspond to measured data with wavelengths
red, green, blue, and violet respectively (from left). Triangles indicate the ex-
pected electron energies according to Table 1. The smooth full lines represents
the fitted convolution of the theoretical spectrum with the instrument func-
tion (equation (15)). The right axis corresponds to the extraction probability
PE(UT) (dotted line), where the trapping potential UT is determined from the
fit. Panel (b) – the spectra obtained from the measured data after deconvolution
with the instrument function.

the number of O− anions as a function of storage time. The lines
are in a remarkably good agreement after introducing normal-
ization due to different overall detection efficiency for electrons
and O− anions.

3.4. Spectra of the photodetached electrons
The spectra of photodetached electrons were measured in

the full ES-MPT setup (Fig. 1). The integral spectra are ob-
tained by measuring the electron count rate on the detector as
a function of the retarding potential UB. The laser is switched
on after filling the trap with approximately 20 ms time delay,
during which the ions are cooled by collisions with the he-
lium buffer gas. The spectra of photodetached electrons were
measured with four lasers, the wavelengths and corresponding
electron energies are summarized in Table 1. The differential
spectra obtained with the Savitzky-Golay smoothing filter are
plotted in Fig. 8. The standard deviation of the measured data
is indicated by the error bars.

A similar experiment was carried out also with a mixture of
H2 and He in the trap. In this case, only the violet (405 nm)
laser was used. The number of Langevin collisions between
O− and H2 before switching on the laser was varied by chang-
ing the H2 concentration in the trap and the delay of the laser
pulse after trap filling. The obtained spectra are shown in Fig. 9.
Depending on the average number of Langevin collisions be-
tween O− and H2 before switching on the laser, we can observe
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Figure 9: Panel (a) – measured spectra of the photodetached electrons from
O− and OH− using the violet laser. The trapped O− ions interact with H2 in the
trap. The average number of Langevin collision of O− with H2 before the laser
is switched ON is 0, 2, and 7 for the curves (I), (II), and (III) respectively. The
peaks in the spectrum, obtained from the measured data after deconvolution,
can be attributed to the electrons produced from OH− and O− (panel (b)). The
expected positions of the peaks are indicated by the triangles.

two peaks with varying intensities in the spectra. These peaks
can be attributed to the electrons produced by photodetachment
of O− and OH−, the anion product of the reaction (3). The peak
positions are in good agreement with the electron energies ex-
pected from the O and OH electron affinities [33].

3.5. Analysis of the instrument function

Based on the test measurements described in the previous
paragraphs, we can deduce a complete description of the trans-
mission properties of our instrument. It follows from the mea-
surements with the hot filament that the relative resolution of
the electron spectrometer is in approximate agreement with the
designed resolution of ≈ 3 % (see Fig. 5). The interaction of
electrons with the rf field of the trap causes a splitting of the
peaks in the observed spectrum (see Fig. 6). A qualitatively
same behavior is observed in the measurements with electrons
produced by laser photodetachment of O−. The absence of
splitting in the low energy region (red laser photodetachment
in Fig. 8) indicates that the splitting occurs inside the trap and
one of the peaks is filtered by the trap potential barrier (11).
The energy of the electrons is then further disturbed during the
ejection from the octopole, because the onset of the spectrum
at the low energy does not follow the steep shape of function
(11). We have found that the spreading of the spectrum is well
approximated by a gaussian functions. Therefore we can de-
scribe the instrument effect as a convolution with two gaussians
N(µ1, σ1), N(µ2, σ2); followed by multiplication with the ex-
traction probability PE (equation 11) followed by convolution
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with another gaussian N(0, σ3). This operator is parametrized
by the positions µ and standard deviations σ of the gaussians,
by the relative intensity of the gaussians r, and by the trapping
potential UT. The measured electron energy distribution f ′ is
obtained from the initial energy distribution f by the following
transformation

f ′=
(
PE(UT)·

[
f ∗{r ·N(µ1, σ1)+(1−r)·N(µ2, σ2)

}])∗N(0, σ3),
(15)

where ∗ denotes convolution. The seven parameters of this
transformation were determined by least squares fitting of the
laser photodetachment spectra. The theoretical spectrum con-
sisting of delta functions at the expected energies of phototode-
tached electrons was transformed by function (15). A good fit
of the measured data was obtained as shown in Fig. 8. The
extraction probability PE corresponding to the fitted value of
the trapping potential UT is also indicated in the graph. Fig-
ures 8 and 9 demonstrate that deconvolving the data with the
transmission function can be used to significantly improve the
resolution of the measured spectra.

4. Results

The ES-MPT apparatus is primarily designed to study the
energy distribution of the electrons produced from the associa-
tive detachment reaction. It can also be used to measure the
reaction rate coefficents as will be demonstrated below. The re-
actions were studied by adding a mixture of helium buffer gas
with the reactant into the scattering cell. The typical ratio of
the reactant to the buffer gas number densities was [H2]/[He] ≈
[D2]/[He] ≈ [CO]/[He] ≈ 1/3.

4.1. Reaction rate coefficient
The electron production rate dNe/dt in the presence of a

reactant gas is proportional to the number of ions in the trap
and to the number density of the reactant. For example in the
case of trapping NO of O− ions in the trap with reactant H2
(concentration [H2]), we can write

Ie = s
dNe

dt
= sk1[H2]NO , (16)

where Ie is the number of detected electrons per unit time (elec-
tron flux) and s the detection efficiency of our instrument for
electrons. The detection efficiency is constant for a given elec-
tron energy distribution. Therefore we can observe the disap-
pearance of O− after filling the trap by recording the electron
flux using the multichannel scaler. Examples of the measured
Ie are shown in Fig. 10. In this measurement the retarding po-
tential UB is set to zero.

When the reactant gas is not present in the trap, the number
of ions in the trap as a function of time can be probed using
short laser pulses (≈ 10 ms). The number of observed photode-
tached electrons is proportional to the number of ions in the
trap. The results of these measurements are shown in Fig. 10.

The number density of the reactant is estimated from the
geometrical configuration, pumping speed and ion gauge pres-
sure measurement. Our estimates account for the differences in
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Figure 10: Measured electron production rate in reaction (2) as a function of
trapping time measured at two H2 number densities (full lines (I) and (II)). The
trap is filed with O− at t = 0 ms. At t = 20 ms, the axial trapping barrier
is lowered to allow the low energy electrons to escape. The circles indicate a
data proportional to the number of trapped ions without added H2. The number
of ions is probed by illuminating the ions with short laser pulses and detecting
the photodetached electrons. Dashed lines correspond to exponential decay fits
in form exp(−t/τ), obtained τ at given [H2] are indicated (τRES corresponds to
confinement time without added reactant).

the ion gauge sensitivities and vacuum conductivities between
different gases. The calculated total reaction rate coefficients
k = k1 + k2 for reactions of O− + H2 and O− + D2 are compared
with the previous measurement [34] in Table 2. Despite of the

Reaction k (this work) k (McFarland et al. [34])
(10−10 cm3 s−1) (10−10 cm3 s−1)

O− + H2 5.4 ± 0.2 6.4
O− + D2 3.2 ± 0.1 4.6

Table 2: Total reaction rate coefficient estimated from temporal evolutions of
electron production at 300 K (see Fig. 10). Only the statistical error is shown.
The results are accurate within a factor of 2 due to systematic errors.

good agreement with the results of McFarland et al. [34], we
estimate that the error of the calculated number density could
be up to a factor of 2 because of the simplifications in the ge-
ometric model of the instrument and because of the limited
accuracy of the ionization pressure gauge. However, the ge-
ometric factors cancel if we calculate the ratio of the isotopic
variants of the reaction coefficients k(H2)/k(D2) = 1.7 ± 0.1,
where only the statistical error is given. This value is slightly
higher than the isotopic effect observed by McFarland et al.
[34], k(H2)/k(D2) = 1.4.

4.2. Energy distribution of detached electrons

The technique of acquiring the energy distribution of elec-
trons from the associative detachment reaction is the same as
for the photodetached electrons. The difference is that the elec-
trons are produced continuously. The electrons are selected by
gating of the detector, so that only the electrons produced from
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Figure 11: Measured electron energy spectra in the reactions of O− + H2,
D2 and CO (solid lines in panels (a), (b), and (c) respectively). The data of
Esaulov et al. [8] are shown for comparison and are used to normalize the spec-
tra. The standard deviation of multiple measurements is indicated in the graph.
At electron energies above 1.5 eV, the signal intensity is below the noise level
and the results should be interpreted as an upper bound of the actual probability.

cold O− (thermalized by collisions with He buffer gas) are ac-
counted.

Fig. 11 shows the measured electron energy distributions
for the associative detachment reactions of O− with H2, D2, and
CO. The energy distributions have been investigated up to the
maximum energy allowed by the reaction exothermicity, which
was given in section 1. The differential spectra were obtained
by differentiating and smoothing the integral spectra using the
Savitzky-Golay filter with the same parameters as the photode-
tachment spectra in Figs. 8 and 9. The differential spectra were
deconvolved with the gaussian kernel N(0, σ3) using the Lucy
Richardson algorithm [35, 36] with a constraint on the positive
value of the data and then divided by the extraction probability
PE (equation (11)). The data measured by Esaulov et al. [8] are
used as a reference for the normalization of our data with H2
reactant. The same normalization factor was then used for the
data measured with D2 and CO reactants, assuming a similar
behavior in the inaccessible low-energy part of the spectrum.
For the AD with H2, there is a good agreement between our re-

sults and the spectra obtained by Esaulov et al. [8] in the over-
lapping region, despite the fact that his measurement was car-
ried out at 1 eV collision energy. The measured spectra of elec-
trons from the three studied reactions show similar features –
we can conclude that the excess energy of the reactions is stored
mainly in the internal excitation of the produced molecule. In
Fig. 11 one can observe that there is no significant structure in
the electron spectrum at energies above approximately 1.5 eV.

5. Discussion and summary

We presented a viable concept of an electron spectrometer
for investigation of the associative detachment reactions. De-
spite the use of a low-order multipole, which reduces the reso-
lution of the spectrometer, the accuracy is sufficient to charac-
terise the produced electrons. The measurements of the reaction
rate coefficients are also possible.

5.1. ES-MPT properties

Our measurements with the electrons produced by thermi-
onic emission (Fig. 4 and 5) demonstrate that the properties of
the spectrometer itself are in accordance with the design. The
measurements with electrons produced by thermionic emission
and by photodetachment with applied rf trapping field indicate
that the rf field influences the electrons and causes splitting
of initially monoenergetic electron energy distribution (Fig. 6
and 8). According to our numerical models (Fig. 3), such effects
are not expected in the rf field of an ideal octopole. However,
slight asymmetry of the rf field results shifts of the simulated
energy distribution. We deduce that such asymmetry is present
in a certain part of the trap, which results splitting of the elec-
tron energy distribution depending on the location of origin of
the electrons. The observed effect can be attributed to a mis-
alignment of the octopole rods on the order of 100 µm, which
is conceivable in our design.

Nevertheless, the resolution of the instrument is sufficient
to obtain the general characteristics of the energy distribution
of electrons produced from the associative detachment reaction
as demonstrated in section 4.2. We have also demonstrated that
we are able to resolve the composition of the trapped anions by
measuring the spectra of the photodetached electrons (Fig. 9).

Since further lowering of the rf amplitude V0 is not pos-
sible because of the requirements on the effective potential for
trapping of the anions, the best way to improve the spectrometer
resolution is to use a higher order multipole. The field decreases
much faster towards the axis thus eliminating the variances in
V0. Furthermore, the construction of higher order multipoles,
such as the 22-pole used in our laboratory [14], allows more
accurate alignment of the rods, thus further reducing the pos-
sible influence of the rf field asymmetry. On the other hand,
constructing a 22-pole trap with the electron spectrometer will
be much more complicated compared to the present experiment
due to the size of the 22-pole construction, which has to fit into
the entrance region of the MAC-E filter.
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The spectrometer low energy threshold can in principle be
improved by cooling the trap. If the O− anions have lower tem-
perature, their kinetic energy is also lowered. Hence, a smaller
axial barrier would be needed to confine them.

5.2. O− associative detachment

We have demonstrated that the ES-MPT instrument is ca-
pable of measuring the absolute reaction rate coefficients. We
have measured the ratio of the rate coefficients between the iso-
topic variants of the reaction O− with H2 and D2 to be slightly
higher than the result of McFarland et al. [34]. The accuracy
of these measurements can be improved by accurate determi-
nation of reactant number density in the trap using an absolute
pressure gauge.

The spectra of electrons produced from the AD of O− with
H2, D2, and CO were measured at 300 K. In case of the re-
action with H2, our results agree with the results of Esaulov et
al. [8], providing a supporting evidence in favor of Esaulov et
al. against the results of Mauer et al.[7]. To our knowledge, the
spectra for the reaction with D2 and CO were not measured in
the corresponding energy range up to now.

Our results indicate that for the studied AD reactions, the
excess energy is stored mainly in the internal excitation of the
molecule. There are two mechanisms responsible for this result.
Firstly, a high rotational excitation is expected due to simple
kinematic constraints – a collision system with nonzero impact
parameter has nonzero angular momentum and this angular mo-
mentum is stored mainly in the molecular rotation because of
the low mass of the ejected electron. Higher rotational exci-
tation is statistically favored [2, 10] up to a certain Jm, which
is limited by the energy conservation and by the corresponding
centrifugal barrier. Secondly, the vibrational product distribu-
tion depends on the coupling between the bound and contin-
uum states of the detaching electron. If this coupling is strong
and the electron detaches early during the interaction at higher
internuclear separation, the product will have high vibrational
excitation according to the Franck-Condon principle [2, 10, 9].

6. Conclusion

A reliable technique for detection and energy analysis of
electrons produced in an ion trap has been presented. This tech-
nique is ideally suited for studying of associative detachment
reactions. In contrast to previous experimental setups measur-
ing the energy of the detached electrons, the ES-MPT uses cold
trapped anions and allows the use of beams (e.g., atomic H)
not only molecular gas as a neutral reactant in the associative
detachment. With small improvements also temperature depen-
dence of the measured spectra can be investigated.

The deduction from the study of all three associative de-
tachment processes is that molecules produced by associative
detachment are highly internally excited and only small part of
total energy is stored in the kinetic energy of the electron.
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