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Chapter 2

Experimental Setup and Techniques

2.1 Introduction

To learn more about the interactions, which take place between ions and molecules or clus-
ters one has to carefully consider how these processes could be observed. As a first these
processes should be generated in a setup in a controlled and reproducible manner. Three key
elements are the following. One requires a controlled generation of highly charged ions and
their transport to an interaction center. Also, in the interaction center a target must be pre-
pared. As a third, one requires a recording of the relevant observables in the process under
investigation.

In this chapter an overview of the experimental equipment and procedures will be given. It
begins with a description of the ion source and the transport of the ion beam. Furthermore the
preparation of the ion beam into ultrashort bunches is discussed and also a detailed description
of the detection and data acquisition systems is given.

2.2 ECR Ion Source and Ion Beam Transport

For the generation of highly charged ions we use an Electron Cyclotron Resonance Ion Source
(ECRIS) [21, 22]. A schematic overview of an ECRIS is shown in fig. 2.1. This device
allows for production of a wide range of ion species and energies. Within an ECR source
a so-called magnetic bottle is generated through the combination of an axial magnetic field
from two solenoid magnets and a radial magnetic field from a multipole magnet, usually a
permanent hexapole magnet. This magnetic field structure is also known as a minimum B-
field configuration in the sense that the B-field has its minimum in the geometric center and
increases in all directions. This magnetic bottle can confine a plasma generated in the source.
The plasma is created by injecting gas into the vacuum chamber and allowing microwave
radiation to propagate into the chamber. Electrons move around the magnetic field lines with
the cyclotron frequency

ωc =
eB
m

. (2.1)
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Figure 2.1: ECR ion source schematic.

When the frequency of the in coupled microwave radiation matches this cyclotron frequency,
the electrons are resonantly heated by the radiation. This matching of the in coupled radiation
and the cyclotron frequency defines a surface of equal magnetic field strength called the ECR
surface. When electrons pass this surface they are resonantly accelerated and ultimately
achieve energies of many keVs. Starting from a few spontaneously generated free electrons
an avalanche of electrons is generated and electron-impact ionization ionizes the gas injected
in the source. The gas atoms are sequentially ionized resulting in high charge states and many
free electrons. The ions are not accelerated because of their large mass and are confined by
the space charge of the electrons. This means that the ionic part of the ECR plasma can be
viewed as a cold plasma.

In the KVI Atomic and Molecular Physics group we have a 14 GHz CAPRICE-type ECR
ion source at our disposal [23]. This implies that B = 0.5 T at the ECR surface. The axial
field is generated by two solenoids each carrying approximately 1000 A during operation.
The ions are extracted from the source through a puller lens, which can be put on a negative
voltage. The entire source may be floated on a potential ranging from 0 to 25 kV . This sets
the desired ion energy.

When the ions are extracted from the ECR ion source they pass a 110◦ bending (dipole)
magnet in order to select the proper mass-over-charge ratio (m/q) required for experiments.
The ion beam is then guided further through a main beam line equipped with a set of correc-
tion magnets and focusing magnetic quadrupole triplets. The main beam line has 45◦ bending
magnets incorporated to divert the ion beam into various setups.

2.3 Setup
In fig. 2.2 a schematic overview of the setup is shown. The ion beam, extracted from the ECR
ion source, first passes through a chopper-sweeper system. This allows for the generation of
short bunches of ions to set up the experiment in a pulsed manner. The beam is then passed
through two diaphragms separated by a distance of 20 cm and a set of electrostatic lenses.
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Figure 2.2: Schematic representation of the setup.

This ensures a narrow, focused beam in the interaction chamber. A small oven is mounted
inside the interaction chamber. The material of interest is evaporated in this oven, which
subsequently effuses through a 500 µm nozzle thus generating a target. The oven is located
such that interaction of incoming highly charged ions and a gaseous target takes place in
between a set of extraction plates. These extraction plates are located 10 mm apart. The
plates are put on a voltage ranging from about +50 V/− 50 V to +300 V/− 300 V . This
generates an electric field, which extracts any charged interaction products resulting from an
interaction into a high resolution reflectron time-of-flight (RETOF) mass spectrometer. The
fragments entering the reflectron are identified by means of a relation, which uniquely relates
their flight times towards a detector to their mass-over-charge ratio. Section 2.4 elaborates
further on the working principles of such a spectrometer.

2.4 Time-of-Flight Mass Spectrometry

2.4.1 Linear Time-of-Flight Spectrometer
The simplest version of a TOF spectrometer is the so-called linear TOF spectrometer. This
type of spectrometer, schematically represented in fig. 2.3, consists of an ion extraction
region, a drift region and a detector on which ions are finally collected. The extraction region
usually consists of one or two regions containing electric fields, which accelerate the extracted
ions into the drift region. A measurement cycle comprises a number of steps. First, ions are
generated in the first extraction region upon interaction with a laser or ion pulse. After passing
the second acceleration region and the drift region these ions are detected on a MCP. During
such a measurement cycle one precisely measures the flight time of the various ions. In this
way one obtains a histogram of flight times and this may be converted into a mass spectrum,
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Figure 2.3: Schematic representation of a linear time-of-flight spectrometer.

because the m/q values of the ions are uniquely related to their flight times.
An expression T for the ion flight times in this type of spectrometer can be obtained by

determining the flight times in the different regions (cf. fig. 2.3),

T = t1 + t2 + t. (2.2)

The relatively small velocities of the ions allow for a non-relativistic treatment of their dy-
namics. This leads to the following set of equations:

d1 =
1
2

a1t2
1 + v0t1, (2.3)

d2 =
1
2

a2t2
2 + v1t2, (2.4)

D = v2t, (2.5)

where v0 is the initial velocity of the ion upon formation, v1 the velocity upon exiting the first
acceleration region and v2 the velocity upon exiting the second acceleration region; a1 and a2
are the accelerations in the first and second extraction region. Solving this set of equations
for t1, t2 and t leads to

t1 =
−v0 +

√
v2

0 +2d1a1

a1
, (2.6)

t2 =
−v1 +

√
v2

1 +2d2a2

a2
, (2.7)

t =
D
v2
. (2.8)

It is convenient to express this in terms of the initial velocity v0 of the ion. This can be done
by rewriting the energy balance equations for the ion:

v2
1 − v2

0 =
2qE1d1

m
≡C1 = 2d1a1, (2.9)

v2
2 − v2

1 =
2qE2d2

m
≡C2 = 2d2a2. (2.10)
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The resulting total flight time T is

T =
−v0 +

√
v2

0 +C1

a1
+

−
√

v2
0 +C1 +

√
v2

0 +C1 +C2

a2
+

D√
v2

0 +C1 +C2

(2.11)

=

√
m
q

[√
2E1d1

E1
+

−
√

2E1d1 +
√

2E1d1 +2E2d2

E2
+

D√
2E1d1 +2E2d2

]
v0=0

.

The ion flight time has a certain spread for a particular m/q value due to the fact that the
starting point of the trajectory is spread out in space. The ions are generated in a small volume
rather than in a point. Ions generated closer to the first extraction grid, with smaller d1, are
exiting with lower velocities than the ions generated at larger d1. One can compensate for
this effect by realizing that at a certain distance the faster ions overtake the slower ones. The
detector should then be positioned in this focal plane. The condition required for coinciding
this focal plane with the detector plane can be obtained by requiring that a small variation in
d1 does not change the flight time T (to first order). This means that one needs to set the first
derivative of T with respect to d1 to zero,

∂T
∂d1

= 0, (2.12)

which gives

D =
(C1 +C2)

[
a1
√

C1 +(a2 −a1)(
√

C1 +C2)
]

a1a2
√

C1
. (2.13)

Rearranging this equation gives an expression for the first-order focusing condition, which is
independent of m/q:

D = 2d1 K3/2[1− 1
K +

√
K

d2

d1
] , K = 1+

E2d2

E1d1
. (2.14)

This result is known as the Wiley-McLaren criterion [24]. When only a single extraction
region is used, i.e. when d2 and E2 are equal to zero, this condition reduces to

D = 2d1. (2.15)

This is only a geometrical requirement, which states that the drift region should be twice as
long as the extraction region. The initial spatial distribution of ions can thus be focused in a
plane, using the previously mentioned restrictions, with only a distribution of kinetic energy.

2.4.2 Reflectron Time-of-Flight Spectrometer
A reflectron time-of-flight spectrometer [25, 26] resembles a linear TOF spectrometer, but in
addition it is equipped with an ion mirror. This ion mirror reflects the ions back into the field
free region where they are collected on a detector mounted at the end of the field free region.
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Figure 2.4: Schematic representation of a Reflectron Time-of-Flight spectrometer.

The advantage of this ion mirror is that it focuses ions of different initial kinetic energies in
time. A schematic overview of a RETOF spectrometer is shown in fig. 2.4.

Ions with large kinetic energies penetrate deeper into the mirror and the turn-around time
for these ions is greater than for the ions with lower initial kinetic energies. The effect of
shorter flight time for ions with greater kinetic energy is compensated for by a longer stay in
the ion mirror, shown on the right in fig. 2.4. One can view the space focus plane as a pseudo
source of ions with only a distribution of kinetic energies and no spatial distribution (to first
order). The ion mirror then focuses the kinetic energy distribution in time. This allows for
long drift regions and therefore better resolution.

The time spent in the retarding stage can be expressed in a similar way as in the acceler-
ation regions (cf. sec. 2.4.1):

t3 =
−
√

v2
0 +C1 +C2 +

√
v2

0 +C1 +C2 +C3

a3
, (2.16)

v2
3 − v2

2 =
2qE3d3

m
≡C3 = 2d3a3. (2.17)

The turn-around time the ion spends in the mirror is equal to:

t4 = 2
v3

a4
. (2.18)

The total time-of-flight in a spectrometer with a two stage reflectron is

T =
−v0 +

√
v2

0 +C1

a1
+

−
√

v2
0 +C1 +

√
v2

0 +C1 +C2

a2
+

D1 +D2√
v2

0 +C1 +C2

+2
−
√

v2
0 +C1 +C2 +

√
v2

0 +C1 +C2 +C3

a3
+2

√
v2

0 +C1 +C2 +C3

a4
.

(2.19)
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The schematic of fig. 2.4 shows a so-called two-stage reflectron. This reflectron configuration
is able to focus kinetic energy distributions to second order. The focusing conditions may be
obtained as follows. The total flight time through the field free regions, the retarding stage
and the ion mirror is

T = t + t3 + t4, (2.20)

where t, t3 and t4 are the flight times through the field free region, the retarding stage, and the
reflecting stage, respectively. To see the focusing action of the reflectron it is convenient to
express these times in terms of initial velocity or initial kinetic energy Ek in the space focus
plane:

t =
D1 +D2

v
,

t3 = 2
v− v3

a3
,

t4 = 2
v3

a4
, where ai =

qEi

m
.

Expressing these equations in terms of initial kinetic energy in the drift region the total flight
time is

T =
D1 +D2√

2Ek
m

+
2
a3

(√
2Ek

m
−
√

2(Ek −q∆Vret)

m

)
+

2
a4

√
2(Ek −q∆Vret)

m
. (2.21)

The condition for first-order focusing is

dT
dEk

= 0, (2.22)

which gives

D1 +D2

4
=

Ek

ma3

[
1+
(

a3

a4
−1
)√

Ek

Ek −q∆Vret

]
. (2.23)

In the case of a single stage reflectron, where a3 = a4 ≡ a, this condition reduces to

D1 +D2

4
=

Ek

ma
= dp, (2.24)

where dp is equal to the penetration depth of the ion into the mirror. This means that for first-
order focusing of the kinetic energy distribution in a single-stage reflectron the ion penetration
depth into the mirror should equal one fourth of the field free drift length. A dual stage
reflectron allows for a much more compact reflecting stage and in addition second-order
focusing of kinetic energy distributions may be obtained as well.

Mirror fields need not necessarily be constant. Focusing up to even higher orders may be
achieved using other field shapes.
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The reflectron that we use in our experimental setup is a dual stage reflectron as shown in
fig. 2.4, but in addition it has five cylindrical lens elements in the stage between the primary
extraction region and the drift tube for additional control of the extracted ionic fragments.
Typical primary extraction fields in our experiments are a few hundred V/cm. The 80 cm
long drift tube floats on a −2 kV potential. The field free region of the drift tube has very
finely mazed electroformed copper meshes at its ends to prevent any distortion of the ion
trajectories due to fringe fields penetrating the drift tube. The two stages of the ion mirror are
also equipped with such finely mazed copper meshes.

2.5 Ion Beam Chopping

One way of measuring the flight times of charged interaction products requires the experiment
to be set up in a pulsed manner. To this end the ion beam is bunched into the setup. Whenever
an ion bunch enters the setup a START signal is sent to a time-to-digital converter (TDC),
which then awaits detector signals implying that one or more molecular fragments completed
their trajectory through the reflectron.

Fig. 2.5 shows a schematic of the chopper-sweeper system in the setup. It consists of
two sets of plates P1-P2 and P3-P4 to which voltages may be applied, thus generating an
electric field in between the plates, which deflects the incoming ion beam, shown in red. The
particular voltages applied to the plates depend on the details of the experiment. There is
always a trade off between pulse length and pulse intensity. For the resulting time-of-flight

Plates P1-P2

Plates P3-P4

Ion beam

Diaphragm

Diaphragm

Figure 2.5: Schematic representation of the chopper-sweeper system.
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Figure 2.6: Pulsing scheme for short ion beam pulses.

measurements to have a high resolution the ion beam pulses should be as short as possible
at the interaction region. Decreasing pulse length though, will also decrease signal intensity.
Typically, two different pulsing schemes are employed: a default scheme for short beam
pulses and a scheme suitable for very low intensity ion beams delivering somewhat longer
beam pulses.

The scheme for short ion beam pulses is shown in fig. 2.6. Using a high voltage switching
unit we apply a square wave pulse with a negative bias voltage to plate P1 while plate P2
remains grounded. The bias voltage makes sure that the ion beam is by default deflected
away from the diaphragm. Whenever a square wave pulse is applied to P1 the ion beam
passes through the diaphragm at point A in fig. 2.6 when the electric field between plates
P1 and P2 passes its zero value. The time for free passage through the diaphragm depends
on the rise time of the voltage pulse and the diameter of the diaphragm. In this way pulse
lengths of a few ns are generated in the current setup. After one cycle of the square wave
pulse the ion beam would move back over the diaphragm in the same way, but in opposite
direction, if it were not for a second square wave pulse on plate P3. The falling edge of the
square wave pulse of the high voltage pulser on P1 is of lower quality than the rising edge,
therefore it is discarded. This is done by applying a second square wave pulse to plate P3
at point B in time as shown in fig. 2.6 inhibiting the ion beam from moving back over the
diaphragm by deflecting it sideways momentarily. The period of this combination of square
wave pulses is determined by the flight time of the slowest fragment in the reflectron time-
of-flight spectrometer.
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Figure 2.7: Pulsing scheme for low intensity ion beams.

In the case of low intensity ion beams a pulsing scheme such as that displayed in fig. 2.7
might be employed. In this scheme all plates are always grounded except for plate P1. P1
receives a positive bias voltage making sure the ion beam is by default deflected away from
the diaphragm. On regular intervals the bias voltage drops to zero for a very short period. In
fig. 2.7 this pulse duration is 100 ns. During this time the ion beam passes freely through
the diaphragm. Ideally this scheme generates pulses with lengths of the high voltage square
wave pulse width. Needless to say these longer ion beam pulses decrease the resolution of
the resulting time-of-flight spectra.

The amplitudes of the high voltage pulses in both these schemes depend on the particular
ion species, the charge state and kinetic energy and are tuned on-line.

2.6 Data Acquisition

As elaborated upon in previous sections the experiment is set up in a pulsed manner. When-
ever an ion beam pulse passes through the setup and thus through the target between the
extraction plates in the collision chamber a digital START signal is sent to a time-to-digital-
converter in the computer. This START signal arms the TDC for recording any STOP sig-
nals. These STOP signals are in turn generated whenever one or more charged fragments
were extracted into the reflectron time-of-flight spectrometer and completed their trajectory
by hitting the multichannel plate at its end. The MCP detector consists of two stacked plates
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Figure 2.8: Illustration of detector signals handled by a CFD eliminating ’walk’.

with microscopic channels running through each of them. These channels are circa 10 µm
in diameter and slightly inclined (≈ 10◦). Whenever an ion strikes the MCP stack it frees
secondary electrons from the channel walls, which are accelerated over the lengths of the
channels towards the back of the MCP stack by an electric field. The secondary electrons in
turn free more electrons in a cascade, which is eventually collected on a metal anode on the
back of the MCP stack. The potential difference over the channels is ca. 2 kV . The electron
cloud striking the anode is capacitively collected as a small electrical signal. This small signal
is a few mV in amplitude and a few ns long.

The small signal from the MCP detector is first passed to a fast pre-amplifier and and then
further amplified by a timing-filter-amplifier. After amplification the signal is passed through
a constant-fraction-discriminator (CFD), which generates a digital signal, which is accepted
by the TDC. Next to making the signal digital the CFD also eliminates any walk in the signals
due to varying signal pulse heights when simply setting a threshold value. This is illustrated
in fig. 2.8. The CFD splits the signal in two parts, one part is inverted and attenuated and
the second is delayed, subsequently those modified signals are added again. This scheme
generates a detectable zero-crossing in signal voltage, which is independent of the original
signal height.

All the STOP signals originating from fragments striking the detector are recorded as time
intervals (times of flight) relative to a START signal by a 1 ns resolution TDC (Fast ComTec
P7888). Typical molecular fragment flight times are in the order of 1 to 100 µ s. This mea-
surement of times-of-flight in an event-by-event way allows one to easily generate fragment
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Figure 2.9: Spectrum (histogram) of flight times for the system 30 keV He2+ on anthracene (C14H10).

spectra, by simply making a histogram of flight times. Such a histogram, or spectrum, is
shown in fig. 2.9.

The flight times may then be converted to mass-over-charge ratios because the flight time
of an ion through an electrostatic field is uniquely related to its mass-over-charge ratio. This
is because acceleration of a charged particle over a potential gradient results in a final velocity
that is proportional to the square root of the q/m ratio. Thus the drift time over a field-free
region is proportional to the square root of the ratio m/q (cf. eq. (2.11)),

m
q
=

(
T −P1

P2

)2

. (2.25)

Next to the proportionality constant P2, an additional constant P1 is taken into account to
define the zero in time.

Event-by-event measurement also allows one to determine correlations between frag-
ments from reaction processes. The average number of interactions per ion beam pulse is
much less than unity. This implies that per event all detected fragments are likely to stem
from the same ion-molecule interaction process. As such one may, for example, estimate the
amount of kinetic energy release in a breakup process. In fig. 2.10 a schematic overview of a
two-body-breakup process is shown.
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Figure 2.10: A schematic of a two-body break-up process between the fragment extraction plates.

When two charged fragments are produced in an interaction process there will, in general,
be a kinetic energy release giving the fragments an initial velocity. When a fragment is
emitted parallel to the electric field it will take a small additional amount of time to turn it
around towards the reflectron when it has a velocity against the direction of the electric field
lines. This turn around time is a measure for the kinetic energy release in the process,

∆tt.a. = 2
v0

a
=

√
8mEkin

qE
. (2.26)

The factor of two comes from the sum of the equal times for deceleration in the field to zero
and re-acceleration to the initial velocity in opposite direction.

2.7 Transmission
Not all fragment velocity vector combinations are extracted into the reflectron due to the finite
size of the aperture in the extraction geometry. For example, energetic fragments with veloc-
ity vectors perpendicular to the electric field direction hit the extraction geometry without
making it any further into the reflectron spectrometer. An estimate of this transmission factor
may be made by modeling the fragment emission and extraction process as an accelerating
isotropically expanding sphere as shown in fig. 2.11.

The area section of the sphere that makes it through the aperture is

A =
∫ θ

0
2πRsinθ Rdθ = 2πR2 [1− cosθ ] , (2.27)

where
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Figure 2.11: Fragment transmission modeled as an expanding sphere, which accelerates towards the
diaphragm in the extraction region. L indicates the distance between the extraction plates and D is the
diameter of the diaphragm.

sinθ =

(
D/2
v0t

)
. (2.28)

D is the radius of the diaphragm and L the distance between the plates. The value of t, the
time at which the sphere touches the diaphragm, can be found by looking at the geometry in
fig. 2.11,

(
D
2

)2

= (v0t)2 −d2, (2.29)(
D
2

)2

= (v0t)2 −
(

L
2
− 1

2
at2
)2

. (2.30)

This gives a fourth-order polynomial equation in the variable t,

t4 −
4v2

0 +2La
a2 t2 +

L2 +D2

a2 = 0. (2.31)
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Solutions to t2 of eq. (2.31) are given by eq. (2.32), where we have discarded the negative
(unphysical) roots.

t2
± =

(
2v2

0
a2 +

L
a

)
±

√(
2v2

0
a2 +

L
a

)2

− L2 +D2

a2 . (2.32)

Multiplying the solutions (2.32) by v2
0 allows one to obtain an expression for sin2 θ0 as a

function of v2
0/a,

v2
0

a
=

v2
0

qE/m
=

mv2
0

q∆V
L =

2Ekin

q∆V
L ≡ FEL. (2.33)

This results in

sin2 θ± =
D2/4
v2

0t2 =
1
4 F2

D(
2F2

E +FE
)
±
√(

2F2
E +FE

)2 −F2
E

(
1+F2

D

) , (2.34)

where
FE =

2Ekin

q∆V
and FD =

D
L
. (2.35)

The transmitted sphere fractions are then given by

Ptr± =
1
2
[1− cosθ±] . (2.36)

In our system D = 5 mm and L = 10 mm, making FD = 0.25. In fig. 2.12(a) we show
total transmission curves for singly charged ions as a function of kinetic energy for a number
of different extraction fields. Full transmission (100%) occurs for kinetic energies where the
discriminant in eq. (2.34) is smaller than or equal to zero. The maximum kinetic energy a
fragment can have for 100% transmission is

Ekin =
1
4

[√
1+F2

D −1
]

q∆V. (2.37)

In fig. 2.12(b) we show the kinetic energy upper limits for 100% transmission as a function
of the magnitude of the extraction field.

Note that this analysis is a simplified model to estimate transmission factors. It is by no
means said that the emission of energetic fragments in ion-molecule interactions is isotropic.
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(a) Transmission factors for singly charged fragments as a function of fragment kinetic energy for a
number of different extraction fields.

(b) Fragment kinetic energy limits for maximum (100%) transmission as a function of extraction
field.


