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Abstract

A deuterium negative ion source for ion trapping was studied and upgraded.

Deuterium negative ions are created through a surface process by shooting
electrons at a tungsten grid in a vacuum chamber filled with deuterium
gas. The amount of the extracted D ions increased linearly with the grid
negative voltage up to 1 kV. The optimum electron energy was found to be
around 200 eV. The impact of Cs deposition on the grid in relation to the D
ion production was also studied. In this study, developments were made to
the electronics and the control system of the existing setup. The setup was
also upgraded with the addition of two newly designed e-guns and a Cs
dispenser.
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Chapter 1

Introduction

The aim of this project from producing D  ions is for them to be used in
trapped ion experiments. There are two motivations for using D  ions in
such experiments: quantum information processing, and quantum metrol-

ogy.

1.1 Quantum Information Processing

Using trapped ions is perceived to be a possible way of building quantum
information processors. One of the proposed architectures to implement
trapped ion quantum computing is QCCD 1! architecture. In this architecture
different qubit ions are placed in different traps with another ion responsi-
ble for cooling and state readout. To operate quantum gates among these
separate qubit ions, they need to be brought together in a single trap so that
they form an entangled state. However, for this operation to happen, the
trap potential needs to be changed into an x* shape (Fig. 1.1a). To create
such a potential, voltages of the order of 102 V need to be applied to the trap
electrodes. This causes technical dif culties for the trap electrodes insula-
tion. Moreover, as the qubit ions move into a single trap, the trap frequency
temporarily decreases (Fig. 1.1a). This drop in the trap frequency results in
more heating rate on the qubit ions. Consequently, the coherence time in
the entangled-ions system drops as well.

A possible solution to the low trap frequency problem is to put the ions
always in separate traps while keeping them coupled (Fig. 1.1b). However,
to couple the ions strongly they need to be close to each other. On the other
hand, the inter-ionic distance is dependent on their distance from the trap
electrodes; the smaller the inter-ionic distance, the smaller the ions distance

1QcceD stands for quantum charged coupled device.
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Figure 1.1: (a) Transfer of ions in a QCCD architecture. Each trap in the
QCCD architecture holds two ions: one as the qubit, and the other as the
ancillary ion for cooling and readout. Stages 1 to 4 show how two traps
merge into a single trap. Stage 3 illustrates when the trap frequency drops.
(b) Nlustration of the fact that the inter-ionic distance and the trap-to-ion
distance are related together.

to the trap electrodes is. However, smaller trap-to-ion distance results in
higher heating rate of the ions, and consequently lower coherence time.

One possible solution to this problem, is that negative and positive ions be
used together, so that the negative ions store the qubits and the positive ions
be used for cooling, state readout, and as a mediator for the coupling of the
negative ions (Fig. 1.2a, 1.2b). This way, negative ions never come into direct
coupling, so there will be no need for an x* potential. Instead, the potential
would have an x3 shape. To make such a trap potential, lower voltages (10
V) need to be applied to the trap electrodes, and there will be no drop in the
trap frequency either as the ions are always in separate potential wells.

Even though negative ions can possibly solve the excessive heating rate and
high voltage issues, there are massive challenges in the use of negative ions.
The main issue is that atomic negative ions are very unstable, and easily lose
their extra electron under laser radiation. Molecular negative ions are also
an option to think of; however, they possess a great number of degrees of
freedom which make their cooling and trapping quite challenging.

1.2 Quantum Metrology

Trapped ions can be used for quantum logic spectroscopy (QLS) as well [2].
In QLS two ion species are co-trapped. One ion is called the spectroscopy
ion which is the ion that its transitions are measured. The other ion, called
the logic ion, is an ion with suitable transitions for ef cient laser cooling,
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Figure 1.2: (a) Schematic illustration of the proposed QCCD architecture
with negative qubit (blue) and positive ancillary ions (red). The picture is

taken from [1]. (b) Schematic illustration of performing a CNOT quantum

operations on two negative ions through a positive ion. The picture is taken
from [1].

internal state preparation, and detection like Be * [2]. The complete control
over the logic ion can be used to measure the chosen transition in the spec-
troscopy ion with great precision. The procedure is as follows. First, the two
ions are prepared in the motional ground state with Doppler and sideband
cooling. Then, with a coherent pulse of laser tuned close to the spectroscopy
ion transition, it is put into a superposition state (Eq. 1.1). Then, witha p
red sideband (p -RSB) pulse to the spectroscopy ion, this superposition is en-
coded into the motional state of the ions (Eq. 1.2). Then, with a p-RSB pulse
on the logic ion, this motional superposition state is encoded to the logic ion
internal electronic states (Eqg. 1.3). Then, with state-dependent uorescence
the population of the logic ion electronic state is measured. This procedure
is repeated many times to collect statistics, and Rabi spectroscopy can be
done to nd the spectroscopy ion transition frequency. Fig. 1.3b shows the
Rabi spectroscopy for a transition in 2’Al* ion co-trapped with Be * ion.

Yol Yi=(aj#tig+ bj"ig)j#i_j0i = (aj#igjOi, +bj"isj0i )j#i, (1.1)

Y1l Yo=(aj#igj0i, + bj#igjli )j#i, = j#isj#i_(ajoi + bjli )
(1.2)

Yol Yina = j#ig(aj#i, + bj"i )joi, (1.3)

QLS provides great accuracy in measuring the atomic transitions. Since the
transitions are dependent on the fundamental physical constants like the
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Figure 1.3: (a) Spectroscopy and transfer scheme for spectroscopy (S) and
logic (L) ions sharing a common normal mode of motion, the transfer mode,
with excitation n. (Only the ground and rst excited states of the transfer
mode are shown.) (A) Initialization to the ground internal and transfer-
mode states. (B) Interrogation of the spectroscopy transition. (C) Coherent
transfer of the internal superposition state of the spectroscopy ion into a
motional superposition state by use of an RSB p pulse on the spectroscopy
ion. (D) Coherent transfer of the motional superposition state into an in-
ternal superposition state of the logic ion by use of an RSB p pulse on
the logic ion. The picture is taken from [2]. (b) Raki spectroscopy of the

15, F=5/2, mg=5/2 | 3P, ,F =7/2,m =7/2 transitonin 27Al*,
showing a frequency scan across the resonance. The data (black circles)

are t by the theoretically expected probability P 45 of nding 2’Al" in the
ground state after applying the probe pulse. The picture is taken from [2].

electron mass, QLS provides a way to do quantum metrology 2. One of the
applications of QLS in the context of quantum metrology is testing theories
like CPT theorem. Charge, parity, and time reversal symmetry is a funda-
mental symmetry of physical laws under the simultaneous transformations
of charge conjugation, parity transformation, and time reversal. However,
there are theories that predict CPT violation. There has been increasingly
preciser tests on the magnetic moments of proton and anti-proton trapped
in a penning trap [3, 4]. To increase the accuracy of comparison between
electron (proton) and positron (anti-proton) properties, there has been the

suggestion of doing QLS on H;' and its antimatter (H, ) [5]. To do QLS on
H; and H, each one needs to be co-trapped with a well-known ion like

Be* or Ca*. At TIQI there is an ongoing project to co-trap H ; and Be" ions
called the "Molecules” project. The co-trapping of H, is, of course, more
ambitious and challenging. In this project, the "Negative lons” project, the

purpose is to co-trap Be* with D  which is the closest ion in mass to H,,
and consequently needs a trap with identical characteristics (Fig. 1.4). To

2Metrology is the science of measurement of fundamental physical constants. Quantum
metrology is a branch of metrology where the techniques in quantum science, e. g., trapped
ions are used for measurement.
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Figure 1.4: Position of the negative ions, and the molecules projects in rela-
tion to the QLS of H} and H,, .
sum up, this project is the rst step towards the realization of the QLS of H

and H, . With co-trapping a negative and positive ion, this project is also
the rst step towards a positive - negative ion QCCD architecture.






Chapter 2

Review of D lon sources

The more D ions are produced, the more chance there is to trap them. This
was the motivation to try all possible ways through which the D ion pro-
duction rate is enhance. To do so, it is necessary to know the key factors
and the processes that lead to D ion production. Because of similar elec-
tronic con guration of deuterium and hydrogen, these processes are similar
for both H and D ion formation. Hence, on a qualitative level, all the
information on the H ion formation can also be used for D [6]. On a
guantitative level, H ion formation is proved to be more ef cient no matter
what the process is [6]. In the following these processes are brie y discussed.

For a D ion to be formed, the deuterium atom needs to gain an extra
electron. Based on how this electron attachment takes place, D ion sources
are divided into two types: volume sources, and surface sources [6].

2.1 Volume Sources

In general, inelastic scattering of deuterium atoms (D), molecules (D »), or
positive ions (D ¥, D;' , Dg) with other particles can result in the formation
of D through transfer of electrons. The other scattering particles in this
scattering process can be anything, ranging from electrons to deuterium or
other species of atoms molecules or ions. Here are some examples of the
volume processes for D formation.

e+ D! D +hn (2.1)
e+D,! D +D (2.2)

e+ D! e+D +D° (2.3)
e+D,! D +D° (2.4)
D; +D,! D +D+2D" (2.5)

D* +2Cs! D + 2Cs' (2.6)
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Figure 2.1: Schematic illustration of a double charge exchange source. The
picture is taken from [6].

2.1.1 Double Charge Exchange Sources

The key for these inelastic scatterings to result in D ion formation is that
the electron af nity (EA) of deuterium be higher than the electron af nity

of the other scattering particles. For example, D ion can not be expected
to be formed from the interaction between deuterium (EA p = 0.7546 eV)
and oxygen (EAp = 1.4611 eV), but D ion can be easily formed from the
interaction of D * ion (EAp = 0.7546 eV) and caesium atom (EAss = 0.4716
eV) as represented in Eq. 2.6. Cs atom has the tendency to lose its valance
electron to reach the octet con guration while the D * ion can attract two
electrons: one electron to reach the atomic ground state and release the
15.47 eV ionization energy, and an extra electron to reach the D state and
release the 0.7546 eV af nity energy. Using alkali metals vapor to create D
ions has been implemented before [7]. The working principle is depicted in
Fig. 2.1. A beam of D* ions (1 kV), which can easily be created through
electric discharge, is passed through the alkali metal vapor (10 2 mbar)
where the inelastic scattering and two-electron charge transfer takes place.
Hence this type of D ion source is called double charge exchange source.
The kinetic energy of the incoming beam of D * ions is necessary to provide
the activation energy for the electron transfer from the Cs atoms to D * ions.
Very high currents (of the order of amperes) of D  ions have been reported
using this technique [6].

2.1.2 Volume Plasma Sources

Eq. 2.2 describes dissociative electron attachment (DEA) which has been
extensively explored during the past several decades. In Fig. 2.2a the cross-
section of DEA for hydrogen (red) and deuterium (black) are presented.
Three resonances can be observed in the DEA cross-section: one resonance
around 4 eV, another within 7 eV to 13 eV, and another one around 14 eV.
This cross-section can be massively enhanced through the vibrational exci-
tation of the deuterium molecules. Fig. 2.2b shows how the cross-section
of the 4 eV DEA resonance enhances with the vibrational excitation of the
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molecules. The 14 eV resonance, however, increases at most by a factor of
20 with the vibrational excitation * [8]. Hence vibrational excitation of D ,
molecules is a key factor to enhance the probability of DEA. Fig. 2.3a il-
lustrates that electrons of energies above 20 eV can ef ciently vibrationally
excite H, molecules.

There is also another process which leads to vibrational excitation of D »
molecules. It is referred to as dissociative adsorption and recombination.
In this process D, molecules adsorb on the surface, and as they adsorb they
dissociate into deuterium atoms. These deuterium atoms can associate again,
and form a vibrationally excited molecule as they desorb from the surface.
This process happens on the chamber walls; however, this mechanism only
boosts the D production roughly by a factor of 2 [9].

Therefore, to ef ciently use the DEA, electrons of > 20 eV and< 5 eV are
needed for D, vibrational excitation, and ignition of the 4 eV DEA resonance
respectively. This can be achieved by creating a plasma through hot lament
discharge as depicted in Fig. 2.4a. Itis enough to keep the laments at about
50 V voltage difference, then the primary electrons can vibrationally excite,
ionize, and cause polar dissociation (Eq. 2.3) of the deuterium molecules
(Fig. 2.3b). As a result, the primary electrons lose their energy and thermal-
ize at some temperature of the order of kgT 1 eV which is the right tem-
perature to maximally use the 4 eV vibrationally enhanced DEA resonance
[10]. As this plasma is the necessary element in the source operation, these
sources are called volume plasma sources. These sources like the double
charge exchange sources also produce high currents of D ions (Fig. 2.4b).

There are some key factors for this type of D source to work.

To create D ions it is necessary to form the plasma. Plasma provides
a large interaction environment among electrons of different energies,
and deuterium molecules and ions, and keep them in interaction via
Coulomb force.

The presence of a con ning magnetic eld at the plasma is also cru-
cial. Otherwise, ions and electrons keep escaping from the plasma
and weaken the interaction. Moreover, low energy electrons and posi-
tive ions could also diffuse to the extraction area (Fig. 2.4a), and mix
up with the negative ion beam.

Even though these sources work in low pressure plasma, i. e., 10 3
mbar, high-vacuum pressure, i. e., < 10 5 mbar would inevitably
result in much less interaction, hence lower D  production rate.

As a rule of thumb, higher discharge currents produce higher D  cur-
rents until it saturates (Fig. 2.4b).

1The 7-13 eV resonance dependence on vibrational excitation has not been studied.
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Figure 2.2: (a) DEA cross-section versus the electrons energy. The red curve
represents the DEA cross-section for H formation, the black for D , and
the blue represents some older measurement for D . The picture is taken
from [11]. (b) Internal state dependence of DEA cross-sections in H, and
D, via the 4 eV resonance. The ground state cross-sections (at 300 K) are
1.6 10 Zcm?forH,and 8 10 24cm? for D,. Note that the cross-section
enhancement by vibrational excitation (index v) is much larger than that by
rotational excitation (index i) at the same internal energy. The picture is
taken from [12].

(a) (b)

Figure 2.3: (a) Cross-section for vibrational excitation of the H , molecules as
a function of the electrons energy. The picture is taken from [13]. (b) Total
cross-section of the H production, including both the DEA and the polar
dissociation. the monotonic increase after 17 eV is due to the fact that the
polar dissociation of H » kicks in. The picture is taken from [14].

10
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Figure 2.4: (a) Schematic illustration of the volume plasma negative ion
source. The picture is taken from [6]. (b) Output current of a volume plasma
source as a function of the discharge current. The addition of Cs vapor
clearly enhances the output current. The picture is taken from [15].

Addition of Cs vapor can massively enhance the D  production (Fig.
2.4b) through charge exchange (Eqg. 2.6), surface processes on the dis-
charge electrodes, and also adding more electrons to the plasma due
to their small ionization energy 3.9 eV.

2.2 Surface Sources

Apart from the volume processes, negative ions can also be formed on metal-
lic surfaces where atom and the surface come into interaction [6, 16, 17].
This can happen, for example, through adsorption on the surface. To extract
these negative ions from the surface, they need to gain momentum which
can be provided through sputtering [18]. Negative ions can also be formed
through the re ection of energetic atoms and positive ions off the surface
where they can trap a freely wandering electron on the surface to their af n-
ity level [19, 20, 21]. There has been quantum mechanical calculations for
such a surface electron transfer process [17]. In the re ection process, the
negative ion fraction b of the particles leaving the surface is calculated to
be:

2 F EA
b :aexp p

_ 2.7
2av, (2.7)

where F is the surface work function, EA is the electron af nity of the re ect-

ing atom, ais an exponential decay constant, and v, is the normal leaving
velocity of the created ion off the surface. This familiar thermodynamical-
like expression is easy to interpret. It states that there are two competing
probabilities for the surface electrons: either the electron continues to stay

11



2. Review of D lon sources

12

in the metallic surface state, or it moves to the af nity level of the re ect-
ing atom. Basically, the higher the electron af nity, and the lower the work
function, the more probable the negative ion production would be. There-
fore, using the right surface with a low work function is very important.
Surfaces of the refractory metals (e. g., W, Mo, Ta) with a sub-monolayer
deposition of alkali metals (like Cs) have the lowest work function among
surfaces. Hence they are massively used in different negative ion sources
[6]. The other determining factor is the velocity. This is because the velocity
determines the interaction time between the atom and the surface electric
eld 2. The interaction with the surface electric eld provides the environ-
ment for the leaving negative ion to lose its electron. Hence the higher the
velocity the more negative ions would survive. Finally, The constant a de-
pends on the atom species and the surface material [22]. Based on what has
been discussed so far, surface sources of D ion production can be divided
to three types: sputtering sources, surface re ection sources, and nally sur-
face plasma sources.

2.2.1 Sputtering Sources

These sources rely on the sputtering process to provide the momentum for
the D ions. The most versatile sputtering sources have been implemented
with Cs™* as the sputtering ion. Hence these sources are known in the lit-
erature and market as Cs sputtering sources. As displayed in Fig. 2.5, a
Cs dispenser evaporates Cs into the space in between a hot tungsten ionizer
and the target. As the Cs atoms hit the tungsten ionizer they are ionized and
accelerated by the positive bias of the tungsten ionizer (anode) towards the
negatively biased target (cathode). This create a local plasma which leads
to the sputtering of the target by Cs * ions. Deuterium atoms can be sup-
plied to the target surface through adsorption or the target material. The
highest D currents are produced with the latter approach where a target
of compressed titanium deuteride TiD , powder is used [23]. This approach
also has the advantage that the whole system is kept in UHV which makes
it much easier to connect the negative ion production setup to ion trapping
chambers or other systems which require UHV environments. The Cs * ions
hitting the target surface releases deuterium atoms from the TiD , crystal.
The released deuterium atoms can then pick a surface electron and leave the
surface with the momentum transferred to them by the Cs * ions impact. It
is worthy of noting that Ne * ions have also been investigated as the sputter-
ing ion [18]. The choice of Cs* as the sputtering ion is motivated by the fact
that some of the Cs vapor deposits on the target surface. Cs deposition on
the surface decreases the work function which as discussed earlier enhances
the negative ion production.

2|, e., the work function induced electric eld at the surface.
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Figure 2.5: Schematic illustration of a Cs sputtering negative ion source. The
picture is taken from [24].

2.2.2 Surface Re ection Sources

High currents of D have also been produced through the re ection of ener-
getic deuterium positive ions [20, 21] and deuterium atoms (hot atoms) [19].
In the rst approach abeam of D * ions is produced through hot lament dis-
charge. These ions are then accelerated to keV energies, and then shot at
the target. The target can be made of any type of metals; however, the usual
choices have been alkali metals or refractory metals. See Fig. 2.6 for more
details. The second approach, that is, the hot deuterium approach is much
less ef cient. In this approach, rst, a super hot gas of atomic deuterium

( 2500 K) is produced by passing the deuterium gas through a hot tung-
sten tube. Then, these super hot atoms effuse to the production chamber
where they come into contact with the target, and a small fraction of them
are back-scattered as D ions. Of course, Cs vapor can be added to the
system in both approaches so that the work function of the target decreases,
and more negative ions be produced.

2.2.3 Surface Plasma Sources

Further studies on volume plasma sources showed thatthe H ,and D ion
production depend on the laments surface area [25]. This nding hinted at
the presence of surface mechanisms in a volume plasma source. As a result,
volume plasma sources have been modi ed to enhance the surface produc-
tion. Fig. 2.7 shows how one example of a surface plasma source operates.

13
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(b)
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Figure 2.6: (a) Schematic illustration of a surface re ection negative ion

source. H or D ions enter the apparatus from the "Entrance Collimator”,

then shot at the target. The picture is taken from [20]. (b) Back-scattered D

yield vs incident energy for D ; (lled circles) and D 3 (open circles) incident
on thick Cs adlayer. The picture is taken from [20].

In this example the two hot laments create the deuterium gas discharge
plasma. The array of the magnets around the chamber are for the con ne-
ment and enhancement of the plasma as discussed for the volume plasma
sources. The only added element here is the negatively biased "converter”
electrode which has a large surface area. Therefore, more deuterium atoms
adsorb and negatively ionize on this electrode surface. Bombardment of the
electrode by the D* ions then can sputter the surface-created D ions. The
bombarding positive ions can also back-scatter as negative ions. To extract
the negative ions and make the sputtering happen, the converter electrode
is negatively biased to several hundreds of volt with respect to the plasma.
Finally, Cs vapor can also be adder to this type of source to further enhance
the D production.

Fig. 2.8 summarizes the main points that have been discussed so far on the
D ion formation.

2.3 Pulsed Laser Negative lon Source

First of all, using pulsed laser to produce negative ions is not a well-known
technique, and still needs more research on different materials. Hence it can
not yet be categorized as a surface or volume source type.

Nevertheless, pulsed lasers have been used to make positive ions [27], and
this is a well-established method to create positive ions. To do so, one needs
to prepare a clean solid target out of the desired material (e. g., Ag, Ta,
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Figure 2.7: Schematic illustration of a surface plasma negative ion source.
The collisions of the plasma constituents with the "Converter” electrode
surface results in the massive enhancement of the negative ion production.
The picture is taken from [26].

Figure 2.8: Summary of the D ion formation processes.

etc.), and irradiate it with a high power pulsed laser 3. The highly focused
energy of the laser pulses (> 1 mJ) instantaneously evaporates and sputters
particles from the target creating a plasma plume in front of the target. This
hot plasma consists of neutral atoms, clusters, ions, and electrons, and un-
dergoes an adiabatic expansion as it is formed. According to [28], due to
the smaller mass of the electrons they pick up higher momentum; therefore,
they expand faster in space. This expansion creates a separation in between
the electrons and the positive ions, hence creates a strong electric eld which
further accelerates the positive ions which results in the formation of highly
energetic and broadly distributed positive ions (from 0 to MeV).

3To prevent the target surface from degrading and also to have a cleaner beam of positive
ions it is preferred that the system operates under UHV.

15
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Figure 2.9: Schematic illustration of a pulsed laser negative ion source. The
picture is taken from [29].

Apart from [29], where production of osmium negative ions using pulsed
laser is reported, no other successful report in the literature was found up to
our knowledge. The target they used was a pure solid osmium target. They
found that for laser pulses above 500 mJ osmium negative ions can be pro-
duced, and the more the pulse energy, the more negative ions were created.
It is also worthy of noting that the target material is crucial in producing
osmium negative ions as they were not able to detect any atomic osmium
negative ions with a target made of dried osmium solution (NH 4),0sCls.
Fig. 2.9 shows the schematic illustration of their setup.

Pulsed laser approach can be investigated for the production of D ions
too. In regards to the target choice, the rst choice can be TiD , as it is the
successfully tested target for the sputtering source.

In the next chapter the experimental setup for the D  ion production in this
project will be described. The experimental results will also be presented,
and based on the results will be discussed what the dominant D  ion pro-
duction process in the setup is.



Chapter 3

Setup, Results, and Discussion

3.1 Setup

The design of the system is based on two vacuum chambers which are con-
nected by a differential pumping constriction. One is the chamber to pro-
duce D ions which we refer to as the preparation chamber, and the other
chamber is for ion trapping referred to as the trap chamber in this thesis.
Since the trap chamber needs to be under UHV, a pressure difference has
to be maintained between the trap chamber and the preparation chamber
through a differential pumping constriction. A detailed description of the
constriction as well as other components of the setup can be found in Mat-
teo Simoni's master's thesis [30]. To maintain higher pressure differences the
constriction needs to be longer or narrower, which makes it more dif cult
for the ions to pass through. Hence there is a trade-off between the pressure
difference and the proportion of ions passing through the constriction. To
produce D ions, a supply of deuterium is needed. In this setup the supply
is provided by D , gas. The preparation chamber is lled with deuterium
gas through a leak valve which connects the chamber to a deuterium bottle.
Since we are able to produce D ions with pressures of the order of 10 ©
mbar, we decided to keep the pressure in the preparation chamber below
10 ° mbar. This resulted in a constriction of a length of 3 mm and diameter
of 1.5 mm. The schematic illustration of the system is shown in Fig. 3.1. To
create D ions, the idea is that an electron gun (e-gun) shoots electrons at
a tungsten grid 12, The created D ions are accelerated by a negative pulse
applied to the grid. Before the grid negative pulse, a short positive pulse is
applied to the grid to attract the created ions closer to the grid so that the
ions are more bunched-up. The accelerated ions go through an electrostatic
(einzel) lens and two pairs of de ection plates which guide the ions into

1The grid consists of 50 50 tungsten wires in 1 1 inch with a wire width of 50 nm.
2In Sec. 3.4 | will discuss how the D  ions are created in this setup.
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Figure 3.1: (a) Schematic illustration of the project setup. The D ions are
created, accelerated, and focused in the preparation chamber. The prepara-
tion chamber and the tarp chamber are connected by the differential pump-
ing constriction to keep the pressure difference. On the bottom left it is
shown how the MCP pulses look like (the purple pulse). These pulses are
standardized by a discriminator board (the yellow pulse) and counted by the
control system. The control system also produces signals to control the grid
voltage, etc. (b) The time of ight (TOF) experimental sequence. A short
positive 1 s pulse is applied to the grid to attract the negative ions. This
pulse is followed by a negative 10 ns pulse that accelerates the ions towards
the MCP. The TOF is measured form the falling edge of the negative pulse.
The magnitude and lengths of the pulses are studied in Chap. 3.

the constriction so that the ions reach the trap chamber. To detect the D
ions, a Z-stack microchannel plate (MCP) is used which produces electric
pulses as the charged particles hit it. These pulses are then standardized by
a discriminator board and counted by the control system (See Chap. 4.) The
control system also produces signals to control the grid voltage, de ection
plates, etc.

To investigate what ions are produced, time of ight (TOF) spectroscopy
needed to be done. At rst, TOF experiments were done in the preparation
chamber. Afterwards, the preparation chamber was connected to the trap
chamber [30], and TOF experiments were done again to see if any ions pass-
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