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Abstract: The IGISOL Laser Ion Source Trap (LIST) is a method in which a super-
sonic gas jet is used to transport thermalized nuclear reaction products from a gas
cell into a sextupole radio frequency ion guide (SPIG) while removing any non-
neutral part of the jet by a positively biased repeller electrode. Specific atom species
are resonantly re-ionized with laser radiation in the SPIG which enables the study
of exotic nuclei without isobaric contamination. In the first part of this work the re-
pelling effect is studied through a series of ion optical Monte-Carlo simulations. The
simulations were able to support the hypothesis that the constant collisions between
the fast moving buffer gas atoms and the ions provides additional momentum to
overcome potential barriers of several tens of volts, explaining the need for high
repelling electrode potentials in practice. The simulations were also used to investi-
gate the differences between helium and argon buffer gases and different repelling
geometries. The experimental behaviour of the repelling efficiency as a function
of repelling potential was qualitatively reproduced. The second part of this work
concentrated on the supersonic gas jet formation and the parameters that affect the
gas jet properties, in particular the width. For an efficient transportation of atoms
from the gas cell to the SPIG the gas jet needs to be well collimated. The gas jet
behaviour was investigated with two nozzle shapes and diameters in varying pres-
sure environments by photographing plasma afterglow in the gas expanding from
an arc discharge ion guide. It was found that the jet width is strongly dependent on
background pressure and independent of the nozzle shape and gas cell pressure. Be-
cause the gas jet exhibited a collimated behaviour only with increasing background
pressure, a new de Laval type of nozzle was introduced. This nozzle produced a

narrow collimated jet structure at background pressures as low as 0.33 mbar.



Suomenkielinen tiivistelma: IGISOL laserionildhdeloukku (LIST) on menetelm4,
jossa supersoonisen kaasusuihkun avulla termalisoidut ydinreaktiotuotteet siirre-
tddn radiotaajuiseen sekstupoli-ioniohjaimeen (SPIG), kun samanaikaisesti kaasu-
suihkun neutralisoitumaton osuus poistetaan positiivisesti biasoidulla suodatuse-
lektrodilla. Vain tietty atomilaji ionisoidaan resonantisti uudelleen lasereilla SPIG:in
sisdlld. Tama mahdollistaa eksoottisten ytimien tutkimuksen ilman isobaarista kon-
taminaatiota. Ensimmdisessd osassa tdtd tyotd tutkitaan suodatuselektrodin toim-
intaa ionioptisilla Monte-Carlo-tietokonesimulaatiolla. Simulaatiot antoivat tukea
hypoteesille, jonka mukaan jatkuvat tormédykset taustakaasun atomien ja ionien
vélilld antavat ioneille energiaa ylittdd kymmenienkin volttien suodatuselektrodin
jannitteet, mika selittda tarvetta korkeille suodatuselektrodijannitteille kdytannossa.
Simulaatioilla tutkittiin myos helium- ja argontaustakaasujen eroja ja erilaisia suo-
datusgeometrioita. Simulaatioilla pystyttiin kvalitatiivisesti jdljittelemddn kokeellis-
esti havaittua suodatustehokkuutta suodatusjannitteen funktiona. Toisessa osassa
tatd tyotd keskityttiin kaasusuihkun muodostukseen ja muuttujiin, jotka vaikuttavat
kaasusuihkun ominaisuuksiin, erityisesti leveyteen. Kaasusuihkun leveys vaikuttaa
atomien tehokkuuteen siirtyd SPIG:in sisdlle. Kahta suutinmuotoa ja kokoa tutkit-
tiin erilaisissa paineympaéristdissd kuvaamalla kipindldhteen jalkihohdetta kaasussa.
Analyysissd havaittiin, ettd kaasusuihkun leveys riippuu vahvasti taustakaasun pai-
neesta ja on riippumaton suuttimen muodosta seké tulopaineesta. Koska kaasusuih-
kun havaittiin kapenevan vain taustapainetta nostettaessa, uusi de Laval -tyyppinen
suutin esiteltiin lopuksi. Tdlld suuttimella muodostettu kaasusuihku osoitti kapeaa
ja kollimoitunutta kdyttdytymistd niinkin alhaisilla taustakaasun paineen arvoilla

kuin 0,33 mbar.
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1 Introduction

1.1 IGISOL facility
1.1.1 IGISOL technique

Almost three decades ago an ion transportation technique was developed at the
IGISOL (Ion Guide Isotope Separator On-Line) radioactive ion beam facility in JYFL.
The so-called ion guide technique uses an inert buffer gas as a mean of transporta-
tion and as a stopper medium for high energy nuclear reaction products. The IGISOL
facility has been used to study short-lived exotic isotopes far from the line of beta-
stability. Refractory elements are of particular interest for this method due to the
chemical non-selectivity of the ion guide. In addition a fast extraction time allows
the study of isotopes with half-lives under 1ms. The technique has led to new dis-
coveries of neutron-rich isotopes and their properties, and it has been applied to
decay spectroscopy of both proton-rich and neutron-rich nuclei [1,2].

In the ion guide method a projectile beam from an accelerator hits a thin target
in a gas cell. In the target nuclear reactions create isotopes that recoil out in highly
charged states into the chamber filled with buffer gas, which is usually helium at
pressures of a few hundred mbar. The buffer gas is used to slow down and thermal-
ize the reaction products and the fast flow of the gas extracts them out of the cell
through a nozzle into the next chamber. Most of the produced ions end up ina 17"
charge state via a series of charge exchange processes with the buffer gas atoms and
impurities in the gas [3].

As the ions exit the gas cell they are separated from the neutral buffer gas and are
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Figure 1.1: An experimental setup of the IGISOL method using the ion guide for
tission products.

further accelerated towards a mass separator while differential pumping is used to
pump away the neutral fraction. Figure|l.1|shows an example of the ion guide that
is used for fission product transportation and the surrounding experimental setup.
When the gas exits the nozzle of the gas cell the pressure drops dramatically by
about two orders of magnitude and the gas starts to expand strongly. At the same
time the gas flow becomes supersonic. As a result a gas jet is formed, which in the
present day system is directed to a sextupole radio-frequency ion guide (SPIG), that
was preceded by the traditional skimmer system. The SPIG uses high frequency rf-

voltage applied to six encircling rods to form an ion transporting pseudopotential

[1].

1.1.2 IGISOL laser ion source

The two main deficiencies of the IGISOL technique lie in its low efficiency for cer-
tain reactions and high isobaric impurities, which are particularly problematic when

isotopes far away from the beta stability line are of interest, as the mass-separated
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beam can contain other, more stable elements with considerably higher fluxes. The
efficiency of the extraction is impaired by the ionization of the buffer gas that intro-
duces plasma effects which lead to neutralization of the ions. In addition, distortions
of the electric field in the extractor region or other losses during the transportation
of the ions can adversely affect the efficiency [1].

Resonant ionization laser ion sources are a reliable and efficient on-line ion source
for radioactive ion beams, because of their high versatility for production of differ-
ent elements and high selectivity and purity of the ion beam generated by resonant
laser radiation. Laser ion sources can enable experiments on the most exotic iso-
topes that would otherwise be impossible due to the overwhelming isobaric con-
tamination. The development of new powerful tunable laser systems, e.g. tita-
nium:sapphire lasers, has initiated a significant evolution within the field of laser
ion sources [4].

To overcome the aforementioned deficiencies in the IGISOL technique, the laser
ion source FURIOS (Fast Universal Resonance laser Ion Source) [5] has been devel-
oped along similar lines to that of the LISOL group at the University of Leuven [6]
and to TRILIS in TRIUMEF [7], both using laser resonance ionization. The selectivity
of the ion guide technique is improved by the Z-selective laser ionization process in
which a neutral atom is ionized by step-wise excitation. To produce the excitations
the neutral atoms are exposed simultaneously to two or more high intensity laser
pulses. The first pulses saturate the transitions below the ionization potential and
the final laser pulse is used to ionize the atom either by a non-resonant transition
using a high power pump laser or by exciting the atom into an auto-ionizing state.

The FURIOS facility consists of a twin laser setup using high-resolution tita-
nium:sapphire lasers and dye lasers with Nd:YAG and copper vapour pumping
lasers, respectively. The use of both laser systems coupled with second, third, and

fourth harmonic generation make it possible to produce laser radiation at wave-
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Figure 1.2: Schematic of the FURIOS laser ion source.

lengths ranging from infrared to ultraviolet thus providing a universal coverage of
ionization schemes throughout the periodic table. The laser system can also provide
high enough powers to sufficiency saturate atomic transitions in large volumes of
atom loaded buffer gas. The high laser powers became possible with the develop-
ment of double-sided pumping of the titanium:sapphire lasers [8]. The laser system
is operated at a high repetition rate of about 10 kHz. Such a rate is needed so that
each atom is at least once exposed to the laser pulses when flowing with the fast
buffer gas. A schematic view of the FURIOS laser ion source operating with the
tission ion guide is shown in Figure [5].

There are two different types of laser ionization geometries at the IGISOL. In the
first method, which is similar to the LISOL facility in Louvain la Neuve [9], laser
radiation is delivered to the gas cell through a window in the rear or side of the
cell, and the laser ionization is performed inside the gas cell. Created photo ions are
exposed to the plasma effects inside the gas cell affecting the efficiency of the ion
guide.

In the second method, any non-neutral part of the gas jet entering the SPIG is

4
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Figure 1.3: The experimental setup of the LIST method.

repelled with a repeller electrode. The lasers are used to re-ionize atoms within the
sextupole guide in a counter-propagating geometry. This is the so-called Laser Ion
Source Trap (LIST) method , which is described in more detail in the next sec-
tion. In this work LIST conditions are studied by investigating the gas jet behaviour
with different nozzle types and pressure conditions, as well as via simulation stud-

ies of the repelling behaviour of the repeller electrode.

1.2 JYFL LIST technique

The LIST method was originally proposed to suppress surface ion contamination
from a hot cavity laser ion source [10], and was eventually coupled to a gas catcher
system at the Leuven Isotope Separator On-Line (LISOL) [12]. The JYFL LIST
method is done similarly by stopping and thermalizing the reaction products in the
ion guide gas cell. A repeller electrode is used to let only the neutral atoms into
the SPIG wherein the reaction products of interest are captured by the rf potential
after being selectively re-ionized with counter-propagating laser pulses. This en-
sures high beam purity because any ion transported for subsequent experiments is

guaranteed to be a photo-ion ionized resonantly by the lasers.
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Figure[I.3|shows the experimental setup of the LIST method. Ions and atoms are
transported by a buffer gas out of the ion guide through a nozzle towards the SPIG.
The buffer gas is usually either helium or argon. Argon has favourable character-
istics for the LIST method including a lower ionization potential leading to more
effective neutralization of the reaction products than helium. A gap of about 0.5
cm is usually kept between the ion guide and the SPIG repeller electrode. The gap
size is adjustable. The lasers can be directed into the ion guide-SPIG system via two
routes, either through the ion guide or through the mass separator dipole magnet.
This enables the ionization of the atoms both inside the gas cell and the SPIG.

The repeller electrode used in the SPIG is a simple 3 mm thick plate with a 6 mm
circular aperture, located in front of the SPIG rods. The repeller electrode is isolated
from the rest of the SPIG system by an isolating ring seal. This allows a positive DC
voltage to be applied to the repeller electrode with respect to the gas cell. Figure
is a photograph showing the repelling electrode and the ring seal next to the SPIG.

The applied repelling voltage will create a potential barrier for the ions coming
out from the ion guide which has to be overcome if they are to enter the SPIG. As
the ions are transported by the buffer gas flow alone, the kinetic energy they have
relates to the gas velocity. With helium gas velocities of about 1000 m/s the ions
have less than 1 eV of kinetic energy translating to 1 V of repelling voltage, but, in
practice, the repeller electrode needs several tens of volts in order to repel all of the
non-neutral fraction. The high voltages needed for successful repelling is thought to
be a consequence of continuous collisions of ions with the buffer gas atoms. The col-
lisions between the gas jet atoms and the ions provide sufficient energy to overcome
even large potential barriers.

There has, however, been a report of successful repelling with a remarkably low
voltage of about +1 V [14]. This was observed with %8Cu ions produced in a fusion-

evaporation reaction. The repelling of *®*Cu ions (detected by positrons from B de-
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Figure 1.4: A photograph of the SPIG with the repelling electrode plate dismounted.
A two euro coin is on the right for scale.

cay) is shown in Figure(l.5/as a blue dashed line, as a function of repelling voltage.
The signal shows a sudden and complete suppression of the ions with only slightly
positive potential.

Figure|l.5|also shows the more usual repelling behaviour which needs over +100
V for complete suppression of the ions. In this case Ni' ions were repelled from
a gas cell filled with 50 mbar helium at Imm distance from the repeller electrode.
It should be noted however that these two repelling potential behaviours are not
directly comparable because of differences in the experimental setup.

The next chapter discusses simulations which were done to study the repelling

phenomenon in more detail.
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Figure 1.5: The number of ions transmitted into the SPIG as a function of the re-
pelling voltage. The blue line shows a more unusual +1V repelling effect and the
green line shows the normally witnessed repelling behavior.

1.2.1 Bismuth off-line test

The first successful off-line test of the LIST method was done with stable 2*Bi. The
bismuth atoms were produced from a resistively heated filament within a gas cell.
The atoms were ionized in a two-step scheme, one resonant step and a final non-
resonant step. By adding timing gates to the ion signal, the ions produced inside the
SPIG could be counted separately from the ions produced inside the gas cell [15].

In Figure|l.6|/four plots are shown, each of which contain spectra of 2%Bi ions cre-
ated inside the SPIG, inside the gas cell and summed to create a total ion spectrum.
The ion counts are given as a function of the resonant step laser wavelength with
different repelling voltages. In plots A-C the spectra show two peaks produced by
the hyperfine states of 2Bi. Also in these spectra the gap between the gas cell and
repeller is sealed in order to improve gas transmission to the SPIG.

Plot A shows the spectrum measured with a repelling voltage of -10 V. In this case

8
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Figure 1.6: The number of bismuth photo-ions created inside the gas cell vs. the
SPIG as a function of resonance step wavelength. With a closed gap between the
SPIG and gas cell a repelling voltage of +100V shows suppression of the gas cell
ions in spectrum C. Spectrum D shows suppression of gas cell ions with +10V with
an open gap.
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ions are detected coming from the SPIG and from the gas cell without any expected
repelling effect. Increasing the repelling potential to +10 V shows little effect on the
repelling, which is evident from plot B. With a repelling voltage of +100 V, on the
other hand, an almost complete suppression of the gas cell ions is seen and only
the ions that are created in the SPIG are detected demonstrating a working LIST
method.

Plot D shows the effect of the pressure environment on the repelling behaviour.
The spectra in plot D is measured without the sealing between the gas cell and re-
peller and shows only a background signal. This happens because without the seal-
ing the gas is pumped away much more effectively and only a small neutral fraction
of bismuth actually enters the SPIG. On the other hand, repulsion of the ions coming
from the gas cell is now possible already at +10V because the momentum transfer
from a low pressure gas flow to the ions is considerably smaller. Therefore, only

background ions are detected.

1.3 Sextupole radio frequency ion guide

The LIST project was the motivation behind for the installation of a sextupole radio-
frequency ion guide (SPIG) which replaced the traditional skimmer-based ion trans-
portation system at IGISOL. A radio-frequency sextupole was first used for radioac-
tive ion beam transport by Xu et al. [16], and has been used as a ion guide in a laser
ion source by Van den Bergh et al. [17].

Using a SPIG is attractive for non-LIST use because of its capability to trans-
port higher current beams with minimal space charge effects. A SPIG also creates
a smaller energy spread than the skimmer-based system and improves the mass re-
solving power of the mass separator. Before the current SPIG installment, the first

test of a SPIG structure, motivated by the energy spread improvement, was done at

10
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IGISOL with a SPIG smaller in dimensions [2].

The current sextupole ion guide at IGISOL has a double SPIG structure, with
two separate SPIG elements in series. The first SPIG after the repeller electrode is
enclosed in order to produce a suitable pressure to ensure a collimated gas jet over
the entire length of the SPIG. The gas inside the SPIG also cools and focuses the
captured ions through collisions between ions and gas atoms. The second SPIG
structure is open in order to pump the residual buffer gas away before the ions are
accelerated further. An iris between the two SPIG structures provides an additional
control over the pressure environment in the first SPIG. Figure [1.4/ shows a photo-
graph of the SPIG. A schematic representation of the experimental setup using the
SPIG can be seen in Figure

The total length of the SPIG system is about 170 mm. Right after the repeller
electrode the six 4 mm diameter sextupole rods are arranged in a circle having an
inner diameter of 10 mm, which is large enough for the 6 mm diameter laser beam
to enter the SPIG. With a laser repetition rate of 10 kHz and gas jet velocity of 1000
m/s, the length of the SPIG allows each atom travelling inside to be exposed at least
once to a laser pulse.

Inside the SPIG rod structure the rf-field forms a steep-walled pseudopotential
in which the ions are trapped. The 3 to 4 MHz sinusoidal rf signal is applied to each
rod so that adjacent rods are in the opposite phase to each other. The rf-amplitude
is 0-600 Vpp to which an additional DC potential can be applied in order to create a

potential gradient for ion transportation [13,18]].

11



2 Simulation studies of the repeller electrode

Simulations were performed to investigate the repelling effect of the SPIG used in
the LIST mode with Simion 8.0 simulation software. The simulations were used to
study the effect of the repelling behaviour as a function of repelling voltage when
the carrier gas type and distance between repelling electrode and ion guide were
varied. These simulation studies were compared to experimental results. The re-
pelling efficiency, defined as the percentage of ions repelled by a certain voltage is
of interest, because if too high voltages are used in the repelling process, unwanted
sparking may occur in the repeller electrode region.

The simulations were based on previous work performed for the IGISOL off line
test rig, which included models for high pressure gas jets. These simulations are also
similar to those done for the SPIG in reference [18]. In this section the simulation
environment and the gas jet models are described only briefly. For more information

the laboratory work report is included in the appendix of this thesis.

2.1 Simion simulation environment and simulation models.
21.1 Simion simulation software and the simulated repeller electrode system

Simion 8.0 is an ion optics simulation software tool [19]] that can be used to solve the
Laplace equation of an ion-optical system, and use the solved potential to transport
ions through the system while studying the behaviour of the ion trajectories. The
ion-optical system is given as differently shaped electrodes, each having their own

adjustable potential [20].
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CHAPTER 2. SIMULATION STUDIES OF THE REPELLER ELECTRODE

A figure of the simulated repeller electrode system as it is drawn in Simion soft-
ware is shown in Figure The red disk with an aperture in the center, shown in
the figure, is the ion source and models the standard exit hole nozzle. In the sim-
ulations the ions are produced inside the aperture from which they are accelerated
and transported by the gas flow toward the repelling electrode (yellow), which is
separated by 1 cm from the ion source. In addition to a 1 cm gap, a 1 mm gap was
also simulated.

The sextupole rods, which are depicted in green, are also visible in the figure.
A DC potential of -160 V was applied to the sextupole rods during the simulations.
Simultaneously a sinusoidal rf-potential of 3 MHz and V},, of 600 V could be applied
to the sextupole rods so that adjacent rods have opposite phases. However, the rf-
potential has little effect on the field lines at the repeller electrode aperture location

where the electric field averages to the DC potential.

Figure 2.1: The simulated repeller electrode system showing the ion source (red),
repeller electrode (yellow) and the SPIG sextupole rods (green). An AC potential
can be applied to the SPIG rods.

13
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The electric fields between the ion source and the repeller electrode are shown
in Figure 2.2) with typical operating voltages. Each red line represents a 5 V change
in the potential. The blue line marks the 0 V isoline. The figure includes the two
repelling geometries, one with a 1 cm gap and one with a 1 mm gap between the
ion source and repeller electrode. The difference of the field lines between the two
geometries is visible in the figure and the effect of the potential of the sextupole rods

can be seen as a protruding field into the repelling area.

Figure 2.2: The electric field lines of the repelling electrode system with gap dis-
tances of 1 cm and 1 mm between the ion source and repelling electrode. The red
lines represents a 5 V change in the potential and the blue line 0 V.

2.1.2 Gas models

Simion assumes a perfect vacuum which means that the ions are thought to have an
infinitely long mean free path. This assumption does not hold in high pressure gas
jet environments and thus two additional models were used for gas jet behaviour
that could be programmed into the simulations via Simion’s user programs. The
user programs are used to call separate parts of the simulations such as ion move-
ment or potential adjustment procedures and add or modify the behaviour of the

simulation.
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Figure 2.3: The pressure trend between the exit hole and extractor region that was
used in previous simulations [18]. In this thesis only the pressure between the exit
nozzle and repeller electrode is used.

With user programming, a hard sphere collision model [21] and explosion model
(see the appendix) were introduced into the simulations. The hard sphere colli-
sion model was used to simulate elastic collisions between ions and background gas
atoms by using a Maxwellian velocity distribution for the atoms and random colli-
sion angles. The collision probability was determined by the collision cross section,
the relative velocity between an ion and gas atom and the carrier gas density. The
collision cross section was determined by the van der Waals radii of the accelerated
ion and neutral buffer gas atom. The carrier gas density was determined by kinetic
gas theory with the aid of three dimensional pressure and temperature models.

Simulations were performed with the two typically used carrier gases, helium
and argon with a gas cell pressure of 60 mbar. Nickel ions were simulated, repre-
senting the ion species used in the repeller electrode experiments. The buffer gases

helium and argon act differently in the simulation not only because the gas atoms
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differ in mass, but also because different van der Waals radii have been used, 1.40 A
and 1.88 A, respectively [22]. The van der Waals radius of nickel was estimated to
be around 1.60 A.

The pressure trend used for the earlier SPIG simulation [18] is shown in Figure
For the current work only the trend between the exit nozzle and the repeller
electrode is applied. The velocity of the gas is assumed to be constant at 1000 m/s
in the case of helium and 500 m/s in the case of argon. The temperature of the gas is
expected to fall to about 100 K as the gas jet exits from the nozzle and to reach room

temperature downstream. This is also taken into account in the simulations.

2.2 Simulation results
2.21 Simulation of the repeller electrode

The simulations were performed for two gap sizes, 1 mm and 1 cm between the
exit nozzle and repeller electrode for helium and argon buffer gases. The number
of Ni' ions in each of the simulations was 1000, created in random positions inside
the nozzle aperture at the start of each run. The ions were transported from the
aperture by the buffer gas collisions towards the repelling potential barrier. The
potential barrier height, in other words, the repeller electrode voltage, was changed
for each run and the number of ions that overcame the barrier and entered the SPIG
were counted. The repeller voltage was changed from 0 V to 80 V in steps of 2 V in
each simulation.

The simulation results are marked with solid lines and triangles, and are shown
for the 1 cm gap in Figure and for the 1 mm gap in Figure The ion yield is
normalised to the number of ions obtained for 0 V in each case. In each simulation
the voltages needed for a complete repelling of the ions are significantly higher than

1 V which would represent the kinetic energy of the Ni™ ions without buffer gas
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collisions.
The actual experimental results of the repelling effect of Ni* ions are also shown

in Figures [2.4al and [2.4b| by circles and dashed lines for 1 cm and 1 mm gap sizes,

respectively. The experiment was also done with the two buffer gases used in the
simulations, helium and argon.

It is apparent from simulation and experimental data that the argon buffer gas
can push the Ni™ ions more efficiently over the potential barrier than helium, even
though the argon gas velocity is half of that of helium. All the curves representing
the argon buffer gas are located at higher repelling potentials than the correspond-
ing curves for helium buffer gas. This is caused by the mass of an argon atom which
is ten times heavier than the helium atom. In addition, a larger van der Waals radius
of the argon atom compared to helium results in a collision cross section for argon
over 30% higher.

The most striking difference between the simulation and experimental data can

be seen in the 1 mm gap result illustrated in Figure The experimental data
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Figure 2.4: Simulation vs. experimental data of the ion count rate as a function of
the repelling voltage with a 1 cm gap (a) and 1 mm gap (b) between the ion source

and the repeller electrode.
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shows significantly larger potentials for both helium and argon than the simulated
data. Experimentally, repelling voltages over 100 V for helium and over 150 V for
argon were needed for the full repulsion of nickel ions. The results might be ex-
plained as follows: with a 1 mm gap the pressure in reality is significantly higher
downstream of the gas jet than was estimated in the simulations. Also the buffer gas
flow in reality may be more parallel than the flow defined by the explosion model.
The effect of different simulation environments, such as the background pressure, is
discussed in section below.

On the other hand, the experimental results of the 1 cm case in Figure show
approximately the same potential needed for total repelling of the Ni™ ions as in
the corresponding simulations. For helium, the potential which repels over 99%
of the ions, is about 24 V in both simulation and experiment. For argon the total
repulsion of ions happens at a potential of a little over 40 V in the simulation and
approximately 50 V in the experiment. In argon, both simulation and experiment
exhibit a tail in the curve.

Although the simulation of the 1 mm gap did not match the corresponding ex-
perimental data, there is still a clear, albeit not a large, difference in the simulated
data between the Imm and lcm gap. The simulated difference in the repelling po-
tential between the two gap sizes is about 5 V for helium and 10 V for argon at a
repelling efficiency of 99%.

In summary, the simulations were able to qualitatively reproduce a similar be-
haviour of repelling efficiency as a function of the repelling potential that was mea-
sured in the experiments performed in a controlled environment similar to the simu-
lation conditions. The differences between simulation conditions and experimental
environment may explain why the simulation data is quantitatively quite different
from the experimental data in the case of the 1 mm gap. The simulation of the 1

cm gap, on the other hand, exhibited also quantitatively good agreement with the
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experimental data.

Both the experiments and the simulations presented in this chapter demonstrate
that the full suppression of the non-neutral part of the gas jet, which is an important
condition for the LIST method, is achieved by repelling potentials much larger than
would be expected if the ions had only an initial kinetic energy comparable to the
gas jet velocity. The simulations show that the need for several tens of volts for the
full repulsion of the ions can be explained by the constant collisions between the fast

moving background buffer gas atoms and the ions.

2.2.2 Influence of the simulation environment

A series of simulations were run using argon buffer gas and a 1 mm gap in order
to test the effect of different environmental parameters such as the higher pressure
conditions described in the previous section. In Figure[2.5the repelling effect is plot-
ted against the repelling potential for different scenarios. The experimental data is
plotted as circles and the original simulation data is plotted as triangles from Figure
High pressure conditions were tested by keeping the pressure at a constant
50 mbar throughout the ion guide/repeller region during the simulations. In the
figure the repelling effect in that case is illustrated with diamonds. Although the
simulation shows a weaker repelling efficiency than the original simulation, it does
not yet match the experimental values.

The strongest weakening of the repelling effect is shown by modifying the gas
flow velocity direction. In the simulations with the explosion model the velocity of
the buffer gas coming out of the nozzle is considered to be isotropic. Simulating
a gas velocity that is directed towards the repeller as a parallel flow weakens the
repelling efficiency considerably as is seen by the red line in Figure This suggests
that the repelling may be more effective at lower repelling potentials if it is done

perpendicular to the optical axis and not only towards the gas flow.
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Figure 2.5: Comparison of simulation conditions. Both simulations with (triangle,
diamond) and without (square) the explosion model, and between exponentially
decaying pressure (triangle) versus constant pressure (diamond, square) have an
effect on the repelling voltage. Experimental data is plotted for comparison (circle).

2.2.3 Transverse ion collector

Because the repelling voltage had to be increased considerably at small gap dis-
tances the system becomes susceptible for unwanted discharging. More effective
repelling geometries were therefore studied. A more effective repelling means that
the ions are restrained and prevented successfully from entering the SPIG region
using lower repelling potentials.

Instead of pushing the ions against the flow of the buffer gas with the repeller
electrode, a model of a transverse ion repelling system was simulated. This is re-
alized by placing a simple set of deflection plates between the ion source and the
repeller electrode. The plates deflects the ions in the transverse direction, and thus
the ions do not have to work against the gas flow. The deflector plate system in the

simulation can be compared the ion collector of the LISOL laser ion source gas cell
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described in reference [23]. The ion collector in this simulation is positioned after
the exit hole and not inside the gas cell as is the case in [23]].

A cross section of the simulated repeller electrode system with deflection plates
acting as an ion collector is illustrated in Figure The plates have dimensions of
3x6 mm. The gap size in this case is 5 mm. Figure 2.7|shows the electric field lines
of the simulated system. The positive plate of the ion collector is kept at the same
potential as the SPIG repeller electrode. The negative plate that actually collects the
ions is simulated either grounded to 0 V or with the same absolute voltage as the
positive plate but negatively biased. Figure [2.7|also shows ion trajectories of a few
Ni ™" ions run within the simulations.

The simulation environment used was identical to the simulations without the

ion collector plates describe in the previous sections. Three simulation runs were

Figure 2.7: Electric field lines of the ion
Figure 2.6: A cross sectional 3D modelof  collector at the front of the repelling
the simulated repeller electrode system  electrode. The collecting electrode was
with deflection plates (blue) as the ion  simulated with negative voltage and 0
collector V. Ion trajectories are also shown.
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Figure 2.8: The simulation results of the transverse ion collector repelling. The nor-
malized number of ions going through to the SPIG are is given as a function of the
repelling voltage. (+,-) denotes that the collecting plate is in negative voltage and
(+,0) denotes that it is grounded to 0 V. A simulation result without the ion collector
is shown also.

performed, and in order to compare the results a run without the ion collector was
made for comparison. The ion collector simulations were done with negative and
grounded collector plate potentials. The repelling potential was changed from 0 V
to 15 V in steps of 1 V. Each repelling voltage was simulated with 350 ions.

Figure [2.8/shows the results. The green curve illustrates the simulation without
the ion collector plates. The repelling with the ion collector plate grounded shows
about 30 % more effective repelling at 50 % repelling efficiency than the repelling
without the ion collector. Biasing the collector plate to negative voltage provides
50% more effective repelling than without the ion collector.

Especially noteworthy is the absence of the long tail as is seen in the simulation

without the ion collector. At an ion yield of 1% the repelling with the negatively
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biased ion collector is already over 50 % more efficient than without the ion collector.

In conclusion the simulations showed a noticeable improvement in the repelling
effect when using the ion collector to deflect the ions transversely. The problem with
the ion collector design presented here is that the plates between the ion source and
the repeller electrode form strong electric gradients, where potential sparking might
occur. Therefore, the system used by LISOL whereby the ion collector is before the
gas cell exit nozzle is preferred. However the electrodes need to be screened from

the weak plasma inside the gas cell in order to operate efficiently.
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3 Studies for optimization of the LIST method

3.1 Motivation

A good efficiency of the LIST method requires efficient resonant ionization of the
atoms inside the SPIG. There are two main factors that affect the photo ion yield
resulting from the resonant ionization process. These are the efficiency of the trans-
portation of neutral atoms from the ion guide through the exit nozzle to the SPIG,
and the duty cycle of the lasers [24].

Because of the difference between the gas cell inlet pressure and the background
pressure at the SPIG entrance, the buffer gas flow in the nozzle region is supersonic.
This will cause the gas jet exiting from the nozzle to behave in a complicated manner.
The jet forms multiple shock structures whose shape depends on the nozzle design,
pressure conditions and the type of buffer gas. The shape of the gas jet, especially
the width, determines how the gas will be coupled into the SPIG through the 6 mm
aperture of the repeller electrode. When the gas is injected efficiently to the SPIG
the number of gas atoms which are geometrically overlapped with the lasers is high
and the ionization efficiency increases.

The overlap efficiency is also affected by the duty cycle of the laser system, which
in the current system is fixed to 10 kHz. So that each atom has a chance to interact
at least once with the propagating laser pulses, the SPIG needs to be 10cm long for
a jet velocity of 1000 m/s.

The question of how to couple the gas jet as efficiently as possible provides the
motivation for the work in this chapter. In the following sections, firstly, the theory

of supersonic gas jets and the motivation for the nozzle design is shortly discussed.
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In later sections the gas jet dimensions are studied with gas jet photography in a
similar manner as done in reference [25]. In this work we focus on how different
pressure environments, and different exit nozzle shapes and sizes affect the gas jet

diameter and its coupling to the SPIG.

3.2 Supersonic gas flow

In this section, firstly a few basic fluid dynamics equations concerning supersonic
flow are shortly derived in similar manner as done in basic fluid dynamics books, for
example in reference [26]. The discussion is continued by describing how supersonic
flow through a converging-diverging nozzle forms and evolves when the pressure
difference between a high pressure reservoir and an extraction chamber is increased.

Also a converging-only nozzle is discussed.

3.2.1 Area-velocity and Area-Mach number relations

In subsonic gas flow, the highest velocity of the gas in a duct is naturally expected
to be at the position of the narrowest diameter of the duct. With supersonic flow,
however, the opposite is true. Narrowing of the duct actually slows down the flow.
In the following, this behaviour is shown by deriving the relationship between the
duct area and flow velocity.

If we have stationary flow, the mass density does not change. This leads to the

following continuity equation, which is applicable throughout the nozzle:

dm

I = pAu = constant, (3.1)

where p is the gas density, A is the duct area, and u is the gas velocity. In other

words equation (3.1) means that the flow rate does not vary in the duct. By taking
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the logarithm of the continuity equation and differentiating it we get

dp dA du
%—1—7—1—7—0, (3.2)
where dp has been rewritten in terms of the speed of sound a = /(dp/dp)o. By

assuming an inert, adiabatic and inviscid (isentropic) gas, the following differential

form of Bernoulli’s equation can be assumed:

2

dh +d (“—) _ P g —o, (3.3)
2 P

where we used the fact that the process is isentropic, dh = U 4 vdp = TdS + vdp =
vdp. Now we can write equation with the help of equation (3.3):

u? du dA
1) === 4
(az ) u A (3.4)
from which we can finally conclude by replacing u/a with the Mach number M =
u/a:
dA 5 du

Equation shows how the narrowing of a duct ({A < 0) in subsonic flow
increases the velocity (du > 0) but in supersonic flow it decreases the velocity (du <
0). Equation also states that at the throat (A = 0) of a nozzle the flow of the gas
reaches the speed of sound (M = 1). In the case of a converging-diverging nozzle
such as in Figure 3.1} after the throat the nozzle opens (dA > 0) and the gas expands
to supersonic flow.

Continuing further with the continuity equation we note that a converging-

diverging nozzle agrees with the following;:

Apu = Apinp'u’ = const, (3.6)
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where A, , ' and u’ describe the conditions at the throat of the nozzle. By apply-
ing the ideal gas law, sound-velocity equation and Mach number definition as well
as the definitions of stagnation pressure and temperature to the continuity equation,

we can derive the Area-Mach number relation:

7+1
A 1 2 y=1_,\\71
- (= 1+ = . 7
G (175 @

In the equation v is the ratio of specific heats which for monoatomic gases is ¢ =
Cp/Cy = 5/3. As we now have the variation of Mach number through a nozzle,
other parameters such as temperature, density and pressure can be calculated. Re-
spectively, the relationship between pressure and Mach number can be calculated

using the equation below

_
7= (o) o
where P, is the static pressure for M = 0 in other words the pressure of the reser-
VOIr.

We know from equation that when the nozzle is operating as desired, the
Mach number equals to M = 1 at nozzle throat. Thus we can define from equation

(3.8) the so-called design operating condition for a converging-diverging nozzle. At
the design condition equation (3.8)) reduces to:

Y

P 2 \71
_ (2 3.9
b; (’7+1) (59)

because the Mach number is unity. The equation above for monoatomic gases gives

the pressure ratio P/ P;, = ~ 0.49.
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Figure 3.1: The pressure as a function of distance for different flow regimes. Red
curves: subsonic, blue curve: sonic at throat, green curves: shock disk inside the
nozzle (marked with S). The shape of the converging-diverging nozzle is given also
above the plot. The illustrations a) and b) show overexpanded jets, and c) an under-
expanded jet.

3.2.2 The Gas flow regimes for a converging-diverging nozzle

The characteristics of gas flow inside a converging-diverging shaped nozzle vary de-
pending on the pressure condition, namely the pressure difference between the gas
reservoir and expansion chamber. In Figure 3.1|the pressure behaviour is given as a
function of distance through the nozzle for different pressure conditions. The pres-
sure of the high-pressure reservoir P;,, the pressure inside the expansion chamber

Pyq, and the pressure at the nozzle exit P,y are shown in the figure. As the pressure

28



CHAPTER 3. STUDIES FOR OPTIMIZATION OF THE LIST METHOD

difference between P, and Py, is increased the characteristics of the gas flow change.
The different characteristics form flow regimes that are briefly described here.

The subsonic regime is shown by red lines in the (x,P)-plot. In this regime P, =
Pye > P, and the flow is subsonic everywhere inside and outside the nozzle. When
the pressure difference Py, / Py, is increased, the background pressure Py, reaches the
pressure P;, and the flow at the throat of the nozzle is sonic. After this, when Ppe <
P,, shock structures start to form in the diverging section of the nozzle. By reducing
the nozzle pressure Py, towards the pressure P, the shock structure becomes more
prominent and moves to the nozzle exit in which P,y = Py = Dp.

Continuing the increase of the pressure difference so that P. < Py, < P, causes
the shock disk to move outside of the nozzle. In fact, the gas inside the diverging
section of the nozzle has expanded so strongly that the pressure at the exit Py < Ppg
and thus the pressure equalizing oblique shocks compress the jet. In this regime the
jet is said to be overexpanded. From the rim of the nozzle oblique shocks appear
which meet a shock disk normal to the axis which is called the Mach disk. At the
meeting point of the oblique shock and the Mach disk is the Mach triple point where
a third, reflected shock is emitted towards the jet boundary, and is reflected as an
expansion fan. This flow is depicted in the illustration a) of Figure

When the pressure difference is increased again, so that . < Py, < P still
holds, the Mach disk continues to shrink and is finally no longer present, and the
shocks from the nozzle rim simply meet and reflect off each other. This is depicted
in illustration b).

The reduction of the pressure reduces the strength of the shocks in the overex-
panded regime. The strength reduces until P,, = Pc and the shocks emitting from
the rim have no strength. In this regime the jet is fully expanded and exits as a par-
allel beam. The flow is supersonic throughout the nozzle and outside as well. This

is the condition when the nozzle is operating at its design condition specified by

29



CHAPTER 3. STUDIES FOR OPTIMIZATION OF THE LIST METHOD

equation (3.9).

By continuing to increase the pressure difference until P, < P the jet becomes
underexpanded. The pressure at the nozzle exit P,y is larger than the chamber pres-
sure P, > Pbg. When the jet exits the nozzle it is radially accelerated and the jet di-
ameter increases while the jet pressure reduces until it becomes less than the cham-
ber pressure P, and the jet is once again in an over-expanded region which reduces
the jet diameter. In an underexpanded jet, the jet boundary emitted from the nozzle
rim has to adapt to the chamber pressure immediately, because pressure equaliz-
ing oblique shocks as in the over-expanded jet are no longer present. The pressure
equalization happens by emanating an expansion fan, similar to the triple point of
the overexpanded jet, but now emanating directly from the nozzle rim. This fan is
the so-called Prandtl-Meyer expansion fan which explains how a smooth turn in the
jet flow can be accomplished isentropically. The expansion waves reflect from the
jet boundary and intersect to form a curved shock. This is shown in illustration c) of
Figure[3.1]

In the underexpanded jet, the formed curved shock wave meets the jet bound-
ary and causes a new formation of expansion fan to emanate from the contact point
and the process begins again and repeats itself. The jet undergoes successively over-
expanded and underexpanded regions until viscous effects at the jet boundary de-
stroys the jet. This is seen as several shock diamonds downstream of the jet. It
should be noted however that overexpanded jets also have repeating characteristics
and exhibit shock diamonds.

The increase of the pressure difference even further expands the jet steeply when
exiting the nozzle and a Mach disk forms normal to the symmetry axis. This type of
jetis said to be strongly underexpanded and is equal to the strongly underexpanded

free jet emitted from a converging-only nozzle described in the next section.
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3.2.3 The formation of an underexpanded free jet

(a) (b)

Mach disc ~
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Figure 3.2: The structure of an underexpanded free jet when the pressure ratio
Pip/ Py > 100 (a) and when P;;,/ Ppg < 100. The Mach disc position x)y, the throat
diameter d and Mach numbers in the strongly underexpanded jet are shown in the
tigure.

When a gas jet expands out of a gas cell through a converging-only nozzle to a
low pressure extraction chamber, an underexpanded free jet forms in the extraction
region as in the case of a converging-diverging nozzle. That is, if the extraction
chamber background pressure is much below the inlet pressure. The converging-
only nozzle has the narrowest duct at the exit where the Mach number is near M =
1. Right after the exit the gas can freely (free jet) expand into the extraction chamber
and starts to accelerate to supersonic velocities [27].

As the free gas flows supersonically into the low pressure region shock waves
are formed inside the jet. The shock waves begin as an expansion fan, which is
emitted from all points of the nozzle circumference. The expansion fan is reflected
as compression waves at the jet boundary and consequently forms the barrel shock.
The compression waves coalesce further into a Mach shock disc normal to the axis.

See Figure [3.2][28].
At pressure differences P, /Py, < 100 the free jet shows a structure of repeat-
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ing multiple shocks which form shock diamonds in the same way as the underex-
panded jet from a converging-diverging nozzle. The shocks repeat themselves until
turbulent mixing starts to dominate the flow downstream. The structure of an un-
derexpanded free jet is shown in Figure B.2b.

When the pressure difference between the background and reservoir pressures
grows even greater so that P;,/ Py, > 100, the free jet starts to show the behaviour
associated with a strongly underexpanded free jet. Illustration (a) shows the be-
haviour of such a jet. The high density gas exits the nozzle and starts to accelerate to
high speeds M >> 1 while the density drops. The fast flowing gas impacts against
the Mach disc where the shock may be so strong that the flow continues as subsonic
and only a single shock structure dominates.

In short, the typical characteristics found in a strongly underexpanded free jet
are the strong expansion of the gas jet after the nozzle, the formation of a barrel
shock near the jet boundary, and the formation of the Mach disc as a single shock

structure.

3.2.4 Mach disc position

The shape and size of the Mach disc in an underexpanded free jet, as well as its lo-
cation, are determined by the ratio of gas cell pressure P;, and background pressure
DPyq. It was experimentally found by Ashkenas and Sherman that the Mach disc lo-
cation x) relates to the nozzle throat diameter d, and to the ratio of the pressures

Py, / Ppg in the following way [28]

1/2
= 067-d(Em) (3.10)
Py

This result applies to pressure ratios 15 < P,/ Py, < 17000 and is independent
of the ratio of specific heats v and thus should be applicable to any gas.
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3.3 Experiments for gas jet studies

3.3.1 Exit nozzle shapes

13 A

009
]
98T

Nh B

Figure 3.3: Schematic drawings of the two nozzle types studied with the gas jet
photography in this work. (A) standard exit hole (B), converging-diverging nozzle

In this work three different nozzles were studied of which two were standard exit
hole type nozzles in use at IGISOL and one converging-diverging nozzle. The mo-
tivation for studying the 0.7 mm and 1.45 mm diameter exit holes is that the typical
exit hole size used with IGISOL ion guides is 1.2 mm and for a gas cell operated as
a laser ion source, the exit hole size is approximately a factor of two smaller in order
to increase the evacuation time and thus to achieve neutralization of the recoiling
nuclei [2,29]. Schematic pictures of the two nozzle types are shown in Figure

The converging-diverging nozzle was shaped so that the nozzle would operate
at the design condition with the achievable pressure conditions. This would create
a narrow and well-collimated gas jet which could be coupled into the SPIG.

The dimensions of the converging-diverging nozzle have been estimated from
equations and (3.8). At the time of the design of the nozzles the pressure ratio

between the ion guide inlet and extraction chamber was about 1% due to the limited
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pumping capacity. Equation was solved for this pressure difference resulting
in a design condition Mach number M = 4, from which the relationship between
nozzle area at the exit compared to the the throat location can be calculated using
equation (3.7). The calculated relationship is about 5.6 and thus a diameter ratio of
approximately 2.4 between the nozzle exit and throat is required. An exit diameter

of 4mm has therefore been specified for the converging-diverging nozzle.

3.3.2 Experimental setup for gas jet photography

700V, 50mA
Power supply

SPIG model _, ¢ 35mm_)| fSpark electrode
[ |
: : ..... .| ﬂL
| = — /{ 25/56 mbar
I ! lT
o — k Nozzle

0.1 - 6.0 mbar
* * * omm aperture

He gas
Roots blower

Figure 3.4: Schematic illustration of the experimental setup for gas jet photography.

The gas jet photography studies were performed in an IGISOL off-line setup de-
signed for a new ion-guide quadrupole mass spectrometer system. The off-line
setup contained an arc discharge gas cell. The different nozzle types can be mounted
to the head of the gas cell which has an outer diameter of 3.5 cm. The gas cell head
is in the center of a vacuum chamber measuring ~0.5x0.5x0.5 m with a viewing
window on the side of the chamber allowing for visual access. An optional perspex

model of the SPIG can be mounted on the vacuum chamber flange so that the re-
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sulting distance between the gas cell and the SPIG model is about 3.5 cm. In order
to have an efficient removal of the jet gas, the vacuum chamber is connected via a
valve to a Roots blower with a specified pumping speed of 4000 m3/h. A schematic
picture of the experimental setup is shown in Figure

In the arc discharge gas cell a plasma is produced by applying voltage on a nee-
dle electrode from which an electrical discharge hits the grounded inner wall of the
gas cell. A voltage of > 300 V from a 50 mA current limited power source is needed
to start the discharge. In order to have visible glow of the gas jet exiting the gas cell
the voltage is raised to 700 V.

Photography of the gas jets was performed through the vacuum chamber win-
dow with a Casio Exilim Ex-F1 PRO digital camera, which was mounted to a fixed
support so that each photograph could be taken at exactly the same position. The
camera was positioned so that the gas jets would be photographed in a perpendic-
ular geometry at a distance of about 20 cm. Due to the limited size of the window
this was not always accomplished. The camera was manually set to a sensitivity of
ISO 100, an aperture of F7.5 and an exposure time of 1 second. Long exposure times
were possible as long as the gas jet was stable. Photographs were saved in RAW
format so that the images would be as little preprocessed as possible.

In order to reduce scattered light to the chamber, open parts of the chamber win-
dow were covered during the photography. Black cardboard was placed behind the
gas jet so that the fluorescence emitting from the jet would not be reflected from the
vacuum chamber walls. With these precautions and with a long exposure time the

resulting photographs had low noise.

3.3.3 Gas cell and background pressures

The gas cell was maintained at a high pressure with a constant gas flow of helium

or argon through a needle valve. The gas cell inlet pressure was monitored with a
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DI2000 Leybold capacitive pressure sensor attached to the gas line. The background
pressure was measured with a TPR-010 Balzers Pirani gauge attached to a flange on
the vacuum chamber, about 20 cm away from the gas jet region.

The photographs were taken using different nozzle types with constant gas cell
pressure while varying the background pressure by adjusting the valve between
the chamber and the Roots blower. Each nozzle type was photographed with two
gas cell pressures: 56 mbar and 25 mbar. The background pressure was roughly
varied from 0.1 mbar to 6 mbar while taking about 10 photographs at evenly spaced

pressure intervals.

Figure 3.5: An example of a photograph of a jet formed with the converging-
diverging nozzle. A shock structure is faintly seen immediately after the nozzle
on the right.
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3.3.4 Gas jet fluorescence

The discharge plasma inside the gas cell mainly consists of neutral ground state
atoms in which positive and negative ions, free electrons and atoms in excited states
are embedded. Metastable excited states with millisecond lifetimes are formed in
the carrier gas. The relaxation of the states can be seen as a glow of the gas jet that
grows fainter with increasing distance from the exit nozzle.

The exited states and the reactions in which they formed and subsequently de-
populated are difficult to determine without spectroscopic measurements of the af-
ter glow. The production of metastable states can occur via inelastic scattering of
electrons, ion-atom impact excitation, or in electron-ion recombination. The relax-
ation of the states can happen via various reactions, which can be affected by impu-
rities in the gas. For more details see references [30,31].

In a local region, the gas jet emits the fluorescence most strongly where the gas
density is the highest. Essentially what the photographs show, is the emitted fluo-
rescence of the three dimensional gas jet projected onto a two dimensional profile.
This is taken as an indirect representation of the gas density. The characteristics of
the jets, including the width and in many cases shock structures, can be seen from
the fluorescence. An example of a photograph taken with a 1.45 mm converging-
diverging nozzle with 56 mbar of gas cell pressure and 5.6 mbar of background
pressure is shown in Figure For a more clearer depiction of the intensity change,

a contour map is shown in Figure 3.13}

3.3.5 Gas jet analysis procedure

In order to have a more quantitative approach to the analysis of the gas jet, the
FWHM of the jet at a constant distance from the nozzle was determined with a con-

sistent procedure. This includes visual inspection of the photographs for possible
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Figure 3.6: A gray-scale gas jet photograph representing the summed colour chan-
nels. The white lines show the location and width of the slice taken from each pho-
tograph.

artefacts, the determination of the nozzle position, taking a slice of the photograph
for the determination of an intensity curve, and fitting the intensity curve with an
appropriate function.

Each photograph, in 48-bit integer RGB colour presentation, was loaded by a
Matlab script. For the intensity determination, an average of the colour chan-
nels of each pixel was made, as the colour information is not needed for absolute
brightness. The brightness value of each pixel was taken to directly represent the
intensity of the fluorescence at the location of the pixel. One pixel represents the
sum of the all intensity projected from the inside of the jet towards the camera eye
at the pixel location.

The distances in the analysis procedure are in the units of pixels. To convert
pixels to millimeters, a relationship was determined by measuring the size of the
SPIG model in pixels. From the known SPIG model size a conversion factor of about

0.07 mm/pixel was determined.
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After the colour channel averaging, a 40 pixel or ~2.5 mm wide vertical slice is
made at a distance of about 2 cm from the gas cell. Each 40 pixel row is summed
representing an average horizontal intensity of the 2.5 mm slice at a certain radial
distance from the nozzle axis. The corresponding error is determined by calculating
the standard deviation of each pixel row. Figure 3.6/ shows an example photograph
with the location and width of the slice as two white lines.

The slice translates into an intensity curve as a function of radial distance from
the nozzle axis for each photograph. All the intensity plots are in Figures|3.7|and
in which there are two graphs for each nozzle type, for 56 mbar or 25 mbar gas cell
pressure. One graph is an exponential representation of the intensity and the other
is linear.

In order to extract a FWHM in a consistent way from each intensity plot, the data
was fitted with either a Gaussian or Lorentzian profile. The FWHM was determined
by the fitting parameters. A chi-squared test was calculated for each fit to see which
profile was more representative of the intensity plot, and the FWHM of the better
titting profile was taken as the gas jet diameter. It should be noted, however, that the
choice of the Gaussian or Lorentzian profiles is not motivated by known physical
phenomena. The choice was made due to the fact that the intensity curves were
similar to or almost precisely shaped like Gaussian or Lorentzian profiles and that a

FWHM would be extracted in a consistent manner.
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Figure 3.7: Gas jet intensities in exponential and linear formats for the 1.45 mm exit
hole in 56 mbar and 25 mbar, as well as for the 0.7 mm exit hole in 56 mbar of gas
cell pressure. The background pressure of each curve is labelled in the boxes.
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Figure 3.8: Gas jet intensities in exponential and linear formats for the 0.7 mm exit
hole in 27 mbar, as well as the for the 1.45 mm converging-diverging nozzle in 56
mbar and 24 mbar of gas cell pressure. The background pressure of each curve is
labelled in the boxes.
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In the figures the linear plots show cases where the intensity curve seems to fol-
low a Gaussian profile, in other cases Lorentzian profile, but also arbitrary shaped
profiles. Some of the curves at low background pressures show over exposed or
nearly over exposed intensities. Either these curves were not used or the over ex-

posed part was removed before the fitting.

3.4 Discussion
3.4.1 Gas jet characteristics

Figure shows 12 false colour photographs of gas jets emitted from a 1.45 mm
exit hole and 1.45 mm converging-diverging nozzle with 56 mbar of gas cell pres-
sure. The background pressure is labelled for every photograph. Gas jets emitting
from the exit hole are on the left side, and another six gas jet on the left are from a
1.45 mm converging-diverging nozzle. The colours are cycled multiple times from
black to white through several colours with increasing intensity. The resulting pho-
tographs have coloured lines representing an intensity change similar to contours
on a topographic map.

Both nozzles show strongly underexpanded free jet behaviour at low background
pressures (~0.1 mbar). By raising the background pressure the jet behaviour changes
towards a slightly underexpanded regime.

Because the exit hole nozzle does not have a diverging part, it is assumed to be-
have like a converging-only nozzle. The strongly underexpanded free jet is evident
at low background pressures by the size of the expanding jet. The gas jet adapts
quickly to the background pressure which is seen as a single shock wave after the
bright high density region right next to the nozzle aperture. For example, the gas
jet at 0.46 mbar shows a shock wave as green spot about 1 cm away from the noz-

zle. The distance of the shock wave is in concordance with the Mach disc location
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calculated by equation (3.10).

When the background pressure is increased the gas jet makes a transition from a
strongly underexpanded jet towards a “normal” underexpanded jet. This transition
is nicely seen in the photographs as the appearance of shock structures and gas jet
narrowing with rising background pressure.

The jets emitted from the converging-diverging nozzle do not differ substantially
from the exit hole jets. The diverging duct is relatively short in the nozzle (shown in
Figure[3.3), and because of this the nozzle design may very well be behaving more
like a converging-only nozzle. This would explain the similarity in the jets between
the two nozzle types.

A similar kind of behaviour was also seen with the same nozzles at a gas cell
pressure of 24 mbar, however the length of the fluorescing narrow jet in high back-
ground pressure conditions was shorter. The differences between the 1.45 mm exit
hole and converging-diverging nozzle is not readily apparent. The 0.7 mm exit hole
nozzle was harder to analyze because of the strong overexposure right after the
nozzle exit. Nevertheless, none of the gas jet photographs of the 0.7 mm exit hole
showed a intense narrow gas jet as seen in Figure which is at least partly ex-
plained by the lower conductance of the smaller aperture.

The fitting of Gaussian and Lorentzian profiles followed a consistent pattern. At
low pressures, in which the gas jet was not confined but was expanding and dif-
fusing strongly, the dominant intensity profile was Lorentzian. On the other hand,
at high pressures, in which the narrow confined gas jet was formed, the intensity
profile showed a Gaussian shape. This is demonstrated more quantitatively in Fig-
ure where the number of Gaussian-shaped and Lorentzian-shaped profiles are
plotted in a histogram as a function of the background pressure. The plot includes

all the fitted profiles.
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Exit hole 1.45 mm, 56 mbar Con-div 1.45mm , 56 mbar

Figure 3.9: Six false colour photographs of the gas jets formed by the 1.45 mm exit-
hole at left and by the 1.45 mm converging-diverging nozzle at right. The gas cell is
operating at 56 mbar. The photographs show how the jet transforms from a strongly
underexpanded jet towards a slightly underexpanded regime. The distance between
the nozzle and the SPIG model is 3.5 cm.



CHAPTER 3. STUDIES FOR OPTIMIZATION OF THE LIST METHOD

14

Il Gaussian
[ ILorentzian
12+ —
10F —
%)
()
2
o 8r :
ks
3]
Q 6
e
=)
z
4+
2 [
o [ ]
1072 10715 107t 10793 10° 10%° 10t

Pressure [mbar]

Figure 3.10: The number Gaussian like and Lorentzian like intensity profiles as a
function of background pressure. Lorentzian profiles dominates at low background
pressure and Gaussian at high background pressure.

3.4.2 The FWHM vs. the background pressure

Figure shows the change in the gas jet FWHM for the three nozzle types of
two gas cell pressures as a function of background pressure changing from 0.1 mbar
to 7 mbar. The data for the 1.45 mm converging-diverging nozzle operated with a
gas cell pressure of 24 mbar is omitted because of poor data quality. Similar to the
FWHM plot of Figure Figure shows the peak intensity or the brightness of
the gas jet fluorescence in the slice region.

With the exception of the 0.7 mm exit hole with 27 mbar gas cell pressure, the
FWHM of the gas jet shows a lack of sensitivity to the nozzle type used and to the
inlet pressure. The behaviour of the gas jet FWHM shows a rapid drop from about
40 mm at low background pressures (~0.1 mbar) to about 6 mm at 0.5 mbar of back-

ground pressure. After 0.5 mbar the increase of the background pressure up to 6
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Figure 3.11: Gas jet FWHM as a function of extraction
chamber background pressure for different gas cell pres-
sures and nozzles.
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Figure 3.12: Gas jet intensity as a function of extraction
chamber background pressure for different gas cell pres-
sures and nozzles.
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mbar has a slower but still gradually narrowing effect on the gas jet diameter. At 6
mbar the gas jet diameter has narrowed to 2-3 mm of FWHM. The intensity quali-
tatively reflects the compression of the gas jet as the background pressure increases.
Firstly, the intensity drops, but as the gas jet is compressed the gas density increases
and the intensity increases. This effect can be seen most strikingly in the 1.45 mm
converging-diverging nozzle with 56 mbar gas cell pressure.

The 0.7 mm exit hole with 27 mbar gas cell pressure does not show the kind of
rapid reduction of the gas jet diameter as seen in the other cases. The jet intensity
with the 0.7 mm exit hole at both inlet pressures seems to be significantly lower than
it is for the larger aperture nozzles. This is partly explained by the smaller amount
of gas exiting the ion guide due to the smaller aperture size, but also the gas does not
show significant narrowing at high background pressures. Rather the gas diffuses
into a large volume and the intensity drops.

When background pressures are greater than 1 mbar the gas jet diameter is less
than 6 mm and can couple into the SPIG without disturbances. Ideally, however,
the narrowing should happen at low pressures because in practice, the higher the
background pressure the increase in the probability of discharge in high electric field
gradients of the SPIG.

In order to illustrate the noticeable effect of gas jet narrowing with increasing
background pressure, contour maps were generated from two photographs taken at
0.2 mbar and 5.6 mbar background pressure. Before determination of the contour
lines the photographs were noise-reduced by a Wiener filter provided by Matlab’s
Image Processing Toolbox (6.2). The noise reduction was used to soften photographs
so that noise would not show up in the contour lines.

The contour maps are shown in Figure The SPIG is visible on the left and
the ion guide on the right. Contour lines are drawn in exponentially increasing

intervals so that each line represents a 26% increase in brightness. The dark contour
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Figure 3.13: Contour maps of gas jet photographs taken at two background pres-
sures 0.2 mbar and 5.6 mbar. The SPIG and the ion guide are visible on opposite
sides of the photographs.

regions below and above the exit nozzle are connecting screws which reflect the gas
jet fluorescence. The 5.6 mbar case shows the good coupling of the gas jet into the
SPIG without any diffusion of the gas around the SPIG orifice. In the 0.2 mbar case
the gas jet is so expanded at the SPIG that it does not enter, rather it diffuses around
the SPIG orifice.

3.4.3 De Laval nozzle

A new type of nozzle was designed to tackle the problem of the need for high back-
ground pressures using the nozzles described in the previous sections. A schematic
view of the new nozzle including dimensions is shown in Figure Compared
to the previously discussed converging-diverging nozzle in Figure the distance
from the nozzle throat to the nozzle exit is much longer and the curvature radius
of the throat region is considerably larger. This shaping is based on designs found

in literature [33]34] and has more the shape of a true converging-diverging nozzle,
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commonly called the de Laval nozzle.

The manufactured nozzle has a throat diameter of 1.45 mm and exit diameter of
6.0 mm which matches that of the SPIG repeller aperture. Using equations [3.7|and
the diameters give a design Mach number of 6.2 at the exit and thus the design
pressure condition is Pyg /P = 0.0014. The nozzle was tested with argon gas using
gas cell pressure of 250 mbar. This means that the background pressure should be
Ppe = 0.35 mbar to satisfy the design conditions. In the test a background pressure
of 0.33 mbar was realized. In Figure a contour map of the resulting gas jet is
shown, created in a similar manner as the contour maps in the previous sections. A
series of underexpanded and overexpanded regions are visible along the jet, until
through turbulent mixing the jet disappears suggesting that the nozzle is operating

somewhat near its design condition.
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Figure 3.15: The gas jet formed by the de Laval nozzle.
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Figure 3.16: a) The intensity curves taken along the jet formed by the de Laval noz-
zle. The slices are positioned at the narrow boundaries between the overexpanded
and underexpanded regions. b) The FWHM of the jet as a function of distance from
the nozzle. The FWHM is remarkably consistent along the axis.

The most attractive feature of the jet is its narrow collimated structure. In order
to investigate more quantitatively the collimation, intensity profiles were taken in
the same manner as in section at the boundaries of the overexpanded and
underexpanded jet where the jet is the narrowest. The resulting intensity curves
from the four visible boundaries are shown in Figure In Figure the
FWHM of the intensity curves is plotted as a function of distance from the nozzle.

The jet shows a remarkably consistent width of 2.0-2.1 mm even far downstream.
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Figure 3.17: A photograph of the fluores-
cence of a strongly underexpanded argon
jet. The Mach disc location is marked by
an arrow. The oblique shocks are also
clearly visible. The gas cell pressure is
300mbar.

Figure 3.18: A photograph of an underex-
panded argon jet that has a lower pressure
difference compared to the jet in Figure
The gas cell pressure was 50mbar.
The Mach disc size has reduced and is no
longer present.

3.5 The Background pressure determination by the Mach disc po-
sition
3.5.1 The background pressure determined by the Mach disc location

A series of photographs were taken of strongly underexpanded argon gas jets while
varying the gas cell pressure in a similar manner as described in the jet photography
of section The 1.45 mm converging-diverging nozzle was attached to the gas
cell filled with argon gas via the needle valve. The background pressure was mea-
sured with a TPR010 Pirani gauge located on the vacuum chamber wall. Behind the
nozzle the gas cell had two spark needles to which one was raised to 700 V poten-
tial. Due to the limited size of the vacuum chamber window, the camera had to be
positioned at an angle of ~ 15° from the perpendicular to the nozzle axis in order to
photograph the full length of the gas jet.

Two examples of a total of six photographs are shown in Figures and
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Figure 3.19: Comparison of the directly measured extraction chamber background
pressure and the background pressure deduced from the Mach disc position as a
function of gas cell pressure.

Both of the photographs clearly show the barrel shock structures, but only in Figure
which shows the jet extruding from the 300 mbar gas cell, a clear visible Mach

disc can be seen whose position is marked by the arrow. The Mach disc is seen to

move over a distance of about 7 mm away the nozzle as the pressure is reduced from

300 mbar to 100 mbar. The Mach disc size also reduces when the gas cell pressure

P; XM Xerror  Ppg Pbg,error Ppachdise
mbar mm mm mbar mbar mbar
300 21.8 0.6 0.45 0.14 0.59
250 236 05 0.40 0.12 0.43
200 247 0.7 0.35 0.11 0.31
150 260 0.7 0.24 0.07 0.21
100 28.7 0.9 0.16 0.05 0.11
50 258 13 0.09 0.03 0.07

Table 3.1: The argon gas jet Mach disc positions and the pressure conditions in units
of mbar. The column Pyj,cpgisc gives the pressure calculated from the Mach disc

position using equation (3.10).
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is reduced. In Figure the Mach disc is barely visible as the gas jet is no longer
strongly underexpanded.

The relation in equation tells us that when the pressure ratio or the throat
diameter increases the jet moves downstream from the nozzle. The Mach disc loca-
tions from the nozzle are determined by eye from the photograph. The location of
the Mach disc is taken to be in the center of the higher fluorescence region after the
low density region. An error in the position is also determined. The pressures and
Mach disc positions are listed in table

Using equation the background pressure is extracted from the distance
of the Mach disc to the nozzle. The extracted background pressures are compared
to the directly measured background pressures. The error of the TPR010 gauge is
20% of the measured value according to the specification of the gauge. The results
are shown in Figure[3.19] The pressures deduced from the Mach disc locations show
excellent agreement to the measured pressures. This supports the direct background
pressure measurements and the understanding of the formation of supersonic jets

presented in this work.
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4 Concluding remarks and outlook

The purpose of this work was to investigate the operating conditions of the IGISOL
LIST method concentrating on the topics that affect the efficiency of the method.
Firstly the repelling effect of the repeller electrode was studied through a series of
simulations. It was investigated how a positive potential on the electrode inhibits
the non-neutral fraction of the reaction products, carried by the gas jet, from en-
tering into the SPIG. The reasons for the experimentally observed strong repelling
potentials needed for a complete repulsion (an important requirement for the LIST
method) have been determined. Secondly, a more efficient repelling method was
studied with a transverse ion collector that needed lower repelling potentials than
currently used at the IGISOL.

The simulations were able to reproduce the experimental repelling behaviour
when compared against the buffer gas type and repeller electrode-gas cell distance.
We were able to conclude that the continuous collisions with the gas atoms push
the ions over the high potentials barriers. The transverse ion collector showed an
improvement in the repelling. In particular, a suppression of the long tail was seen
in the ion yield vs. repeller electrode voltage plots. The problem, however, is that
the ion collector design produced strong gradients in the electric field which may
lead to sparking.

In the second part of this work the efficiency of the gas jet coupling into the
SPIG structure was investigated by gas jet photography and analysis. An effort was
made to study the effect of different nozzle shapes and pressure conditions on the
jet diameter. The jet diameter is an important parameter as it affects the geometrical

overlap of the gas jet with the counterpropagating lasers, which in turn affects the

54



CHAPTER 4. CONCLUDING REMARKS AND OUTLOOK

efficiency of the LIST method.

With this in mind two exit holes and one converging-diverging nozzle were stud-
ied in changing pressure environments. The analysis was done via photography
of the afterglow of the gas formed inside an arc discharge ion guide, utilizing an
off-line system designed for mass spectrometry. It was found that with high back-
ground pressures, the larger diameter nozzle designs, regardless of the nozzle shape
and the inlet pressure, were able to produce long and narrow gas jets needed for ef-
ficient gas jet coupling into the SPIG.

The jet diameter was measured with a fitting procedure which resulted in diame-
ters lower than 6 mm above 1mbar of background pressure. This is required in order
to couple the gas jet into the SPIG through the 6 mm aperture of the repelling elec-
trode. The high background pressure needed to produce narrow jets was not a de-
sired result because in practice the nozzles are always operated in a low background
pressure expansion chamber. Therefore, a new type of converging-diverging nozzle,
the Laval nozzle, was introduced. The analysis showed that this new type of nozzle
was able to produce long and narrow jets in background pressures at least as low as
0.3 mbar.

The simulations and the gas jet study described in this thesis work contributes to
the implementation of the IGISOL LIST method, which is expected to have an input
on research of nuclei far from stability through an ability to produce ultra-pure ra-
dioactive ion beams. In addition, the gas jet can be utilized in optical spectroscopy
because environment exhibits low pressure and temperature, which is attractive for
spectroscopy as the linewidth broadening mechanisms are reduced. For example,
laser spectroscopy of radioactive isotopes is planned in connection with the IGISOL
LIST method in order to study nuclear charge radii. This and other future applica-
tions of the IGISOL LIST method are anticipated to play a role in the physics research
at JYFL in the future.
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1 Johdanto

Téssé tyossa tarkoituksena on simuloida ionioptista offline-laitteistoa, jos-
sa voidaan testata ja optimoida IGISOL [1] olosuhteita sek# suorittaa esi-
merkiksi ionisaatiospektroskopisia mittauksia. Offline-laitteisto péaépiirteis-
sddn koostuu ionildhteesté, ionioptiikasta ja kvadrupolimassaspektromet-
ristd (QMS). Ionildhteessd muodostetut ionit kuljetetaan mahdollisimman
pienelld héviolla massaspektrometriin, jossa ionilajit tunnistetaan massan
perusteella.

Offline-laitteiston ionilédhteessd muodostetut ionit kuljetetaan ulos taus-
takaasun virtauksella, joka muodostetaan pitdmaélla ionilahde korkeassa pai-
neessa. Korkean paineen takia ongelmaksi on muodostunut liian suuri tyh-
jibkammion paine QMS:ssén alueella. Siksi nykyiseen offline-laitteistoon ra-
kennetaan uudella diffuusiotyhiopumpulla varustettu jatkokappale. Jatko-
kappaleeseen asennetaan my6s Einzel-linssisysteemi, jonka tarkoituksena on
ohjata ionien kulku laitteiston ldpi ja maksimoida QMS:&4n saapuvien io-
nien maéaré.

Laitteistoa on simuloitu SIMION-simulointiohjelmistolla. Simuloinnin tar-
koituksena on 16ytaé offline-laitteiston optimaalisin rakenne, ja linssisystee-
mien ja laitteiston eri osien sdhkéiset potentiaalit, seké toisaalta tutkia io-
nien kdyttaytymista. Lisdksi SIMION-ohjelmistolla toteutettiin kvadrupoli-
massaspektrometrin mallintaminen.

Perusionioptinen simulointi on toteutettu SIMION-ohjelmiston mukana
tulevilla tyokaluilla. Koska kaasuvirtauksen ja paineen vaikutukset ionien lii-
keratoihin on otettava huomioon, eikd SIMION-ohjelmistossa ole sisdénra-
kennettua taustakaasun mallinnusta, on SIMION-ohjelmiston itseohjelmoi-
tavilla kéyttédjidohjelmilla toteutettu kaasumallin simulaatiot. Kaasumallin
toteutus on kaksiosainen. Ionien vuorovaikutusta taustakaasun kanssa on
mallinnettu kovan pallon térméaysmallilla. Taustakaasun virtausta on simu-
loitu rajahdysmallilla.

2 Simulaatio ympéaristo

2.1 SIMION-simulointiohjelmisto

Simulaatioympéristond kéaytettiin Win3d2-alustalla ajettavaa SIMION 8.0
ohjelmistoa, jolla voidaan mallintaa ionioptiikkaa simuloimalla ionien lii-
ketté sdhkostaattisissa ja magneettisissa potentiaaleissa. SIMION-ohjelmis-
ton sisddnrakennetut simulaatiotydkalut ja kiyttajan itseohjelmoitavat kayt-
tdjdohjelmat mahdollistavat monimutkaistenkin ionioptisten laitteiden si-



muloinnin. [2]

Simuloitava systeemi mééritellian séhkostaattisiin ja magneettisiin po-
tentiaalimatriiseihin, jotka voivat olla joko kolmiulotteisia epdsymmetrisia
matriiseja tai kaksiulotteisia symmetrisid matriiseja. Kaksiulotteisista mat-
riiseista muodostetaan kolmiulotteinen avaruus joko tasosymmetrisesti tai
pyordhdyssymmetrisesti. Liséiksi piirretty systeemi voidaan vield peilata ta-
sojen suhteen. Potentiaalimatriisilla tarkoitetaan kolmiulotteista diskreettia
hila-avaruutta, jossa jokainen hilapiste kuvaa joko tyhjéa tilaa tai elektrodia
omassa potentiaalissaan.

Kaytdannossa potentiaalimatriisit méaritelliin GEM-geometriatiedostos-
sa, jossa kussakin potentiaalissa olevat elektrodit mééritelldéin erikseen kayt-
téen eri perusgeometrisia kuviota. Koska offline-laitteistossa ei kiytetd mag-
neetteja ionioptiikassa, tédssd tyOssd kasitelladn vain SIMION-ohjelmiston
sahkostaattisia kenttié.

SIMION ratkaisee Laplacen yhtdlon potentiaalimatriiseille relaksaatio-
menetelméllé, jota nopeutetaan ylirelaksaatio- ja pisteen hienostusmenetel-
milld (skipped point refining). [2,3] Laplacen yhtélon ratkaisun jilkeen elekt-
rodien potentiaalia on helppo muuttaa nopealla jannitesaddolla.

2.2 Simuloinnin kulku

Ennen ionien lennéttamista méaritetddn ionien madré, alkupaikat ja -nopeu-
det seké ominaisuudet kuten varaus ja massa. Lennédttdmisen aikana simu-
loinnin kulku péépiirteissddn tapahtuu laskemalla jokaiselle ionille erikseen
aika-askeleen pituus. Téamén jilkeen ioneja siirretdéin aika-askeleen verran
eteenpdin. Tonin uudessa paikassa lasketaan ioniin kohdistuvat voimat seké
mahdollinen avaruusvarauksen huomioon ottava ionirepulsio. N&istd saa-
daan ionin kiihtyvyys. Uuden kiihtyvyyden laskemisen jélkeen palataan ta-
kaisin siirtdmé&n ionia aika-askeleen verran.

Kunkin ionin siirrossa tdmé&n uusi paikka lasketaan ionin nopeudesta
ja kiihtyvyydestd numeerisesti Runge-Kutta-integrointimenetelmilld. Aika-
askeleen kokoa paivitetddn tietyin véliajoin joko pienemmaéksi, jotta ionien
liikkeradat tarkentuisivat, tai suuremmaksi, jotta simuloinnin suoritusaika
lyhenisi. Hyvéan tarkkuuteen vaadittava aika-askeleen pituus riippuu sdhko-
staattisen kentén jyrkkyydesté, ja mahdollisesta varausrepulsiosta

Simuloinnin eri osien suorituksen aikana SIMION kutsuu kéyttéjiohjel-
missa mahdollisesti méaritettyjd kuhunkin simuloinnin osaan oleellisesti liit-
tyvéd funktioita. Nilla funktiolla on mahdollista lukea ja muuttaa simuloin-
nin eri muuttujia, kuten ionien paikkoja, nopeuksia, kiihtyvyyksia, tai elekt-
rodien jénnitteitd. Rajapintakielend kiytetdan LUA-skriptikieltd [4], joka on



helppo ja mukautuva ohjelmointikieli, ja toisaalta myos verrattain nopea.
Offline-laitteiston simulointiin ohjelmoitu kéyttdjaohjelma on kokonaisuu-
dessaan liitteessd A. Kayttdjiohjelmassa kiytetyt funktiot ja muuttujat on
yksityiskohtaisesti selitetty viitteessé [2].

3 Offline-laitteiston kuvaus simulointiympéristoon

3.1 Offline-laitteisto

Offline-laitteiston lopullinen toteutus ja mitat eivéit olleet simuloinnin suo-
rittamisen aikana tarkasti tiedossa, joten téssé tyOssd esitetty malli ei valt-
taméatta ole lopullinen toteutus. Kuitenkin laitteiston olennaiset osat ja mit-
tasuhteet tiedetaén riittdvalld tarkkuudella. Laitteisto voidaan jakaa péé-
piirteissdén ionildhteen ja skimmerin alueeseen, Einzel-linssisysteemiin seké
QMS:a4n.

Offline-laitteiston yksi mahdollinen malli on kuvattu kokonaisuudessaan
kuvassa 1, johon merkattu tdrkeimmaét laitteiston mittasuhteet seké piirretty
koesimulaation ionien radat punaisella. Kuvan ionien radoissa on ndhtavissa
QMS:lle tyypilliset oskilloivat ioniradat.

Laitteiston ionildhteend kéytetdidn esimerkiksi kipindldhdettd, jossa io-
neja synnytetéddn taustakaasuun sihkdpurkausten avulla. Korkeapaineinen
taustakaasu virtaa suuttimen lapi tyhjickammioon, jolloin muodostuu io-
neja sisdltava kaasusuihku. Ioneja sisdltdvéistéi kaasusuihkusta eritelldéan hy-
vin kollimoitunut ionisuihku skimmerilld, jossa on 1mm halkaisijaltaan oleva
reik#, miké jélkeen ioni suihku ohjataan edelleen Einzel-linssin lipi QMS:4én.
Tonildhteen ja skimmerin véliin muodostetaan ioneja kiihdyttéva sahkokentta
kytkemaélld ionildhde jénnitteeseen.

Einzel-linssisysteemi koostuu kolmesta erillisestd sylinterin muotoises-
ta elektrodista, joiden potentiaalit ovat erikseen maéériteltdvissd. Einzel-
linssisysteemilld ionisuihku kohdistetaan QMS:&4n, joka puolestaan koos-
tuu edesséd olevasta kahdesta fokusoivasta elektrodista ja itse kvadrupoli-
kammiosta, jossa sen neljé elektrodisauvaa ovat optisen akselin ympérilla.

Ionilahde . . .
f Einzel-linssi OMS

T

k . 10cm 10cm 10cm r—% ~25cm
Skimmeri . )
QMS ohjauselektrodit

~40cm

Kuva 1: Offline-laitteisto kokonaisuudessaan SIMION-ohjelmiston kuvassa.



Kuva 2: Ionildhde, skimmeri ja Einzel-linssisysteemi. Tyhjiokammion reuna
on kuvattu punaisella.

Jotta ionit lentédvit koko laitteiston lapi, systeemiin on muodostetta-
va globaalisti aleneva sihkopotentiaali. Paikallisesti potentiaali voi nousta,
kunhan ioneilla on riittdvasti liike-energiaa ylittda potentiaalivalli.

3.2 Offline-laitteiston kuvaaminen SIMION-ohjelmistossa

Koska ionildhde, skimmeri ja Einzel-linssisyteemi ovat symmetrisié optisen
akselin suhteen, ne on piirretty simulaatioon kaksiulotteisella mallilla, jonka
pyoriahdyskappale kuvaa systeemin kolmiulotteisena Néin saavutetaan no-
peampi Laplacen yhtalon ratkaisu ja avaruudellisesti tarkempi malli systee-
min osista. Kuvassa 2 on piirrettyni kyseisistd osista muodostuvan systee-
min halkileikkaus.

QMS on pitdnyt puolestaan piirtdd suoraan kolmiulotteisena mallina,
koska QMS:in sauvat ovat optisen akselin suuntaisesti optisen akselin ym-
périlla, eiké systeemi ole titen sylinterisymmetrinen. Kuvassa 3 on piirretty
QMS:én halkileikkaus.

Simuloitavaan systeemiin on my6s kuvattu skimmerin alustalierio ja tyh-
jibkammion ulkoreuna, joiden vaikutus sihkokenttiin on otettava huomioon.
Skimmerin ja Einzen-linssisysteemin véliin on jitetty noin 5cm véli, jotta
sithen on mahdollista lisdtd kammioiden vélinen venttiili.

Tonildhde on piirretty simulaatiosysteemiin, niin ettd siind on millimet-
rin halkaisijalla oleva aukko, joka avautuu puolipallonmuotoisen suuttimeen.
Téamén on tarkoitus suurpiirteisesti mallintaa ionildhteesséd useasti kaytet-
tavén kaksoiskartion muotoisen suuttimen aukkoa. Ionit muodostetaan reidn

sisélle, josta kaasumallin kaasuvirtaus vie ionit kiithdyttévasdn sihkopotentiaaliin,

ja tésté edelleen skimmerin ldpi Einzel-linssisysteemiin.

QMS:d4n kuuluu kaksi sen edessé olevaa ohjauselektrodia ja kvadrupo-
likammio, jossa neljd halkaisijaltaan noin 8mm kvadrupolisauvaa sijaitsevat
symmetrisesti optisen akselin ympérilld. Kuvan 3 QMS:4n poikkileikkauk-



sessa on nikyvissd kolme néistd sauvoista.

4 Kaasumalli

4.1 Kovan pallon térméaysmalli

Tonildhteen korkean paineen avulla synnytetyssd kaasusuihkussa on kaa-
sun paine niin korkea, ettd ionien keskimé&irdinen vapaa matka on lyhyt,
eikd yhtd ionia voida ajatella vapaana hiukkasena. SIMION-ohjelmisto olet-
taa ldhtokohtaisesti kaikki ionit vapaiksi hiukkasiksi, joten korkeapainei-
nen kaasu on tdytynyt ottaa huomioon kovan pallon térméaysmallilla ja
rajahdysmallilla. Kovan pallon térméaysmallilla mallinnetaan taustakaasun
atomien tOrméyksid ioneihin ja réjahdysmallilla sen sijaan mallinnetaan
taustakaasun virtausta.

Toteutettu kovanpallon torméysmalli on edelleen kehitetty SIMION-oh-
jelmiston esimerkisté [5] ja perustuu kineettiseen kaasuteoriaan. Siind mal-
linnettava ioni kulkee neutraalissa taustakaasussa, yleensd joko heliumissa
tai argonissa, torméé taustakaasun atomiin ja siroaa elastisesti. Kaasun ato-
mit kaasuteoriassa liikkkuvat satunnaisiin suuntiin, niin ettd nopeusjakauma
noudattaa Maxwell-Boltzmannin jakaumaa, eli taustakaasun atomien no-
peuksien kukin avaruuskomponentit noudattavat Gaussista jakaumaa, jon-
ka varianssi on kgT'/m.

Pelkéstadn sahkostaattisessa ionioptiikassa ionien massa ei vaikuta mal-
linnettuihin ionien ratoihin. Kaasumalli aiheuttaa kuitenkin massariippu-
vuuden ionien kulkuun, koska taustakaasun atomin térméyksen vaikutus
on kevyempédn ioniin suurempi kuin suuren liikemé&édrédn omaavaan paina-
vampaan kaasuioniin. Téastd syystéd simulaatiot on yleensé toistettu yhdella
kevyella ionilla, kuten natriumionilla, ja yhdelld raskaalla, kuten toriumio-
nilla.

QKvadrupo]j-

sauvat

Etuelektrodi

<

Kuva 3: Kvadrupolimassaspektrometin poikkileikkaus.




Ionin liikkuessa matkan As = v; At taustakaasussa se lapéisee tausta-
kaasun torméyksetti todennékoisyydella.

—As —v; At
Poi tormaysta = € > =€~ » (1)

jossa keskimé#riistd vapaata matkaa kuvaa A. Edelle olevan kaavan (1) mu-
kaan on lihdekoodissa riveilla 525-534 laskettu torméayksen todennékoisyys,
jokaisen ionin liikkuessa aika-askeleen At eteenpéin.

Keskiméirdinen vapaata matka A voidaan ilmaista keskimé&érdisen tor-
méiystaajuuden avulla f. = v;/\, joka edelleen voidaan ilmaista térméyksen
vaikutusalan ¢, ionin keskiméé#réisen suhteellisen nopeuden v, ja taustakaa-
sun hiukkastiheyden n, avulla. [5]

fe= OUrng, (2)

Keskiméaéridinen suhteellinen nopeus tarkoittaa tésséd ionin keskimé&draista
nopeutta kaasuun verrattuna, eli

v = /V Vi — v (v, )dv,, (3)

jossa siis f(v4) on Gaussinen jakauma varianssilla kg7 /m. Viitteessé [5] on
suoraviivaisella laskulla osoitettu, etté

o = <“2g> <<s + 213> merf(s) + 6_52> : (4)

jossa (vg) = \/8KT/mm ja s = vi\/m/2kT.
Kaavan (2) vaikutusala o lasketaan térméddvén ionin ja taustakaasun
atomin van der Waalsin séteiden r; ja r, avulla seuraavasti

o=m(ri+rg)’. (5)

Kaikki téssd tyossd esiintyvat simulaatiot on tehty heliumtaustakaasulla,
jossa ry = 140pm.

Kaavan (2) hiukkastiheys n, lasketaan yksinkertaisesti ideaalikaasulais-
ta, kun kaasun paine P ja lampdtila T tunnetaan ionin liikkeen kohdal-
la. Kun paine, lampoétila, vaikutusala ja keskimé&édrdinen suhteellinen no-
peus tiedetédn, voidaan keskiméiriinen vapaa matka laskea ja tésté edelleen
torméayksen todennédkoisyys. Edelld kuvattu laskenta keskiméériisen vapaan
matkan A\ méidrittdmiseksi on toteutettu ldhdekoodissa riveilld 485-518.

Kun térméys tapahtuu, taustakaasun atomin nopeuden komponenteille
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Kuva 4: Simuloinnissa kiytetyt paine- ja lampotilafunktioiden kuvaajat.
Paine ja lampotila muuttuvat kuvaajien mukaisesti pallosymmetrisesti suut-
timen katsoen.

asetetaan arvot Gaussisen jakauman mukaisesti. Téamén jélkeen siirrytédén
koordinaatistoon, jossa taustakaasun atomi on paikallaan, ja lasketaan ionin
uusi nopeus satunnaisella torméayskulmalla ja -parametrilla kdyttden elasti-
sen torméyksen kinematiikkaa. Katso ohjelmakoodin rivit 552-620.

4.2 paine- ja lampdotila mallit

Ongelmaksi kuitenkin muodostuu, ettd kaasun paine ja lampotila on tunnet-
tava vélittomésti ionildhteen suuttimen jélkeen. Painetta ja lampotilaa on
arvioitu aiemmilla CosmosFlowWorks2006 [6] simulaatioilla. Paineen kéyt-
taytymisté on liséiksi arvioitu offline-laitteistoa vastaavanlaisessa systeemissé
tehdyilld kaasusuihkujen paineen neulamittauksilla. [7]

Paineen on oletettu muuttuvan pallosymmetrisesti etdisyyden funktio-
na suuttimen aukosta katsottuna, ja paineen tippuvan eksponentiaalisesti
ja saturoituvan noin 1 mbar:iin varsin nopeasti. Skimmerin jilkeen paine
laskee niin alas, ettei torméyksid endéd tapahdu, ja ioneja voidaan tdmén
jilkeen pitad vapaina hiukkasina. Kuvassa 4a on simulaatioissa kéytetyn
painefunktion kuvaaja, joka kertoo paineen tippumisen suuttimen ja ionin
vélisen etédisyyden funktiona. Ohjelmalle annetaan ionildhteen paineen arvo
ja painefunktio skaalataan niin, ettd paineen maksimi arvo vastaa annet-
tua paineen arvoa. Léhdekoodissa funktio riveilld 143-169 antaa paineen ar-
von kunkin ionin kohdalla ionildhteen paineen ja ionin ja suuttimen vélisen
etdisyyden avulla.

Koska kaasusuihku laajenee adiabaattisesti vélittémaésti suuttimesta pois-
tuessa, sen lampdtilan odotetaan jadhtyvén nopeasti huoneenlammosté noin
100K asteeseen ja sen jialkeen ldmpenevin takaisin huoneenlampdon. Simu-
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Kuva 5: Réjihdysmallin
toimintaperiaate. Ioni tun-
tee kaasuvirtauksen tulevan
suuttimen aukosta.

Kuva 6: Kaasunvirtauksen suu-
ruus ionildhteen ja suuttimen vélisen
etdisyyden funktiona

laatioihin perustuen kaasun ldmpdétilan on oletettu kdyttdytyvan kutakuin-
kin kuvaajan 4b mukaisesti. Lihdekoodissa funktio riveilld 196-223 antaa

ldmpotilan paikan funktiona.

4.3 Rajahdysmalli

Suuttimesta tulevan puskurikaasun virtausta on mallinnettu yksinkertaisella
rajahdysmallilla, jota on kédytetty aiemmassa samankaltaisessa simulaatios-
sa. [8] Tassd mallissa taustakaasuvirtauksen suunta tietyn ionin kohdalla
méadraytyy kyseisen ionin etéisyydestd sekéd suuttimeen ettd optiseen akse-
liin.

Kuvassa 5 on rédjihdysmallin toimintaperiaate kuvattu yksinkertaisella
piirroksella. Kuvassa on optinen akseli mustalla katkoviivalla, jossa réjihdys-
mallin vertauspiste on vihreélld. Punainen viiva kuvaa rajaa, josta suutin
alkaa avautua ja jonka jilkeen kaasuvirtauksen suunta médrdytyy vertaus-
pisteen mukaan. Kuvassa suuttimen aukosta tullut ioni kokee taustakaasu-
virtauksen saman suuntaisena kuin siihen piirretty paikkavektori vertaus-
pisteesté. Vertauspisteestd katsottuna nopeuksien suuntajakaumasta tulee
isotrooppinen.

Kaasuvirtauksen nopeuden suuruus, joka on esitetty kuvan 6 kuvaajassa
ionin ja suuttimen vilisen etéisyyden funktiona, on arvioitu samojen Cos-
mosFloWorks simulaatioiden avulla. Kaasuvirtauksen nopeus on suuttimes-
ta tullessaan l&helld heliumkaasun dédnen nopeutta eli noin 1000m/s ja virtaa
edelleen melko tasaisella nopeudella, kunnes edessé oleva skimmeri hidastaa

kaasuvirtauksen nopeuden noin 500m/s paikkeille.



Kuva 7: Punaiset ioniradat ovat levinneet kovan pallon torméysmallin ja
rdjahdysmallin vaikutuksesta. Vihredt ioniradat kuvaavat ionien liikett4 il-
man kaasumalleja.

Ré&jahdysmalli kiytettynd kovan pallon torméysmallin kanssa aiheuttaa
ionien levidimisen heti suuttimen jilkeen. Rdjahdysmallin eri muuttujien ar-
voilla, kuten vertauspisteen kohdalla, voidaan vaikuttaa levidmisen voimak-
kuuteen. Liséksi sithen vaikuttavat ionin massa, torméaysmallin vaikutusala,
jaionilahteen ja skimmerin vélisen séhkokentéin voimakkuus. Rdjahdysmallin
sadtdminen todellista tilannetta vastaavaksi on vaikeaa, mutta ionien le-
vidminen suuttimen alueella noin 30° optisen akselin ympérille on oletettu
vastaavan oikeaa tilannetta. Kuvassa 7 on kuvattu ioniradat kaasumallin
kéytossé ollessa ja ilman kaasumallia. Kuvissa on ndhtévissd huomattava
ero.

5 Simuloinnin tulokset

5.1 Elektrodien optimointi

Optimaalisimmat elektrodien potentiaalit riippuvat paljon systeemissé liik-
kuvien ionien massasta ja taustakaasusta ja niiden vélisestd vuorovaikutuk-
sesta. Kun ionit kulkevat skimmerin l4pi niiden liike-energia on riippuvainen
kaasumallin olosuhteista kuten paineesta ionin massasta, seké ionildhteen ja
skimmerin véilisestéd jannitteestid. Tésta syystéa kaikissa olosuhteissa pétevia
elektrodien jénnitteitd on hankala antaa.

Ongelmia optimoinnissa aiheuttaa ionien taipumus levittaytyé laajalle
alalle, jolloin ionisuihkun pitdminen kapeana ja korkeaintensiteettisen&d on
vaikeaa. Levidmisté esiintyy esimerkiksi heti ionildhteen jélkeen, miké ai-
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jannitteen funktiona eri ionilihteen jénnitteilld (b): QMS:&n fokusoivan
elektrodin(1) ja Einzel-linssisysteemin keskielektrodin jénnitteiden vaikutus
lapaisyyn QMS:én sisélle.

heuttaa h&ividita ionien osuessa skimmeriin. Kuitenkin pitdmaéllé ionildhteen
skimmerin potentiaaliero mahdollisimman suurena, ja ionildhteen paine ma-
talana, voidaan skimmerin lapi lapaisyéd parantaa.

Erityisesti ongelmaa aiheuttaa ionisuihkun levidminen heti skimmerin
jalkeen, koska seuraava fokusoiva efekti tapahtuu vasta ensimméisen Einzel-
linssielektrodin jalkeen. Levidmistd voi yrittdd estdd alentamalla Einzel-
linssisysteemin ensimmaéisen elektrodin potentiaalia, mutta simuloinnissa ei
huomattu havaittavaa eroa QMS:4n saapuvien ionien mé#rissé eri elektro-
din jannitteilla.

Itse Einzel-linssin optimaalisin potentiaali on myos vaikea méadrittas,
mutta hyvédnd ldhtékohtana on noin puolet skimmerin potentiaalista. Ku-
vassa 8a on QMS:4in padsevien ionien méiri prosentteina skimmerin lapéais-
seistd ioneista. Léapédisy on kuvattu Einzel-linssisysteemin keskielektrodin
jannitteen funktiona neljélla eri ionildhteen jannitteelld. Skimmerin jénnite
oli puolet ionildhteen jénnitteestd, ionildhteessd oli 60mbar ja ionien massa
oli 232u. Pienempi maksimi 70 % prosentin maksimia suuremmilla jannit-
teilld johtuu siitéd, ettd ionivirta fokusoituu toisen kerran riittdvéan isoilla
jannitteilla.

Kuvassa 8b on kuvattu kuinka QMS:én fokusoiva elektrodi (kuvan 3 vih-
red elektrodi) vaikuttaa ionien lipaisyyn QMS:én kvadrupolikammioon huo-
nosti Einzel-linssilla fokusoidulla ionivirralla. Huomattavaa vaikutusta oh-
jauselektrodin jénnitteilld ei ole ionien ldpaisyyn. QMS-ohjauselektrodeista
ensimmaéisté etuelektrodia on paras pitdd mahdollisimman alhaisena.

10



150v 75V ov 40V ov 0-30V.

75V

oV

Kuva 9: Esimerkki optimaalisista elektrodi jédnnitteista.

Kuvassa 9 on esimerkki systeemin eri osien ja elektrodien optimaalisim-
mista jdnnitteistd, kun kaasun paine on noin 50mbar ja ionin massa noin
200u. Jos eri elektrodien tarkat jannitteet halutaan tietdd simulointi kan-
nattaakin suorittaa jokaiselle koejirjestelylle erikseen.

5.2 Emittanssi systeemissi

Jotta ionisuihkun levidmisté ja siitd aiheutuvia ongelmia voidaan analysoi-
da tarkemmin, ionisuihkun laatua tarkasteltiin laskemalla poikittainen emit-
tanssi systeemin eri kohdissa. Poikittainen emittanssi méériteltiin y-akselin
suuntaisena neliollisend keskiemittanssina, joka laskettiin ionien paikoista ja
nopeuksista seuraavasti: [9]

ey =4V A2 A (y?) — Ayy), (6)

jossa A kuvaa standardipoikkeamaa. ¥’ on mééiritelty ionin poikittaisen no-
peuden v, ja pitkittdisen nopeuden v, mukaan:
y' = arctan Yy (7)
Vp  Ug
Huomaa siis, etté x-akseli on optisen akselin suuntainen.

Emittanssin ja faasiavaruuksien laatimiseksi systeemissé simuloitiin noin
1000 skimmerin l&pi kulkevaa ionia, kuvan 9 mukaisilla jannitteilld. Kaa-
suna oli helium 50mbar ionildhteen paineella. Emitanssi mitattiin kaavan
(6) mukaisesti useasta kohdasta pitkin simuloitua systeemii. Kuvassa 10 on
merkitty kolmioilla mitatut emitanssin arvot etiisyyden funktiona. Etéisyys
mitataan ionildhteen kérjesté.

Tonisuihkun kiyttdytymistd tarkasteltiin myos piirtdmélla ionit (y,y')-
faasiavaruuteen. Kuvassa 11 on kuvattu kuusi eri (y,y’)-faasiavaruuden ku-
vaajaa nuolien mukaisilla paikoilla simuloitavaa systeemid kuvaavassa esi-
merkkikuvassa. Faasiavaruuskuvaajissa on kukin ioni piirretty pisteella.

11
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Kuva 10: Emittanssin muutos systeemissd etéisyyden funktiona io-

nildhteeseen.

Faasiavaruuksista ndhdéaén, etté ionisuihku ennen Einzel-linssisysteemin
toista elektrodia kayttdytyy lineaarisesti. Ensimmaéisesséd faasiavaruudessa
1. ionit ovat asettuneet pienelle alueella vahaiselld kulmanopeudella, koska
ovat juuri tulleet ulos skimmeristé. lonit ovat sijoittuneet faasiavaruuteen 2
126mm etéisyydelld ilman vadristymid kapean ellipsin muotoiselle alueelle.
Tonisuihkun voidaan sanoa olevan laminaarista télla alueella.

Emittanssi voimakas kasvu noin 190mm kohdalla johtuu Einzel-linssi-
systeemin ensimmaéisen ja toisen Einzel-elektrodin vélissé olevasta ioneja hi-
dastavasta sihkokentéistd, mutta toisaalta myds sihkokentén aiheuttaman
voiman epélineaarisuudesta. Emittanssi kasvaa hidastavassa sdhkokentésséa
siksi, etté pitkittdinen nopeus v, optisen akselin suuntaan pienenee, mutta
poikittainen nopeus v, ei muutu. T&ll6in kaavan (7) mukaan kulmanopeus v’
kasvaa ja ionit levidivit suuremmalle alueelle (y, y')-faasiavaruudessa, jolloin
emittanssi kasvaa.

Emittanssia kasvattaa myos sdhkokentén ioneihin vaikuttava voima, joka
on epdlineaarinen verrattuna etéisyyteen optisesta akselista. Tamén epéli-
neaarisen voiman aiheuttava vairistymén synty ndkyy faasiavaruudessa 3,
jossa kapean ellipsin reunat alkavat kaareutua. Vairistymé kasvattaa irre-
versiibelisti emittanssia, mikd ndkyy kuvassa 10 siini, ettd emittanssi ei
palaudu kiihdyttdvan sdhkokentén jilkeen kohdassa 300mm. Jos emittans-
sia kasvattavaa vairistyméé el syntyisi emittanssin tulisi olla sama vililla
300mm-400mm kuin se on vélillda 50mm-150mm, koska hidastava- ja kiih-
dyttava sihkokenttd ovat symmetrisesti saman muotoisia ja yhtd voimak-
kaita.

Epélineaarisista voimista aiheutuva ioniratojen aberraatio nidkyy hyvin
QMS:én etuelektrodin edessd méaritellyssi faasiavaruudessa 5 etaisyydelld

12
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Kuva 11: Ionien muodostamat (y,y’)-avaruudet kuudessa eri systeemin koh-
dassa.
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406mm. Téssd faasiavaruudessa tietyilld paikan arvoilla kulmanopeus saa
sekd positiivisia ettd negatiivisia arvoja. Tamé tarkoittaa, ettd néissd koh-
dissa ionien radat menevét ristiin ja ionisuihkun laminaarisuus on huonoa,
miké vaikeuttaa ionien fokusointia QMS:én sisélle. Emittanssi pienenee noin
430mm kohdalla, koska osa ioneista osuu QMS-etuelekrodiin, jolloin osu-
neet ionit eivit endd etene systeemisséd. Vain QMS-etuelektrodin aukosta
sisdén liikkuvat hyvin suuntautuneet ionit pédsevat lilkkumaan eteenpéin.
Nailld ioneilla on siksi matala emittanssi. Kyseiset ionit on kuvattu (y,y’)-
avaruudessa kuvan 11 kaaviossa 6.

Vadristymisistd johtuva aberraatio on seurausta siité, ettd ionisuihku
on niin levinnyt niin paljon tullessaan Einzel-linssisysteemiin, etté siihen
vaikuttavat Einzel-linssisysteemin elektrodien reunamien epélineaariset voi-
mat. Tasté syysté ionien levidimistd skimmerin jilkeen olisi hyva pienent&a.

5.3 Léapéisyn tehokkuus

Toneja menetetdéin niiden liikkuessa offline-laitteiston ldpi. Menetykset ovat
etenkin suuria skimmerin alueella, koska ionit levidvat kaasumallin vaiku-
tuksesta. Levidimisen suuruus on suoraan verrannollinen ionil&dhteen ja skim-
merin viéliseen jénnitteeseen ja on erittdin herkésti riippuva paineesta. Ku-
vassa 12a ja 12b on kuvatta toriumin ja natriumin lépéisy paineen funktiona
ionildhteen ja skimmerin vilisilla 50V ja 100V potentiaalieroilla.

Ré&jéahdysmallin antamia lapéisytehokkuuksia pitédé kuitenkin tarkastella
vain suuntaa antavina, koska todellinen kaasusuihku on ylisooninen, ja sen
virtaus voi olla hyvinkin erilainen rdjihdysmalliin verrattuna. Ylisoonisen
kaasusuihkun muotoon voidaan mm. vaikuttaa taustapaineen muutoksilla.
110]

Skimmerin jalkeen suurimmat héviot tapahtuvat QMS-etuelektrodiin.
Einzel-linssisysteemissé voi myo0s tapahtua hévioitd, jos ionisuihku levida
paljon skimmerin jilkeen. Simulaatioiden perusteella voidaan arvioida hé-
vididen olevan noin 30% luokkaa ennen QMS:éin kammiota.

5.4 Avaruusvarauksen vaikutus

Avaruusvarauksen vaikutusta simuloitiin SIMION-ohjelmiston siséénraken-
netulla beam-repulsion toiminnolla, jolla avaruusvarauksen vaikutusta mal-
linnetaan olettamalla jokainen ioni kulkusuuntaansa &éirettomaéan pitkéksi
viivavaraukseksi. Viivavarauksen suuruuden SIMION-ohjelmisto arvioi ionin
nopeudesta ja kdyttédjan ampeereissa antamasta kokonaisionivirran suuruu-
desta. SIMION-ohjelmisto ottaa huomioon vain ioni-ioni -vuorovaikutuksen.
Mahdollista ionien vaikutusta itse sdhkodkenttiin ei oteta huomioon.
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Kuva 12: Toriumin ja natriumin skimmerin l&péisy paineen funktiona kah-
della eri skimmerin ja ionildhteen potentiaali erolla.

Kuva 13: Avaruusvarauksen vaikutus ioniratoihin ionilihteen ja skimmerin
alueella.

Beam-repulsion simulaatioon vaatii, ettd kaikki simuloitavat ioni len-
nitetddn yhtd aikaa ja ionit pidetddn samassa tasossa. Tamé tapahtuu
siirtdmalléd jokaista ionia omalla aika-askeleella siten, etté ionit pysyviét yh-
dessé tasossa. Tason suunnan mé#rdéd johtava ioni, joka pakotetaan siir-
tyméan koko simuloitavan systeemin l&pi.

Kuvassal3on kuvattu avaruusvarauksen vaikutus kahdella ionivirran ar-
volla 1.107%A ja 1-107%A. Simulaatioiden perusteella 1-1076A ionisuihkun
lépéisy on noin 50% huonompi verrattuna tilanteeseen, jossa ionisuihkun
virta ei aiheuta levidmista
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5.5 Energiahajonta

QMS:sén massaerottelukykyyn vaikuttavan energiahajonnan muodostumis-
ta tutkittiin laskemalla simulaation aikana ionien kokonaisnopeuden nelion
standardipoikkeama A(v?) = (v? — (v?)) etiisyyden funktiona ionildhteest:.
Nopeuden nelion standardipoikkeamasta voidaan edelleen laskea energiaha-
jonta:
1 2
AE = imi(mA(v ) (8)
Toisin kuin ioniradat, energiahajonnan suuruus on herkkd skimmerin
jalkeisen alueen paineelle. Siksi energiahajontaa simuloidessa painemallia
muutettiin muissa simulaatiossa kéiytetystd painemallista niin, ettd paine-
mallissa on varovaisempi paineenlasku skimmerin jilkeen estden néin ener-
giahajonnan aliarvioinnin. Energiahajontaa simuloitaessa painekayri kuvas-
ta 4a poikkeava siiné, ettd skimmerin jélkeinen paine laskee eksponentiaali-
sesti nelidllisen laskun sijasta. Lisdksi taustapaine on laskettu alle 1 mbar:in.
Kuvassa 14 on energiahajonnan muodostuminen ioneihin ionilédhteen ja
skimmerin alueella. Ionildhde sijaitsee 0mm:in kohdalla ja skimmeri noin
15mm:in kohdalla. Kuvaajassa otettu huomioon kaikissa kohdissa vain ne
ionit, jotka lapdisivat skimmerin. Lépéisseiden ionien méara oli 244 io-
nia 50mbar paineessa ja 224 ionia 100mbar paineessa ja ionien massana
kéytettiin 232u. Simulaatioissa kéytetyt jannitteet olivat 150V ionildhteessa
ja 75V skimmerissd. Einzel-linssisysteemin ensimmaéinen elektrodi on maas-

3 T

50mbar
= 100mbar

25

15

Energiahajonta [eV]

0.5F

-10 0 10 20 30 40 50 60 70
Etaisyys [mm]

Kuva 14: Energiahajonnan muodostuminen kahdella ionilihteen paineen
arvolla. Energiahajonta tasoittuu noin 3eV tienoille.

16



sa (0V), jolloin skimmerin jélkeen on myés ioneja kithdyttidva sdhkokentté.

Tonien energiahajonta kasvaa kunnes skimmerin alueella taustakaasun
nopeus laskee ja sihkoisen potentiaalin muutos on hyvin pieni. Talla alueel-
la ionien satunnainen liike hidastuu tormé&yksissé taustakaasun atomeihin ja
energiahajonta laskee. Ionien tullessa ulos skimmerin aukosta ionit ldhtevét
voimakkaasti kithtyméén alhaisen paineen takia. Tall6in ionien torméyksista
taustakaasun atomeihin tulee voimakkaita ja energiahajonta nousee, kunnes
paine laskee niin alas ettei torméyksid enéé tapahdu ja energiahajonta ta-
saantuu. Paineesta ja ionildhteen potentiaalista riippuen energiahajonnan
suuruuden voidaan arvioida olevan noin 2-3eV luokkaa.

5.6 Ohjauslinssisysteemi

Koska héviot skimmeriin ovat edellisten simulaatioiden mukaan suuret io-
nien levidmisen vuoksi, skimmerin edessi testattiin ohjauslinssisysteemeja,
jotka koostuvat noin 1-0,5cm halkaisijaltaan olevista renkaan muotoisista
elektrodeista. Niilld elektrodeilla yritettiin estdé ionien levidminen ja ohja-
ta ne skimmerin aukkoa kohti.

Simulaatiolla testattiin kahta eri tyyppisté ratkaisua. Ensimmaéinen tes-
tattava rengaselektrodisysteemi koostui kolmesta noin 7mm halkaisijaltaan

== 173 jonsttr

80 V1,

iy 37 ions

—_~

(a) systeemi 1.

b) systeemi 2. (c) systeemi 3.

Kuva 15: Rengaselektrodisysteemien mallit sekd niiden tuottamat ionira-
dat ja ldpdisyt. Yksinkertainen toteutus on kuvassa 15b ja kuvassa 15c¢ on
viimeinen elektrodi muotoiltu optimaalisesti. Kuvassa 15a on tilanne ilman
rengaselektrodeja.
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Kuva 16: Toisen rengaselektrodisysteemin kolmiulotteisen mallin poikki-
leikkaus.

olevasta rengaselektrodista kuvan 15b mukaisesti. Toisessa testattavassa ren-
gaselektrodisysteemissd viimeinen rengaselektrodi oli muotoiltu ohjaavaksi
ja siirretty ldhemméksi skimmerid. Tdmé rengaselektrodi systeemi on ku-
vattu ioniratoineen vastaavasti kuvissa 15c¢ ja 16.

Verrattuna simulaatioon ilman ohjauselektrodia (kuva 15a), missé skim-
merin ldpéisi vain 17 ionia, simulaatioiden mukaan ohjauselektrodeilla voi
olla mahdollista lisétd huomattavasti ionien lapéisyd skimmerin ldpi. Toi-
saalta optimaalisen ldpéisyn aikaan saamiseksi elektrodien oikea muoto on
tiarkedd, sekd se, ettd viimeinen rengaselektrodi sijaitsee ldhelld skimme-
rid. Liséksi sen jénnite tulisi olla huomattavasti korkeammalla kuin skim-
merin. Liian suuri potentiaaliero, etenkin korkeapaineisessa ympéristossa,
voi kuitenkin aiheuttaa kipindintid. Liséksi todellisuudessa rengaselektro-
dit vaikuttavat kaasusuihkun virtaukseen, mité ei huomioitu simulaatiossa.
Naisté syistd simulaatioissa saavutettua lépéisya voi olla vaikea saavuttaa
kaytdnnossid. Simulaatioiden perusteella voi kuitenkin todeta, ettd jo var-
sin yksinkertaisella rengaselektrodisysteemilld on mahdollista parantamaan
ionien lapéisyd skimmerin 14pi.
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Kuva 17: QMS simuloinnin massaerottelu. Kuvassa (a) on ionien ldpéisy
ionin massan funktiona kahdella eri ionienergialla. Kuvassa (b) on kuvattu
QMS:én stabiilisuus alue (q,a)-avaruudessa, sekidi massaskannaus pisteill4,
jossa isommat punaiset pisteet kuvaavat yli 50% lapéiisyé.

5.7 QMS simulaatiot

QMS:4n toiminnan mallintaminen toteutettiin myos kayttéjiaohjelmilla, jos-
sa kéytettiin SIMION-ohjelmiston fast-adjust-toimintoa. Offline-laitteistossa
kédytetyn QMS:én tarkkaa toimintaa ei kuitenkaan tunneta, joten sen toimin-
nan mallintamisen ohjelmoitu toteutus perustuu kirjallisuudessa esiintyvéaén
yleiseen malliin. [11] Toteutus on l&hdekoodissa riveilld 331-349, missé spekt-
rometrin sauvojen rf-potentiaalia muutetaan ionin lentoajan ja QMS:dn
toimintataajuuden w = 27 f mukaan. Ohjelmalle annetaan rf-potentiaalin
amplitudi V' ja aksiaalinen DC-potentiaali U, sekd mahdollinen sauvojen
kelluntajénnite. Sauvoissa on siis jénnite

Utot(t) == (U + V sin (wt)) (9)

QMS:ssé liikkuvien ionien ratoja kuvaavat Mathieun yhtéléiden ratkai-
sut, joista voidaan méa#rittdd vaakasuuntaan (x) ja pystysuuntaan (y) seu-
raavat stabiilisuusparametrit:

8elU 4eV
Ay = —Qy = 62 D) Qz = —Qy = 62 R (10)
m'/"o(JJ m'f'ow

jossa m on ionin massa ja rg on etéisyys optiselta akselilta sauvaan. Namé
yvhtélot olettavat, ettd sauvojen sdteen r, ja niiden etédisyyden optiselta ak-
selilta rg valilla patee 7, = 1.3rg, miké simuloidussa QMS:ssé pitdd paikkan-
sa. lonien radat ovat vain tietyilla stabiilisuusparametreilld a ja g sellaisia,
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ettd ionit litkkuvat QMS:4n ldpi. Kuvassa 17b on kuvattu harmaalla alueella
(a,q)-stabiilisuusalue.

QMS:dn toimintaa testattiin ajamalla erimassaisia ioneja vakioenergial-
la spektrometrin lapi, kun U = 40V, V = 300V ja f = 2.23MHz. Kuvassa
17a on kuvattu ldpdisy QMS:44n ionin massan funktiona valilld 30u-150u
120eV:in ioneille ja vililld 45u-130u 40eV:in ioneille. Toneja kussakin simu-
laatiossa oli 200 kappaletta. Liséksi kuvaan 17b on piirretty piste kunkin si-
muloidun 40eV ionin massan kohdalle niin, ettéd isot punaiset pisteet kuvaa-
vat yli 50% lidpiisyé ja pienet mustat pisteet alle 50% lapéisyi. Kuvasta 17a
nékee, ettd lilan suuri ionienergia saattaa hairitd QMS:4n toimintaa. Simu-
laatioiden perusteella on silti vaikea sanoa millé ionien energioilla kaytossa
olevan QMS:én toiminta héiiriintyy. Kuva 17b perusteella voidaan kuiten-
kin todeta, ettd QMS:én simuloitu toiminta vastaa erinomaisesti teoriassa
ennustettuja arvoja.

6 Yhteenveto

Kaasumallin takia simuloinnin kvantitatiivinen tulos riippuu suuresti kéy-
tetyn ionin massasta, van der Waals sédteesté, seké etenkin kaasun paine ja
nopeusfunktioista, joiden tarkkoja arvoja on hankala tietdd. Siksi tarkko-
ja elektrodien potentiaaleja ja ldpéisyja on vaikea arvioida simulaatioiden
perusteella. Kuitenkin matalan paineen alueilla voidaan suurpiirteisesti ar-
vioida tarvittavien jannitteiden suuruuksia.

Kvadrupolimassaspektrometrin simuloinnin vertaus teoreettisiin odotuk-
siin osoitti, ettd spektrometrin toimintaa on myos mahdollista mallintaa
tdmén tyon simulaatiototeutuksessa. Néin voidaan tutkia etukéteen, etté
kuinka koeolosuhteet voivat vaikuttaa massaspektrometrin toimintaan.

Simulaation nopeus oli verrattain hidas, koska kovan pallon térméaysmal-
lissa suurissa paineissa tapahtuvien térméaysten méara on suuri. Téssé tyOssa
tehtyé vastaavaa nopeampaa simulointia ilman painetta vastaavissa paineis-
sa on tehty statistisilla diffuusio simuloinnilla. [12] Téssd esitettyd simu-
laatiototeutusta on mahdollista muuntaa téllaiseksi diffuusio simuloinniksi.
Tamé tulee kysymykseen etenkin, jos téssé tyOssé esitetyiltd simuloinneilta
vaaditaan nopeaa suoriutumista.

Simulaatiot osoittavat, ettd hyvaia ldpdisyd koko systeemissd voi olla
kéytdnnossd vaikea saavuttaa. Lapéisyd skimmerin ldpi voidaan parantaa
pitdmalld ionildhteen skimmerin potentiaaliero mahdollisimman suurena, ja
ionildhteen paine matalana. Lisdksi ionisuihkun leviiminen Einzel-linssisys-
teemissd aiheuttaa emittanssin kasvua ja vaikeuttaa ionien tehokasta siirty-
mistd QMS:d4n. Optimaalisimmillaan koko systeemin ldp#isytehokkuuden
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voidaan arvioida olevan noin 20% luokkaa. Einzel-linssin optimaalisin po-
tentiaali on vaikea méaarittda yleispatevésti, mutta hyvéanéa ldhtokohtana on
noin puolet skimmerin potentiaalista. Tésséd esitettyjen simulaatioiden to-
dellinen hyt6ty tuleekin esiin sitten, kun offline-laitteistossa suoritettavien
kokeiden tarkat jarjestelyt tiedetdén. TAlloin tehtyjen simulaatioiden avulla
voidaan optimoida mittalaitteisto ja paikantaa mahdollisia ongelmakohtia.
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A Lahdekoodi

simion.workbench_program ()

—— ### ALL IONS SPLAT at

adjustable force_all_ions_splat_at_x_mm = 70
local ions_forced_to_splat = {}

adjustable _Leading_-lon_Splat_-Pos.mm = 10
adjustable _disable_collisions_at = 60

local test_variable_l_start = 150 ——mnot wused
local test_variable_l_step = 40

local test_variable_l_end = 10

local test_variable_2_start

75 ——not used

local test_variable_2_step = 100

local test_variable_2_end = 15

local current_test_variable_l_value = test_variable_l_start
local current_test_variable_2_value = test_variable_2_start
local potentialsl = {} ——an array of used potentialsl for
local potentials2 = {} ——an array of used potentials2 for
—— Jon guide pressure

local const_pressure = 100 —mbar

local is_program_initialized = false

local m_is_previously_opened = false

local v_is_previously_opened = false

local recording._planes = {7,10,24,29,35,185,292,400,461} ——{10,26,34,77,185,292,396,418,425,435,450}

local plane_data = {}

local flys_ions_in_plane = {} — ion
local ions_flied = 0 — toltal
local ion_velocities = {}

local xpositions_sum = {}

local xpotentials_sum = {}

local xstep=0.5

local xstart=7

local xcurrent = {}

local xend=69

local xindex = {}

local vx_ion_count={}

local sim_.i = 0 —indexz for fly,

——HHAAAAHAAAAAAHHH GAS MODEL

count for
number of iomns flied

negative=program

used as array index

local collisions_-for_leading_-ion = true
local _mean_free_path.mm = —1 —

local _gas_mass_amu = 4.0 — For He

local _temperature_k = 300.0

local _pressure_pa = 10000 ——dummy variable
—— Collision—cross section (m~2)

—— adjustable _sigma-m2 = 2.88E—19 ——
— local _sigma-m2 = 2.72E—19 —
local _sigma.m2 = 3.33E-19 ——

—— Mean number of time steps per MFP.
local _steps_per-MFP = 20.0

—— Collision marker flag.

local collisions_marked = false

—— How much trace data (average KE) to

—— (0O=none, I=at each splat
adjustable _trace_level = 0

— If _trace_level is 2, this tis the number of

i

2=at each

output .
collision)

—— This reduces the wverbosity of the trace.

adjustable _trace_skip = 10

adjustable explosion_model_limit_z_mm

——— current running averag
local ke_averages = {}

local last_collision_times
local last_ion_number = —1
local last_speed_-ion = —1

0

€

of KE for

{3

23

each particle .

23

collisions b

maps

each fly
each fly

each fly aand plane
in a fly

calculates mean free path

(He_vdW_radius + Ni+1_vdW_radius) 2% Pi
(He-vdW_radius + Na+1(Ne)_vdW_radius) " 2x Pi
(He_vdW_radius + U_vdW_radius) 2% Pi

efore each trace.

ion_number —> KE.
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—— Currently used mean—free path (—1 = undefined).
local effective_mean_free_path_mm = —1

—— Mazimum time step (usec) that fast_adjust should permit.

—— This is continually updated so that the _steps_.per-MFP setting
—— remains meaningful.

local max_timestep = 0.000002

— QMS
local is_QMS_enabled = false

adjustable phase_angle_-deg = 0.0 —— entry phase angle of ion
adjustable freqency-hz = 2.23E6 —— RF frequency of quad (in hz)
adjustable pe_update_each_usec = 0.005 —— PE display wupdate period (in
adjustable _quad-axis_voltage = 0.0 —— quad aztis voltage

local omega = 1.0 —— freq in radians / usec

local theta = 0.0 —— phase offset in radians

local next_pe_update = 0.0 —— mnext time to update pe surface
—— #HHHHAAH Define constants

local k = 1.3806505e¢—23 —— Boltzmann constant (J/K)

local kg.amu = 1.6605402e—27 —— (kg/amu) conversion factor

local pi 3.1415926535 —— PI constant

local eV_.J = 6.2415095e+18 —— (eV/J) conversion factor

local is_-QMS_values_initalized = false

—— #HAAHA Other Global wvariables

local is_previously_opened = false

function erf(z)
local z2 = abs(z)

local t =1 / (1 4 0.32759109962 = z2)

local res = ( — 1.061405429 ) = t

res = (res + 1.453152027 ) = t

res = (res — 1.421413741 ) x t

res = (res + 0.2844966736) x t

res =((res — 0.254829592 ) = t) x exp(—z2x2z2)
res = res + 1

if z < 0 then res = —res end

return res

end

—— Normal distribution calculated with Boz—Muller algorithm :
function gaussian_random ()

local s =1

local varl, var2

while s >= 1 do

varl = 2xrand () — 1

var2 = 2xrand () — 1

s = varlxvarl + var2xvar2
end
return varlxsqrt(—2xIln(s) / s)

end

——zeropoint at optical axzis for functions below,
——usually near to ion creation and mnozzle positio
local f_zero_x_mm=7.25

——Gas pressure, exponential decrease
function pressure (ionx, iony, ionz, scale)
local conservative_pressure_drop = false
local distance = 0
local nozzle_expstart_offset = 0
local skimmer_pos = 15.0
if ionx > f_zero_.x_mm then
distance = ((ionx—f_zero_x_-mm)" 2 4 iony 2 + ionz"2)70.5
end

local A,B,C,d1,d2 = 10000,200,30,1,0.5
local h = 8.6
local h2 = 1300
local cutpoint = 11
local pos.x-mm = ionx — f_zero_x_mm
if (pos.x-mm < 0) or distance < nozzle_expstart_offset then
return scalex10000
elseif (conservative_pressure_drop and
distance <1.0) then
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161 return scale*(Ax0.6—h2x(distance—nozzle_expstart_offset)”2)

162 elseif (pos.x_mm < skimmer_pos) then

163 return scale x((A-B)xmath.exp(—dlx(distance—nozzle_expstart_offset))+B)
164 elseif (pos.x.mm < 20.0) then

165 return scale x(B—hx*(pos.x_mm—skimmer_pos)"~2)
166 else

167 return 1

168 end

169 end

170

171 —— Gas wvelocity (explosion model)

172 function gas_velocity (ionx, iony, ionz, scale)

173 local v_tot =1

174 local v_max,a = 1000,1.2/3;

175 local pos-x-mm = ionx — f_zero_x_-mm

176 if pos.x-mm < 0 then

177 v_tot = scalexv_max

178 elseif pos.x.mm < 9 then

179 v_tot = scalex(v_max—(100/9)*pos_x_mm)

180 elseif pos.x_mm < 15 then

181 v_tot = scalex(900—100x%(ax(pos.x-mm —9))"2 + 15x(ax(pos_x-mm —9))"3)
182 else

183 v_tot = scalex530

184 end

185 v_tot = v_tot /1000 ——from m/s to mm/usec

186 local x_component-mm = ionx — f_zero_.x_mm + 0.5
187 if (ionx < explosion_model_limit_.z_mm) and (x-component.mm > 0.75) then
188 local dist = (x-component-mm 2 + iony 2 + ionz 2)70.5
189 return x_component-mm/dist*v_tot, iony/distxv_tot, ionz/distxv_tot
190 else

191 return v_tot, 0, O

192 end

193

194 end

195

196 function temperature(ionx, iony, ionz)

197 local cutpoint = 2

198 local A=300

199 local B=100

200 local C=10

201 local d1=4

202 local d2=0.4

203 if ionx > f_zero_.x_-mm then

204 distance = ((ionx—f_zero_x_mm)"2 4 iony 2 4+ ionz"2)70.5
205 else

206 distance = false

207 end

208

209 if distance then

210 if distance < cutpoint then

211 T=(A-B)*math.exp(—dlxdistance)+B;

212 else

213 T=Cxmath.exp(d2x(distance—cutpoint))+B-C;
214 end

215 if T < A then

216 return T

217 else

218 return A

219 end

220 else

221 return A

222 end

223 end

224

225  ——#H#### Potentials

226 function segment.init_-p-values()

227 if ion_instance == 1 then

228 adj_elect0l = current_test_variable_1l_value

229 adj_elect02 = current_test_variable_l_value/2

230 end

231 print(’test_var_1 = ’, current_test_variable_l_value, ’test_var_-2 = ’, current_test_variable_2_value)
232 end

233

234

235 function segment.initialize ()

236 —— Initialization chunk for wariable and table initialization
237 if (not is_program_initialized) then

238 is_program_initialized = true

239

240 for i=1l,#recording_planes do

241 flys_ions_in_plane[i] = {

242 [?”plane_pos”] = recording_-planes|[i],

243 [?count”] = {}

244 }
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end
for i=1,#recording_planes do

plane_data [i]={
”plane_pos”] = recording_planes|[i],
is_previously_opened”] = false ,
is_passed”]|={},

}

end
print (”initialization ready”)
end

if ions_flied < ion_number then

ions_flied = ion_number
end
xcurrent [ion_number] = xstart
xindex [ion_number] = 1
—— New index and counting starts from zero for each fly
if ion_number "= 1 then
return
end
— Increase simulation run counter
sim_-i = sim_-i+1
ion_velocities = {}
times_skipped = {}
xpositions_sum = {}
xpotentials_sum = {}

vx_ion_count = {}

—— FEach fly gets clean plane_data tables for data recording
— one plane_data table for one recording plane
for i,v in ipairs(plane_data) do

v.is_passed ={}
v.tof ={}
v.x_pos ={}
v.y-pos ={}
v.z_pos ={}
v.x-vel ={}
v.y-vel ={}
v.z_vel ={}
end

—— In begining any ion has not passed any of the planes
for i,v in ipairs(plane_data) do

v.is_passed [ion_number] = false

v.is_passed [ion_number] = false

v.is_passed [ion_number] = false
end

for i,v in ipairs(flys_ions_in_plane) do
v.count[sim_.i] = 0
end
end

function segment.tstep_-adjust ()

—— Ensure time steps are sufficiently small. They should be some
—— fraction of mean—free—path so that collisions are not missed.

if max_timestep and ion_time_step > max_timestep then

ijion_time_step = max_timestep
end
—— local temp = abs(zstepx0.1/ion_ve_mm)
— if tomn_time_step > temp then
—_ — print(ion_-time_step , 7 \t”, temp)
— ion_time_step = temp
— end
end

function segment.efield_adjust ()
—— No field y,z —directions for leading ion

if ion_.number == 1 then
ion_-dvoltsy_-mm = 0
ion_dvoltsz.mm = 0
end
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end

function segment.fast_adjust ()
if is_.QMS_enabled then
— dnitialize wvalues

if is_.QMS_values_initalized == false then
is_.QMS_values_initalized = true
theta = phase_angle_deg % 3.141592 / 180
omega = freqency-hz x 6.28318E—6 — Hz to rads/usec
end
local dcvolts = 0
local rfvolts = 295.607
local tempvolts = sin(ion_time_of_flight * omega + theta) x
if (ion_instance == 2) then
adj-elect03 = _quad-axis-voltage 4+ tempvolts
adj_elect04 = _quad_axis_voltage — tempvolts
end
end

end

function segment.other_actions ()
for i,v in ipairs(plane_data) do —For every recording plane
if (not v.is_passed [ion_number]) then

rfvolts + dcvolts

if ion_px-mm > v.plane_pos then ——record data when ion passes the plane
v.is_passed [ion.number] = true
v.tof [ion_.number] = ion_time_of_flight
v.x_pos [ion_.number] = ion_px_-mm
v.y-pos [ion_.number] = ion_py-mm
v.z_pos [ion_number] = ion_pz_mm
v.x-vel [ion.number] = ion_vx_mm
v.y-vel [ion.number] = ion_vy_-mm
v.z_vel [ion_.number] = ion_vz_mm
v.potential [ion_.number]| = ion_volts
end
end
end
if (ion_number “=1) then
if ion_px-mm > xcurrent [ion_number] and xcurrent [ion_.number] < xend then
local multpl = 1;
if not times_skipped[xindex [ion_number]] then
times_skipped [xindex [ion_number]] = 0
end

while ion_px_mm > xcurrent [ion_number] 4+ xstep*multpl do
if not times_skipped [xindex[ion_number]] then
times_skipped [xindex [ion_number]] = 0
end
times_skipped [xindex [ion_number]] =
times_skipped [xindex [ion_number]] + 1

xindex [ion_number] = xindex [ion_number] + 1
multpl = multpl + 1

end

if not vx_ion_count [xindex[ion_.number]] then
vx_.ion_count [xindex [ion_number]] = 0

end

vx-ion_count [xindex [ion_number]] =
vx_ion_count [xindex [ion_number]] + 1

if not xpositions_sum [xindex[ion_number]] then
xpositions_sum [xindex [ion_number]] = 0
end
xpositions_sum [xindex [ion_number]] =
xpositions_sum [xindex [ion_-number]] + ion_px_-mm
if not xpotentials_sum [xindex[ion_number]] then
xpotentials_sum [xindex [ion_number]] = 0
end
xpotentials_sum [xindex [ion_number]] =
xpotentials_sum [xindex [ion_number]] + ion_volts
if not ion_velocities [xindex[ion_number]] then
print (xindex [ion_number])
ion_velocities [xindex [ion_number]] = {
[?velocity2”] = {},
[?vel-x"] = {},
[*vel_y”] = {},
("velz"] = {},
}
end
ion_velocities [xindex [ion_number]]. velocity2 [ion_number]
ion_vx-mm "2 + ion_vy-mm 2 + ion_vz_mm "2
ion_velocities [xindex [ion_number]]. vel_x [ion_number] =
math.abs (ion_-vx_mm)
ion_velocities [xindex [ion_-number]]. vel_y [ion_number] =

math.abs (ion_-vy_mm)
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ion_velocities [xindex[ion_.number]]. vel_z [ion_number] =
math.abs (ion_vz_mm)
xindex [ion_number]| = xindex [ion_number] + 1
xcurrent [ion_number] = xcurrent [ion_number] + xstep
end
end
—— For first leading ion:
—— % Leding ion 1is kept at optical axzis (y=0 and z=0) as beam repulsion
—— mneeds to calculate time steps
—— % Forced splat after 566mm so that terminate segment is ran for
— don_number 1

if ion_.number == 1 then
ion_.py-mm = 0
ion_pz_-mm = 0
ion_.vy_-mm = 0
ion_vz_mm = 0

if ion_px_mm > _Leading_Ton_Splat_Pos_.mm then
ion_splat = —1
end
end

if is_.QMS_enabled then
if ion_time_of_flight >= next_pe_update then
next_pe_update = ion_time_of_flight + pe_update_each_usec
sim_update_pe_surface = 1 —— Request a PE surface display update.
end
end

—— Force ions to splat at force_-all-ions_splat_-at_-z_mm
if ion_px_.mm > force_all_ions_splat_at_-x_mm then
ion_splat = —1
ions_forced_-to_splat[#ions_forced_-to_splat + 1] = ion_number
end
—— Force ions to splat if traveling to megative z—direction
——4f don_vz_mm < 0 then
—_ ion_splat = —1
——end

if (ion_px_mm > 130) then
return
end

if not collisions_for_leading_-ion and (ion_number == 1) then
return
end

—— Adjust pressure
_pressure_pa = pressure (ion_px-mm,
jon_py_-mm ,
ion_pz_mm ,
current_test_variable_1l_value /100)——const_pressure /100)

—— Adjust wvelocity

local vx_bar_gas_mmusec, vy_-bar_gas_mmusec, vz_bar_gas_mmusec =
gas_velocity (ion_px-mm, ion_py-mm, ion_pz.mm, 1)

—— Adjust temperature

_temperature_.k = temperature (ion_px-mm, ion_py-mm, ion_pz_-mm)

—— Temporarily translate ion wvelocity (mm/us) frame of
—— reference such that mean background gas wvelocity is zero.

local vx = jon_.vx_mm — vx_-bar_gas_mmusec
local vy = jon_.vy_-mm — vy_-bar_gas_mmusec
local vz = jon_.vz_mm — vz_bar_gas_mmusec

local speed_-ion = sqrt(vx"2 4+ vy 2 + vz~2)
—— prevent div_by_zero
if speed_ion < 1E—6 then
speed_ion = 1E—6
end

—— Compute mean—free—path .

if _mean_free_path.mm > 0 then — exzplicitly specified
effective_mean_free_path_mm = _mean_free_path_mm

else —— calculate from current ion welocity
—— Only recompute mean—free—path if speed_-ion has
—— changed significantly. This is intended to speed wup the

—— calculation a bit. This code will handle flying ions by groups.
if last_ion_number "= ion_number or

abs(speed_-ion / last_speed-ion — 1) > 0.05 —— changed
then

—— Compute mean gas speed (mm/us)
local c_-bar_gas =
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sqrt (8xkx _temperature_k/pi/(-gas_-mass_amu * kg_amu)) / 1000

—— Compute median gas speed (mm/us)
local c_star_gas =
sqrt (2xkx_temperature_k /(_-gas_mass_amu = kg_amu)) / 1000

—— Compute mean relative speed (mm/us) between gas and ion.
local s = speed_-ion / c_star_gas
local c_bar_rel =
c_bar_gas = ((s + 1/(2xs)) = 0.5 = sqrt(pi) = erf(s) +
0.5 % exp(—sxs))
—— Compute mean—free—path (mm)
effective_mean_free_path_mm =
1000 = k % _temperature_-k =x
(speed-ion / c-bar_rel) / (-pressure_pa * _sigma.-m2)

— Store data about this calculation .
last_speed_ion = speed_ion
last_ion_number = ion_number

end
end

if (ion_px-mm > _disable_collisions_at) then
return

end

—— Limit time—step size to a fraction of the MFP.

max_timestep = effective_mean_free_path_.mm / speed_-ion / _steps_per_MFP

—— Compute probability of mo collision with current time—step and speed.

local no-collision_prob =
exp(— speed-ion x ion_time_step / effective_mean_free_path_mm)

—— Test for collision.

if rand() < no_collision_prob then
return — no collision

end

——— Collision happened

—— Compute standard dewviation of background gas wvelocity in
—— one dimension (mm/us).
—— > From kinetic gas theory (Mazwell—Boltzmann), wvelocity in
—_ one dimension is mnormally distributed with standard
— deviation sqrt(kT/m).
local vr_stdev_gas =

sqrt (k * _temperature_k / (_-gas_mass_amu x kg_amu)) / 1000

local vx_gas, vy-gas, vz.gas — computed velocities
local scale = speed_-ion + vr_stdev_gas x 1.732 % 3 ——sqrt(8)="1.732
repeat
vx_gas = gaussian_random () % vr_stdev_gas
vy-gas = gaussian_random () % vr_stdev_gas
vz_gas = gaussian_random () % vr_stdev_gas
local len = sqrt((vx_-gas — vx)" 2 4+ (vy-gas — vy) 2 + (vz_gas — vz) 2)
——assert (len <= scale) — true at least “99% of the time.

until rand() < len / scale

—— Translate velocity reference frame so that colliding
—— background gas particle is stationary.
—— > This simplifies the subsequent analysis.

VX = VX vx._gas
vy = vy — vy-gas
vz = vz — Vz_gas

local impact-offset = sqrt(0.999999999 % rand())

local impact_angle = asin(impact_offset)

—— In other words, the effect of the above is that impact_angle has
—— a distribution of p(impact_angle) = sin(2 * impact_angle ).

—— Compute randomized angle [0, 2xpi] for rotation of collision
—— plane around radial axis. The is the angle around the

—— center of the dart board.

—— Note: all angles are equally likely to hit.

—— The effect is that impact_-theta has a distribution

— of p(impact_theta) = 1/(2xpi).

local impact_-theta = 2xpixrand()

—— Compute polar coordinates in current wvelocity reference frame.
local speed-ion_r, az_ion_r, el_ion_r = rect3d-to_polar3d(vx, vy, vz)
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—— Compute ion velocity components (mm/us).
local vr_ion = speed_-ion_r * cos(impact_angle) —— radial wvelocity
local vt_ion = speed_-ion_r x sin(impact_angle) —— normal wvelocity

—— Attenuate ion velocity due to elastic collision.
—— This is the standard equation for a one—dimensional

—— elastic collision , assuming the other particle is initially at rest

—— (in the current reference frame).
—— Note that the force acts only in the radial direction , which is
—— normal to the surfaces at the point of contact.
local vr_ion2 = (vr_ion x (ion_mass — _gas_mass_amu))
/ (ion_mass + _gas_mass_amu)

—— Rotate wvelocity reference frame so that original iton wvelocity
—— wector is on the +y axis.

—— Note: The angle of the new wvelocity vector with respect to the
— +y axzts then represents the deflection angle.

vx, vy, vz = elevation_rotate (90 — deg(impact_angle), vr_ion2, vt_ion, O0)

—— Rotate velocity reference frame around +y azis.

—— This rotates the deflection angle and in effect selects the
—— randomized impact_theta.

vx, vy, vz = azimuth_rotate(deg(impact_theta), vx, vy, vz)

—— Rotate velocity reference frame back to the original.

—— For the incident ion wvelocity , this would have the effect
—— of restoring it.

vx, vy, vz = elevation_rotate(—90 4+ el_ion_r, vx, vy, vz)
vx, vy, vz = azimuth_rotate(az_ion_r, vx, vy, vz)

—— Translate wvelocity reference frame back to original.
—— This undoes the prior two translations that make velocity
—— relative to the colliding gas particle.

vXx = vx 4+ vx_gas + vx_bar_gas_mmusec
vy = vy 4+ vy_gas + vy_bar_gas_mmusec
vz = vz + vz_gas + vz_bar_gas_mmusec

—— Set new welocity wvector of deflected ion.
jon_.vx_mm , ion_.vy_mm, ion_vz_mm = VX, Vy, Vz

—— Now lets compute some statistics ...

—— Compute running average of KE. This is for statistical reporting only.
—— At thermal equilibrium , KE of the ion and KE of the gas would
—— be approzimately equal according to theory.
if _trace_level >= 1 then
—— Compute new ion speed and KE.
local speed-ion2 = sqrt(ion.vx-mm 2 + ion_vy_-mm 2 + ion_vz_mm " 2)
local ke2_ion = speed-to_ke(speed-ion2, ion_mass)
—— To average ton KE somewhat reliably , we do a running (ezponential
—— decay)
—— average of ion KE over time. The reset time of the ezxponential
—— decay
—— is set to some fraction of the total time—of—flight , so the average
— will become more steady as the run progresses (we assume this is a
—— system that approaches equilibrium ).
—— Note: ezxp(—z) can be approzimated with I—z for small z.
—— time between most recent collisions
local dt = ion_time_of_flight — (last_collision_times [ion_number] or 0)
—— average over some fraction of TOF
reset_-time = ion_time_of_flight x 0.5
—— weight for averaging.
local w =1 — (dt / reset_-time) —— "= ezp(—dt / reset_time)
—— wupdate average ion KE
ke_averages [ion_.number] = w % (ke_averages[ion_-number] or ke2_ion)
+ (1—w) = ke2_ion
last_collision_times [ion_.number] = ion_time_of_flight
end
if collisions_marked == true then
mark () — draw dot at collision point
end
end
function segment.terminate ()
—— Run the chunk below only once as fly ends
if ion_.number "= 1 then
return
end
print (” Terminate Segment Begun:”)
print (” Potential :”, current_-test_variable_l_value, ”/”, test_variable_-l_end

” simulated!”)
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local
local

siml_data = current_test_variable_l_value
sim2_data = current_test_variable_2_value

—— Change potentials fo

T mext run.

potentialsl [sim_i] = current_-test_variable_l_value
current_test_variable_l_value = current_test_variable_l_value + test_variable_l_step
sim_rerun_flym = 1 —Rerun simulation as default

——Count passed ions for

each plane

for i,v in ipairs(plane_data) do
local sum = 0
for j=1,ions_flied do
if v.is_passed[j] then
sum = sum + 1
end
end
flys_ions_in_plane[i].count[sim_i] = sum
end
local xpositions_.mean = {}
local xpotentials_.mean = {}

local
local
local
local
local
local
local
local
local

print (
for i,

ion_velocities_mean {
ion_velocities_std = {}

ion_vel_x_mean =
ion_vel_y_mean =
ion_vel_z_mean =
ion_vel_x_std = {
ion_vel_y_std = {
ion_vel_z_std = {
ion_count = {}

"#ion_velocities:

}

N A A e
R e e ad

s ion_velocities , , ion_velocities .veloci
” i 1 iti ”or i 1 iti 1 1 ity2[1

v in ipairs(ion-velocities) do
xpositions_mean [i]

= xpositions_sum [i]/vx_ion_count [i]

print (”pos:”, xpositions_mean[i], ” skipped”, times_skipped[i])
xpotentials_mean[i] = xpotentials_sum[i]/vx_ion_count[i]
ion_count[i] = 0
local v2_sum = 0
for j,s in ipairs(ions_forced_-to_splat) do

if not v.velocity2([s] then

break

end

ion_count [i] = ion_count[i] + 1

v2_sum = v2_sum + v.velocity2[s]
end
ion_velocities_.mean [i] = v2_sum/(#ions_forced_-to_splat —times_skipped[i])
local v2_std-sum = 0
for j,s in ipairs(ions_forced_to_splat) do

if not v.velocity2[s] then

break

end

v2_std_sum = v2_std_sum + (v.velocity2[s]—ion_velocities_mean[i])"2
end
ion_velocities_std [i] = (v2.std_sum/(#ions_forced_to_splat—times_skipped[i]))~0.5
local v_sum = 0
for j,s in ipairs(ions_forced_-to_splat) do

end
ion
loc
for

end
ion

loc
for

end
ion
loc

if not v.velocity
break

end

v_sum = v._sum + Vv

_vel_x_mean[i] =
al v_std_sum =

2[s] then

.vel_x[s]"2

v_sum/(#ions_forced_-to_-splat —times_skipped[i])

j,s in ipairs(ions_forced_to_splat) do
if not v.velocity2[s] then
break
end
v_std_sum = v_std_sum + (v.vel_x[s]"2—ion_vel_x_mean[i])" 2
_vel_x_std[i] = (v-std_sum/(#ions_forced_to_splat—times_skipped[i]))"0.5
al v.sum = 0
j,s in ipairs(ions_forced_-to_splat) do
if not v.velocity2[s] then
break
end
v_sum = v_sum + v.vel_y[s] 2
_vel_y_mean [ = v_sum/(#ions_forced_-to_splat —times_skipped[i])
al v_.std_.sum = 0
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749 for j,s in ipairs(ions_forced_to_splat) do

750 if not v.velocity2[s] then

751 break

752 end

753 v_std_osum = v_std_sum 4+ (v.vel_y[s]"2—ion_vel_y_mean[i])" 2
754 end

755 ion_vel_y_std[i] = (v_std_sum/(#ions_forced_to_splat—times_skipped[i]))~"0.5
756

757 local v_sum = 0

758 for j,s in ipairs(ions_forced_-to_splat) do

759 if not v.velocity2[s] then

760 break

761 end

762 v_sum = v._sum + v.vel_z[s] 2

763 end

764 ion_vel_z_mean[i] = v_sum/(#ions_forced_-to_splat —times_skipped[i])
765 local v_std_sum =

766 for j,s in ipairs(ions_forced_to_splat) do

767 if not v.velocity2[s] then

768 break

769 end

770 v_std_sum = v_std_sum 4+ (v.vel_z[s]"2—ion_vel_z_mean[i])" 2
771 end

772 ion_vel_z_std[i] = (v_std_sum/(#ions_forced_to_splat —times_skipped[i]))~0.5
773

774

775 end

776 print (”splat ions”, #ions_forced_to_splat)

T local fout

778 if v_is_previously_opened then

779 fout = io.open(”velocities_data.out”, ”a”)

780 else

781 fout = io.open(”velocities_data.out”, "w”)

782 v_is_previously_opened = true

783 end

784 for i,v in ipairs(ion_velocities_mean) do

785 fout: write(sim2_data ,” ” ,siml_data, ” 7, ion_count[i], ” 7,
786 xpositions_mean[i], ” 7, v, ” 7 ,ion_velocities_std[i],” 7,
787 ion_vel_x_mean[i], 7 7, ion_vel_x_std[i],” 7,

788 ion_vel_y_mean[i], 7 ”, ion_vel_y_std[i],” 7,

789 ion_vel_z_mean [i], 7?7, djon_vel_z_std [i],” 7,

790 xpotentials_mean[i],” ”, times_skipped][i], ”\n”)
791 end

792 fout:close ()

793

794

795 —— Save each recorded plane data (done for each fly)

796 —— one file for one plane

797 —— The first time the file is created and following times data is
798 —— appended to the file

799 for i,v in ipairs(plane_data) do

800 local fout

801 if v.is_previously_opened then

802 fout = io.open(”plane_data-” .. v.plane_pos .. ”"mm.out”, “a”)
803 else

804 fout = io.open(” plane_data.” .. v.plane_pos .. "mm.out”, "w”)
805 v.is_previously_opened = true

806 end

807 for j=1l,ions_flied do

808 if v.is_passed[j] then

809 fout:write(sim2_data, ” 7,

810 siml_data, 7 7,

811 i n o

812 v.tof[j], 7 7,

813 v.x-pos|[j], 7 7,

814 v.y-posl[j], 7 7,

815 v.z_pos|[j], 7 7,

816 v.x_vel[j], 7 7,

817 v.y-vell[j], 7 7,

818 v.z_vel[j], 7 7,

819 v.potential [j], 7 7,

820 ”\n”)

821 end

822 end

823 fout:close ()

824 end

825

826

827 —— Stop after current potential rises above end potential

828 if current-test_-variable-l_value > test_variable-1l_end then

829 ——Save data to file

830 local fout

831 if m_is_previously_-opened then

832 fout = io.open(”main_data.out”, ”a”)
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end

else
fout = io.open(”main_data.out”, "w”)
m_is_previously_opened = true
end
print (”potential2 was 7, current_test_variable_2_value)
local i =1
while i <= sim_.i do
fout:write(current_test_variable_2_value, 7 ” potentialsl[i], 7 7)
for j,v in ipairs(flys_ions_in_plane) do
fout:write(v.count[i], ” 7)
end
fout:write (”\n”)
i = i+1
end
fout:close ()
current_test_variable_1l_value = test_variable_l_start
if current_test_variable_2_value >= test_variable_2_end then
sim_rerun_flym = 0 —No rerun
else
sim_.i = 0
current_test_variable_2_value = current_test_variable_2_value + test_variable_2_step
end
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