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In this thesis, the DFMA is presented and used for the purpose of having a design
for a vertical transfer line that can be easily manufactured and assembled. The
design of the transfer line, the major components and drawings are presented. The
ease of assembly, the costs of manufacturing and di�erences between the use of steel
structure and aluminum are compared.

The ALARA principle is followed to minimize the risk of radiation exposure by the
means of locating the test ion sources outside the radioactive area.
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1. INTRODUCTION

DFMA was used to �nd construction for a Vertical Transfer Line. VDI 2221, a
guideline for product development, was used in the design process.

To connect the test ion sources to the main beam line of the accelerator, a Vertical
Transfer Line is required. DFMA, a system to create a design that simpli�es and
thus lowers the costs of manufacturing and assembly, was to be utilized in the design
process of the Vertical Transfer Line, the vacuum chamber for the ion sources and
the necessary supporting structures as well as other various equipment needed. The
scope of research included the design of the mechanical construction of the supports
and the design of the equipment of the Vertical Transfer Line, as well as the ion
optical simulations of the equipment. Ion-optical tuning and valve automation were
not included in the scope of research.

The mass di�erence measurement is an essential part of the scienti�c research at the
Accelerator Laboratory of the University of Jyväskylä. More than 250 atomic masses
of ground states or isomeric states of nuclei have been measured using JYFLTRAP
[1�7].

Two methods are used to execute the measurements, either on-line or o�-line exper-
iments.

The new Vertical Transfer Line enables the combination of measurements of the
unknown isotope of interest produced using a nuclear reaction with an ideal, stable
reference isotope. To follow the ALARA principle when working in a radioactive
area, and to avoid exposure to the hazardous radioactivity during the change to an
o�-line ion-source after a radioactive on-line experiment, a safer and time saving
technique is required.

A control sample produced using an additional ion source outside the radioactive
area for calibration instead of a particle accelerator o�ers a safe, fast and less cum-
bersome method of producing test ions when changing from on-line beam to o�-line
beam or switching between optional o�-line ion sources.

Ion-optical simulations were used for the dimensioning of the ion optical equipment.

1





2. MOTIVATION

To design a new vertical o�-line DFMA was used in order to achive simple, light
and economical solution. IGISOL IV is the latest generation facility, based on the
Ion Guide Isotope Separator On-Line (IGISOL) technique developed in Jyväskylä in
the 1980's [8�12]. A 3D-illustration of the separator and beam lines from the K-130
and the MCC30/15 particle accelerators in the new laboratory are presented in Fig.
2.1.

Figure 2.1.: IGISOL IV Layout.

In this technique, a thin target is placed inside a gas cell (ion guide) aligned with
a primary beam coming either from the K-130 or the MCC30/15 cyclotron. As
the beam hits the target, nuclear reaction products recoil from the target and are
stopped and thermalized in a noble gas (helium). The charge state of the ions
gradually decreases due to collisions with the helium atoms and impurities leading
to singly-charged ions [13,14].

Precision mass measurements are based on the repeated measuring sequence of un-
known and reference isotopes produced in the present system either in nuclear re-

3



4 2. MOTIVATION

actions (on-line) or using the ion sources (o�-line). On-line and o�-line sources are
located in the same target chamber and simultaneous use is not possible.

A new arrangement and location for the o�-line ion sources serves the current needs
and in addition, gives the possibility to combine on-line ion beam (main beam line)
and o�-line ion beam (Vertical Transfer Line).

Heavy primary ions results in low background radiation, however light-ion beams
specially for use in �ssion runs with a uranium target will cause neutron background
radiation. This radiation will activate the surroundings in the target cave as well
as the metal in the structures and equipments. Because of the hazardous level
of radioactivity, the laboratory area of the test ion source may be unaccessible
for a period of one week. Even after this, the radiation level is higher than the
surroundings [15].

The International Commission on Radiological Protection (ICRP) recommends a
system for limiting the doses received by persons. The system has three features
for dose limitation: justi�cation, optimization, and dose limitation. Optimization,
known as the ALARA-principle, is followed at the laboratory, meaning that even
after the waiting period, the exposure for the higher level of radiation should be
avoided [15]. This suggests that the test ion sources should be located away from
the radioactive main beam line to a non-radioactive location.

ALARA is an acronym formed from the phrase 'As Low as Reasonably Achievable'.
The phrase refers to a principle of keeping radiation doses and releases of radioactive
materials to the environment as low as can be achieved, based on technological and
economic considerations.

In this thesis, the aim is to provide a control sample for calibration without the need
to access to the target area of either the K-130 or MCC30/15 cyclotrons. Equipment
to be calibrated by using o�ine ion sources would be all the ion optics between the
ion source and the Penning trap, as well as the extraction line of Penning trap.

In this thesis, an Electric Discharge Ion Source and Carbon Cluster Ion Source are
considered to be used in the vertical transfer line. Availability of a third ion source
is a future option.

A Carbon cluster ion source improves the accuracy of the measured masses. The
atomic mass unit U is 1/12 of the mass of a carbon-12 atom, thus carbon clusters,
that consists of several carbon-12 atoms, privides an absolute calibration for a rel-
ative comparison between the reference sample and the sample of interest. For this
reason, carbon clusters are also ideal for examining the systematic e�ects of Penning
traps, such as the Penning trap scetrometer JYFLTRAP, used for atomic mass mea-
surements of exotic nuclei. Carbon clusters are available over a broad mass range in
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steps of 12 mass units. In addition, the mass of carbon clusters are almost equal to
the mass of multiple carbon atoms, the only correction coming from the molecular
binding energies of 7 eV per atom at most [16]

Main hypothesis:

Using DFMA a such a stucture can be designed that allows to calibrate the measur-
ing sensors and measuring devices without a particle accelerator in operation can
be designed.

Secondary hypothesis: Simultaneous calibration using a stable reference ion source
with the main beam of the accelerator in operation. Ion source A is the primary ion
source. Connectivity of alternative ion sources B and C to be studied.

A= Electric Discharge Ion Source

B = Carbon Cluster

C = Optional ion source

For the control sample, test ion sources and a Vertical Transfer Line to connect the
equipment to the accelerator's main beam line are required.

A Vertical Transfer Line, including a layout of the ion source unit, vacuum chamber
for the ion sources and its' supporting construction are to be designed, as well as
other related equipment.





3. THEORETICAL BACKGROUND � ION SOURCES
AND BEAM LINES

The purpose of the test ion source is to produce a reference ion beam of known stable
material that functions as a control sample for the main ion beam of the material
of interest for JYFLTRAP. These reference ions are used alternately with the ions
extracted from the �ssion ion guide that functions as a target for the primary beam
of the particle accelerator, either K-130 or MCC30/15 cyclotron. IGISOL IV and
JYFLTRAP schematic presentation can be seen in Fig. 3.1.

3.1. Main Beam Line

In the JYFL accelerator laboratory there are three ion sources feeding the K130
cyclotron. Two of them are Electron Cyclotron Resonance Ion Sources (ECRIS)
for heavy ions: JYFL 6.4 GHz ECRIS and JYFL 14 GHz ECRIS. The third is a
�lament-driven multi cusp type H�light ion source LIISA. The ECR ion sources
are used for the production of highly-charged ion beams for nuclear and material
physics experiments. LIISA is used for producing intensive proton beams for nuclear
physics experiments and medical isotope production.

7



8 3. THEORETICAL BACKGROUND � ION SOURCES AND BEAM LINES16 3 Experimental method

Fig. 3.1: A schematic layout of the IGISOL setup.
Figure 3.1.: The old IGISOL-3 setup and JYFLTRAP. A schematic layout of the

equipment, V.-V. Elomaa, 2009 [16]. IGISOL consists of a target cham-

ber connected to a beam line of a cyclotron, he-bu�er gas feed, Sextuple

ion Guide, SPIG, followed by a dipole magnet, an electrostatic switch-

yard with a silicon (Si) detector, Faraday cup, and Micro Channel Plate,

or MCP detector.



3.1. Main Beam Line 9

3.1.1. The Front-end setup

The front-end setup on the main beam line from the K-130 and MCC 15/30 cy-
clotrons consists of a target chamber, an extractor chamber and a ground electrode.
The target chamber includes a �ssion ion guide, a bu�er gas inlet and SPIG. The
extractor electrode is placed in the extractor chamber.

The primary ion source is positioned as the main equipment in the front-end setup.
The primary beam from the cyclotron arrives to the target chamber that sitting
at +30 kV potential, hitting the target in a �ssion ion guide. The resulting �ssion
fragments are stopped and extrated towards a SPIG. From the SPIG, the �ssion
fragments pass the extractor electrode that is at +20 kV potential, and proceed
further to the ground electrode that is at 0 V potential. Karvonen, 2010 [17]. The
front-end setup is presented in Fig. 3.2 and the primary ion source can be seen in
Fig. 3.3.

Figure 3.2.: IGISOL IV front-end setup. In the target chamber, the primary beam

from the cyclotron passes through an uranium target mounted in the

Fission Ion Guide. The Sextupole Ion Guide, SPIG, guides the �ssion

fragments to the extractor electrode in the extractor chamber. Karvonen,

2010 [17].
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Figure 3.3.: Operational principle of the Fission Ion Guide of IGISOL IV mounted

on the primary beam line. The nuclear reaction products recoiling out of

the target in a He-bu�er gas �lled chamber are transferred to SPIG elec-

trode, that gets the ions to the mass seoarator with a �nal accelerating

potential of +30 keV Elomaa, 2009 [16] Rissanen, 2011 [13].

3.1.2. Dipole Magnet

Ions are accelerated to 30 keV and mass separated by a 55�dipole magnet [18]. The
selectivity of a curve shaped dipole magnet is based on the masses of the particles.
The centerline of the magnet has a certain radius. All the wanted particles having
the correct mass will travel along the centerline,while heavier particles will depart
o� the centerline, with a larger radius at the exit. Particles will be forced by
the magnet to have a tighter curve on the inner side of the magnet and thus be
eliminated accordingly. The position of the 55�-dipole magnet can be seen in a
schematic presentation Fig. 3.1.

3.1.3. Radio Frequency Quadrupole Ion Beam Cooler

The Radio Frequency Quadrupole or RFQ cooler is used for decelerating, stopping
and cooling the ions coming from the mass separator. The principle of collecting and
bunching the ions before re-acceleration is presented in Fig. 3.5. Ions are collected in
a potential well, and then released by lowering the potential wall. The ions entering
the RF�quadrupole are extracted and accelerated towards 1 keV the Penning trap.
The ions can also be guided to the laser spectroscopy station, whereby they are
accelerated to 30�40 keV. The mechanical construction of the RFQ�cooler is shown
in Fig. 3.4.
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Figure 3.4.: Construction of Radio Frequency Quadrupole, RFQ, used for cooling

and bunching the ions.

Figure 3.5.: Ions are captured by creating a potential wall using segmental rods and

DC �elds. Potential wall is lowered and ions released.
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3.1.4. JYFLTRAP

injection
from RFQ

trap extraction

C AB B
C

CAB B
C

gas feeding line

pumping barrier

precisiontrap
purification

D

E

1
9 14

19
30

Figure 3.6.: Trap electrodes of the puri�cation- and precision traps within the 7�T

superconducting magnet of JYFLTRAP. Electrodes are numbered from

1 to 38. A= ring electrodes (19th and 30th), B= correction electrode,

C= end caps, D= �3 mm diaphragm , E= �1.5 mm diaphragm [19].

The JYFLTRAP Penning trap mass spectrometer can be used for precise atomic
mass determination of short-living radioactive atoms [20]. Penning trap experi-
ments can be found also at the research facilities including ISOLTRAP at CERN,
Switzerland, SHIPTRAP at GSI (Gesellschaft für Schwerionenforschung), Darm-
stadt, Germany, Low Energy Beam and Ion Trap (LEBIT) at the National Su-
perconducting Cyclotron Laboratory (NSCL) in Michigan State University (MSU),
U.S.A, Canadian Penning Trap (CPT) at Argonne National Laboratory, U.S.A, TI-
TAN (TRIUMF's Ion Trap for Atomic and Nuclear science) at TRIUMF, run by a
consortium of sixteen Canadian universities and located at Vancouver, BC, Canada.

The JYFLTRAP ion trap setup [21] consists of three traps, a linear Paul trap [22]
and two Penning traps in a 7 Tesla superconducting magnet. The �rst trap is
used to purify the ion sample from isobaric contaminants [23] which cannot be
removed by the dipole magnet. The puri�ed sample can be sent directly to a detector
arrangement for nuclear spectroscopy located downstream form the magnet or can
be injected into the second trap for precision atomic mass measurements.

A schematic of the two cylindrical traps is presented in Fig. 3.6. The magnet is
used to create a homogenous magnetic �eld, [16,19]

The physical dimensions of the magnet body includes a diameter Dmax=1350 mm,
and a measured length Lmeasured=1009 mm. A similar solution with a 7 T su-
perconducting magnet and Penning trap mass spectrometer MLLTRAP is in use
at the Maier-Leibnitz Laboratory Garching, Germany [24], SHIPTRAP at GSI and
TRIGA-TRAP Johannes Gutenberg-Universität, Mainz, Germany.

The cyclotron frequencies are measured for both the control sample and for the
sample of interest. For the ratio calculation, the control sample is from the test ion
source and the material of interest is from the main beam line of the accelerator.
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The cyclotron frequency fc is

fc =
qB

2�m
(3.1)

The cyclotron frequency ratio is calculated by dividing the frequency value of ma-
terial of interest with the frequecy of the control ion beam prior to and after each
measurement of the ion beam of interest. This calculation helps to minimize the sys-
tematical uncertainity of the measured values. Several measurements are required
to minimize the statistical error to the level where the systematic error will become
dominant. The number of the control sample and test sample pairs during labora-
tory test run are numbered in the tens, if very accurate data is required. Relatively
accurate information can, however, be achieved even with only few measurements.

The frequency of the reference ion fref and the frequency of the ion of interest fmeas

are measured to calculate the mass of the ion mmeas of interest using equation (3.2).
me is the mass of an electron.

mmeas =
fref

fmeas

(mref �me) +me (3.2)

The mean frequency for the reference ion is interpolated from a linear least-square
�t of two data points.

One of the systematic e�ects present in a Penning trap mass spectrometer depends
on the mass di�erence between the ion of interest and reference ion. This e�ect can
arise due to imperfections of the electrostatic �eld of the Penning trap or misalign-
ment between the magnetic and electric �eld axis [16,25�27].

3.2. Vertical Transfer Line

In an ideal transfer line, ion-optical corrections are not taken into consideration.
For this reason, an ideal line can be compact. Limitations and errors existing in the
real environment forces to add equipment to correct the imperfections of the beam
and increasing the dimensions of the line. ion-optical simulations are used to �nd
an optimal beam and construction.

3.2.1. Test Ion Sources

The purpose of the test ion source is to provide a reference beam to the main beam
of the accelerator. The control sample from the ion source receives its' kinetic energy
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in the beginning of the process. High voltage, order of 30 kV is used to extract the
ions from the chamber of the ion source.

However, if more than one ion source is to be used, a quadrupole de�ector is re-
quired to bend the ion beams of optional ion sources on to the axis of transfer
line. The bending capability of a quadrupole de�ector is limited and therefore a
voltage of <1 kV is used. In this case, the �nal acceleration must be done after
the quadrupole de�ector, see Fig. 3.8. The control ion beam does not receive any
additional acceleration after this point.

After acceleration, the control beam requires shaping and guiding to reach the target
area, that is in this case, the Penning trap. Guiding the control ion beam through
the transfer line requires adjustments of the beam on transfer line, both vertical- and
horizontal correction. Vertical line is from the test ion source(s) to the 90�bender,
that turns the ion beam to the horizontal main beam line, originating from the
accelerator.

The preliminary layout with some main components of the vertical transfer line of
the IGISOL IV-isotope separator is presented in Fig. 3.7.
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Figure 3.7.: Preliminary layout of the Vertical Transfer Line assembly showing some

of the main components. On top, bellows followed by a valve and double

XY-de�ector. Parts are supported by a quadrupole-triplet and diagnos-

tic box that are attached to horizontally adjustable equipment racks and

further to wall supports. A valve below isolates the vertical line of the

90�bender and the horizontal main beam line. A bellow is used to al-

low adjustment connecting the vertical line and the 90�bender together.

Vacuum pumps are not shown.
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3.2.2. Quadrupole De�ector

A quadrupole de�ector is used to bend the ion beam 90�, in Fig. 3.8 from the
horizontal level, down to the vertical line. The beam is later to be manipulated
by other ion-optical equipment. The quadrupole de�ector consists of four metallic
electrodes, where the voltage is applied.

Figure 3.8.: Quadrupole De�ector assembly, without a vacuum chamber. Main elec-

trodes and shim electrodes are used to bend the beam.
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3.2.3. Quadrupole-Triplet

Figure 3.9.: Quadrupole Triplet, transparent view, three sets of poles,each set con-

sisting of a group of electrodes separated by insulating rings.

A quadrupole-triplet consists of three sets of two positively and two negatively
charged electrodes, see Fig. 3.9. The order of the sets may be either + - + or -
+ -, depending on the desired e�ect for the beam. One quadrupole consists of two
circuits and electrode pairs; one is focusing and another defocussing.

3.2.4. Double XY-de�ector

The double XY-de�ector is to control the position of the beam. A double XY-
de�ector is formed by using two XY-de�ectors back-to-back. Two XY-de�ectors
enables parallel transition for the beam. This function is useful if the beam is not
on the centerline of the transfer line. A cross section of the double XY-de�ector is
presented in �gure 3.11. A transparent view of the double XY-de�ector is presented
in Fig. 3.10.
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Figure 3.10.: double XY de�ector. Vacuum chamber is presented transparent.

Figure 3.11.: double XY cross section, the ion-optical elements shown in yellow.
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3.2.5. Diagnostic Box

Figure 3.12.: Diagnostic box, without the equipment to be installed to the �anges.

Only the Faraday cup is illustrated, however the actuator for the Fara-

day cup is not shown. Optional �anges are closed with blank �anges.

The diagnostic box is a cylindrical vacuum chamber with several variable sized
�anges for the measuring equipment or devices. On the vertical transfer line, the
diagnostic box is used as a platform for a vacuum pump and Faraday cup with an
actuator. Other optional inlets are covered with blank �anges, giving the option
for the installation of additional equipment. Currently, the new diagnostic boxes
are ordered with standard dimensions. This means that due to the limited height
between the ceiling and 90�bender, other equipment and layout options are to be
studied in anticipation for designing a more compact diagnostic box. A 3D image
of the diagnostic box showing the position of a Faraday cup inside the chamber can
be seen in Fig. 3.12.

3.2.6. Vacuum pumps

Vacuum pumping is needed for the vertical line as the line needs to be isolated from
the ion sources above and from the main line below. The �rst gate valve is placed
just above the 90�bender and another one to be placed after the double XY, seen in
Fig. 3.7. The primary pump is to be placed to the inlet �ange of the diagnostic box.
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For this position, a turbomolecular pump is considered to be ideal because of its
size and relatively easy installation. A existing Edwards STP-301 turbomolecular
pump has been considered to be used, as well as an Edwards XDS 10 scroll pump
backing the turbomolecular pump.

3.2.7. Einzel lens

An Einzel lens provides a cylindrical-symmetric pro�le for the beam. It is con-
structed of three ring-shaped electrodes. Voltage is applied to the middle electrode,
often longer than the electrodes at either end. This voltage causes a electric �eld
that shapes the beam equally if the beam is on the centerline of the lens. If the
beam is o�set when arriving to the lens, it will be de�ected aside from the intended
beam axis after the Einzel lens.

3.3. Ion sources

3.3.1. Electric Discharge Ion Source

An electric discharge ion source will be the preliminary source for a control sample.
A vertical placement of the source is ideal as there is no need for bending the beam.
The electric discharge ion source is presented in Fig. 3.13. Other type of source need
to be installed in a horizontal position, requiring a quadrupole de�ector, presented
in Fig. 3.8.

Figure 3.13.: Discharge ion source with two di�erent metals, Mo and Ru plates.
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3.3.2. Carbon Cluster Ion Source

The carbon cluster source, presented in Fig. 3.14 is under development. Carbon
ion beam transport is presented in Fig.3.15.

Figure 3.14.: Detailed view showing the detailed structure and the main parts of the

carbon cluster ion source. V.-V. Elomaa, [16]

Figure 3.15.: Presentation of the carbon ion beam transport from horizontal level to

the vertical transfer line through a quadrupole de�ector that bends the

beam. V.-V. Elomaa [28].
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3.3.3. Optional ion source

An additional connection will be applied to maintain the possibility for an optional
source to be developed in the future. Caesium and/or Rb ion sources could be
considered as alternatives. Both metals liquidize and vaporize above room temper-
ature, 30 �C . This property is utilized by heating the metal in a small volume
tank. Vaporized metal gas is released through a valve into a heated metal wire, thus
ionizing.

3.3.4. Ion-optical calculations

Ion-optical calculations does not include any valves nor diagnostic boxes. Such
equipment, depending on their physical dimensions, a�ects the optical behavior of
the beam. The starting point for the calculations is the ion source. The goal is to
achieve the desired beam quality in a certain point. The ion-optical design of the
vertical line as well as the IGISOL beam line is based on GIOS simulations. GIOS
is an ion optics code used to determine optical properties of intense ion beams.

3.3.5. Control sampling methods for the calibration

The ion source de�nes the nature of the ion beam, i.e. density. The ion optics
are used to focus the beam in such a way that it will form the desired shape. The
quadrupole-triplet a�ects the phase space of the ion beam. The vacuum pipe de�nes
the maximum size of the ion beam. For the current vacuum pipe used for the transfer
line, the diameter being 110 mm, the diameter of the ion beam varies between 5 to
30 mm. The eventual size will be adjusted by double XY-de�ector as well as the
positioning of the beam on the pipeline.

In the future, a Carbon Cluster is considered to be an alternative ion source to a
Discharge Ion Source on the IGISOL IV line. The additional sources also require
a new vacuum chamber design to adapt the di�erent versions of ion sources and
other equipment. In production of the discharge, voltage and the vacuum chamber
pressure are important factors used for adjustment.
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In this thesis, for the design of the Vertical Transer Line, a combination of di�erent
systematic engineering methodologies are utilized. DFMA principles are used for
the evaluation of manufacturability and ergonomics. For the manufacturability of
the parts and equipment, both existing and new, DFMA 1 forms are used. DFMA2
forms are used for the evaluation of the ergonomics in assembly. To support consis-
tent engineering, the seven-stage VDI-2221 is used. The principle is to re-evaluate
the ideas between the stages and if necessary, make improvements to the design due
to the possible new information found during the iteration process. These methods
are used for the engineering of the support system of the Vertical Transfer Line.

In addition to the mechanical engineering, the ion-optical properties of the equip-
ment a�ect the design and layout of the Vertical Transfer Line. ion-optical simu-
lation is used to con�rm and de�ne the functional dimensions for the engineering
of the components as well as to �nd the theoretically optimal voltage values for
the testing to be used as start-up values. The last, seventh stage of VDI-2221 �
Final layout � is not studied until the �nal phase of this chapter, after ion-optical
simulations.

DFMA is a combination of DFM - design for manufacture and DFA - design for
assembly. DFMA can be utilized to achieve a balance between the bene�ts for
both manufacturing and assembly. Eskelinen [29] sets several goals for DFMA; it
aims to improve the integration between design and manufacturing, lowering costs,
speeding up the product developement cycle, improve or increase quality, reliability
and productivity and respond to customer requirements as well as shortening lead
time.

Other methodologies like DFE = Design for Enviroment, DFD = Design for Disas-
sembly, DFS=Design for Service or DFSS=Design for Six Sigma are not utilized on
this study.

DFMA also has commercial applications, like a toolset combining Design for Man-
ufacture and Assembly (DFMA) and software to customers product development
process [30].

The motivation to use DFMA are varied, but the most common reasons are:

� Assembly costs

23
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� Assembly time

� Reliability

� Total Time-to-Market

In this study, the total time-to-market has no remarkable signi�cance due to the
nature of the product, that is relatively unique research application as a part of a
larger scale laboratory installation. Part of the product is also possible to install
separately, so that it does not necessarily a�ect the use of other laboratory equipment
and thus lowering the pressure to set a �rm schedule for the installation.

Using DFMA is considered to have greater possibilities to lower assembly costs by
using fewer parts, eliminating unique parts wherever possible, and decreasing the
amount of labor required for assembly. DFMA is seen to shorten assembly time by
utilizing standard assembly practices such as vertical assembly.

Increased reliability is achieved according to DFMA by lowering the number of
parts, thus decreasing the chance of failure. Shorter total time-to-market for a
product to go from conception to the consumer is considered to be shorter due to
the quicker and smoother transition in the production phase when using DFMA in
the development. This is achieved due to having a more complete and workable
design the �rst time.

Bene�ts of DFMA:

� Reduced part number and part counts

� Reduced assembly operation

� Reduced product lead-time

� Reduced packaging costs

� Increased productivity and e�ciency

� Reduced material cost

� Reduction in overall system/product cost

� Improved product quality and reliability
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4.1. Review of wishes and requirements

The list of requirements was collected at a startup meeting of this thesis and later
interviews [31�34].

Requirements:

� Control sample for calibration and ion-optical beam optimization without us-
ing the accelerator

� Valve automation

� HV-insulation between ion sources and the transfer line

� Vacuum compability of parts, equipment and HV-feed throughs

� Vacuum requirement order of 10�6 mbar

� General, HV- and radiation safety requirements

� Durable

Wishes:

� Compact design, the components of the transfer line must �t on a space height
of 3450 mm

� Light weight

� Low cost

� Easy installation and adjustability

� Use of standard parts

The scope of research included the design of the mechanical construction of the sup-
ports, design of the equipment of the Vertical Transfer Line, as well as the ion-optical
simulations of the equipment. Automation, electrical control, local and computer
controlled ion-optical tuning were not included in the scope of this research, and the
related items mentioned on the list of requirements for the Vertical Transfer Line
were not studied.

List of requirements for the design and engineering of the Vertical Transfer Line can
be seen in Table 4.1 [31�34].
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Figure 4.1.: New Laboratory, the support structure of the original 90�bender in-

stalled. In the background, a hole and a vacuum pipe for the incoming

accelerator line is shown. Similar hole is placed in the one meter thick

radioactive protective concrete ceiling over the support. Room height is

3450 mm, so the concrete ceiling limits the layout of the mechanical

components to be placed below it.
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List of Requirements for the Transfer Line 
R= request 

W= wish 

Control sample for calibration and for ion-optical 

beam optimization without using the accelerator. 
R 

Compact design, the components of the transfer 

line must fit on a space height of 3450 mm.  
W 

Durable R 

Light weight W 

Low cost W 

General, HV- and radiation safety requirements R 

Easy installation and adjustability  W 

Use of standard parts W 

Valve automation R 

HV-insulation between ion sources and the 

transfer line 
R 

Vacuum compability of parts and equipment R 

Vacuum compability HV-feed through R 

Vacuum requirement order of 10 
-6 

mbar R 

Remote ion-optical tuning R 

Computer controlled Ion-optical tuning, 

feedback of the set value. 
W 

 

Table 4.1.: List of Requirements for the design and engineering of the vertical trans-

fer line [31�34].
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4.2. Current Vertical Transfer Line design

There is an existing transfer line that has been dismantled from IGISOL-3 and parts
are availlable for use. The original vertical transfer line can be seen in Fig. 4.2 on
page 30. The simplest solution would be to reinstall these existing parts in the new
laboratory. The problems however are the space limitations, the original setup was
relatively high and the height of the building was not a limiting factor.

In the new laboratory, a concrete ceiling limits the installation of the equipment on
the �oor level to the height of +3450 mm. Ceiling is of 1 m thick concrete to reduce
the radioactive radiation coming from the accelerator line, which may scatter and
a�ect the future ion sources that are to be placed above it. The ceiling is thinner
around the 160 mm hole for the transfer line, apparently half a meter thick on an
area of approximately 1 m x 1,1 m. This opening is to be �lled by tiles after the
installation of the transfer line equipment to minimize the radiation outside the
'hot' radioactive area. Incoming accelerator line can be seen in Fig. 4.1.

4.2.1. Functional structure of the product

The functional structure of the product describes the relations between the main
parts and/or functions to achieve the goal for the equipment. A �ow diagram can
bee seen in �gure 4.2.
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Table 4.2.: Functional structure of the hot ion source, vertical transfer line and mass

spectrometer
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Figure 4.2.: The original vertical transfer line at IGISOL-3 before dismantling. The

blue metal frames bolted on the white, vertical roof support beams are

equipment racks, welded of steel pro�le. There are no limitations for

the mechanical construction above, unlike the new premises, where the

concrete ceiling limits the mechanical components to be placed within a

room height of 3450 mm.
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4.2.2. Evaluation of assembly and integration

Assembly of the existing structure in the new laboratory is considered to cause dif-
�culties because of the heavy steel support for the equipment. As all the major
components and related cabling, piping and their racks and supports are already
installed to a limited space in the laboratory, the heavy steel structures are consid-
ered di�cult to be installed using only manpower. No overhead cranes are available
in this part of the laboratory.

In the original layout the blue painted equipment racks were made of steel, as well
as the ceiling supporting white painted steel beam structure. Both can be seen
on Fig. 4.2. Integration to the surrounding equipment is not ideal, but as it is
mainly cabling along the already existing cabling tracks, integration can be done
quite easily.

4.2.3. Evaluation of manufacturing processes and materials

The new laboratory has less room than the existing structure requires. This means,
that to use the same construction, the materials would have to be either reused
and/or purchased, welded, machined and assembled. The uppermost equipment
rack, on Fig. 4.2 on page 30, reaches almost to the ceiling level of the building,
meaning the current layout is too high to be used in the the new premises because
the concrete ceiling limits the maximum height. Steel structure is also dimensionally
big, so the integration to the other equipment on the limited space would meet
challenges.

4.2.4. Identi�cation of concerns and de�ciencies

Moving the beams in limited space, as well as support and install them using only
manpower is a concern. Also installation of lifting devices is di�cult and time
consuming. Even though the beams would be made smaller in length, the steel
structure would still be di�cult to handle. Required �anges to connect the shorter
beams together would increase the total weight of the frame beams even further.
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Evaluation of existing construction

List of Requirements

Brainstorming

Risk & Bene�t analysis

Alternative Design Options

Idea Matrix of the Design Options

Selection of Design Option

Systematic design utilising VDI-2221

IMPLEMENTATION

?

?

?

?

?

?

?

?

Table 4.3.: Progress steps on the DFMA evaluation
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4.3. Idea Matrix for options

4.3.1. Option 1

Idea was the maximal utilization of the design of the existing steel structure of the
building, that supported also the equipment racks to attach to the support structure
as well as the related adjustments of the equipment. Bene�ts include savings in costs
of materials. Basic construction was available, engineering and additional materials
required to relocate existing parts. Idea was to avoid material and equipment costs.
Downsides was seen the heavy weight and large dimensions of the equipment. This
would lead to handling and assembly problems in a limited space, with no cranes.

4.3.2. Option 2

Next option was to build the vertical structure from a lighter material. Aluminium
pro�les were selected, as similar pro�les with di�erent dimensions were already in
use at the laboratory for some applications.Existing equipment would be utilized as
much as possible.

4.3.3. Option 3

In this scope, all the construction for the support of equipment will be new. Both
the vertical support and equipment racks as well as the support for the new vacuum
chamber of the ion sources to be designed from aluminium pro�les. Heavier and
sti�er pro�le 45x90 mm for the vertical support and vacuum chamber support and
lighter 45x45 mm pro�le for the equipment racks.
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Table 4.4.: Idea Matrix

Idea Matrix to compare

di�erent manufacturing options. *DFMA Basic Principles, Edward C. Lai & Associates, [35].

IDEA MATRIX for Option 1 Option 2 Option 3

� Vertical support N

� Vacuum Chamber Support** Existing Existing New o

� Equipment racks construction racks construction t

& & & e

ITEM OF INTEREST materials new supports materials

General:

material of equipment racks steel steel aluminium

material of vertical supports steel aluminium aluminium

mass of equipment rack � � +

mass of vertical support � + +

need for additional supports � � � **

need for additional engineering � � � **

need for new racks + + �

costs for new racks + + �

Needs of manufacturing: existing/new

storing � �/+ +

dismantling � �/+ +

crane lifting & handling � �/+ +

cutting � �/� �

welding � �/+ +

grinding � �/+ +

machining � �/+ +

drilling � �/� �

�nishing � �/+ +

painting � �/+ +

Assembly: existing/new

ease of assembly in di�cult positions � �/+ +

single hand held of part possible � �/+ +

number & types of parts used � �/+ + *

number and types of fasteners � �/+ + *

standardized level of parts & �nishes � �/+ + *

simple components � �/+ + *

need of site assy + +/� �

one tool assembly � �/+ +

modular parts � �/+ +

modular subassemblies � �/+ + *

multifunctional parts � �/+ + *

minimized assembler movements � �/+ + *

self-locating features � �/+ + *

accessibility for tests and rework � �/+ + *

amount of operations & process steps � �/+ + *

interchangable parts � �/+ +

low cost post modi�cations � �/+ +

Total number of positive factors 2 3+25/2=16 26 33
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4.4. New construction

4.4.1. Brainstorming

A negative property of the original steel structure appeared to be the heavy weight.
Laboratory room has plenty of equipment, electrical cabling and cabling racks, leav-
ing only limited space for installation. As the supports were made of standard con-
struction steel, mainly L-pro�le for heavily load applications, the supports became
unnecessarily big in dimensions as well as heavy for the purpose in use.

Limited space handling of the big and heavy objects can cause problems during
installation. Especially installation on a wall or on another vertical structure is
challenging as the object needs to be supported over a period of time accurately to
make the needed markings for holes or the actual attachment.

There is no crane in the room and building additional supports only for this instal-
lation would be di�cult, time consuming and requiring special equipment for this
purpose only. Manual installation on the other hand sets requirements to the size,
weight and handling properties for the parts and equipment to be installed. It is an
advantage, if the part can be held by only one hand, leaving another one for tools or
for marking.Selecting a lighter material for the supporting construction would ease
the installation process.

aluminium is well known for its lightweight properties, although the strength is not
equal to steel. Selecting wall thickness and pro�le correctly, using aluminium it is
possible to create constructions that can both stand remarkable loads and be easily
manipulated due to the lightness. aluminium as a potential material lead to looking
for the possibilities and advantages that an aluminium pro�le system already in use
at the laboratory could o�er for this application.

4.4.2. Design aspects

For the new construction, a pro�le system of aluminium was considered as a potential
design. In manufacturability considerations the material is relatively �exible as it
can be ordered as a bar stock or pre-machined according to manufacturing drawings.
The delivery can include pre-drilled holes, special fasteners and all the other needed
parts for wide range of applications. It is also possible to use stock bar and do the
cut and machining in-house. The special fasteners of the aluminium system require
holes of Ø17 mm which is a rare size on machining tools. It is available only as
custom made and thus expensive. Ø17 mm drills are available in the workshop,
but the slot on the aluminium pro�le causes the bare drill to yank, making drilling
impossible without destroying the work piece. A drill guide tool that sets to the
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end of pro�le to the correct distance, utilizes the slot of the aluminium pro�le to
lock by two bolts for drilling, was developed. This prevents the excess vibration
of the drill, enabling use of the drilling machine instead of more complicated and
expensive machinery.

Drawings of the special tool, see the List of Assembly Drawings, section D.

Compatibility of the manufacturing processes is negligible except machining, as
there is only need to attach the pro�les to other surfaces or the equipment using the
special fasteners of the system. Material re-saler is a domestic company and consid-
ered reliable on their deliveries. As the material is available in several standardized
pro�les, the risk for losing the pro�le from the market should be low. Instead, new
supplementary pro�les have been presented to widen the selection for the heav-
ier, or lighter load applications. This pro�le system is already used widely at the
IGISOL-laboratory and even on other equipments close to the vertical transfer line.
A uniform look for the construction could be achieved if the vertical line support
structures would be made using this pro�le system.

4.4.3. Manufacturing and Assembly aspects

Advantages of the aluminium in general, and the pro�le system under consideration:

� aluminium pro�le as a light material ease the assembly.

� Assembly needs no welding, parts are connected using a connector system with
pre-drilled holes.

� Flexible pro�le or dimensions of an assembly can be modi�ed by changing the
individual parts.

� Manufacturing easy and costs low, only cutting and drilled holes for the con-
nectors needed.

� Additional parts available for adjusting purposes, no need for engineering of
special parts.

� Possibility to utilize the slots on the pro�le for adjusting the equipment.

4.4.4. Preliminary Layout for iteration

The �rst preliminary layout of the transfer line was created in the kick-o� meeting
held at the University of Jyvaskylä, Department of Physics. Basic limitations, like
the maximum height of 3450 mm for the equipment of the vertical transfer line was
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presented then and noted as one of the most important limitations for the engi-
neering. Only some major components were noted, like the 90�bender, quadrupole-
triplet, diagnostic-box, two valves and two bellows to the ends of the line, one set just
below the concrete ceiling and another set just before the 90�bender. Preliminary
layout, see Fig. 3.7.
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4.5. DFMA Analyse Theory

Depending on the source, di�erent number of guidelines are o�ered as DFA or DFMA
principles for mechanical design. Boothroyd and Dewhurst [36] has eight guidelines
and Edwards C. Lai & Associates has eleven basic principles [35]. Ham & Jeswiet [37]
from the Queen's University are referring to Boothroyd & Dewhurst on their lecture,
but yet has eleven guidelines for DFA.

DFA guidelines by Boothroyd & Dewhurst: [36]

1. Reduce part count and variations of parts

2. Attempt to eliminate adjustments

3. Design self-aligning and self-locating parts

4. Ensure easy access and unrestricted vision

5. Ensure ease of handling parts from bulk, tray etc.

6. Minimize the need for re-orientations during assembly

7. Design parts that cannot installed incorrectly

8. Maximize part symmetry if possible or make parts obviously asymmetrical

DFA guidelines by M. Ham & J. Jeswiet [37]

1. Reduce number of parts

2. Reduce number of di�erent parts - Standardize parts

3. Simpli�cation of assembly

4. Reduction number of processes

5. Less fasteners especially screws & bolts

6. Reduce tangling

7. Orientation

8. Critical orientation - obvious -see & �t

9. Non-critical orientation - �t in any direction

10. Ensure access & visibility

11. Easy part handling

12. Assemble from top
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13. Reduce locating or alignment operations - manual or time consuming

DFMA Basic Principles by Edward C. Lai and Associates:

1. Minimize Part Count

2. Make Parts Multi-Functional

3. Reduce the Number of Screws and Screw Types

4. Facilitate Parts Handling

5. Use Standard Parts and Hardware

6. Encourage Modular Assembly

7. Use Stack Assemblies, Don't Fight Gravity

8. Design Parts with Self-Locating Features

9. Minimize Number of Surfaces

10. Assemble in the Open

11. Simplify and Optimize the Manufacturing Process

12. Eliminate Interfaces

13. Design for Part Interchangeability

14. Design Tolerances to Meet Process Capability

Principles of DFMA for electronics assembly were not followed in this study.

4.6. Systematic Iterative Design utilizing VDI-2221

Utilizing a systematic design tool, an engineering task is divided into seven separate
stages. These seven stages are divided between four phases: clari�cation of the task,
conceptual design, embodiment design and �nally, detailed design. After reaching
the next stage, iteration is done by going back to the previous stage with the in-
formation gained from the latter stage. The goals can be thus adjusted for better
realization of the process through a learning curve.

Seven level iteration tasks and their expected results:

1. De�ning the task - Speci�cation

2. Determination of functions and their structure - Function structure

3. Search solution principles and their combinations - Principle solution
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4. Divide into realizable modules - Module Structures

5. Develop layout of key modules - Preliminary layout

6. Complete overall layout - De�nitive layouts

7. Prepare production and operation instructions - Product documents

In this study, the iteration tasks level 4: Dividing into realizable modules - Module
Structures - and level 5: the Development of key modules - Preliminary layout - are
combined to Modules of preliminary layout.

4.6.1. Transfer line for the test ion sources

The task is to design the transfer line to the laboratory for the test ion sources.
This task is divided into two parts by the construction of the building: one meter
thick concrete ceiling restricts the needed equipment in either the laboratory room,
between main beam line level +1350 mm and ceiling +3450 mm or to the concrete
roof above the room, that is +4450 mm from the �oor level.

4.6.2. Determination of functions

Between the �oor level and upper level is approximately 1 m long vacuum pipe, on a
hole of 160 mm, drilled to the concrete ceiling and connecting the equipment on both
1st and 2nd �oor. All the needed functions of the ion sources and vertical transfer
line have to be placed over or below this vacuum pipe. This 1m thick concrete ceiling
prevents placing the ion-optical components in the ideal positions. As a smallest
possible feed through, the pipeline is considered to be the least problematic in
prevention of radiation from the radioactive premises to the low radiation area and
thus de�nes the design.
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Needed functions of the ion sources and transfer line:

1. Vacuum chamber for the ion sources

2. Quadrupole de�ector for ion beam optics; turning the ion beam 90�

3. Equipment rack for the vacuum chamber

4. Support frame for the equipment rack and vacuum chamber

5. High voltage (HV) insulation between the equipment rack/vacuum chamber
and support frame

6. Vacuum pump

7. DN160 HV insulation between the vacuum chamber and the vacuum pump

8. Pre-vacuum pump to improve the e�ciency of the vacuum pump

9. Extraction element for the ion beam

10. DN100 HV insulation between the vacuum chamber and an extraction element

11. DN100 Gate valve to separate the test ion sources from the main beam line

12. Double-XY-element for ion beam optics

13. Quadrupole-triplet for ion beam optics

14. Diagnostic box

15. Vacuum pump for the diagnostic box

16. Pre-vacuum pump to improve the e�ciency of the vacuum pump

17. Faraday cup and actuator to the �ange of diagnostic box

18. Pirani vacuum gauge for rough to medium vacuum range to the diagnostic
box

19. Penning vacuum gauge for lower vacuum range of the diagnostic box

20. Double-XY-element for ion beam optics

21. Wall support for the equipment between +1350 mm to +3450 mm.

22. DN100 gate valve to separate the vertical transfer line from the main beam
line

23. 90�bender to turn the test ion beam to the main beam line
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4.6.3. Design options

The transfer line consists of several equipment with di�erent requirements for their
position in relation to the others.

1. All the equipment in one space: mechanically the most simple solution would
be to place all the equipment on the �oor level, between the levels +1350
and +3450 mm, leaving only the ion sources and other equipment that has
to be close to the HV to the 2nd �oor, above level +4450 mm. However, this
solution has an ion-optical disadvantage.

2. Ideal solution: theoretically, due to the ion optics, the ideal solution is that the
Quadrupole-triplet is positioned in the middle of the transfer line, i.e. between
the quadrupole de�ector and the inlet point of the 90�bender. However it is
not possible to place the quadrupole-triplet in the ideal position, as it would
be partly inside the concrete ceiling. Opening the 160 mm diameter hole is
not considered because this would mean a bigger risk for radiation coming
from the main beam line from the 1st �oor when running the accelerator.

3. Equipment separation: the quadrupole de�ector is possible to place just below
the ceiling, but this means that the DN100 gate valve and the double-XY above
it had to be moved to the 2nd �oor, above level +4450 mm. For the e�cient
use of double-XY, best position would be immediately on the point where the
ion beam leaves the ion sources. This way the corrective action can be done
earlier, meaning lower energy needed for the transition.

4.6.4. Modules of preliminary layout: Ion Sources and Vertical Line

In this section, two iteration tasks levels of VDI-2221 on section 4.6, level 4 - Module
Structures and level 5 - Preliminary layout - are combined to one.

Layout of the Ion source module consists of the functions 1-23 and additional parts
like bellows to connect the module to the Vertical transfer line module. Layout can
be seen on Fig. 4.3. Determination of functions, see 4.6.2.

� Ion source module consists of the functions 1-12 mentioned in Determination
of functions.

� Vertical line module consists of the functions 13-21 mentioned in Determina-
tion of functions.
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Figure 4.3.: Layout of the new laboratory. The ion source assembly and support

are over the 1 meter thick concrete ceiling. The hole through ceiling for

the test ion beam transfer line is on a one by one meter and 0,5 meter

deep pit. The Vertical Line assembly below is on the radioactive area,

including the 90�bender and the related wall supports.
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Layout of the Ion source module consists of the functions 1-12 (see section 4.6.2)
and additional parts like bellows to connect the module to the Vertical transfer line
module. The layout can be seen in Fig. 4.4.

Figure 4.4.: Assembly of the ion sources, pumps and a valve. HV insulators isolate

the vacuum chamber from the pumps, extractor, valve and support frame

that are grounded. The pipe with �anges for the pressure gages connects

to the pipe below (not shown) coming through the concrete ceiling. Tur-

bomolecular pump is the main pump, a scroll pump acts as a secondary

pump. Ion sources shown are not actual, but only illustrate the relative

positioning.

Layout of the Vertical transfer line consists of the functions 13-21 (see section 4.6.2)
and additional parts like bellows to connect the module to the Ion source module.
The layout can bee seen on Fig. 4.5.
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Figure 4.5.: Assembly of the vertical line with the related equipment including

quadrupole-triplet, diagnostic box, pumps, valves. Turbomolecular pump

is the main pump, a scroll pump acts as a secondary pump. The pipe

connecting the ion source to the transfer line is not shown.
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4.6.5. Instructions for production and operation

For the purchase and assembly of the aluminium support system, as well as for the
production and assembly of the various equipment engineered for the test ion source
transfer line, manufacturing drawings and assembly drawings were produced. List
of Assembly Drawings, see D on page 90. List of Manufacturing Drawings, see E on
page 108.

As the power supply system, electrical controls and de�nition of operations will be
de�ned, delivered and built later, operation instructions are excluded the systematic
iterative design principles in this work.

4.7. Cost estimation

Due to the heavy construction designed originally to support the roof of the building,
and only secondary to serve as an attaching platform for the vertical transfer line,
the material consumption and therefore also the costs can be considered to be higher
than for the lighter construction, that is designed only for the support function of
the vertical transfer line. Steel pro�le is purchased kg/m basis so the weight and
costs will increase rapidly if the bigger pro�le is used.

The material costs of the aluminium vertical wall support and racks are calculated
from the unit prices as the material was a part of a larger delivery. For this reason,
the total sum was not available. The aluminium vacuum chamber support and rack
support was ordered separately. The total sum of the invoice as well as the cost of
vacuum chamber rack is presented.

The costs of in-house manufacturing of the steel structure was estimated by Research
engineer Kimmo Ranttila [38] from the department of physics.
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Table 4.5.: Cost calculation of the Transfer line supports and equipment racks, alu-

minium system

aluminium system Unit Total

price incl.

ITEMS L no VAT VAT 22%

[m] pcs. AC AC

Vertical wall support and racks*
45x90 L aluminium pro�le L=1500 1,5 2 21,47 79,22
45x90 L aluminium pro�le L=500 0,5 8 21,47 105,63
45x90 L aluminium pro�le L=290 0,29 3 21,47 22,98
45x45 L aluminium pro�le L= 590 0,59 2 10,23 14,85
45x45 L aluminium pro�le L= 500 0,5 4 10,23 25,17
45x45 L aluminium pro�le L=285 0,285 2 10,23 7,17
45x45 L aluminium pro�le L=250 0,25 4 10,23 12,58
Cutting of Al. pro�le series BSB-ISB 25 0,50 15,38
Drilling, hole Ø17 mm 48 1,20 70,85
Alu Connection Angle 90, 88 x 88 x 86 8 4,90 48,22
Cover Cap for Alu Connection Angle 90 8 1,14 10,96
Central Connector, hammer 0� 16 2,50 49,20
Central Connector, hammer 90� 8 2,48 24,40
Cover Cap 90x45 for BSB2796 12 1,30 19,19
Cover Cap 45x45 for BSB4569 12 0,56 8,27
Roll-In T-slot Nut M6 with spring leaf 26 - -
aluminium die-cast angle, left, 175x86x43mm 2 7,17 17,64
Total Costs, support and rack 531,70

Vacuum chamber support and rack:

45x45 L aluminium pro�le L=450 0,45 2 10,23 11,32
45x45 L aluminium pro�le L=130 0,13 2 10,23 3,27
Vacuum chamber support, aluminium 637,30
Vacuum chamber support, assembly 4 45 221,40
Total Costs, support and rack 873,29
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Table 4.6.: Cost estimation of the Transfer line supports and equipment racks, ma-

terial:steel

.
Manufacturing in-house. Total sum includes VAT 23%, Ranttila [38].

Total

ITEMS, steel structure Unit incl.

Estimated costs price VAT

Estimation of manpower and materials hours AC AC

Vertical wall support and racks, steel**
Engineering 14 45 774,90
Cutting 7 45 387,45
Welding 21 45 1 162,35
Machining 7 55 473,55
Painting 8 45 442,80
Installation 2 45 110,70
Materials 150,00
Total 3 501,75

Vacuum chamber support, steel**
Cutting 2 45 110,70
Welding 8 45 442,80
Finishing and painting 4 45 221,40
Adjustment 4 45 221,40
Materials 150,00
Total 1146,00

4.8. Ion-optical simulations

Ion-optical simulations were used to study if an Einzel lens after the quadrupole
de�ector was required in order to transport the ion beam through the extractor
before the beam scatters. First simulation was executed using the geometry of an
existing Einzel lens construction and the reference simulation without it. Simula-
tions showed a remarkable improvement was achieved when using the Einzel lens.
For the vacuum chamber, the current construction appeared to be too long. A new,
compact ion-optical equipment was designed and the geometry simulated. These
simulations further showed the bene�t of an Einzel lens in focusing of an ion beam.
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Figure 4.6.: Ion beam and the positioning of the ion-optical elements in the simu-

lation. Side view, X-Y direction

Simulation was executed for the ion-optical equipment of the ion source unit, uti-
lizing SIMION 8.1 Ion and Electron Optics Simulation software. The purpose of
the simulation was to test the ion-optical properties of the intended dimensions and
construction of the Einzel lens, extractor electrode and ground electrode with the
existing Quadrupole de�ector construction. Another aim was to �nd the start val-
ues for the voltage of the various ion-optical elements for the actual tuning of the
Vertical Transfer Line.

Ion-optical simulation included an ion source, a Quadrupole de�ector, an Einzel lens,
an extractor and a ground electrode. A existing Quadrupole de�ector simulation
model along with di�erent models of the Einzel lens and the extractor electrode,
as well as di�erent voltage values for the ion-optical elements were used. In each
simulation, a group of ten particles were used to see the deviation of the particles
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in-�ight. The e�ects of each change of the beam was followed by observing the
behaviour of the XY- and 3D views of the simulation run, XY cut shown in Fig. 4.6
and a 3D cut in Fig. 4.7.

Figure 4.7.: 3D-view of the ion beam formation and positioning of the ion-optical

elements in the simulation.

The aim was to get all the particles of the simulated ion beam through the ion-
optical elements. Voltage levels were adjusted to optimize the transport. Optimized
voltages and levels can be seen in the chart of voltages in Table 4.7.
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Table 4.7.: Voltage values of the ion-optical elements, compared to the ion source

voltage +30 kV.

Voltage

ION-OPTICAL ELEMENT [V]

Ion source

Ion extraction -800

quadrupole de�ector

1 -800
2 -800
3 Main electrode 1 100
4 Main electrode -1 800
5 -800
6 -800
7 -350
8 -850
9 -800

Einzel lens

Electrode 1 -800
Electrode 2 -87
Electrode 3 -800

double XY

Ø24 mm hole -800

Extractor electrode

Ø24 mm L=115 -20 000

Ground electrode

Ø24 mm L=20 -30 000



52 4. METHODS

Figure 4.8.: Potential energy level variation of the ion beam in simulation.

The cross section of the ion beam simulation shows the deviation of the particles.
An ideal situation would be a uniform, tightly focused circle spot. The deviation
can be seen in �gure 4.9.

Figure 4.9.: Particle deviation of the ion beam in the simulation.
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4.9. New ion-optical equipment

The preliminary layout of the Vertical Transfer Line did not include the Einzel lens,
as it was considered that the ion beam optics could be adjusted adequately utilizing
the previously used equipment. Using the focusing elements of the quadrupole
de�ector, both for the incoming beam and for the exiting beam, was not adequate
to focus the beam su�ciently into the extractor in a tight bunch. Neither did the
adjusting of the main electrodes and shim electrodes lead to an improvement in the
beam direction, and to re�ect the beam as a uniform group. In simulations, without
an Einzel lens, the beam scattered before entering the extractor electrode.

In the �rst simulations with an Einzel lens, a geometry of an existing design (>100
mm) was used. With the Einzel lens positioned just after the quadrupole de�ector,
tighter grouping of ions during �ight was noticed. Later, a new, compact design
was simulated. The phenomenon existed, regardless of the length of the Einzel lens
electrode rings. In the simulation, both the short and the long electrode rings of the
Einzel lens improved the focus of the ion beam. Assembly of the compact Einzel
lens can be seen in an assembly drawing in section D. Detailed drawings can be
found from the List of Manufacturing Drawings in section E.

Simulation results supported placing the Einzel lens after the Quadrupole de�ector.
The limited space of the 6-way vacuum chamber lead to integrating a compact Einzel
lens with the double XY electrode as seen in Fig. 4.10.
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Figure 4.10.: Assembly of the ion-optical equipment: quadrupole de�ector, Einzel

lens, double XY, extractor and ground electrode, positioned as in the

ion-optical simulations. An Einzel lens and double XY are integrated

to �t the equipment inside the 6-way vacuum chamber and to simplify

the alignment of the various components. Extractor and ground elec-

trode are placed into a common vacuum chamber with isolated power

supplies.

A short HV-isolator was designed to �t on the �ange of the 6-way vacuum chamber
to enable the connection of a new, small diameter extractor and a ground electrode
construction. Due to the HV potential di�erence, the distance between the tip of
the extractor and the double XY has to be approximately 30 mm. To reach this
dimension, the extractor has to be installed partly inside the HV insulator, see
cross section Fig. 4.11. The extractor and the ground electrode are also integrated
into a common vacuum chamber with isolated power supplies. Short dimensions
simplify the alignment of the optical elements. Alignment is important because it
a�ects the beam trajectory in a similar way as adjustment of the voltage of the
elements. Earlier, the alignment has been done using a laser and a cross hair on
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the vacuum pipelines and �anges. This is a time consuming process that requires
accuracy. By integrating the Einzel lens and a double XY with the machined parts
one alignment procedure can be eliminated. Using a special tool for the centering
of the quadrupole de�ector to the 6-way vacuum chamber pipes, the components
can be aligned. Alignment does not require the installation of the 6-way vacuum
chamber to the aluminium supports. After installing the HV insulator, the extractor
electrode is considered to be aligned using a Ø24 mm diameter tool (Drawing on
page 113), that is an exact �t with the electrode rings of the extractor electrode,
ground electrode and with the end plates of the double XY.
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Figure 4.11.: Cross section of the 6-way vacuum chamber with the ion-optical equip-

ment installed, showing the ion-optical elements: a quadrupole de�ec-

tor, an Einzel lens, double XY, extractor and ground electrode. The

ion source has the same voltage as the HV source. The Einzel lens and

double XY are integrated to �t inside the 6-way vacuum chamber and

to ease the alignment of the various components.

4.9.1. HV insulator's dielectric breakdown distance

Due to the high voltage of 30 kV between the double XY in the 6-way vacuum cham-
ber and extractor electrode, a HV insulator is required. For a rigid construction,
the length of the HV insulator should be as short as possible. HV sets limitations
to this distance due to the risk for a dielectric breakdown. Dielectric breakdown
causes permanent changes in appearance and properties on an insulation material.
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For the new construction of the ion-optical components, an order of 100 mm long
HV insulation was desirable. The existing HV insulator design available was 200
mm in length and was seen di�cult to be installed because of its' length and to be
used with the new equipment.

Another already proven HV insulator design is in use on the main beam line of the
accelerator laboratory. The design is horizontally installed, 100 mm long and 300
mm in diameter, but was considered too big and heavy for the new vertical position.
This Ø300 mm HV insulator was selected as the reference for the calculation to de�ne
the distance against the dielectric breakdown. This reference HV insulator was
designed using criteria for both vacuum and atmospheric pressure. For a vacuum, 1
mm was used as equal to a voltage of 1 kV and in atmospheric pressure, 10 mm was
used as equal to 1 kV in calculation of the minimum dielectric breakdown distance.
Thus, the voltage of 30 kV requires a minimum dielectric breakdown distance of 300
mm in atmospheric pressure and in vacuum, 30 mm, respectively. [39].

The dielectric breakdown distance is calculated along the outer surface of the HV
insulator. The surface of the HV insulator has a corrugated shape, having a certain
number of ridges and furrows. A spreadsheet was created for the iteration process
to select the design of the di�erent combinations of length and number of ridges.
Then optimization was continued selecting the outer- and inner diameters.

For the calculation, the maximum and minimum diameter of the insulating material,
the length of the HV insulator and the number of the ridges were given as variables.
The outer diameter of the metal �anges used for connecting the HV insulator to
the vacuum system was also given, to deduct the impact of the stainless steel as a
conductive material. As a result, the distance for dielectric breakdown between the
metal �anges was calculated. This distance was then compared with the distance of
the existing reference design, presented in Table 4.8.
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Table 4.8.: Dielectric breakdown distance calculation of the HV insulator. The di-

electric breakdown distance for the new construction is required to exceed

the 342 mm of the reference HV insulator. Dimensions of the new design

can be seen in a manufacturing drawing KR3-A059 on page 110.

Reference New

Ø300 Ø260

Design Design

DIMENSIONS OF THE ITEM [mm] [mm]

Required dielectric breakdown distance >342

Calculated distance of diselectric breakdown 342 352

Measured thickness of the ridge 25
Calculated thickness of the ridge 20
Measured length of the insulator 100
Given length of the insulator 100
Maximum diameter of the insulator, ridge Ø300 Ø260
Minimum diameter of the insulator, furrow Ø200 Ø160
Flange diameter on HV-side Ø165 Ø165
Flange diameter on grounded side Ø165 Ø165
Inside diameter of the insulator Ø100 Ø100

[pcs:] [pcs:]

Number of ridges 2 3

The dielectric breakdown distance for the new construction is required to exceed the
342 mm of the reference HV insulator. The distance is measured between the edges
of the connecting stainless steel �anges on the HV-side and grounded side. The
dielectric breakdown distance of the new design is 352 mm, exceeding the reference
dimension by 10 mm. Dimensions of the new design of the HV insulator can be seen
in a manufacturing drawing KR3-A059 on page 110.

After engineering, the dielectric breakdown distance of the selected design was con-
�rmed from the assembly drawing of the HV insulator, shown in Fig. 4.12.
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Figure 4.12.: Dimensions of the HV insulator for the dielectric breakdown distance

calculation. Calculation is done along the outer surface of the HV

insulator between the edges of the connecting �anges on the HV side

and grounded side.
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4.10. Final layout

The �nal layout contains both the new design of the aluminium support system
utilizing the systematic design tools DFMA and VDI-2221 and the new ion-optical
equipment, designed on the basis of ion-optical simulations. Test ion source assembly
can be seen in section D and the manufacturing drawings section E. Master assembly
of the Vertical Transfer Line, ion sources and their supports can be seen in Fig. 4.13.

Vertical wall support assembly on the 1st �oor includes items 1-15:

1. 90�bender

2. Floor support for 90�bender

3. Two gate valves

4. Wall support

5. Equipment racks for quadrupole-triplet and diagnostic box

6. Quadrupole-triplet

7. Diagnostic box

8. Turbomolecular pump Edwards STP-301

9. Scroll pump Edwards XDS 10

10. Faraday cup and the actuator assembly, not presented

11. double XY

12. Bellows

13. Two intermediate pipes

14. Two pressure gauges for diagnostic box, not presented

15. Connecting pipe for 2nd �oor
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Ion source assembly on the 2nd �oor includes items 16-32:

16. Ion source support

17. 6-way vacuum chamber for the test ion sources

18. Equipment rack for the 6-way vacuum chamber

19. HV insulator for Turbomolecular pump

20. HV insulators between 6-way chamber and the Ion source support

21. Turbomolecular pump Edwards STP-301

22. Support for the turbomolecular pump

23. Scroll pump Edwards XDS 10

24. Stand for the scroll pump

25. Quadrupole de�ector

26. Double XY

27. Einzel lens

28. Extractor electrode

29. Ground electrode

30. HV insulator for extractor- and ground elecrode assembly

31. Gate valve, VAT

32. Support for VAT gate valve, not presented.

33. Intermediate pipe with connections for pressure gauges

34. Bellows

35. Blank �anges for optional connections
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Figure 4.13.: Layout of the ion sources, related HV isolators and the pipe connecting

the Vertical transfer line through the concrete ceiling. Laser ion source

is presented as an example of an optional future ion source only to

illustrate di�erent positions for the ion sources.
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A test ion beam can be produced without the use of an accelerator. Following
the ALARA principle, improvement was achieved with respect to the radioactive
exposure during the operation with the test ion sources.

The new construction enables:

� To switch between on-line and o�-line ion beams without entering the radioac-
tive area.

� Reduce the time between on-line and o�-line ion beams by avoiding the cooling
time of typically one week with light ion beams.

� Avoiding the dosage of radioactive background radiation after light ion beam
runs by re-locating the manual o�-line ion source out of the radioactive area
to a non-active area.

� Mass separation of the test ions.

� Multiple stationary test ion sources available for test runs, not requiring any
dismantling of previous ion source and installation of new one.

� Switch from one o�-line ion source to another o�-line ion source can be done
without entering the radioactive area.

The construction of the Vertical Transfer Line is presented in the layout of the
laboratory in Fig. 5.1.

5.1. Results of simulations

The ion-optical simulations showed that an Einzel lens after the quadrupole-de�ector
was required to transport the ion beam through the extractor electrode. New,
compact ion-optical equipment was designed, based on the simulations.

� 50 mm long Einzel lens was designed to enable it to be placed after the
quadrupole de�ector. The Einzel lens was also designed to be integrated with
the double XY de�ector.

63
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� A new, small diameter extractor electrode and holders were designed to �t
into a DN100 vacuum line.

� Short extractor and the position of the compact double XY de�ector required
designing a short HV insulator. A 100 mm long HV-insulator was developed.

Figure 5.1.: Layout of the IGISOL laboratory,including the Vertical Transfer Line.

5.2. Results utilizing DFMA

� Aluminum beams for the supports and equipment racks can be assembled to
each other using only one tool, a hex key.

� The heaviest individual aluminum system part weighs 4,6 kg. The weight of
the frame of the wall support assembly to be installed manually to the concrete
wall weighs 12,2 kg total.

� Assembly time for the vacuum chamber rack was 4 hours.

� Assembly time for the vertical support was 16 hours.

� Alignment of the equipment does not require any separate adjustment screws
or other additional construction. The horizontal alignment is done by moving
the equipment rack in relation to the support arms of the vertical rack. Vertical
positioning of the equipment is done by moving and tightening the support
arms to the speci�ed position on the vertical wall support 45x90-pro�le beams.
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� Modi�cation of the dimensions of the assembly is �exible due to the inter-
changeable parts.

� Cost comparison of vertical wall support and racks: total costs of utilizing
di�erent materials: aluminum AC468.18, versus steel AC3 501.75, di�erence in
advantage of aluminum system AC3 033.57.

� Cost comparison of vacuum chamber support between two di�erent materials:
aluminum system AC873.29 versus steel, AC1 146.00. Di�erence in advantage of
aluminum system AC272.71.

� Total cost di�erence in advantage of the aluminum system AC3 242.76, alu-
minum system, Table 4.5 and steel, Table 4.6.





6. DISCUSSION

The switch between on-line and o�-line ion beams as well as between on-line to
o�-line ion sources has required an entry to the radioactive area. After the light ion
source runs, the premises remain radioactive, requiring approximately cooling time
of one week before entering the area and manually handling the ion sources.

Producing the test ion beam outside the radioactive area of the accelerator's main
beam line lowers the exposure to radioactive radiation towards the personnel work-
ing on the test ion sources by eliminating the entry and working time in at the
radioactive area. Avoiding the cooling time of the radioactive premises enables the
start of new test ion runs earlier. The aim of ALARA principle is to lower the dosage
of radioactive radiation. This can thus be followed.

Having multiple test ion sources, each installed to the 6-way cross vacuum chamber
and positioned outside the radioactive area, speeds up the process switching the
test ion source between the runs as there is no need for mechanical dismantling
and/or assembly.The new layout makes possible mass separation of the test ions as
the vertical line is placed before the dipole magnet.

Positioning the Einzel lens and double XY de�ector immediately after the quadrupole
de�ector was seen as most economic way to control the beam. After the ion source
and quadrupole de�ector, the energy of the beam is relatively modest, meaning
that the voltage required for control of the beam can be lower. To study this layout,
simulations were performed.

Ion-optical simulations showed the need of an Einzel lens after the quadrupole de-
�ector in order to transport the ion beam through the extractor. A new, compact
ion-optical equipment was designed, based on these simulations. As the equipment
is not yet installed, there are no test ion beam runs to con�rm the results of the
simulations. After the installation of the Vertical Transfer Line, the actual results
can be compared to the simulations.

In addition, a new extractor for a smaller diameter vacuum pipe was designed.
The existing extractors were designed solely for the bigger diameter vacuum line
and would have limited the vacuum pumping capacity in a smaller diameter line.
The layout of the equipment; quadrupole de�ector. followed by the einzel lens
integrated with the double XY de�ector, and assembly of extractor electrode and
ground electrode was a result of the aim towards a compact design, according to
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the ideal situation. Since there is a 1 meter-thick concrete ceiling limiting the
positioning of the equipment of the Vertical Transfer Line, the long transfer to
the next ion-optical equipments below the ceiling may prove to be problematic
due to the scattering of the ion beam. The beam may scatter before entering the
quadrupole-triplet, causing reduction in transport e�ciency. In the line, however,
there are intermediate parts that can be re-positioned. If needed, the extractor- and
ground electrodes, either both or the ground electrode only, can be placed lower,
even under the 1 meter ceiling and replaced with a bellows or pipe of the same length
of 120 mm. This way, the extraction length can be extended thus diminishing the
scattering e�ect before the next ion-optical element in the vacuum line.

Mass separation of the test ions is possible due to the location of the test ion sources.
As the ion source is before the bending magnet, the test ions will be mass separated.

Ion-optical simulations gave the impression of a functional ion-optical layout. In
reality, the equipment seldom performs as good as in the simulations. The unknown
factors may lower the performance.

Vacuum level is a concern when producing an ion beam as the uniformity of the
beam depends on the vacuum. In this case, the vacuum pumps, their positioning
and the design of the ion-optical equipment is essential. In the vacuum line, there
should be su�cient pumping capacity.

In this study, the aim is to gain a control sample for calibration without the use
of a cyclotron. Equipment to be calibrated by using the o�-line ion source would
be all the ion optics between the ion source and the Penning trap, as well as the
extraction of Penning trap.

In this thesis, an electric discharge ion source is considered as a main test ion source.
An optional secondary ion source was Carbon Clusters. The third position in the
6-way vacuum chamber is for any other future option.

If DFMA would not have been used, a remarkable number of advantages and dis-
advantages of the di�erent options of the construction might have been unnoticed.
DFMA analysis led to a systematic comparison of the problem and to concentrate
on a more detailed level thus enabling a widening of the range of issues related to
improvement of the current construction.

In this study, the DFMA forms DFMA1 and DFMA2 may not have been utilized in
their full potential. DFMA1 was used to evaluate the existing complete dismantled
steel construction. The aluminium construction and equipment was placed to a
new location, so the surroundings were not equal. The di�culty with DFMA1 is to
de�ne which of the violations against the manufacturability are characteristic only
for the supports and which are for the equipment or is it a combination of both.
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DFMA1 forms, see section A on page 72.

DFMA2 forms were used to evaluate the ergonomics on assembly of the new alu-
minum system. Under evaluation was the separate parts including wall support,
support frame of the ion sources, equipment racks of diagnostic box, quadrupole
triplet, vacuum chamber and the assemblies of the above mentioned; vertical section
1st �oor and ion source assembly 2nd �oor. DFMA2 forms, see section B. DFMA2
forms may give an over optimistic impression of the assembly as there is only one
or two violations against 21 DFMA principles in total. If the place of assembly is
clean, level and there is room to unpack the parts in good order, the assembly of the
separate beam elements is easy. Especially, any perpendicular feature in addition to
a level surface will make the assemby quicker. In this case, it is easy to pre-tighten
the hexagon-screws, position the pro�les and make the �nal tightening. Assemblies
of order 0.5 m by 1 m can be handled manually. If the working place is not even, it
makes the assembly more demanding in the early phase, as then it may require to
both hands for the alignment of two di�erent pro�les at the same time, preventing
simultaneous holding and tightening of the connector's screw. Also dirt may cause
di�culties in this application, possibly turning the connector head wrong way in
the slot, preventing the locking and slowing down the assembly. Durability against
dirt, however, was not mentioned as a violation against the DFMA principles.

In this thesis, some of the DFMA main principles were utilized including:

� Minimize number of parts.

� Minimize manufacturing phases

� Minimize tools used

This led to construction that requires only two di�erent aluminum pro�les, cutting,
drilling and one tool for the assembly. Attaching the equipment such as the diag-
nostic box required three holes per pro�le, six altogether for the M8 bolts and an
additional M13 wrench. It can be considered relatively simple in terms of construc-
tion manufacturability and assembly.

� Requires only two di�erent aluminum pro�les

� Only cutting is needed to manufacture a part

� Drilling holes for the connectors, for 45 x 45 one hole/joint and for 45 x 90
pro�le two holes/joint

� One tool for the assembly

� Light parts to install

The mass of the bigger pro�le, 45 x 90 is 3.1 kg/m. The heaviest separate
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aluminum part was the beam of the vertical wall support; 4.6 kg. The weight
of the wall support assembly consist of two of these beams and three connection
beams weighs a total of 12.2 kg. This is well below the recommendation of
ILO, International Labour Organization, the Maximum Permissible Weight
to Be Carried by One Worker Recommendation R128; temporary lifts 55 kg,
continuous lifts 35 kg for men and for women 30 kg and 20 kg accordingly
[40,41].



7. CONCLUSIONS

DFMA was used to design the Vertical Transfer Line. ALARA principle was followed
and the resulting risk to exposure of radioactivity is reduced. This has been achieved
by relocating the reference ion sources to a non-hazardous area.

Current design allows the �exible modi�cations or addition of new equipment, espe-
cially the area around the ion sources. Also modi�cations of the supporting structure
are simple, dismantling is easy and material costs are low. Use of DFMA eased to
evaluate the di�erent technical solutions and lead to a low cost structure. Method,
however, would be more bene�ciary for serial production.

Emphasis for the future research projects could be re-engineering of the current
90�bender. The existing design currently has no capacity to bend the HV beams.
Secondly, the installation of the existing discharge ion source, as well as the design of
a carbon cluster ion source is required. Utilizing laser technology for this ion source
unit is not currently planned, but could be included in a long term development
program at the Department of Physics. The unit has been designed so that a laser
beam can be relatively easily directed into the ion source.
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A. DFMA1 manufacturability forms

DFMA1 forms are used to evaluate how user friendly the construction is to manu-
facture. The ease of manufacturing was measured by the number of di�erent stages
and parts required for �nished product.

List of DFMA1 manufacturability forms:

� Main assembly, page 73

� Test Ion source unit, page 74

� Wall rack, page 75

� Diagnostic box, page 76
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74 A. DFMA1 manufacturability forms
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76 A. DFMA1 manufacturability forms



B. DFMA2 ergonomics forms

DFMA2 forms are used to �nd solution to the problematic issues found on assembly
and manufacturing.

List of DFMA2 ergonomics forms:

� Wall Support, page 78

� Support frame, page 79

� Vertical section 1st �oor, page 80

� Ion source assembly, 2nd �oor, page 81

� Rack / Diagnostic box, page 82

� Rack / Vacuum chamber, page 83

� Rack / Quadrupole triplet, page 84
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78 B. DFMA2 ergonomics forms

Ergonomics in DFMA Problem Solving Form 

Use this form to identify opportunities for improvement in the product design process 

1) Check the design principle is violated 

2) Note the specific part that could be improved 

3) Briefly note the anticipated improvement 

4) Use the form on the reverse side / following page to more develop the recommendations. 

 

Product name:  Name:   Date: 

 

 
DFMA Principle 

 
Violation Part Anticipated improvement 

Design for stable base    

Minimize reorientation    

Insertion point easy to see and reach    

Decrease need for specialized fixtures    

Insertion of parts    

Decrease ambiguity in part/subassembly orientation    

Design parts with self locking features V   

Fail-safe Assembly V   

Minimize part count/levels of assembly    

Minimize levels of assembly    

Minimize number/types of fasteners, cables, etc.    

Modular, interchangeable assemblies    

Self-fastening features   . 

Use unique characteristics of the material    

Built-in springs    

Pressed or molded parts    

Injection-molded buttons or signs    

Ergonomics Applications    

Ease of Handling    

Correct tool    

Eliminate special tools    

Avoid  “washrag” postures    

Eliminate mechanical pressure    

Comfort zone    

Reach and see access    

 

 

 

 

Vertical transfer line 

 

 

 

Wall support 

 

15.8.2012 
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Ergonomics in DFMA Problem Solving Form 

Use this form to identify opportunities for improvement in the product design process 

1) Check the design principle is violated 

2) Note the specific part that could be improved 

3) Briefly note the anticipated improvement 

4) Use the form on the reverse side / following page to more develop the recommendations. 

 

Product name:  Name:   Date: 

 

 
DFMA Principle 

 
Violation Part Anticipated improvement 

Design for stable base    

Minimize reorientation    

Insertion point easy to see and reach    

Decrease need for specialized fixtures    

Insertion of parts    

Decrease ambiguity in part/subassembly orientation    

Design parts with self locking features    

Fail-safe Assembly V   

Minimize part count/levels of assembly    

Minimize levels of assembly    

Minimize number/types of fasteners, cables, etc.    

Modular, interchangeable assemblies    

Self-fastening features   . 

Use unique characteristics of the material    

Built-in springs    

Pressed or molded parts    

Injection-molded buttons or signs    

Ergonomics Applications    

Ease of Handling    

Correct tool    

Eliminate special tools    

Avoid  “washrag” postures    

Eliminate mechanical pressure    

Comfort zone    

Reach and see access    

 

 

 

 

Vertical transfer line 

 

 

 

Support frame / Ion Sources 

 

15.8.2012 
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Ergonomics in DFMA Problem Solving Form 

Use this form to identify opportunities for improvement in the product design process 

1) Check the design principle is violated 

2) Note the specific part that could be improved 

3) Briefly note the anticipated improvement 

4) Use the form on the reverse side / following page to more develop the recommendations. 

 

Product name:  Name:   Date: 

 

 
DFMA Principle 

 
Violation Part Anticipated improvement 

Design for stable base    

Minimize reorientation    

Insertion point easy to see and reach    

Decrease need for specialized fixtures    

Insertion of parts    

Decrease ambiguity in part/subassembly orientation    

Design parts with self locking features V   

Fail-safe Assembly V   

Minimize part count/levels of assembly    

Minimize levels of assembly    

Minimize number/types of fasteners, cables, etc.    

Modular, interchangeable assemblies    

Self-fastening features   . 

Use unique characteristics of the material    

Built-in springs    

Pressed or molded parts    

Injection-molded buttons or signs    

Ergonomics Applications    

Ease of Handling    

Correct tool    

Eliminate special tools    

Avoid  “washrag” postures    

Eliminate mechanical pressure    

Comfort zone    

Reach and see access    

 

 

 

 

Vertical transfer line 

 

 

 

Vertical section, 1st floor  

 

15.8.2012 
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Ergonomics in DFMA Problem Solving Form 

Use this form to identify opportunities for improvement in the product design process 

1) Check the design principle is violated 

2) Note the specific part that could be improved 

3) Briefly note the anticipated improvement 

4) Use the form on the reverse side / following page to more develop the recommendations. 

 

Product name:  Name:   Date: 

 

 
DFMA Principle 

 
Violation Part Anticipated improvement 

Design for stable base    

Minimize reorientation    

Insertion point easy to see and reach    

Decrease need for specialized fixtures    

Insertion of parts    

Decrease ambiguity in part/subassembly orientation    

Design parts with self locking features V   

Fail-safe Assembly V   

Minimize part count/levels of assembly    

Minimize levels of assembly    

Minimize number/types of fasteners, cables, etc.    

Modular, interchangeable assemblies    

Self-fastening features   . 

Use unique characteristics of the material    

Built-in springs    

Pressed or molded parts    

Injection-molded buttons or signs    

Ergonomics Applications    

Ease of Handling    

Correct tool    

Eliminate special tools    

Avoid  “washrag” postures    

Eliminate mechanical pressure    

Comfort zone    

Reach and see access    

 

 

 

 

Vertical transfer line 

 

 

 

Ion source assy, 2nd floor   

 

15.8.2012 
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Ergonomics in DFMA Problem Solving Form 

Use this form to identify opportunities for improvement in the product design process 

1) Check the design principle is violated 

2) Note the specific part that could be improved 

3) Briefly note the anticipated improvement 

4) Use the form on the reverse side / following page to more develop the recommendations. 

 

Product name:  Name:   Date: 

 

 
DFMA Principle 

 
Violation Part Anticipated improvement 

Design for stable base    

Minimize reorientation    

Insertion point easy to see and reach    

Decrease need for specialized fixtures    

Insertion of parts    

Decrease ambiguity in part/subassembly orientation    

Design parts with self locking features    

Fail-safe Assembly V   

Minimize part count/levels of assembly    

Minimize levels of assembly    

Minimize number/types of fasteners, cables, etc.    

Modular, interchangeable assemblies    

Self-fastening features   . 

Use unique characteristics of the material    

Built-in springs    

Pressed or molded parts    

Injection-molded buttons or signs    

Ergonomics Applications    

Ease of Handling    

Correct tool    

Eliminate special tools    

Avoid  “washrag” postures    

Eliminate mechanical pressure    

Comfort zone    

Reach and see access    

 

 

 

 

Vertical transfer line 

 

 

 

Rack / Diagnostic box 

 

15.8.2012 
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Ergonomics in DFMA Problem Solving Form 

Use this form to identify opportunities for improvement in the product design process 

1) Check the design principle is violated 

2) Note the specific part that could be improved 

3) Briefly note the anticipated improvement 

4) Use the form on the reverse side / following page to more develop the recommendations. 

 

Product name:  Name:   Date: 

 

 
DFMA Principle 

 
Violation Part Anticipated improvement 

Design for stable base    

Minimize reorientation    

Insertion point easy to see and reach    

Decrease need for specialized fixtures    

Insertion of parts    

Decrease ambiguity in part/subassembly orientation    

Design parts with self locking features    

Fail-safe Assembly V   

Minimize part count/levels of assembly    

Minimize levels of assembly    

Minimize number/types of fasteners, cables, etc.    

Modular, interchangeable assemblies    

Self-fastening features   . 

Use unique characteristics of the material    

Built-in springs    

Pressed or molded parts    

Injection-molded buttons or signs    

Ergonomics Applications    

Ease of Handling    

Correct tool    

Eliminate special tools    

Avoid  “washrag” postures    

Eliminate mechanical pressure    

Comfort zone    

Reach and see access    

 

 

 

 

Vertical transfer line 

 

 

 

Rack / Vacuum chamber 

 

15.8.2012 
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Ergonomics in DFMA Problem Solving Form 

Use this form to identify opportunities for improvement in the product design process 

1) Check the design principle is violated 

2) Note the specific part that could be improved 

3) Briefly note the anticipated improvement 

4) Use the form on the reverse side / following page to more develop the recommendations. 

 

Product name:  Name:   Date: 

 

 
DFMA Principle 

 
Violation Part Anticipated improvement 

Design for stable base    

Minimize reorientation    

Insertion point easy to see and reach    

Decrease need for specialized fixtures    

Insertion of parts    

Decrease ambiguity in part/subassembly orientation    

Design parts with self locking features V   

Fail-safe Assembly    

Minimize part count/levels of assembly    

Minimize levels of assembly    

Minimize number/types of fasteners, cables, etc.    

Modular, interchangeable assemblies    

Self-fastening features   . 

Use unique characteristics of the material    

Built-in springs    

Pressed or molded parts    

Injection-molded buttons or signs    

Ergonomics Applications    

Ease of Handling    

Correct tool    

Eliminate special tools    

Avoid  “washrag” postures    

Eliminate mechanical pressure    

Comfort zone    

Reach and see access    

 

Vertical transfer line 

 

 

 

Rack / Quardrupole Triplet 

 

15.8.2012 



C. List of commercial parts

On this list are described all the major components but attaching elements like
screws and anchor bolts are not included.
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D. Assembly drawings

List of assembly drawings:

1. KR3-A007.01 Vacuum Chamber

2. KR3-A025 6-Cross Chamber Rack

3. KR3-A027 Vacuum Chamber Support Frame

4. KR3-A033 Wall Support Assembly

5. KR3-A034 Vacuum Pump Rack Assembly

6. KR3-A040 Equipment Rack, Quadrupole Triplet

7. KR3-A041 Equipment Rack, Diagnostic Box

8. KR3-A048 Lining tool, assembly

9. KR3-A052 Quide D17 mm, assembly

10. KR3-A061 Ground electrode D30 asssembly

11. KR3-A062 Extractor D30 assembly

12. KR3-A067 Einzel lens assembly

13. KR3-A071 Extractor chamber assembly

14. KR3-A075 6-cross chamber equipment assembly

15. KR3-A078 Dielectric breakdown distance

16. KR3-A080 Support, VAT-valve

17. KR3-A083 Test ion source assembly
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92 D. Assembly drawings
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E. Manufacturing drawings

List of manufacturing drawings:

1. KR3-A051 Drilling guide

2. KR3-A059 HV-insulator, L=100

3. KR3-A069 Pipe DN100 L=380

4. KR3-A070 Extractor chamber L=80

5. KR3-A077 Lining tool, ion optics
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112 E. Manufacturing drawings
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F. Ion optical simulation

Datasheets 1-8 includes the coordinates of the distripution of 500 particles of the
ion beam simulation, perpendicular to the ion beam of �ight.

Data sheet 1: Particles 1-64

Data sheet 2: Particles 65-128

Data sheet 3: Particles 196-192

Data sheet 4: Particles 193-256

Data sheet 5: Particles 257-320

Data sheet 6: Particles 321-384

Data sheet 7: Particles 385-448

Data sheet 8: Particles 449-500
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
1 5 2 , 1 5 0 2 - 3 8 4 2 2 , 1 2 1 1 2 , 1 5 0 2 - 2 , 8 7 8 9
2 4 8 , 1 1 8 6 - 3 8 4 2 3 , 9 9 6 2 - 1 , 8 8 1 4 - 1 , 0 0 3 8
3 4 9 , 1 9 2 - 3 8 4 2 4 , 0 0 5 1 - 0 , 8 0 8 - 0 , 9 9 4 9
4 4 8 , 9 2 8 6 - 3 8 4 2 4 , 0 5 0 1 - 1 , 0 7 1 4 - 0 , 9 4 9 9
5 5 0 , 6 1 6 - 3 8 4 2 4 , 3 9 4 9 0 , 6 1 6 - 0 , 6 0 5 1
6 5 1 , 3 5 8 3 - 3 8 4 2 4 , 9 4 6 1 1 , 3 5 8 3 - 0 , 0 5 3 9
7 4 9 , 7 5 8 3 - 3 8 4 2 4 , 6 9 1 6 - 0 , 2 4 1 7 - 0 , 3 0 8 4
8 4 9 , 4 4 1 8 - 3 8 4 2 0 , 8 9 4 3 - 0 , 5 5 8 2 - 4 , 1 0 5 7
9 4 9 , 0 2 0 1 - 3 8 4 2 1 , 9 9 7 5 - 0 , 9 7 9 9 - 3 , 0 0 2 5

1 0 4 8 , 8 2 1 4 - 3 8 4 2 0 , 9 8 2 - 1 , 1 7 8 6 - 4 , 0 1 8
1 1 5 1 , 6 4 4 8 - 3 8 4 2 1 , 7 7 0 4 1 , 6 4 4 8 - 3 , 2 2 9 6
1 2 5 0 , 1 4 4 1 - 3 8 4 2 3 , 3 3 1 3 0 , 1 4 4 1 - 1 , 6 6 8 7
1 3 4 9 , 9 6 3 - 3 8 4 2 1 , 0 1 4 6 - 0 , 0 3 7 - 3 , 9 8 5 4
1 4 4 9 , 0 7 5 2 - 3 8 4 2 3 , 5 8 5 5 - 0 , 9 2 4 8 - 1 , 4 1 4 5
1 5 4 8 , 5 3 9 9 - 3 8 4 2 3 , 4 6 9 - 1 , 4 6 0 1 - 1 , 5 3 1
1 6 4 9 , 3 1 8 8 - 3 8 4 2 3 , 2 0 4 - 0 , 6 8 1 2 - 1 , 7 9 6
1 7 4 7 , 9 3 9 6 - 3 8 4 2 2 , 1 2 2 7 - 2 , 0 6 0 4 - 2 , 8 7 7 3
1 8 5 0 , 5 7 2 7 - 3 8 4 2 5 , 3 0 7 4 0 , 5 7 2 7 0 , 3 0 7 4
1 9 4 7 , 9 7 8 - 3 8 4 2 2 , 9 7 2 8 - 2 , 0 2 2 - 2 , 0 2 7 2
2 0 5 2 , 3 1 0 6 - 3 8 4 2 1 , 6 4 8 8 2 , 3 1 0 6 - 3 , 3 5 1 2
2 1 4 8 , 9 6 9 1 - 3 8 4 2 0 , 8 8 9 2 - 1 , 0 3 0 9 - 4 , 1 1 0 8
2 2 5 0 , 2 2 5 2 - 3 8 4 2 4 , 6 4 6 7 0 , 2 2 5 2 - 0 , 3 5 3 3
2 3 4 9 , 1 5 2 2 - 3 8 4 2 3 , 2 8 5 9 - 0 , 8 4 7 8 - 1 , 7 1 4 1
2 4 5 2 , 0 4 5 4 - 3 8 4 2 4 , 3 9 1 2 , 0 4 5 4 - 0 , 6 0 9
2 5 4 9 , 2 5 4 5 - 3 8 4 2 3 , 5 7 6 1 - 0 , 7 4 5 5 - 1 , 4 2 3 9
2 6 4 8 , 2 1 5 - 3 8 4 2 3 , 6 2 8 8 - 1 , 7 8 5 - 1 , 3 7 1 2
2 7 4 8 , 1 7 4 4 - 3 8 4 2 4 , 0 8 7 9 - 1 , 8 2 5 6 - 0 , 9 1 2 1
2 8 5 1 , 9 4 9 3 - 3 8 4 2 4 , 1 8 9 1 , 9 4 9 3 - 0 , 8 1 1
2 9 4 8 , 2 8 2 9 - 3 8 4 2 4 , 0 9 5 3 - 1 , 7 1 7 1 - 0 , 9 0 4 7
3 0 5 2 , 4 3 4 8 - 3 8 4 2 3 , 7 0 3 9 2 , 4 3 4 8 - 1 , 2 9 6 1
3 1 4 9 , 7 8 1 5 - 3 8 4 2 1 , 9 3 1 - 0 , 2 1 8 5 - 3 , 0 6 9
3 2 5 0 , 7 0 0 4 - 3 8 4 2 2 , 2 8 7 9 0 , 7 0 0 4 - 2 , 7 1 2 1
3 3 4 9 , 4 4 6 5 - 3 8 4 2 4 , 7 0 6 - 0 , 5 5 3 5 - 0 , 2 9 4
3 4 5 2 , 6 8 - 3 8 4 2 2 , 8 1 2 4 2 , 6 8 - 2 , 1 8 7 6
3 5 4 8 , 0 5 6 9 - 3 8 4 2 2 , 8 0 5 8 - 1 , 9 4 3 1 - 2 , 1 9 4 2
3 6 4 8 , 1 0 4 5 - 3 8 4 2 4 , 2 6 2 7 - 1 , 8 9 5 5 - 0 , 7 3 7 3
3 7 4 9 , 2 1 8 - 3 8 4 2 3 , 3 4 8 1 - 0 , 7 8 2 - 1 , 6 5 1 9
3 8 5 0 , 3 6 7 6 - 3 8 4 2 5 , 1 4 3 6 0 , 3 6 7 6 0 , 1 4 3 6
3 9 5 1 , 4 4 0 8 - 3 8 4 2 4 , 0 5 1 3 1 , 4 4 0 8 - 0 , 9 4 8 7
4 0 4 9 , 5 5 4 - 3 8 4 2 3 , 5 0 5 5 - 0 , 4 4 6 - 1 , 4 9 4 5
4 1 4 9 , 0 6 3 7 - 3 8 4 2 2 , 5 2 9 9 - 0 , 9 3 6 3 - 2 , 4 7 0 1
4 2 4 8 , 1 8 2 3 - 3 8 4 2 3 , 6 6 4 2 - 1 , 8 1 7 7 - 1 , 3 3 5 8
4 3 5 0 , 7 3 0 4 - 3 8 4 2 3 , 0 4 7 6 0 , 7 3 0 4 - 1 , 9 5 2 4
4 4 4 8 , 9 6 3 6 - 3 8 4 2 5 , 0 9 3 1 - 1 , 0 3 6 4 0 , 0 9 3 1
4 5 4 8 , 1 7 5 8 - 3 8 4 2 2 , 9 1 3 2 - 1 , 8 2 4 2 - 2 , 0 8 6 8
4 6 4 8 , 8 8 9 1 - 3 8 4 2 1 , 3 0 6 6 - 1 , 1 1 0 9 - 3 , 6 9 3 4
4 7 5 0 , 9 8 9 2 - 3 8 4 2 1 , 3 9 0 5 0 , 9 8 9 2 - 3 , 6 0 9 5
4 8 5 2 , 9 9 4 7 - 3 8 4 2 4 , 2 1 3 7 2 , 9 9 4 7 - 0 , 7 8 6 3
4 9 4 9 , 1 2 5 - 3 8 4 2 1 , 5 3 1 9 - 0 , 8 7 5 - 3 , 4 6 8 1
5 0 5 0 , 5 9 7 1 - 3 8 4 2 5 , 5 8 7 9 0 , 5 9 7 1 0 , 5 8 7 9
5 1 4 8 , 1 4 8 2 - 3 8 4 2 3 , 4 1 5 4 - 1 , 8 5 1 8 - 1 , 5 8 4 6
5 2 4 9 , 5 8 0 1 - 3 8 4 2 3 , 3 8 6 3 - 0 , 4 1 9 9 - 1 , 6 1 3 7
5 3 4 9 , 5 1 5 3 - 3 8 4 2 5 , 4 2 8 3 - 0 , 4 8 4 7 0 , 4 2 8 3
5 4 4 7 , 9 1 9 2 - 3 8 4 2 3 , 1 2 5 1 - 2 , 0 8 0 8 - 1 , 8 7 4 9
5 5 5 1 , 0 1 3 4 - 3 8 4 2 2 , 3 6 7 8 1 , 0 1 3 4 - 2 , 6 3 2 2
5 6 5 0 , 7 4 3 9 - 3 8 4 2 3 , 7 1 8 2 0 , 7 4 3 9 - 1 , 2 8 1 8
5 7 4 8 , 0 8 1 7 - 3 8 4 2 4 , 1 7 9 6 - 1 , 9 1 8 3 - 0 , 8 2 0 4
5 8 4 9 , 4 7 8 3 - 3 8 4 2 5 , 0 6 4 3 - 0 , 5 2 1 7 0 , 0 6 4 3
5 9 5 2 , 7 2 0 3 - 3 8 4 2 3 , 1 6 3 8 2 , 7 2 0 3 - 1 , 8 3 6 2
6 0 4 9 , 3 0 3 4 - 3 8 4 2 1 , 3 5 9 7 - 0 , 6 9 6 6 - 3 , 6 4 0 3
6 1 5 1 , 3 9 2 2 - 3 8 4 2 2 , 3 5 5 6 1 , 3 9 2 2 - 2 , 6 4 4 4
6 2 4 9 , 8 5 3 3 - 3 8 4 2 3 , 6 8 5 6 - 0 , 1 4 6 7 - 1 , 3 1 4 4
6 3 4 8 , 0 6 4 1 - 3 8 4 2 4 , 2 5 4 9 - 1 , 9 3 5 9 - 0 , 7 4 5 1
6 4 4 9 , 5 6 8 3 - 3 8 4 2 3 , 2 1 6 3 - 0 , 4 3 1 7 - 1 , 7 8 3 7
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
6 5 5 0 , 6 0 1 7 - 3 8 4 2 2 , 1 8 8 5 0 , 6 0 1 7 - 2 , 8 1 1 5
6 6 4 9 , 3 9 8 4 - 3 8 4 2 4 , 0 4 7 2 - 0 , 6 0 1 6 - 0 , 9 5 2 8
6 7 4 8 , 5 2 1 5 - 3 8 4 2 2 , 6 4 4 - 1 , 4 7 8 5 - 2 , 3 5 6
6 8 5 1 , 0 1 7 8 - 3 8 4 2 1 , 7 1 3 7 1 , 0 1 7 8 - 3 , 2 8 6 3
6 9 4 8 , 1 2 2 3 - 3 8 4 2 1 , 8 7 9 8 - 1 , 8 7 7 7 - 3 , 1 2 0 2
7 0 4 8 , 9 2 2 8 - 3 8 4 2 1 , 5 9 0 3 - 1 , 0 7 7 2 - 3 , 4 0 9 7
7 1 4 8 , 2 6 7 4 - 3 8 4 2 3 , 3 0 5 5 - 1 , 7 3 2 6 - 1 , 6 9 4 5
7 2 5 1 , 6 9 6 4 - 3 8 4 2 4 , 9 0 2 1 , 6 9 6 4 - 0 , 0 9 8
7 3 5 1 , 4 3 2 7 - 3 8 4 2 5 , 1 2 1 4 1 , 4 3 2 7 0 , 1 2 1 4
7 4 5 3 , 0 5 7 7 - 3 8 4 2 4 , 2 6 8 3 3 , 0 5 7 7 - 0 , 7 3 1 7
7 5 4 8 , 8 0 1 1 - 3 8 4 2 1 , 1 9 1 - 1 , 1 9 8 9 - 3 , 8 0 9
7 6 4 9 , 1 5 4 9 - 3 8 4 2 4 , 1 9 3 2 - 0 , 8 4 5 1 - 0 , 8 0 6 8
7 7 5 2 , 4 2 7 7 - 3 8 4 2 2 , 4 2 5 8 2 , 4 2 7 7 - 2 , 5 7 4 2
7 8 4 9 , 2 1 9 3 - 3 8 4 2 4 , 1 6 6 - 0 , 7 8 0 7 - 0 , 8 3 4
7 9 5 1 , 4 7 2 7 - 3 8 4 2 4 , 7 2 7 3 1 , 4 7 2 7 - 0 , 2 7 2 7
8 0 4 8 , 0 2 4 2 - 3 8 4 2 3 , 6 3 3 9 - 1 , 9 7 5 8 - 1 , 3 6 6 1
8 1 4 8 , 2 2 6 - 3 8 4 2 4 , 2 2 2 8 - 1 , 7 7 4 - 0 , 7 7 7 2
8 2 5 1 , 4 2 2 9 - 3 8 4 2 2 , 7 8 4 3 1 , 4 2 2 9 - 2 , 2 1 5 7
8 3 4 8 , 0 4 8 3 - 3 8 4 2 3 , 7 6 7 1 - 1 , 9 5 1 7 - 1 , 2 3 2 9
8 4 5 2 , 9 0 0 8 - 3 8 4 2 4 , 2 8 6 3 2 , 9 0 0 8 - 0 , 7 1 3 7
8 5 5 0 , 4 2 8 3 - 3 8 4 2 1 , 5 3 8 6 0 , 4 2 8 3 - 3 , 4 6 1 4
8 6 5 0 , 6 8 7 9 - 3 8 4 2 2 , 0 4 9 0 , 6 8 7 9 - 2 , 9 5 1
8 7 4 8 , 2 3 1 9 - 3 8 4 2 5 , 1 0 5 9 - 1 , 7 6 8 1 0 , 1 0 5 9
8 8 4 7 , 9 9 5 1 - 3 8 4 2 1 , 8 9 5 7 - 2 , 0 0 4 9 - 3 , 1 0 4 3
8 9 4 8 , 7 5 1 1 - 3 8 4 2 2 , 8 2 6 3 - 1 , 2 4 8 9 - 2 , 1 7 3 7
9 0 4 9 , 2 2 2 3 - 3 8 4 2 3 , 5 2 5 9 - 0 , 7 7 7 7 - 1 , 4 7 4 1
9 1 5 2 , 3 5 6 7 - 3 8 4 2 1 , 9 5 0 3 2 , 3 5 6 7 - 3 , 0 4 9 7
9 2 4 8 , 4 8 5 7 - 3 8 4 2 3 , 4 5 6 6 - 1 , 5 1 4 3 - 1 , 5 4 3 4
9 3 5 0 , 2 4 4 1 - 3 8 4 2 3 , 4 8 0 1 0 , 2 4 4 1 - 1 , 5 1 9 9
9 4 4 8 , 1 7 3 6 - 3 8 4 2 4 , 0 3 6 5 - 1 , 8 2 6 4 - 0 , 9 6 3 5
9 5 5 1 , 6 7 9 9 - 3 8 4 2 2 , 4 4 8 3 1 , 6 7 9 9 - 2 , 5 5 1 7
9 6 4 9 , 5 6 0 5 - 3 8 4 2 2 , 9 3 9 5 - 0 , 4 3 9 5 - 2 , 0 6 0 5
9 7 4 8 , 9 9 3 1 - 3 8 4 2 5 , 4 6 3 7 - 1 , 0 0 6 9 0 , 4 6 3 7
9 8 5 0 , 2 8 1 6 - 3 8 4 2 4 , 3 6 2 6 0 , 2 8 1 6 - 0 , 6 3 7 4
9 9 4 9 , 2 2 8 7 - 3 8 4 2 4 , 2 5 4 7 - 0 , 7 7 1 3 - 0 , 7 4 5 3

1 0 0 5 0 , 1 0 7 - 3 8 4 2 3 , 3 0 9 1 0 , 1 0 7 - 1 , 6 9 0 9
1 0 1 5 0 , 8 1 7 4 - 3 8 4 2 4 , 6 6 9 2 0 , 8 1 7 4 - 0 , 3 3 0 8
1 0 2 5 2 , 1 3 8 - 3 8 4 2 3 , 3 6 3 5 2 , 1 3 8 - 1 , 6 3 6 5
1 0 3 4 7 , 9 0 5 - 3 8 4 2 2 , 3 2 5 8 - 2 , 0 9 5 - 2 , 6 7 4 2
1 0 4 5 0 , 8 8 4 6 - 3 8 4 2 2 , 1 4 3 3 0 , 8 8 4 6 - 2 , 8 5 6 7
1 0 5 5 0 , 4 6 2 - 3 8 4 2 1 , 4 0 7 9 0 , 4 6 2 - 3 , 5 9 2 1
1 0 6 4 9 , 5 5 9 8 - 3 8 4 2 2 , 0 7 1 8 - 0 , 4 4 0 2 - 2 , 9 2 8 2
1 0 7 4 8 , 0 9 4 2 - 3 8 4 2 1 , 3 5 9 - 1 , 9 0 5 8 - 3 , 6 4 1
1 0 8 4 9 , 1 9 4 6 - 3 8 4 2 4 , 5 6 5 - 0 , 8 0 5 4 - 0 , 4 3 5
1 0 9 4 9 , 3 8 0 3 - 3 8 4 2 3 , 7 2 2 7 - 0 , 6 1 9 7 - 1 , 2 7 7 3
1 1 0 4 9 , 2 3 8 1 - 3 8 4 2 5 , 3 7 0 2 - 0 , 7 6 1 9 0 , 3 7 0 2
1 1 1 4 8 , 8 9 5 - 3 8 4 2 5 , 4 9 0 8 - 1 , 1 0 5 0 , 4 9 0 8
1 1 2 4 9 , 3 0 6 6 - 3 8 4 2 2 , 9 5 4 9 - 0 , 6 9 3 4 - 2 , 0 4 5 1
1 1 3 5 0 , 3 4 6 2 - 3 8 4 2 5 , 3 9 6 9 0 , 3 4 6 2 0 , 3 9 6 9
1 1 4 4 8 , 1 6 0 8 - 3 8 4 2 2 , 8 0 7 3 - 1 , 8 3 9 2 - 2 , 1 9 2 7
1 1 5 5 0 , 2 3 4 3 - 3 8 4 2 3 , 1 9 9 4 0 , 2 3 4 3 - 1 , 8 0 0 6
1 1 6 4 9 , 0 1 9 5 - 3 8 4 2 1 , 5 4 7 5 - 0 , 9 8 0 5 - 3 , 4 5 2 5
1 1 7 4 8 , 1 2 9 - 3 8 4 2 2 , 3 3 1 4 - 1 , 8 7 1 - 2 , 6 6 8 6
1 1 8 4 8 , 6 5 3 - 3 8 4 2 5 , 2 5 2 5 - 1 , 3 4 7 0 , 2 5 2 5
1 1 9 5 1 , 3 0 0 9 - 3 8 4 2 4 , 4 5 0 6 1 , 3 0 0 9 - 0 , 5 4 9 4
1 2 0 4 9 , 3 9 8 3 - 3 8 4 2 4 , 4 9 3 6 - 0 , 6 0 1 7 - 0 , 5 0 6 4
1 2 1 4 9 , 5 4 6 9 - 3 8 4 2 5 , 5 1 8 2 - 0 , 4 5 3 1 0 , 5 1 8 2
1 2 2 4 8 , 2 1 7 5 - 3 8 4 2 3 , 1 5 0 9 - 1 , 7 8 2 5 - 1 , 8 4 9 1
1 2 3 5 1 , 8 9 1 9 - 3 8 4 2 3 , 5 9 4 9 1 , 8 9 1 9 - 1 , 4 0 5 1
1 2 4 5 0 , 9 5 6 5 - 3 8 4 2 4 , 3 5 1 0 , 9 5 6 5 - 0 , 6 4 9
1 2 5 5 2 , 7 1 1 - 3 8 4 2 2 , 4 0 0 1 2 , 7 1 1 - 2 , 5 9 9 9
1 2 6 4 8 , 1 6 4 5 - 3 8 4 2 3 , 6 6 3 5 - 1 , 8 3 5 5 - 1 , 3 3 6 5
1 2 7 5 0 , 0 4 4 - 3 8 4 2 0 , 8 9 7 3 0 , 0 4 4 - 4 , 1 0 2 7
1 2 8 4 8 , 3 4 5 9 - 3 8 4 2 4 , 9 8 3 4 - 1 , 6 5 4 1 - 0 , 0 1 6 6
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
1 2 9 4 8 , 3 0 4 1 - 3 8 4 2 4 , 4 6 8 1 - 1 , 6 9 5 9 - 0 , 5 3 1 9
1 3 0 4 9 , 5 9 9 8 - 3 8 4 2 2 , 4 2 8 9 - 0 , 4 0 0 2 - 2 , 5 7 1 1
1 3 1 5 1 , 0 3 2 3 - 3 8 4 2 5 , 4 3 3 1 1 , 0 3 2 3 0 , 4 3 3 1
1 3 2 5 1 , 2 9 5 9 - 3 8 4 2 4 , 2 2 8 1 , 2 9 5 9 - 0 , 7 7 2
1 3 3 4 8 , 0 2 2 1 - 3 8 4 2 2 , 0 5 4 - 1 , 9 7 7 9 - 2 , 9 4 6
1 3 4 4 8 , 4 9 4 5 - 3 8 4 2 3 , 5 2 5 9 - 1 , 5 0 5 5 - 1 , 4 7 4 1
1 3 5 5 1 , 5 8 0 8 - 3 8 4 2 4 , 3 8 9 7 1 , 5 8 0 8 - 0 , 6 1 0 3
1 3 6 5 0 , 1 0 5 6 - 3 8 4 2 1 , 9 1 4 1 0 , 1 0 5 6 - 3 , 0 8 5 9
1 3 7 5 0 , 1 3 3 3 - 3 8 4 2 1 , 6 0 8 9 0 , 1 3 3 3 - 3 , 3 9 1 1
1 3 8 4 9 , 2 2 1 9 - 3 8 4 2 4 , 1 3 9 3 - 0 , 7 7 8 1 - 0 , 8 6 0 7
1 3 9 4 9 , 5 6 4 9 - 3 8 4 2 4 , 8 8 5 9 - 0 , 4 3 5 1 - 0 , 1 1 4 1
1 4 0 5 2 , 5 2 4 8 - 3 8 4 2 1 , 7 6 8 2 2 , 5 2 4 8 - 3 , 2 3 1 8
1 4 1 5 0 , 6 2 1 4 - 3 8 4 2 2 , 9 6 4 4 0 , 6 2 1 4 - 2 , 0 3 5 6
1 4 2 4 9 , 1 9 8 3 - 3 8 4 2 3 , 4 7 8 6 - 0 , 8 0 1 7 - 1 , 5 2 1 4
1 4 3 4 9 , 1 5 3 - 3 8 4 2 3 , 5 3 0 8 - 0 , 8 4 7 - 1 , 4 6 9 2
1 4 4 4 9 , 4 0 1 9 - 3 8 4 2 3 , 6 5 2 3 - 0 , 5 9 8 1 - 1 , 3 4 7 7
1 4 5 4 9 , 7 8 1 1 - 3 8 4 2 2 , 7 6 0 2 - 0 , 2 1 8 9 - 2 , 2 3 9 8
1 4 6 4 9 , 0 9 9 7 - 3 8 4 2 3 , 7 6 9 3 - 0 , 9 0 0 3 - 1 , 2 3 0 7
1 4 7 4 8 , 9 4 9 2 - 3 8 4 2 3 , 7 3 3 6 - 1 , 0 5 0 8 - 1 , 2 6 6 4
1 4 8 5 0 , 1 2 1 1 - 3 8 4 2 1 , 3 2 2 2 0 , 1 2 1 1 - 3 , 6 7 7 8
1 4 9 4 9 , 2 8 6 1 - 3 8 4 2 4 , 7 7 9 5 - 0 , 7 1 3 9 - 0 , 2 2 0 5
1 5 0 4 9 , 0 7 3 4 - 3 8 4 2 4 , 6 4 2 3 - 0 , 9 2 6 6 - 0 , 3 5 7 7
1 5 1 4 8 , 5 7 5 8 - 3 8 4 2 3 , 8 7 7 4 - 1 , 4 2 4 2 - 1 , 1 2 2 6
1 5 2 4 8 , 7 4 2 9 - 3 8 4 2 0 , 7 7 2 7 - 1 , 2 5 7 1 - 4 , 2 2 7 3
1 5 3 4 9 , 1 7 3 2 - 3 8 4 2 3 , 6 7 1 7 - 0 , 8 2 6 8 - 1 , 3 2 8 3
1 5 4 4 9 , 0 8 1 9 - 3 8 4 2 4 , 4 5 7 8 - 0 , 9 1 8 1 - 0 , 5 4 2 2
1 5 5 4 8 , 4 9 9 4 - 3 8 4 2 3 , 2 7 9 2 - 1 , 5 0 0 6 - 1 , 7 2 0 8
1 5 6 4 9 , 2 7 1 5 - 3 8 4 2 2 , 2 2 9 4 - 0 , 7 2 8 5 - 2 , 7 7 0 6
1 5 7 5 3 , 1 2 0 6 - 3 8 4 2 3 , 8 9 8 5 3 , 1 2 0 6 - 1 , 1 0 1 5
1 5 8 5 2 , 7 6 1 5 - 3 8 4 2 2 , 9 5 0 7 2 , 7 6 1 5 - 2 , 0 4 9 3
1 5 9 4 9 , 0 1 2 4 - 3 8 4 2 1 , 9 2 8 8 - 0 , 9 8 7 6 - 3 , 0 7 1 2
1 6 0 4 8 , 1 3 9 8 - 3 8 4 2 2 , 0 9 3 9 - 1 , 8 6 0 2 - 2 , 9 0 6 1
1 6 1 4 8 , 8 9 8 9 - 3 8 4 2 5 , 3 3 1 2 - 1 , 1 0 1 1 0 , 3 3 1 2
1 6 2 5 1 , 9 5 6 3 - 3 8 4 2 4 , 2 4 4 7 1 , 9 5 6 3 - 0 , 7 5 5 3
1 6 3 4 8 , 7 2 9 4 - 3 8 4 2 0 , 8 2 7 8 - 1 , 2 7 0 6 - 4 , 1 7 2 2
1 6 4 4 8 , 4 8 7 - 3 8 4 2 1 , 6 7 5 9 - 1 , 5 1 3 - 3 , 3 2 4 1
1 6 5 4 8 , 0 4 4 - 3 8 4 2 1 , 0 8 8 9 - 1 , 9 5 6 - 3 , 9 1 1 1
1 6 6 5 1 , 7 3 3 - 3 8 4 2 1 , 4 9 8 6 1 , 7 3 3 - 3 , 5 0 1 4
1 6 7 4 9 , 2 5 8 3 - 3 8 4 2 2 , 0 4 3 9 - 0 , 7 4 1 7 - 2 , 9 5 6 1
1 6 8 4 7 , 9 3 0 8 - 3 8 4 2 2 , 6 9 3 - 2 , 0 6 9 2 - 2 , 3 0 7
1 6 9 4 9 , 4 4 9 3 - 3 8 4 2 0 , 8 7 5 - 0 , 5 5 0 7 - 4 , 1 2 5
1 7 0 5 0 , 5 6 8 2 - 3 8 4 2 2 , 7 5 0 9 0 , 5 6 8 2 - 2 , 2 4 9 1
1 7 1 4 9 , 2 3 0 5 - 3 8 4 2 2 , 9 4 4 3 - 0 , 7 6 9 5 - 2 , 0 5 5 7
1 7 2 5 1 , 5 4 0 7 - 3 8 4 2 4 , 9 7 5 2 1 , 5 4 0 7 - 0 , 0 2 4 8
1 7 3 5 3 , 3 6 3 3 - 3 8 4 2 3 , 1 7 7 5 3 , 3 6 3 3 - 1 , 8 2 2 5
1 7 4 5 1 , 5 0 5 6 - 3 8 4 2 4 , 7 1 7 1 1 , 5 0 5 6 - 0 , 2 8 2 9
1 7 5 4 7 , 9 7 8 1 - 3 8 4 2 2 , 5 7 7 7 - 2 , 0 2 1 9 - 2 , 4 2 2 3
1 7 6 4 9 , 7 8 7 9 - 3 8 4 2 1 , 0 4 3 4 - 0 , 2 1 2 1 - 3 , 9 5 6 6
1 7 7 4 8 , 3 6 3 2 - 3 8 4 2 1 , 2 8 5 7 - 1 , 6 3 6 8 - 3 , 7 1 4 3
1 7 8 4 8 , 0 4 3 9 - 3 8 4 2 2 , 5 9 1 5 - 1 , 9 5 6 1 - 2 , 4 0 8 5
1 7 9 4 9 , 5 6 9 9 - 3 8 4 2 3 , 0 5 0 6 - 0 , 4 3 0 1 - 1 , 9 4 9 4
1 8 0 5 0 , 5 0 7 4 - 3 8 4 2 2 , 4 9 5 9 0 , 5 0 7 4 - 2 , 5 0 4 1
1 8 1 4 8 , 1 6 3 3 - 3 8 4 2 4 , 1 8 7 4 - 1 , 8 3 6 7 - 0 , 8 1 2 6
1 8 2 4 8 , 2 2 7 3 - 3 8 4 2 3 , 8 9 3 6 - 1 , 7 7 2 7 - 1 , 1 0 6 4
1 8 3 5 1 , 3 8 5 8 - 3 8 4 2 2 , 0 1 7 6 1 , 3 8 5 8 - 2 , 9 8 2 4
1 8 4 5 0 , 7 0 3 6 - 3 8 4 2 2 , 4 8 3 4 0 , 7 0 3 6 - 2 , 5 1 6 6
1 8 5 4 8 , 0 2 2 3 - 3 8 4 2 2 , 4 7 8 6 - 1 , 9 7 7 7 - 2 , 5 2 1 4
1 8 6 4 8 , 9 8 5 6 - 3 8 4 2 1 , 2 8 9 9 - 1 , 0 1 4 4 - 3 , 7 1 0 1
1 8 7 5 1 , 5 3 1 4 - 3 8 4 2 4 , 3 8 7 4 1 , 5 3 1 4 - 0 , 6 1 2 6
1 8 8 4 8 , 0 5 1 5 - 3 8 4 2 1 , 0 0 7 3 - 1 , 9 4 8 5 - 3 , 9 9 2 7
1 8 9 5 1 , 8 8 7 2 - 3 8 4 2 1 , 5 2 8 7 1 , 8 8 7 2 - 3 , 4 7 1 3
1 9 0 4 9 , 4 3 3 1 - 3 8 4 2 4 , 5 4 8 6 - 0 , 5 6 6 9 - 0 , 4 5 1 4
1 9 1 4 9 , 3 2 3 7 - 3 8 4 2 3 , 3 5 9 9 - 0 , 6 7 6 3 - 1 , 6 4 0 1
1 9 2 5 0 , 3 0 2 8 - 3 8 4 2 3 , 7 9 3 4 0 , 3 0 2 8 - 1 , 2 0 6 6
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
1 9 3 4 9 , 1 3 2 5 - 3 8 4 2 3 , 6 3 8 4 - 0 , 8 6 7 5 - 1 , 3 6 1 6
1 9 4 4 8 , 1 0 7 7 - 3 8 4 2 2 , 5 0 5 9 - 1 , 8 9 2 3 - 2 , 4 9 4 1
1 9 5 5 0 , 7 1 6 2 - 3 8 4 2 2 , 3 6 2 2 0 , 7 1 6 2 - 2 , 6 3 7 8
1 9 6 4 9 , 3 0 9 6 - 3 8 4 2 5 , 5 8 2 6 - 0 , 6 9 0 4 0 , 5 8 2 6
1 9 7 4 9 , 3 4 0 5 - 3 8 4 2 3 , 5 7 7 3 - 0 , 6 5 9 5 - 1 , 4 2 2 7
1 9 8 5 1 , 1 3 4 9 - 3 8 4 2 1 , 7 1 7 4 1 , 1 3 4 9 - 3 , 2 8 2 6
1 9 9 4 9 , 0 5 2 7 - 3 8 4 2 3 , 6 8 7 2 - 0 , 9 4 7 3 - 1 , 3 1 2 8
2 0 0 4 8 , 1 2 4 8 - 3 8 4 2 2 , 1 8 9 9 - 1 , 8 7 5 2 - 2 , 8 1 0 1
2 0 1 5 1 , 9 4 2 9 - 3 8 4 2 3 , 6 1 6 6 1 , 9 4 2 9 - 1 , 3 8 3 4
2 0 2 5 2 , 8 9 3 7 - 3 8 4 2 2 , 6 3 6 1 2 , 8 9 3 7 - 2 , 3 6 3 9
2 0 3 4 8 , 5 6 9 1 - 3 8 4 2 3 , 1 7 3 - 1 , 4 3 0 9 - 1 , 8 2 7
2 0 4 4 8 , 2 4 1 5 - 3 8 4 2 4 , 0 8 7 8 - 1 , 7 5 8 5 - 0 , 9 1 2 2
2 0 5 4 8 , 2 1 0 8 - 3 8 4 2 3 , 2 8 3 2 - 1 , 7 8 9 2 - 1 , 7 1 6 8
2 0 6 4 8 , 0 5 7 7 - 3 8 4 2 2 , 3 7 3 1 - 1 , 9 4 2 3 - 2 , 6 2 6 9
2 0 7 5 0 , 2 3 7 9 - 3 8 4 2 3 , 1 0 9 2 0 , 2 3 7 9 - 1 , 8 9 0 8
2 0 8 4 9 , 6 7 0 6 - 3 8 4 2 5 , 1 9 8 4 - 0 , 3 2 9 4 0 , 1 9 8 4
2 0 9 5 0 , 6 5 1 9 - 3 8 4 2 2 , 2 1 5 2 0 , 6 5 1 9 - 2 , 7 8 4 8
2 1 0 4 8 , 3 8 2 5 - 3 8 4 2 0 , 8 9 1 2 - 1 , 6 1 7 5 - 4 , 1 0 8 8
2 1 1 4 8 , 9 5 1 9 - 3 8 4 2 2 , 5 3 7 5 - 1 , 0 4 8 1 - 2 , 4 6 2 5
2 1 2 4 8 , 3 8 8 2 - 3 8 4 2 5 , 0 1 9 2 - 1 , 6 1 1 8 0 , 0 1 9 2
2 1 3 4 8 , 9 6 - 3 8 4 2 1 , 8 0 0 4 - 1 , 0 4 - 3 , 1 9 9 6
2 1 4 4 8 , 0 5 4 2 - 3 8 4 2 3 , 1 7 1 6 - 1 , 9 4 5 8 - 1 , 8 2 8 4
2 1 5 4 8 , 9 2 5 8 - 3 8 4 2 3 , 8 9 2 7 - 1 , 0 7 4 2 - 1 , 1 0 7 3
2 1 6 4 9 , 3 9 3 2 - 3 8 4 2 1 , 4 4 9 3 - 0 , 6 0 6 8 - 3 , 5 5 0 7
2 1 7 5 2 , 1 8 3 5 - 3 8 4 2 4 , 0 6 6 4 2 , 1 8 3 5 - 0 , 9 3 3 6
2 1 8 5 0 , 4 5 8 7 - 3 8 4 2 3 , 5 8 8 2 0 , 4 5 8 7 - 1 , 4 1 1 8
2 1 9 5 1 , 4 6 5 9 - 3 8 4 2 3 , 9 6 1 3 1 , 4 6 5 9 - 1 , 0 3 8 7
2 2 0 5 0 , 6 1 0 8 - 3 8 4 2 1 , 1 7 1 1 0 , 6 1 0 8 - 3 , 8 2 8 9
2 2 1 4 8 , 2 7 8 - 3 8 4 2 3 , 8 9 5 1 - 1 , 7 2 2 - 1 , 1 0 4 9
2 2 2 4 9 , 5 6 7 1 - 3 8 4 2 4 , 7 7 4 1 - 0 , 4 3 2 9 - 0 , 2 2 5 9
2 2 3 5 1 , 2 9 2 6 - 3 8 4 2 4 , 2 8 4 4 1 , 2 9 2 6 - 0 , 7 1 5 6
2 2 4 4 8 , 1 0 9 9 - 3 8 4 2 1 , 6 1 8 9 - 1 , 8 9 0 1 - 3 , 3 8 1 1
2 2 5 4 9 , 4 2 0 8 - 3 8 4 2 1 , 2 4 8 8 - 0 , 5 7 9 2 - 3 , 7 5 1 2
2 2 6 5 0 , 7 6 7 - 3 8 4 2 4 , 0 3 8 5 0 , 7 6 7 - 0 , 9 6 1 5
2 2 7 4 8 , 9 4 7 3 - 3 8 4 2 2 , 1 7 6 4 - 1 , 0 5 2 7 - 2 , 8 2 3 6
2 2 8 5 1 , 1 5 7 6 - 3 8 4 2 3 , 7 6 3 2 1 , 1 5 7 6 - 1 , 2 3 6 8
2 2 9 4 8 , 0 4 1 6 - 3 8 4 2 4 , 1 7 6 7 - 1 , 9 5 8 4 - 0 , 8 2 3 3
2 3 0 4 9 , 0 5 2 6 - 3 8 4 2 2 , 1 8 2 8 - 0 , 9 4 7 4 - 2 , 8 1 7 2
2 3 1 4 9 , 0 0 7 6 - 3 8 4 2 3 , 1 2 1 9 - 0 , 9 9 2 4 - 1 , 8 7 8 1
2 3 2 5 0 , 5 7 3 3 - 3 8 4 2 3 , 8 7 1 8 0 , 5 7 3 3 - 1 , 1 2 8 2
2 3 3 4 9 , 4 8 7 - 3 8 4 2 4 , 9 8 2 6 - 0 , 5 1 3 - 0 , 0 1 7 4
2 3 4 5 1 , 9 5 8 1 - 3 8 4 2 3 , 8 6 2 8 1 , 9 5 8 1 - 1 , 1 3 7 2
2 3 5 4 9 , 7 0 9 8 - 3 8 4 2 1 , 7 0 2 1 - 0 , 2 9 0 2 - 3 , 2 9 7 9
2 3 6 4 7 , 9 7 7 8 - 3 8 4 2 1 , 1 5 4 4 - 2 , 0 2 2 2 - 3 , 8 4 5 6
2 3 7 5 2 , 1 9 0 2 - 3 8 4 2 2 , 3 9 4 6 2 , 1 9 0 2 - 2 , 6 0 5 4
2 3 8 4 8 , 0 5 4 4 - 3 8 4 2 3 , 0 1 8 - 1 , 9 4 5 6 - 1 , 9 8 2
2 3 9 4 9 , 6 5 8 5 - 3 8 4 2 2 , 2 9 9 4 - 0 , 3 4 1 5 - 2 , 7 0 0 6
2 4 0 4 7 , 9 8 8 3 - 3 8 4 2 2 , 6 3 1 2 - 2 , 0 1 1 7 - 2 , 3 6 8 8
2 4 1 4 9 , 3 6 5 9 - 3 8 4 2 2 , 5 3 4 1 - 0 , 6 3 4 1 - 2 , 4 6 5 9
2 4 2 5 1 , 8 2 4 6 - 3 8 4 2 2 , 8 1 8 5 1 , 8 2 4 6 - 2 , 1 8 1 5
2 4 3 4 7 , 9 9 6 8 - 3 8 4 2 1 , 7 3 8 2 - 2 , 0 0 3 2 - 3 , 2 6 1 8
2 4 4 4 8 , 1 4 4 3 - 3 8 4 2 3 , 9 6 4 6 - 1 , 8 5 5 7 - 1 , 0 3 5 4
2 4 5 5 1 , 8 8 3 7 - 3 8 4 2 3 , 4 2 6 5 1 , 8 8 3 7 - 1 , 5 7 3 5
2 4 6 5 0 , 0 6 6 6 - 3 8 4 2 0 , 7 5 8 0 , 0 6 6 6 - 4 , 2 4 2
2 4 7 4 9 , 7 7 9 2 - 3 8 4 2 5 , 6 5 0 8 - 0 , 2 2 0 8 0 , 6 5 0 8
2 4 8 4 8 , 2 2 7 6 - 3 8 4 2 4 , 1 9 8 2 - 1 , 7 7 2 4 - 0 , 8 0 1 8
2 4 9 4 8 , 5 1 0 7 - 3 8 4 2 2 , 6 6 0 6 - 1 , 4 8 9 3 - 2 , 3 3 9 4
2 5 0 4 8 , 9 3 9 5 - 3 8 4 2 1 , 4 1 6 6 - 1 , 0 6 0 5 - 3 , 5 8 3 4
2 5 1 4 8 , 1 6 8 - 3 8 4 2 3 , 6 6 1 9 - 1 , 8 3 2 - 1 , 3 3 8 1
2 5 2 4 8 , 2 7 8 - 3 8 4 2 3 , 7 7 0 4 - 1 , 7 2 2 - 1 , 2 2 9 6
2 5 3 4 9 , 8 6 4 8 - 3 8 4 2 5 , 0 7 1 9 - 0 , 1 3 5 2 0 , 0 7 1 9
2 5 4 4 9 , 2 3 8 8 - 3 8 4 2 1 , 2 9 1 9 - 0 , 7 6 1 2 - 3 , 7 0 8 1
2 5 5 4 7 , 9 6 7 6 - 3 8 4 2 3 , 4 4 8 - 2 , 0 3 2 4 - 1 , 5 5 2
2 5 6 5 2 , 7 3 0 4 - 3 8 4 2 2 , 5 3 0 5 2 , 7 3 0 4 - 2 , 4 6 9 5
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
2 5 7 4 9 , 2 8 1 5 - 3 8 4 2 2 , 4 0 4 1 - 0 , 7 1 8 5 - 2 , 5 9 5 9
2 5 8 5 3 , 0 5 9 4 - 3 8 4 2 4 , 0 4 0 8 3 , 0 5 9 4 - 0 , 9 5 9 2
2 5 9 4 8 , 6 5 2 5 - 3 8 4 2 5 , 0 5 9 4 - 1 , 3 4 7 5 0 , 0 5 9 4
2 6 0 5 0 , 5 9 4 6 - 3 8 4 2 1 , 0 6 1 4 0 , 5 9 4 6 - 3 , 9 3 8 6
2 6 1 5 2 , 0 4 7 9 - 3 8 4 2 1 , 7 4 7 8 2 , 0 4 7 9 - 3 , 2 5 2 2
2 6 2 5 0 , 0 6 3 3 - 3 8 4 2 4 , 6 8 8 2 0 , 0 6 3 3 - 0 , 3 1 1 8
2 6 3 4 8 , 0 5 5 8 - 3 8 4 2 2 , 8 0 7 5 - 1 , 9 4 4 2 - 2 , 1 9 2 5
2 6 4 5 0 , 4 2 3 6 - 3 8 4 2 5 , 6 5 2 2 0 , 4 2 3 6 0 , 6 5 2 2
2 6 5 4 9 , 3 3 0 8 - 3 8 4 2 4 , 9 8 2 2 - 0 , 6 6 9 2 - 0 , 0 1 7 8
2 6 6 4 9 , 1 2 8 2 - 3 8 4 2 4 , 6 2 0 9 - 0 , 8 7 1 8 - 0 , 3 7 9 1
2 6 7 5 0 , 1 5 1 5 - 3 8 4 2 2 , 8 3 0 7 0 , 1 5 1 5 - 2 , 1 6 9 3
2 6 8 4 8 , 3 1 3 7 - 3 8 4 2 4 , 6 7 9 5 - 1 , 6 8 6 3 - 0 , 3 2 0 5
2 6 9 4 8 , 6 5 - 3 8 4 2 4 , 1 5 6 1 - 1 , 3 5 - 0 , 8 4 3 9
2 7 0 5 2 , 3 0 3 5 - 3 8 4 2 2 , 1 1 7 7 2 , 3 0 3 5 - 2 , 8 8 2 3
2 7 1 4 9 , 8 6 3 1 - 3 8 4 2 1 , 8 9 3 3 - 0 , 1 3 6 9 - 3 , 1 0 6 7
2 7 2 5 1 , 3 8 7 1 - 3 8 4 2 2 , 6 4 4 1 1 , 3 8 7 1 - 2 , 3 5 5 9
2 7 3 5 0 , 8 9 6 2 - 3 8 4 2 2 , 3 8 9 3 0 , 8 9 6 2 - 2 , 6 1 0 7
2 7 4 4 8 , 0 0 0 8 - 3 8 4 2 1 , 3 5 5 6 - 1 , 9 9 9 2 - 3 , 6 4 4 4
2 7 5 4 7 , 9 0 2 1 - 3 8 4 2 2 , 2 7 4 5 - 2 , 0 9 7 9 - 2 , 7 2 5 5
2 7 6 4 8 , 9 2 1 5 - 3 8 4 2 0 , 8 7 0 8 - 1 , 0 7 8 5 - 4 , 1 2 9 2
2 7 7 4 9 , 1 7 7 9 - 3 8 4 2 0 , 5 9 - 0 , 8 2 2 1 - 4 , 4 1
2 7 8 4 9 , 1 9 6 9 - 3 8 4 2 4 , 3 6 2 8 - 0 , 8 0 3 1 - 0 , 6 3 7 2
2 7 9 5 0 , 5 0 3 7 - 3 8 4 2 4 , 3 0 5 4 0 , 5 0 3 7 - 0 , 6 9 4 6
2 8 0 5 1 , 1 1 4 2 - 3 8 4 2 2 , 9 9 0 2 1 , 1 1 4 2 - 2 , 0 0 9 8
2 8 1 4 8 , 8 6 6 9 - 3 8 4 2 2 , 3 9 0 7 - 1 , 1 3 3 1 - 2 , 6 0 9 3
2 8 2 4 8 , 8 8 1 9 - 3 8 4 2 1 , 3 8 1 6 - 1 , 1 1 8 1 - 3 , 6 1 8 4
2 8 3 5 0 , 8 0 7 6 - 3 8 4 2 3 , 2 1 3 2 0 , 8 0 7 6 - 1 , 7 8 6 8
2 8 4 4 8 , 5 2 9 - 3 8 4 2 1 , 1 6 3 8 - 1 , 4 7 1 - 3 , 8 3 6 2
2 8 5 4 8 , 9 2 7 6 - 3 8 4 2 4 , 7 0 8 5 - 1 , 0 7 2 4 - 0 , 2 9 1 5
2 8 6 4 8 , 4 4 3 - 3 8 4 2 3 , 6 2 9 7 - 1 , 5 5 7 - 1 , 3 7 0 3
2 8 7 5 0 , 1 9 8 7 - 3 8 4 2 2 , 6 1 9 0 , 1 9 8 7 - 2 , 3 8 1
2 8 8 4 8 , 1 4 7 2 - 3 8 4 2 3 , 4 2 2 5 - 1 , 8 5 2 8 - 1 , 5 7 7 5
2 8 9 5 0 , 3 9 8 3 - 3 8 4 2 2 , 1 1 7 8 0 , 3 9 8 3 - 2 , 8 8 2 2
2 9 0 4 9 , 1 3 1 - 3 8 4 2 1 , 5 9 5 1 - 0 , 8 6 9 - 3 , 4 0 4 9
2 9 1 4 8 , 8 0 2 8 - 3 8 4 2 4 , 1 3 2 8 - 1 , 1 9 7 2 - 0 , 8 6 7 2
2 9 2 4 8 , 6 8 4 5 - 3 8 4 2 3 , 2 7 4 3 - 1 , 3 1 5 5 - 1 , 7 2 5 7
2 9 3 5 0 , 7 5 1 - 3 8 4 2 1 , 3 8 7 4 0 , 7 5 1 - 3 , 6 1 2 6
2 9 4 4 9 , 9 7 4 5 - 3 8 4 2 4 , 6 1 9 7 - 0 , 0 2 5 5 - 0 , 3 8 0 3
2 9 5 4 8 , 9 7 3 4 - 3 8 4 2 4 , 2 7 9 5 - 1 , 0 2 6 6 - 0 , 7 2 0 5
2 9 6 5 1 , 8 6 0 6 - 3 8 4 2 1 , 7 3 0 1 1 , 8 6 0 6 - 3 , 2 6 9 9
2 9 7 5 2 , 8 7 7 1 - 3 8 4 2 2 , 5 3 7 2 2 , 8 7 7 1 - 2 , 4 6 2 8
2 9 8 4 9 , 8 0 1 7 - 3 8 4 2 3 , 0 7 9 9 - 0 , 1 9 8 3 - 1 , 9 2 0 1
2 9 9 4 8 , 7 6 7 7 - 3 8 4 2 1 , 3 6 2 4 - 1 , 2 3 2 3 - 3 , 6 3 7 6
3 0 0 4 9 , 4 6 5 4 - 3 8 4 2 2 , 6 7 3 4 - 0 , 5 3 4 6 - 2 , 3 2 6 6
3 0 1 5 1 , 3 6 8 5 - 3 8 4 2 4 , 2 4 9 1 1 , 3 6 8 5 - 0 , 7 5 0 9
3 0 2 4 9 , 0 6 6 9 - 3 8 4 2 2 , 1 9 2 1 - 0 , 9 3 3 1 - 2 , 8 0 7 9
3 0 3 4 8 , 0 0 5 7 - 3 8 4 2 2 , 4 4 4 - 1 , 9 9 4 3 - 2 , 5 5 6
3 0 4 5 0 , 8 9 5 7 - 3 8 4 2 3 , 2 2 6 7 0 , 8 9 5 7 - 1 , 7 7 3 3
3 0 5 5 1 , 9 4 2 6 - 3 8 4 2 2 , 6 7 3 3 1 , 9 4 2 6 - 2 , 3 2 6 7
3 0 6 5 2 , 5 3 3 8 - 3 8 4 2 3 , 0 9 6 1 2 , 5 3 3 8 - 1 , 9 0 3 9
3 0 7 4 9 , 2 4 0 5 - 3 8 4 2 0 , 8 0 0 4 - 0 , 7 5 9 5 - 4 , 1 9 9 6
3 0 8 5 0 , 2 8 3 4 - 3 8 4 2 3 , 7 6 3 1 0 , 2 8 3 4 - 1 , 2 3 6 9
3 0 9 4 8 , 1 9 0 1 - 3 8 4 2 4 , 2 1 0 8 - 1 , 8 0 9 9 - 0 , 7 8 9 2
3 1 0 4 9 , 4 2 3 5 - 3 8 4 2 5 , 4 0 4 - 0 , 5 7 6 5 0 , 4 0 4
3 1 1 4 9 , 0 3 4 7 - 3 8 4 2 1 , 5 1 7 7 - 0 , 9 6 5 3 - 3 , 4 8 2 3
3 1 2 4 9 , 2 6 8 9 - 3 8 4 2 5 , 1 3 6 2 - 0 , 7 3 1 1 0 , 1 3 6 2
3 1 3 4 8 , 5 7 2 - 3 8 4 2 2 , 1 0 0 9 - 1 , 4 2 8 - 2 , 8 9 9 1
3 1 4 4 8 , 1 2 7 4 - 3 8 4 2 1 , 8 3 2 7 - 1 , 8 7 2 6 - 3 , 1 6 7 3
3 1 5 5 0 , 8 1 8 3 - 3 8 4 2 3 , 6 3 1 7 0 , 8 1 8 3 - 1 , 3 6 8 3
3 1 6 4 9 , 3 5 1 - 3 8 4 2 3 , 5 6 6 - 0 , 6 4 9 - 1 , 4 3 4
3 1 7 4 9 , 4 9 4 3 - 3 8 4 2 1 , 7 3 9 9 - 0 , 5 0 5 7 - 3 , 2 6 0 1
3 1 8 4 8 , 2 6 3 3 - 3 8 4 2 4 , 6 9 7 2 - 1 , 7 3 6 7 - 0 , 3 0 2 8
3 1 9 4 9 , 6 0 3 2 - 3 8 4 2 4 , 0 0 8 2 - 0 , 3 9 6 8 - 0 , 9 9 1 8
3 2 0 4 8 , 5 0 7 1 - 3 8 4 2 4 , 1 0 7 7 - 1 , 4 9 2 9 - 0 , 8 9 2 3
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
3 2 1 4 9 , 0 4 3 9 - 3 8 4 2 3 , 0 6 9 6 - 0 , 9 5 6 1 - 1 , 9 3 0 4
3 2 2 5 0 , 4 6 7 5 - 3 8 4 2 3 , 9 7 6 4 0 , 4 6 7 5 - 1 , 0 2 3 6
3 2 3 5 0 , 6 3 4 7 - 3 8 4 2 1 , 0 0 9 5 0 , 6 3 4 7 - 3 , 9 9 0 5
3 2 4 4 7 , 9 9 6 - 3 8 4 2 2 , 6 2 4 3 - 2 , 0 0 4 - 2 , 3 7 5 7
3 2 5 4 8 , 9 9 8 1 - 3 8 4 2 0 , 5 8 2 6 - 1 , 0 0 1 9 - 4 , 4 1 7 4
3 2 6 5 3 , 3 0 3 4 - 3 8 4 2 3 , 2 9 6 2 3 , 3 0 3 4 - 1 , 7 0 3 8
3 2 7 4 9 , 2 1 0 5 - 3 8 4 2 1 , 8 8 0 7 - 0 , 7 8 9 5 - 3 , 1 1 9 3
3 2 8 4 8 , 5 2 1 5 - 3 8 4 2 1 , 6 1 0 6 - 1 , 4 7 8 5 - 3 , 3 8 9 4
3 2 9 5 0 , 7 7 7 9 - 3 8 4 2 3 , 0 8 5 7 0 , 7 7 7 9 - 1 , 9 1 4 3
3 3 0 4 8 , 0 9 3 2 - 3 8 4 2 3 , 3 1 6 4 - 1 , 9 0 6 8 - 1 , 6 8 3 6
3 3 1 4 8 , 3 3 6 6 - 3 8 4 2 0 , 8 9 5 5 - 1 , 6 6 3 4 - 4 , 1 0 4 5
3 3 2 5 0 , 3 1 5 6 - 3 8 4 2 1 , 2 8 1 6 0 , 3 1 5 6 - 3 , 7 1 8 4
3 3 3 5 0 , 1 1 3 7 - 3 8 4 2 4 , 3 7 6 4 0 , 1 1 3 7 - 0 , 6 2 3 6
3 3 4 5 0 , 6 4 4 7 - 3 8 4 2 2 , 0 6 6 5 0 , 6 4 4 7 - 2 , 9 3 3 5
3 3 5 4 8 , 3 9 - 3 8 4 2 5 , 0 3 4 6 - 1 , 6 1 0 , 0 3 4 6
3 3 6 5 1 , 6 5 9 9 - 3 8 4 2 1 , 7 2 2 3 1 , 6 5 9 9 - 3 , 2 7 7 7
3 3 7 5 1 , 1 8 9 5 - 3 8 4 2 1 , 8 8 3 1 , 1 8 9 5 - 3 , 1 1 7
3 3 8 5 0 , 4 3 8 6 - 3 8 4 2 5 , 3 9 4 8 0 , 4 3 8 6 0 , 3 9 4 8
3 3 9 4 9 , 0 1 4 4 - 3 8 4 2 2 , 5 4 9 3 - 0 , 9 8 5 6 - 2 , 4 5 0 7
3 4 0 5 0 , 1 5 1 1 - 3 8 4 2 2 , 6 5 7 9 0 , 1 5 1 1 - 2 , 3 4 2 1
3 4 1 4 8 , 7 2 8 1 - 3 8 4 2 2 , 8 4 9 3 - 1 , 2 7 1 9 - 2 , 1 5 0 7
3 4 2 4 8 , 1 2 3 2 - 3 8 4 2 3 , 3 9 1 7 - 1 , 8 7 6 8 - 1 , 6 0 8 3
3 4 3 4 8 , 7 5 9 8 - 3 8 4 2 2 , 2 4 6 2 - 1 , 2 4 0 2 - 2 , 7 5 3 8
3 4 4 4 7 , 9 2 8 1 - 3 8 4 2 1 , 5 3 7 7 - 2 , 0 7 1 9 - 3 , 4 6 2 3
3 4 5 4 7 , 9 1 7 1 - 3 8 4 2 1 , 8 2 1 1 - 2 , 0 8 2 9 - 3 , 1 7 8 9
3 4 6 5 1 , 4 3 2 9 - 3 8 4 2 3 , 7 6 4 7 1 , 4 3 2 9 - 1 , 2 3 5 3
3 4 7 4 9 , 3 2 9 1 - 3 8 4 2 5 , 4 5 1 4 - 0 , 6 7 0 9 0 , 4 5 1 4
3 4 8 5 1 , 0 6 2 4 - 3 8 4 2 4 , 7 9 6 1 , 0 6 2 4 - 0 , 2 0 4
3 4 9 5 2 , 8 6 6 4 - 3 8 4 2 2 , 2 4 0 3 2 , 8 6 6 4 - 2 , 7 5 9 7
3 5 0 5 2 , 4 1 1 4 - 3 8 4 2 3 , 9 3 3 9 2 , 4 1 1 4 - 1 , 0 6 6 1
3 5 1 5 1 , 0 5 9 3 - 3 8 4 2 1 , 3 7 7 1 , 0 5 9 3 - 3 , 6 2 3
3 5 2 5 2 , 7 2 5 9 - 3 8 4 2 2 , 5 1 8 1 2 , 7 2 5 9 - 2 , 4 8 1 9
3 5 3 5 1 , 3 9 3 7 - 3 8 4 2 5 , 3 5 1 1 1 , 3 9 3 7 0 , 3 5 1 1
3 5 4 5 2 , 7 1 - 3 8 4 2 3 , 0 5 8 9 2 , 7 1 - 1 , 9 4 1 1
3 5 5 4 9 , 5 8 6 9 - 3 8 4 2 4 , 5 7 9 - 0 , 4 1 3 1 - 0 , 4 2 1
3 5 6 4 9 , 3 1 2 8 - 3 8 4 2 2 , 8 7 8 2 - 0 , 6 8 7 2 - 2 , 1 2 1 8
3 5 7 4 9 , 1 5 1 2 - 3 8 4 2 3 , 5 0 4 3 - 0 , 8 4 8 8 - 1 , 4 9 5 7
3 5 8 4 8 , 3 8 8 3 - 3 8 4 2 4 , 7 5 4 1 - 1 , 6 1 1 7 - 0 , 2 4 5 9
3 5 9 4 7 , 9 8 - 3 8 4 2 1 , 2 7 4 5 - 2 , 0 2 - 3 , 7 2 5 5
3 6 0 5 3 , 0 5 7 2 - 3 8 4 2 3 , 8 4 1 4 3 , 0 5 7 2 - 1 , 1 5 8 6
3 6 1 5 1 , 7 5 3 2 - 3 8 4 2 3 , 3 4 0 2 1 , 7 5 3 2 - 1 , 6 5 9 8
3 6 2 5 0 , 7 8 6 8 - 3 8 4 2 2 , 7 1 9 1 0 , 7 8 6 8 - 2 , 2 8 0 9
3 6 3 4 7 , 9 3 3 6 - 3 8 4 2 1 , 8 9 - 2 , 0 6 6 4 - 3 , 1 1
3 6 4 4 9 , 0 2 - 3 8 4 2 2 , 5 3 2 6 - 0 , 9 8 - 2 , 4 6 7 4
3 6 5 4 8 , 1 2 4 8 - 3 8 4 2 1 , 8 5 5 9 - 1 , 8 7 5 2 - 3 , 1 4 4 1
3 6 6 5 1 , 4 3 9 4 - 3 8 4 2 3 , 2 4 4 8 1 , 4 3 9 4 - 1 , 7 5 5 2
3 6 7 4 8 , 7 5 4 9 - 3 8 4 2 1 , 7 1 5 7 - 1 , 2 4 5 1 - 3 , 2 8 4 3
3 6 8 5 0 , 1 0 7 3 - 3 8 4 2 1 , 1 2 5 0 , 1 0 7 3 - 3 , 8 7 5
3 6 9 5 0 , 4 6 3 2 - 3 8 4 2 1 , 6 9 5 4 0 , 4 6 3 2 - 3 , 3 0 4 6
3 7 0 5 1 , 4 3 3 2 - 3 8 4 2 4 , 2 1 0 8 1 , 4 3 3 2 - 0 , 7 8 9 2
3 7 1 4 8 , 6 3 0 2 - 3 8 4 2 3 , 5 7 3 4 - 1 , 3 6 9 8 - 1 , 4 2 6 6
3 7 2 5 0 , 3 1 7 7 - 3 8 4 2 4 , 5 2 3 7 0 , 3 1 7 7 - 0 , 4 7 6 3
3 7 3 4 9 , 5 1 8 8 - 3 8 4 2 5 , 3 3 7 8 - 0 , 4 8 1 2 0 , 3 3 7 8
3 7 4 4 9 , 2 0 9 9 - 3 8 4 2 5 , 6 5 4 4 - 0 , 7 9 0 1 0 , 6 5 4 4
3 7 5 4 9 , 0 5 0 8 - 3 8 4 2 1 , 8 0 6 - 0 , 9 4 9 2 - 3 , 1 9 4
3 7 6 4 9 , 4 2 7 9 - 3 8 4 2 3 , 7 9 2 7 - 0 , 5 7 2 1 - 1 , 2 0 7 3
3 7 7 4 9 , 5 7 2 4 - 3 8 4 2 2 , 5 7 2 1 - 0 , 4 2 7 6 - 2 , 4 2 7 9
3 7 8 5 0 , 8 3 8 4 - 3 8 4 2 4 , 8 5 7 4 0 , 8 3 8 4 - 0 , 1 4 2 6
3 7 9 4 8 , 9 7 0 6 - 3 8 4 2 2 , 6 4 8 6 - 1 , 0 2 9 4 - 2 , 3 5 1 4
3 8 0 5 1 , 8 7 4 2 - 3 8 4 2 4 , 3 2 6 6 1 , 8 7 4 2 - 0 , 6 7 3 4
3 8 1 5 0 , 5 0 5 6 - 3 8 4 2 5 , 6 0 5 3 0 , 5 0 5 6 0 , 6 0 5 3
3 8 2 4 9 , 7 4 2 1 - 3 8 4 2 5 , 5 1 8 6 - 0 , 2 5 7 9 0 , 5 1 8 6
3 8 3 4 9 , 9 1 6 3 - 3 8 4 2 1 , 6 0 4 1 - 0 , 0 8 3 7 - 3 , 3 9 5 9
3 8 4 5 2 , 1 5 4 - 3 8 4 2 1 , 6 1 1 7 2 , 1 5 4 - 3 , 3 8 8 3
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
3 8 5 4 8 , 3 0 6 9 - 3 8 4 2 4 , 7 0 8 2 - 1 , 6 9 3 1 - 0 , 2 9 1 8
3 8 6 4 8 , 7 3 2 6 - 3 8 4 2 1 , 3 7 7 4 - 1 , 2 6 7 4 - 3 , 6 2 2 6
3 8 7 4 8 , 0 3 2 3 - 3 8 4 2 3 , 8 4 2 9 - 1 , 9 6 7 7 - 1 , 1 5 7 1
3 8 8 4 9 , 1 6 9 5 - 3 8 4 2 4 , 1 7 0 7 - 0 , 8 3 0 5 - 0 , 8 2 9 3
3 8 9 4 8 , 1 0 2 8 - 3 8 4 2 1 , 5 7 9 2 - 1 , 8 9 7 2 - 3 , 4 2 0 8
3 9 0 4 8 , 8 7 0 9 - 3 8 4 2 2 , 8 8 8 - 1 , 1 2 9 1 - 2 , 1 1 2
3 9 1 4 8 , 2 7 9 7 - 3 8 4 2 5 , 2 8 4 7 - 1 , 7 2 0 3 0 , 2 8 4 7
3 9 2 5 2 , 8 4 9 - 3 8 4 2 4 , 5 4 2 2 , 8 4 9 - 0 , 4 5 8
3 9 3 4 8 , 0 9 4 7 - 3 8 4 2 3 , 5 2 8 7 - 1 , 9 0 5 3 - 1 , 4 7 1 3
3 9 4 5 0 , 1 4 4 5 - 3 8 4 2 1 , 6 7 7 4 0 , 1 4 4 5 - 3 , 3 2 2 6
3 9 5 4 8 , 0 7 8 2 - 3 8 4 2 1 , 6 6 8 4 - 1 , 9 2 1 8 - 3 , 3 3 1 6
3 9 6 4 8 , 3 9 5 5 - 3 8 4 2 4 , 9 7 4 8 - 1 , 6 0 4 5 - 0 , 0 2 5 2
3 9 7 5 3 , 0 8 1 7 - 3 8 4 2 4 , 3 1 2 1 3 , 0 8 1 7 - 0 , 6 8 7 9
3 9 8 4 9 , 0 3 4 2 - 3 8 4 2 3 , 0 0 3 8 - 0 , 9 6 5 8 - 1 , 9 9 6 2
3 9 9 5 3 , 1 2 7 - 3 8 4 2 2 , 8 8 3 4 3 , 1 2 7 - 2 , 1 1 6 6
4 0 0 4 7 , 9 5 3 8 - 3 8 4 2 3 , 3 1 7 7 - 2 , 0 4 6 2 - 1 , 6 8 2 3
4 0 1 5 2 , 5 1 2 - 3 8 4 2 3 , 3 0 3 3 2 , 5 1 2 - 1 , 6 9 6 7
4 0 2 5 1 , 2 3 2 2 - 3 8 4 2 2 , 1 9 5 1 , 2 3 2 2 - 2 , 8 0 5
4 0 3 5 2 , 0 5 5 - 3 8 4 2 2 , 0 0 2 5 2 , 0 5 5 - 2 , 9 9 7 5
4 0 4 5 0 , 7 6 3 - 3 8 4 2 2 , 4 3 6 8 0 , 7 6 3 - 2 , 5 6 3 2
4 0 5 4 9 , 0 9 2 1 - 3 8 4 2 2 , 2 7 0 6 - 0 , 9 0 7 9 - 2 , 7 2 9 4
4 0 6 4 9 , 0 6 6 6 - 3 8 4 2 2 , 6 2 0 2 - 0 , 9 3 3 4 - 2 , 3 7 9 8
4 0 7 4 8 , 0 4 4 7 - 3 8 4 2 2 , 7 2 5 5 - 1 , 9 5 5 3 - 2 , 2 7 4 5
4 0 8 4 9 , 0 2 1 6 - 3 8 4 2 3 , 7 3 8 2 - 0 , 9 7 8 4 - 1 , 2 6 1 8
4 0 9 4 8 , 9 7 3 6 - 3 8 4 2 5 , 3 1 7 5 - 1 , 0 2 6 4 0 , 3 1 7 5
4 1 0 5 1 , 3 0 1 8 - 3 8 4 2 4 , 1 8 3 7 1 , 3 0 1 8 - 0 , 8 1 6 3
4 1 1 5 1 , 3 0 1 2 - 3 8 4 2 5 , 0 7 8 3 1 , 3 0 1 2 0 , 0 7 8 3
4 1 2 4 9 , 3 4 9 3 - 3 8 4 2 4 , 5 4 5 5 - 0 , 6 5 0 7 - 0 , 4 5 4 5
4 1 3 4 8 , 8 4 9 1 - 3 8 4 2 3 , 6 1 2 8 - 1 , 1 5 0 9 - 1 , 3 8 7 2
4 1 4 4 8 , 3 8 8 7 - 3 8 4 2 1 , 4 0 7 2 - 1 , 6 1 1 3 - 3 , 5 9 2 8
4 1 5 4 9 , 0 6 1 - 3 8 4 2 3 , 4 3 2 8 - 0 , 9 3 9 - 1 , 5 6 7 2
4 1 6 5 2 , 2 2 7 7 - 3 8 4 2 3 , 8 1 0 1 2 , 2 2 7 7 - 1 , 1 8 9 9
4 1 7 4 7 , 9 9 1 8 - 3 8 4 2 1 , 6 4 5 7 - 2 , 0 0 8 2 - 3 , 3 5 4 3
4 1 8 5 2 , 5 5 2 4 - 3 8 4 2 2 , 2 9 4 1 2 , 5 5 2 4 - 2 , 7 0 5 9
4 1 9 5 1 , 0 7 8 5 - 3 8 4 2 5 , 1 5 6 8 1 , 0 7 8 5 0 , 1 5 6 8
4 2 0 5 0 , 8 4 3 4 - 3 8 4 2 1 , 9 3 6 0 , 8 4 3 4 - 3 , 0 6 4
4 2 1 5 0 , 8 2 5 3 - 3 8 4 2 4 , 7 6 4 3 0 , 8 2 5 3 - 0 , 2 3 5 7
4 2 2 4 8 , 2 2 2 6 - 3 8 4 2 3 , 9 6 2 3 - 1 , 7 7 7 4 - 1 , 0 3 7 7
4 2 3 4 9 , 3 8 6 5 - 3 8 4 2 4 , 9 1 8 5 - 0 , 6 1 3 5 - 0 , 0 8 1 5
4 2 4 5 1 , 9 7 9 1 - 3 8 4 2 2 , 1 5 0 4 1 , 9 7 9 1 - 2 , 8 4 9 6
4 2 5 5 0 , 5 1 8 2 - 3 8 4 2 5 , 0 9 2 0 , 5 1 8 2 0 , 0 9 2
4 2 6 4 9 , 7 7 4 6 - 3 8 4 2 4 , 4 0 0 5 - 0 , 2 2 5 4 - 0 , 5 9 9 5
4 2 7 4 9 , 0 1 2 6 - 3 8 4 2 2 , 4 2 2 6 - 0 , 9 8 7 4 - 2 , 5 7 7 4
4 2 8 4 8 , 2 9 8 8 - 3 8 4 2 4 , 7 3 1 1 - 1 , 7 0 1 2 - 0 , 2 6 8 9
4 2 9 4 9 , 6 7 6 8 - 3 8 4 2 2 , 4 8 2 6 - 0 , 3 2 3 2 - 2 , 5 1 7 4
4 3 0 4 7 , 9 2 1 9 - 3 8 4 2 2 , 0 6 1 2 - 2 , 0 7 8 1 - 2 , 9 3 8 8
4 3 1 4 8 , 3 8 5 8 - 3 8 4 2 1 , 8 8 8 4 - 1 , 6 1 4 2 - 3 , 1 1 1 6
4 3 2 4 8 , 9 0 7 4 - 3 8 4 2 1 , 2 3 3 3 - 1 , 0 9 2 6 - 3 , 7 6 6 7
4 3 3 4 9 , 1 9 6 4 - 3 8 4 2 3 , 4 8 0 8 - 0 , 8 0 3 6 - 1 , 5 1 9 2
4 3 4 4 9 , 0 7 3 6 - 3 8 4 2 2 , 1 7 1 5 - 0 , 9 2 6 4 - 2 , 8 2 8 5
4 3 5 4 8 , 0 5 2 2 - 3 8 4 2 2 , 6 4 0 3 - 1 , 9 4 7 8 - 2 , 3 5 9 7
4 3 6 5 2 , 5 5 5 7 - 3 8 4 2 4 , 9 2 5 1 2 , 5 5 5 7 - 0 , 0 7 4 9
4 3 7 4 8 , 1 5 3 9 - 3 8 4 2 2 , 5 0 0 2 - 1 , 8 4 6 1 - 2 , 4 9 9 8
4 3 8 5 2 , 2 8 7 4 - 3 8 4 2 4 , 4 4 8 4 2 , 2 8 7 4 - 0 , 5 5 1 6
4 3 9 5 0 , 2 1 8 - 3 8 4 2 3 , 0 6 0 7 0 , 2 1 8 - 1 , 9 3 9 3
4 4 0 5 3 , 0 8 4 - 3 8 4 2 4 , 1 7 5 1 3 , 0 8 4 - 0 , 8 2 4 9
4 4 1 5 0 , 5 9 3 4 - 3 8 4 2 4 , 0 1 9 0 , 5 9 3 4 - 0 , 9 8 1
4 4 2 4 8 , 1 8 6 8 - 3 8 4 2 2 , 9 3 7 3 - 1 , 8 1 3 2 - 2 , 0 6 2 7
4 4 3 4 9 , 3 0 1 2 - 3 8 4 2 3 , 8 3 0 8 - 0 , 6 9 8 8 - 1 , 1 6 9 2
4 4 4 5 0 , 8 6 3 3 - 3 8 4 2 3 , 8 3 2 1 0 , 8 6 3 3 - 1 , 1 6 7 9
4 4 5 5 0 , 1 4 4 7 - 3 8 4 2 2 , 8 8 5 9 0 , 1 4 4 7 - 2 , 1 1 4 1
4 4 6 5 1 , 3 6 0 9 - 3 8 4 2 3 , 6 9 4 1 , 3 6 0 9 - 1 , 3 0 6
4 4 7 4 8 , 3 5 7 1 - 3 8 4 2 1 , 5 0 0 9 - 1 , 6 4 2 9 - 3 , 4 9 9 1
4 4 8 4 8 , 0 0 6 5 - 3 8 4 2 1 , 6 7 1 6 - 1 , 9 9 3 5 - 3 , 3 2 8 4
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P a r t i c l e X H i t  Y = Z X  -  5 0 Z  -  2 5
4 4 9 4 8 , 9 9 7 4 - 3 8 4 2 3 , 3 7 9 8 - 1 , 0 0 2 6 - 1 , 6 2 0 2
4 5 0 4 8 , 1 2 8 1 - 3 8 4 2 1 , 9 4 9 2 - 1 , 8 7 1 9 - 3 , 0 5 0 8
4 5 1 4 8 , 0 0 7 6 - 3 8 4 2 1 , 1 6 3 - 1 , 9 9 2 4 - 3 , 8 3 7
4 5 2 5 0 , 4 8 1 2 - 3 8 4 2 2 , 0 9 9 2 0 , 4 8 1 2 - 2 , 9 0 0 8
4 5 3 5 2 , 9 2 7 2 - 3 8 4 2 4 , 3 9 1 4 2 , 9 2 7 2 - 0 , 6 0 8 6
4 5 4 5 0 , 7 0 8 - 3 8 4 2 1 , 4 8 5 0 , 7 0 8 - 3 , 5 1 5
4 5 5 5 1 , 3 4 5 8 - 3 8 4 2 5 , 2 2 6 7 1 , 3 4 5 8 0 , 2 2 6 7
4 5 6 4 9 , 7 6 5 1 - 3 8 4 2 4 , 9 3 9 4 - 0 , 2 3 4 9 - 0 , 0 6 0 6
4 5 7 5 0 , 8 0 8 2 - 3 8 4 2 5 , 0 4 2 5 0 , 8 0 8 2 0 , 0 4 2 5
4 5 8 4 9 , 2 5 4 - 3 8 4 2 4 , 0 9 5 2 - 0 , 7 4 6 - 0 , 9 0 4 8
4 5 9 5 0 , 3 1 5 6 - 3 8 4 2 1 , 9 1 7 2 0 , 3 1 5 6 - 3 , 0 8 2 8
4 6 0 4 8 , 8 4 1 5 - 3 8 4 2 1 , 0 4 5 6 - 1 , 1 5 8 5 - 3 , 9 5 4 4
4 6 1 4 7 , 9 9 8 3 - 3 8 4 2 0 , 9 2 4 7 - 2 , 0 0 1 7 - 4 , 0 7 5 3
4 6 2 4 8 , 4 0 5 1 - 3 8 4 2 1 , 1 9 6 9 - 1 , 5 9 4 9 - 3 , 8 0 3 1
4 6 3 4 8 , 7 1 1 9 - 3 8 4 2 0 , 8 3 6 6 - 1 , 2 8 8 1 - 4 , 1 6 3 4
4 6 4 5 0 , 8 4 2 9 - 3 8 4 2 4 , 5 6 3 7 0 , 8 4 2 9 - 0 , 4 3 6 3
4 6 5 4 9 , 3 8 0 6 - 3 8 4 2 0 , 9 8 8 1 - 0 , 6 1 9 4 - 4 , 0 1 1 9
4 6 6 4 9 , 1 4 2 8 - 3 8 4 2 5 , 0 5 9 7 - 0 , 8 5 7 2 0 , 0 5 9 7
4 6 7 4 8 , 5 1 1 3 - 3 8 4 2 1 , 3 2 8 8 - 1 , 4 8 8 7 - 3 , 6 7 1 2
4 6 8 4 7 , 9 0 9 6 - 3 8 4 2 1 , 9 5 2 9 - 2 , 0 9 0 4 - 3 , 0 4 7 1
4 6 9 5 0 , 2 6 7 1 - 3 8 4 2 3 , 7 9 8 8 0 , 2 6 7 1 - 1 , 2 0 1 2
4 7 0 4 8 , 1 3 1 4 - 3 8 4 2 1 , 9 2 1 8 - 1 , 8 6 8 6 - 3 , 0 7 8 2
4 7 1 4 9 , 3 1 8 1 - 3 8 4 2 5 , 2 9 4 - 0 , 6 8 1 9 0 , 2 9 4
4 7 2 4 9 , 5 8 6 4 - 3 8 4 2 5 , 0 6 8 8 - 0 , 4 1 3 6 0 , 0 6 8 8
4 7 3 4 9 , 7 6 4 - 3 8 4 2 2 , 0 7 7 7 - 0 , 2 3 6 - 2 , 9 2 2 3
4 7 4 4 8 , 5 3 9 2 - 3 8 4 2 0 , 9 1 7 4 - 1 , 4 6 0 8 - 4 , 0 8 2 6
4 7 5 4 8 , 3 4 9 4 - 3 8 4 2 4 , 5 6 9 8 - 1 , 6 5 0 6 - 0 , 4 3 0 2
4 7 6 4 7 , 9 9 9 9 - 3 8 4 2 2 , 0 7 0 5 - 2 , 0 0 0 1 - 2 , 9 2 9 5
4 7 7 4 9 , 1 8 7 - 3 8 4 2 2 , 1 9 0 8 - 0 , 8 1 3 - 2 , 8 0 9 2
4 7 8 4 9 , 9 7 9 1 - 3 8 4 2 1 , 2 6 1 4 - 0 , 0 2 0 9 - 3 , 7 3 8 6
4 7 9 5 0 , 3 3 4 - 3 8 4 2 4 , 3 9 5 6 0 , 3 3 4 - 0 , 6 0 4 4
4 8 0 5 0 , 8 2 0 7 - 3 8 4 2 4 , 0 6 5 1 0 , 8 2 0 7 - 0 , 9 3 4 9
4 8 1 5 2 , 0 5 4 6 - 3 8 4 2 1 , 4 9 7 2 2 , 0 5 4 6 - 3 , 5 0 2 8
4 8 2 4 9 , 7 1 9 1 - 3 8 4 2 4 , 9 7 6 - 0 , 2 8 0 9 - 0 , 0 2 4
4 8 3 4 8 , 9 9 4 7 - 3 8 4 2 1 , 6 4 6 1 - 1 , 0 0 5 3 - 3 , 3 5 3 9
4 8 4 4 8 , 7 4 5 8 - 3 8 4 2 1 , 4 4 3 3 - 1 , 2 5 4 2 - 3 , 5 5 6 7
4 8 5 4 8 , 0 2 3 3 - 3 8 4 2 2 , 2 3 0 3 - 1 , 9 7 6 7 - 2 , 7 6 9 7
4 8 6 4 7 , 9 2 7 6 - 3 8 4 2 2 , 7 6 9 7 - 2 , 0 7 2 4 - 2 , 2 3 0 3
4 8 7 4 9 , 7 0 3 2 - 3 8 4 2 5 , 2 5 4 5 - 0 , 2 9 6 8 0 , 2 5 4 5
4 8 8 4 9 , 9 6 0 2 - 3 8 4 2 1 , 9 4 6 4 - 0 , 0 3 9 8 - 3 , 0 5 3 6
4 8 9 4 9 , 5 1 9 2 - 3 8 4 2 5 , 5 1 1 9 - 0 , 4 8 0 8 0 , 5 1 1 9
4 9 0 4 8 , 1 8 7 5 - 3 8 4 2 3 , 4 7 5 8 - 1 , 8 1 2 5 - 1 , 5 2 4 2
4 9 1 5 3 , 3 0 2 1 - 3 8 4 2 3 , 7 6 3 8 3 , 3 0 2 1 - 1 , 2 3 6 2
4 9 2 5 0 , 9 2 6 5 - 3 8 4 2 4 , 9 0 4 1 0 , 9 2 6 5 - 0 , 0 9 5 9
4 9 3 5 2 , 5 6 9 3 - 3 8 4 2 3 , 2 8 6 7 2 , 5 6 9 3 - 1 , 7 1 3 3
4 9 4 5 2 , 7 0 4 8 - 3 8 4 2 3 , 4 8 0 2 2 , 7 0 4 8 - 1 , 5 1 9 8
4 9 5 5 0 , 7 8 9 - 3 8 4 2 1 , 7 7 2 0 , 7 8 9 - 3 , 2 2 8
4 9 6 5 2 , 4 3 0 5 - 3 8 4 2 2 , 0 5 7 5 2 , 4 3 0 5 - 2 , 9 4 2 5
4 9 7 4 8 , 1 1 2 7 - 3 8 4 2 4 , 0 2 9 6 - 1 , 8 8 7 3 - 0 , 9 7 0 4
4 9 8 4 8 , 2 - 3 8 4 2 3 , 8 8 3 2 - 1 , 8 - 1 , 1 1 6 8
4 9 9 5 0 , 1 3 8 4 - 3 8 4 2 2 , 4 9 4 9 0 , 1 3 8 4 - 2 , 5 0 5 1
5 0 0 5 2 , 5 8 1 7 - 3 8 4 2 3 , 6 0 3 1 2 , 5 8 1 7 - 1 , 3 9 6 9
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