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Abstract
The Experimental Plasma Generation System (EPGS) is
proposed for studying and investigating the plabetaavior
in vacuum conditions and under the influence ofvliging
boundary conditions. Furthermore, (EPGS) is intentte
verify the computational models with the physicatad The
safety design of EPGS takes into considerationtdinget
safety system design, input parameters, outputnpeteas,
measurement techniques, and the fault propagation
scenarios with respect to the Process Safety Mamage
(PSM) via the IEC 61508. Also, the design of thegkEa
Real Time Safety System (TRTS) for EPGS will be
explained in relation to its primary experimentahdtions.
The TRTS will be simulated using Simulink, with @s
randomly generated at key cracking points, and stet
down procedure will be executed based on the détestin
algorithm for the Real Time Safety Verification (BV). In
the nutshell, the cumulative outcome of the curieotk is
to provide a design for plasma experimentation akevhat
will have scalable properties in both the physical
parameters, as well as the safety parameters.

Keywords—IEC 61508, PSM, plasma safety simulation and management, plasma device design,
safety oriented design.
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1. Introduction

Plasma safety and handling may become an inciglgdmportant topic for
future manufacturing and energy industries. Ittierefore, important to consider,
evaluate, and analyze the risks that will be entared when the plasma devices are
implemented on a large scale. The current work ldveel the matter of plasma safety
in the experimental environment and aims to prowdi#esign option for conducting
plasma experiments on a small scale, in order tmpalate to large scale systems
and industrial applications. It is certain that tligks are inevitable no matter the
situation or design, however, it is possible toua certain risks and to prevent



hazards by both making wise design decisions andhbyrigorous collection of
experimental data. The Process Safety Managem&n) % a framework governed
by the good design practices for the purpose of sadintenance, integrity, and
hazard prevention of the systems, materials, aratggnrelated practices, it can
therefore act as a guideline to achieve safe desigh plasma devices [1].
Furthermore, the PSM is in close cohesion with lB€ 61508, an internationally
recognized standard for the safe operation of theiftnent Under Control (EUC),
where the control systems are based on the propperation of
Electrical/Electronic/Programmable Electronic Syste (E/E/PES) safety related
systems and external risk reduction facilities. TiPkasma Experimentation and
Generation System (EPGS) will be largely basedhenprinciples of PSM and the
IEC61508 standard. The reason for designing EPG® isreate an experimental
setup for performing small scale plasma experimamis for studying the plasma
behavior under a variety of different conditionslsuas the plasma pressure, the
electron density, plasma propagation velocity, pladaser interactions, and plasma
electron interactions. The implementation of PSM the use of IEC 61508 for the
design is in due to the convenience for the noesigh of EPGS.

1. 1. Objectiveand Purpose

The objective of the current work is to give thightights of PSM and IEC

61508, and to apply them to the design of the EPIB®. purpose of conducting the
PSM using the IEC 61508 is to minimize the riskd Aazards of the designs that are
their initial stages of conception, to make a detutes for the safe operation, to
create a list of possible risks and hazard, angrésent a function that highlights the
probability of risk associated with a particulareogtion of a device. Currently the
main objective is to work with parameters that Wil defined for EPGS and to use
them in order to define the safety measuremennake deterministic algorithms for
the Real Time Safety Verification (RTSV), and tdide the protection and safety
barriers for EPGS. The creation of the probabdisigorithm for plasma instabilities
is achievable through the experimentation, andefoee only the deterministic
algorithm will over-ride the probabilistic algorithin this work. Firstly, the overview
of the EPGS design will be conducted, then thegiesf the target safety system for
EPGS will be provided. The input and the outputapagters, as well as the possible
measurement techniques for the safe operation &ERIll be highlighted so as to
demonstrate the fault propagation scenarios for &RGaccordance with the design
requirements. Also, the safety limits, measuremeratection/barriers as well as the
algorithm for real time safety verification in deténistic way will be defined.

1. 2. Literature Review

Human made devices tend to fail depending on dyeest of complexity and
quality of the design. The more complex a devibe,rmore likely that some part of it
will fail and the tracking of such failure will bmade all more complex, and time
consuming, unless, of course, there is a wellrgefifault prevention system in place
[2]. Certainly, if the failures are expected aseautt of intentional design, or as a
feature leading to prevention of a bigger failufeen accounting for such feature
makes it an important part of the design. Howetreate are failures that occur not by
intention and lead to malfunction, and these arthénfocus when dealing with fault
prevention in the design stage. In the case ofptaema devices the capacity for
failure is in relationship with the main objectieé plasma generation [3]. The fact



that plasma devices incorporate the effect of edetagnetic systems and thermo-
fluidic systems is critical during the design stagspecially in the field of plasma
safety [4]. Furthermore, this fact is generallyemted on the grounds that any new
design can be evaluated as the sum of its compgsirtg [5]. This approach is not
wrong, though, it may lead to missing the net affed plasma such as the generation
of microwaves, residual charge carriers, and atgpacof other effect entirely
dependent on the purpose of the plasma devicelfg]eed, the large portion of the
plasma devices that exist in the market are orieatesingular use and have a limited
scope of operation [7]. However, in the nearbyufetit is very likely that the
technological growth of humanity will demand eveoging complexity from the
plasma devices [8]. This statement may seem obsasrié may be hardly noticeable
what effect the plasma devices have on the dailgsliof people. To support this
statement, however, it is worth-while to point that the manufacturing of the digital
devices is highly dependent of the plasma vaporsitpn processes [9,10], the
medical facilities utilize plasma disinfectant chaers for keeping sanitary
environment [11], the success of the military ofierss may rely on the effectiveness
of the communication networks, and radars, thatatpevia the plasma effects [12],
and the energy production in the near future wdlldble to prevent the effects of
pollution [13] and possibly tap the nuclear fusidd] and propel humanity to the
exploration of the solar system [15]. The approadhthe plasma technology
utilization is definitely not going to be singulas it will involve a multitude of
orchestrated events actuated by systematicallynirgd parts. Perhaps, this is a
future outlook on the state of future technologgrmal, and it is certain that there will
be an ever necessary elegance. However, the reitipaf plasma with the design
will inevitably lead to essential application ofethsafety principles and the
enforcement of the risk accountability [16]. Thésnot to say that the foundations of
safety-oriented design currently implemented fer tiovel technologies is irrelevant,
though it is reasonable to expect that alteratamd the inclusions of new sections
particular to specific technological developmenifi be accumulated as more and
more complex devices enter the growing demand aehamity for expanding its
capabilities.

1. 3. Engineering Design of Plasma Experiment

EPGS is an enclosed chamber that contains twamplagenerators facing
each other. EPGS includes a vacuum pump, 3 eletteam generators, laser and
optics systems, high voltage generator, high ctigenerator, and a set of diagnostic
tools for the analysis of the plasma and its dyeaniihe objectives of EPGS include
the studies of the plasma modes, plasma generagitons, stability, methodologies
for control, novel diagnostic methods, interactmplasma with materials, plasma
mixing, and the plasma wall interaction. It is weuthile to highlight some of the key
components of EPGS in order to understand the lB@Emeets its objectives. The
pictures below will point to the specific comporenf EPGS as well as highlight the
points where a risk of safety breach is possible.
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Figure 1: An over-all view of EPGS

The potential safety breach risk points of EPG® iadicated by stars: (a)
Hot, HV area, e- generation; (b) Magnetic field &srtrajectory control; (c) View-
port dislodging/cracking, possible leakage areglaston/implosion hazard (EIH);
(d) Possible Leakage Area (PLA), EIH; (e) PLA, Elifj; Chamber Strain; (g) View-
port dislodging/cracking, PLA, EIH; Components: [u® Arrow->Electron gun;
Orange Arrow->Hysteresis magnetic coil; Yellow Ame-Control magnetic coil;
Red Arrow->Vacuum pump connection valve; Violet éw>Quartz view-port;
Green Arrow->Quartz window for high power laseihlig



Figure 2 : EPGS cross-section

In figure 2 the cross-section of EPGS is presetteshowcase the internal
components. Some of the additional potential safesach risk points for EPGS
include: (a) PLA and quartz cracking points, Elbly Charge accumulation and X-ray
area; (c) Plasma gas puff instabilities, irregud@neration, mismatched timing of
plasma discharge/gas release, EIH; Components: Bioew->Chamber retention
plate; Orange Arrow->Female copper coupler; Yellamwow->Male copper coupler
(e-gun is rigidly glued to this portion); Red ArrexPlasma generator unit; Green
Arrow->1 of 3 threaded rods holding the assembigdan

Figure 3: Electron-gun cross-section



Figure 3 is a detailed view of the electron gun porent. The possible safety
breach risk points for electron gun assembly aaeP_LA and quartz cracking points,
EIH; (b) Current supply for the magnetic coil cair(c) High voltage area for
charge accumulation; (d) Thermo-ionic e- generatimt area. For the electron gun
assembly the components are: Blue Arrow->Male Comupler (e-gun is rigidly
glued to this portion); Orange Arrow->Precision matic coil for electron trajectory
control; Yellow Arrow->Hysteresis magnetic loop fetray electron control; Red
Arrow-> Connection point of the electron generatiomd static control; Green Arrow
->Thermo-ionic electron generation; Violet Arrow pgH-Voltage electron trajectory
selector .

Figure 4 is a close-up view of the plasma generattve plasma generator
components are presented in figure 4 by the calded arrows. Safety breach risk
points of the plasma generator are indicated bgs:sfa) PLA and quartz cracking
points, EIH; (b) Current supply for the magnetiadaheta coil control; (c) Laser
beam input area (plasma laser coupling); (d) Pladiseharge area, hot zone; (e) Puff
pre-mixing zone (possible cause for instabilitieBhe overall design of EPGS is
therefore summarized in the pictures above, thothgtse designs act more as
sketches to get the idea of what a potential, foedign may look like and what
safety-related issues need to be considered.

Figure 4: Potential-plasma generator cross-seciomponents Blue Arrow->Theta-
pinch flat coil; Orange Arrow->Large Electrode (&dhate Polarities Possible);
Yellow Arrow->Small Electrode (Alternate PolaritiP®ssible); Red Arrow->Isolator
Puff Control mount for the conductors; Green Arroworking gas supply pre-puff
chamber; Violet Arrow->Working gas supply tube; Gharow->Quartz window for
laser beam source; White Arrow->Additional coils fdasma circulation control.



2 Brief Outline of PSM

It needs to be stated that the process safetysrteeble implemented in the
very early stages of the engineering design. Thd BSachieved by outlining clear
instructions for operation and maintenance in otdererify the asset integrity and to
prevent any major incidents. Leadership and cultare the center of safety
management for the reason that active leadershiphéo safe practices exemplifies
the importance of maintaining a safe environmeii].[Upon establishing the safety
leadership, the appropriate information needs tprhogided for the engaged parties
to have competence in PSM. The demonstration défcfulnpetence in the process
involvement to enables the involved parties to tikely actions in order to prevent
hazardous events. Hence, the preventive actionsndepn the risk awareness, which
is essential for PSM implementation, since, unawpeesons may lead to the
corruption of the PSM systems unknowingly.

The common aspects of PSM are as follows: 1.Halwedtification (noting the
possible risks of equipment operation); 2. Equipinetegrity (ensuring that there are
no broken components in the system); 3. Chemicalakth Data (providing the
documentation and labeling for the chemicals ingd)y 4. Inspections and Audits
(regular checking of the system performance); 5.cuDeentation Systems (a
maintained and regular track record of the systparation with specified times and
operation procedures).

There are four fundamental pillars of PSM. Pillar Commit to Process
Safety: a. Process Safety Culture; b. Accountgbil®bjectives and Goals; c.
Compliance with standards, codes, and regulatiehsActive involvements of
engaged parties; e. Stakeholder Outreach. Pillagriglerstand Hazards and
Risks: a. Process Safety Information and Documiemtalh. Hazard Identification;
c. Risk Analysis. Pillar 3: Manage Risk: a. OpeargtiProcedures; b. Safe Work
Practices; c. Design quality assurance; d. Safegésiplementation at the design
stage of the processes; e. Asset Integrity andabibty; f. Maintenance; g.
Contractor Management; h. Training and Performanéessurance; j.

Management of Change; k. Pre-Start-up Safety Revie Conduct of
Operations; m. Emergency Planning and Responsdar P4: Learn from
Experience: a. Incident Investigation; b. Measuramgl Metrics; c. Periodic Safety
Audits; d. Management Review and Enhancement afdaoSafety; e. Knowledge; f.
Trade Secrets. Having the knowledge of PSM isiatwehen approaching a novel
design, and albeit its evident and straightforwstrdcture it is important to follow it
thoroughly.

2.1 Outline of |EC 61508

The knowledge of PSM makes it obvious that zes& i$ impossible even
when all the safety precautions are in place. Hfetg must be implemented from the
very start of the design process because it halpsi¢signer to plan for the end-user
safety and to minimize the non-tolerable risks. IBT508 is intended for safety
engineering and management from the very conceptiohto the decommission by
considering the aspects of the system itself {he. human factors and the safety
cases/proofs are not part of the standard)[18]. 82608 helps in implementing the
safe design and it is composed of 7 sequentialrgadrated parts: 1. Development of
the Overall Safety Requirements (General); 2. Rattin phase for E/E/PES safety-
related systems requirements; 3. Realization pHasesafety-related software



requirements; 4. Definitions and abbreviations; 5.Examples of methods for the
determination of safety integrity levels (SILS); Guidelines on the application of
Parts 2 and 3; 7. Overview of techniques and measur

Parts 1 through 3 are critical for the safety gesof new E/E/PES and
EUCs. Part 1 (General Requirements) defines thgitées to be carried out at each
stage of the overall safety lifecycle, as well las tequirements for documentation,
conformance to the standard, management and sadsbessment. Part 2
(Requirements for (E/E/PES) Safety-Related Systemusdi Part 3 (Software
Requirements) interpret the general requiremeniaof 1 in the context of hardware
and software respectively. Parts 4 through 7 ar@lefjnes and examples for
development and are primarily suited for evaluating potential designs [19]. It is
important to note that IEC 61508 is not just a técél guideline, but a fully
implementable version of PSM intended for the EEESPand corresponding EUCs.
The risk reduction is achieved via the “Safety Rion¢, which are based on the
understanding of the risks associated with theesysand understood through the
implementation of IEC 61508 [20]. In order to deelthe safety functions the
following steps need to be taken: 1. Identify amélgze the risks; 2. Determine the
tolerability of each risk; 3. Determine the riskluetion necessary for each intolerable
risk; 4. Specify the safety requirements for edsk reduction, including their SILs;
5. Design safety functions to meet the safety mequénts; 6. Implement the safety
functions; 7. Validate the safety functions.

According to IEC 61508, the purpose of the ovesallety life-cycle is to
force safety to be addressed independently of immat issues, thus overcoming the
assumption that functional reliability will autorrelly produce safety. Phases 1 and
2 indicate the need to consider the safety impboat of the EUC and its control
system, at the system level, when first they amceived. In Phase 3, the risks are
identified, analyzed, and assessed against toliéyabriteria. In Phase 4, safety
requirements for risk-reduction measures are specifn Phase 5 these are translated
into the design of safety functions, which are iempénted in safety-related systems,
depending on the selected manner of implementaflbases 6, 7, and 8 provide the
overall planning of Operation and Maintenance, yaféalidation and Installation
and Commissioning, respectively. Phases 9, 10, Hhdneed to showcase the
realization of Safety Related E/E/PES, Other tetdmosafety related systems, and
the external risk reduction facilities, respectyvéh Phases 12, 13, and 14 outline the
process of carrying out the functions of instatlatiand commissioning, safety
validation, and operation and maintenance, to btheroverall systems, regardless of
the technologies of the safety-related systems.séhal5 and 16 cover later
modification and retrofit of the system and decossianing, respectively. Given that
EPGS will be primarily based off the existing teotagies it will be evaluated on the
principles of the components. The installation ¢fGS is similar to the pressure
vessel and has the perceived hazards of implosieniric shock, EM radiation, X-
ray radiation, gas dissipation, explosion, headijlzla noise, and laser light.

2.2 Target Safety System Design

To manage the hazards and to maintain the equipimtagrity the safety
system has to take care of the possible risks dBEPCertain risks can only be
reduced by considering the specific design feafuresile other risks can be
prevented by placing warning systems. Since moghefhazards/risks have been
identified in the EPGS Design Overview sections tvorthwhile to focus on them as



well as the electronic portion of the relevant comgnts. The identified risks and the
possible alleviation techniques are as followsHa&t area needs to be cooled and be
ventilated to prevent hot-spots, proper labeling:d¥ area in case it is non-isolatable
then it needs to be shielded and labeled; 3. Magrfitld interference proper
shielding from outside is the best option; 4. Viport dislodging/cracking, possible
leakage area, explosion/implosion hazard can oalpitevented by employment of
quality seals and flanges; 5. Chamber strain i®dds/ the means of structural
confinement (threaded support rods); 6. Charge ragfation and X-ray areas
need to have shielding and labeling; 7. Plasma ma#$ instabilities, irregular
generation, mismatched timing of plasma dischasegerglease can prevented only by
the proper selection of quality components and gamurol systems; 8. Laser beam
input area (plasma laser coupling) has to be labatel handled with care like the
rest of the devices associated with EPGS;

The above techniques are the passive methodsdgariag the safe operation
of EPGS. It should be evident that the use of acttemponents would add an
unnecessary layer of risk, since the active compizneould require a source of
energy that can fail and, consequentially comprerttie whole system.

3 EPGSInputsand Outputs

It is necessary to consider the key inputs anguistof EPGS in order to
understand the safety precautions that may hale taken when operating.

The key input parameters into EPGS include: 1.Ekatt (110 V, 5 A for the
electron guns and 230V, 50 A for the plasma geoesatlso auxiliary power needs
to be provided to lasers, vacuum pump, controlesyst and diagnostics); 2. Working
gases such as Helium or Argon are preferable, stheeuse of gases like hydrogen
and oxygen has a higher risk of explosion; 3. Ldight may be introduced into the
plasma to yield the wake-field acceleration effeats well as for the diagnostic
purposes [21]; 4. Accelerated electrons will prevadunique approach to controlling
the plasma instabilities in the plasma [22]; 5. $4hals and RF heating are utilized
for energizing the plasma as well as the diagnegticposes;

The key outputs of EPGS are as follows: 1. Diagoastitputs such as the plasma
temperature, pressure, polarization, signal absdigptpropagation velocity, as well
as the auxiliary data like the vacuum pressureptiféfeed rate, and the x-ray count
(for safe operation the sensor will detect whershiot the system down); 2. EM
radiation may be produced and create some inteidere3. X-rays are possible,
although minute, their alleviation is preferable tioe lab operation; 4. Heat
dissipation will occur at certain points on the ipguent and it is best to keep track of
the high heat areas and cool them; 5. Auxiliaryrgeaaccumulation may occur, so
the system needs to be grounded after the conductieach experiment in order to
prevent charge interferences;

The key controls of EPGS in its current desigmetare the availability of
resources and proper engineering, whereas, thenkepanism are the vacuum pump
and the plasma generators. The IDEFO makes a famclysive description of the
overall composition of EPGS in its safety orientiesign structure.



4 Measurement Techniques

Since the vast majority of outputs from EPGS is theasurements of the
plasma parameters it is necessary provide an insiglvhat they are. The parameters
to be measured include plasma temperature, presspoérization, signal
absorptivity, propagation velocity, the vacuum gres, the puff feed rate, and the x-
ray count. The measurement of the plasma temperapuessure, and polarization
will be conducted by the use of the CCD sensorgrization filters, and the diode IR
lasers. The signal absorptivity will be conductegdpltacing a small antenna array to
supply the signals at one corner of the setup andive them at the other end (on
either side of the two opposing chambers). The ggapion velocity can be estimated
using high speed cameras in combination with thjaadi absorptivity antennas and
the CCD sensors. The vacuum pressure will be reath uhe pressure gauge for
achieving medium vacuum, as well as a Penning telbrder to measure the high
vacuum. The puff feed rate will be determined bg thperation of the precision
solenoid valves, based on the opening and closimgst Lastly, the x-ray count will
be determined using miniature isolated PV cellsneated to signal amplification
circuit. In order to monitor the plasma behavigsh devices will mostly act as active
components, and hence relying on these componentkd safety maintenance will
not be essential but will greatly assist in makdeguctions about the state of the
experimental setup.

5 Fault Propagation Scenarios

The most likely fault propagation scenarios for@3can be currently be
identified as follows: 1. Cracked port-hole windew Breach of vacuum systen»
Contamination of the chamber systerms Oxidation—> Malfunctioning of plasma
generator and thermal ionization componemtsPossible overheating and explosion;
2. Magnetic field interference from outside soureesElectron path interference>
Plasma instabilities> Damage to electronic components and diagnostiesys; 3.
Charge accumulatior> Plasma gas puff instabilities> Irregular generation>
Mismatched timing of plasma discharge/gas release Damage to electronic
components and diagnostic systems

Other fault propagation scenarios may have sinsitenditions as outlined in
the work on risk assessment of high density plasxperimentation [23].

5.1. Safety Measurement for EPGS Design

The measurements of safety in EPGS are not the santhe measurement
techniques, as they relate more to the observatioplasma. Nonetheless, the
measurement of plasma properties and the measurerh#re safety of the system
are not separable concepts and act in collaboralioimg the EPGS operation. The
key parameters for the safety measurement arentiralzer pressure, temperature, the
strain on the chamber walls, and the x-rays geeérat the process of plasma
activity. The pressure inside the chamber detersnimbether the chamber will
collapse, or explode based on the amount of aVailgds, measured via the pressure
gauge and a Penning cell. The temperature of tambér outside surface determines
the amount of heat released in the process of plageation and will be measured
via a thermo-couple. The heat generated can beedaing for operation of auxiliary
systems and it may be a cause the un-necessairy dti@ to the metal expansion. In
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the lieu of the pressure and temperature measutgtherstrain at the chamber walls
depends on the strain of the chamber walls it @edtimated for how long can the
chamber be utilized; after a certain number of apenal runs the fatigue may cause
the wear to the chamber. The chamber wall stragingly measured via the strain
gauges. Lastly, the x-rays generated are measiaedphoto-voltaic detector system.
The amount of x-rays generated can be dangerous i above the medical
maximum, so only a certain amount of runs can sopeed at a time depending on
the amount of x-rays produced.

5. 2. Protection and Safety Barriersfor EPGS

The protection and safety barriers guard the freen the possible mishaps
that may occur as a result of lack of awarenedweivhen around the device or
during its use. First and foremost, the frame s$tmecof EPGS has to be solid enough
to maintain the mechanical integrity of the struetwluring its various stages of
operation. In addition to the safety measures tliera need to make simple and
obvious indicators that light up when the chamtesses through the specific stages
of operation: Green: vacuum pump activated for diemrcleansing; Yellow: the
auxiliary systems such as the magnetic field geoesathe electrostatic systems , the
lasers, and the diagnostics are on stand-by; Bheeplasma puff is released, the laser
beam is on, the electrons are projected onto thenm collision region, and the
diagnostic systems are fully engaged; Red: theesy$s$ idle and there is an internal
error due to the breached safety measurementgstiperation is unsafe either for
the experiment or the staff; and, the system isnof@ maintenance without
procedure of proper shut-down.

There needs to be a physical barrier between ¢ople in the lab and the
experiment, possibly, a 1/4 inch plexi-glass barwéh a secure lock, to avoid any
possible malpractice. The computer connected toedperiment needs to have an
access code available only to the staff specificddivoted to the operation of EPGS.
Following through with implementation of these lens and encouraging the safety
leadership is practice that will reduce the charafessk and prolong the operational
usefulness of EPGS.

5. 3. Deterministic Method for RTSV

The deterministic algorithm for the real time sgfe¢rification is based on the safety
measurement, barriers, and the operational perficenaf EPGS. The algorithm is
broken down into the three stages, corresponditigetapecific stages of operation.

Green Stage: 1. Activate system and control discl. Activate the Vacuum
Pump; 3. Measure Pressure of Vacuum and the gifaime chamber walls; 4. Does
the chamber wall strain exceed the maximum? (#:Ydbort); 5. Does Vacuum meet
the pressure requirements? (If No: Redo 3).

Yellow Stage: 1. Activate the diagnostics checkt@col; 2. Measure the
parameters of the chamber at inactive conditioscampare to the known values; 3.
Are all systems functional? (If No: Abort); 4. Adite electron projection system to
the idle setting; 5. Warm up the laser to be indtay mode; 6. Activate the magnetic
systems for the plasma generator; 7. Measure madiat strength; 8. Does
magnetic field strength meet the experimental megqoénts? (If No: Abort); 9.
Activate the diagnostic systems to full alert; expent imminent; 10. Pre-charge the
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gas puff chamber by shutting off the chamber valvé activating the gas inlet valve;
11. Shut off the gas valve.

Blue Stage: 1. Prepare the plasma generation tifmufull engagement; 2. Plasma
generation and puff release is simultaneous; thaenter puff valves are activated on
opposing ends of the chamber and the gas is erdrgibments after the puff release;
3. Generated plasma may either be a spheroid @r@aspanning the length of the
chamber; 4. The passive antenna array measurédrtiod the plasma; Plasma is un-
interrupted; 5. Are plasma parameters within theeeted operation range? (If No:
Abort); 6. Plasma collision imminent, engage thecebn projection systems on the
plasma; 7. Measure the X-ray flux; 8. Is the X-flaxx within a safe operational range
(i.e. below the medical maximum)? (If No: Abord); Visual acquisition diagnostics

are fully engaged; 10. Optional: Fully engage thget system for laser plasma
interaction effects; 11. Optional: Activate the matic systems for plasma
control; 12. Plasma collision occurs: (a) Measuesma frequency, magnetic field,
and absorptivity; (b) Measure the chamber wall terafure using the thermocouples;
(c) Measure the laser light scattering and poléonafrom the plasma collision; 13.

Derive the plasma properties from the gathered datd prepare for the next
experiment.

Currently the main objective is to work with theepiously defined
parameters and use them in order to define thetysafeasurement, to make
deterministic algorithms for RTSV, and to define throtection and safety barriers
for EPGS. The creation of the probabilistic aldamtfor plasma instabilities is only
achievable through the experimentation, and, tbeeefthe deterministic algorithm
takes precedence.

6. Design of the Target Real Time Safety System

Unlike a vast majority of the safety designs inmpémted for preventing
disasters, as in case of dams, nuclear reactaisthangrid systems, the EPGS is not
subjected to harsh environmental conditions thataaur spontaneously and lead to
a disaster. The nature of EPGS is to be an expetahenit for observing the plasma
behavior under controlled conditions. In order taimtain the controlled conditions,
however, a high degree of prudence needs to betamaad in order to have quality
data from experimentation. If one of the system ponents is not able to function
properly then the system has to shut-down and lilerated before further operation.
The implementation of various operational condgiam plasma can lead to certain
plasma instabilities, if the experiment is intendedsuch a purpose, and the system
on its own must not fail both structurally and penfiance-wise.

The Target Real Time Safety System (TRTSS) for EPGS eleven (11) key
systems, with four of the systems having unit ciyramd each one of these systems
have corresponding capacities for failure: Chantiteucture System: Quartz Mirror
Cracking, Steel Chamber Failure, Possible Leak&yglosion/Implosion Hazard
(EIH); Vacuum Pump System: Remote Relay Activatigailure, Valve Failure,
Rotary Vane Pump Failure; Gas Puff System (2 unRe2mature Release, Clogging
(Valve Failures), Gas Leakage, EIH; Plasma GermraBiystem (2 units): Current
Leakage, Conductor Abrasion, Premature Arcing, M#ignHysteresis; Magnetic
Control System (2 units): Conductor Failure, Magndtield Hysteresis, External
Magnetic Interference, Current Mismatch; Electrorojéction System (3 units):
Projection Distortion, Chamber Cracking, ThermotledVire Failure, Over-Voltage
Ringing Hazard; Laser System: Cooling Failure,draBube Degassing, Electronic
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System Malfunction RF Heating System: Self-Intexfere, Reverse feedback failure,
Static Interference; X-Ray Detection System: Rand&amma Detection, Irreversible
Sensor Failure; Diagnostic System: Chamber Theroqeo Failure, Diagnostics
Optics Misalignment, Pressure Gauge Failure, Magr®énsor Malfunction, EM
interference; Camera System: CCD Failure.

At any one of the above systems, and their clahesoccurrence of any one
of the listed failures is a good indication thas ixperiment needs to be either halted
or the system check has to be performed to tragkndbe particular location of the
failure. If any one of the failures is not detegtafter the rigorous system checking
prior to the experiment, then the experiment catabached with confidence that the
experiment data is clear of possible interference do the structural and/or
performance reasons. Each system has to be chégkdde corresponding faults
from the respective failure modes and that can belynade by having the dynamic
monitoring system that can observe the failure rmoded simply shut down the
system if the calibrations are not performed. Iseese the TRTSS for EPGS is a
shut-down system that will not allow for the expeent to run unless the failure
modes are removed. The reason for this simpleeffettive strategy, has to do with
the value of the clear and precise data from tipeéments conducted in EPGS [24].
If this strategy is ignored then the purpose of BR&NuUIl.

6.1. TRTSS Simulation

The EPGS TRTSS is simulated using Simulink modeldre system’s
respective capacities for failure are mapped tocivponents of the system. The
failures are simulated using the uniform randomegeators operating in the range
between 0 and 1, with 1 representing 100% failtitee assumption that the failure
occurrence is random is far-fetched for most of ghistems implemented in EPGS,
however, the risk of having incorrect data as altesf any of the failures will
undermine the purpose of the experiments that te&& conducted using EPGS. In
order to account for the various failures due tkterssive periods of use time the best
suited modifier for the random number generatahéssample time setting, which, at
best, can accommodate the different periods of weearsmall extent. For the sake of
the simulation purposes the sample time settingtherailure mode generators have
been set to 0.1 seconds.

The fault propagation scenario for EPGS that wéllrbodeled using Simulink is
the following:

Cracked port-hole window> Breach of vacuum systea» Contamination of the
chamber systems> Oxidation—> Malfunctioning of plasma generator and thermal
ionization components> Possible overheating and explosion
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Figure 5: Ideal Case of the EPGS operation wittiogitviolation of the system
integrity via the cracks.

Figure 6 shows the Simulink model of EPGS at idealditions. The other scenarios,
listed in section 9, require the MHD modelling ddgma within the plasma chamber
and will be made in the course of future work uskignerFEM. The following

figures show the Simulink model of EPGS subcompbrancks such as the
pneumatic and thermal data acquisition subsystend the fault occurrence

subsystem.
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Figure 8: Failure due to cracking of the chambesg/lof integrity.

The simulations will be made using Helium as thelivgg gas. The reason for using
Helium is that it is a non-explosive element tratthe closest in its properties to
hydrogen; Helium would be preferred to be usechadctual experiment during its
operation to reduce any risks, though Argon isuchmmore economic option that
will be most likely utilized for testing and calddfon. The amount of helium injected
will be only between 11 gram/ms and 1 gram/ms. For the simulation purpdsss
assumed that 1 gram/ms is released from both efnte gplasma generator to have
maximum load conditions. The net amount of heatdddto the system is assumed
to be at the maximum plasma generation load of 5SLRW (110 V, 5 A for the
electron guns and 230V, 50 A for the plasma geoesat The duration of the
experiment is only 4 seconds. The cracks are mddedea variable area pneumatic
orifice with a discharge coefficient of 0.9 and animum area of le-12 and a
maximum area of 1e-6. The two plasma source digeharifices are 5e-6 with the
discharge coefficient of 0.5. The primary methodeét transfer is the radiation heat
transfer, with the area exposed being 0.3 andatiation heat transfer coefficient of
4e-8, for vacuum conditions.

The first simulation is conducted under the assionghat no cracks occur at all.
In this case the temperature of the chamber doésnecease and the discharge
elements reach a maximum temperature of roughly B42which is hardly a
temperature that can cause the meltdown of themalagenerators likely to be made
of tungsten (with the melting temperature arounél53K, a metallurgical safety limit
for the EPGS’ plasma generators). Furthermore,idbal conditions of the EPGS
simulation support the main concept of safety i@atfon prior to experimentation in
order to acquire legitimate data. The pressureimwithe chamber during the ideal
case is shown in the figure below.
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Figure 9: Pressure (y-axis) inside EPGS duringlidiesma generation stage over
time (x-axis)

The next simulation assumes that the cracks happeandom throughout
the structure of EPGS and at random intervals. dieation of this simulation is
made by adding a subcomponent system that createsifce opening at random
prior to and during the plasma discharge. The ou&ts quite evident by the fact that
the chamber gradually loses vacuum and the presgithian the chamber rises prior
to the plasma puff release. This in effect lead$éocontamination of the chamber by
the atmospheric particles and may result in irragubormation of the plasma
discharges and the oxidation of the internal coreptsy Furthermore, the main
mechanism driving the acceleration of the plasnfésps the high vacuum, meaning
that due to the pressure rise from cracks, thectftness of the puffs will be
diminished. In the regards to the temperature efftasma generators, it drops to
around 500 K as a result of the cracks. The temyeralrop is an indicator that the
number of particles intended for the ionization hmseased and the net effect of the
uniform plasma generation is made obsolete. It'sthvehile noting that while the
extremely high temperatures are not good for theghity of the plasma generators,
the low temperatures during the plasma generatien adso a bad sign of the
experiment malfunction. The last figure shows thespure inside the EPGS chamber
when cracks randomly occur throughout the experipresie the rising slope.
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Figure 10: Pressure (y-axis) inside EPGS duringyfqalasma generation stage
cracks over time (x-axis).

due to

The conglomerate representation of the systemré&slpresented is not a fair
representation of the system in operation. In fatking the decision of running the
plasma simulation on statistics rather than theegrments a very risky method, and
can lead to very skewed and in-precise data. Meémwdissigning risks to plasma
phenomena are counter-productive, since the expatsrthat will be conducted in
EPGS will be only made below the maximum rated poefethe device in order to
have presentable data and clean experimental reeod not to test the extreme
performance ranges of the device. The plasma iitiitz and interactions will be
observed as long as the device operates belovatad fevels and it will be possible
to deduct the effects of these instabilities bylisgahe observations and not the loads
on the system itself. Keeping in mind the previfigsre for the system failure, for
the same run it is best to have the connectiohddEPGS subsystems and the critical
points of interest and make direct sensor connegtto obtain the readings for the
system status provide them to the experimenterrendillow for the experiment to
run until after the failures are removed.

7. Conclusions

In case of the EPGS there is no current methodetiuce the dynamic
failures. It is best to keep the experiment erreefand prevent the failures before
they have a chance of occurring by pre-checkingsiséem operation before each run
by having a monitoring system that checks the systtatus and indicates where a
possible failure may occur prior to the experiméata If any of the experimental
scenarios include the unstable behaviors that mayralue to the plasma nature it is
best to take the precautions by adjusting the pasomtrolling parameters to the safe
operation range for sustaining the plasma instaslibut without going beyond the
extent of the EPGS operational range. As a findé,n®RTSS serves more as the
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system checker before the conduction of the exparirand it works in line with the
deterministic algorithm for the real time safetyifieation algorithm. This approach
is in-line with the philosophy that the best safetyategy is the avoidance of the
failure from the start.
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