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ABSTRAC[

“

Many (‘echmques have been used over, the years 1o enhance Lhe stabrhty of CO, las@

drscharges and thereby increase thetr. power ourput These mclude the use of rapid gas t’low

external 1omzauon sources and mulu element electrode systems A new techmque usmg '

¥
magneuc stabrfrzauon has recemly recewed attenunn and has been shown to enhance laser

s

l

e “ /“”T.

dlscharge performance The mechamsm of slabrhzanon was lnmally belrcved ro be due 1o a -

PRI .\. : '~4

* bulk gas ‘motion, bul rer:em,, experrments and compu[er srmulauons seem lo suggest W% other .

‘ mechamsms play a greater role.

lt is the purpose of the, presant vrresearch o’ gam a better understandmg ol the

.

magnetic stabrlrzauon mechamsm fn order rhat 1he lechmque be more fruitfully uulued in

?

pracucal systems In thns thesis, the C@2 laser gas dlscharge has, been srmulalcd Lakmg into

o3

accouna the mflpence of external magneua and elecmc fields. The Monte Carlo technique,

surrable for analyzrng large’ number of parpeles has been employed This x/nvolves following
"the rhree drmensronal ltrajectorres of electrons and ions, taking into accounl anisotropic
) vscatrering collisions. lnstead-of calculaun‘g the phase space parameters at regularly spaced grid
'pomts (or alternatively at regular ume m@’s&ls a new approach has been used in this thesis
L0 descrrbe melasuc scattering within .2 nonumlorm space charge sheath of a_ magncu/ul
cathode  fall region. The partlcle Lrajectones are.- delermmed » using a hybnd
analyuea'l compulauonal technique, whereby the phase spaCe pomts are calculated only at the
points of collision. This approaeh results m a reducuon in the number of computations and is
more accurate since roundv;off errOrs are reduced . o

The techmque descnbed above has been used 10 model the cathode fall rcguon ol 4
glow drschargee for gases such as He N, and CO, and at pressures of 5, 10 and 30 torr. A.

Coas . RS EE
mixture of these gases at pressures typrcal of hrgh power CO, lasers, has also been studrcd-

The results show Lhat cathode glow electrons move 2 considerable dlSlanCC in the Hall

(J X B) drrectron transverse to the clecmc f wld Thrs moudn results in secondary 1om/auohs

“ " .
N x

which are far from their orrgin The magneuc f 1e1d rherer ofe, effectively sweeps these charge

.'). N

Jreeato .. '\,v’ -l‘

s

v



" Carriens through dlstances which are ‘several orders ef magmtude greater than typical
instability scale sizes; thereby erfectwely reducing “instability growth These resu'lts confirm -
experimental observations that modest strength mag’netic fields can indeed be used to enhancs
the stability of l:a;ser gas discharges. ‘

It i< hoped that the increased understanding of gas dischar?e physics and magnetic

slabilization processes, gained from the work in t'ﬁl's thesis, will help in the dcve]oprhem of

new, higher efficiency electrode designs for higher power laser systems.
. ‘ ' . ‘ N !
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CHAPTER 1

" INTRODUCTION

1.1 PROJECT MOTIVATION

The carbon dioxide laser is today one of the most widely used industrial gas lasers.
The reason for this is that the CO, laser possesses a number of distinct advantages over most
other laser’ devices; the two most important of these being, their high conversion efficiency

and their capability for continuous hlgh power operation. ]

In parti;m: hereas most laser efficiencies are measured in thc rahgt of 1% or less,
the CO, laser's effiL.cncy is regularly specified in the 10% category, Also,' the CO, lascr has
achieved, by far, the highest continuous average power output; reaching well ir;/m the 20 kW

A -
range.
. s
Some additional features possessed by the CO; laser systems are as follows: the
capability for very shori' pulse Qpcration; good ~frequcncy stab’iljty and narrow lincwi@)h; long
lifetime; the feasibility of Q switched operation; the possibility of many different pumping ’
schemes and ease of operation over a wide range of pressures.

These, and many other equally desirable operational characleristics, have translated
into numerous scientific and mdusmal applications, some of these being, wcldmg cutting,
cladding, heat treatment, isotope separation, medical surgerg, commumcauqns and wcaponr_v.

Nver the’last decade, considerable research has bécn "undertakcn L(; increase the outpul
 powei, and thus the usefulness, of these CO, laser. systems. Such work has generally involved
some method of increasing the electrical power input to the devmc Unfortunatcl\ cxperience
hes Lhown that at elevated input power densities, eleclro-thermal m_stabllmcs invariably
hecome n:anifef;t; often resulting in glow-to-arc transitions that effectively terminate laser

action. As a consequence, these instability problems nave gradually become the focus of large

scale investigations world wide.

°
O



. 2
One of the mow.  nthv nroposed methods to circumvent these difficulties in gas
A ,
lasers is the use of T.gn2tic he  discharge stabilization. Lasers utilizing external magnetic
fields have already beer. ' and hav& proven 1o be excellent in- providing a highly stable

discharge at _acceptable power loading and wiehin a reasonabie size system. Despite this early

.succe.ss, however, the ecxact mechanism of megnetic stabilization .has ‘not been clearly
understood. Consequently, the full potential of Vthe PTOCESS ha§ remairied u_nexploi‘ted. This
situation has persisted because previous laser discharge studies ha\}e-Been_ restricted 1o an
analytlcal approach, using Boltzmann's equauons Experience has shown, however, that such
‘ methods - are hopelessly complicated when inelastic collisions in nonumform electric’ and
-magnetic ficlds have 1o be modelled. As a consequence of this fact, many of the éssential
aspects and important parameters of the magnetic stabilization process have remained
undiscovered. In an effort to ameliorate this situation an alternative approach was developed.
This method, which forms the subject matter of nis esis, investigates individual single
particle motion with'in ;he laser discharge using the well known Monte Carlo simulation
techriique. In particular, in this work, the Monte. Carlo" 1e'chhique has been applied to the
cathode fall region of a laser gas discharge, taking into account both non-uniform electric
ficlds and transverse magnetic fidds. The results obtained, as a result of these more
comﬁrchensive and accurate simulations, provide a much better understaﬁding and i‘nsight. into-
the magnetic stablhzauon LT LSS,

‘

This thesis, therefore, progresses in the followmg fashion: The first chapter gives a
&’

historical review of CO, lasers. VariBus excitation mechanisms are explained; with special
emphasis given to gas discharge excitation. Chapter 2 describes the various instability modes
inherent in laser gas discharges, and the methods- used thus gar, to overcome these

instabilities. The magnetic stabilization process, used for reducing such instability growth, 1
_ =

explained in Chapter 3..' A Monte Carlo simulation of a laser gas discharge, under the

q

influence of transverse electric and magnetic fields * then presented. The results ‘of these
' s

. . 2 N . ) . ! . O . . ' . .
simulations, for various gases such as helium, nitrogen, carbon dioxide and a laser containing



4

L -

a typical mixture of these three gases; are analyzed with respect to discharge stability. On the

basis of these Tesults, conclusions are drawn in Chapter 4, regarding the magnetic stabilization

process. A detailed derivation of the direction of an electron after a scattering collision, is

givén in Appendix I. Finally, the code used in all these simulations, termed MAGSIM (short
for magnetically stabilized laser simulation), has been listed in Appendix II.

1.2 HISTORICAL REVIEW *

© 1.2.1 CO, Laser Discovery

The discovery, in 1961, by Javan and co-workers [1] _c;f laser oscillaliyons in"a,
‘Helium-Neon glow discharge heralded the advent of gas lasers. This spurred rescarch into
“bther higher efficiency gas laser systems. In 1964, Patel (2] discovercd\laser}ction in the CO,
mojecule; pre i :cir{g the m‘“'ost‘ important molecular laser Qperated thus far.

After the first report of'cw laser action in a CO, discharge at 106 and 9.4 um, by
Pa'tel, thé next important development was the addition of N,. This addilion resulted in an .
increase in the avérage pbwer output available with-thg syster from a few milliwatts to
several tens of watts [3]. Moeller and Rigden [4].subsequently showed that the laser's outpul
power and effiéiency could be still further incrlcased by the ‘addition of. helium to the laser |
mixture. The cxac'l mechanisms by which ‘many of these importanl improvements were
achieved were not, howeves, well understood in those early times.

A

| 1.2.2 Gas-cooling Technigues

During the early development of the CO, laser, it was soon documented that both the
power an;j the efficiency of the laser could be increased by cooling thc‘ﬁlascnr discharge.
Subsequent investigations revealed that the removal of wastﬂe heat was ncce'ssalrx to prevent the
gas mixture from overheating; which would in turn populate the lower vibrational levels of the

CO, molecule and thus 'thermally bottle-neck' the lasing process. Early cooling techniques



o
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involved the circularion of cold air or water tli;ough cooling jackets to remove the waste heat
3

through conducuon across the outer Jacket walls. Forced arr cooling and water coolmg of the
discharge tube were unhzed by Moeller and Rigden [4] and Patel et al. [S]. The use of

fast-flowing gas, to provide convective coolmg in CO lasers was first, reported by
N

Deutsch ef. al. (6] in 1969. This form of convective coolmg was soon demonstrated to be

~

mucg more effective than the earlier diffusion cooling used in sealed and slow-flow systems.
. & L' . ,

As a result ‘of the improved cooling of the laser plasma, the output power per unit length of .
the laser increased by several orders of magnitude, and made possible for the first time,

\

multikilowatt electrically excited laserg of reasonable‘size.

1.2.3 High-Pressure Lasers

All earLy €O, lasers operated at low gas pres Subsggliently, higher pressure lasers

L) N\
- were developed, so as 10 provide a higher density of lasing molecules within the optical cavity.

These high-pressure CO2 devices thereby generated considerably higher outputr powers as

’

- compared 10 simildr sized low-pressure devices. In general, large volume atmospheric pressure

¢

lasers were found to be easier to construct than large vdlr‘r)me 1ow-pressure lésers;,because they
did ynot have 1o be as well sealed or capable of withstandrng the large preésure differentials
typical of low pressure devices. Unforrunately however, experience soon revealed that higher
pressure discharges were much mofe difficult to'.produce than those at low pressure. .
Numerous tests have established the fact that the excitation efficiency of CO, lasers is
maximrfrm at an electric field to pressure ratio (E/p) of 10/to S0 V/torr-cm, and falls rapidly
awayffrom‘ this optimum E/p value. Effective high pressure operation, therefore, meerm
working with very ‘high voltages, particularly for longitudinally excited plasmas. For a 1 m.
discharge at 804, torr, voltages on the order of 10° to 10¢ V were necessary for the proper‘
operation of the laser Since C.W. discharges at such high pressures are dlffrculr to maintain,
\

without the discharge degenerating into an arc, hig- pressure CO, lasers have generally

operated under pulse mode conditions. In additicn, voltages in the MYV region are much easier
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voitages, French and Canadlan scaemxsts eroduced the concept of transverse excuauon (ie. a

-

discharge across the laser' tube rather than along the axis of the laser devicc). This
- . o

‘arrangement reduces the electrode spacing from meters, as is typical in axially excited lasers,

to gcemimeter dimensions. These traftsversely excited atmospheric pressure lasers  have come 10
be known as TEA -Ilasers.‘ : | ) ' |
A 'ﬁigh-pressure (450-1orr) pulsed CO; laser was firSt reported by Dur'nanchinv and
¢ ' : .
‘Rocca-Serra [7] in Nov. 1969 and atmospheric bressure operalion was reporied by Beaulieu [8)
T
originally developed by Beaulieu. This technique involved the use of very short high-voltage
pulses applied to a transverse dischar.ge electrode structure [9-11]. The clectrode system
consisted of a long Lublilar anode, s;)aced by a few cemimcters from an array ‘of carbon
resistors, which served as the cathode. When a high voltage, shbrt rise time electrical pulse of
short duration is appliéd to this electrode structure, there reaults a shower or conical shaped
brush ﬁ'iscﬁarge emanating simultaneously out from each resistor-cathode. As a conscquence,
the excited volume becomes a linear array' of overlapping discharges, as shoWn in Fig. 11
As the lpressu're of "the gascs;‘is increased in the TEA-laser descr_ibcd above, a
transitionu,poim is reached when the uniform glow i‘constricls into a narrow arc. Such a
transition is marked by an increase in the plasma current, a decrease in the voltage drop
across the gas and the appearance of a brxght white arc in the discharge. The voltagc collapxc
that occurs when an arc‘ forms effectively terminates laser pumping. Effective lascr pumping
occurs wh-en the E/p ratio is fairly high, a‘”condilion satisfied by the laser piasma only when it
operates in a uniform glow mode. The formauon of an arc, however, takes a characteristic
fmlte time. The 51mple exmtauon method used by Beaulieu avoided the problem of
arc-formation by arranging thaythe discharge duration be®short as compared 1o this arc

formation time. The arrdy of cathode resistors also serves to limit the discharge current and

spread it uniformly over the entire discharge area. Subsequent improvements were made on

-

to obtam under pulscd condmons To lessen the requuements for such extremely high apphed '

”‘i,n" June 1970. Most of the earlj TEA-CO, lasers used an excitation [eéhnique:whjch was
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the Beaulieu system by usmg inductors. or capacitors instead of resistors and bv using

_~ electrode arrays instead of a_single row. The ehmmauo@ of Jesistors resulted . in an

) . , 5
.unprove ent in the operational effi 1crency, due to the reducuon of‘th ‘phmic losses. Extended

i
R

electrode arravs were used to enlarge the discharge volume and imvprove the uniformity of the
discharge. )
Q - .

T = 7 .

The Beaulieu system works well for small YEa lasers; but at the volumes, electrode

areas and .input energies of currént interest in high power laser devices, the discharge time

becomes too long when usin% conventional circuitry. Consequently arcs do have time to form.

In addition, a fast discharge time does not correspond to the most efficiend: pumping ratc of

CO, lasers [9]. A:fast discharge rate is, therefore, not a particularly good method of arc

]

suppression, even if it could be achieved at high energies.

o

- .

An alternate-solution to this problem js to prevent the current density from rc:rching'au‘
vlarge enough value to initiate an arc. One such device is the Do'uble-_Discharge laser developed
by Dumanchin ef. al. [10] and by Laflamme [11]. This system, as, shown-in Fig. 1.2, uses a
mesh or grid cathode with a Lhird"‘electrod‘e placed in close proximity, on the side opposiic the

.

anode. A fast low-energy discharge is triggered betwc cathode and the ¢ = eclectrouc,

~

_ ' : . , ,
thereby producing a cloud of electrons around the cathode. These clectrons great., miprove

-~

' ﬂre quality of the main disch;irgc to the anode by _effcct'rvtly incréasing the discharge area and
thereby reducing the current densi[y suffrcienll)' 10 prevent the formation of a constricted arc.
Laflamme obiained 9 J per pulse with a peak 'powér of 12 MW and an output .energy density

“of 55371, from a 3-8 m. long laser. |

Nichols and Brandenburg [ 2] used a similar clectrode structure, but pro’drxccd a cloud
of ;:lectrons with an 11 MHz. tf generator connscted between thé grid and the cathodc. The
device operated very'well at a total pressurc of 160 torr and with a volume flow ratio of |
CO.Z:N,:Hev = 1:1:8. With gas flow transverse to the optical zlmis at supersonic speeds, a

17 kHz. pulsed laser output was obtained.
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1.2.4 Pre-lonization Technigues ,

<

Parallel with the developments outlined above was the intfoduction of preionization

techniques and the use of specially shaped electrodes, in order to increase the area of.
. . - .
atmospheric pressure uniform discharges. Preionization refers- to the presence of charged

~

particles in the gas volume prior to the initiation of the discharge. These charges aid in the

production of large volume glow discharges having high spatial uniformity. Preionization has

.

* been used in TEA type lasers for pumping large active volumes, thereby providifg more laser

power. >

-

The double discharge lasers, discussed® earlier, basically employed a low-energ,'
preionizing discharge from the trigger to the cathode. This is sufficient to cause an ionization

cloud to be uniformly distributed around the tathode. Such preionization helps to initiate the
. . . B4

&

- main anode-to-cathode discharge in a very uniform fashion, thereby reducing the effects of

clectrode syrface irregularities and alsd- the tendency to generate a bright arc. Dumanchin et.

al. [13] used a cathode made of parallel f{ns and insulated trigger wires running between th.

fins. They reported the attainment of 20 J/litre of laser energy.

Other preionizing techniques that have been investigated are: the use of elgctron
beams, ultra-violet radiation and“plasma jets. All these preionizing techniques utilize the fact

- [4 .o .
that a discharge can be stabilized if the volume electron-ion production mechanism in the
. .

plasma is made independent of the applied eleetric field, through the use of ekternal ionization
. i 3 ; ,

N \ .
sources. In such externally controlled plasmas, the applied electric field can be much lower

e
than that required for self -sustaining discharges. '

~

1.2.5 Other Major Developments

[}

CO, lasers have already demonstrated im.proved performance at hig}l pressures due to
increased pulse énergies, peak powers and high repetition rates. CO,-lasers operating at vey
high pressures (above 1 atn.) and having broa{i@ned ‘Wbrational-rotational lines‘(g{hich may

o . .
eventually merge into continuous emission bands) have already been built. Such lasers can be
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used to produce ultra-short pulses (= 10'125.) by mode-locking techniques. Thc_y can also be
wned conunuousl) over a broad spectral range. Though the goals of tunability and ultra-short

pulse ge.nerauon have yet to be fully realized, pulscd CO2 N, He lasers have already been

‘ operated at pressures as high as 50 atm. [13].
- r

\ . N L]

o Some of the other major a@ancements made in the development of CO; laser include - '
“ \ -the introduction of seedants like waler vapour and xenon o ‘improve the lasor
performance. - , )
-th;; use of fast pumping techriiques to increase piilse energies.
IS -the introduction of nepw excitation 'methodé such as those used in optically pumpcd
ar;d chemical reaction mmate\d Co, lasers f
:the advancement of new CQ, systems such as gas dvnamlc and waveguide lasers.
Thg ‘details of thes's systerns. is beyopd the scopeqf this modest .summary. More exhaustive
‘reviews can be found in [14-16]. ’
1.3 EXCITATION MECHANISMS IN THE CO. LASER o ol
1.3.1 Transiltion States for a CO, molecule o
The CO, molecule can be v1suallzed as 3 atoms whxch usually lic in g straight hm the
outer atoms being oxygen with a carbon atom In bedl\wccn. Thcrc are three pqssxblc modcs of
vibration;in each case the center of gravity remains fixed. ’
«1. The oxygen atoms can vibrate in oppos'ition to ca;h other along a straight line- this mode
is cdlled the symmetric mode, ang is-denoted by »,. .
2. The oxygen atoms may oscillate at right angles to {hc straight line- this- is cgllcd Lthe
bénding mode, and is denoted by" v,. o | i

3. The two oxygen atoms may vibrate about the central carbon atom in such a way that they

- are each always moving in the same direction- this is known as the asymmetric mode, and
3 ¢

)
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is denoted by v3.c . » ~
' %&i, 1.3 shows diagramatically ‘ne 3 modes. Each possible vibrational state - elled as
follows:

Symmetric mode ¢v,) 000, 100, 200, 300...

Bending mode  (v,) 000, 010, 020, 030.....

Asymmetric mode ( é‘) 000, 001, 002,-003.....
In addition t0 these vibrational mode¢ the moleculesﬂc'an rotate and therefore quantized ‘
‘rolational energies are possible: A set of rvotationaflevels' is associated with each vibrational
Igvel: these are labelled in order of ipcreasing energies by J values; each value being eifher a

zero or a positive integ@® The rotational energy per molecule is:

N

. P I .
E,, = heBJ(I+1D) : NS

where B, = h/87cl is the rotational constant (B, = 0.387 cm™t at 400°K) and 'I' is the
moment of inertia of the molecule, 'h' is ﬁanck's constant and 'c' is the velocity of light.
< ' . .

The population NJ at the rotational level j, assuming local thermpdynamic

cquilibrium, can be estimated by ‘usin@ Boltzmann's distribution equation:
: NJ =N (2 + 1)(the/kT)[exp(-Eroi/kT)] (1.2)

where N_is the population dcnsity of vibrational level v.

Transitions between different .rotational levels in a given vibrationa! ' statev‘ are
forbidden for the CO, molecule since it does not have a permanent clipoie moment. However, _
a transition from one rotational level to anothe‘r is allowed if it is to a different vibrz;tional
statey Quamu_fn mechanical selection rules require ?hat the rotational state, J, either increase
{denoted by P branch) or decrease (denoted by R brénch) by 1. Laser transitions have been

=

obtained from both tire P and R branch and these transitions tend to compete with one

another. For example, the strongest transition is the P(20) transition from rotational level
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N :

J =19 at the higher vibrational level (001) to J=20 91 the lower vibrational level (100)
»

(occuring:.at 10.6 Ifm). This he competes with the R(20) transition from J =21 (001) to

1=20 (100)_.5;1n accordance with the Boltzmann distribution the populaiion at J=21 level is

less than that at J=19. Hencg, there is a greater .population inversion for the P branch as

&

’ ‘. compared to the R branch. Consequent]y P branch transitions tend 1o dominate over R branch

transitipns. _ \
o Ty

e \

1.3.2 Role of‘?Nitrbgem _

The energy level spacing, for the ‘C02 molecule, increases with J aé shown on an
expanded scale in Fig. 1. 3. This f {guie also depicts the energy levels associated with eacn mode

of vibration logether with a set of rptational levels for the 001 and 100 modes. The ground

-

state and the first excued state of the N2 molecule are also shown. As only two atoms are

involved, the N; ‘moleMe just-one vibratidnal mode. Nane that the v = 1 leve] of

U

N, is in close colncidence with the uppe‘r laser level (001) of CO,. The many desirable

properties of CO, lasers can be attributed 1o this, Q&r perfect match of levels. In addition, the

N

" N, molecule has a large cross-section for-electron excitation of éts vibrational levels The N,

A
molecules can hence be vibratior ally excited by means of electron collisions and they can then

transfer their trapped encrgy direc v o the upper laser level of the CO; molecule. Because N,
18 a‘mctaslable molecule, it can onlr g0 10 the ground state via a transfer of energy to tiv

CO, molecule. . “ T B .

3.3 Role of Helium

. It was not possiblelto place the excited-state energy levels of He in Fig. 1.3 because

the first excited state of He occurs at 159,850 cm!, whereas the upper laser level (001) is only .

| at ;349 cm'. This contrdst explains why the CO, laser is more efficient than the He-Ne laser.

One needs 1o supply'o'nly 0.5 eV 1o excite the (001) state of CO:, whergas morgthan 19.8 eV ’

51 state of nie He-Ne laser. The role of He in‘ithe CO, laser 'is as

is required to excite the
SR N ‘ %)




°1.

described as follows:
1.

- 2.

. follows: - . : oo

Heli # 1n transporting the heat generated by\he discharge onto "the walls of the

1

co. “aine” fof cooling.
Helium indirectly helps in depletion of the lower laser leyel (100), which is linked through

resonat collisions with ‘the (020) and (010) levels, the latter being directly depleted by
Y : . : '
helium. ' - o -
- ,_,5& - ) v
Helium helps in controlling the E/p ratio and thus the eRctron "temperature” of the.

discharge. . o o

The pumpidg sequence for an electrical discharge in a mixture of CO,/N;/H,&‘-‘Ean be:

W R b

Electrical power is transfierred to the electrons f rom thc elecmc field.

oue

The clectrons transfer this power by collmons wnh neutral gas .a'tomﬂ Thc melawc

collision process (of flrst kmd) is represented by

~

e+ Nz(VZO):;» NS(r=1) +(e-KE) \ o - _“(1;3‘) o

The excited N molecule cannot dIOp directly 1o the ground state (due 0118 mctastablt .

propcrt\) but it can® do S0 lnderCﬂV by transfer of energy lO lhe CO2 (000) state dﬂd ralsmg i

+it to the (001) state._ This colhsnon of the'second kind is represcnted by. B

PRI

NS(r21) 4 CON000) » Ni(v=0) + COO0L) - Tsem® .~ - (1A%

)

This reaction 1s)ghl) f avourable because Lhe CO2 (001) encrgy level xs very clos¢ to-the N 1' )

FEV.

(v—l) level Another possxble but less probable mechamsm is thc cxcnatlon of the UO;

’

molecules by COHISlQnS wuh hxgh --energy electrons:

e + CO. (000) {CO,(OIO) or co (ozo) or CO, (100)1 +(e-KE) (L5
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. .
3 quce the (100) vibrational state is of much lower energy than the v =1 state of N,, it

~ cannot bc populated by excited N, molecules. As a consequence, there is a build- up of
populanon in the (001) state and it soon excecds the population “of the (100) level. This

is the 'so called populauon inversion which-is necessary for laser action to take place.

1.3.5 Relaxation Processes

In addition 1o rreating a :population -inversion, il IS necessary io maintain this
invcrs"ion for a sufficient time, in order that laser action take placc;. Thué, it is ixﬁpértam’ to
know the rclaxatio/n times éssocia}ed with the var.ous levels. For a typicz;l 15 torr CO, laser
mixture, the natural lifetime\of the (001) s'ta’te of CO, is of the order of seconds, but due to

collisional effccls, this lifetime is in practic‘e effectivel:,'(redu'ced to the order of milliseconds

(16 ] The (100}, 020) levels arg closely spaced on the energy level dxagram and so are in

Fermi rcson'ancc.._Transilions from (100) - (010) and (020) - (010} are very fast (less than

1“‘ uscc) Therefore. the three levels (100), (020) and (010), reach Lhermal-equilibriufn

quickly. This leaves only Lhe decay rate of the (010) lcvel 10 ground to be examined. If this -

decay ratc were slow (as s the case with a gas mlxturc containing just CO, and N,), the
(010) level would build up in population, thus creating a thermal bottleneck for laser action.
Fortunately’, the presence of Helium sf)ecds up the decay rate of (010) symmetric mode 10 the

order of 20uscc. . 8

1.4 GAS-DISCHARGE PROCFSS

4

Carbon Dioxide lasers commonly employ elecmcal dlscharges for pumping the laser
medium. The reason for this is that the gas discharge tecr}mgﬁxe is the snmplest method of
: ‘ Ja/

’ " preducing a low lemperature plasma. Parameters such as the ‘temperature of charged_and

{
7

‘ncutrall)spégics, degree bf atomic and molecular excitation and ionization can all be contrqlled
over broad limits by varying” the gas composition, electric field strength and the discharge

current..
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A typical gas -discharge apparatus, Msed.as a laser pur sing . medium, is shown
séhematically in Fig. 1.4. It consists of twq electrodes separated by some distance, d. and -
driven by a power supply with a scries ba: st resistor. The ballast resistor limits the current

through the discharge, protecting the power supply afd stabilizing the operation of the tube.

By, adjusting the ballast rgsismce and/or the sou&vo e Jonc may obtain the V-I
(voltage-current) characteristics‘ of the dis'charge. The various operating regimes of 2
discharge, as identified by these V-1 characteristics, are shown in Fig. 1.5. Onc can casily
‘recognize two distinct regions: the glow regime, char‘acterized by high- voltages and low
currems and the arc regime, characterlzed by low voltages and largc currents.

In the glow discharge regime of operation, the voltage across the plaoma column s
fairly large (above 100 V), and remains constant over a 2 to 3 order range of current
variation. At relatively low currents, thé crosg-sectional area of the cathod‘c glow will be less
than .thc total gvailatﬂe cathode area. This arises because thc glow dischargc r}quircg a
minimum current density in order to produce S_foiciem secondary electrons to maintain itsclf.
When only a small amount of current is available, the cross sectional arca of the glow is
reduced 'umil this minimum current density condition is attained. The glow adjusty to any

& - ~ .
additional current by increasing the cross sectional 'ar(:&of he discharge, in order 10 maimain‘
a cvonstant current density. When the currem 10 the discharge is mcrcascd bevond the point

~
whére . . discharge occupies the whole cathode area, the voltage across the discharge Lcnds o

. 4
increase. This is known as the abnormal glow regxmc. A further increase in current will
usually result in a sudden transition of the dischargé intd an arc. An arc discharge has a much
higher conductivity than a glow-discharge and therefore operates at a much lower voltage. '
The arc effectively "shorts out" sthe discharge electrodes. Once an arc is formed, the

9
self -sustained glow is terminated and no further pumping of the laser gas 15 poss'iblc. The

currents involved in this mode are often large enough to damage the cathode material.

The glow discharge regime is preferred for laser operation since. it can rcsh\ in

) . . . \
excitation of ga® molecules over a large cross-sectional area (especially if operated in

P
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abnormal glow). Consequently, the glow discharge ragime-needs 10 be studied in greater

Y

detail. . ts

1.4.1 The Glow Discharge i

i

The gl&w discharge, when careful'y scrutinized, is seen to consist of a numbu of
distinct regions, such as: the cathode regmn consxstmg of a cathode "dark” space, whcra 4
disproportiona‘xe amount of voltage i; dropped; the negative glow, where hardly am vo:mgc I
' d&}pppcd; ‘the positive column, which décupies the major portion of the discharge and the
-’ a_nod‘e fall, located in the immediate vicinity of the anodg These various Vrcgions and their
corresponding current and vdltage variatioﬁs are shown in Fig. 1.6. The most :mpbrtam of
these regions, so far-as m?imz;ining the discharge is concerned, is the cathode fall region. As
is seen in Fig. 1.6, there is a large voltage drop across the cathode fall; typically 100 to 400 V.
This results in a large clecﬁgﬁlc field close io the cathode, which accclcf;lcs posilive ions
"lowards the cathode, giving them enough enetgy to cause sccondary emission from the
cathode ;urface. These emitted electrons are accelerated by the high clectric fields and acquire
a sufficiently high enersﬁto cause ionization as thev cross the cathode fall rcglgn “In the

H

cathode fall region ‘the current is mainly carried by the ions, which %ﬁmumbcr by far the

electrons. “However, if the cat=~de emits large quantities of clectrons, for e.g. through
4

thermionic emission, the ions do not have to ca#ry as much of the u:rrcm. Conscqucmly: the
fwad .
cathode fall voltage drops to Toughly the ionization potential of the gas.

The product of the cathode fall distance and gas pressure (pd } has been
experimentally seen to be constant over a wide range of pressures. Since pd i constant, there
must be a constant number of mean free paths in d . This implies that the number of 1onizing
collisions made b. .ach emitted electron tends to remain congtant. As such, this fact supports
the contention that the primary function of the cathode fall region 1s t‘o-producc a specific

number of ions per emitted electron. Clearly, if this number of ions is, on average, enough 10

produce one electron through secondary emission, the discharge becomes self -sustaming.
w :

D
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The negative glow is caused by those electrons that “have gained a_kinetic energy 4
corresponding to a significant fraction of the cathode fall voltage. Energetic electrons are
slowed down in this region by ex'c‘iling and ionizing collisions;.some of which result in visible
light emission. . | . | »

By the time these electrons reach the positive column, the dcr;sitics of ions and
electrons are approximately-equal; angy the electric field falls to a low value to produce jl.l.\'[_v
enough ionization fo balance diffusion losses Io- the walls, thereby ‘maintaining the plasma
column. Thekéle\ctror}s, being considerably lig’hter than the pdsitive ions, rcsqpond much laster

1o the electric field. Gonsequently, almost all the electrical power enters through the clectrons;

which in turn later excite thé Temaining neutral atoms and molecules. It is these excited atoms .
and molecules, which generate coherem r‘radiation within the laser's active medium.

The last .region of the discharge, close to the anode, is the anode fall. This rcgion
consists of a negatiye space charge close to the anode., formed by clectrons as they arc
accelerated towards the -anode surface a the steep voltégc gradient.-On their way, these

'\aictrons produce, by collision, ncgative ions which then move into the positive column.

‘In addition 1o these considerations, it is importarivt&' to take into account the time

. .
dependence gf the discharge process. It takes a time T, (known as the formative time lag)
)

before: the voltage across the clectrodes will reach a qﬁas_i.-cqu.lbnum‘condilion at the
self -sustained glow~di;charge voltage, Vg In this phase, [he‘ionizal.ion and attachment
processes in the laser are in equilibriﬁm and the gas will behavc as a voltage regulator; with
the voltage between the electrodes fixed at Vg independent of current as long as the current
density is not too high ie. < 100 amp/cm?-atm}). When 4 large power density is applicd to

AN .
a laser gas discharge, the pla\ma often degengzates into an arc. If the arc occurs late in the
. Cr X ’

’

pumping cycle, the laser intensity will be reddced and ger;crally vary from shot to shot. if,

however, the arc occurs before the self -sustaiped glow \d;'scharge can be established, then the

T

gas will not lase. It is therefore critical that the formative time lag, Tf, be minimized if

arc-free laser operation is to be achieved.
40-{
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In order to calculate the self -sustained voltage, V ¢ and the formative time lag, T, use

is made of the continuity equation for electrons:

3

on — -~
( ?"—) = production of new elegirons by jonization + production of new electrons
3 A _

by an externally connected source (eg. an e-beam, uv-ionization)

- loss of electrons due to recombination and attachment. . (1.6)

¢

~

Neglecting the external ionization source, this reduces to:

= +

dn an 3(n u)
By [, 0]
dt at -BX

¢

A
X “ \ 4 K .
where n_ is the electron density, t is time, x is distance from ihe cathode measured parallel to
the uniform applicd field, u is the electron drift velocity, and 'a' and 'a' are the electron

jonization and attachment coefficients, repectively. Only when a is larger than a, can the

discharge grow. The resulting:electron avalanche process builds up the electron gensity from

its initial preionization value (typically 10¢ to 10* electrons/cm’ £ls which exist in
p /1

the pulsed glow discharge phase (typically 107 to 10'* electrons/cm?).

Neglecting the spatial variation in (1.7) and defining TC:[(a-a)u]'] as the time

constant for clectron growth or decay, we gel:

_

* The time constant, 7, can be calculated from the Boltzmann transportation equation using

13

numeric cross-section data to determine the electron energy distfibution and the resulting ..

variation of. « and a as a function of the electric field-to-gas density ratio, E/N. These

tedious calculatibns have already been attempted in references.[18-19] and the results are '
reproduced here in Fig. 1.7. Note that there is a limiting value of E/N, denoted by (E?/N)', :

below which the discharge will not be self -sustained. (E/N)" corresponds to the case where

a = a. When a constant impedance power supply is used to operate the glow-discharge, the

= aun, - aun, S .7

(anc/ét-) = (n/r) ‘ (1.8) .

1

J
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measured \;oltage is given by:
S
V =V = Nd(EN) | (1.9)
where d is the lengthrof the, electrod® gap. Eq. (1.9) implies that the glow discharge operates
al a voltage where electron production and loss are equal, i.e. at (E/N)'
. - 3 .
Simplified expressions for Vg and T, at room temperature using chﬁ‘lmional

CO,:N,:He gas mixes are giverg below {20]:

V,=20DPR¥ - e "’i:,
T, = (0.2/PR¥}) exp [10.5 V7 V] ' (1.10),
\\.\ . ‘ ’ LR wae
where V is the self sustained dischafge voltaszc (kV) T is the formative time lag (ns) D is 1 “:
| £ LT

the clectrode separation (cm), P is the laser gas pressure (atm), R is the ratio of nor- hehum ‘

. gas partial pressure 1o total gas pressure and V 15 Lhe voltage ‘applied to the electrodes by the \u o'._

main discharge circuits (kV)» | ‘ A

‘ .
. i . s - .‘)‘*‘“ . 3 . a4
~ It can also be shown that the steady state electron density is given by [18]: =, - " T
cn= 1/ (ew'A) = (V- V) s (e’AZ Y T @Ay
L3 ) N "
- L

? ¢ *
.

W 3

where 4 1s th cross-sectional area of the dlschargc e is tha electren charge, u is thc clcctron
drift velocity at (E/N) and Z, is the characteristic impedance of the power sppply fhe&e L

gquations agree well with experimental results obtained by George and Denes [21). ~

1.4.2 Instability Formation

There is a tendency for high pressure glow discharges to degenerate, wuh ume mt'Of
arcs. In laser applications, the glow discharge mode is essential because e'ffechve laser '
pumping occurs only with the high E/N values which are obtained in the glow miode. The

voltage collapse that occurs whén an arc forms, effectively terminates laser pumping and
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to the system components.

The mest commonly accepted theory for arcing has been formulated by Turner [B'f]"

hot-spots on the cathode surface. These hol spots result in a thermally driven cathode-sheath

in_stability. This is explained as follows: The break-up of the cathode sheath produces local

concentrations of current on the cathode which in turn leads to the formation of gaultiple
streamers in the gas. As the repetition rate is increased,*the temperature of the gas near the

cathode increases, thereby increasing the electron density, so that the streamers become fewer,

but more intense. The process becomes regenerative, resulting in even higher gas lemperatures,

- RN
until finally a single arc results. ~ .

In addition to these simple thermal considerations, instabilities in laser gas, discharges

- .

can also re%ult in arc formation. Haas [23) studied the mechanisms influencing molecular
discharge stability and his calculations indicated that small amplitude fluctuations present

within these discharges excite several different wave mades with different characteristic times.

[y -

Thé major unstable modes for high-power, electrically -excited CO, lasers arc; the ionizatior’”
Lhkc negative-ion prdduction znd the vibrational-relaxation modes. The stability of these modes
15 seen to be critically dependent on the clectron and gas temperature, the type of gas mixture
(z;r;d the degree of ionization.
The most common manifestations of plasma instabilities in electrically excited
medium:pf;assure gas lasers are the occurrence of striations and glow collapse.
1. Striations: Moving striations in CO, laser mixtures were {irst observed in a self -sustained
| convection disc\hargg bﬁ?j Nighan et. al. [24], and in clectron-bcam sustained discharges.by
‘D(;uglas-Hamilton and Mani [25-25]. Striations ‘have been shown to bc the result of

P

.charge- partigle production modes (which include ionization, negative-ion production and

excited spedigs: ;%igduction modes) of instabilities. These instabilitics are gencrally not

L SEY - , o ,

directly visible,'fo the ey@e. However, oscilloscope monitoring of the plasma potential
) ' v

¢ . . /

'
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measured using electrostatic probes, and display of the sidelight fluctuations as measured

by light detectors, reveals periodic fluctuations in such discharges with wave growth along

the direction of current flow. The eccurrence of moving striations has béen shown to be

independent of laser gas pressure and electric power density. Consequently, striations can

: s
- be detected for a wide range of experimental conditions. Nighan et. al. {24] reported that

for conditions typical of electrically excited CO; laSer mixtures, the existence of striations

. .
thal of the electrons, combined with an electron temperature value below 1.5 eV. These

]

instabilities are generally of a less serious natuge than therma} constrictions because laser

(due 10 ionization instability) requires a negative ion @cemratioq greater than one-tenth

action often persists despite the presence of striations.
Thermal constriction (glow collapse): In contrast to striations, the occurrence of plasma

glow collapse is clearly visible and invanably occurs when the current density reaches a

- critical level. The occurrence- of thermal constriction usually accompanies increases in

pressure, electric power density, or bdth. The study of glow collepse (i.e. plasma
constriction) is of paramount importance in laser discharge studies since it sets a 1iﬁ1it 10
the maximum attainable power from these devices. Whereas a laser discharge cad operate
for long periods of time under striated conditions, it can operate for only very short
times under glow collapse conditions. Nighan and Wiegand [27] analyzed the factors
causing glow-to- arc transitions in high" power CW lasers, in terms of the collisional
processes taking place in the plasma. According to their theory, arcing can be initiated by
tl;c growth of disturmances, in either vibrational or tranﬁlational‘electrén temperature.
The formation time of these instabilities is of the order of a millisecond. If one {lushes
éway the locally unstable plasma inside the laser within this time range, say by convection
cooling, then ‘Lhe stability of the discharge can be greatly increased.

Jacob and Mani-£28] have also investigated the tl;errnal and _aceustic instabilities
that could possibly cause ércing in high powér pulsed and CW lasers. They arrived at a

very simple description of the thermal instability/process. An initial localized tempcrat@ :
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“olow-discharge at high pressure. Such a process eventually translates into the attainment of .

Tise in a uniform plasma results in,a local ‘pressure rise, which creates gas expansion and

thereby a drop in the local gas denéity. This region of low gas-density will have higher
v . L] . .

electrical conductivity, which in turn will result in a highen local current density and a

further temperature rise. A regenerative feedback effect proceeds rapidly and eventually

(

i

causes the plasma 10 constrict into an aic.

-3 - i

A large number of r: thods have been ‘used to stabilize the glow discharge, in order lO‘

maintain high outpyt ower from the laser. These include the use of internal ionization
sources, the use of gas-cooling and turbulence, the use of specially shaped electrode profiles,

and finally the use of fnagnetic fields. These methods will be reviewed briefly in the next few

. pages.

V4

1.4.3 Auxillary lonization &

An auxillary source of ionization, such as high energy clectron beams or UV radiation,

_applied independent of the main discharge, can be used to produce a large volume

even higher poweréd. laser systcms..ANighan 'et. al. [27] have shown that ionization and ncutral
particle instabilities are the most probable causes of discharge instability. These i;lslabilitics
depcnd essentially on the response of the‘clectlron density to a disturbance in the laser
medium. Haas [23] has pointed out that by using an external control of the clectron density
She can(g:nhance discharge stabi.]ity'. The use of an external source of ionization reduces the
‘sensitivity of electron-density fluctuations to electron temperauire, gas temperature and gas
density fluctuations. Thus ‘arc formation is suppressed by auxilary ion'iz.ation, thereby
permitting scaling of both, the volume and pulse length of high-pressure glow discharges. Two

: ~ )
commonly used auxilary ionization tcchniquc\are: high energy electron beams and

UV-radiation. These are discussed separately.

t

T~

’



Electron-Beam Controlled Discharge

Thc concept of an electfon-beam-controlledv'discharge,(EBCD) apu‘eared early in 1965 ,

[29] It was first applred to Lhe groducuon of umform drscharges for gas lasers in 1971. To

’la
dale the EBCD has prﬁduced tltemost rrnpressrve results in the preionization ol" CO, lasers
‘O(v . 1%'
0%

for high pulsed energy An eneégy dQ\suy of 50 J/htre correspondmg toa total output of 2
kJ, has been oblamed from a 40 litre EBCD laser by Daugherty et. al [30]. The EBCD utilizes -
a high-energy beam of electrons 10 ionize Lhe gas. A field across 1he gas accelerates Lhe
resulting charges and provides electrical excitation of the laser molecule. In the @CD Lhe‘
separation 5r the source of ionizationlrom the excitation. process avoids the prol)"lems of
self-sustalned breakdown and arc formation. This can be explained as follows:
In self-sustained discharges,;the‘lonizalron process is dominated by .direct impact
~ ionization of tlhe molecules... Only electrons in the high energy portion of the electron
distribution, ie. in the iange 10 - 20 eV, parlicipa_te in this process. The ionization coefficient
a depcnds upon E/N, as is‘shown' in Fig. 1.6. It is seen, in this figure, that a small
- disturbance in E/N leads to a large l.’luctuation in a/N, and correspondingly in the electroin
density. This has a dominant effect on disclrarge stability. The discharge stabllizes at values of
E/N which are gencrallw too high to achieve good conversion ef* NGy in e-beam sustained '
discharges, the applred l'reld does not sustain thc plasma as ln se:f custained discharges, so
thit E/N can be mdependcml) adJUSled to optimize vrbrauonal excitation of the upper laser
.lcvels Thus, by employing an e-beam to control the discharge, a drrft field lower than that
required for self—sustained discharge operalion can be applied. In addition, the electric freld-

L4
can be tarlored for a partrcular electron velocity distribution and molecular pumpmg

) /
cf cv . :

E beam controlled ldrscharges have also achieved umform plasmas in large‘
cro@é-sectlonal volumes (aéul 30 em x 30 cm). To date, no other discharge techmque,'

perrr;lits uniform discharges in so large a cross-section, at moderate pressure. Furthermore,
eperation at pressures as high as 20 atm. has been achieved by Basov et. al. (31] using a beam

\

~
[4)



 of very fast electrons at 700 keV, o I 4
Though the EBCD PIocess appears attractlve it has a number of drawbapks S
. '. 1. 'I‘he electron gun can be very expenswe and comphcated requrrmg hxgh vohage supphes

10 generate electrons of suf ficiently hlgh energv

3
~

2. The EBCD process tends to damage the forl separalmg’ the ‘electron- beam “vacutim

chamber from the lasmg gas chamber due to. heaung .

3. ‘Without the use of rapid gas circulation, “the EBCD has a maxlmum pcrmlsslble durauon
. . ‘—N\ L

(approxrmatelw 100 us.) for currem pulses Usirig longer pulses causes the gas 10 OVcrhtal

thereby bottle- neckmg the lasmg process. o - o c

,

Ultra-Violet Preionizatienl »

[y

Another prelomzauon techmque which prodﬁces aunost as dramauc results as the-
EBCD technique and yet does not suffer from the above drawbacks is the. ultra-violet’

fphoto-ionizalion 'sysle,m. Since the UV-SouIce can operate within lhe laser gas faedium there is

" 2 no need for high vacuum constructipn., The uv- system cani- be scaled to pressures of many

atmospher¢s, since a delicate foil window is no.longer necded. High voltage sourccs nceded o
gceelerate electrons in e]eclron guns are not requlred in uv control. Ultra-violet sources can be
'Péadily.cons.trucled_ in large arrays, giving rise to uniform illumjnaliori .‘over a-large aperture.
The uv-system is t'hu_s relat'ively cheap an’d"considerably less complicaled than the ¢-beam
system. : '

- Initial -u.v. ‘preion’izaftion,lechniques were developed by Richardson el. ’nl. [32] and
Seguin ‘and lulip [33] for ausein pulsed’ CO, TEA lasers. These TEA lasers cnnsisted of a
number of,pin'-electrodes. which when _subjccled:,to high vbltage pulses, resuit ir; intense
flashes of ulrraviolet' radiatié}n. 'The high energy phdtons scrved 1o dissociate the electrons
from the gas molecules thus preionizing the system After a certain delay, the main discharge
is fed onto the pin electrodes. It is important that thlS delay is not 100 long otherwise the
electrogs will ‘Thave time to recombine with molecular oxygen. Denes and Kline [34] have

v

shown, by means of computer modelling, that to obtain a uniform glow dlschargcwuh @0"
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uniformly applied-electric field, the initial preionization must be uniform in the plane parallel
to the electrodes and its density must be orders of magnitude greater than the background

preionization (=100 electrons/cm’).

1.4.4 Co-Axial Discharges

The earliest lasers used longitudinal d.c. discharges to create a plasma for-the required

laser action: With the neLjd.for higher power and more compact lasers, the longitudinal

discharge laser has given way to the more effective transverse discharge lasers. Ingial
: b @ - ‘
- * . P . " : .
transverse lasers used a discrete fumber of electrod® pins toproduce a glow discharge. These

devices had a tendency to arc and %o new electrode profiles were developed. The main aim of

_ these clecirode profiles was to maintain a uniform field configuration. Thus one had the

Rogowski profiled electrode which was so-shapea in order 1o avoid field concentrations at the

a
d]

ends of the electrodes. Though [h’tl’,,.%é transvers > devices parformed very well, there has been a

nced for even more compact TEA CO, structurc. Arcir 2 prdblen{s are vmo‘re prbnounced for

small scale TEA discharges. This is partly due to the increase in field graQients associated with

small clectrodes which are fabricated to the same tolerance és large‘?jelectrodes. A compact
o

and [ gasiblc transverse laser discharge system that can overcome these broblems and thereby

achieve wgh powér, 1s a coaxial system. |

<

AThc cpaxi;l‘ system consists Of two cylindrical electrodes, one inside the other,
T .
enclosing a narrow annular discflarge laser 'medium. This is shown in Fig. 1.8. Such a ‘system
“has the following advantages:
1. The laser can be built into & grounded vmetal pipe (ie. the outer electrode can be
- grounded). This provides compactness, ruggedness and safety charac¢teristics not possible
for conventional laser geometries. Also,‘ whenever the need arises, the dimensi_o_ns of th'el
Iasér structure can be consistently reduced.

2. The symmetry of current distribution reduces the possibilty of arcing.

3. One can use comparatively lower voltages.
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Fig. 1.8: (a) Schematic of a coaxial CO2 laserand (b) Cross-sectional diagram of uic coaxial

laser [38].
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4. The heat conduction through the walls, is improved because of thq large outer surface.
5. Onc can .sc a relatively small gas blower for high repetition rate operation. This is
because thc recirculating gas flow is proportional to the Wldlh of the discharge region.
The earliest coaxial TEA CO, laser was built by Garnsworthy et. al. [35], using an outer
cathode and an inner anode rod. Casperson a;xd. Shekani [36] designed a ég;éxial double
discharge TEA .COI laser similar to the one designed by Garnsworthy except with the
| clectrodes reversed. They also used a trigger wire, spiralled around the inside surface of the
cathodc plpc to serve as the preionizer. Oche and Sontag [37] corstructed a c: lindrical
discharge system, for low energy applxcatlons havmg a small diameter wire as the central
clectrode. Earlier s)stcms emplowed large diamcier todss as the central electrodes The
advamage gained by usmg a thin central electrode is that it can be used simultaneously 1s a
prcionizing clectrode. The extension of the coaxial dlscharge to cw lasers was made by Cheng
"and Casperson [38]. They found that the overall efficiency of the coaxial sysizm is the same

as that for conventional longitudinal discharge, but with the added advar.i”gc of low voltage

operation, better cooling and a rugged construction.

1.4.5 Magnetic Field Stabilization

s}

The coaxial discharge CO, lasers, though very promising, scem to suffer from the
same clcclrothermal instabilities that plagug other CO, 1aser systems. There is, fortunately, vet

another method by which one can stabilize a dlscharge i.e. the use of a properly profiled

magnetic ﬁcld

o 2

The cffect of a magnetic field bn breakdown is determined by its influence on the
drift motion.of charged particles, particularly elec. uns. An efectfon moving freely through a

uniform magnetic ficld of flux density B gyrates about the {Zeld lines with a frequency

_ _lel

' N

known as the cyclotron frequency.
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The radius of- gyration a, depends upon v, (the electron’s velocity 4'3componcm

perpendicular to B) and is given by:

\ 2= (D)(v,/B) = (v,/0) (1.13)

§
so .that the electron velocity in the B direc  1.is unaffected, while velocity perpendicular to B

produces rotation. Free elechons are therefore effgctive’ . nchored to flux lines. If an clectric
field E also acts on Lhe electron then Lhe compdnent.of £ parallel to B produces auelcrnuou
e “Ji"‘ - & - ‘
%in the same dxrectlon whlle ‘the compo’nam perpendicular to B produces helical. motion along

v

an axijs. pc‘rper\dag:kﬂar w0 b,olh chcc electron flow is 5everel) restricted by a lransverse
f

_\ . By
K '

magnetlc fleld and only bx vmue of COHIS)ODS can a net flow of - electrons be achno\cd across
,»m 4 . f
{ ,

* the field dir,ection. It ma_y be shown that if » is:the clectron oolhsnon Irequcnc_v, both  the

‘mobility and- the diffusion are .reddced' by factors of [ul/(u?:&tw_’)] and (VAT +w )]

resp"cnvely for ﬂow across thc magnctlc field. Here A is: the mean frec palh N

The gyratxons of. electrons in a transverse magnetic ﬁeld causes an mucascd path

ength m spanmng a gwcn distance and hence results in a grealer number of collxslons The

¢

effc;t 1: equwalem 10 an mcreasc in prcssurc wnh a corrcspondmg Lhangc n a.

o .

]

o "

conveotwch cooled crossflow CO, laser dxscharge an unmagnemcd plasma column is bowcd

strongly downstream under the force of the ransverse gas ffow. This effect 1s i]luslr;i'léd in

Fig. 1.9. In order to obtain efficient laser operation it is necessary to sikaightcn énd méi’nlain
the p(;;mwe column within the confmcs of .the optxcal resonator gcomclrv A lapered’ magncm
fxeld mutually perpendlcular to the dMal clccmu field and thc gas flow vcloulv is uscd o

push back electrons into the optical axis by means o/ lhe J X B force.

Recently magnetic f{ields have been uscd by Seguin et. a1 [40 42] 10 suppress.. thclf

-

growrh of electrothermal plasma instabilities and to mcreasc the power ]oadmg in hlgh powcr

laser dxschargés Figs. 1.10 "and 111 show the structurc of the magncllcally stabilized
\

transverse and co-axial discharge systems Proﬁled magnctnc fields, which mtcracl wnh the

. g,i:'

,'JQ.V .

be Buczck et. al. [39] were t%/c first to apply magnetic ﬁ(.lds 10 laser &stems. 'In a -
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Fig. 1.9: Sg¢hematic of gas flow channel, electrical discharge and transverse magnetic field in a
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magnetically stabilized CO, laser [39].
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Sectional Diagram of Magnetic Elé'etro‘dcs
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Fig. 1.10: Magnetically stabilized transversc di;charge CQ2 laser struclu?&“ﬁ%gd by Capjack el.

al [41}. 2
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Fig. 1.11: Magnetically stabilized co-axial discharge CO, laser structure used by-Seguin et. al.
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electron and ion sheaths at or near the electrode surface are used. Any potential current

LY

-> >
filament occuring in the discharge will be accelerated by a foree of J X B in a direction

orthogonaclL to both £ and B This filament Will quickly spread out into a diffuse rotating

: plasma cylinder (i.e. the filament will follow a hehcmdal motion). Thxs results in a strongly
[}

sheared flow system near the electrode surfaces which further he‘lps in suppressing the

.,

f ormauon of arcs.

lﬁitially, the mechanism by which these m;gnetic fields stabilize laser discharges was
thought to be due to the -j X -ﬁ drift velocity of the ions and neutral molecules. Subsequent
analysis of these drift velocities showed that they were far too small to account for the
observed stab.ility effects. Clearly,‘ the stabilization ,mechanism must involve the motion of
electrons, which movg 1000 times faster than the ions and neutral molecules\; 1t is the purpornt
of this thekis thaf magnetic stabilization of laser gas discharges results primarily from Lh{_e/

S - v

swecping' of charge carrier instabilities over the cathode region through distances larger than
characteristic instability scale lengths. In order to prove this hypothesis,‘it is necessary 1o have
a clear understanding of fhe varfous instability modes that occur in CO, lasers, their scale
lengths and 'the conditions leading to their occurrence. The next cha’pter addresses precisely

4
these points.

%



CHAPTER 1l

- ©  DISCHARGE INSTABILITY ANALYSIS
A . o

2.1 INTRODUCTION

In Chapter 1, the various instability medes that can perturb uniform glow operation
within a laser gas discharge were briefly describévd. It was shown that large-volume convection
lasers are subj'ect to the occurence of plasma‘instz:bilities which prevent the attainment of the
elevated electrical power density levels dictated solely from thermal considerations. Such
instability modes are often manifest as slri;tions or as contractions within the discharge.
Eyentuallly, the process can result in a glow-to-arc transition, thereby effectively Lerminating‘
laser action. It is, therefore, important 10 analyze these instability modes in greater detail; so

that these unfavorable conditions can be avoided; or alternatively, appropriate methods to

»
L3

circumvent them can be formulated.

Discharge instabilities arise basically as.a result of local fluctuations . in the plasma
-
variables; (such as species type, concentratjon, density and vibrational temperature). Noise
R ,
generated by flow turbulence and power supply ripple can also be contributing factors

However, not all fluctuations lead 1o instabilities. Typically, there are three ways a system can
respond to small perturbations:

, n )
I.  The perturbations can be ’ﬁ@quated in time. Under these conditions the system is said o
- pe \ .

\‘_\

be stable.- "

2. The perturbatiqgs are amplified in time, but within the same time frame are 'transported’
out of the system (e.g. by gas flow).

3. The perturbations are amplified‘in time and remain within the system.

Obviously, case (3) is the most serious since it could eventually result in permanent damagc
to the system. For example, arcing of the discharge could-cause cataétrophic elgctrode failure.
Stability analysis attempts to predict the conditions which will result in the system

becoming unstable. The amplitude of the initial fluctuations in plasma properties are hsually :

.
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small enough so that one can use first-order perturbation “theory for stability analysis.
" Perturbation theory allows all plasma properties, ¥(x,t), 10 be considered as the sum of two

components; the spatially invariant, steady state value ¥, and a small spatially and temporally

varving component ¥(x,t). Thus:

+

Y(xD) =¥+ ) : ‘ (2.1)

fn,n,n_, ....,

where v dénotes a complete set of fundamental plasma properties, ie., ¥ er Op

Te, T, T\}}. The temporally varying component, ¥(x,1), is assumed to have a space and time

dependence given by:

V(x.1) = ¥, exp [i(kx - wt)] - (2.2)

where @ is the complex frequenc;' (0 =0 + iwl), k Ais _the wavevector, X i‘s‘[hc spatial
variable and v, is the amplitude of the perturbations.

These perturbed variables are substituted into the fundamental conservation equations
for the plasmg (continuity, momentum and energy equali(;\ns) and decomposed into their zero
(for steady state) and first-order linear components ('for fluctuating quami;ies). The .solulion
of both the zeroth and first-order conservation equations is a formidable task, requiri:g
accurate knowledge bf various atlachment, recombination and ionization - cocfficients. In
addition, a host of positive and negative ions and neutral species are produced in the discharge

b
as a result of numerous reactions. The behaviour of suchv a plasma is governed by a complex
set of é_pcrg)' and particle canservation interactions. Considerable simplification is achicved by
assuming only one species cach of positive and negative ions (see Haas [23]). These
conservation equations can also be partitioned into various time ranges ‘with regard to
¢
different instabiliiy modes. Such an approach, apart from.considerably simplifying the
mathematical analysis, also pro?ides a better physical insight into the different instability

modes.

- /—'\\
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The various modes that exist within the discharge can be decoupled b 2ssuming that
the higher order terms, which consist of products of the amplitudes of twe of me o different

modes, is of s’fnaller,magnitude than the individual mode amplitudes. Thus, onc can clirhinate
o i,

the perturbation amplitude wk ¥rom the first order equations and arrive at an equation for w-

~and k in terms of the steady-state plasma. properties. The complex roots of such an equation
, (cdmn’aonly referred to as a dispersion relation) can each be identif ied with a potemiallmodc
. of ;nétable plasma behaviour. Haas [23] has shown that the characteristic -time scales
associaged with these modes cover a wide time range (10'1('. - 10'25&‘.). A significant
s{mplifica’tion of fhe dispersion relation is possible by breaking it up into various I‘Limc ranges.
The complex roots of Lhe”“résﬁltihg dispersion relations, each of whiclf cover different time

frames, are associated with varions instability modes. Based on the physical processes

3 <

associated with their evolution, these modes have bdeen ¢ so% -y p¥ in_gﬁ‘thcir

characteristic time scales by Haas [23] as follows:

1. Space-charge relaxation mode‘ ( 10719-10 8sec. ).
2, Elcctroﬁ thermal m:)de (10:'8-1'0'7sec.)
3. Ionization mode (1076710 “sec.)

4. Negative-ion production mz)de (10'6-10"Ssec.)

5. Electronic-spcciesl production molpc (107%-10 %sec.)
6. Sound mode (107°-10"%sec.)

7. Vibrational energy relaxation mode (10"’-10'3scc.)

8. Heavy particle thermal mode (10'4-10'3sec.)

9. Vorticity mode (107310 sec.)

' Haas [23] has shown that the space-charge relaxation, electron-thermal apd vorticity modes
are stable for high-‘power CO, laser plasmas. However, the stability of the other modes is
L}
critically depéndem on the steady state plasma properties, such as gas-mixture, the degree of
) ]

ionization, the discharge E/n (electric field to gas density ratio) or 'cquivalently'flhe electron

temperature and the gas temperature.
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2.2 STEADY S'I‘ATE;CONDlTlONS V ‘ . 3

In ordgr to determine the steady state plasma properties of interest, we start with the
analysis of the continuity equations for various charged -species in the laser plasma. If 'nc'

denotes ‘the electron density, 'nn‘ the negative ion dens{ty, ‘np' the positive ion density and
. ' o : .
'n' the total heavy-particle density; the charged particle continuity equations are:

N -

v

an
aC:nnk-nnkc-nnk + nnk, +nS
t ¢ 1 e pr e a n d .
ann ; s
T ncx‘ﬂ\a - n_nk; - nnnpkr . _ : (2.3)
2

where S is the rate of ionization duc 10 an external source and the various k's are the rate
. ) - o . .

coefficients for the following processcs: y : 53" ‘
(i) kl (clcctron impact ionization) UUTTTTUTTTT e.g. ¢ (+ M>M" + 2
(ii) k, (electron neutral a‘ttachmeﬁt) eg.e + M>M
" (iii) k'i (electron - positive ion recombinationi ............. eg.c -+ MY > M .
(iv) kd (negative ion detachment) eg. N+ M > N+M+e
(v) k‘I (positive ion - negative ion recombination) ........ eg. M+ M7 -»2M

¢
.

Note that in (2.3) we have not written a separatc cquation for n,. This is because one can

§

assume charge neutrality in the laser plasma. So:

n =n_+n § (2.4)
;J e .
The rate coefficients, ki, ka and k‘; arevgbtained by averaging the corresponding CTOSS -sections

v

over the electron density function, f, ie.:

k(B = &2 [ ures) Qu a e

o

where u is the electron energy in electron volts, e and m-are the electron charge and ifrass,

Qj(u) is the cross-section of the particular process in question, and E/n in the ratio of
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electric field intensity to the total neutral particle number density. Since the electron energy

density distribution function depends on E/n and the gas mixture, tpe rate coefficients are

. also dependent on these properties.. N ;

v

Nighan and Wiegand [43] have computed these clectron rate coefficients for a =

-

representative CO,-N,-He mixture. Fig 2.1 presents the ionization and attachment rate
coefficient as a funcgion of this E4n'ratio. Also shown is the electron-ion rccombinatior\‘ra;c,
ker, weighted by the fra_ctional np/n. Notc\ that‘,‘ this weighted recorﬁfination ratc is only a
&‘. showly varying function of E/n, as compar\ed to the ionjzation and attachment rates {which
vary over many orders of magnitude for 'nall changes in E/n). The opergling vah‘m of E/n

will depend on the type of laser discharge considered: i.e. whether it is externally sustained or -
' /

and if self sustained whether it is detachment dominated or not. In any case,
7

‘ -
value of E/n, i.e. (E/n) , for a specific gas mixture is. determined by the

self " sustaing
the sus%a’iﬁ"”

condition that electron loss mechanisms (attachment and recombination) shduld be balanced

by electron production mechanisms (ionization-and detachment). We will consider thesc

individual cases separately. , i

2.2.1 Self Sustained Discharge: No Detachment

“ .
When detachment is an unimportant , ocess the sieady state electron conucrvation

3

equai‘ion (2.3) simplifies to:

nnk =nnk +nnk or

e e a epr

O € )

k=% + (np/n)kr \‘..6‘) .
: ©

Fig. 2.1 shows the values of these coefficients for different _E/n ratios. One can clearly note

that k2> (np/-n)ker throughout the E/n range considered here. rThcrcforc. for the

no-detachment case the electron conservation equation simplifies finally td:

kK =k » o (2.7)
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CO, laser discharge.
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This equality occurs. at point (A) on Fig. 2.1 and the corresponding E/n value is the
su§taining value for the glow discharge with little detachiment.

2.2.2 Self Sustained Discharge: Strong Detachment i

When the detachment rate is very high (for e.g: if there are large quantities of

detachingéspecies like CO), the charge conservation equation (2.3) simplifies to:

nnk =nnk -nnk,.+ nnk®and
el e a nd e'pr -

,nenka = n nk, ‘ (2.8)
’Combining these two equations together results in:

_ e\\ . i . ‘
k, —«(np/n)kr . , | (2.9) B

This equality occurs at purt (B) on Fig. 2.1 and once again the corresponding ¥/n value ’

gives us the sustaining value for the discharge operating in the glow mode with strong
- . 4 .

detachment.

‘
i}

-

In actual practice, one can operate at .E/n values anywhere between the no
- : N <
[

detachment (A), and strong detachment (B), limits; depending on the concentration of ‘the

detaching species. ‘

- —

2.2.3 Externally Sustained Discharge -

g

The imroductioﬁ of an external, independently controlled, source of ionization, such
as an eiectrori‘-beam or uv-preiodizati‘on, is equivalent to shifting thg ionization ratc
coefficient, ki, ixp' above .its value for the self -sd_stained case. This corresponds to-a shift in
the points (A) and (B) of Fig; '271 tﬁo';the left. This further implies that lower_ E/n values are

required to maintain the steady state glow operation for an externally sustained discharge..
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For both self -sustained and externally sustained discharges, the r‘egibn to  thg left of
point-(B) in Fi% 2.1 is seen to be a strongly -dependent function of the E/n (and therefore of
clectron temperature, TC) values. This strong dependence can lead to various instabilities as

will be shown later.’ 6

2.3 GLOW-DISCIH ARGE INSTABILITIES . P .

“Ina self -sustained CO laser glow discharge there are. wo, major mamfestauon‘} of
mstabllmes namcl» striation of the plasma discharge and plasma constriction (or tb’.ermal

instability). Striations occur in the time scales of 10 ec. 1o 10 %sec., whe‘/ea‘s&plasma

constrictions occur in 10" %sec. to 10 %sec. time scales.

2.3.1 Striations
Striations have been observed in thg discharge positive column region from the times
of the carliest gas-discharge studies. Striations are basically wave-like structures Or regions

wilhin the discharge which have higher gectron' densities than elsewhere. These regions are
. o
sometimes vmblc to the naked cye, but more often are observable only by means of
L

sophisticated mcasuremcm schemes. The electron density builds up. at certain mtervals due to
lhc fact that the electrons gain enough encrgy for ionization only after travelling a certain
distance. The electric field potential also shows sharp rises (resulting in large excitations) near

the striations, followed by regions of flat potential between striations (where there are few

«
/
)\A)
. o
«

excitations).

To determine whether or not striations will build up one has to ‘first determine the
“ dispersion relation for the striation modc.-Since the characteristic time scales for lhese modes
are between 10 3sec. to 10 %sec. one can rlleg:lect neutral particle properties which take longer
time periods to respond to perturbations. Space-charge fluctuations respond on a fnuch
émalicr time scale (lO'wsec. 16 10'9sec.) so that one can assume charée neutrvalit.y (ie. n, =

n, + nn). One can -then write the electron and negative-ion conservation equations and
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substitute the perturbed variables in these equations. One then sepafates these equations into

the first order and the zeroth order equations. There are two first order equations cohsisting

of three coupled perturbed variables Nek, N, and Tek. If one adds to these equations: the

L . - ]
quasi-steady electron energy equation given by Nighan [43], which Telates the perturbed
quantities Nek' and Tek (generally Nek and Tek ate negatively related); one can solve for N, .
. R . (4
N . and Tek in terms of unperturbed variables. This results in a quadratic equation for i’ in

terms of the teal, zeroth order (i.e. steady state) properties of the plasma. The corresponding

dispersion relation for striation modes is of the form:
0= -2 5 (w0 >0 | (2.10)

Thc‘ full 'form of expressions 'b' and ‘¢! are given in [43]. The two roots of (2.1()) are
identifiable with the temporal grc}wth'or damping of disturbances in clectron ~(ior;izati0n
mode) and negative-iori densities (negative-ion mode)l', The ionization mode is unstable if b
< 0, whereas the negative ion mode is unstable if b an‘d ¢ have opposite signs. For CO, laser
conditions of interest, Lhe coefficient ¢ is aléways pbsiti've oul b can change sign. The
jonization instability then requires that b < 0. Under that conditi_on.i}ﬁc negative ion mode

will also be unstable. The condition b < 0 is given by:

2Cos% kK A
b= [e—;———)(l 2 >nk'ki]

Vl' k 1
u .

Pl

D sy>0 (2.11)

n
e P n e

ne e‘ rln - nn i ne
- (—n k + nk, + nk +—mnk +
. np pr n n n a .

Here, ¢ is the arigle between the wave propagation vector, k and the electric ficld E, re-

.

Cos¢ = kE. The term f/d is given by:

5o

) = ~ . ~ L )
voo=2l+w -y Cos2¢ (2.12)

&+

where Y, and v, are the total electron energy exchange and momentum transfer collision
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frequencies. The caret notation refers to the logarithmic derivatives with respect 10 electron

lemperature, e.g.:

~ _alnk _ T, Ok "
K=3nT, = &k 97, \ : - @)

To simplify (2.11) and to get a better physical insight into the striation instability modes,

-

consider the case when the discharge is operated near condition (A), ie. no negative ion limit
of Fig. 2.1. In the absence of negative ions, o, = n, and nk, = nek‘; (from equation 2.2) and

all terims Tepresenting negative ion processes vanish. Therefore (2.11) reduces to

-2 Cos% . '
nkl[_————_——— kl - 1] ? O, ; o (214)

~
[}

14
u

A : : ’
J P ] f
For most species of- interest k. is positive, wit lue between 10 to 30. Also ﬁu is almost™

always positive with values in the range of 2 to 5. Thus the left hand term is always negative;

imT)lfin{: that no striation modes of inst}xbility are present.

However if we do operate at reglonslbetween (A) and (B) or between (A) and (C)
then the lull form xof (2 11) must be cormdered }or stability-.analysis. The terms in tt{e
parcmhcsxs act as stabmzmg tﬂeme;Ls and are all positive. Thus the main stabllny criteria
rcduws 1o the quanmv (k k//ik). ex;:eadngg umt) This quanmy (k k /kk) or 6k /<Sk
reprcsems the chaange in k assouatcd with 2 chanQe in k in response 1o a varlauon in the

clectron Lcmperature. @(k k 7kk) is greater than 1, the loss of electrons due 10 o
attachment dominates over electron production due to ionizations for an initial positive

fluctuation in clcctron Lempcrature ThlS results in an mvcrse relauonshlp between electron

’

“density and electron temperature. The nct resull is that thc mmal dlsturbance is further

reinf orced The sequence of events is summanzed as follows

i

- . - . L - i N &

) k* " " : ' ) X ™ .7
nd T! K 4t LA ' (2.13)

\ ¢ : ’
{

Nighan and Wiégand [43] have Iev‘aluated inequality (2.10') in order to determine the electron
- \
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attachment instability (ar_rdlionization instabilitv) conditions; with electron density, electron
_ . : ;

temperature and CO' fractional concentration taken }15 ~variable par‘amctcrs. Their results,
reproduced in Fig. 2.2, shows the instability boundary regions for a 20 torr CO,:N,:He
(1:7:12) mixture. The minimum ratio of (nn/n;), corresponding to the lower Jimit of the

unstable regiom.l. Below this value, ionization and electron-positive ion recombination

dominates plasma behaviour. The upper limit of -'(n /n‘) is =-10; and although the pl‘asma 18

& .

attachment control]ed the electron temperature T _ is very hrgh resulting in (k k /X l\ ) <
Thus, the presence of a ‘large quantit> 7 negative ions - ncl.a necessary condmon Aor
negative-ion instability. Rather, it is the . lauve slopcs 5f variations of k. and k, whmh are

important. These parameters contrc "ne rlecrron producuon and loss mcchamsms dlmng a

A

disturbance in plasma properues : ' g' . [
|

An addrlronamrth =0 ng, is Lhé\ 1mpor1ancc “of ¢ being close Yo i) scc;

equations 2.11 ang

occurs only in t

~

B
'

» i 4 _.;,r

Finally, Fig 2.2 shows that larger CO cor cnlrauons (ie. largcr f values) rcsulr in:t

2.14) for attachmeat mstabrlﬁfv to occur. _Thrs mcans tb.val; lh_c:..mslabllll)"‘

E direction of “the unperrurbed elecmc flcld and rcsults from the nomsotropm'

lower elactron temperatures and correspondmglv 10 dctac ment dommaud discharges. Thus )

-

‘the addition of large quantities of a detachmg spccres such as CO, can’ grcatly reduce striation

instabilities. S r
¥ ‘ : .

2.3.2 Thermal Instabilities _

P . . ! 1 . - ) x

Unlike striations, thermal instabilities (also. referred to-as plasma-constrictions) arc

present in all types of gas discharges and- are often the limiting factorﬁzr determining the

maximum power output from large CO, lasersl.'v 3 il
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Fig. 2.2 Iomzauon mstabxlny boundary computed by Nighan and Wiegand [43] for a 20-Torr

Co, N ‘He =~ 1:7:12 mixture. The electron densny n, and CO fraction, f are the

' vanable paramelers from which the negatlve ion concentratlon n, /n,. the. electron
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lemperature T , and the stablllty crltena are computed
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The calises of thermal instabilities have been studied in great detail; _:&hd,".itv_is geﬁc;aily agreed
that the primar%‘ cause ofl\hese instabilities is local overheatin'g 61” Lhé‘ gas, due to plasma
fluctuations. Therma} instabilities proceed in fhe following sequence: A l‘ocal increase in the
gas tefnperature‘ (T) rlesults in a decrease in‘ the gas density (n), causing the (E/n) ratio to

increase. This results in increased current density and thereby the E-J heating term increases,

causing the local temperature to rise further. This sequence is "mmarized as follows:

TH né T4 EJt T a0

S 9 |
‘Since thermal instability requires heating of the gaS'molcéules by’ fluctuating E-J power, it is ¥
r,nuch slower 'than the striatign mpdes of insiability. Thus, in order to derive the disp'crsion
relation for the thermal modes of instability, one has to consider the conservation cquations
for neutral particles in addition td\‘\-ghOSe for charged .particles. Haas [23] and Nighan er.
al. [27] have solved tl_1e perturbed n;‘ihtral density and energy conservation cquations o
’ _’determi\ﬁe the growth rate, o, of thermal inétability r‘nodes: The dispersion relation for

thermal instability is of form:

\
w = % + 107 - 40) > 0 (2.17)
3
where ¥ @
.&“.ql’ﬁzp
_ 1 5%
b="v, +—7 1, + JEF——5t + JEF v1)4 and
v 6n N .
\l kT T
@ HCT [1, JEF,, Ve ] | (2.1%)
B

-

, ,. ‘ N ‘ |
» where k is the thermal coﬁductiv?ty and £ the scale length of the fluctuation, F, and F,, the
fraction of the inputvpower, JE transmitted‘to translational ‘and vibrational kinetic energy, v |

the frequency of energy exchange between vibrational and translational modes and, Ty _is the

characteristic time for vibrational-translational relaxation. As before, the caret notation for .
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$\,T reflects the sensit“ty of the rate coefficient for vibrational-translational relaxation to

¥

changes in the gas temperature i.e.i:vT = d(In7,,;)/d(InT). “
"Equation (2.17) gives two modes of instability; (i) if b < 0 translational energy
grows (termed as thermal instability) or (ii)ﬁlif b > 0 and ¢ < O vibrational energy grows

(termed as vibrational instability). Therefore, for at least one of these instabilities (thermal or

~vibrational) 1o occur, b or ¢ must be negative. Inspecting the terms b and ¢ in (2.18) we find

that the thermal conduction term (xT/4?) is always positive for both b and ¢, and, therefore,

P _
cxerts a stabilizing influence. The term (6n /n )(6n/n) & has been shown by Nigan et. al g7}¢
10 be always negalive thus exerting a destabilizmg influence for both modes. Figure 2.3 shows

(6nc/nc)(6n/n) evaluated for two different cases, ie. attachment dommated,.and,

recombination dominated plasmas. As can be seen*from'this figure, (éne/ne)(én/n)'l-is very

5 strongly peaked in a direction perpendicular to the electric ficld (#=90"). Therefore, the

A

coefficients b and ¢ bécome negative and, W becornes posmve m [hlS direction. Thus the

T e a5

h‘, Al a, N
rcsulung wave growlh oceurs ina direction normal to the’ QIBctflt f ield and &hereb‘yfisults m

kY

layering of plasma properties parallel to tﬁe’ direction of curreiﬂ ﬁow Such 3 con uonstan
_—

casily result in the plasma collapsing in the region of the layer havmg the highest’ ele&rical

conductivity. The situation for thermal instability modes are, Lhcref ore, in direct comrast wnh

I

the plasma strialion modes of instability where wave growth occurs in the electric field

direction.

ry
o
P

Figure 2.3 also shows that the magnitude of (n_/n )(6n/n)"* can be 10 to 100 “?é‘%
) g [ . AN, >

lar;gcr: in the attachmenl dominated case as compared to the reCOmbinatié"n dominated case.
Thus the prcsen‘cc of negative ions significanly af?ects thermal instabilities just as is the case
for attachment instabilities. However, unlike attachment instabilities uvhich are caused
primarily due 9 the presence pf large quantities of negative ions,, thermal instabilities are not
caused (but merely amplified) by the presence of negative ions. The use of an'}extcmal

ionization source has a very beneficial effect on thermal instability and results in the reduction

of the (énc/ne)(lSn/n)'1 term to unity order,
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Fig. 2.3: Fractional response of the electron density to a perturbation in gas density computed

for.a 20 Tqrr~r COZ-Nz-He (1:7:12) mixture <From Nighan and Wigand [27].

~

*
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Finally, there is 4he term JEF (2+1't(’1T in the expreSSmn for b in (2.18). Thrs term

can be negatrve for cases where the V-T- rﬁlaxauo‘n times are strongly decreasing functrzc')ns of
" the gas temperature and can thereby lead to thermal instabrlirles.'The instability 1r1 this case is

.caused by local thermal heating due to vibrational relaxarioni. As the gas temperature increases
the V-T relaxation time 7. decreases, thereby increasing LkreJene_}rgy release within the gas
due to vibrational relaxatior. If thermal conduction is unable to transport this energy away,
the gas temperature wirl comtinue roairrcrease giving rise 1o instabiliry . The characteristic time
f(')r the evolution of this instabiliry is generally 107 to 10'Esec. Since pressure remains
relarxvely constant in these time ranges, the gas density decreases ‘and the local electrical
conductivity rises sharply, producing local concentrations in the current flow. Vlbrauonal
modes of instabilily are unaf_fected by external sources of ionization (unlike rhe thermal
modes) and can therefore be the limiting factor irr E-beam sustained moiecular lasers.

Nighan and Wiegand [27] have evaluated the instability conditions (2.17) for various
scale iengrhs and pressures typical of medium pressure CO, laser gas discharges. These results
are reproduced in Figure 2.4 w‘hic}r shows the reciprocal of the thermal instability growth rate
(ie. T, = W) as e function of discharge power density. The data shows that the computed
fgrowth times are com‘parvable"lo the. @s residence‘time in the discharge for typical COz"
convection laser discharges. However, onc carr‘avoid plasma constriction by convecting the

unstable plasma from the discharge region in a‘tirln'e less than that 1§ fred for the collapse of

the glow to octur. - ' B A 9,?
9 ¥
2.4 CONCLUSION A

In the preceding pages it has been shown that there are tw5 major manifesfrrrions of
instabilitics in convection eeoled CO, laser discharges, namely srriat_ions (also known\asi
charged particle production and loss instability) and plasma constriction (also kﬁ:ﬁbn‘as
 thermal instability). Striations, resilt from two major: instability modes, . i.e. 'ion‘ization\

.

instability and negative-ion or attachment instability. Plasma constriction (often termed as
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Fig. 2.4: Computed thermal instability growth time in the direction normal to the direction of
J and E z¢ = 90°) for-a self sustai/ned COz-Nz-He (1:7:12) laser discharge at a
gas temperature of 360'K (From Nighan and Wiegand [27]).
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thermal instability) also arises from two major instability modes, i.e. thermal translational :

instability and vibrational instability. Whereas striatic;ns can be avoided by the use of exter‘nal\

ionization sources or by adding detaching speci“é; {such as Cé) to the gas mixture, thermal

instabilities arc always present in CO, laser dischargés. If left unattended, these therhal
v . , .

instabiljties can result in glow-10-arc collapse thereby seriously degrading laser action.

k4 _ i
A number of techniques have evolved over the years 10 overcome thermal instabilities.

v

All thesc techniques have relied upon the brute-force method of physically transporting the
gés away from the unstable region. The reasoning behind this is that, if the residence time of

- - ’ . .
the gas in the unstable region is less than the typical growth time of the instability,” the

instability will evcmi)ally die out. Methods that have been considered are: the use of

convective gas w and the introduction of turbulence ip the discharge. While these
lcchniq.ucs do improvc' the discharge s'tability, they entail the use of ﬁ’eavy \blower systems;
$which increases the size, complexity and cost of the whole laser system.
5

A technique,. tha} has recently received attention, is magnetic stabilization. Unlike
p‘re\;ious techniques, 'magnetic stabilization involves the motion of charged parti'cles rather'

. lﬁan t-hc bulk neutral gas.y Thermal instability modes, as summarized in (2.16), arise due to a

local risc in gas tempcra.turc which results in a local increase in current density that causes the
\ . s
gas 10 heat even further, -The magnetic stabilization téchnique, hoW‘éver, does not allow this
local increase in éu@em density; thereby circumventing the positive feedback mechanfém by
‘ 2 | 1 s o
which thermal instabilities grow. It does so by ‘using magnetic fields to create large E X ,B,
i ‘

w&\ drifts of the, primary electrons emitted from the cathode, which then results in secondary
“emissions far from the unstab]e region. In order to move these charged particles by a distance
greater than the instability scale lengths one requires only modest magnetic fields (of the
order of a few hu_nadred Gauss for a 10 Torr CO, laser discharge). Such magnetic fields are

relatively simple and in;expcnsive to produce, even using permanent magnets. Thus, the

maéhetic stabilization method appears highly attractive.
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- CHAPTER 111 , ~_

MONTE CARLO SIMULATION OF MAGNETIC FIELD EFFECT ON GROWT H-OF

L INSTABILITIES IN LASER GASES ~

"3 1 INTRODUCTION

In Chapter 2 ‘it was shown Lhat there are two major modes of mstablhl\ in (O
convecnon lasers ie. strlauons and Lhermal mstablht) Of the two, Lhe striation modes of
mstabllxty are - less scerious since -a laser .glow discharge can be maintained despite their

presence.. Addmonally, the striation modes of mstablht\ can. be avoided altogether hy the

.addmon of detachmg spec1es (such as CO) to the laser mixture. Thermal instabilities, on the '

other hand are much more. serious because they can result m the discharge dcgcncraung into
an arc For CO laser condmons of mterq,st thermal instabilities have becn shown 1o actually
grow as a funcudn of nme The thermal mstablhty expone(ra;%l) growth rates, were shown in

Flg 24 Thesc data show that the computed growth times are comparablc to. the

mter-elegrrodg gas rcsxdcnce time, for typical CO2 convection laser conditions (i.e., 10°?

10'215),1 Th;_u‘S,' 1h'é main role of fidw in convection,?oo}éd lasers is to move the unstable
plasma_ .fr‘_(')m: _L_he dischvarg\eﬁgegion ina time less than that required for a glow-to-arc transition
1o arii

Otheg fnethods such as external ionization and pre-ionization, have been used in
conJunctloi? W1th co;vec’hve ﬂow to help reduce instability growth. A techmque which has .
recently regglved az‘gtennon is the use of magnetic fields Eo reduce instabifity -growth rates
[40-42]. The aé@:am&ées Aare quite obvious; one can build an inexpensive magnetic ficld source,
external to the ("" w "Qe region, without directly disturbing th'eA discharge characteristics.

& Initially ~ conjectured that with the coupling between the charged and ncutral '

f

‘paroticles, the Lorentz force would drive a strong convective gas flow within tlge discharge

region. However, more recent and detailed computer simulations {41] reveal that bgcause of

the secondary flows that’ are generated, the maximum flow velocities are limited to relatively

¥

v 83
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, ‘modlc‘st valuéﬁ“(typiéallly 30 m/s). Consequemly, this magnetically driveq, bqu gas transport
is insufficient to ex; 2in the observed stabilization of high pov;'er discharges. A complemgptary
mechanism that has been proposed is the dispérsion of the _localized ck}arg‘éd particle
perturbations jn the sheath region as a result of the transverse drifts in‘duced' by the Lorentz

.t,force. Such a dispersion must occur in a time interval less iran that required for th'e'
instability to fully develop. To test this theory a Monte ‘Ca,rlo simullation of electron and ion

motion within the cathode fall region of C02 laser gas dischargés has been used.

3.2 MODELLING CONSIDERATIONS

’ ,
. Gas lasers normally employ a glow discharge for realizing the required molecular

N}
o .

excitations. As described in Chapter 1, these glqw dischaiges can be considered as comprising *_
of the following regions: the cathode glow, the cathode dark spaée (or cathode fall regioh),

the ncgative glow, thé Faraday dark space, the pésitive colu;nn and finally the anode glow. Of

these, the Cathode fall region has been f;)und, to be the most important, ‘with respect 0

glow-lo-arc’ transitions, because the electric fiela is strongest here. The behaviour of eleclrops

and ion$ in this region must be clearly understood if any signifi_cam progfess with these

magnetically stabilized discharges is 10 be‘ made.

Electron motion is typically describeé by swar£11 parameters, suéh- as the ionization
coefficients, attachment cocfficiems, drift velocity and diffusion coefficients. Traditionally,
there have been two approaches to: modelling electron -swarms; the Boltzmann equation
Carlo simulation technjquei The Boltzmann equation method gi'ves "

N\~

approximate solutions and is practicable only for low E/n values [44] where elastic collisions’

~analysis and the Monte

dominate and the scattering after a collision is almost isotropic. The Monte-Carlo technique,
on- the other hand, can be used for a large range of E/n values and can simulate problems

where effects such as electron excitation and ionization are also im rtant. The Monte Carlo
‘ : , I po

S

simulation technique involves a detailed following of the electron trajectory in three

dimensions; taking into accc 't anisotropic scattering of these electrons due to collisions.

b
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Accurate electron -gas collision cross SCCI!O% 'aﬂfy”ﬂmlred in order for the Monte Carlo
\

snmulanoﬂ to effectively model the gas discharge. Fortunalely these p&rameters hdve been

ex_tensively measﬁred and tabulated over the past fifty years.

" The onty major problem encountered ih utilizing the Monte Carlo technique is the
excessive computation tirr-1e that is Tequired to properly model a gas rge. This problem
has been reduced somewhat with the advent of fast computers. A funher iﬁprsvcmem has
been madg in the present"compulational techniqué in ordér 1) increa§c §pccd. Conventional
techniques. [44-48] involve ‘the division of the region to be modelled into a large; number of
grid poims at which Lhe phase-épzice parameters (i.e. positions and velocities) are calculélcd.

; 9 .

Additiogally, a large number of time steps ate used in order to calculate thesc parémelers.

Thé use of these techniqugﬁs for modelling a tegion with a magnetic ficld results in both

~ excessive computational cost and round-off errors. The method used in this sudy ror

calculating particle trajectories involves a hybrid analytical-computational technigue whereby
the phase space points are only calculated at the points of collision. This not cnly reduces the
number of] compuiations requiréd but is inherently more accurate since - und-off errors are

reduced.

3.3 THE SIMULATION ALGORITHM

.

The Monte Carlo technique involves following cach one of a'large number or.'pamdcs

from its source through its life history to its 'death’; using relevant probabilitics at cach Stage

a
t

o{j its career in deteMmining its subsequent fate. It is important, in Qrder for the Momc.Carlo
teéhnidue to be accurate, that the rele_vani probabilities for cach of the elementary events in
the 'life history' of the particle be well known. The Monte Carlo tcchniqué has been applied
by a number ;f workers [44-46] to simulate electron swarm motion in gas discharg'c;s having a
uniform electric field and undergomg both elastlc and inelastic collisiéns. Such mteracnor?s

involve random processes whose probabxhsnc and {faustlcal nature is very well understood.

This work was extended to a non-uniform electric field by Tran Ngoc An et. al. [47-48]. In
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A
this present work a further extension has been made, which accomodates the »prescgce of a
unifor agnetic field perpendicular to the electric field.

J

3 3.1 "lrackmg Electron Motion

In thls f ormulauon the test electron is assumed to siart from a smgle pomt at the
’ cathodc with a velocity componem in the -E direction and with an energy value uniformly
distributed between 0 and 10 electron-volts. The eleetron is assu to move freely under the
action of a non-uniform electrlc field and a umform magnetic field, until -u collrdes ‘with a gas
molecule. Whenever a collrsron occurs; the type of encounter (i.e. clastic, excrtatron or
t1on11anon) is der rmrned together with the associated energy loss. Toe mow direction of the
scattered electronis_determincd by"using scattering probability distribution functions. The

clectron is then allowed to continwe its free motion in the electric and magnetic field until it

a

again collides with a gas molecule. In this way, the electron is continuously tracked until it -

exits the cathode fall region. The final position, velocity, energy, total time of flight and the -

I

number of cbllisions that occured are all stored in.histograms. The secbndary electrons
‘produeed -by -ionization are also traced in a srmrlar fashion. When all the pn:nary and
sccondary electrons have been thus traced, the swarm paramelefs are determmed by the
average state of all ol" these electrons. The larger the number.of prlmcary electrons the smaller
the sampling error. ll" N is the number of prrmary electrons, the standard devratlon on the
mean can pe shown 10 be 1/VN, [49]. |

Figure 3.1 shows the phase-space co-ordinate system used in the present computation.

The clectron phase-space is specified by its x, y and z positions, the angle 6 which the velocity

veclor makes with the v, -axis and the angle ¢ whrch its prolectron on the v, v plane makes

with the vx’-axis. At the point of collision, C, the electron path is deflected by” angles 9 and
9,1 rom its original path.
" The conditions assumed in the present analysis are: (i) a non-uniform E field in the

-z direction, (ii) a uniform magnetic field B0 in the +x direction, (iii) no interaction betwéen

wt
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Fig. 3.1: Electron phase-space co-ordinate system. The magnetic field is assumed to have:
only an x-component.
,,;f - {a)Space co-ordinates.

(b)Velocity co-ordinates.
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Iz
charged particles (because of the low fractional ionization = 10 )w(w) stationary gas atoms

and (v) no colltStons of the second kmd (1 e. excited atoms 'be;;rlg é‘f;rther excited).

. . (n - .

! : ‘1 . . . . TN I
N . A
N

K
322 l)etermmatmn of electron path lenLh o j

.

:‘ “At the start of each c0mputatlon the path length travers d by the electron before it
6 S
‘~7'eolhdes w1th d molecule 1s requtred The path Jength, S, 1/ known to be cxponenttally

d;gtrlbutcd«‘ about the mean f rée path, A, of the electron so th/ [49]): / '
s Cl ‘ R 2 ‘ %
e ?a ,a“‘ D~ [ ]
oL 5 (3.1)

where R is a random’ number umfbrmlv dlstrlbuted between 0 and 1, When a mlxture of He,

N

S ‘Nf;,gnd CO2 is conmderpd. the meart free path X is given by:

; e R S B 1 _

. M=t A T Ao, , - (3:2)

>
‘ \tvher‘e .)\llc"'-?\Nz and kcoz are the mean free paths of an electron 1_n He, N, and- CO2
. - 'l )
; respectively
2 o Yy v
s F

w833 Detgfipination of electron motion hetween collisions

In-between collisions the elen is assumed 10 move freely under the influence of th*é'fs:_ it
- ¥4 electric and magnetic fields. The electric field in the cathode fall region can be approximated
by a lincarly decreasing function [47]:

|
1
'

v, . FEE |
¢ C C ) . ’ ) .
where: V and d are the Cathode f all voltage and cathode fall distance respectively.

The basic momentum balance equation for an electron in a ‘uniform magnetlc field B,

and an electric field E(z) is gtv?n by:
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v ;w3 = q(E v B) é L Ga

where v, q and m are the electron velocity vector, charge and mass respectively.

- By assuming initial velocities vX(O), v,y(O), vZ(O) and initial positions x(0), y(0) and” »

&F
2(0), the solution 0 (3.4) is: - L
v,(0) = v, (0) S o e
, wch(O) . ch ' : .
vy(l) = - A :\Sm(Al) + [T] (Cos(AL)-1) + vy(O) K '
v.(1) = v,(0) Cos(AD) + B Sin(AU) e
where ©* = qBo/m, : | - l
® 2 2
A= [wc - quo/(mdc) and ‘ s
29V, 11, 0] | 4O IR
B"[mchHl' dc} A |

The position vectors x(t), ), y(t) and z(t) are obtamcd as integrals of v (t) v (t) and v (l)

The distance 'S' travelled by the electron within a time 't' is glvcn by the path

integral: - A '

S=f\fv2+v2+v2 dt A (5.6)
X y 7 ? LA
0 , ' LR |

This integral is a relatively complicated elliptic integral which is solved numerically rather than

analytically in the program.
It should be noted that lhc subscript '0' in (3.5) and (3.6) idénlifics velocity and
position values at the last collisio;l poin‘t,‘which are regarded as the initial condilions‘.
The algorithm deséribed thus far consists of generating a ‘random numbcr R,
determining a path length S’from equation (3.1) and solving for ¢ from -equation (3 6).
l

Equation (3.6) is solved for ¢ by usmg an iterative technigue. The mtcgral for each gucss 1is

evaluated numerxcally using Simpson's rulc.
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3. 3 4 Determmatmn of collision type’

Knowmg lhe value of ¢, one can determine .2 X, y and z coordlnates at the onset of
. ‘the next collision. Whenever a collision between the test electron and a gas molecule occurs,
the f ol}lowing rnust‘ be determined: (i) which gas spe_cies was involved in the collision, (ii) the
lype o\f cdllision, i.e. whether elastiéor inelastic, and if inelastic to determinie to what level the
molecule is excited an‘d (iii) the new dr’reetion of the electron after collision. All these require
the use of -various'_ cross-sections (total, elastic, excitation, ionization ancf differential) for the
individual gases. Additional]y, all theseﬁcross-sectidns are highly electron energy dependent.
Consequently, it is necessary to ha_ve accurate cross-sectional data if the simulation is to give
accurate results. After a thorough literature survey, the most recentv and accurate
‘cross—scelional data was compiled. The references that have been used are given rn Table 3.1.
The cross-sectional data is reproduced here graphically for Helium (Figure'3.2), N'itrogen

k 4
(Figure 3.3) and Carbon Droxrde (Frgure 3.4). The dif ferenual cross-sections are tabulated

for $Helium, Nrtrogen and Carbon Dioxide in Tables 3.2, 33 and 3.4. The energy range
conss'idered in these cross sections is from 0 to 100 eV. ThlS, range is more than sufficient for
the type of laser gas discharges being modelled.
With the use of t'his‘array of cross-sectional data one can now proceed with the
simulation. The simulation code uses random nnmbers at each eollisiorr point to determine:
1. The gas specrec involved in a colhsron Thls is obtained by usmg a random number R
' (umformly dlsmtyned between -0 imd 1) in conjunction with the total cross- section and
parual pressure. of each species. This step is only ‘requrred when a multi- specres gas is
Lonsrdered A collision with a helium molecule is assumed 1f
: o P oo %%

: . He tHe L7750 %

R, < EE v e I (3.7)

2 2% ; : :
(PHeatHe * PNz th * PG(% ‘Cf)z)

whereas a collision with a N2 molecule is assumed if:
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T‘ablér 3.1: References used for the Various Cross Sections. of Helium, Nitrogen and

Carbon-Dioxide.

- (a) HELIUM
TYPE OF ONSET =~ |REFERENCE - RANGE
|  |[ENERGY ‘ N "
CROSS-SECTION CeV). | (eV)
‘Total 0 {xndriick'& Bitsch [50] 1.0 -20
Scattering . ' de Heer & Jansen [51] 20 - 500
Excitation ~°  [19.805 Fleming & Higginson.[52] {19 - 30
(2% + 2%s) - |deHeer & Jansen [S1] . {30 - 1000
Excitation (2'p) ~ [21.203 - de Heer & Jansen [S1] . |30 - 500
Jonization 2458 - |Rapp & E. Golden [S3] |24 - 500
 Differential ' Shynet.al 54  [2-100
Coa
- . (b) NITROGEN
Total o Golden [s5) = [0.36-44
Scatiering g ‘ Shyn et. al. [56] 5.0 - 90
Vibrational 0.291, 0.582, Engelhardt et. al. [57] 0-3 .
| 0.873, o
Exc. (Level 1) 1.46,1.75, 2.04, , | ' -
, S
Excitation . 16.22,7.39 Engelhardt et. al. (57] 6.22 - 100
(Levels 2-5) 8.59, 11.05
lonization 15.7 |Rapp & E. Golden [53] 15.7 - 100
Diss. Ionization ¢ 125.5 : Rapp & E. Golden [53] 25.5 - 100
A
Differential pee Shyn et. al. [54] 1.5 - 100
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/
. (C)KCARBON-DIOXIDE Vel
TYPE OF ONSET REFERENCE RANGE
: ENERGY ' f .
CROSS-SECTIQN “(eV) ' (eV)
Total 0 Ramsauer & Kollath (58]  |0.14 - 2.7
|+ Scattering Bruche [59] - (2.9 - 100
Vibrational 0.0827, 0.291, Hake & Phelps [60] 0 - 100
Exc. (Level 1) .* 0.580, 0.870
Excitation 31,7.0 Hake & Phelps [60] 3-100 |
(Levels 2,4,5) 10.0
Dissociation 6.1 "|Corvin & Corrigan @] 6 - 100 ’
(Levels 3,6) 11.5 Ajello [62] 11 - 100
lonization “113.3 Rapp & E. Golden [53] 13- 100 -
Diss. lonization 25.0  [Rapp & E. Golden [53] 25 - 100
Differential Shyn et. al. [63] 3-90
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Table 3. Differentia. cross-sections (do/d®), for elastic electron-helium scattering. The

anits of (do/dQ) are 0718 em?ss [54]. .

<

g H E (eV)

"dcg)i IR 50 100 150 200 300 500 700 1000
6 , i S 91 83|
12| 24 230 292 389 546 688 791 . 751 . 726 47.1]
18 : 59.0 684 585 533 351
24| 22 256 283 336 . 454 536 575 466 412 272
30| . ‘ 410 473 356 310 186

36| 301 285 278 308 367 403 394 283 231 140
48| 327 307 284 276 293 304 27 176 136 738
60| 356 322 298 266 233 238 188 115 86 438
720 380 370 324 264 203 196 139 83 59 30
sa| a8 413 355 271 A8 177 18 64 44 21
96| 451 458 403 ° 295 20 171 108 54 35 W
10§ 503 522 450. 338 245 175 108 49 30 14
1200 s62 577 sle 384 278 190 111 49728 13
1320 635 621  S72 - 437 310 202 122 49 27 11
144! 661 665 59.5 488 348 215 129 53 28 12
156| 697 684 688 539 385 228 139 56 29 12
68| 74.9- 735 730 581 . 435 245 154 61 30 12
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Table 3:3: Differential cross-sections (&EZ@Q). for elastic elecfron-nit;gg;&f%&f[ering.‘Thc
. ‘ units of (do?dﬂ) are 3(}18 éﬁz/s [56]. ’},‘bf;';‘i;::'“l;" ‘
: | '?"?V .
# 5 |
6 ; E (eV)

(deg) | 30 ;&fg 50 70 100 200 300 490 500 700 100
£\ '
=6 & , o 1655.4 1592,
1| 2988 1842 1587 2109 255.2 ) 6748 87158 D90 1047.5 11022 9343
18 | 5522 4295
241 262.0 162. 1617 202.8 2401 4211 408.5 4031 360.1 297.9 .212.7
00 : L 1392903
36| 2122 159.4 1599 1913 1991 2162 182.6 144.0 1054 778 484
48] 1559 1257 1348 1697 1535 1177 756, S30 WO 267 195
60| 1083 951 103.0 1209 1032 633 351 237 177 133 109)
20 TR 714 779 881 627 333 @9.1 135 102 74 75|
84| 660 6.1 629 675 46.9 . 196 B3I 85 66 - 63 13
9| 617 02 ST.5 s59 361 2.1 124 19 66 15 14
682 525 569 S99 450 348 184 123 110 108 82
7900 59.6 6L1° LS 603 525 308 242 2.4 176 105
| 1158 738 707 826 764 700 S0.6 428 358 245 136
1743 921 875 1017 937 935 716 651 SL6 31T 180
2371 169 1006 1108 1080 1212 1042 904 617 392 26| -
3000 1417 113.8 12053 12r9 1488 1309 1158 837 466 281

&




\

1

o TE,
: .

134“5‘

3
,;;3:%

g
b

e Fes

.,
o5

6 /

~ Table 3 4: Differential cross-sections dq/dﬁ} for efasuc electron- ca,rbon dioxide scattenng

~

(da/dQ) are in arbltrarv umts {6}]

N

8 CUE (V)
(deg) | 3.0 40 50- 70 100 200 300 4.0 500 i %00
6|-148 686 389 278 . 1094 6327 6834 $h6D 7400 6545 8482
12| 144 $95. 356 260 855 4401 416D 4945 73682 3109 2677}
180 143 S03 333 259% 684, 2726 2600 2500 1844 1530 972 R
24| 141 435 317 248 < 547 1734 Ise0 1185, 849 649 - 375
0| 141 378 294 234 408 1109 847 529, A62 306 1654 -
3| 141 301 274 223 335 751 S0 <313 255 470 91
4| 140 262 . 259 208 276 4% 312 191 144, 10§ 54
ayl 135 233 247 1% 221 336 208 119. - 90H 65 34
54\..t125 22 231 194 174 237 146 84 60 41 24
60> 133 196 2100 1§ 147 184 104 64 46 30, 19| -
66| 133 177 192 164 122 127 79 49 35 26 18
720 1427 18 173 148 106 98 61 35 31 23 14
78 139 158 154”13 9% 82 0 52 R 27 19 12
844138 146 140 123 90 65 46 29 24 17 11
Cof| fas 140 123 16 8 64 49 27 20 15 11 ;
96| 147 134 109 103 80, - 67  S6 29 20 150 1
102 159 135 9% 9% 79 73 65 3. 21 200 13
108 162 133 81 92 8% 9 . 76 37 32 2% 16 =
14| 176 143 g 93 101 . 109 88 ¢ 52 46 3520
120187 148 87 98 127 126 101 138 &; 67 44 .25
126 196 162 93 108 148 160 119 107 © 97 55 29
132] 210 179 112 128 194 199 152 145 1327 68 36
138 212 200 139 157 242 244 193 216 171 - 88 4l
144 213 237 187 196 - 302 309 - 267 .- 249 212 106 51
<150 | 21S 294 254 251 362 373 297 314 7ss 127 651
15617 2200 361 329 310 408 414 357 370 297 150 76
162 220 408 389 363 S0l 527 438 431 339 175 88
168 | 226 - 526 467 44 593 645 S35 486 375 207 102
174 228 625 589 476 718 782 669 - 542 412 240 114
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P,o H
" He gy, (PHCOLHC+PN201N7) )

+ P'NzalNz +PCO2°‘C02)

(® +P (33)

<R, <
Hec’-v.He N201N2+PC010LC()2) * * (PHcach

If neither of these inequalit hold,‘ then a collision with a CO2 molecule is assumed. Here

! pressures and o, , ¢ and o denote the total

P, . P.. and P.. denote the patNa
He’ "Ny COy P lHe' Ny “1C0,

cross-sections of helium, nitrogen and carbdm-dioxide.
2. The type of collision - elastic or inelastic. To determine which collision type occurs

another random number R3, which is uniformly distributed between 0 and 1, is used. luf:

R3 > Zoj/'oL * (elastic collision occured),

R, < Zoj/ol 2 (inelastic collision occured) o (3.9)

Here o, is the crossssection for the j'th excitation level and o s the total collisional
cross-section (ificluding both elastic and inelastic collisions).
To determine which level was excited, inelastic cross-sections are scanned from 1 to J.

R3 can once again be used to determine the occyrrence of the j 'th inclastic collision if':

\

o ' Oy > R, > (L . (3.10)
K ~al 3 al _ ’

where 0, = 0. When j = J, an ionization collision can be assumed to have” occured,,

Subsequently, the electron energy En after a collision occurs is determined as follows:

~

E, S S R ' (excitation collision)

Foe

e E = (B - E )2 s (ionization collision) (3.11)

wh-ere.'Ei is the energy of the electron before collision, E). the excitation energy onset of the
j'th level, Eion the ionization energy, m the electron mass, M the mass of the molecule and 6 d

is the angle by which the electron is deflected in the plane of'i_r;cidcnce. -

.
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The energy of the electron after collision can be used as the starting condition for the

~“Free*motion ofthe electron till its next collision. There still remains, however, to determine

y -

the direction of motion of the electron after collision.

o

3.3.5 I)etermmmz Scattering Parameters

A}

. As has already bcen shown in Fig. 3.1, only rwo angles 6 and ¢ are necessary 1o
specrf\ the direction of mot )/ of the electron. If we ‘assume that 9 and ¢, are directional

angles o‘f the electron just before collision and if 8 d and ¢ 4 are theangles by whlch the:"

-

clectron is deflected, the nen/ directional angles 9r; and ¢_can be given by, (see Appendix 1):

6 = Cos [C059 Cosé) Sin8 ;Cose,Siné ]

¢, = Cos? 1:5 19 {Sme Cos¢> .Casb. Cos¢ Sm9 Smé Sm¢

+ Cos 9dSin9iCos¢i}] . . ' (3 .1‘2)

To determine the deflection angles. 6, and ¢, one tan use 1wo more uniformily clistril)uted'-
yandom numbers R, and RS. Since ¢, represents the scattering about the plane of incidence it

is symretrically distributed from 0 to 27 radians, and can belgiven by: .

6= R, S (3.13)

v
. . .

The dctermrnauon of 9 is somewhal more complrcated since the scattering in that drrecuon is

amsolroprcr One can, however, make use ol" %cattermg probabrlny density data, given in

Tables 3.2, 3 3 and 3.4, 10 determine [he values of 9 Frgure 3 5 is a family ol plots of Lhe
gﬂ

scattering probabllrt) densxty p(w) asaf uncuon of the \sohd angle w, for electrons in Helrum

q

Electron energres range. from 0 lO 100 eV, As can be seen from thxi, figure, high energy :
eectrons suffer very lntle scauermg as comparef‘ to low - energy electrons The scattering

, b4 . P _
probabrlmes are, however nonlinear funcuons of electron energy. This is specrally true at the g

low clectron energy range. These results are as one would eY(pect At low electron energres the'

i o
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_ clectron can casily interact with the contacting gas riolecules, thereby suffering anisotropic
scattering. Similar resuits can be seen for N, and CO

It should be added that the scattering density plot was obtained wrthoul consrdermg

" magnetic f 1eﬁi£ef&§gts This is because the. presence of a small magnetic f 1e1d should have little

affect on the scattering probability. Scattering is primarily an atomic phenomena occurrng

over very short drstances of the order of angstroms, whereas magne[rc fields 1nf1uence the
’i“ .

" electron motron over the Larmor radius drstance which is orders of magnnude longer
In order {o generate random numbers distributed according 10 the probabrlny densn&
un‘ction of Fig. 3.5 (and Tables 3.2-3.4), one can use umforml_v drstrrbuled random numbers
and transform them according to the inverse of the cumulative distribution function [64']. In
" other words, one can determine the value of w 4 distributed wirhl probabi’l.it).' density p(w) by
using a uniforrnly distributed random number R, which eariéfies the following relation:

&

wls

we[ [ o[ grow] o ww

' v
where ﬁ represents mtegrauon over the whole sphere.

Equauon . 14) gives us the solid angle Wy which is distributed’ accordrng 10 p(w)

1

However, we-are more interested in finding the scattering angle 6 J Thus using the relation

dw = 27Sinf-df one can transforrn (3.14) into:
' . . ¥ .

f mn . -

13 ' -
R, = [[p(G}SmGdQ] [ fp(@)-SinB'dO] (3.15)
& 0 ) L

The rntegral f p(G)SmB dé for ¢ varying from 0 tom radrans and normalised by the factor
fp(G)SmB .46 is shown in Fig. 3.6 for a range of energy: values from 0 to 100 eV. Thus
onc must first generate 2 umformly drstrrbured random number Rs' and based on; the energy

9

of the electron before collision one must use Fig. 3.6 to determme the deflection angle 6 Y

Since p(w) has been tabiilated for only a few energy values it is necessary to interpolate f or -

energy values othet than those given. v . '"; -

/
’

-
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336 Termmatnon Parameters

e et

* - The electron palh is f ollowed from its source at the cathode through its life history

3

of collisions, until it crosses the cathode faI] region. The moment this happens, the fmal state
of the elec}rc;n is stored; along with.otheg data sueh as the time of f’light of the electron, the

‘number of collisions that. occured on the way and the resolution of these collisions into the

°

number of collisions with each individual gas species. The collisions with each gas species is

2

further subdivided into the number of elastic, excitation and ionizatibn collisions.
~The secondary electrons that are created by each individual primary electron are traced

: . . . e » .
in a similar manner and their final states also' stored. The whole sequence of -events is

i

repeated for a large number of primary electrons and the final swarm parameters are
calcu]alcd as an aVeragC of all the electrons The swarm parame[ers considered in the present

sxmulanon arc Lhe drift velocmes in the clectric field direction (1 e.z) and in the E X B
4

dlrccll()ll (i.e. y) and the Hall parameter The drift velocm is calculaled by divid ing the total

distance travelled (in the z or y direction) by the time of flight of the test electron. The Hall
i N C . L

paramcter, 8, provides a measure of. the number of closed orbits that an electron makes

betwegh collisions a@ given by.:

7

-

%, ' » ..
/i = _e - ’ (316)
14

where: o = cycloyron frequency = [1g1By/m] and

v, = mean collisional frequency = v/

LB

The co te sequence of events described so far has heen summ‘ari.zed in .the form of a

flowchart given in Fig. 3.7.

3.3.7 Motion of fons - ,{:

Itis xmp0rtant not only to follow the motion of the electrons but also to follow that . .

of the ions. Ion bombardment onto the cathode surface glves rise to a new generanon of

14
'
R
Bl
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Fig.:3.7: Flowchart of the N{ontéb-Ca;Lo simulation program R
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electrons; thereby maintaining the drscharge Since the ions move much more slowly than the
‘electrons and since their motron is characterlsed by random motion dommated by elastic
' collisions. mobility theory can be applied to descrrbe their motion. Using the mobility values
of the individual gas ion species, the time taken vby the ions to return -to the cathode is
estimated. This drift time, when added to the time taken for the test electron 10 create that
”parucular ion (i. c the clasped time from the moment the primary electron left the cathode trll .
the 1omzatlon event), gives the total time before the drseharge can be regenerated. This value
can be used to estimate the drift velocrty of the drscharge in the E X B direction; which has
been termed as 'lransverse discharge velocrty in this paper. The transterse drscherge velocity
can be used to determine the lateral spread of the,discharge within typlcal instability growth
" times. | v T A .
3.4 RESULTS

A~_A computer program,@based on tlje algorithm described in the previous section, has
been used to sim»ulafe‘ variouggas discharges at dif ferent pressures and magnetic fields. Then.
eom;;utatlons have been accomplished using the high speed and precision offered by the
CYBER-205‘system. Specific swarm parameters have been calculated for pressures of 5,10
and 30 LOTT. Thls range of pressure is typical of many operating. CO lasers. Magnetic fields
ranging from 1 Gauss 10 1000 Gauss have been considered.. The cathode fall voltage assuming
stainless steel electrodes, is set o be 150 Volts for He, 215 Volts for N, and 450 Volts for

[65). In addition, Dthe pressure-celthode fall distance product is assumed to be
13 mm-Torr for He, 42 mm-Torr for N, and 40 mm-Torr for CO‘ [65] These values are
known o remain constant over a wide range of pressures For a mixture of these gases, as is
the case in CO lasers the value of the cathode fall voltage and‘ the pressure- -cathode fall

drstané:e product are assumed to be the pressure weighted averages of the mdrvrdual gases. TH/

2]
.‘x

mobility value of helium ions in helium gas varres between 0.85 to 0.16 m%/V-sec [/6]

dependmg on the value of the electric field. Similarly, the mobility of nrtrogen ions in



e

nitrogen gas is 0.2 m‘/V -sec, and for carbon- d10x1de ions in carbon-dioxide gas is 0.073
2/\/-sec [67]. The _mean free path (m.f. p) of an electron in Helium, is assumed to be '
8 X 107*m. at 1 Torr pressure; whlle the correspondmg values of m.f.p. in N, and CO, are

2.7 X 10 *m. and 1.8 X 10"*m. respecm;gy n7n. L /) ? 3

Table 3.5 gives a summary of .the resul.ts of the'simulati/on for each of the three gases:

‘He, N, and CO,; as well as for a laser gas-‘ mixture. The nuruber of test electrons used fo

calculate the_swaﬁn parameters fox the 5 torr case"wgs 500. lllwas found that a ﬁuetl larger. -

number c.>.f teseelectrio‘hs‘ were ne'eded for the 10 torr and 30 torr cases, in order to prope;ly'

determing these parameters. _Cdnsequent_ly 2000 e'leclrons‘were psed in 1heee_ simulations. This

i‘mplies un accuracy of approximately 2.2% for the swarm pararuetcrs. It should be rBed here

o . .

that the swarm parameters have been callcu'lated‘ as thc‘averagc over not just the test clectro_ns.
but ouer the tota‘l numbef of test clectrons plus the primary ioniz’alion electrons.
A number of mterestmg patterns emerge Out from the results in Table 3.5,

1. For all the three gases He, N and COZ. it 13 seen that the larger the valuc of Lhc :
magnetic field' the oreater the number of collisions. For He at 5 torr, the number of'v
collisions mcreases dramatlcally from 53 at- 1 Gauss to 120 at 1000 Gauss: The
corresponding increases for N and CO2, for the same increase in. magncuc ficld, are
from 888 to 1390: and from 1275 to 1609, respectively. For.the 10 torr case, which is
much more collision dominated, the incre"aée in' the. number’ efrcollisiune with inc;cascd
magnetic field is much less; 55 to 69 for He. 689 to 959 for N, and from 1373 to M-()() for

¢ CO,. For the 30 torr case, which is predominantly c;ollision» dominated, the increase is
almost uunotiqable. | i

2. The average t'ransilv ljme of flight of the test electrons also shows en increase with respect

to the mégnetic field for all the 3 gas"es; with the increase more noticable for ehc lower

= N

pressures. .. .
L) ’ E -

' > -»>
3, Similarly, the average distance, y, travelled by the clectron in the E X B direction

increases with higher B values. As one‘.)}.Would expect, the final Y -position remains
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uniformly distributed about zero for all cases. Clearly the positive y-shift is the result of

L >
this induced E X B electron drift.

4. The average energy of the electron, at the point of exit from the cathode fall region,
shows a decrease with increasing magnetic fields. Once again this decrease is less noticable

’

for the high pressure cases.

These patterns suggest that as the magnetic field strength is increased. the electrons have an

s

increased E X § drift in the 'v' direction and correspdndinély they have to travel a greater
distance before emerging out of -the cathode fall region. This increase in distance travelled
would also result in an increased nurhber' of collisions with gas molecules, less energy build-up
of the electron, and consequently a longer transit period. |
Figure 3.8(a) is a plot of the positions of the ionization events aloné the cathode fall
for all of the test electrons used. These results are forv the case of a 5 Torr Helium di;chargc
with an applied magnetic field of 1000 G. The corresponding transverse d}schargc chocity
distribution is plotted in Fig. 3.8(b). As_one would gxpect, ‘the further the ionization event

occurs from he,ﬁ :h'ode the larger is the value of its 'y' position. However, because the drift

constant Lhmughpm the cathode fall region. hgurc 3.9 gives thc transverse dlschargc velocity

distribuli‘on' in the form: of a. histogram. Similar results arc obtained with other discharge

Table 3.5 also'pro"vvides an‘exccllem means for comparing the resulls for the three
gases. One vfinds, for instance, that of ‘the three gaSgs, helium has the least number of
collisions (=55}, N2 has a mpc‘h larger number of.bollisions (=900) and CO2 has the

maximum number of collisions (=1350). These figures are not surprising, considering the fact

4

that the total collision cross-section” for He is very small compared to N,, and even smallcr

cempared to CO A direct consequence oﬁthe fewer number of collisions in He is that the

..5‘1’

electrons have a chance, in-between colhsmrﬂs,'to build up a higher energy from the electric

field. Consequently, the average energy’ of tl% electrons in He (=1%eV) is much larger than

- ‘{
kL

81.
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that of N2 (=2.1eV) vand CO2 (=2.4eV). Another con§equence of the reduced number of .

collisions, is that the Hall parameter is larger and the transit time shorter for He, as compared

1

® , ) , ,
inelastic collisions. In He, about 2% of the collisions result\w‘ionizatioﬁs; compared to about  »

0.02% for N, and about 0.2% for CCZL The reason for this is, once again, due to the fewer |
number of collisions in He. This feature results in a’higher energy build-up of jhc test
electrons in He, aﬁd consequently a greater‘chance of ionization collisions. Of the three gases,
T . &

carbon-dioxide has the lowest ionizz{/[ion poténtial (13.3.eV; compa;ed to 15.7 eV for nitrogen
and 24.6 eV f‘orrhelium). This accounts fbr the higher number of ionization collisions in
carbon-dioxide. ' : ' -

E’Fhe results for the laser gas discharée, consisting of 20 torf He, & térr N2 and 2 torr
CO,, indicates how useful the Monte Carlo technique is for simulating complicated systems.
Frofn the results that are obtained, one can clearly s.eeALh‘al the system is highly collision
dominated. The Hall parameter rises to a maximqm'of only 0.2, for the 1000 Gauss case. As
was the gse for individual gases, the number of collisions in the laser gas m_ixtu.rc'also fiscs
with increasing magnetic field. However, due to.its highly collision dominated .naturc; this
increase is barely perceptible. It is also seen that there are far more collisions with He and N2
than with CO2 molecules. Two factors influence the number of collisions with individual gas
molecules; namely the gaé‘p'ressure and the total cdllisidn Cross-section. |

The total number of collisions with each gas species has been categorizcd into clastic,
excitation and ionization collisions. For the ¢ ke of sir{lﬁlicity. the cxcitation cross scctions for
eacl*: of the gases have been lumped together. It is iﬁlerésling to note that for the laser gas
mixture, the CO2 component has the highest percentage of ionization collisions (=1.65%); as -
compared to the N2 component (=1.0%) and the He component (=0.12%). Thisvis because the

average energy of the electron (:@1.8‘eV) is far below the ionization polcmial of He and is

slightly below that of N2 as well.- This fact has been independently observed by Wicgand et.

I4
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In addition to the abovg results, thp’details of the discharge velocity are very

interesting. The dependence of the "transverse' discha;ge velocity", as a function of the

magnetic field, -has been plotted in Figs. 3.10-3.13 for all three. gases and for the laser gas

- mixture _ results confirm the linear dependence of the transverse discharge velocity upon

4

magnctic field strength. It is seen that for each of the gases the discharge . velocity decreases
with increased pressure. This is due to the gases being more collision dominated at the higher

gas pressures. Thé disch\a\rge velocity for helium ioné is much higher than that of N, or CQQ.

"This feature is to be expected due to the much higher mobility of the Helium ion. For a laser

gas mixture the weighted average of the discharge velocity for~the individual gases is

calculated o determine the overall discharge velocity. As one would e'xpect,‘the highly mobiie

He ions contribute the most to the overall discharge velocity.

pressure. Although there is a significant decrease in the value of this parameter with pressure,

Y . . Y , ’ .
the/ magnitude " is still very large, even at the highes: ssure thus far examined .in the

simulation. These results are also in general agreement with experiment in that the magnetic

stabilization process has been found to be effective up to pressures of several hundred Torr

[42]. An important consideration in pressure scaling 6f the magnetic stabilization process

appears to be thgt the Hall parameter be close to unity.

———
«

The role that a magnétic field may play in prevehting the growth of regenerative
instabilitiés in the cathode and bulk regions may be estimated by comparing phé'ratio. of
transverse dischayge drift, within a glow-to-'arg: transition time, to the ty@:al spatial
dimensions found for such an instability. If tl;s ratio is muchﬂlarger than 1, the magﬁetic
field can be considered to be effective in spreading any locaiiiéd periurbatidns in Ielectron

deggit)' or current over the discharge volume, in a timg/less than an instability time.

Conscquently, the discharge is immune to this type of instability. A typical thermal instability

“has been shown to have a time of formation of the order 103 seconds [27]. Within this time

Figure 3.14 shcmﬁuiepehdgnce of the transverse discharge velocily on total gas

-~
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Fig. 3.10: Plot of transverse discharge velocity as a function of the applxed magnctnc field for

a Helium gas discharge at 5, 10 and 30 Torr.
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period the laser discharge would have been swept out by nearly 30 cm for a}100 Gauss field
a z £ rd ,

_and by nearly 300 cm for a 500 Gauss field. These translations’ Clqnsidverably exceed the typical
, , «

spatial dimensions found fc;r_this kind of jnstabifity; (typically 1 ctm). These results help to

N L4

explain, in large n}ea_éure, the excellent discharge stability observed by Capjack er. a. [40,41].

-
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CHAPTER IV

« SUMMARY AD CONCLUSIONS

4.1 Summary of. thesis

B £ A
The effe-tiv: suppscaeon of ele. othermal  astabilities . in medium pressure gas
. - ‘ B «

N

discharges, throtgh .. interccuon of apor oriately profiled magnetic fields with the plasma

itself, has been documunte’ “or : r mber of ciectrode configurations [40-42]. This

phenomenon, initia'lv believee s v asma ¢ fect, has in mare regent experiments and
A - ,

computer simulations hecome idenufice primiz. ' with the cathode region of the discharge
system. .

v
Y

Thus, in an attempt to more fully comprehend and fully exploit the features of this

new discharge stabilization process, an indepth computer simulation*of a "magnetized cathode
M '

Y
glow” has been undertaken in this thesis. This simulation code, called MAGSIM, employs the

Monte Carlo technique which is known to be suii"ablé for analyzing a large number of

'

particles. Fof”the typical CO2 laser mixture case pf preseni interest, this invoived a detailed
three dimgnsional cataloging of electron and ion motion, under gonditions of full anisotropic*

scattering. In order to get realistic results, the Monte Carlo technique employed here requires

a precise knowledge of the collision cross-sections and scattering parameters of the interacting

species: Because of extensive previous experimental work in plasma physics, such data is
< _

readily avail=ble.
Past workers have utilized the Monte Carlo approaéh to simplate electron motion in a
plasma, under the influence of. a weak and uniform electric field, but with no space charge.

. . . s
This present work has extenWsic Monte Carlo approach to describe both elastic and/

" inelastic scattering withir’the space charge shé-aths of a magnetized cathc . {:!l region. Thus,

the case considered here involves a highly nonuniform electric field of large <.rength, together
) .

Y v
with a superimposed transverse magneti¢ figld of variable intensity. : &

hd
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The computational techmque used in this present sxmulatlon is d1ffe\§ent -from earlier
techniques where the cathode fall region is broken up into various grids and the phase-space

parameters.determined at each grid p01m. Instead, the equations of motion of an electron in a

-

non-uniform electnc f 1eld and a transverse magneue fleld have been solved analyuz:al]y and

the results used 10 de1ne the phase space parameters only at the -points of colhslon Such
a‘ -

a-method, aside from saving computauonal time is also less subJect o ‘round off errors\:

- 2

4.2 Results - N
The Monte Carlo procedure described above was performed on a. fast parallel
processor using a CYBER 205 commputer, to simqlate.He, N2 and CO2 gases at various
’ {

presures and with different applied magnetic field strengths. Additional simulations were
v N . ' . )
performed fo&aa typical CO, Yaser mixture [69-71]. — ' '
N\ ‘ : : o
-The simulations have provided some interesting results which correlate wéll with

;- various expérimental observat{igons. In particular, these simulations have given insight into the

stabilizau’on mechanism in CO lasers employin‘g magnetic field stabiliz?tion." It is now

~

bcrewed that the primary stabilization mechanism involves a Lorentz driven transverse motion

of charge carrlers within the’ space charge sheaths at the cathode surface The decrease m

charge, residence time resultmg frorn this rapid mlxmgaelocny is found to be adequate to

“compensate for electro(thermally induced perturbations in electrorﬁ density. The process,
thereby proyides a significantly decreased suscentibility to glow-to-arc transitions. .o
" The magnelic stabilization process has also been experimentally found to be effectié

up to pressures of several hundred Torr. An important consideration in pressure scaling*of the

process appears 10 be,~ghat the Hall ‘er be at least unity. For values of the Hall

w

)
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* 4.3 Future Considerations ‘ : . L
v ¢ . ° \}.

X
Whereas, the présent Monte Carlo simulation code, MAGSIM, has been caréfully

4

de51gned there™ still remains cox}sYderable scope for 1mprovemer;\ Some of the fealures that

— - D
co& be considered for future work are: ﬂ a

1. The cathode fall region should be ant{\lyzed self-co sment/ ‘?he present code 15 noy
R S

self consgtent in that the effect of excitdtions and ionizations on the cathode tall
\
. distance and the resulting electric field hdve not been considered. The increased number

of collisions due to the magnetic field is equivaleﬁt 10" a higher gas pressure, which a

G 'implies that the cathode fall distance should actually decrease with higher magnetic ficld

values. A self -consistent model, though desirable, is extremely difficult to solve add is
. . 14 « . . 2 ) .
not anticipated to 'P}ajge@nclusions of - this work ‘Jgarding the m_ec‘ilanisms and

N

mvolvcd im magnetnc dxscharge stabilization,

- :
2. Analyszs of her .regions of the dzscharge In [hlS lhgis -only the cathode fall region has

» o ., been modelled. The rat_xona}e for “this was that the /
: R t/

elactric field’strt‘:ngth is the region of primary importance regard 10 magnetic

i L N NS

stabilization procegses Nevertheless, it would be interesting 1o cxplore the effect of

magnetic fields on other regions of the dxscharge such as the posmvc3 column; which
a

occupies the major portion of the discharge and where most of “the laser exciration
cdllisions occur. The code is well suited with only a few minor modifications, for
\ N . -y
a pheatxon o the positive column regxon "When a magnetic field is apphed to the
dlscﬂarge it is expected ‘that fundamema] changes will occur in the positive. column
dvnamlcs Fluctuations in discharge: properues wit be coupled dlfferenﬂy for the
magneuzed and non- magneuzed cases, since the magnetic figld will alter the joule heating
fluctuations gmd consequemly the relauon between electron densny or temperature .and

gas density fluctuatlons. Thus the dxspe;sxon relations, “used to derive instability

- . N .
conditions, would have to be modified in order Lo\hgude the effect of magnetic fields.

~t

|

3. Determine gas kinetic reactions. Nighan et. al. [43] have shown that complex reactions
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take place within a typical convecively Tooled CO2 laser gas discharge. Some of the

species (e.g. CO or ﬁCO3'), thereby created, can significantly alter the laser gas discharge

stabilty + It would, therefore, be worthwhile compiling all,gas kinetic reactions ahd rates

.
1 i

and then determining various species concentratiofis as a function of time. One could
- } . P
then add some of these more imporiant species to the code. o . »

4, Measurements of cathode fall voltages.and distances. In the MAGSIM code, csuma.y:s had
a o '

to be made of the cathode fall voltage and distance for a CO2 laser mixture. These were 4
abtained by using a pressure weighted average of~cathode fall voltage and djﬁce of the

indrvidual gases. However, it would be worthwhile 10 have accurate experimental values

»*

of these pajameters. - * SN

5. Evaluate cr‘oss-sfctgal data at fractions of electron-Volts instead of at every electron-Volt

T -

-

energy. In this Lpesis,'the cross-sectional 'daté has been tabulated at on{e ydlt ir;cremem of
electron energy over the range of 0% 100 ev. Thu’s, whenever an électron-gas moleéule
collision is getermined, the electron energy is calﬁculated to the closest electrié”ﬂfﬁolt and
the_fvarious cross-sections ®f collision (and scaltering) determined from the appropriz:te‘
pﬁblis_hed tables. For some gases, 'sualn ‘as COz, these cross-sections might "change
eohsiderabl_y x;id_iuiﬁ fractions of )an glectron-volt of electron energy, thereby> making the
v ‘
approxima;ons too crude. An %eased sub-division of cross-sectionz}l data could result
‘i'n mote accurate approximations.
6. Sli;a'}'f of other laser systems. It should be feasible to apply the breséﬂt MAGSIM.code . .
other laser systems with equal 'effecti;eness provided accurate crbss-se;tional and )
scatlerihg paramctér data s availablc. A case in {oint is the excimer laser which is well
known 'to be plaguéd by eleotrc -thermal instabii ties. Consequently, at vthe present
state-of -the-art, such lasers can or:ly/operate in & véry SI.IOI'I pulse® r;nc;ie. It would be-
'Rteresting, and possibly proﬁtable, 1o exaxpi&_m the magnetic stabilization.,‘technique for

I

these types of lasers. | .
. ‘ ~ N .
In addition to maKing these improvements in the MAGSIM code, there is need for pursuing a

- y o
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number of useful experiments:” C .

L Design co, Iasér *ystems with large magnetic ﬁélds. }Aost of the COg‘;-J_lasers émploying
magnetic stabilization have operated in Lhe 10-30 Torr pressure range. wnh magnetic fields
of only a few 100 Gauss. The r°su1ts pronded by MAGSIM havé revealed that these
magneUC flCldS are 100 low to effertlvely ;weep awa\ ms\bllmes in all bu¥ lowcr
pressure devices. C,onsequenﬁv in order to effectively apply these ‘techniques lO higher

\\.

pressure devices w1ll necessuate the desxgn of CO laser structures capablc of generating
@ *
magneuc field strength of the order &f 4000 Gauss In fact, lhe rpagnenc fncxbd could be

proflled such that a large field exists only closg\b the cathode. Tfns would conmderabh'
reduce the cost of such magnetically stablllzed structures . ‘- ,

2. Design novel electrode structures to ingprove efficlency o f the COz (asers. In order to
achieve a~tru‘]\y significant increase in the'efﬁ_c’ic:ncy.s;.)t"'CO2 lasers, it Will.i)e-nccessary 10

reduce the cathode fal]‘potemial‘ j,acc, this energy dissipatio‘h process docs not.

f_ co;lmﬁute to lasing. Thus, in (all- probKablhty complete]y new concepls and types of
i:lectrodg structures will n to be devebgcd if this p0551b1111y 1s 1o be realned Two new‘
éfbctrode desxgns one jusing hollow cathode electrodes and the other using plasma
electrodes, could conceilably reduce these cathode and anede fall potential drops by
significant amounts.
The hollow cathode creates stagnan\l\regiohs with high‘t’gmpcratwcs ncaf the
emitting surf~ace, such that a low-den'si‘ty e is created #mmediately adjaéent to the
secondary emission face. This results:in ‘theAt;nitted elcctronslachicving higher energies,

with fewer interfering - collisions tham in a convcxg&ioaﬂ- cathode. Thus, lcss cricrgy s

required by the cathode fall reglon to creat€ a, seif -sustained dxschargc Consequently, 18ss

» .(' -

cathode fall voltage is needed. T S s

?

In the plasma electrode method, a plasma region is created close to the cathod?
surface in order that the primary electron does not need to create ir s for

self -sustainance. Computer simulations have suggestéevphat very little energy is needed to .



" creale a new generation of higher efficiency and higher power laser systems.

make these ions drift to the cathode'to create regenerative secondary electrons. Thus, this

s ‘o
«

method should also cause the cathode fall voltage Ld'drop.

\
N

Both of these schemes could, therefore,: reduce the voliage drop across the
cathode region; thereby signif icantly increasing the efficiency-of these laser systems. For
high power laser systems, even a small percentage increase in ¢ffici9ncy could translate

into very large increase in the optical power outpul of these devices,

It is the hope of this author that some, if not'all, of these schemes will one day be used to
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Now, if we rotate the X'-Y'-Z' co-ordinate system counter-clockwise by an angle 9l about

APPENDIX I: DIRECTION OF AN ELECTRON AFTER SCATTERING i

N
In order to determine the directiom of an electron after it collides with a gas molecule,

it is necessarry to do a number of rotatipnal transformation of co-ordinates. If we denote

X-Y-Z as the initial rect'angularvco-ordinate_‘s,\"'st_em aﬂd's'pécif v the direction of the velocity

( R

vegtor by Oi and 2 (see Fig. 3.1); then we must rotate this co-ordinate system first by angle

W ..¢1 and then by 6’l to get the firiél &)cal co-ordjnate system. Let us dcnote)@’."-\"-l" “as the

co-ordinate system formed by rotating the X-Y-Z co-ordinates clockwise about Yhe Z-axis
through an angle ¢, Thus, a point (x,y.z) on the original X-Y-Z go-ordinate systcAm is

transformed to (x',y',z") on the new X'-Y'-Z' co-ordinate system, where:

X = i'Cos¢>i - ¥'Sing, ! N

it

x'Simb1 + y'Cos¢>i

=17 ' - : ' (Al.1)

»

2 kS . -

the Y:-axis, we'end up with the local co-ordinate system at the point of collision, 4.e. the
X"-Y"-Z" co-ordinate system. Once again, a point (x',y',z") on the X'-Y'-Z' co-ordinate

-

. ~ )
system is transformed to,a point (x",y".z") on the X"-Y"-Z" co-ordinate system, where:

>
H

1] ” . " :
X C058l + 1z 3269]

y =Y

2’ = -x"Siné + z"C0591 ] ’ (Al.2])

Solving (Al.1) and (A1.2), we can get x, y and z In terms of x”, y" and z":

& ¢
X = x"Cos@]Cosqbl - y"Sind>1 + z"Siné?iCosda1
y = )&"CosGiSim;Sl + y"Cos'<b1 -+ z"SineiSiw] ‘ o
7= -x.';‘SinGi + Z'COS9i: ' ' (A1.3)
® ¢ ) I
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S

. At the point of collision, the electron is deflected through an angle 6 4 and rotated through an
4 ’ .

2,

. -
angle % ‘{;& direction of the electron after collision, assuming a local co-ordinate system,

X" = Sind Cosd,
y" o= Sir’19dSin¢d L a | )
A . o e - C
| 1" = Cosé, c R Vs )
Combining (Al.3) and (A1.4)/ve/gm z in terms of 6,6, ¢ and ¢_, we

X = Cos@iCoscﬂiSin8dCos¢>d - Sir'miSinGdSintbd + Sinéi\CosgbiCosf?d Ly

y = Cos8.Sin¢ Siné 80305 '+ Cos¢Sin6 Siné. + Sin6.Siné.Cosé N
i 1 d d i d d 1 i d » s

7 = -SinGiSiné?d'Coséd +.Cos8.Cosé (Al.5)

- (-

- |
I the new direction of the electron’s velocity véctgr after co%li\o_rydenoted‘by 6n~and d’n

with respect to the X-Y-Z co-ordinate system, we hy/e:

X = Siné_Cos¢_ o ( )
y = Sinf?nSindJn o

2= Cosb_ . (AL6)

Rclakvg (Al.5) and Y(A1.6) gives us the directional angles 9n and ¢ in terms of 91’ Gd, 2

and ¢d:

8 = Cos'l[-SinGiSinedCOSqﬁd + Cos6 Cosé ]
¢ = Cos’! [ST;@: {CqsGiCos¢iSin9dCos¢d - Sin¢iSin9dSin¢d} SinGiCosaleosGd}} ' (AL7)

' |
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. ZAPPENDIX II: LISTING OF THE PROGRAM MAGSIM .
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> g e o .

d Program writlen to determme vnous swarm parameterscn a *

* magnetically stabilized CO laser discharge. *

. i

....‘;.‘..‘.l‘.“..“““."...‘..‘......“.....““..‘.0..“‘..“.;..‘.“..i....“. {

* \ - e SUMMARY OF PROGRAM S .

L P S e e e e e e me e m e e g-. ®
Unit 1 reads the Yollowmg data: the number of test electrons (NE), the total gas . .
pressure (PRESS), the applied magnetic field {B0) and a random number seed, *
DSEED. Unit 2 reads the relative pressures of He, N, and 0,. *
Units 3, 4 and 5 read the cross-section and scatlermg angle aLa *

*
A call to subroutine IN{T is made 10 determme the mmal position and velocm of .
the test electron. A call 1o subroutine RANDOM is made to determine the path S -
length, 'S', of the electron before collision occurs. ¢

[ ]
A cajl 10 subroutine ACCEL determines the acceleration of K«K e electron over this ¢
distance 'S" and also the new pasition ar J velocity of the electrons. To do this ¢

it is neccessary to determine the time, 'T', taken by the electron-to travel . ‘a
length 'S'. Subroutine TIMER does this. Knowmg ‘T’ one can determine the
~velocity and posmon of the electron.at the end of distance 'S'.

The main program determines which species the test electron collides with and then
calls one qf the subroutines COLHE, COLN2 or COLCO?2 to determine the type of
collision (elastic or inelastic). In the inelastic case, the excitation level is determined.
In case of an ionization collision Subroutine NEWVEL is invoked to calculate '
and store the velocity components of the secondary electrons.

[ ]
[ ]
Subroutines NEWSTA determines the ‘direction and velocity of the electron after i
collision. A new path length, S, is.then computed and the whole sequence of steps e
listed above is repeated. While accelerating through each step, .S, a check is made to .
determine if the electron is within the cathode fall region. If the electron is ¢
outside ‘this region its final state is stored. The same sequence of operations .
is repe~ted for all the 'NE' electrons in the swarm. - *

]

[ ]

*

Subroutines VELHE, VELN2 and VELCO?2 calculates the Lorentz discharge velocity
of the He, N, and CO, components of the laser gas mixture. The net Lorentz
discharge velocny 15 C %culated as a weighted average of these three components.

® B & & 8 & &4 & & 4 & B P B " A2 A s e 8 rE R er e
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" Subroutine RANDOM-( RAND) .
Subroutine ENERGY (VX, VY, VZ, VEL2, EN) .

broutine ACCEL (X, Y, Z, VX, VY,VZ,S, T, TIME, EN,*)
Subroutine CQLHE (X, Y, Z, VX, VY, VZ, EN, TIME, *)
Subroutine COLN2 (X, Y, Z,VX, VY, VZ, EN, TIME,*)
Subroutine. COLCO2 (X, Y, Z, VX, VY VZ EN,TIME,*)
Subroutine NEWVEL (KI, VXI VY ,V’ZI X1,YI,ZI ENI, X,Y, Z, EN)
Subroutine NEWSTA (EN, X, Y, ,VX;ega’ VZ, IFLAG, ‘)
Subroutine TIMER (X, Y, Z, VX, VY, VE; o T)
Subroutine UNSIMP (F, A, B ACC, USUM ERROR, AREA; DXMAX, IFLAG)
Subroutine VELHE (11, 12, INEGHE YIHE K ZIHE, TIHE, TOTVHE)
Subroutine VELN2 (11,12, INEGN2, YIN2, ZFN2, TIN2, TOTVN2)
Subroutine VELCO2 (11, 12, INEGCO, YICO2, Z1CO2, TICO2, TOTVCR)

#
PROGRAMS AND SUBROUTINES USED:
----------------------- v---------’.-np---------.-_------------._------------.--
MAIN Program . v . .
_Subroutine INIZ (X, Y, Z, VX , VZ, PRESHE,PRESN2,PRESCO,L) .

VARIABLES USED:

E ... Total num Mesl -electrons considered for the szmulauon\
v Magnetic Y direction.
@ ........ Cathode fall dt.;%m" pressure. “
= 13 mm. for Helium. .
= 42-mm. for Nitrogen. .
= 40 mm. for Carbon-Dioxide. s .
Ve ... Calhode fall voltage drop for. iron electrodes™ Y
= 150 Volts for Helium.
= 215 Volts for Nitrogen. 4
= 450 Volts for Carbon-Dioxide. '
EM ... Electron mass = 9.1 E-3. kg.
QL ... Electron charge = 1.6 E-19 coul.
Lo M.fp. of electron at T=28& K and P=760 torr,
‘ = 105.33E-8 m. in Helium.
= 35.525E-8 m. in Nitrogen.
© = 23.7E-8 m. in Carbon-dioxide
S ....c..... Distance travelled by electron before colliding with a gas molecule
SPHE(1,J),SPN2(1,J),SPCO2(1,J)... Scattering angles read by Fortran units 3, 4
~and 5. 'I' corresponds to energ) levels from 0 to 100 V.
"'J' corresponds to the values of -andom numbers from 0 to 1
in steps of .0125. Thus, given (F value of EN and a random
no. RS, one can determine the scattering angle using "
SPHE(EN,R5), SPN2(EN,RS) or SPCO2(EN,R5).
QHE(1,J),QN2(1,J),QCO2(1,J).... Cross-sectional data read into Fortran units
3,4and 5. | corresponds to the energy level of the electron (varying
from 1 eV to 100 eV in steps of 1 eV ) and J corresponds to the
v various excitation levels (total, levelJ,... and ionization).
THETA .. Angle which the velocity vector makes with the Z-axis
(note: E field is in the -Z direction ).
PHI ....... Angle which the projection of the velocity vector on the X-Y plane

makes with the X-axis.
RI ... Random no. used ermine the distance travglled by the test
L
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_electron be fore collision. ’

R2 ... Random no. used to determine which gas speczes colides with *
, 1i4gst electron. v

R3 ... «andor:nkg used to determine whal type of collision ( elastic or inelastic) .
(caﬁ'ed 4

Re ... Rar.dom no. used to determine the scatlermg angle, THETA, from ‘
, \ SPHE(I,J), SPN2(i,J) or SPCO2(1.J). s : ’
RS ... Random no. used to determine the scatiering angle, PH I8 4
2(PHI = 2* 3.1415927 * R4) ’

KIHE, K2HE KIHE S Number of excitations to the frst second and ’

. fonization level of Helium.
K]N-2,K2N2..K1N2 ..... Number of excitations o the first, sech- )
Jonization level of Nitrogen. =
K1C02,K2C02..KICO?2 .. Number of excitations to the. first, second.,... and
ionization level of Carben-Dioxide.. _
( XYUEVXVYVZEN)... Position, velocity and energy of test electron.
(XIHEYIHE ZIHEVXIHEVYIHEVZIHEENIHE )... Position, velocuy and energy
: of Helium ions.
(XIN2,)YIN?2 ZINZ VEKIN2VYIN2VZIN2,ENIN2)... Position, velocity and energy
of N2 ians.
(XICO2, Y]COZ ZICOZ XI1CO2, VY]COZ VZICO2,ENICO2).. Position, velocity and
energy of CO2 ions.
(TIHE,TIN2 TICOZ) ..... Time of formation of He, N2 and CO2 ##.
(XNWHEYNWHE ZNWHEVXNWHEVYNWHEVZNWHE )... Position & velocity
. of secondary electrons created by ionizing. collisions with He.
(XNWN2LYNWN2ZINWN2VXNWN2VYNWNIVZNWN2)... Position & velocity.
of secondary electrons created by ionizing collis'ions with N2. :
~(XNWCO02YNWCO2,ZNWCO2V XNWCOVYNWCOVZNWCQO).. Position & vel. - .
- "of secondary electrons created by ionizing collisions with CO2.,
TOTNC....... Total number of collisions for all primary and secondary electrons.
TOTNHE..... Total number of collisions with Helium species.
TOTNN?...... Total number of collisions with Nitrogen»species.
TOTNCO..... Total number of collisions with Carbon-Dioxide specte\ ’

TNIHETNZ2HETNIHE.... Total number of ezcuauon collisions
(level 1,2 and ionization) with Heliim species
“TNIN2TN2N2.TNI HE . Total number of excitation collisions
(level 1, 2,... ionization ) with Nitrogen. :
TNICO2,TN2C0O2,.TNICQO2.... Total number of excitatiot, collisions
(level 1, 2,... ionization ) with Carbon-Dioxide.
NIPRI.KHEPRI,KN2PRI KCOPRI . Total number of primary :onlzatzons
subdivided into those wzth He, N, and CO )
F INALT ....... Total time of flight of the test eleciron before it reaches the end
of the cathode fall region.
AVGEN ....... Average value of energy of the 'NE' electrons after they have reached
they have reached the cathode.

AVGT.° ........ Average value of the time taken by the electrons to cross the
_ cathode fall region.
O AVGX... Average value of distance covered in the. X- dlrecuon
_AVGY ... Average value of the y distance covered by the electrons when they
reach the end of the cathode fall. ¢
VGl......... Average velocity of the electrons afler crossing the cathode fall region.

AVGNU....... Mean collisional frequency (avg. vel./ mean free path).
HALL......... Hall parameter, (ie. cyclotron freq./ collisional freq.).
DRIFTE....... Average drifi velocty in the electric field direction.

- DRIFTX....... Average drift velocty in the magnetic field direction. i
DRIFTB....... Average drifi velocty in the Lorentz ( EXB) direction.

t
A

-
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¢ AVGNCG:....... Average number of collisions for each test electron.

¢ AVGNHE...... Average number of collisions with "Helium molecules.

* ' AVGNN_2...... Average number of collisions with N2 molecules.

» < AYGNCO...... Average number of collisions with CO2 molecules.

. AVNIHE AVN2HE AVNIHE... Average number of excitation collisions

111
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C

» ( Level 1,2 and ionization) with Helium.
” AVNIN2, AVN2N2,..AVNIHE... Average number of excitation collisions
"o ( Level 1,2,... ionization) with Nitrogen.
’ AVN 1C0O,AVN2CO.. AVNICO Average number of excitation collts:ons
* (Level 1,2,... ionization) wuh Carbon-Dioxide.
(_‘ O‘.t.'.."‘.‘.l.l"‘."'.‘l.".f.‘.'....."..‘..“““.“.“.‘.“."...‘.‘O"..‘.‘.“.; C
c - MAIN PROGRAM:
o C "Oll.’q."“l'l..'-.l-‘.‘-‘".l‘.....“.y.."...".‘.“‘.....l“l.“l..‘.t‘l‘....l..l’ C
¢

C Define all the vartables as double precision and dimension the various arrays.
c .

- IMPLICIT REAL(A - HO - Z)
REAL L. LI, MU(19)

« INTEGER TOTNC, TOTNHE, TOTNN2, TOTNCO, TNIHE‘ TN2HE, TNIHE, TNIN’,

! TN2N2, TN3N2/ TN4N2, TNSN2, TN6N2, TNIN2, TN1CO2, TN2CO2,
2 TN3CO2, TN4CO2, —TN5C02, TN6CO2, TN7CO2, TNICO2, TNI, TNACO2
DIMENSION SPHE(101,81), SPNX 101,81), SPC02(101.81), QHE(100.4),
ON2(1Q0.8). 9QCO2(100,10), XIHE(100), YIHE(100),
- ZIHE(100), VXIHE( 100), VYIHE( 100), VZIHE( 100),
ENIHE(100), XIN2(100), YIN2(100), ZIN2(100), VXIN2(100),
VYIN2( 100), VZIN2( 100), ENIN2( 100), XICO2(100), .
YIC02( 100), ZICO2(100), VXICO2(100), VYICO2( 100),
VZICO2(100), ENICO2(100), TIRE( 100), TIN2( 100,
X6N2(100), Y6N2(100), Z6N2(100), VX6N2(100), VY6N2( 100),
VZ6N2(100), EN6N2(100), X7C02(100), Y7C02(100),
Z7C02( 100), VX7€02( 100), vY7&02( 109), VZ7C02(100),
EN7C02(100), TICO2(100), XNWHE( 100), YNWHE(100), .
ZNWHE(100), YXNWHE(100), VYNWHE(100), VZNWHE(100)
DIMENSION XNWN2(100), YNWN2(100), ZNWN2(100), VXNWN2(100),

"OO:I\JOMQLQK,\

-~

1 VYNWNZ(IOO) VZNWNZ(IOO) XNWCO02(100), YNWC02(100),
2 ZNWCQ2(100), VXNWCO(100), VYNWCO(100), VZNWCO(100), -
.3 TENBAR(45), INBAR(45), AENBAR(45)

c :

C Define all the COMMON blocks. v

c ;

COMMON 7/ EDATA/ D% vC, Bo, MU, PRESS
COMMON / ARRAND/ DSEED '
COMMON / XSEC/ SPHE, QHE, SPN2, QN2, SPCO2, QC0O2

" COMMON. /CHE/ XIHE, YIHE, ZIHE, VXIHE, VYIHE, VZIHE, ENIHE, TIHE,
1 KI1HE, K2HE, KIHE '

COMMON /CN2/ XIN2, YIN2, ZIN2, VXIN2, VYIN2, Y¥ZIN2, ENIN2, TIN2,

1 X6N2,Y6N2, Z6N2, VX6N2, VY6 N2, VZ6N2, EN6N2,

-2 . KIN2, K2N2, K3N2, K4N2, K5N2, K6N2, KIN?

" 'COMMON /CC02/ -XICO2, YICO2, ZICO2, YXICO2, V¥ICO2, ¥ZICO2, ENICO2,
I X7€02, Y702, Z7C02, VX7C02, ¥Y7C02, VZ71C02, EN1CO2, "fw
2 TICo2, K1C02, K2C02, K3C02, K4C02, K5C02, K6CO2, K7C02,

,‘\A \\ -



. 4
3 - KICO2, KACO2
¢ .
C Define the data values.
c s
DATA EM /9.1D-31/, QE /-1.6D-19/
c .
C Read the daia values for NE = No. of electrons
C PRESS = Gas pressure in Torr
o B0 = Mag. field in Tesla
C DSEED = Random no. seed.
C
READ (1,*) NE, PRESS, B0, DSEED
c :
"C Read in the partial pressures of He:N2:CO2. ~
C
READ (2,*) PRESHE, PRESN2, PRESCO
C
C Define the cathode fall distance and voltage (DC and VC 3
C .
TOTPRE = PRESHE + PRESN2? + PRESCO
RRESHE = PRESHE / TOTPRE )
PRESN2 = PRESN2 / TOTPRE '
* PRESCO = PRESCO s TOTPRE
DCHE = 13D-03
- DCN2 = 42D-03 .
LCCO2 = 40D-03 .,
DC = (PRESHE®*DCHE + PRESN2*DCN2 + PRESCO*DCCQO?) / PRESS
c .
YCHE = 150.0 .
VCN2 =.215.0
yCCO2 = 450.0
VC = PRESHE " VCHE + PRESN2 * VCN2 + PRESCO * VCCO2
c g
C Now determine the actual pressures of the constituent ga.ses.‘
<
c :

PRESHE = PRESS * PRESHE
\ PRESN2 = PRESS * PRESN2

" PRESCO = PRESS * PRESCO * ~
C # (
C Write the heading for the output file.
C .
IBO = B0 * 1.000001D4 ¢ _
IPRES§ = ' =SS

IDSEED = OSEED
WRITE (6,10) 1B0, IPRESS, IDSEFD

10 FORMAT (7X, '"MONTE-CARLO SIMULATION OF ELECTRON SWARM FLOW IN *,

I | THE CATHODE FALL REGION', /, 15X, 'OF A LASER GAS',

2 " DISCHARGE UNDER THE INFLUENCE OF, /, 25X, 'ELECTRIC",

3 ' AND MAGNETIC FIELDS, 7/, 9X, "~ ELECTRIC FIELD IS,

4 ' LINEARLY VARYING ACROSS THE CATHODE FALL REGION', /. 12X,
S " ANDISIN THE -Z, " DIRECTION.'. /. 9X,

6 '~ MAGNETIC FIELD IS EQUAL TO ", I3, ' GAUSS IN THE +X ',

7 'DIRECTION.', 7, 9X, - PRESSURE IS '. 13, ' TORR.", / /.,

8  9X, ' DSEEDIS',19,//,12X, X' 4(/ 12X, "), /, 82X,

9 CBL4(3X:/8X00), 3K/ 02K, s 02X,
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2207, 2, 7, 20X, 'E. 10(")) 1

C Read in the cross-sectlonal data from units 3, 4 and 5 ( flles X-HE+X-HEl, XN2+XN21
C and XCO2+ XCO021). Note that she cross-sections for He, N2 and CO2 are given actually

C as NQ product (with units of m.-Inversg). N = no. of gas molecules p.u. volume and
C Q = aciual cross-section a1 pressure ffl torr and temp. = 273 degrees C. ‘

QHE(1,]) -#--> Total cross-section

QHE(].2) - > Excitation onset 19.8 eV

QHE(1,3) - > Excliation onset 21.5 eV

QHE(1,4) > lonizaiion onset 24.5 gV

Read in the cross-sectional dala\from unit 4 (files X-N2+X-N21)
- QN2(1,1) ----> Total cross-section

ON2{1,2) e > Vibration excitation .

ON2(1,3) - > Excitation onset 6.22 eV

ON2(1,4) - > Excitation onset 7.39 eV

ON2(1,5) - > Excliation onset 8.59 eV

ON2(1,6) -~ > Excliation onset 11.1 eV

ON2(1,7) - > Excltation onset 1.7 eV

ON2(1,8) - > lonization onset 25.5 eV .

Read in the cross-sectional data from unit 5 ( files X-CO2+ X-CO21)

QCo2(1,1) - > Total cross-section

QC02(1,2) - > Vibration excitation

QCO02(1,39 --—---> Excliation onset 3.1 eV

QCo2(14) - > Excltation onset 6.1 eV

QC02(15) - > Excliation onset 7.0 eV

QCO2(16) - > Exclhtation onset 10.5 eV

QCo2(1,7) - > Excltation onset 11.5 eV

QCO2(18) - > lonization onset 13.3 eV

QCO2(19) -+~> Diss. lon. onset 25.0 eV

NN NoNoNoRoNaNaNoNoNa NN NoNo NN NN NGNS NOIS!

DO20 1T =1,100
READ (3) QHE(IL1), QHE(1.2), QHE(1,3). QHE(1.4)
20 CONTINUE

C
C Read In the stal_le({ng angle data from unit 1 (file }-HE1 .
C : -
DO 301 =1 101
READ (3.°) (SPHE(1,J),J=181)
30 CONTINUE
C -
C . ’;)
DO 40 1 = 1, 100 ‘ &
READ (4 ) QN2(1,1), QN2(1,2), ON2(¥3), ON2(14), ON2(15).
! QN2(16). ON2(1,7)*QN2(18) .
40 CONTINUE B
C :

C Read in the scatiering ar+le data from unit 2 ( file X-N21).
c .
Do so I =1, 101 '
READ (4) (§PN2(I,J),J=I.81)
50 CONTINUE
C. . '
C
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}

Do 60 1_:\/‘ 100 ¢
READ 75*) Q€02(1,1), QCO2(1,2), QCO2(1,3), QC02(1.4),
1 QCO2(1,5), QCO2(1,6), QCO2(17), QCO2(18), QCO2(1,9), QCO2(1,10)
60 CONTINUE ‘
C o .
C Rem(»ln the scattering angle data from unit 5 ( file X-CO21).
C
D070 1= 1,101
READ (5,‘)‘(SPC02(I,.Q,J=1,81)
70 CONTINUE )
Cc
C Thd terms MU(1) to MU(19) give the mobllityof helium lons as a
C funkion of (E/p) ratio. See reference 66 ( Frost).
C
MU(l) = 0.83
MU¢2) = 0.78
MU(3) =071
MU(4) = 0.67
MU(5) = 0.62
. MU(6) = 0.595
MUCT )N= 0.555 ~
L MU8) = 0.525
MU(9) = 0.5
MU(I0) = 0.48
MU(11) = 0.35
MU(12) = 0.28
MU(13) = 0.25
MU(14) = 0.22
MU(I5) = 0.2
MU(16) = 0.18
MU(I7) = 0.17
MU(18) = 0.165
MU(19) = 0.16
I N
C Initialize the gues of total energy. radius, no. of collisions,
C no. of lonisations, time and y. ‘

C
TOTEN = 0.0 .,
TOTX = 0.0
TOITNC = 0.0
TOTNHE = 0.0 °*
< TOTNN2 = 0.0 ¢
TOTNCO = 0.0 3
T01T = 0.0
T0TY = 0.0
c
ITNIHE = 0.0
TN2HE = 0.0
TNIHE = 0.0
C
TNIN2 = 0.0
TN2R2 = 0.0
TN3IN2 = 0.0
TN4N2 = 0.0
TN5N2 = 0.0

TN6N2 = 0.0

114
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-

TNIN2 = 0.0

C
TNICO2 = 0.0
TN2CO2 = 0.0 4 )
TN3C02 = 0.0 , ®
TN4CO2 = 0.0 - o i
TN5C02 = 0.0 ‘ ()
TN6CO2 = 0.0 - e
TN7COR = 0.0 L -
TNICO? = 0.0
TNACO2 = 0.0
¢ . R
TOIVHE = 0.0
TOTVN2 = 0.0 .
TOVCO = 0.0
C .
INEGHE = 0
INEGN2 = 0
INEGCO = 0
KHEPRI = 0
KN2PRI = 0
KCOPRI = 0
c
C Initlalise the histograms for energy at various reglons of the cathode fall region.
C INBAR gives the total number of samples from which the energy histograms are created Iy
C and TENBAR gives the total sum of energy at that particular point. The average
C energy at each of these points is obtained by dividing TENBAR by 1IENBAR.
c
. DOB0IB=1, 45 X
TENBAR(1B) = 0.0 o , * C
INBAR(IB) = 0 '
80 CONTINUE
c .
DO 960 I = I, NE:
c .9
C Inltialise the various varlables (1.e. number of collisions, o
C time. excltations to various levels) to zero.
c
IBAR = | '
NCOLL = 0
NCOLHE = 0
NCOLN2 = 0 ‘ ‘ o B
NCOLCO = 0 ) g
I'NALT = 0.0
TIME = 0.0 . : «
c .
KIHE =0
K2HE = 0
v KIHE = 0
C ‘ <
KIN2 =0 4
K2N2 = 0 ’
K3IN2 =0
K4N2 =0
K5N2 =0
K6N2 = 0 ]



c
c
C

C
C
C
C
C

C
C
C

C
C
C

C
C
C
C

KIN2 =0

K1C02 = 0
k2002 =0
k3c02 =0
K4C02 = 0
K5€02 = 0
K6C02 = 0

0

0

K7C02
KICco2 =
KACO? =

Initialise the position and veloclty of the electron.

CALL INIT(X, Y, Z, V)‘VY VZ, PRESHE, PRESN2, PRESCO, L)
. 3
Store the the energy c';f the electron in ENBAR whenever z Is an integer
multiple of 1 mm. For values inbetween, (skipped. by 1) get ENBAR = 999.
These values will be neglected when computing energy histograms. Q
90 ICHECK = Z* 1000. *
J¥ FICHECK .LT. IBAR) GQ.TO 100
TENRAR(ICHECK) = TENBA HECK) + EN
INBAR(ICHECK) = INBAR(ICHECK) + 1
[BAR = ICHECK + I

Gener_alé random no. Rl 1o decide path length of electron before collision.

100 CALL RANDOM(R1)
S =-L* ALOG(R!) .
CALL ACCEL(X, Y, Z, VX, VY VZ S, T, TIME, EN, &130)
FINALT = FINALT + T P

It is mecessary to determine which atom the electron collided with. This
requires R _kpowledge of the total cross-sections of the various component gases. ,

1EN = EN .
ZZ = (EN - [EN) * 10.

IF(ZZ .GE. 5.) IEN = IEN + |
IF (EN .GE. 100.) IEN = 100
IF (IEN .LE. 1) IEN = |

> PQHE = PRESHE * QHE(IEN.1)

PQN2 = PRESN2 * QN2(lEN.1)
wPOCO2 = PRESCO * QCO2(1EN.1)
SUMQ. = PQHE + PQN2 + PQCO2

Determine tyr of collision and compute the new state of the electron.

Use another random number, R2, to determine the new state.
N t ’

NCOLL = NCOLL + 1 .
Pl = PQHE / SUMQ L AN
P2 = (PQHE + PQN2) / SUMQ ST
CALL RANDOM(R2)

IF (R2 .LT. P1) GO TO 110

IF (R2 .GE. P1 .AND. R2 .LT. P2) GO TO 120
NCOLCO = -NCOLCO + |

bl
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CALL COLCO2(X,Y, Z, VX, VY, VZ, EN, TIME, &£90. &130)
110 NCOLHE = NCOLHE + 1

CALL COLHE(X, Y, Z, VX, VY, VZ, EN, TIME, &90) -
120 NCOLN2 = NCOLN2 + 1

CALL COLN2(X, Y, Z, VX, VY 'VZ, EN, TIME, &90)

(—\

C
C Store the total sum of the various terms. These will be useful in determining the \

C average value of energy, radius, no. of coll., no. of ionisations, x and y values. \
- i
130 TOTEN = TOTEN + EN T
TOTX = TOTX + X
TOTNC = TOTNC + NCOLL
TOTNHE = TOTNHE + NCOLHE
TOTNN2 = TOTNN2 + NCOLN?
TOTNCO = TOTNCO + NCOLCO
TOIT = TOIT + FINALT
T0TY = TOTY + Y

C
: TNIHE = TNIHE + KIHE L/
TN2HE = TN2HE + K2HE

TNIHB = TNIHE + KIHE ' . : .

TNIN2 = TNIN2 + KIN2 + \\
TN2N2 = TN2N2 + K2N2
TN3N2 = TN3IN2 + K3N2
TN4N2 = TNAN2 + K4N2 .
TNSN2 = TNSN2 + KSN2
TN6N2 = TN6N2 + K6N2
TNIN2 = TNIN2 + KIN2

TN}CO2 = TNICO2 + KICO2
TN2CO2 = TN2CQ2 + K2CO2
TN3CO2 = TN3C0O2 + K3CO2
TN4C0O2 = TN4CO2 + K4CO2
TNSCO2 = TN5SCO2 + K5C02 \
TN6CO2 = TN6CO2 + K6CO2
TN7CO2 = TN7CO?2 + K1CO2
TNICO2 = TNICO2 + KICO2
TNACO2 = TNACO2 + KACO2 .
c
" The following write statements are used to store the positlons and time oK,
ton_formation for use later in calculating the Hall drift velocity. A
C o
IF (KIHE LT. 1) GO TO 140
CALL VELHE(?, KIHE, INEGHE, YIHE, ZIHE, TIHE, TOIVHE)
C \ .
140 IF (KIN2 .LT. 1) GO TO 150 <
CALL VELN2(1, KIN2, INEGN2, YIN2, ZIN2, TIN2, TOTVN2) . {
c ' '
150 IF (KICO2 .LT. 1) GO TO 160.
LCALL VELCO2(1, KICO2, INEGCO, YICO2, ZICO2, TICO2, TOTVCO)
c \
163 IF (KIHE .EQ. 0) GO TO 180
DO 170 J1 = I, KIHE
XNWHE(J1) = XIHE(JI)
YNWHE(J1) = YIHE(J1)
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ZNWHE(J1) = ZIRE(J])

YXNWHE(J1) = VXIHE(JI)

VYNWHE(J1) = VYIHE(JI)

VZNWHE(J1) = VZIHE(J])
170 CONTINUE

180 IF (KIN2 .EQ. 0) GO TO 200
DO 190 JI = 1, KIN2
XNWN2(J1) = XIN2(J1) .

YNWN2(J1) = YIN2(JI) .

ZNWN2(J1) = ZIN2(J1)

VXNWN2(J1) = VXIN2(JI)

VYNWN2(J1) = VYIN2(JI)

VZNWN2(J1) = VZIN2(JI) . .

190 CONTINUE =

¥y
-,

C
©.200 IF (K6N2 .EQ. 0) GO TO 220
1l = KIN2
DO 210 JI = 1, K6N2 c :
n=1+1 ' N

XNWN2(11) = X6N2(J1) ,
YNWN2(11) = Y6N2(JI) :
ZNWN2(11) = Z6N2(J1)

VXNWN2(11) = VX6N2(11) - :
VYNWN2(I1) = VY6N2(J1) PR 7
VZKWN™ i1 = VZ6N2(JI) : -

210 CONTI VUE - (
C i \
1220 IF (KICO2 .FO 9) GO TO 240 ..

DO 230 Ji = ., KICO2

XNWCO2(J1) = XICO2(J1) -
YNWCQ2(J1) = YICO2(J1)
ZNWCO02(J1) = ZICO2(J!) ) .
VXNWCO(J1) = VXICO2(J!)
* VYNWCO(JI) = YYICO2(J1) , 1S
VZNWCO(J1) = VZICO2(JI) -
230 CONTINUE
c . ) <
240 IF (KICO? ,EQ. 0) GO TO 245 .
1l = KICO2 i
DO 235 JI = 1, K1CO2
11 =1l +
XNWCO2(J1) = X7C02(J1)
YNWCO2(J1) = Y1C02(J1)
ZNWCO2(J1) = 27C02(J1)
VXNWCO(J1) = VX7C02(JI)
VYNWCO(J!) = VY7C02(J!)
_ VZNWCO(J1) = VZICO2(JI '
235 CONTINUE - : .
245 KIRHE = KIHE
KII2N2 = KIN2 + K6N2
KIDCO = KICO2 + K71CD2
I%KIDHE .LE. 0) GJ'TO 320 ) 1

c :
C NOW FOLLOW THE/ATH OF THE IONISED ELECTRONS FROM HELIUM ATOMS.

/S | B

~ada
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. )
Initiaise the fﬁlowlng variables to keep tag of the no. of

KIIHE = Initlal no. of lonised atoms.

KIHE = Total no. of ionised atoms.

K1IHE = Inltial no. of atoms exclted to level I.
KIHE = Total no. of atoms exclted to level 1.
K2IHE = Initial no. of aioms excited 1o level 2.
K2HE = Total no. ¢f atoms exclied to level 2. .

- .' LY
Do similar initialisation for N2 and CO2.

DO 310 JI = 1, KII2HE

KIIHE = KIHE
K2IHE = K2HE
KIIHE = KIHE

KIIN2 = KIN2
K2IN2 = K2N2

. K3IN2 = K3N2

e

N K4IN2 = K4N2
KSIN2 = KSNZ
K6IN2 = K6N2 C oy
KIIN2 = KIN2

K1IC02 = KICQ?
K2IC02 = K2C02
K3IC02 = K3C02
K4ICO? = K4CO?
KSICO7 = K$C02
K61C02 = K6CO2
K71C02 = K7CO2,
KIICO2 = KICO2
KAICO? = KACO?

KIIHE = KIIHE + I
L]

K2IIHE = K2IHE + 1

KHIHE = KIIHE + I

KIIN2 = KIIN2? + |
K21IN2 = K2IN2 + |
K31IN2 = K3IN2 + |
K4IIN2 = K4IN2 + |
i
!

KSIIN2 = K5IN2 +
K61IN2 = K6IN2 +
KI1IN2 = KIIN2 + ]

KI11ICO = K1ICO2 + 1
K211€CO = K2ICO2 + 1
K311CO = K3I1C02 + 1
K411CO = K4ICO2 + 1
K511CO = KSICO2 + 1,
K611CO = K6ICO2 + 1

electrons exclted 1o higher levels by the newly lonised electron.
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<
K711CO = K7ICO2 + 1
KilCO =.KIIC02 + |
KAIICO = KAICO2 + 1

C
NCOLL = 0 7
NCOLHE =0 ' ' -
’ NCOLN2 = 0
NCOLCO = 0 _
C ' . B} 1

A Y

C Initlalise the values of X, Y, Z, VX, VY and VZ
C 1o the values-at the poihl of lonisgtion. — -
C ~
X = XNWHE(J1)
Y = YNWHE(JI)
Z = ZNWHE(JI)
VX = VXNWHE(J1)
VY = VYNWHE(II) (
VZ = VZNWHE(J1)
. C
9.\ 250  CALL RANDOM(RI)
' S =-L* ALOG(RI)
CALL ACCEL(X, Y, Z, VY, VY. VZ, S, T, TIME. EN, 4280)
e FINALT = FINALT + T
C. = .
. . IEN=EN :
ZZ = (EN - IEN) * |0,
IF(ZZ .GE. 5.) IEN = IEN + |
5 .JF (EN .GE. 100.) IEN ~ 100
1F (IEN .LE. 1) IEN = |
PQHE = PRESHE * QHE(IEN,1)
PQN2 = PRESN2 * QN2fIENJ)
PQCO2 = PRESCO * QCO2(IEN,1)
SUMQ. = PQHE + PQN2 3 PQCO2

C -
) : NCOLL = NCOLL + 1 ‘ ' .
N = PQHE / SUMQ
e S P2 = (PQHE + PQN2) 7 SUMQ
 CALL RANDOM(R2)

IF (R2 .LT. P1) GO TO 260
IF §R2 .GE. PI .AND. R .LT. P2) GO TO 270

NCOLCO =-NCOLCO + |

_CALL COLCO2(X, Y, Z, VX, VY, VZ, EN, TIME, &250, 4280)
NCOLHE = NCOLHE + |

CALL COLHE(X. Y, Z. VX, VY, VZ, EN, TIME, &25¢)
_NCOLN2 = NCOLN? + |

CALL COLN2(X. Y, Z, vy, VY, VZ, EN, TIME, &250)

TOTEN = TOTEN + EN
TOTX = TOTX + X z
TQTNC TOTNC + NCOLL

aN

* TOTNHE = TOTNHE + NCOLH
© ,TOTNN2 = TOFNN" + NCOLN2
" TOTNCO:= TOTNCO + NCOLCO
s " TOIT = TOIT + FINALT - : v
B 101 = 7077 +Y "

e
- ¢ ‘» QJ‘»
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JNIHE = TNIHE + KIHE - KIIHE
TN2HE = TN2HE + K2HE - K2IHE -
TNIHE = TNIHE + KIHE - KIIHE

CALL YELHE(KIIIHE, KIHE, INEGHE, YIHE, ZIHE, TIHE, TOTVHE)

C
TNIN2 = TNIN2 + KIN2 - K1IN2~
TN2N2 = TN2N2 + K2N2 - K2IN2 |
TN3N2 = TN3N2 + K3N2 - K3IN2
TN4N2 =.TNIN2 + K4N2 - K4IN2
TN5SN2 = TN5N2 + K5N2 - K5IN2
TN6N2 = TN6N2 + K6N2 - K6INZ
TNIN2 = TNINZ + KIN2 - KIIN2

C
INICO2 = TNICO2 + KICO2 - K11CO2
TN2CO2 = TN2CO2 + K2€02 - K2I1CO2
TN3CO2 = TN3CO2 + K3CO02 - K3ICO2®
TN4C02 = TN4CO2 + K4CO2 - K41C0O2
TN5C0O2 = TNSCO2 + K5CO2 - K51CO2
TN6CO2 = TN6CO2 + K6CO2 - K61CO2
TN7C02 = TN7CO2 + K7CO02 - K71CO2
TNICO2 = TNICO2 + KICO2 - K1ICO2
TNACO2 = TNACO? + KACO2 - KAICO2

c-
IF (KIHE LT. KIIIHE) GO TO 290

C

290 IF (KIN2 .LT. KIIIN2) GO TO 300
CALL VELN2(KIIN2, KIN2, INEGN2, YIN2, ZIN2, TIN2, TOTVN2)
c L

300 IF (KICO? .LT. K111CO) GO TO 310
CALL VELCO2(KI111CO, KICO2, INEGCO, YICO2, ZICO2, TICO2,

I TOTVCO)
310 CONTINUE

320 IF (KII2N2 .LE. 0) GO TO 400

C Initialise the "following varlables to keep tag of the no. of
C elecirons gxc ted ta higher levels by the newly lonised electron.

C K11 A Inltial no. of lonised atoms.
'q KI =utal no. of lonised ator:s
C Kil = in . of atoms excitea to level 1.
C K1 = total no. of atoms excited to level 1.
c . .
C ; : .
C K61 = Initlal no. of atoms exclted to level 6.
C K6 = total no. of atoms exclted to level 6.
C . .

DO 390 JI = 1, KII2N2
c -

KIIHE = KIHE
K2IHE = K2HE
KIIHE = KIHE

]

s
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c

KIIN2 = KIN2

K2IN2? = K2N2
:K3IN2 = K3N2
K4IN2 = K4N2
KSIN2 = KSN2
K6iN2 = K6N2
KIIN2 = KIN2

K11C02 = KICOZ
k21602 = K2€02
. K3ICO2 = K3CO2
k41502 = K4CO2
KSICO2 = K5CO2
K61C02 = K6CO2
K7IC02 = K71CO2
K1ICO2 = KICO?
KAICO? = KACO2

«KIIIHE = KIIHE +
K2IIHE = K21HE +
KIIHE = KIIHE +

KIIIN2 = K1IN2 +
J21IN2 = K2IN2? +
K31IN2 = K3IN2 +
K4IIN2 = K4IN2 +

SuKSIIN2 = KSIN2 +

W6 IIN2 = K6IN2 +
D

KI11ICO = K1ICO2%
" K211CO = R2ICO2 +
~+K311CO = K3ICO2 +
2/ K41ICO = K4ICO2 +
“KS1ICO = KSICO2+
K611CO = K61C02 +
K711CO = K7ICO2 +

1
)
1

L -

X¥WIN? = KIIN2 + |

1
1
1
!
1
i
1

KIIICO = KHICO2 + 1

KALICO = KAICO2 + 1

-4
NCOLL =0
NCOLHE = 0
NCOLN2 = 0

NoOLCO =0

[N

C Initlalise the values of X, Y, Z, VX, VY and VZ
C to the values at the point of lonisation. *

C

X = XNWN2(J1)

= YNWN2(J1),
Z = ZNWN2(J1Y ",
VX = VXNWN2(JI) .
VY = VYNWN2(JI)
VZ = VZNWN2(JI)

~
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330

\_,_,-ﬁ“

{

340

350

'
. C

360
5

CALL RANDOM(RI)
§ =L * ALOG(RI) :
CALL ACCEL(X, Y, Z, VX, VY. VZ, S, T, TIME, EN, &360)

1

FINALT = FINALT + T )
- ? . .

IEN = EN T

ZZ = (EN - IEN) *'l0. . 32

IF (2Z .GE. 5) IEN = IENS I ”é;.;.s.} e
IF (EN .GE. 100) IEN = 18%... %k we,

IF(IEN LE. 1)IEN=1 - sl
PQHE = PRESHE * QHE(IEN,1 ) P S
PQN2 = PRESN2 * QN2(IEN.1) uf" L
PQCO2 = PRESCO % QCO2(IEN.1) |
SUM§ = PQHE + PQN2 + PQCO2

V\:

NCOLL = NCOLL + 1 , :
Pl = PQHE / SUMQ . : 2
P2 = (PQHE + PQN2) 7 SUMQ

CALL RANDOM(R2)

IF (R2 .LT: P1) GO TO 340

. IF (R2 .GE. PI .AND. R2 .LT. P2) GO TO 350

* NCOLCO = NCOLCO + 1
~ALL COLCO2(X, Y, Z, VX, VY, VZ. EN., TIME, &330. &360)
NVCOLHE = NCOLHE + 1

CALL COLHE(X.Y.Z, VX, VY, VZ, EN, TIME &330)
NCOLN2 = NCOLN2 + 1+ \

CALL COLN2(X, Y, Z, VX, VLVZ EN, TIME, &330)

TOTEN = TOTEN + EN
TOTX = TOTX + X
TOTNC = TOTNC + NCOLL !
TOTNHE = TOINHE + NCOLHE
TOTNN2 = TOTNN2 + NCOLN2
TOTNCO = TOTNCO + NCOLCO
TOIT = TOTT + FINALT ,
T0TY = TOTY + Y S

v
TNIHE = TNIHE + KIHE - KIIHE
TN2HE = TN2HE + K2HE - K21HE
TNIHE = TNIHE + KJHE - KIIHE «

TNIN2 = TNIN2 + KIN2 - K1IN2
TN2N2 = TN2N2 + K2N2 - K2IN2
TN3N2 = TNIN2 + KIN2 - K3IN2_
TNIN2 = TNAN2 + K4N2 - K4IN2 7
TNSN2 = TNSN2 + KSN2 - KSIN2
TN6N2 =.TN6N2 + K6N2 - K6IN2
TNIN E3‘1\/1}\/2 + KIN2 - KIIN2

%
TN/CO:”\,- TNICOZ + KICO2 - KI1ICO2
TN2CO2 =,TN2C02 + K2CO2 - K2I£0?
TN3COZ, = TN3CO2 + K3C02 - K3/CO2
> TNACOZ =:TN4CO2 + K4CO2 - K4¥CO?2 T
TN5CO2 = TN5CO2 + K5C02 - KSICO2?

- TN6CO2.= TN6CO2 + K6CO2 - K61CO2

TMCQP TN7CO2 + K7C02 - K71CO2

0t
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TNICO2 = TNICO2 + KICO2 - KIICO2
TNACO2 = TNACO2 + KACO2 - KAICO2

IF (KIHE LT. KII1HE) GO TO 370 ]
CALL VELHE(KII1HE, KIHE, INEGHE, YIHE, ZIHE', TIHE, TOTVHE)
c . ~ ’
370 IF (KIN2 LT. KI1IN2) GO TO 380
CALL VELN2(KIIIN2, KIN2, INEGN2, YIN2, ZIN2, TTINZ. TOTVN?2)

380 IF (KICO2 .LT. KII1CO) GO TO 390 ,
CALL VELCO2(KINCO, KICO2, INEGCO, YICO2, ZICO?, TICO?,

I TO1VCO) ‘ . .
C
C39o CONTINUE —_
400 IF (KII2CO .LE. 0) GO T0-520
c '
C 'NOW FOLLOW THE PATH. OF THE IONISED ELECTRONS FROM CO2 ATOMS. v oomsororaccee c
C Bemernsmmnmermraennss e e e o et tmu s ma e e s A mea o eancen e e n o oo n e et e amnmean e anenn s eneinn eenn C
c

C- Initialise the following variables 1o keep tag of the no. of
C electrons excited 1o higher levels by the newly ionised electron. - R

o KIl = Initial no. of fonised atoms.
C K1 = Total no. of lonised atoms.
C K1] = Initial no. of atoms excited ko level 1.
C K1 = Total no. of atoms excited to level 1. ’ e
C . .
C N : . : ,
c - K71 = Initial no. of atoms excited to level 7. L
c . K7 .= Total no. of atoms exclied to level 7. i ’
c . )
DO 470 JI = 1, KI12CO
C ’ ‘
KIIHE = KIHE _
K2IHE = K2HE
KIIHE = KIHE
KI1IN2 = KIN2 o - _ '
K2IN2 = K2N2
) K3IN2 = K3N2
K4IN2 = K4N2
KSIN2 = KSN2 . o
K6IN2 = K6N2 .
KIIN2 = KIN2 ,
C : »
K1I1C02 = KI1CO2 . ; i
K2ICO2 = K2C02 o : L.

K31C02 = K3C02
K4ICO2 = K4CO2
K5ICO2 = K5CO2 | ‘ : _
K6ICO2 = K6CO2 ' T

K71C02 = K7CO: .
K1CO2 = KICO2 ¢

KAICO2 = KACO2



» A d
‘KIIIHE = KIIHE + ' .
K2IIHE = K2IHE + | -
KIIIHE = KIIHE +
c o Ny
KIHIN2 = KLIN2 + 1
K21IN2 = K2IN2 + 1
"K3NIN2 = K3IN2 + 1
“K41IN2 = K4IN2 + 1 (
KSIIN2 = KSIN2 + .1 &
K6IIN2 = K6IN2 + 1
' KIIIN2 = KIIN2 + 1
C _ :
KIICO = KI1ICO2 + 1
K211CO = K21CO2 + 1
K311CO = K3ICO2 +°1
. K41ICO = K41CO2 + 1
- KSTICO = KSICO2 + 1
K611CO = K6ICO2 + 1
K711CO = K71C02 + 1
KI11CO =-K1ICO2 + 1 ,
: KAIICO = KAICO2 +_1 4,
c e
NCOLL =0 : i B _
NCOLHE =0 Y &
NCOLN2 =0 Lo A
NCOLCO =0 O L R
C Initialise the values of X, Y\, Z, VX, VY and VZ
C 1o the values at the point of ibnisa(J,onA
C ,
X = XNWCO02(J1) L.
= YNWCO02(J1) =
Z = ZNWCO2(J!1)
VX = VXNWCO(JI)
VY = VYNWCO(J1) '
VZ = VZNWCO(JI) o
C
410  CALL RANDOM(RI)
. S=-L* ALOG(RI)
CALL ACCEL(X, Y, Z, VX, VY, VZ, S, T, TIME, EN, &440)<
FINALT = FINALT + T
¢ )
IEN = EN
ZZ = (EN - IEN) * 10.
IF (ZZ .GE. 5.) IEN, = IEN + 1
IF(EN .GE. 100.) IEN = 100 .
IF(IEN \LE. 1) IEN =1 d
PQHE = PRESHE * QHE(IEN,1)
PQNZ = PRESN2 * QN2(IEN,I) )
PQCO2 = PRESCO * QCO2(1EN,1)
SUMQ = PQHE + PQN2 + PQCO2

)

NCOLL = NCOLL + 1

P! = PQHE / SUMQ ‘
P2 = (PQHE + PQN2) / SUMQ
CALL RANDOM(R2)

125



420

430

440

C

C

- C

450

460

1

CALL COLN2(X, Y, Z, VX, VY, VZ, EN, TIME, &410)

<

IF (R2 .LT. P1).GOTO 420

IF (R2 .GE. Pl .AND. R2 .LT. P?) GO TO 430
NCOLCO = NCOLCO + 1

CALL COLCO2(X, Y, Z, VX, VY, VZ, EN, TIME, 4410, &440)
NCOLHE = NCOLHE + 1
CALL COLHE(X, Y Z, VX, VY, VZ, EN, TIME, &410)

NCOLN2 = NCOLN2 + 1

TOTEN = TOTEN + £N
T0TX = TOTX + X

TOTNC = TOTNC + NCOLL

TOTNHE = TOTNHE + NCOLHE
TOTNN2Z = TOTNNZ + NCOLN?
TOTNCO = TOTNCO + NCOLCO
TOIT = TOIT + FINALT
10TY = TOTY + Y

TNIHE = TNIHE + KIHE - KI1IHE

TN2HE

‘ TN2HE + K2HE
' TNIHE = FNIHE + KIHE -

TNIN2 = TNIN2
TN2N2 = TN2N2
TN3N2 = TN3IN2
TN4N2 = TN4N2
TN5SN2 = TN5N2

TN6N2 = TN6N2
TNIN2 = TNIN2 + KIN2 - KIIN2

TNICO2 = TNICO2 + KICO2 -
TN2C02 = TN2CO2 + K2CO?2 -
TN3CO2 = TN3CO2 + K3CO2 -
TN4CO2 = TN4CO2 + K4CO2 -
TN5CO2 + KSCO2 -
TN6CO2 + K6CO2 -
TN7CO2 + K7CO2 -

TN5CO2 =
TN6CO2 =
TN7CO2 =

+ KIN2

T2IHE
s IIHE

- K1IN2
+ K2N2 -
+ K3N2 -
+ K4N2 -
+ KSN2 -
+ K6N2 -

K2IN2
K3IN2
K4IN2
KSIN2
K6IN2

K11C0o2
K21C02
K31C02
K41C02
K51C02
K61C02
K71CO2

INICO2 = TNICO2 + KICO2 - KIICO2

TNACO2 = TNACO2 + KACO2 - KAICO2

IF (KIHE .LT. KIIIHE) GO TD 450

CALL VELHE(KIIIHE, KIHE, INEGHE, YIHE, ZIHE, TIHE, TOTVH

IF (KIN2 .LT. KIIIN2) GO TO 460
CALL VELN2(KIIIN2, KIN2, INEGN2, YIN2, ZIN2, TIN2, TOTVN2)

IF (KICO2 .LT. KI11CO) GO T0 470

CALL VELCO2(K111€CO, KICO2, INEGCO, YICO2, ZICO2, TICO2,

101VCO)

470 CONTINUE

43 WRITE (6,480) DC, VC

4807 FORMAT (2X, '
L 2X,

1

4

t

E
-

CATHODE FALL DISTANCE = DC = ', E12.4, /
CATHODE FALL VOLTAGE =VYC = ', El2.4)



KHEPRI = KHEPRI + KII2HE
KN2PRI = KN2PRI + KII2N2
KCOPRI = KCOPRI + KI12C0O
NIPRI = KHEPRI + KN2PR] + KCOPRI
I .
. C .
C The final" positions and velcities are tabulated after every
C 100 primary electrons. '
C
529 ICHECK =1/ 500
ICHECK = ICHECK * 500
IF (1 .NE. ICHECK .AND. I .NE. NE) GO TO 960
c .

" C Compute the average values of energy, radius, no. of collisions,

C no. of lonisations, time taken to cross the cathode fall and the

C E X Bdrifi. ,
C $
TOTN = | + NIPRI
AVGEN = TOTEN / TOTN "

AYGNC = TOTNC / TOTN

AVGNHE = TOTNHE / TOIN
AVGNN2 = TOTNN2 / TOTN
AVGNCO = TOTNCO / TOTN

(5]

AVNIHE = TNIHE / TOTN
AVNIHE = TNIHE / TOTN
AVN2HE = TN2HE / TOTN
C v
AVNIN2 = TNIN2 / TOTN
AVNIN2 = TNIN2 7 TOTN
AVYN2N2 = TN2N2 / TOTN
AVN3N2 = TN3N2 / TOTN
AVN4N2 = TNAN2 / TOTN .
AVNSN2 = TNSN2 / TOTN o
AVYN6N2 = TN6N2 7/ TOTN (
C
) AVNICO = TNICO2 / TOTN
AVNICO = TNICO2 / TOTN
AVN2CO = TN2CO2 7/ TOTN
AVN3CO = TN3CO2 / TOTN
AVN4CO = TN4CO2 / TOTN
AVNSGO = TN5CO2 / TOTN
AVN6ER.= TN6CO2 / TOTN
AVNICO = TN7CO2 / TOTN ,
AVNAGQ;# TNACO? / TOTN
c

" AVGT = TOTT / TOTN
AVGY = TOTY / TOTN
\ AVGY = SQRT(2.* AVGEN"1.6D-19/ EM)
_AVGNU = AVGY / L .
HALL = 1.6D-19 * B0 / (EM® AVGNU)
DRIFTE = DC / AVGT
DRIFTR = AVGR / AVGT
DRIFTB = AVGY / AVGT
ALPHE = (ALOG((AVNIHE + 1.))) / DC
ALPN2 = (ALOG((AVNIN2 + 1.))) / DC
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ALPCO2 = (ALOG((AYNICO + 1.))) 7 DC

DO 530 IB=1,45
1F (INBAR(IB) .GE. 1) GO:TO 525
AENBAR(IB) = 999.0
GOTO 530 &
525 AENBAR(IB) = TENBAR{]B) / INBAR(IB)
530 CONTINUE q
WRITE (6,540)
540 FORMAT (77, 19X, 'RESULTS OF-MONTE-CARLO SIMULATION . 7

I 19X.33(). /7, 2X.91("))
e
WRITE (6.550) ’
550 FORMAT (/7. 8X, '# OF ELECT.'. 8X. 'B0 (GAUST ~ 8X.
I "PRESS (FORR)', 8X, 'PARTIAL PRESS HE:N. . 02')

WRITE (6.560) I, 1BO, PRESS, 'PRESHE, PRESN?2, PRESCO
560 FORMAT (TI1, 14, T30, I4, 150 F4.1,T70, F4.1, " F4.1. "2,
i F4.1) _
. WRITE (6.570) - oo E .
© 570 FORMAT (//, 8%, 'TOT# COL', 164" TOT# HE', 10X, " TOT# W
O B 11X, "TOT# COZ') - ‘
_ WRITE (6.580) TOTNG,, n,gmvnf TOTNNZ, TOTNCO
580 FORMAT (T19, 6, T3§:, ié‘ T47. 16, 15, 16)
"WRITE (6.5%03 | . : _
590 FORMAT (37 10X, AVG# coL d1X, CAVG# HE', $X. " AVG# N2,
I 11X, 'AVG# CO2') oo o
WRITE (6,600) AVGNC, AVGNHE, AVGNN2, AVGNCO i
600 FORMAT (TI0, 1PE11.4, T29, 5114 T47. El1.4, T65, E11.4)
" WRITE (6,610)
610 FORMAT (//. 4X. COLLISION DISTRIBUTION FOR HELIUM . /.
I 4X, 33)) i
WRITE (6.620) '
620 FORMAT (/7. 19X, TOT# I', 12X, 'TOT# 2', 11X, ToT# ION)
WRITE (6.630) TNIHE, TN2HE, TNIHE .
630 FORMAT (T10, IS, T29, 15, T47, I5)
WK £ (6.646) o
640 FORMAT(7/  10X,~AVG# 1', 13X, AYG# 2', 12X, 'AVG# ION')
WRITE (6.650) AYNIHE. AVN2HE, AVNIHE . o
650 FORMAY (T10, IPEL}1.4, T29, E11.4, T47, 5/11.4)
WRITEA'§,660) :
660 FORMAT (//, 4X, 'COLLISION DISTRIBUTION FOR NITROGEN', /.
1 ax, 35¢-'))
WRITE (6.670) .
670 FORMAF ¢//, 9X, 'TOT# ', 13X, TOT# 2', 12X, 'TOT# 3, 12X
! TOT# 4')
WRITE (6.580) TNIN2, TN2N2, TN3N2, TN4N2
WRITE (6,680) ,
680 FORMAT (/{, 9X, 'TOT# 5', 13X, ToT# 6', 12X, 'TOT# ION')
WRITE (6,650) TNSN2, TN6N2, TNIN2 °

¢

WRITE {6.,690) :
690 FORMAT'(//, 10X, 'AVG# 1", 13X, 'AVG# 2', 12X, 'AVG# 3'. 12X
1 AVGE 4) >
WRITE (6, 600) AVNIN2, AVN2N2, AYN3N2, AVNAN2
WRITE (6,700) , . -
700 FORMAT {/,.10X, 'AVG# S', 13X, 'AVG# 6', 12X, 'AVG# ION')

&



WRITE (6,65C) AVNSN2, AVNG6N2, AVNINZ
WRITE (6,710)

710 FORMAT (//, 4X, 'COLLISION DISTRIBUTION FOR CARBON-DIOXIDE', /

14X, 41(7))
WRITE (6,720)
720 FOQRMAT (//, 9X, 'TOT# I', 13X, 'TOT# 2', 12X, ‘TOT# 3', 12X,
i .U TOT# ¢, 10X, 'TOTR 5°)
WRITE (6.730) TNICO2, TN2C02, TN3CO2, TNAC02, TNSCO2 *
730  FORMAT (TI0, I5, T29, IS, T47, IS, T65, IS, T81, IS) -
WRITE (6.740) .

740 FORMAT (7, 9X, 'TOT# 6, 13X, 'TOT# 7', 11X, 'TOT# ION', 10X, -

! "TOT# ATCH')
WRITE (6,580) TN6CO2, TN7C02, FNICO2, TNACO2
WRITE (6,750)
750 FORMAT (//, 10X, "AVG# I', 13X, "AVG# 2°, 12X, 'AVG# 3', 12X
! ‘AVG# 4, 10X, AVG# 5’)
WRITE (6.760) AVN1CO, AVYN2CO, AVN3CO, AVN4CO, AVNSCO
760 FORMAT (TI0, IPE11.4, T29, E11.4, T47, El11.4, T65, E11.4, T81,
! Ell4) ) . .
WRITE (6,770) '
770 FUYMAT (7, 10X, "AVG# 6', 13X, 'AVGx 7°, 12X, "AVG# ION', 10X,
! ‘AVG# ATCH')
WRITE (6,600) AYN6CO, AYNTCO, AVNICO, AVNACO
WRITE (6.,780)

780 FORMAT (//, 27X, 'SWARM PARAMETERS (ALL AVERAGED)', 7, 27X,

31("), //. 6X. TIME OF FLIGHT, 4, 'FINAL ENERGY",
"(EV).6X, VELOCITY',10X. XFINAL(M) .7X, WFINAL(M)')

WRITE (6,760) AYGT, AVGEN, AVGY, AVGX, AVGY

WRITE (6.790) '

790 FORMAT (/. 10X, 'ALPHA-I'E', 11X, "ALPH , 10X, 'ALPHA-COZ')

WRITE (:6,650) ALPHE, ALPN2, ALPCO2 /\ :

~ WRITE (6.,800) . \

800 FORMAT {7, 10X, 'DRIFT-E', 12X, 'DRIFT'X', 11X, 'DRIFT-B’)
WRITE (6,650) DRIFTE, DRIFTX, DRIFTB _
WRITE (6.810) .

8§10 FORMAT (/7. 9X, 'COLL. FREQ', 10X, '"HALL PAR', 7X,

! '"MEAN FREE PATH') '

oo~

WRITE (6,650) AYVGNU, HALL, L
WRITE (6,820) KHEPRI, KN2PRI, KCOPRI, NIPRI -
820 FORMAT (7, 2X,91("), 7/, 8X, TOTAL NO. OF PRIMARY HE ',

1 ' IONISATIONS = ', IS, /, 8X, 'TOTAL NO. OF PRIMARY",
2 ' N2 IONISATIONS =, IS, /, 8X, 'TOTAL NO. OF,
3 ' PRIMARY CO2 IONISATIONS =", IS, /., 8X, “-). 2,
‘ TOTAL NO. OF PRIMARY IONISATIONS'. 5X, '= ', IS, /.
s 8X. 44(")) .

c .- |

C WRITE DOWN THE AVERAQE TRANSVERSE DISCHARGE VELOCITY OF THE

" C INDIVIDUAL GAS IONS AND THE OVERALL DISCHARGE VEL.

c : .
TNIHE = TNIHE - INEGHE '
TNIN2 = TNIN2? - INEGN2 .
§ TNICO2 = TNICO? - INEGCO
TNI = TNIHE + TNIN? + 02
C

WRITE (6,830) TNIHE, TNIN2, TNICO2, TN/
L




830 FORMAT (//, 8X, ‘TOTAL NO. OF HE IONS =",
‘TOTAL NO. OF N2 IONS = ', '
LIS, /.0 8X,30(), /. ¥X,
16, /. 8X,30(-"))

'"TOTAL NO. OF CO2 IONS-=

LW RO

IF (TNIHE .GT. 0) GO TO 840
AVGVHE = 0.0
GO TO 850
840 AVGVHE = TOIVHE / TNIHE
' 850 IF (TNIN2GT. 0) GO TO 860"
~ AVGYN2 = 0.0
GO TO 870
860 AVGVN2 = TOTVN2 / TNIN2
870" IF (TNICO2 .GT. 0) GO TO 880
AVGYCO = 0.0
GO TO 890
880 AVGVCO = TOTVCO /~TNICO2
890 IF (TNI .GT. 0) GO TO 900
AVGY = 0. 0
GO TQ 910

900 AVGY = (TOIVHE + TOTVN2'+ TOTVCO) / TNI
910 WRITE (6,920) AVGVYHE, AVGYN2, AVGVCO, AVGY

'TOTAL NO. OF ALL IONS =

"130

15, 7, 8%,

920 FORMAT (//, 8X, 'AVERAGE VELOCITY OF HE IONS = ', E11.4, 7,
1 8X, 'AVERAGE VELOCITY OF N2 IONS = ', Ell.4, /. 8X,
2 'AVERAGE VELOCITY OF CO2 IONS = ', Ell4, /, 8X, 440%).
3 /. 8X. 'AVERAGE VELOCITY OF GAS MJX"[URE =" Ell4:/, \
4 8X, 44(*)) A \_,
c
WRITE (6,930) P 4
930 FORMAT (//. 3X, 'THESE ARE THE ENERGY LEVL‘LS AT VARIOUS ", -ﬁ“&@ L4
1 'POSITIQONS IN THE CATHODE FALL REGION', /, SXE2L6X.
2 'E4', 6X, 'E6', 6X, 'E8', 5X, 'EI0', 5X, 'EI2', 5X,"
3 El4', 5X, 'EI6', 5X, 'E18', 5X, 'E20', 5X, 'E22")
C - Y

WRITE (6,940) (AENBAR(1B),1B=1,40)

940 FORMAT (4(10(2X,F6.2)./))

WRITE (6,950) (INBAR(IB) IB=140)

950 FORMAT (/, 3X, 'THESE ARE THE NO. OF ELI:MI:N'IS OVER

1 'WHICH AVERAGING WAS DONE', 4(/, 10(2X, 16}’))

. H'(AVGNHE .EQ. 0.0) GO TO 941
, AVNIHE = 100* AVN1HE/ AYGNHE
. AVN2ZHE = 100* AVN2HE/ AYGNHE
AVNIHE = 100* AVNIHE/ AVGNHE
c
' 941 IF ( AVGNN2 .EQ. 0.0) GO TO 942
AVNIN2 = 100° AYNIN2/ AVGNN2 &,

AVN2N2 = 100‘AVN2N2/AVGNN2 A
AVN3IN2 = 100* AVN3N2/ AVGNN2
AVN4N2 = 100* AVN4N2/ AYGNN?2
AVN5SN2 = 100* AVNSN2/ AVGNN2:
AVN6N2 = 100° AVN6N2/ AYGNN2
AVNIN2 = 100°AVNIN2/ AYGNN?

c
942 IF (AVGNCO .EQ. 0.0) GO TO 943
AVNICO = 100* AVN1CO/ AVGNCO
AVN2CO = 100* AVN2CO/ AVGNCO

Ke



— a3

AVN3ICO = 100° AVN3CO/ AVGNCO
AVN4ICO = 100* AVN4CO/ AVGNCO
AVNSCO = 100° AVNSCO/ AVGNCO .

AVN6CO = 100* AVYN6CO/ AVGNCO r
AVNICO = 100* AVN7CO/ AVYGNCO . -
AVNICO = 100* AVNICOAAVGNCO { :

943 AVNEHE = 100.0 - (AVNIHE + AVN2HE + AVNIHE)
wAVNEN2 = 100.0 - (AVNIN2 + AVN2N2 + AVN3N2 + AVN4N2

I + AVNSN2 + AVN6N2 + AVNIN2)

AVNECO = 100.0 - (AYNICO + AVN2CO + AVNICO + AVN4CO

/ . 4 AVNSCO + AVN6CO + AVNICO + AVNICO) \

c b

WRITE(6.951) AVNEHE, AVN1HE, AYN2 HE, AVNIHE, AYNEN2, AVNIN2,

/ AVN2N2,AVN3N2, AVNSN2,AVNSN2, AVN6 N2, AYNIN2,

2 AVNECO,AVNICO,AVN2CO, AYN3CO, AVN4CO, AVNSCO,

3 AVNGCO,AVN7CO, AVNICO

| FORMAT(1X.' " 91X, ./ 10X,'PERCENTAGE COLLISIONS WITH HELIUM,

! /.5X. 4(F7.3:2X)./, 10X, PERCENTAGE COLLISIONS WITH N2',

2 7 .5X. 8(F7.3.2X)./. 10X, PERCENTAGE COLLISIONS WITH CO2',

3 75X, 9(F7.3.2X))

960 CONTINUE

95

PND e
C PP sORBERLES ..-.."‘.."...'.'.-‘“.'.‘.......“..l‘.‘.l...“-."’..“"...‘-.O""".‘. C
SUBROUTINE INIT(X, Y, Z, VX, VY, VZ, PRESHE, PRESN2, PRESCO, L)
[N Y] l.‘.l.‘.‘......‘.‘...‘..‘.-.--‘.-‘.‘.’.......’l‘l"‘..'.““.l....'...“"‘...‘ C

»

C This subroutine lnltiallses the position and velocity of an electron as It leaves the cathode.
C v
IMPLICIT REAL(A - HO - 2Z)
REAL LHEI, LN2I, LCO21, L
c ' ' ;
C Inttialise the position of electron to 0. Assume that the electron starts out with a z-component
C o'/ velocity with an energy distributed between 0 and 10 eV.
¢ ' 4

DATA EM 79.1D-31/ - J
CALL RANDOM(RIQ :
=00 ‘ ;
Y= 0.0
=00
VY = 0.0 ' : .
¥ = 0.0
Ve = SQR7( 9.*1.6D- 19‘R1/EM)
C .
C The mean free gazh of the electron is determined for any pressure.
C b

LHEI = PRESHE / (105.33D-8 * 760.)

LN21 = PRESN2 7/ (35.525D-8 ® 760.)

LCO2] = PRESCO 7 (23.7D-8 * 760.) o
L= 1.0/ (LHEI + LN2I + LCO2I)

RETURN

END

C PRSPPSO PS ISP RO BSOS NSRS PRSIV E IO I IR AP IP R RS RSP PR R PSS NR PPN PSS VSN RS B NR RSP ROORRRRES C

SUBROUTINE RAN ( RAND)

C S SPP SV RSP NTRNISSRPIRS .‘.l..........‘;.‘...’.Q.‘l...'.‘.’.-“....‘l.....“‘-..‘...“‘. C



C .

C This subroutine generates uniformly distributed random numbers between 0 and I. -
IMPLICIT REAL(A-HO- Z .
REAL DSEED, R(1)
COMMON / ARRAND/ DSEED ?

S = (7.*5)* DSEED
RI =2 °*31-1

. DSEED = AMOD(S@RI) ¢
RAND = DSEED /7 (2.#*31) ‘
RETURN : ’
END :

C ..‘..‘..'.."..‘..“...l.‘.'l..‘..."..’I..‘...‘.-.‘.lll‘l...‘l"‘l.‘....‘....“l..”l (‘

SUBROUTINE ENERGY(VX VY, VZ, VEL2, EN) ‘
C l‘."’...‘.‘.‘.‘“‘..l"“..l..l.'..'.'lll"ll’ll.'.l!‘.‘!‘ll.I‘.‘l"“.l‘.‘...-‘..."“'C
C
C This subroutine calculates the electron energy in electron volts. .
IMPLICIT REAL(A- HO0-2Z) >
DATA EM /9.1D-31/ )
VEL2 = VX*VX+ VY* KY #VZ* VZ
EN=05"* EM*VEL?
EN = EN/ 1.6D19 ’
RETURN
END "

C (R AR RS R E RN SRR RS S RS R E R RN P R N NP RS P R N N S R RN R N R N N RN R R R R NN Y YTy C

SUBROUTINE ACCEL(X, Y, Z, VX, VY VZ S, T TIME,L EN*)
C .l.‘.....‘...‘.‘.“..‘.'."“l‘.'.“."‘ll‘.'....'..)-‘....‘...l.“.f“ll".‘...l. C‘I‘.C
C
C This subroutine calculates the acceleralion of an electron due to thg
C electric and magnetic fleld and also determines the new values of
C X, Y, Z positions and VX, VY, VZ velocities.

c
IMPLICIT REAL(A - HO - Z) T
REAL M, M2 i
COMMON / EDATA/ DC, VC, BORMU. PRESS
DATA EM /9.1D-31/, QE /-1.6D-19/
W=0QE"* B0/ EM
M = SQRT((W*W) - ((Z'QE'VC)/(EM"DC’DC)))
B=-((2*QE*VC)/(MEM*DC))* (] - (Z/DC)) + (W*VY) / M
WB=W®* B
 M2=M*M
CALL TIMER(X, YOU, VX, VY, VZ, S, T)
SINE = SIN(M*T) \ .
cosmz{\ = COS(M"T)
VXOLD =KX
VYOLD = VY
VZOLD = VZ <E
X=VX*T+X
= (W*VZOLD/M2) * (COSINE - 1.) + (WB/M2) * SINE + (VYOLD - (wzx/
IM))* T+7Y ..
= (VZ/M)* SINE - (B/M) * (COSINE 1) + Z
VX VXOLD '
= -(W*VZOLD/M) * SINE + (WB/M) * (COSINE - 1.) + VYOLD
VZ = VZOLD * COSINE + B * SINE
C

TIME = TIME + T
CALL ENERGY(VX, VY, VZ, YEL2, EN)
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C ‘ N
IF(Z .LT. 0.0 .OR. Z .GT. DC) GO TO 20 o
10 RETURN , _ - -
20 RETURN I ’
. END
C

C ..'."“.‘.".’.........'.l"l"‘.“-‘..l-.‘.l."‘-.‘..'.‘..."l“.‘l"....‘.’.“.'.... C

SUBROUTINE COLHE(X. Y, Z VX VY, VZ, EN, TIME* ) )
C .....I.".."‘I“.‘.'l..‘....‘l..l-.‘.".-‘“...l..........I...'.‘.l.l...l’.."..l’...AC
C .
C The aim of this subroutine is to determine which of the following
C types of collisiog Is undergone by the electron.
C (i) Elastic
C (li) Metastable 1riplet excllazlon) with exci:ation onset at 19.8 eV.
C (1) Excitation to 2nd level with onset at 21.5 eV.
C (1v) lonisation with onset at 24.5 eV.
C

IMPLICIT REAL(A - HO-Z)
DIMENSION XIHE(100), YIHE(100), ZIHE(100), VXIHE(100), VYIHE(100),
! VZIHE(100). ENIHE(I00), QHE( 1004}, SPHE(101, 81) )
2 EHE(3), TIHE(100)
COMMON 7 XSECHE/ QHE, SPHE, KIHE, KIHE, K2HE
COMMON / ARRAND/ DSEED
COMMON /CHE#s XIHE, YIHE, ZIHE, VXIHE, VYIHE VZ[HE ENIHE, TIHE
DATA EM /9.1D-31/ \

C

C Define the varlous excitcilon onset levels.

.C s

EHE(]) = 19.8 ) -
EHE(2) = 21.5 A4
EHE(3) = 24.5

CALL ENERGY(VX, VY, VZ, '{EL2, EN)

VEL = SQRT(VEL2) \
JEN = EN

2Z = (EN-IEN)* 10. .
IF(2ZZ GE. 5) IEN = IEN + ] . . .
IF (EN .GE. 100) IEN = 100 : i
IF (IEN .LE. 1) IEN = |

SUMQ = QHE(IEN,2) + QHE(IEN,3) + QHE(IEN4)

CALL RANDOM(R2)

DIVQ = SUMQ 7/ QHE(IEN,1) .
C R
C An elastic collision is assumed to occur If the random no. R2 Is
C greater than or-equal to DIVQ.

C .
IF (R2 .GE. DIVQ) GO TO 50
C ' ‘
C In case/of an Melastic collision determine which type it Is.
C A
*CHECK = 0.0 l
J=2

10 CHECK = CHECK + (QHE(IEN,J)/QHE(IEN,!))
IF (R2 .LT. CHECK) GO TO 20
C -
C If R2 Is less than check 'this means that the level ‘T is excited.



e

"C number of ionised electrons.

v

C‘ Otherwise check for level 'J+1'. ionisation occurs if J = 4.

¢ Y
=J+ 1 ’

IF (J .EQ. 4) GO T0 40 o

GO TO 10 ’ . . <
C . . : )
G Excitation to a higher level occurs. ’ i 1
C

20JK=J-1 ‘,
. EN'= EN - EHE(¥K) |,

C N

IF (JK .NE. 1) GO TO 30
KIHE = 'K{HE + 1
Gotoso \
c

30 K2HE = K2HE + 1

GO'TO 50 , , !
v ’ 8

’

C
C lonisation oceurs.
c
40 EN = (EN - EHE(3)) 7 2.0
c : L
C Store the positlon and veloglty of ionised electrons. KI denotes the
C .
CALL NEWVEL(KIHE, VXIHE, VYIHE, VZIHE, XIHE, YIHE,
) Y. Z, EN)
TIHE(KIHE) = TIME
50 IFLAG = 1
. CALL NEWSTA(EN, X, Y, 2, VX, VY, VZ, IFLAG, &60)
C V
.60 RETURN 1
END .

C

»
C "l‘.’.‘.-‘l.l.i‘.'l‘l“’l"..tn‘....‘.’.-‘."."‘.l.‘..‘D..‘l.OO...Cl.."‘t.l‘li".'.. (‘

SUBROUTINE COLN2(X. Y, Z, VX, VY, VZ EN, TIME*)
C I E R A S RN RS NANR SRS RN S S NSRS RR RN NSRS R RSN AR RN YR RN NN NN SN AN NN SR NN NN NN (‘
C .
C The aim of this subroutine Is 1o determine which of the following
C types of collision Is undergone by the electron with N2.
(1)  Elastic ’
(1) Vibrational excitation
L(i11) Excliation to 6.22ev level
(tv) Excltation ta 7.39ev level
(v)  Excitation to 8.59%ev level
(vi) Excliation to I'l ley level
(vil) lonisation with onset at 15.7 éeV.
(viii) Diss. lonis. with onset at 25.0 eV.

a0 0000

IMPLICIT REAL(A- HO - Z)
DIMENSION XIHE(100), YIHE(100), ZIHE(100), VXIHE(100), VYIHE(100),

! VZIHE(100), ENIHE(100), QHE(100.4), SPHE(101,81),
2 EHE(3), TIHE(100), SPN2(101,81), QN2(100,8),
3 SPC02(101,81), QC02(100,10)

COMMON 7/ XSEC,s SPHE, QHE, SPN2, QN2, SPCO2, QCO2 ’
COMMON 7/ ARRAND/ DSEED :

. : A4
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e

COMMON /CHE/ XIHE, YIHE, ZIHE, VXIHE, VYIHE, VZIHE, ENIHE, TIHE,

I KIHE, K2HE, ki
DATA EM 79.1D-31/%&

C

C Define the various excliation onset levels.
EHE(1) = 19.8
.EHE(2) = 215 ’
EHE(3) = 24.5

a

CALL ENERGY(VX, VY, VZ, VEL2, EN) .
VEL = SQRT(VEL2)

IEN = EN = . i

7z = (EX- IEN) * 10,

IF(ZZ .GE. 5) IEN = IEN + |

IF (EN .GE. 100) IEN = 100
SYE (IEN LE: 1) IEN = |

S QHE(IEN.2) + QHE(IEN,3) + QHE(IEN4)

CALL RANDOM( R2) S

DIVQ = SUMQ / QHE(IEN.1)

" C In casé of an inelagtic collision determine which type it Is.
C N
CHECK = 0.0
J=2
™10 CHECK = CHECIE + (QHE(IEN,J)/7QHE(IEN,1))

IF (R2 .L_Tytx) GO TO 20
c

C If R2 is less than check this means that the level 'J' Is exclted.
C Otherwise check for level_'j-'l-l'. lonisation occurs if j = 4.

C .
=J+ 1
IF (J.EQ. 4) GO TO 40
GO 10 10
C
C Excliatton to a higher level occurs.
C
20K =J-1*~ _ .
EN.= EN - EHE(IJK) ,
C
IF (JK .NE. 1) GO 10 30
KIHE = KIHE + 1 ,
GO TO 50 ~
C :
0
30 K2HE = K2HE + 1 Y%
GO 10 50 -
c -

C lonlsation occurs.
40 EN = (EN - EHE(3)) / 2.0
C -
C Store (he position and velocity of lonised elecirons. KI denotes the
C number of lonised electrons.

135
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CALL NEWVEL(KIHE, VXIHE, VYIHE, VZIHE, XIHE, YIHE. ZIHE, ENIHE, X,
1 Y 'Z EN) )
TIHE(KIHE) = TIME

50 IFLAG = | . .
CALL NEWSTA(EN, X,.Y, Z, VX, VY, VZ, IFLAG, *60)

c ,

60 RETURN |

END

C ...‘...‘....".......“.......'l.‘...ll..-'...".‘...‘.’.l'..‘....‘.I"‘....‘.""....l C‘

SUBROUTINE COLN2(X, Y, Z, VX, VY, VZ, EN, TIME,")
C “”...‘...‘.“."..“...-‘.‘.'.'-.‘.‘.‘....l...l-....-..".......‘..l.l..lll'..‘.-l.‘ C
C .
C The aim of this subroutine is 1o determine which of the foliowing
C types of collision is undergone by the electron with n2.
(8  Elastic . \
(11) Vibrational excitation
{111) Excltation to 6.22ey level
(iv) Excliation to 7.39ev level
“(v)  Excltation 10 8.5% level e i .
(vi) Excltatlon to 11.1ey level !
(vil) lonisation with onset a1 15.7 eV.
(vlil) Diss. lonis. with onset at 25.0 eV. !

y

NN Xs NaNa e Na ke

-Z) -
. YIN2(100), ZIN2(100), VXIN2( 100), YYIN2(100),
i VZIN2( 100}, ENIN>( 100), X6N2(100), Y6N2(100), Z6 N2( 1004/
2 VX6N2(100), VY6N2(100), VZ6N2(100). EN6N2(100), EN2(7),
3 TIN2(100), SPHE(101.81), QHE(100.4), SPN2(101,81).
q QN2(100.8), SPCO2(,101.81), Q€02(100,10) . -

IMPLICIT REAGHA ]
' DIMENSION XIN2

COMMON s/ XSEC/ SPHE, QHE, SPN2, QN2, SPCO2, QCO2
COMMON 7 ARRANDs DSEED-~
COMMON /CN2/ XIN2, YIN2, ZIN2, VXIN2, VYIN2, VZIN2, ENIN2, TIN2,
- X6N2, Y6N2, Z6N2, VX6N2, VY6N2, VZEN2, EN6N2,
2 KIN2, K2N2, K3N2, K4N2, K5N2, K6N2, KIN?
DATA EM /9.1D-31/
C
C Define the various excitation onset levels.
EN2(1) = 1.5
EN2(2) = 6.22 :
EN2(3) = 7.39 : s .
EN2(4) = 8.59 . \
EN2(5) = 11.] ’
EN2(6) = 157
. EN2(7) = 25.0

CALL ENERGY(VX, WY, VZ, VEL2, EN)
VEL = SQRT(VEL2?) p
IEN = EN
ZZ = (EN - IEN) * |I0.
IF (ZZ .GE. 5) IEN = IEN + |
IF (EN .GE. 100) IEN = 100
" IF (IEN .LE. 1) IEN = I
SUMQ = QN2(IEN,2) + QN2(IEN3) + QN2(IEN4) + QN2(IEN5) + QN2(
1IEN,6) + QN2(IEN,7) + QN2(IEN8)
CALL RANDOM(R2)



7/ QN2(IEN1) »

c

-C

c% elastic tollision is assumed to occur If the random no. R2 Is
C greater thaq)or equal to DIVQ. ' - -
C ' :
IF (R2 .GE. DIVQ) GO TO 110
C
C In case of an inelastic collision determine ‘which type it is.
<~
CHECK = 0.0
J=2
10 CHECK = CHECK + (QN2(IEN,J)/QN2(IEN,1})
" IF (R2 .LT. CHECK) GO 70 20
C If R2 Is less than CHECK IIQ:’ nikans that the level 'J' Is excited. .
C Otherwise check for level ‘j+1'. lonisation occurs if j = 7. Diss. - ¥
C lonisation occurs If |=8. '
C _
J=J+ 1 N
IF (J.EQ. 8) GO TO 20
GO 10 10
C
C Excllauort@’a higher level occurs.
C
20IJK=1J-1
IF (JK .EQ. 6 .OR. JK _EQ. 7) GO TO 30
EN = EN - EN2(JK)
GO 10 40
30 EN = (EN - EN2(JK)) 7/ 2.
oo ,

40 IF (JK NE. 1) GO TO 50
KIN) = KIN2 + 1
GO TO 110
50 IF (JK .NE. 2) GO TO 60
KIN2 = K2N2 + 1
GO TO 110
60 1F (JK .NE. 3) GO TO 70 : ,
K3N2 = K3N2 + 1 : : L
GO 10110 : : L ’
70 IF (JK .NE. 4) GO TO 80
K4N2 = K4N2 + |
GO T0 110
80 IF (JK .NE. 5) GO TO 90
KSN2 = K5N2 + 1
GOTO 110 ,
90 IF (JK .NE. 6) GO TO 100 ' ST A

CALL NEWVEL(KIN2, VXIN2, VYIN2, VZIN2, XIN2, YIN2, ZIN2, ENIN2, X,

I Y. Z EN)
TIN2(KIN2) = TIME i VA
GO 10 110 Yoo |

c - o

C Dissociative lonisation occurs. K6 denotes the number o\

C dissoclative-lonised aloms of N2. Store the position and —
C velocity of lonised electrons. '

c ~./

137
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100 CALL NEWVEL(K6N2, VX6N2, VY6N2, VZ6N2, X6N2, Y6N’ Z6N2, EN6N2, X,

. 1 Y Z EN)
110 IFLAG = 2
CALL NEWSTA(EN. X, Y, Z, VX, V¥, VZ, IFLAG, *120)
c ;L ’
120 RETURN 1 ' ‘ .
" END ° - v

P .
C ‘...‘ll“..-'.."‘..‘."‘.-.l'..‘..""‘..‘..I.‘.l....".l.....‘.'.l..."’l'..l..“‘l‘l C
@

SUBROUTINE COLC02(X Y, Z, VX VY VZ EN, TIME**) !
C ..‘:.ll.‘..‘"...‘:"."...l“‘“.-....‘.l.‘.‘..l...‘...‘l.I‘..lll‘l'l.‘..ll.‘.l'.l..l’ (‘
vC ) N
C The aim of this subrautine Is 10’ determine which of the’ following - )
. C lypes of colll:ipn is urgergone by the eléctron. . g r. )
. (1) Elastic I
.. (11) Vibrattonal excltation. R : : =
"+ (1) Exctiation to 3.1 eV._leyé!;‘ o o ’
(1v) Exctiation to 6.1 eV level. Lo :
(v) Excitation 107.0 eV level’ :
(vi) Exciiation 1o 10.5 eV, level.
~ (vil) Excliation to-11.5 eV level.
(viii)lonisation with onset at 13.3 eV.
(ix) Diss. {onls. wlih onset at 25.0 eV.
‘(x) Diss. attach. wllh onset at 3.0 ¢V.

~ -

AN aanaann

IMPLICIT REAL(A HO-Z) _ “
¢ " DIMENSION XIC02(190), Y1C02(100) 21c02(1oo) VXICO2(100)
T YYICO2( 100}, ¥ZICO2( 100), ENICO2(100), X7C02(100),
© Y7C02(100), Z1CO2(100), VXTCO2( 100 ), VY7CO2(100),
VZ7C02(100), EN7CO2(100) ECO2(9), TICO2(10b),
SPHE(IOI 81), QHE(100,4), SPN2(101,81), QN2(100.8),~
SPC02(101 81), 0C02( 100,107
COMMON /XSEC/ SPHE, QHE, SPN2, ON2: SPCO2, QC02
COMMON /ARRAND/ DSEED
COMMON /CCQ2/ XICO2, YICO2, ZICO2, ¥XICO2, VYICO2, VZICO2, ENICO?,
1 X7C02, YICO2, Z7CO2, VX1CO2, VY7C02, ¥Z7C02 EN7CO2,
2 TICO2. KICO2, K2C02, 1<3c02 K4CO2, K5C02, K6C02, K702,
3 KICO2, KACO2-
. DATA EM /94D-31/
. C ‘ ' l
% . . C Define the various excitation onset level: .
% ECO2(1) = 0.0 : : :
EC02(2) = 3.1 '
EC02(3) = 6.1
. ECO2(4) = 7.0 .
ECO2(5) = 10.5 . v : -
'EC02(6) = 11.5 .
»  EC02(7) = 13.3
" ECO2(8) = 25.0
- EC02(9) = 3.0

w»oaTw o

Y

v

CALL ENERGY(VX, VY, VZ, VEL2, EN) .

VEL = SQRI(VEL2) - ' o,
IEN = EN o

ZZ = (EN- IEN) * 10

IF (ZZ .GE. 5) IEN = IEN + |

IF (EN .GE. 100) IEN = /100 . A C



- .é;t‘

O

IF (IEN .LE. 1) IEN = |

SUMQ = QCO2(IEN,2) + QCO2(IEN,3) + QCO2(IEN4} + QCO2(IEN,5) +
10CO2(1EN.6) + QCO2(IEN,7) + QCO2(IEN,8) + QCO2(IEN,9) + QCO2(IEN,
2io) -, , ' ‘

CALL RANDOM(R2)

DIVQ = SUMQ 7 QCO2(IEN,I}
C ° .
C An elastic colllsion is assumed to occur if the random no. R2 is
C greater !fxan or equal to DIVQ.
C G ‘ ’

IF (R2 .GE. DIVQ) GO TQ 130
C ' 7
C In case of an inelastic colllsion determine which type it is.
c ' \ o

CHECK = 0.0

J =2 :

10 CHECK = CHECK + “QCO2(1EN,J)/QCO2(1IEN,1))

IF (R2 .LT. CHEC/) GO TO 20 '

C

C If R2 is less than CHECK this means that the level 'j' Is excited. . . ,
C Otherwise check for level 'j+1'. lonisation occurs if | = 8. Diss. ‘
C ionisation occurs if j=9. Diss. att. occurs if j=10.

e . : '
S I=J+ 1
IF (J .EQ. 10) GO TO 20 o
GOTO 10 )
c S

C Excltation to a higher level occurs.

C20!K=J-I ' ' : (ﬁ

IF (JK .EQ. 7 .OR. JK .EQ. 8) 0 TO 30

EN = EN - ECO2(JK) ,

GO TO 40 .
30 EN = (EN - ECO2(JK)) / 2.

GO 10 110

la]

40 IF (JK .NE. 1) GO TO 50
KICO2 = KICO2 +-1
GO TO 130

50 IF (JK .NE. 2) GO TD 60
K2C02 = K2€02 + 1

_ GO.TO 130

60 IF (JK .NE. 3) GO TO 70
K3C02 = K3C02 + 1
GO TO 130 :

70 IF (JK .NE. 4) GO TO 80
K4C02 = K4C02 +1 s
GO TO 130 :

80 IF (JK'.NE. 5) GO TO 90
K5C02 = KsCO2 + 1 ¢
GO TO 130

90 'IF (JK .NE. 6) GO TO 100
K6CO2 = K6C02 + 1
GO TO 130

100 IF (JK .NE. 10) GO TO 110
KACO2 = KACO2 + I

139
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GO 10 150
110 IF (JK .NE. 7) GO TO 120 , .
CALL NEWVEL(KICO2, VXICO2, VYICO2, VZICOZ, XICO2, YICO2, ZICO2,
1 ENICO2, X, Y, Z, EN) .
TICO2(KICO2) = TIME
GO TO 130
c
C Dissociative lonisation occurs. K7 denotes the number of
C dissociative-ionised atoms of CO2. Store the positton and
C velocity of lonised electrons. - ) !
- C
" 120 CALL NEWVEL(K7CO2, VX7C02, VY7CO02, VZ7C02, X7CO2, Y7CO2, 27CO:.
1 EN7C02, X, Y, Z, EN) ' :
130 IFLAG = 3 o
CALL NEWSTACEN, X, Y, Z, VX, VY, VZ, IFLAG, *140)
C
140 RETURN 1
150 RETURN 2
END

C L Y Y Ty Ry Yy R R N R Iy C

SUBROUTINE NEWVEL(KI, VXI, VYI, VZI, X1, YI, ZI, ENI, X, Y, Z, EN) .
C ".“‘l.‘..‘..."“.”.‘l.'...'l.'.l"ll‘t‘l"-l“'-l"..O.'.‘.l’..ll"".‘.!l'...’l‘.. C
C
C This subroutine calculates the velocliy components of the
- C secondary electron created by an excitation collision.
C

IMPLICIT REAL(A - H,0 - Z)

DIMENSION VXI(100), VYI(100), VZI(100), ENI(100), XI(100),

1 YI(100), ZI(100) ’

COMMON 7 ARRAND/ DSEED . . o

DATA EM /9.1D-31/

KI=KI+ 1 .

IF (EN .LE. 0.0) EN = ¢

CONST = 2.0* EN* 16E19 / EM

CALL RANDOM(RI)

* CALL EANDOM(R2) ,

CALL RANDOM(R3) ,

RTOT = Rl + R2 + R3 ' ’

VXI(KI) = SQRT(CONST* R1/ RTOT)

YYI(KI) = SQRI(CONST* R2/ RIOT)

VZI(KI) = SQRI{CONST* R3/ RTOT) )

CALL RANDOM(RI!)

CALL RANDOM(R21)

CALL RANDOM(R31)

IF (RI1 .GE. 0.5) VXI(KI) = -‘VXI(KI)

- VXI(KI) = -VXI(KI)

IF (R21 .GE. 0.5) VYI(KI) = -VYI(KI)

VYI(KI) = -VYI(KI)

IF (R31 .GE. 0.5) VZI(K]) = -VZI(KI)

YZI(K]) = -VZI(KI)

XI(Kl) =X

YI(KI) =Y

ZI(Kl) = Z

ENI(KI) = EN

RETURN

END



14]
L

C '....‘.l.‘..'.l...‘...l;"‘....“"_.‘......!.“..‘l.‘...‘.‘..‘..“"...’....-.‘.‘..‘-... C

SUBROUTINE NEWSTACEN, X, Y, Z2 VX, VY, VZ, IFLAG,")
C .."...'.....-.'I.....l.l"..‘....."‘l..“.‘..‘.‘...."‘.;."..l...".“"....‘-...‘.‘ C
C . .
C The.alm of this subroutine s to determine the stale of the eleciron ’
C after a colllsion has occured. Two random numbers R3 and R4 are used
C to determine the angles THETA and PHI respectively. ¢
C

3

IMPLICIT REAL(A - HO - Z)
DIMENSION SPHE(101,81), QHE(100,4), SPN2(101,81), QN2(100.8).
! SPC02(101,81), QC02(100,10) '
COMMON / ARRAND/ DSEED
COMMON 7 XSEC/ SPHE, QHE, SPN2, QNZ, SPC02, QCO2
DATA EM /9.1D-31/
CALL RANDGM(R3)
Yl = R3 7/ 0.0125
Iy = xi
=(X1-11x)* 10.
YE(Y! .GE. S) X = 11X + ] ’
‘ HX = 1Y + 1
" JEN = EN
ZI = (EN - IEN) * 10.
IF(Z1 .GE. 5) IEN = IEN % |
IEN = IEN + 1
IF (ENy.GE. 101.) IEN = 101
IF (IEN .LE. 1) IEN = 1

o

IF (EN (LE. 0) EN = 0.0000! A
C Y
IF (IFLAG .GE. 2) GOTO 10 ’
THETAC = SPHE(IEN,JIX) * 3.1415927 / 180.0 ‘ .
GO TO 30 »

" 10 IF (IFLAG .EQ. 3) GO TO 20
THETAC = SPN2(IEN,IIX) * 3.1415927 / 180.0
GO 10 30 - .
20 THETAC = SPCO2(IENJIX) * .1415927 / 180.0 =

T

C .
30 CALL RANDOM(R4) o

PHIC = 2. * 3.1415927 * R4

VI = SQRI(VX"VX + VY"VI & VZIVZ)- - ° :

V = SQRT(2.*EN*1.6D-194EM)"*  ~ ..° =

IF (VI .EQ. 0.0) GOTO 408 .., - 74 . : o

VZil = VZ / Vi k R T A

IF (VZIl .GE. 1.0).vZIl =fl0 -~ =~ & A

_THErAlz\,gs(yz“) ' R S ] S
GO 10 50 : , -

40 THETAI = 0.0 .
50 PHII = FCNPHI(VX YY)
SINPI = SIN(PHII)
COSPI = COS(PHII)
SINPC = SIN(PHIC) R
COSPC = COS(PHIC) A
SINTI = SIN(THETAI} ' ' S
COSTI = COS(THETAI) +
SINTC = SIN(THETAC)
COSTC = COS(THETAC) , SRS
VX = ¥ * (COSPI*COSTI* SINTC*COSPC - SINPP*SINTC*SINPC ' -



(,' . 142

er o

I + COSPI* SINTI* COSTC) I \
VY = v * (SINPICOSTI* SINTC* COSPC + cosn*smnrsmrc CN
I - + .SINPP* SINTI* COSTC) , o o
VZ = ¥ * (-SINTP SINTC*COSPC + COSTI*COSTC)

RETURN | R ST

END '

C ..l."....‘.'....‘.‘.....l.’.'....‘""“.‘.l.“..‘.“...“‘.l....'.'...’.......'-“..l ("

FUNCTION FCNPHI(VX, VY) _ . ,
C ““.‘......‘..".."...‘l’.‘.‘ll“.‘-‘.-.‘..'..'.i...ll’il...‘l..l.l‘-.‘l......-l'.-. (“
C
C FCNPHI calculates angle PHII (initial angle PHI) which the
C velocity~vector Just béfore collislon makes on the X-Y plane -
' C wilﬂ(z:vaaxis. , ‘ : ?
¢ : ' '
AMPLICIT REAL(A-H,0-Z)
IF (VX .EQ. 0.0) THEN
iF (VY .GT. 0.0) THEN
FCNPHI = 3.1415927/2.0 o .
ELSE ‘
FCNPHI = 3*3.1415927/2.0
ENDIF
ELSE
IF (VX .GT. 0.0) THEN
FCNPHI = ATAN(VY/VX) ‘ o X
ELSE - : B . o Cow

CYPHI = 3.1415927 + ATAN(VY/VX) C « ! - s
EN IF N

* COMMON 7/ PARS/ A0, Al A2, A3, 44! P e v

* DATA EM 79 1D-317, QE /-1.6D-19/ _ o ‘ SR
W=QE" & ' EM ST : _ :
M= SQRT((W*W) - ((2*QE*VC)/(EM*DC*DC))) - . . : -
Bl = -((2°QE*VC)/(M*EM*DC)) * (1 - (Z/DC)) + (W‘V}’) / M P B 0 i
WB=W?®* Bl ) :

DELTA = §

V'= SQRI(VX*VX + VY*VY + VZ*VZ)
T=S5/ 133E6 ; '

IF(V.NE.0O)T=TS/V L3 . . , : h t L
A0 = VX :

Al = W*VZ/ M

A2=WB/ M v c , 14

A3 = VY : _ , P

A4 =VZ '! . 7 S ! . o F

A5 = BI

4=00, , C o . ','/
Acc—/oz’s ‘ ) . .
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i

DXMAX = 3.0 - .
USUM =.5* M : : ,
B=M"X; ~
CALL UNSIME(F, A, B, ACC, USUM, ERROR, AREA, DXMAX, IFLAG)
B = B+ ERROR
T=B/M o ” : )
1FLAG = | for normal return. '
-:‘9:4/ it is necessary to go to 30 levels or use a sub-
interval too small for machine word lengih. Error
may be unreliable in this case.
= 3 {f more than than 2000 function evajugtions are
used. Rough approximaxlon: are used to complete -
the computations and error is usually unreltable.
= 4 If the algorithm falls due to f(x) being
predominantly negative on some sub-taterval. .
JF(IFLAG \EQ. 1) GOTO 30 - hd . g
. WRITE (6,10) : o .
" 10 FORMAT (1X, 'IFLAG = I > NORMAL,R_@TURN', /. 1X, .
I - IFLAG = 2 ---> NECESSARY TO GO'T0- 40 LEVELSORUSE A ', / , -
2 , 17X, 'SUB-INTERVAL TOO SMALL FOR MACHINE WORD', 7, 17X, ~
3 "LENGTH. THE ANSWER RETURNED IS NOT CORRECT.', /, IX,
' 4 'IFLAG = 3 > MORE THAN 5000 FUNCTION EVALUATIONS‘ /.
5
6

+

o NN NN NaNeNe!

. 'IFLAG = 4 > F(X) IS PREDOMINANTLY -VE ON
SOME SUB-INTERVAL') 3 o
#WRITE (6,20) IFLAG ‘ , D,
20 FORMAT (IX, IFLAG = ', 14) :
" C S1oF
9 RETURN , 4 _
< END ' RN PO

L C "..-....‘-.-......l‘.l’““l'..l..h.".‘.l.»%’.....‘.‘.OI.....‘.-.“l..‘.’;“...‘.“... C

 FUNCTION F(X)

C .‘...O..‘.‘..‘.‘.‘.“'l."‘“."“gzl‘a"’.'.“lll““‘“'-.“..l..".‘..l“.““l‘-“‘. C

; IMPLICIT REAL(A - HO zZ) "
P K

COMMON /PARS/ A0, Al, A2, A3, A4, A5
COSX =.COS(X)

“

o SINKESINX) o )
Zi=fsp0 |
22 = (AI*SINX + A2*(COSX - 1.).+ A3)** 2
Z3 = (A4*COSX + AS*SINX) 2 _
. F=SQRI(ZI +ZF+ 23) T .f-
‘% RETURN: ¢
"~ END o )

C "l.l“.....!....l...‘..‘l‘.i.-l.“lltlI....‘.‘.“‘.‘.“...l'..l‘.l‘..“‘.‘.'.“‘.‘..l C

. “SUBROUTINE UNSIMP(F A, B, ACC, USUM, WOR AREA, DXMAX, IFLAG)
. C ‘lhl..‘l."l.l.".I.'l“.‘.‘.‘.l“li.‘.‘.‘,‘.O'l"...l‘.“l““l..lO“'.Ol"’ll-l..“ C
c .

c UNSIMP is an adaplive lLerazive code based on.Simpson's rule.

C Aris designed to evaluate the upper limit of inlegrallon required

C to make the definite integral of a.continuous npn- negatlve Sfunction

C close to a user specified sum. L : . -
c ‘ - » ‘ . . W,

C;{L- FoF e Name of funclion to b(irxlegrated The

cr ¥ function name f must appear in an external state-

c - . ‘-;ﬂ ment ln the calling program. L
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A - Lower limit of Integration. .
B - Upper limit of Integration.” On emdry this Is set
to initialize the search. UNSIMP will search
. Jor the upper limit which makes the definite ’
integral close 1o usum, the value

- “gpecified by the user. compuiation will be quicker
1f the Initial value of b given to the routine is an
underestimation.

ACC - The desired accuracy of the final upper limit ( B).
The code tries to make lhe error. in B less than
ACC* B.

#USUM - The user-spectfied value of the integral of f({x.).

ERROR - Estimated error of B. User may wish to extrapolate
by forming B+ ERROR to get what Is<often a more
accurate result, but not always. |

AREA - The calculated integral of f(x) from x=A t0 x=8,
where B represents the final value of B.

DXMAX The maximum limit on the width of a
sub-interval to be used to yield

an acceptadble value of the integral. Eor .
periodic functions, DXMAX shaould be set
to the period (or smaller) to prevent
‘undesirable termination of the.algorithm
in case of premature convergence o[
Simpson's rule.

IFLAG = 1 for normal return. -
= 2 if It Is necessary to go to 40 levels or'use a sub-
interval too small for machine word Iengml
the answer returned is not correct. ,‘z
3 if more than than 5000 function evaluations are

1}

o
' ; used.

e

the answer returned is not correct.

4 if the algorithm fails due to f(x) being
predominantly negatlve on some sub-interval.
the answer returned Is not correct.

]

DIMENSION LORR(40), FIT(40), F2T(40), F31(40), DAI(40) ESTI(40),

1 PSUM(40)

REAL F, FIT, F2T, F3T, DAT, ESIT, PSUM ACC, ALPHA, 4. D
1 EST, ESTL, ES"R WT, DELSUM, USUM, SUM, AREA, PAREY,
2 DXMAX, PDIFF DIFF, FV1, F¥2, F¥3, FV4, FV5, B2

Set U to approximate the unit round-off of speclfic machine.
Here IBM 360/ 370 real. -

U= 2220E-16

FOURU =4.0* U w

IFLAG = 1

KOUNT = 3 . Fy .

LvL =

PSUM(LVL) = .
ALPHA = A

PAREA =

B 5,
bRROR.
“

n
wr
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PDIFF = 0.
c
10 LORR(LVL) = 1
DA = B- ALPHA
FYl = F(ALPHA)
F¥3 = F(ALPHA + 0.5°DA)
FVs = F(ALPHA + DA) )
WT = DA / 6.0
EST = WT* (FVl + 4.0°FV3 + FV5) ~ '
C %

C ‘'Basic Step'. Have estimate EST of integral on (ALPHA, ALPHA+DA)
C bisect and compute estimates on left and right half intervals.
C
220 DX = 0.5 * DA
FV2 = F(ALPHA + 0.5°DX)
Fv4 = F(ALPHA + 1.5*DX) ' o
KOUNT = KOUNT + 2 .
WT = DX / 6.0 ~ :
ESTL = WT* (W1+40‘FV2+1~V3) . ' LY
ESTR = WT* (FV3 + 4.0°FV3 + FV5) ‘ ; G
SUM = ESTL + ESTR
DIFF = EST - SUM : )
C . ' s
C If error is acceptable, go 1o 80. If Interval Is too small or .
C 100 many levels or too many function evaluations, set a flag
C and go 10 80 anyway.

AY)

I

"N

C .
IF (SUM .LT. 0.) GO TO 110 , .
AREA = PAREA + SUM ; :
“B2 = ALPHA + DA : BUTE IR AT I N ER 8
IF (ABS( ABS(USUM'- AREA) - ABS{PDIFF)) + ABS(DIFF) .GT. 1V5'Ac¢';{j.i,. ke By ,v;'j,-"i;
! B2 4)) GO TO0:30 ’ B R s
ERROR = (USUM - AREA (PDIFF+ DIFF)/I.S) / Ws"fo &r < "":3 ' R ?”f,,i
e 8 o
RETURN | SR o
30 IF ( ABS(USUM -XAREA ) .LE. ABS(PDIFF + DIFF)) GO T0.50
IF (USUM .GT. AREA) GO TO 40 y
PSUM(1) = PAREA -
VL = | K
LORR(LVL) = 1 A
GO T0 50 L
40 IF (ABS(DIFF) .LE. FV5* ACC* DA .AND. DA .LE. DXMAX) GO TO 60 .
50 @(LVL .GE. 40) GO T0 90 ; . T
(ABS(DX) .LE. FOUREP ABS{ALPHA)) GO T0.90 ‘ e Ty
IF (KOUNT .GE..5000) GO TO 100 goor
C : : “
C Here 1o raise level. Store Info,mation to process right half 4
C Interval later. Initialise for baslc step' so as to lreat
*C left half interval.
c
LVL = LVL + I
BUM(LYL) = 0.,
LORR(LVL) = 0 : ' ‘
FIT(LVL) = FV3. -.
F2T(LYL) = Fv4 : X o

f3T(LVL) = FV5



DA = DX ¢ - \

DAT(LVL) = DX
EST = ESTL =
ESTT(LVL) = ESTR ™
Vs = FV3
V3 = w2
GO TO 20 E
C o

C  Accept approximate integral sum. If it was on a left interC val go to 'move right'. If a right interval.
add results : _
C to finish at this level. Array LORR ( mnemonic for lefi or
C right) tells whether left or right interval at each level.
¢ .
60 PDIFF = PDIFF + DIFF
70 IF (LORR(LVL) .EQ. 0) GOTO 80 °
SUM = PSUM(LVL) + SUM
"PAREA = PAREA - PSUM(LVL)
LVL = LVL - |
IF{LVL .GE. 1) GOTD 70
VL = 1 .
PSUM{ LVL) = SUM : -
PAREA = SUM
ALPHA = ALPHA + DA “
B=2"8B-4 ' "
.GOTO 10

- ' c

c

C 'Move right'. Restore saved information to process right :

C half interval. ’ {

C .

80 PSUM(LVL) = SUM

PAREA = PAREA + SUM ~ -
LORR(LVL) = I '
ALPHA = ALPHA + DA -
DA = DAT(LVL) :
V1 = FIT(LVL)
V3 = F2I(LVL)
FVS = F3T(LVL)
ESi = ESTI(LVL)
GO TO 20

It

U

C
C Accept 'poor’ value. Set appropriate flags.
c !
90 IFLAG = 2
RETURN
100 IFLAG = 3 - wr
RETURN
110 IFLAG = 4 o e
RETURN '
END
Cc

C A AL RS S AR R RN R RN Ry A N A P Y PN N AR R NS Y N R A R R R R AP R PPN A R R Y N Ay Y] C

SUBROUTINE VELHE( !, 12, INEGHE, YIHE, ZIHE, TIHE, TOTVHE)
C ."l‘.'.--l“.l......".‘.l‘.l‘."'..-"’.“‘.‘..‘...."..“"’.l'..l‘.."-l.“.”.“.. C
C ;
C  This program calculates the discharge velocity
C  (due to the Hall force) of the hellum gas
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SUBROUTINE VELN2(11, 12, INEGN2, YIN2, ZIN2, TIN2, TOIVN2)

C ."..ll-.l‘..‘.."..‘-"‘..‘....".'l-.-“.‘.‘.‘.’“.l.‘.."‘.....‘l“.l...."‘."‘...‘. C
- . P

oo NN

@]

Q'_,"

componen! in a laser gas mixture.

REAL MUHE. MU(19), YIHE(100), ZIHE( 100), TIHE(100))
COMMON / EDATA/ DC, ¥C, B0, .MU, PRESS /f{
D060 I= 11,12 ’
EHE = (2°VC/DC)* (1 - (ZIHE(1)/DC})
" IF (EHE .EQ. 0) GO TO 50
EDIVP = EHE / PRESS

I1E = EDIVP / 1000

IF (IE .GE. 1) GO TO 1b ,

MUHE = 0.85 .
GO T0 40 '}

IF (1€ .GT. 10) GO TO 20

MUHE = MU(IE) . o
GO TO 40 .
IF (1E .GE. 100) GO TO 30

IE = (IE/10.) + 9

MUHE = MU(IE)

GO TO 404.

MUHE = 0.16

"TIONHE "= ZIHE(I) / (MUHE® EHE)
TOTTHE = TIONHE + TIHE(])
HEVEL = YIHE(I) / TOTTHE
JOIVHE = TOIVHE + HEVEL

GO T0 60

INEGHE = INEGHE + 1
CONH{SUE

RETURN
END

This program calculates the discharge velocily
(due to the Hall forcq?of the nitrogen gas
component in a laser gas mixture.

-

REAL MUN2, MU(19), YIN2(100 ). ZIN2(100), TINY 100)
COMMON 7/ EDATA/ DC, ¥C, B0, MU, PRESS ° .
AS

0
DO 20 /= 11, 12
TEN2 =°(2°VC/DC) * (1 - (ZIN2(1)sDC))
IF (EN2 .EQ. 0) GO TO 10 ‘
MUN2 = 0.2

TIONN2 = ZIN2(1) / {MUN2*EN2)

TOTTN2 = TIONN2 + TIN2(1)

N2VEL = YIN2(1) 7 TOTTIN?

TOTVN? = TOIVN2 + N2VEL ™ , .
GO T0 20

10 INEGN2 = INEGN2 + 1 ;o

147
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20 CONTINUE
c .
RETURN
END .
c

C ‘.“....l..‘.“..'.....l.‘.'.l“..‘..‘.-'.‘......'.I..I...l“.....l.I"I‘l'........’.‘ C

SUBROUTINE VELCO2( 11, 12, INEGCO, YICO2, ZICO2, TICO2, TOTVCO)

C ".."....“.'.‘C“..‘.'.““..‘.‘“...‘."..“.l‘...“-....."'.’..‘.....‘l...‘....‘.l C
C .

C  This program calculates the discharge velocity

" C  (dueto lhe3 Hall force) of the carbon-dioxide gas

C  component in a lase- ga: mixture.

C. ¥ o
REAL MUCO2, MU(19), YICO2( 1009, ZICO2(100). TICO2(100)
COMMON /EDATA7 DC, VC, B0, MU, PRESS
c . .
DO20I=1,1 . "
ECO2 = (2.*VC/DC) * (1 - (ZICO2(1,/DC))’ Co
IF (ECO2 .EQ. 0) GO TO 10 . )
‘C
MUCO2 = 0.073
© TIONCO = ZICO2(1) / (MUCO2* ECO2)
TOTICO = TIONCO + TICO2(I) - b
CO2VEL = YICO2(1) / TOTTCO .
TOIVCO = TOTVCO + CO2VEL .
. GO TO 20 : . )
10 INEGCO = INEGCO + 1 .
20 CONTINUE
c ,
RETURN ' .- {’
END

o



