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I

Het meten, van absolute dichtheden in een ontlading, zodanig dat absorp-

tie van de laserbundel bepaald wordt uit de afname langs de laserbun-

del van de fluorescentiestralings biedt voordelen ten opzichte van de

gebruikelijke absorptiemethode.

Di-t proefschrift, hoofdstuk II.

II

Ba nagloei van een gasontlading kan beter onderzocht worden met de

methode van selectieve-excitatiespectroscopie dan met de absorptie-

methode.

Dit proefschrift, hoofdstuk II.

Ill

In de nagloei van een neongasontlading voldoen de bezettingen van de

diverse 2p-niveaus niet aan de Boltzmann-verdeling.

Dit proefschrift, hoofdstuk V.

IV

In zijn berekening van het aantal fluorescentiefotonen dat door een

gas wordt uitgezonden ten gevolge van instralen met een laserbundel,

houdt Demtröder ten onrechte geen rekening met gestimuleerde emissie.

W. Demtvöderi Grundlagen und Techniken der Laserspektroekopie.

Springer Verlag, Berlin (1977).

V

Gezien de gunstige resultaten welke behaald kunnen worden bij het

transporteren van laserbundels via glasvezels, is het nuttig en zin-

vol laboratoria voor algemeen fysisch onderzoek uit te rusten met

centraal opgestelde lasers en een geschikt glasvezel-netwerk.

VI

Speciaal voor de produktie van de zeer kort levende radioactieve i so-

topen 0, N en C, die voor medische toepassingen van groot belang

zijn, dienen tafelcyclotrons met een maximale protonenenergie van

circa 8-10 MeV te worden ontwikkeld in Nederland.

VII
De uitspraak "gelijke kansen voor iedereen" behoort,indien toegepast

op het onderwijsbestel,te leiden tot een uitbreiding van de differen-

tiatie in opleidingen.
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VIII

Het door Ter Heege genoemde bedrag van circa 180 miljoen gulden aan

gemeenschapsgelden! dat volgens hem door de TH Eindhoven in 1979 wordt

"opgesoupeerd" geeft een vertekend beeld, daar circa 26% van dit be-

drag vrijwel direct weer in de vorm van loonbelastingen als gemeen-

schapsgeld ter beschikking komt.

Ter Heegei th-beviahten 2h, no 19 (1979),

IX

In het "Jaar van het kind" zou het extra pijnlijk zijn te moeten er-

varen dat het Nederlandse volk het beëindigen van prenataal kinder-

lijk leven, op andere dan medische gronden, wenst te legaliseren.

X

Wie zegt dat abortus provocatus gerechtvaardigd is op grond van het

ontbreken van mogelijkheden tot zelfstandige ontplooiing van leven,

dient zich te realiseren dat hetzelfde criterium toepasbaar is ten

aanzien van actieve euthanasie.

XI

Wetenschappelijk onderzoek dat voornamelijk gebaseerd is op het werk

van "l.t.d.-ers", is bij het huidige aanstellingsbeleid aan de TH

Eindhoven qua voortgang te vergelijken met de Echternachse

springprocessie

XII

Het argument dat Noord Brabant te groot is om nog goed bestuurbaar te

zijn en daarom moet worden gesplitst, doet onwezenlijk aan in een tijd

waarin de verkiezingscampagnes voor een Europees Parlement worden ge-

houden.

XIII If
"S

Omdat het moediger is een oorlog te weigeren dan een oorlog te winnen, ';)

verdienen juist principiële dienstweigeraars in aanmerking te komen Ji

voor een hoge onderscheiding. :
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I INTRODUCTION

In this chapter cm introductory description is given of the most im-

portant phys 'sal processes which govern the neon afterglow develop-

ment. Subsequently a historical survey is given of investigations

concerning excited neon Is atoms and charged particles. Because of

the importance of the dissociative recombination a special section

is devoted to a few experiments reported in literature, by which the

existence of this process has been demonstrated.

I.I Physical processes in neon afterglows

Ills, I General .remarks

An externally applied energy source maintains a number of production

processes, such as excitation and ionisation of ground state atoms.

These processes are in equilibrium with loss processes as diffusion to

the container wall, emission of radiation, recombination between elec-

trons and positive ions. After interruption of the energy source the

electrons lose their energy rapidly (= 50 ys) and the plasma dies away

slowly at gas temperature. By measuring the temporal decay of the

various particle densities it is possible to gain insight into the

physical phenomena occurring in the afterglow. The process of recom-

bination between electrons and positive molecular ions produces non-

stable molecules during a rather long time (milliseconds). Dissocia-

tion of these molecules delivers highly excited atoms, which transfer

radiative to lower levels. Due to this radiation the time region which

follows on the interruption of the excitation source of the discharge

is called the afterglow. In this thesis the word afterglow will also

be used for the whole accumulation of physical processes by which the

plasma decays.

Interruption of the excitation source can be realised by two basically

different methods:

1. By cassation of the external energy source which maintains the dis-

charge. In this case the afterglow is called "static" or "stationa-

ry".

2. By maintaining a discharge in a fixed part of a rapidly flowing

gasstream. The plasma leaving the discharge region comes in an af-

terglow situation. These afterglows are called "flowing". Flowing

-1-



afterglow experiments give mainly information on chemical reac-

tions and little or nothing on diffusion processes (Fer 69,

Fra 76 , McD 70).

In this thesis the static afterglow of neon gas discharges will be

considered only. For more information about flowing afterglows the

reader is referred to review articles (Gol 73 . Moi 68) and text books

(Mas 68).

In chapter III a description will be given of the various physical

phenomena occurring in neon afterglows and their importance for the

particle densities. We will give in a next section an introductory,

more qualitative description of these phenomena. This will be done

for values of the plasma parameters at which we have performed our

experiments: 1.5 10~2 < p R < 1.5 torrmeter and 0.1 < I/R < 20 ampere

m~' ; p is the (reduced) gaspressure*, I is the discharge current

and R is the radius of the used cylindrical discharge tubes. In all
_3

experiments R = 15.5 10 m.

J156|-
IQNISnllOM LEVEL

ISOl-

9 -

7

6

5

5-18J "

3p2 (Ml

-2p,

-2p 9

mi'-.
3p, (Rl

I GROUND LEVEL'Sp

ymZil-lz.! Energy level diagram for the first two excited configura-
tions of neon.

•JC With pressure is meant always the pressure when the temperature

is reduced to 293 K, unless otherwise is indicated.
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1.1.2 Emis sion_of_radiation

Figure 1.1 shows a part of the energy level scheme of neon. The 1 s le-

vels are indicated both with quantum number notation and in the

Paschen notation (Pas 19). We will mostly use the latter in the re-

maining chapters. When speaking about the lowest excited states we

will sometimes use the notations "P_ . n and p., unless confusion
Z, t ,U 1

can exist. In chapter III these levels are indicated with the letters

M, R, S and T respectively.

The neon spectrum consists of a great number of lines. For our aim

the 2p •+ Is transitions are the most important, because they give in-

formation in the afterglow about the production of Is atoms by disso-

ciative recombination. The 2 resonance lines which originate from the

transitions between the levels Ss, and Is. with the ground level, are

absorbed completely through the container wall. The most intensive

visible lines are due to optical transitions between the 2p and Is

levels. An example of the course of the radiation intensity as func-

tion of the time elapsed in the afterglow is given in figure 1.2 for

a 100 torr tube. Immediately after the cessation of the discharge, the

short living 2p levels decay exponentially with a decay time corres-

as

- 06
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Hgure 1.2 Relative intensity I of the afterglow vadiation of a neon

gas discharge as function of the time measured with our

experimental set up (see section II.10); wavelength SB8.2 nm;

the dashed curve gives l/i/l.
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ponding to the lifetime of the state involved (- 10 s). According to

this process the light emission should decrease very rapidly, which

nevertheless has not been observed. In fact one observes a rapid de-

cay (= 10 s), next a rising intensity, followed by a slow decay

(= 10 s). The first decay points to a decreasing production of 2p

atoms. This is due to excitation of metastable Is atoms by still high

energetic electrons. The decay of the radiation is determined now by

the thenaalisation of the electrons (the early afterglow). When this

cumulative excitation has died out the light emission increases again.

This can be ascribed to the rise of the recombination process between

positive molecular ions and electrons. The neutral molecules produced

by recombination are not stable and dissociate in two atoms, one of

which is mostly in a 2p state. The subsequent optical transitions to

the Is levels contribute to the afterglow radiation. Because the rate

coefficient of the dissociative recombination process depends appro-

ximately inversely on the square root of the involved electron energy

(see 1.2.4) this process becomes mere important when the electrons

are cooling down to gas temperature. The maximum is due to the de-

crease of both electron and ion density. After this maximum the light

intensity decays much -slower and radiation can be observed during

about a few milliseconds. Publications have been concerned mostly with

this part of the afterglow (the late afterglow).

The molecular ions are produced from conversion of atomic ions by

three body collisions, according to the reaction (Bat 50, 51)

Ne+ + 2Ne -»• Ne* + Ne. (1.1)

The fraction of molecular ions increases with the gas pressure. Cor-

respondingly, the maximum in the afterglow radiation is more pronoun-

ced for larger densities (> 10 atoms m ). It disappears in low

pressure afterglows. It is worthwile to mention that the ratio be-

tween the light intensities in the afterglow and in the active dis-

charge is strongly dependent on the particular spectral line.

Iiii3 Lorfs_and_p_roduction_grocesses_of_charge carriers

A survey of the system of loss and production processes is given by

figure 1.3. The outer circles give the reactants and the inner circles

the resulting particles.

-4-
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ambip.
cliff.

Figure_l._3 Scheme of the main loss and •production processes in neon

afterglows. The black dots are the collision events. Double

lines means that 2 particles of that kind are required in

the collision process.

liXiliJ, PEoduction_grocesses_of_charge_carriers_in_the_af terglow

Electrons as well as positive ions are produced by inelastic colli-

sions between metastable atoms (Bio 52):

a. Ne* + Ne* •+ Ne + Ne + e

o r * *
b. Ne + Ne* (He,)* Ne* + e (I.2b)

In 1937/1939 Schade (Sch 37) and Buttner (But 39) already remarked

that the second reaction, which is more probable (Mye 63), could be

important as an ionisation source in a Townsend discharge.

Molecular ions (nj) are also produced by conversion of atomic ions

(n.) by three body collisions with two ground state atoms (n ) , accor-

ding to (1.1). This process was first proposed by Bates (Bnt 50,

51); the rate constant g is defined by

3n

I
.-i]

Values of B are determined by experiments using drifttubes as well as

mass spectrometers and microwave techniques (see Appendix I, Table 3).

Smirnov (Smir 77)found experimentally B = 6 10"** m^s"1 and theoreti-

cally 0 = (5.9 +_ 0.3) m6s~'. These results agree reasonably with

-5-
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the average of the remaining values in Table 3, Appendix I.The pro-

duction of molecular ions is quadratically dependent on the gas densi-

ty. Therefore these ions can be neglected below about 1 torr, but are

the dominant positive charge carriers above about 10 torr.

1.1.3.2. Loss p_rocesses_of_charge_carriers_in_the_af terglow

Common decay processes for all three charge carriers are the ambipolar

diffusion to the wall of the discharge tube and the volume recombina-

tion between ions and electrons. Moreover, atomic ions can disappear

by conversion in molecular ions.

Ambinolar_diffusion

Assuming quasi-neutrality in the plasma and a non-homogeneous density

distribution, there will be a diffusion of both electrons and ions to

the wall of the tube. Here their density remains zero, since they re-

combine very effectively with each other. The mobility and the diffu-

sion velocity of the electrons are large compared with those of the

ions. This causes a separation between the positive and negative

charges. In this way an electric field is built up, which increases

the velocity of the ions and retards that of the electrons, until

both species move with the same velocity to the wall. This electric

field is called "ambipolar electric field" and the diffusion in-

fluenced by space charge "ambipolar diffusion". Gusinow (Gus 72) has

shown that this process becomes important when the electron density '.
1 4 - 3

is larger than 10 m . In the afterglow which we investigate the 1

electron density is orders of magnitude larger. The decay by ambipolar 1

diffusion (Osk 57) can generally be described by A
h

3nl, 2 "5
— - = D . V n. (l L) 1

with k = 1,2 or e for respectively atomic ions, molecular ions or 4

electrons; r is the distance to the axis of the tube; D . is the dif- I

fusion coefficient for species k. For low pressures (p < 1.5 torr) the ,3

conversion of atomic ions in molecular ions is negligible compared ':"?,

with that of the atomic ions. The ambipolar diffusion is the dominant |

loss process both for electrons and atomic ions. In this case relation '4

(1.4) describes the decay of nfc. For cylindrical discharge tubes, )

with radius R and length L, the solution of (1.4) can be approximated

after a short time by

-6-
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nk(r,t) = n^r.o) exp (- — ) , (1.5)

with

ak"

+ (-f)

(1-6)

is often called "the fundamentalThe expression t(-g-)

diffusion length" of the tube and denoted by A. The arabipolar diffa-

sion coefficient D .. (= D ) and from this the mobility u, (see equa-
SLX £16 1

tion 3.24) can be determined from the slope of In n (r,t) versus t.

Recombination

An electron colliding with a positive ion can be captured by the

latter, forming a neutral particle. This may occur by various mecha-

nisms. The probability of each mechanism depends or. J.ic possibility

of absorption of the released neutralisation energy. For this rea-

son recombination of electrons and positive ions is very effective on

the container wall, since the atoms of the wall may absorb the rel-

eased energy. Thus the wall recombination prevents the presence of

a notable density of charge carriers at the container wall. Inside

the plasma distinction can be made between recombination mechanisms

for electrons and atomic ions and for electrons and molecular ions.

Recombination of electrons and atomic ions
A mechanism for atomic ion-electron recombination is the direct free-

bound transition of the electron. When the liberated energy appears

as radiation the process is called "radiative recombination":

Ne+ Ne* hv. (1.7)

When this energy is taken up by a second electron the process is

called "collisional radiative recombination":

Ne + e + e -> Ne + e + kinetic energy. (1.8)

The formed excited neon atoms are frequently in a high energy level.

They could be re-ionised by the reverse process. Otherwise they de-

cay by collisional or radiative de-excitation. The radiative recom-

bination coefficient a, is defined by (3n./3t) , = - a. n.n , where

nj and nfi are the densities of the atomic ions and electrons reiipec-

tively. Bates et al (Bat 62) have determined theoretically the value

300K; they found'lr
—18 3 —1

3 10 m s at an electron temperature T

-7-



for a a power dependence of the electron temperature T £ of appro-

ximately -0.7. The coefficient of collisional radiative recombination

a. is defined by

\

- alcr nl ne

Bates et al (Bat 62) have calculated for hydrogenic ions at high

electron densities (n > 10'° ,̂-3\
lcr

in" 3 1 mV1.
Collins (Col 72) has measured the value a ] c r = 7.1 10"32 m6s"' for

He+ ions at T e = 300K. Both mentioned values are of the same order of

magnitude as those obtained theoretically by Makin (Mak 63) for Ne+

*'5 m s~ . Comparison of the Ne+ decay fre-

quencies caused by radiative and collisional radiative recombination

gives (assuming n

ions: a . r
2 10~31

5 10 la ):

1 3nl
V j 3t ;rad

1.16 (1.9)

—-)
3t 'col.rad.

Table I.I gives a few examples of the decay rate (—

due to recombination (n = 5 101-* m" ; p = ltorr)

1 3n,
of Ne ions

Table I.I

Decay rate of Ne ions

by:

Radiative recombination

Collisional radiative

recombination

Active discharge

(T % 45000 K)

45 10"5 s"!

8 10"'° s"'

afterglow

(T % 300K)

15 10"3 s"1

This table shows that both recombination processes can be neglected

in the active discharge. In the afterglow the influence of radiative

recombination is negligible; the decay frequency of Ne ions caused

by collisional radiative recombination is at least an order of magni-

tude smaller than the decay frequency due to conversion into molecular

ions. This has in the corresponding case the value 62 s .

-8-
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Recombination of electrons and molecular ions

Molecular ions and electrons may recombine according to:

Ne* + e (Ne,,)* •+ Ne* + Ne + E v.kin.
(1.10)

This process is called direct dissociative recombination. It occurs

in two steps. First, the incoming electron excites one of the elec-

trons of the ion and is captured into an unoccupied molecular orbital

of the resulting (Ne2)* state. This is an autoionising doubly excited

state of th° molecule, which has a repulsive potential energy curve

(see fig • i.4).In the second step this unstable molecule can disso-

ciate into 2 atoms, one of which is mostly,in a high excited state.

ii£ Simplified diagram of the potential curves for dissocia-

tive recombination,

r is the internuclear distance (From Bek 76).

This step occurs only when the nuclei of the molecule are separated

sufficiently before an electron is emitted by autoionisation. Because

the latter process is less rapid as dissociation, most of the elec-

tron captures lead to dissociative recombination (Bek 76). The recom-

bination coefficient a_ defined by

an,,

3t n2ne
(1.11a)

has for neon the value 1.7 10~ (Te/300)~ at an electron tempera-

ture Tfi. This value is orders of magnitude larger than the coeffi-

cients for atomic ion recombination at the same electron temperature.

For pressures above 20 torr the dissociative recombination is the most

important decay process. Assuming n = nfi we obtain from formula (1.1 la)

•-"J
:"4

•?
'•I
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a, can be determined from the slope of —p-\ versus t in the after-
i n e ̂  t;

glow (see figure 1.2).

Because of the relative importance of the dissociative recombination

in the afterglow we spend a special paragraph on the investigations

on the nature of recombination (1.2.3) and the determination of the

dissociative recombination coefficient (1.2.4).

Chen and Mittleman (Che 67) and independently Bardsley (Bar 67) have

suggested that a distinct mode of dissociative recombination, called

"indirect",should exist. Here the energy of the captured electron is

absorbed into either the vibrational or the rotational motion of t'e

molecular nuclei. It is found that indirect dissociative recombina

tion is less important than the direct process for diatomic molecules.

Accurate calculations are, as far as we know, not available in lite-

rature-

Appendix I, Table 5 gives a survey of experiments and values concer-

ning a j'

2ecay__bY_cgmbination_of_ambiDolar diffusion and_volume_recombination

When electrons disappear from the plasma by both dissociative recom-

bination and ambipolar diffusion, the decay can be described by \

3ne 2 2 i

t

i
assuming n e = n 2 and no ionisation source is present. i

Equation (1.12) has been solved numerically by Oskam (Osk 57) for the *|

one dimensional case of infinite parallel plane geometry and by Gray 1

& Kerr (Gra 62) for the infinite cylindrical tube. The latter have §

shown that a linear region of the plot n (t)"1 versus t can exist, 1

even when the decay of electrons is controlled mainly by ambipolar ''*

diffusion. A quantitive measure of the region of linearity which is i

useful in determining the recombination coefficient cij is provided by f

a quantity f. This quantity f is defined as the factor by which n (t) *

changes over the region where ne(t)~' is approximately (within 2 per-

cent) a straight line.

-10-
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1.1.4 Loss and p.roduc£ion_D.rocesses_ofMs_atoms

Much of our interest has been concerned with the temporal distribution

of the Is atoms. An important production process-in the afterglow for

the population of the Is levels is the dissociative recombination. Be-

cause the energy gaps between the various Is levels are small, of the

order of thermal energy, electrons as well as ground state atoms can

cause transitions between neighbouring Is levels. Besides these mu-

tual coupling important loss processes for the metastabla atoms are

diffusion to the wall of the discharge tube and three body collisions

with 2 ground state atoms. The resonant atoms decay mainly by radia-

tive transitions to the ground state. Due to the imprisonment of the

resonant radiation by ground state atoms, their effective lifetime

(e 10 s) is orders of magnitude larger than the natural lifetime.

Because of this effective lifetime the transitions of the resonant

levels to the neighbouring levels must be taken into account.

Chapter III will give a quantitative description of the loss and pro-

duction processes of the Is levels.

1.2 Historical survey of neon afterglow investigations

Investigations on neon afterglows are directed mostly to the decay of

excited atom densities or the decay of the charge carriers. As far as

we know no review article is available which pays attention to the

development of both fields of interest. However, knowledge of this •

development may give more insight in the various problems and the

present-day state of the art. We will give a short historical survey ,*

of neon afterglows, because, in addition,it may give information about |

a number of quantities which are used in our numerical model (chapter •;

III). 1

!
I^2_.J[__Measur ement s_on_ the_decay__of _ 1 s _a toms ,f|

Dorgelo (Dor 25,27) and Meissner (Mei 25,27) have performed the first ;dj

measurements on neon afterglows. Their main interest was the determi-

nation of the lifetime of the Is atoms, especially that of the meta- ,

stable ls^ atoms. This preferential interest remained up to the years ;.;

1950/1955, when the development of the microwave techniques and the ",

mass spectrometer made it possible to study the time behaviour of

electrons and ions respectively. Dorgelo and Meissner were followed
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by Kenty (Ken 28), Mohler (Moh 29), Zeraansky (Zem 29), Anderson (And

32),Matuyama (Mat 32), Pike (Fik 36) and Lippert (Lip 37). In all

these cases the metastable atoms were detected with the aid of the

light absorption method. In this method a light beam, emitted by a

small radius discharge tube (the emission tube) is passed through the

tube which contains the discharge under investigation (the absorption

tube). Both tubes are filled with the same gas. We will call the light

beam coming from the emission tube "the excitation beam", because it

has the appropriate wavelength to excite the Is atoms of the absorp-

tion tube to the higher 2p levels. The excited atoms return to one of

the Is levels by spontaneous emission of radiation. This re-emitted

light, emerging in all directions, is called fluorescence radiation.

When the wavelength of the fluorescence light equals the original

wavelength one speaks mainly of resonance fluorescence. In this way

the excitation beam is absorbed and the degree of absorption is a

measure for the population density of the Is levels. The relative ab-

sorption A is defined mostly as:

A = ( I Q - I)/Io (1.13)

with I and 1 the intensity of the excitation beam just for and after

the absorption tube.

When the spectral line profiles of both tubes coincide the intensity

of the excitation beam decreases as

I = iQ e-
oML (1.14a) ;

M is the density of the absorbing atoms; say the metastable Is. atoms, '

L is the length of the absorbing path and a is the absorptio" cross j

section. '

From (1.13) and (1.14a) it follows that ,.;

A = 1 - exp(- OML). (1.14b) -j

When aML << 1, i.e. when the metastable density is relatively small, J

then A can be approximated by !

A = aML. (1.15) 'I
I

In th:.s case the relative absorption is proportional to the density '\

or the ls5 atoms. Relation (1.15) was used by Meissner (Mei 27), when •;

he determined the lifetime of the metastable ls5 atoms with the aid

of the measured absorption. However, Zemansky (Zem 29) showed that in

fact the conditiot OWL « 1 was not satisfied in Meissners experi-

-12-
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ments. After using relation (1.14.b) instead of (1.15) Meissner's re-

sults, corrected by Zemansky, were in qualitative agreement with the

theoretical results for the Is atom decay in the pressure range be-

tween 0.5 and 5.6 torr.

Zemansky describes the density of the metastable atoms M by

I ^ k M , (1.16)
0 t

where D is the diffusion coefficient for metastable atoms and k is

the number of dissipative impacts per second per metastable atom. The

solution can be described after a short time by the lowest mode, which

gives

M(t) = Cj exp (-^), (1.17)

with

-!-= i(~)2 + (|-)2}D + k. (i.is)
T K Li

With D = pD and k = kp equation (1.18) is written as

J- = ̂ + k * p . (1.19)
T pA

Figure 1.5 shows the experimental values for — of Meissner and the

theoretical results obtained by Zemansky. The curve is found by fit-

ting on the formula (1.19) to the experimental points of Meissner:

1 = iklJLJo! + 0.095 . 0 % . (1.20)
T P

I
From (1.19) and (1.20) Zemansky calculated for D* the value f-

8.11 10~2 n^s^torr and for k X the value 950 s~1torr~1; (A2 = f i |

1.86 10"4m2). H

In spite of all ingenious attempts by the above mentioned investiga- iM

tors, it was not possible to formulate a simple hypothesis, consistent -j,

with all their results. In particular the dependence of the lifetime '•*?

on the discharge tube diameter (equation 1.18) was not established. ;•*;

Moreover in the results of Meissner and Graffunder (Mei 27) and also ^

of Anderson (And 32) there appeared to be a dependence of the measured

lifetimes on the particular used spectral lines.

-13-
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Without doubt this was due to the rather simple experimental equipment

of those days, especially with regard to the detection of the trans-

mitted light intensities which in all cases had to be done photogra-

phically.

After World War II there was a rapid development of measuring equip-

ment, for instance the photomultiplier tube and the cathode ray tube.

In the years 1950 to 1960 a range of articles was published in which

both the experimental and theoretical investigations on neon after-

glows were developed1. Grant (Gra 50) reported the. results of absorp-

tion measurements, performed with more elaborate equipment and a time

sampling technique. He used a refined absorption theory (Mit 33) from

which followed l.hat the relative absorption A is given by

OML OML y

2!(l+262)*
(1.21)

It is assumed that both the emission and absorption line have a

gaussian line profile; & is defined as:

& - wa''a-l-ength width of the emission line
wavelength width of the absorption line' (1.22)

2 3 4 5
gas pressure (torr)

Decay frequency of the metastable 2s_ atoms versus the gas

pressure. The curve is found by Zemansky by fittit.j on the

formula (1.19) to the experimental points of Meissner.

From Zemansky (Zem 29).

-14-



For 6 = 0 equation (1.21) is equivalent to (1.14) and in this case

the lifetime T can be determined as the slope of the linear curve

lnln(l-A)"1 = ln(aM(0)L) - - . (1.23)

If 6 ̂  0, this relation will no longer be valid and T cannot be de-

termined in a simple way from the slope of the curve lnln(l-A) ver-

sus t. Grant and later Eckl (Eck 53) accepted this influence of & on

the slope of lnln(l-A) as an explanation for the dependence of T on

the used absorption line. However, the influence of 6 is too small to

explain the factor 2 which Meissner and also Anderson have found be-

tween the lifetimes of the ls_ atoms using respectively the 640.2 nm

and the 594.5 nm line. The neglect of the afterglow radiation must

explain to a' high extent the strong variation with wavelength in the

measured lifetimes. Grant & Krumbein (Gra 53) and also Phelps & Mol-

nar (Fhe 53) measured the ls_ decay as function of the gas pressure p

and temperature X . Grant concluded that for p < ltorr and T = 300K

indeed the lifetime is directly proportional to the gas pressure.

However, for p > lOtorr, where the diffusion is negligible, the life-

time seemed not to be inversely proportional with p, as would be ex-

1 10
gas pressure (torr)

Mean life of the Iss metastable neon level as a function of

pressure at various temperatures. From Grant & Krumbein

(Gra S3).
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pected if the de-exciting two body collisions with ground atoms would

be the most important destruction process (see figure 1.6).

At 77K and p > lOtorr the slope of the curve points to the fact that

the decay of the metastables is quadratically dependent on the gas

pressure. Grant assumed that this would be caused by three body colli-

sions involving 1 metastable and 2 ground state atoms. He also assumed

that at 300K and even higher ras pressure the same process would be

responsible for the destruction of metastable atoms according to the

reaction

Ne* + 2Ne -* (Ne2)* + Ne (1.24)

His conclusions were in agreement with the experimental results of

Phelps & Molnar (Phe 53), see figure 1.7.

i io no
gas pressure (torr)

Data showing the deaay frequency of metastable lsc atoms

as a function of normalised pressure at 77 K and 300 K;

from Phelvs (Phe S3).

A new experimental development of the measurements of Is atom densi-

ties was the application of time sampling techniques (Gra 50; Eck 53;

Phe 55). When the intensity of the excitation by radiation is large

enough the population density of the Is atoms in the afterglow can be

seriously disturbed. This results in a too low measured lifetime. To

avoid the disturbance due to continuous irradiation Grant used a

pulsed excitation beam, in such a way that during each afterglow a

number of circa 10 excitation pulses passed the absorption tube. Eckl

(Eck 53) improved this technique to 1 emission pulse per afterglow.

-16-
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Another time sampling technique was introduced by Phelps & Pack (Phe

55(1).In theirset up the emission tube was excited continuously but

tha light detecting photomultiplier was gated, with a frequency twice

the excitation frequency of the absorption tube (see figure 1.8). In

this way alternate pulses of the photomultiplier output are reduced

by absorption. A disadvantage of this method is the continuous dis-

turbance of the afterglow. The low frequency component of the photo-

multiplier output is directly proportional to the relative absorption

of the excitation beam, and can be measured with a narrow band ampli-

fier and a synchronous detector.

& n n n n
Oulpul _ | I 11 11 11_

h ii
8 Discharge

D Oetoy Generator
Output

f Amplifier
Output

JLJLJl
11 n fl

Figure 1.8 Time sampling system as used by Phelps & Pack (Phe 55),

For a fixed number of absorbing atoms the relative absorption depends

only on a and 6 (equation 1.21). The precise value of & is generally

not well known. Dixon & Grant (Dix 57) determined an "effective 6"

for a number o spectral lines by comparing the relative absorption

of 2 tubes with length L and 2L respectively, under further identical

circumstances. Using this effective 6 they found, at a pressure of

2torr, no dependence of the lifetime of the Is atoms on the used

spectral line. They investigated rather extensively the decay of the

Is, atoms. At extremely low excitation currents in the absorption

tube the ls^ decay was exponential,and current independent, and was

equal to that of the ls^ atoms. These results obtained at low pres-

sures indicate that the diffusion coefficients for both sorts of

atoms are the same.

'0,

-i.
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For low pressures, p < 5torr, the relation between the lifetime of

the metastable atoms and the diffusion coefficient at Itorr, D , is

given by the equation (1.19)

1 D* ,*

1 it 2
Plotting p/x versus p gives D for known A . This has been done by

several authors. Appendix I, Table 2 gives a survey of the results.

In 1959 Phelps (Phe 59) published an extensive article in which he

calculated the diffusion coefficient for metastable Is atoms, the

three body collision coefficient and the coefficients for excitation

and de-excitation between the various Is levels. His article con-

tained an in depth theoretical discussion of several decay processes

and an extensive analysis of the experimental results. However, he

did not take into account the production of Is atoms by dissociative

recombination nor the transitions between Is levels caused by elec-

tron impact. He neglected all except the first term in the formula

for the relative absorption A (equation 1.21).

Steenhuysen et al (Ste 75(0) used a new method for the detection of

neon Is atoms in afterglows, namely the fluorescence method in which

the excitation beam conveniently originates from a tunable dye laser.

Instead of measuring the absorption, the emitted fluorescence radia-

tion is taken as a measure for the population density of the various

Is levels. The disturbance of the afterglow is negligible in his

measurements, because in each afterglow only one (short) laser pulse

is used (see chapter II, section 10B). From these fluorescence measure-

ments values for the ls_ diffusion coefficient, the rate coefficients

for collisional transfer between the Is,, and Is, levels and a value J

for the coefficient of three body collisions involving Is. atoms are -~i

derived (see chapter IV). There is a good correspondence both with 4

the values derived by Fhelps and by Dielis (Die 78). The latter used 1j
si

an experimental method in which the determination of the Is density §

was based on the Penning reaction Ne* + N2 •* Nji + Ne + e. The nitro- "'I

gen density in the neon gas was taken so small that it did not influ- •*"

ence the decay of the neon Is density. With a time of flight technique t;
+ VJ

the flux of N 2 ions as function of the time in the Townsend discharge ",

afterglow was measured. This flux is proportional to the density of

the Is atoms.
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1̂ 2̂ ,2 Measurements_on_the_deca2_of_charge_carriers

In 1949 Biondi & Brown (Bio 49(1); Bio 52) were the first who applied

microwave techniques to measure the electron density decay in after-

glows. For this purpose the discharge tube was enclosed by a microwave

cavity, which was connected with a frequency adjustable microwave

source. The change in resonant frequency, fr> of a microwave cavity

is approximately linear dependent on the average electron density.

This technique offers a reliable method for measurements of the elec-

tron densities, ranging from 10 to 10 electrons per nP, in gases

of which the pressure may be varied from a tenth of a torr to a limit,

determined by the power available to ionise the gas.

Many investigations of the decay of the electron density were per-

formed with the microwave technique. Biondi & Brown started with mea-

surements concerning ambipolar diffusion and volume recombination in

He, Ne and A. They obtained values of the recombination coefficient

which were orders higher than known from earlier measurements and

theory. This lead to an extensive discussion and a range of measure-

ments concerning the nature of volume recombination, which have con-

tinued up to the second half of the sixties.

Important investigations on the density decay of electrons and/or po-

sitive ions in neon afterglows with the aid of the microwave tech-

niques have been done among others by Biondi et al (Bio 49, 52, 54,-

63); Mulcahy & Leimon (Mul 62); Gray & Kerry (Gra 62) ; Oskam et al

(Osk 57, 63(0,63(2)); Rogers $ Biondi (Rog 64); Connor & Biondi (Con

65); Frommhold et al (Fro 68); Kassner (Kas 68); Cunningham (Cun 69);

Lukac (Luk 70, 73).

Investigations of the same kind, but performed with mass spectrometers,

have been done by Sauter & Gerber & Oskam (Sau 66); Smith & Cromey

(Smi 68); Bhattacharya (Bha 71) and Vitols (Vit 72). Connor (Con 65)

combined mass spectrometer and microwave studies on neon afterglows.

He showed thai: Ne^ is the only significant ion in the afterglow when

dissociative recombination controls the decay of the electrons.

All these measurements yield (at low pressures) values of the ambipo-

lar diffusion coefficients, from which the ion mobility can be derived.

A survey of measured values of mobilities is given in appendix I,

Table 4.

-19-



\
\

1.2.3 Investigations on the nature of the volume_recombination

As early as 1925 it was well known from measurements on afterglows

of Hg (Hay 25) and argon discharges (Ken 28), that the radiation spec-

trum in afterglows can differ significantly from that of the active

discharge. Miss Hayner observed especially a relative enhancement of

the intensity for those emitted lines, which originate from levels

with high principal quantum number. She described the production of

these atoms as the result of any recombination process between posi-

tive ions and electrons. She also observed that the afterglow radia-

tion appeared only after 200 us. She explained this time delay as ne-

cessary for the electrons to lose enough of their energy to be able to

recombine. This connection between the electron energy and the reccm-

bination rate was proposed by Milne (Mil 24). Kenty (Ken 28) reported

about experiments which should confirm this idea.

Although it was clear that recombination was an important process in

afterglows, it was not established what sort of recombination was

playing a role in the afterglows. This problem became more urgent af-

ter the determination of the recombination coefficient a in helium,

neon and argon by Biondi & Brown in 1949 (Bio 49(1), 49(2)). For the

recombination coefficients they found aH = 1.7 !0 m s , a =
—13 3 — 1 — 1 3 ? —1

2.03 10 m s and a A = 3 10 m s , all at the electron tempera-

ture T = 300K. These values were several orders of magnitude larger

than the values reported previously by Tyndall & Powell (Tyn 31). To

solve the question about the high values of a, Bates (Bat 50, 51) in- .;

dicated theoretically that recombination with atomic ions would be J

unlikely. He suggested that molecular ions could play a role, in "i

which case the dissociative recombination process could occur . .£

Bates'suggestion was supported by Biondi in 1951 (Bio 51). He worked ':»

out a proposal of Holstein to contaminate helium and neon discharges J

with 0.1% argon. The argon atoms would be ionized rapidly by the he- |

lium metastable atoms (Penning effect), so that the chief positive J

charge carriers would be atomic argon ions A ; however, the density $

"3

5aeThe idea of the existence of dissociative recombination was pro- J

posed at first by Kaplan (Kap 31) to explain the origin of the -;

faint nightglow green line from the earth's upper atmosphere: ';

0 2 + e -»• 0* + 0 -»• 2 0 + hv. In 1946/47 the interest in this problem
was renewed by Bates.
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of A+ would be too small to permit appreciable formation of molecular

argon ions A*» The results of Biondi's experiments showed a decay of

the electron density ne(t) according to

(1.25)

in a pure argon gas discharge, and a decay as

ne(t) = ne(0) exp(-t/T) (1-26)

in the afterglow of a discharge in a mixture of helium and 0.1% argon.

Relation (1.25) indicates an electron loss'due to dissociative recom-

bination and (1.26) due to diffusion. For argon a was found to be

8.8 10 m s . The decay constant T of equation (1.26) is related
A

to the ambipolar diffusion coefficient for argon atomic ions D ., by
6LJ-

T"1 = D^M 2 (1-27)

A A
From this formula, D . and also the mobility u- of atomic argon ions
in helium gas could be estimated as y. = 22.4 10"^ m V s . Both the

A ^

value of a and u. were in agreement with previous determined values

(Bio 49(2)). In this way it was shown that molecular ions were in-

volved in the observed recombination process.

In 1963 Biondi (Bio 63) observed that the afterglow radiation was

emitted indeed from the volume of the discharge tube, far from the :i

walls. Also he reported about the quenching of the afterglow radia- :

tion in neon by momentary increase of the electron energy, with the |-
•i

aid of microwave excitation, just as Goldstein et al had observed in '\
helium afterglows (Gol 53). In 1928 Kenty already reported about such Q
a quenching effect in afterglows of argon discharges (Ken 28). 4j

il
Another possibility to demonstrate the predominance of the dissocia- :|

tive recombination process in afterglows is to investigate the spec- ^

tral line shape of the afterglow radiation. The atoms, which are pro- g

duced by dissociative recombination, would share the liberated ener- ;],

gy. This gives the excited atoms a high kinetic energy. So the spec- j*

tral line shape of the radiation, originating from these atoms, would 'I

show a greater Doppler broadening than can be expected in virtue of ',';

their normal thermal energy. Rogers & Biondi (Rog 64), Connor & Biondi

(Con 65) and later Frommhold & Biondi (Fro 69) performed extensive,
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detailed interferometric studies of the line shapes of the afterglow

radiation. Their results showed clearly the expected extra Doppler

broadening. Most of the described experiments of Connor and Frotnmhold

were executed at the 585.2 nm line, originating from the transition

2p •+ Is Sauter, Gerber and Oskam (Sau 66) performed simultaneous

measurements on the time dependences of both the afterglow radiation

and of the density of atomic and molecular ions. The relationship

which they found between the decay of the 585.2 nm line and the Ne 2

density corresponded with the conclusions of Connor and Frommhold.

However, Sauter et al. observed that the spectral lines, originating

from transitions of levels with higher principal quantum number, for

instance the line X = 574.8 nm (4 dj + 2p g), had a much faster decay

which showed more relation with the decay of the Ne ion density.

They concluded that for low pressures the higher excited levels are

populated by a recombination process involving Ne ions.

1 • "kih. _5§£ermination_of_the_dissociative_recombination_coef f icient_32

The determination of a« and its dependence on the gas pressure and

the temperatures involved has been the subject of various investiga-

tors (see appendix I, Table 5). From the values found by Biondi (Bio

49, 63) and Oskam (Osk 57, 63(2)) it seemed that there was a good

10'

1—i i i i i 11 1 1—i—i i i I i

neon

Frommhold \-0.43

temperature (K)

.ir! Variation of the dissociative recombination coefficient

a_ for neon with temperature, under conditions where T =
° 9

21. = T . The results of Fromnhold et al measured under

the condition T > T. ffc 300 K,are shown for comparison.

From Cunningham (Cun 69).
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correspondence with ou = (2.2 ± 0.2)10"13 m3s~' at 300K. However,

Frommhold (Fro 68) performed extensive measurements of o^, using the

microwave method and found with T e = T^Qn = T g = 300K the value a 2 =

(1.7 +_ 0.1) 10~13s~l. He obtained this result by curve fitting of the

measured electron density decay with computer calculated solutions.

Frommhold "corrected" in this way the values of other investigators

and obtained almost always good results in agreement with his own

values, of a«. Al o later results, by Kassner (Kas 68) and Lukac (Luc

73), correspond with those of Frommhold.

The electron temperature dependence of a.^ can generally be written as

a2(Te) = a 2 ( 3 0 0 ) ( ^ ) "
X (1.28)

Values of x are given in Appendix I,Table 5. For our calculations we

have taken x = 0.4. When measuring the dependence of (*„ on the elec-

tron temperature, one can distinguish between the case T = T. = T

and T = T. 4 T . In the experiments of Biondi (Bio 49), Kassner

(Kas 68) and Cunningham (Cun 69) the first relation holds. No explana-

tion has been given for the remarkable fact that Biondi in his experi-

ments in 1949 did not observe any dependence of a from T , in a tem-

perature range 77 < T < 420 K.

The experiments of Cunningham were performed with a shock wave tube,

in which the gas temperature varied between 450 and 3500K. At a gas

temperature of 900K, he observed a breaking point in the value of x,

at 900 K (see figure 1.9);x = °-5*Q'^ for T < 900 K and x = 1.5 +_ 0.1

for T > 900 K.

Cunningham and later O'Malley (O'Ma 69, 72) explained this as a de-

crease in the recombination coefficient caused by an increased parti-

cipation of vibrationally excited Ne_ ions.

In the measurements of Frommhold T = T. = constant and T was
g ion e

varied between 330 and 11000K, by applying extra microwave pulses du-

ring the afterglow.
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II EXPERIMENTAL METHODS AND EQUIPMENT

In this chapter the basic principles of our measurements as well

as of our experimental net up are described.

Moreover the experiments concerning the radial density profiles

of the neon Is atoms, their decay in the afterglow and their relative

densities are discussed in more detail,

II.1 Introduction

A H our measurements concern basically the detection of fluores-

sence radiation which is a measure for the density of the irradiated

level. This fluorescence radiation was excited by irradiating the

REFERENCE SYSTEM

Figure 2.1 Survey of the experimental set op for the measurements of

the decay of the Is atoms. The upper part gives the refe-

rence system, the middle part gives the discharge tube with

photon counting detection system and the lower part gives

the CAMAC-computer system.
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plasma with a light beam which was emitted from a continuous dye

laser. Sometimes the laser beam was operated in a pulsed mode with

the aid of an acoustic crystal. When the plasma was irradiated con-

tinuously, separation of the fluorescence radiation and plasma back-

ground radiation was achieved with chopping of the laser beam and

the lock-in-amplifier technique.

In the afterglow experiments, where laser pulses of about 2-25 ps

were used, a photon counting technique was applied and the background

radiation was subtracted from the fluorescent + background radiation.

The time organisation of the experiment and the data acquisition

and analysis were performed with the aid of a computer PDP 11V03 and

a CAMAC interface system. Accidental changes in the wavelength and/

or the intensity of the laser beam alter the fluorescence radiation

of the plasma. These variations were monitored with the help of a

reference system. In this system the fluorescence, emitted by a dis-

charge in which all parameters were kept constant, was measured.

The excitation beam for this system was a part of the main laser

beam. Figure 2.1 gives a schematic survey of the detection system

for fluorescence measurements using the photon counting technique.

II.2 The configuration of the discharge tubes; the gas temperature

and gas density

During this study three types of discharge tubes have been used,

all made of pyrex glass and with an inner diameter of 0.031 m. In the f

type I tube, see figure 2.2, an influence of both the anode and the <

directly heated cathode on the experimental results appeared to be ']

noticeable, and aging of the filament caused contamination of the i

neon gas. Moreover for gas pressures above 10 torr the discharge i

could be very unstable, showing deep striation waves. .;

These disadvantages were diminished in the type II tubes, in which |

both electrode regions were separated from the remainder of the tube -Vji

by small canals (<j> = 2 mm) of about 5 cm length. Most experiments $

have been performed with tube II. For our absorption measurements we '.5

used type III. We did not use a gas handling system, but a set of |

tubes with reduced gas pressures (+ 5% accuracy) of 0.5, 1, 2, 5, 10, j

20, 50 and 100 torr respectively. Before we filled the tubes, they were •'

baked out at 700 K during 12 hours (vacuum pressure 10 torr). Our

-26-



neon gas was spectroscopically pure with less than 1 ppm N_, A and He

contamination.

The cathode and anode regions in tube II have temperatures which

differ from that in the central region of the tube during the dis-

charge. As a result the mean gas density in this central part, where

we performed our measurements, is dependent on the discharge current.

For this reason we have measured,at 9 positions of tube II,the tempe-

rature with the help of copper-constantan thermocouples. This was

done with a special designed tube in which, via very narrow canals,

2 thermocouples were installed near the tube axis. Figure 2.3 gives

the measured values of the temperature on the tube axis as function

of the discharge current; parameter is the filling pressure of the

tube at a temperature of 295 K. From the results of investigations

of Mouwen on temperature measurements with thermocouples (Mou 71) we

conclude that our measured values of the increase in gas temperature

with discharge current are at most 10% too small.

The gas density on the tube axis during the discharge, n (o), is
g

calculated with the ideal gas law. Assuming that in the positive co-

lumn the radial temperature profile is parabolic (Bor 66; Sor 69, 70;

Don 70) we find

V3 V 2 ln(T2(o) / T2(

T2(o) - T2(R)

n is the gas density at 295 K; V , V-, V_ are the volumes of catho-

de region, central region and anode region respectively; T (o), T (R)

are the temperatures on the axis and the wall during the discharge

(see figure 2.3). T , T, are the temperatures of the cathode and ano-

de region respectively (Tj % 350 K; T % 305 K). V V + V + V,.

Design of the various types of

discharge tubes,which are used

in our experiments.

tube l i L - 12cm
t •3.1cm

tube B; l.-32cm
t -3.1cm

1
tube I ; l -3 icm

t -3.1cm

y

i
•I
1

4

- 2 7 -



Table II. 1 gives a survey of temperatures and the calculated gas

density for a discharge current of 22 mA at various gas pressures.

TABLE II. 1

Po

i
1

5

10

20

50

100

continuous

T.

352

354

352

347

348

350

351

T2(o)

305

305

306

312

330

379

435

discharge

T3

300

300

300

300

303

310

318

X2(R)

297

298

298

298

302

315

328

1O"22

ng(o)

1.64

3.30

16.4

32.4

63.1

148

276

pulsed disch. (43% duty cycle)

Tl

352

350

352

347

347

346

346

T2(o)

299

299

300

303

310

333

350

T3

297

298

298

298

299

303

308

T2(R)

296

297

297

297

298

304

309

10~22

ng(o)

1.66

3.32

16.6

32.9

65.1

157

307

300

ICmA)
60

Temperatures in tube II on the axis of the tube versus the

discharge current. Parameter is the filling pressure.

II. 3 On/off switch of the discharge

In all afterglow measurements the discharge was switched on/off

with a frequency of circa 72 Hz and an on-time of 6 m s . The type I

tubes were extinguished by closing a pentode (Philips EL 34) which

had been inserted in series with the discharge. The type II tube re-

quired a much higher ignition voltage (circa 3000 V against 600 V for

I
1
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the type I tubes). In this case a triode_ (Philips TB 2.5/300? was
connected parallel with the discharge tube (see figure 2.4).The decay
time of the voltage between anode and cathode was .less-than'2-us..

Electrical circuit of the on/off switch of the discharges.
The triode Philips TB 25/300 is connected parallel with
the discharge tube.

interface 1

interface 2

INCAA

line printer

plotter

uranch coupler 1

:ranch coupler 2

test & control
unit

x-y display

executive contr. —I

system crate

4"1

Scheme of the CAMAC-computer system with which our measure-

ments have been performed.
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II.A CAMAC-system

In our laboratory a CAMAC-interface system is available, which can

be used for automatic control, on-line data acquisition and analysis

of the experiments >(Heu 76). The data transport from the experimen-

tal set up to the computer and vice versa occurs via the CAMAC-crates.

In these crates modules can be inserted, each of which can accom-

plish definite functions. For our afterglow measurements we have used

the following modules:

8 presetscalers (Nuclear Enterprise, 709-2); 4 sealers (Borer, 100-

4); 1 clock generator (Wenzel, C-CG-10).

The presetscalers can be set by the computer; the data of the sealers

are read and analysed by the computer. The output of the data may

occur with the aid of the television terminal, the visual display or

the plotter. Figure 2.5 gives a scheme of the used CAMAC-system.

II.5 The dye laser

For all fluorescence measurements we have employed a cw dye

laser, Spectra Physiscs model 580A (Ste 74). Its wavelength can be

tuned from circa 570 nm till 640 nm (the dye being rhodamine 6G/me-

thanol) by adjusting manually the line selecting cavity prism. This

prism can also be controlled by applying an electric voltage on its

piezo-electric support. In this way it is possible to shift repeti-

tively the wavelength over a distance of about 0.16 nm or less (the

shift is 7.6 10 nm/volt) with a repetition rate up to circa 40 Hz.

We will call this operating mode of the laser the "wavelength wobb-

ling mode". The optical frequency spectrum of the dye laser is not

continuous, but consists of a set of discrete modes. The overall.

1

1

— 3 'f
linewidth at FWHM is about 20 GHz (= 25.10 nm), the longitudinal J
mode spacing is 510 MHz. The radiant flux is circa 100 mW at X = ='

580 nm. J

With an intercavity etalon the laser can be used in its single :|

mode structure. In this case the linewidth has narrowed to 40 MHz ?•

(=48.10 nm at \ = 600 nm) and the maximum radiant flux has dimi- '

nished to 10 mW. Wavelength sweeps can be made with very high reso- *

lution over ranges of Dopplerwidth order; then the intercavity eta- j

Ion is tuned synchronously with the cavitv length with the help of •'.

an etalon tracking circuit.
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In all experiments the laser was used in its multi-mode configura-

tion. Figure 2.6 gives a survey of the three possible wavelength

tuning mechanisms of the laser and the resulting linewidth.

JWWUUWWWL'
-2C0GH2-

W .

Figure 2̂ ff Wavelength tuning mechanisms of the dye laser. 1. Frequen-

cy transmission curve of the prism. 2. Axial modes of the

laser cavity. 3. Frequency transmission curve of the -inter-

cavity etalon. 4. Resulting narrow line shape of the laser

in single-mode configuration.

II.6 Pulsation of the dye laser beam

The laser pulses were obtained by passing the laser beam through

a lead molybdate (PbMoO.) crystal (Isomet 1201-2), in which a pulsed

acoustic wave is present. Dependent on the angle of incidence the

continuous laser beam is diffracted on the acoustic wave in 2 or

more beams. In this way the continuous beam has been altered in a !

number of pulsed beams, with pulse length adjustible from 2 us to =° H

and with any duty cycle. The diffraction of the laser beam on the «

acoustic wave causes a shift in the optical frequency of the laser f

light which equals the acoustic wave frequency (+ 40 MHz) (Ste 71). a
S

This frequency shift can be neglected in comparison with the usual .$

linewidth (20 GHz) of the laser.

The reaction of the acoustic crystal on the offered electric sig- i

nal has a delay of 1 us. Correction have been made for this delay r.«

in all measurements. y

The rise and decaytime of the intensity of the laser beam pulses '

are both less than 1 us. About sixty percent of the main laser beam

can be obtained in a first order diffracted beam behind the acoustic

crystal.
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II.7 Selective excitation spectroscopy

We have measured the neon Is atom densities with the technique of

"selective excitation spectroscopy" (Mea 68). The Is atoms are opti-

cally pomped to a 2p level, when the plasma is irradiated with a laser

beam of which the optical frequency is in resonance with a ls-2p

transition. The excited 2p atom may relax back by spontaneous or sti-

mulated emission of radiation to its original or another Is level.

Also it can make a collision induced radiatiouless transition to a

neighbouring 2p level and from here fall back by spontaneous emis-

sion to one of the Is levels.

These processes imply that not all irradiated Is atoms return to

their original state. So continuous irradiation with an intensive

laser beam may lead to serious depopulation of the irradiated level

and should be avoided.* The overall laser line shape has a FWHM of

about 20 GHz (% 25.10 nm) (see figure 2.6). This is about 15 times

the FWHM of a Doppler broadened absorption line at 300 K, which has

a linewidth of 1.4 GHz (% 1.7 nm). Because the distance between the

modes of the laser is 0.5 GHz an absorption line is covered by about

7 laser modes. The totally measured fluorescence radiation is found

by addition of the fluorescence caused by each of these modes.

Demtroder (Dem 77) remarks that the positions of the modes shift

in a random way under the laser line shape. This is due to mechanical

and hermal instabilities of the laser cavity and the very rapid

streaming dye liquid. Because of this effect he considered the fre-

quency spectrum as continuous. In our case we have scanned the la-

ser frequency distribution with a Fabry-Perot interferometer and we }

have observed the above mentioned multi-mode structure. So we have .]

to reckon with a set of discrete modes and we will interpret the i

fluorescence as the added result of these modes. '§

With the help of the simplified level scheme shown in figure 2.7 J

we will discuss the fluorescence radiation generated by the laser. J

We consider excitation of the 1s5 atoms to the 2p level by laser f

irradiation. From here they may fall back to either the Is or ;"
5 -i .

We have seen the result of this depopulation effect as extinction :~>

of a neon discharge (p = 5 torr, discharge current = 1.5 mA) by ir- '

radiation with a 20 mm broad dye laser beam with wavelength 588.2

nm and radiant power of circa 100 mW.
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the Is. level (.which is resonant with the ground state level). The ba-

lance equations for the densities of the levels Is,, and 2p_ are:

*% _

3t M «. K K i A 2 5 n
P

(2.1)

3n
-_
3t

(2.2)

IL,, n are the ls_ and 2p_ densities; Qu, Q , L,., L are the non ra-Mp -5 £ M p M p
diative production and loss terms for the Is, and 2p_ level;

J(v ) is the laser energy of the considered mode per unit volume;Is.
B_2 and ]$„ are the Einstein coefficients for stimulated Is 5~2p 2

and 2p--ls transitions respectively; g ( v
K ) is the value of the nor-

malised absorption profile at frequency v ", A. c is the spontaneous

transition probability for the 2p2~ls 5 and A * the overall spontane-

ous transition probability of level 2p».

\

2P2

hi
A25

ground state

Figure 2.7 Simplified level scheme of neon.

The undisturbed quantities (laser "off") we. will denote with the

same symbol with an accent.

In our measurements the 2p« density can always be considered sta-
tionary: -~H. = 0. This gives for the intensity <j> of the fluorescence

at

radiation which originates from the 2p.-ls transition in the undis-

turbed discharge:

A22(Qp " (2.3)

2 2 p A* (1 + |J(vK)B25g(vK)/A*)

- 3 3 -
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In the undisturbed case i>' i s :

(2 .4)

The measured fluorescence is obtained by subtraction of $ and $'

with the help of a lock-in-amplifier technique or a computer.

Q /Q' L /L'
22

A* *| J ( V B 2 5 g ( V / A

(2.5)

Smits has shown that Q /Q' = L /L1 - 1 in the continuous discharge
P P P P

if the following conditions are fulfilled (Smi 75):

1. The rate of electron induced ls.-2p. transitions is much smaller

than the transition probability of level 2p_.

2. The rate of electron-induced Is,--2p2 transitions is much larger

than the optically induced Is,.~2p2 transitions.

In fact the significance of the conditions is that the Is, density

is not disturbed seriously by the laser irradiation, so n M = nA-

Combination of both conditions gives £j(\> )B-_g(v ) « A . Then it
is. K Zj K.

follows from (2.5):

• - •' - IA22J(VB52g(VK )nM /A* ( 2 - 6 )

In relation (2.6) the contribution of the two first terms in the

right side of relation (2.5) has been neglected. These contributions

together may be represented by 6<t> = EJ, with e is a small quantity

which can be verified experimentally.

Under these conditions the fluorescence signal is proportional to

the lSg density. It must be remarked that non-linearities between

the incident laser energy and the fluorescence intensity may be

caused not only by depopulation of the irradiated laser level, but

also by simultaneous depopulation of the upper level by stimulated

emission. Figure 2.8 gives the fluorescence radiation in the conti-

nuous discharge as function of the laser beam power for a pressure

of 5 torr and a discharge current of 1.4 mA. The fluorescence signal
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is linear with the incident beam power when this has a value below

1 raWatt.

1 _l I_ .1 L U L-l .1 1 l-J 1-1. _
10 15 20

laser beam power ImWI

Figure 2.8 Fluorescence radiation versus laser beam power. Discharge

with p = 5 torr and I = 1.4 ml. The curve is normalised to

the value of the fluorescence at a beam power of 1 mWatt.

The strong deviation from linearity after imW laser beam

power is caused by depopulation effects.

In the afterglow the situation may be different. If the measuring

time in the afterglow is short the quantities Q', Q and L1, L may

be neglected for all values of the laser energy. In this case <t>-<f>'

is proportional to the Is. density, but not necessarily to the laser

energy. In our laboratory a rather extensive model of these fluor-

escence phenomena has been developed. Figure 2.9 shows a few dia-

grams of the measured time-resolved fluorescence during the laser

puls. Parameter is the laser beam power. It is clear that the de-

population effect increases with the laser intensity. The shape of

the curves are in good agreement with those measured and calculated

by Coolen (Coo 78). We have measured (fig. 2.10) the time decay of

the lsr density in afterglows which correspond with those of figure

2.9.

We see that the decay does not depend on the laser intensity when

the afterglow is irradiated with short laserpulses. This is caused

by the fact that the depopulation is countered mainly by diffusion,

which is a linear effect with the density. In all our fluorescence

experiments we have checked that we measured in the linear region of

the curve of the fluorescence versus laser intensity, or that the in-

1

1
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vestigated effect was not disturbed due to the laser irradiation. The

distribution of the laser modes over the laser line shape has substan-

tial influence on the fluorescence intensity. We have always taken

care of that during a set of experiments, of which the results are

compared directly, the laser mode configuration was kept constant.

\

0.2

L- -I- - I 1
0 10 20 30 (Si 50 60

laser pulslength (1(J6s)

Figure 2.9
Figure 2.10

i.i Fluoresaenae radiation in the afterglow during a laser

puls with a length of SO us. Parameter is the laser beam

power.

Figure 2.10 decay of the Isc density versus the time in the afterglow,— —....— £

for Various oases corresponding with those of figure 2.9.

Parameter is the laser beam power.

II.8 System for stabilidation of the laser frequency

During an experiment thermal and/or mechanical instabilities in

the laser can cause a drift of the laser frequency and of the laser

beam intensity. Both were stabilised with a reference system, as fol-

lows. The laser beam was splitted up in 2 parts one of which served

as excitation beam for the reference discharge, the other for the dis-

charge under investigation. The current in the reference discharge

was kept constant.

•i

i

'I
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The fluorescence radiation emitted by the reference discharge was

also used to keep the laser frequency in resonance with a Is-2p tran-

sition in the following way. We assume that the laser line shape I(\>)

as well as the absorption line shape A(v) are Gaussian. (For simpli-

city we ignore here the mode structure of the laser). Let the central

laser frequency v. be adjusted accurately to the central frequency v^

of the absorption line, but after some time vL has drifted away from

\>. (see figure 2.11). Then the fluorescence q> may be written as:

A* exp { - (2.7)

C. and C are constants; I* = /I(v)dv; A* = /A(v)dv. Applying a small

sinusoidal voltage V(t) = AV sin u t (with AV = 2 volt; u = 23 Hz)

on the piezo-electric support of the laser prism (see II.5), the la-

ser line will oscillate around v. as: v (t) = v + Av sin (IU t + y).
LJ Li Li P

The fluorescence radiation is also time dependent. It is measured

with a lock-in-amplifier, of which the output signal <U> is:

A* Av(vL - vA) exp (2.8)

<U> = C.ij) Av(vT - v.).
4 0 IJ A

•=u>|

Frequency stabilisation system.

Left side: shift of the laser line shape, due to the

sinusoidal voltage applied to the prism of the laser cavity.

Right side: Lock-in-amplifier signal <U> versus the dis-

tance between the central frequency of the laser line

and the absorption line.

For small values of Av(vL - v A) the signal <U> is proportional to

(UL ~ \>A) (figure 2.11). It can be coupled back to the piezo-electric

support of the laser prism to correct the drift in the central laser

4
4

1

"1
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frequency. With this system it is possible to stabilise the multi-

mode laser for periods of about 12 hours.

II.9 The radial density profiles of the Is atoms in the active dis-

charge.

The relative radial density profiles of the Is atoms in the conti-

nuous discharge are one of the starting conditions of the numerical

afterglow model. We have measured the profiles for the whole pressure

range and at various discharge currents. We have, for the purpose of

testing the dye laser and the fluorescence technique, determined the

Is, atom density profile in a discharge tube, which especially has

been designed to have very low striations (Ste 75(2)). In order to be

able to compare our results with those obtained by Eehnke (Ben 71),

we chose for the parameters I/R and pR the values 1 mA/cm and 7 torr

cm, which were also used by Behnke. He used the absorption method in

his experiments. Figure 2.12 gives a scheme of our experimental set

up. The laser beam, with wavelength 588.2 ran, is incident to the dis-

charge tube nearly perpendicular on the tube axis. This prevents on

the tube axis coincidence between the laser beam and its reflection

on the backwall of the tube. This would result in an unwanted enhance-

ment of the fluorescence radiation. The beam is focussed in a point

P on the axis. A fraction of the fluorescence radiation, emitted by :

a small region around P with a length of 0.15 mm and a diameter of

circa 30 um, is gathered via a lens system to the entrance slit of a •>

monochromator-photomultiplier combination which is followed by a j

lock-in-amplifier. i

A. reliable method to avoid disturbing influences of the laser ra- "i

diation scattered on the tuba wall is acquired by adjusting the mono- J

chromator on a non-resonant fluorescence line (659.8 nm). With the I

lock-in-amplifier the fluorescence radiation may be separated from I

the plasma background radiation. When we want to determine the ls_ i_

density the laser wavelength has to be adjusted on the Is2-2p. tran- '•

sition. In this case, the wavelength of the fluorescence radiation "-•

equals that of the laser because the 2p.-ls. transitions to weak. '}

To correct now for the scattered laser radiation we performed the

lock-in-amplifier technique with the help of the wavelength wobbling

mode of the laser (sea section II.5; Ste 75(2)).
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The direction from P to the monochromator is perpendicular to the

plane through the dye laser beam and the tube axis. The radial pro-

file has been measured by shifting the tube along this direction in

steps of 0.500 or 1.000 mm. Figure 2.13 gives our measured ls5 pro-

file, as well as the corresponding experimental result of Behnke

(open circles).

Figure 2.12 Scheme of the experimental set up for the measurements of
the radial density profiles. CS: chopper supply; LIA: lock-
in-amplifier; DT: discharge tube in which the radial pro-
file is measured; RT: reference tube.

Due to refraction on.the tube wall the shift of the laser beam outside

the tube is not equal to the shift inside the tube. We have checked

this effect and we have measured that the difference in the shift out-

and inside the tube is allways less than 0.2 mm (see figure 2.14).

We have neglected this effect.

We have also measured the attenuation fraction A(r) of the laser

beam intensity caused by absorption and reflection on the tube wall.

A(r) « (I — I. )/l with I , I. the laser intensity outside
out in out out in

and inside the tube respectively. When the laser beam passes the

tube over the axis A(o) has the value 0.10. The increase in A(r) with

-i

I

I
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increasing distance of the beam to the tube axis is given in figure

2.15. This effect is not taken into account in our results.

£ 0 .8 -

r

0.4 0.6 0.8 1.0

relative density to the discharge axis

Fi<£itre_2.13 Measured Is? density -profile in a p = S torr tubes, dis-

charge current 1.4 mA (curve B ) . The open circles give

the experimental results of Behnke (Beh 71).
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Figure 2.14 Measured difference in radial shift of the laser beam

inside and outside the discharge tube.

I
4

-40-



\

-8 -4 0 U
radial distance

12

±l§. Attenuation fraction A(r) of the laser beam intensity,
normalised to the value at r = 0; (1-A(o)/(1-A(r)) gives
the influence of A(r) on the emitted fluorescence.

When the plasma absorbs the fluorescence radiation on its way to the

detection system, this should have influence on the measured radial

profile. To investigate this effect, we have built up 2 detection

systems on opposite sides of the discharge tube, facing each other.

In this way we have measured a complete radial profile simultaneously

in 2 directions. Figure 2.16 gives the result. There is no difference

between the measured profiles within the measuring accuracy of about

5%. So the absorption of the fluorescence radiation in the discharge

may be neglected.

detection / \ $
system I
crosses" V ; S

a

a
a

a
a *

fi *
*i i i i i i

ns
it'

•8
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f\ detection

X I system
Vytriangtes'

t

a
A

4
A

1 1 1 I 1 1 1 *

-12 -8 -L 0 4 8 12
radial distance (mm)

1Q Radial Is^ density profile, measured simultaneously from
two opposite directions.

We have measured as follows the absorption of the laser beam when

it passes the discharge (see figure 2.17): the laser beam was crossing

the discharges A and B. The ratio of the fluorescence radiation emit-

ted by discharge B for the cases "discharge A off" and "discharge A

•',,1

3

'4
8
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Figure 2,17 Set up for the measurement of the absorption in tube A.
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on" is a direct measure for the absorption of the plasma in tube A.

Disturbing influences on the measurements due to reflections on the

various tube walls are cancelled out. The absorption was in all cases

less than 3%.

Fig. 2.18 gives some examples of our measured radial density pro-

files. The width of the profiles decreases with increasing values for

the gas pressure and the discharge current. Figure 2.18P gives the

change of the radial Is, profile with tiie time elapsed in the after-

glow for a 100 torr tube and a discharge current of 25 mA. The in-

crease in the width of the profile can be explained by a more rapid

decay of the metastable Isj. atoms at the centre of the tube. This is

in accordance with our measurements of the decay time as function of

the radial distance (see figure 4.13).

11.10 The decay of the Is atom densities

In the afterglow the production of Is atoms is much smaller than

in the active discharge. So irradiation of the afterglow with an ex-

citing laser beam may disturb the original decay of the irradiated

level seriously. To test the influence of the laser power, the laser

beam cross section and the length of the laser pulse on the decay

time we have performed a number of experiments with various values

of these parameters. We have determined the limiting values, below

which the decay time has become independent on these parameters. We

therefore may say that in these circumstances the decay time agrees

well with the decay of the Is density when no laser excitation is

present.

The fluorescence was detected by a photon counting tube (Bendix

channeltron 7501) via a lenssystem and a monochromator, which was ad-

justed on a non-resonant fluorescence line. The discharge was switched

on-off with a frequency of about 70 Hz, the on-time being 6 ms and

the off-time 8 ms. In every afterglow the laser beam is passed through

the discharge tube only once (see figure 2.19) in such a way that

in each subsequent afterglow the laser pulse passes the tube a little

later; in this way the whole afterglow can be scanned in discrete

steps, without disturbing the plasma continuously. To increase the

statistical accuracy a large number of scans (= 10.000) were per-

formed. The discharge tube can be shifted parallel to the viewing
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direction to the monochromator, so that at every radial distance to

the tube axis the various phenomena may be measured.

From figure 2.19 it can be seen that the following organisation

of events is required:

1. On-off switch of the discharge;

2. Excitation of the acoustic crystal in suc'n a way, that after an

adjustable time elapse in the afterglow the plasma is irradiated

with a laser pulse of adjustable length;

3. In each afterglow the radiation has to be measured for two peri-

ods: once during the presence of the laser pulse (background ra-

diatiop + fluorescence) and once during the time interval corres-

ponding with the laser pulse in the preceding afterglow (background

radiation only);

4. To let the laser pulse coincide with the above mentioned measuring

periods, the delay in the reaction of the acoustic crystal (* 1 ys)

must be taken into account.

D1 A1 D2

02 A2 D3

D3 A3 Oi

BG2 FL3+BG3

BG3

A5 D6
Gi FL5*BG5

D6

time

A6 07
E

time

F£gure_2.11.9. Time scheme of the afterglow decay measurements.
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This whole time organisation was executed with the help of the CAMAC-

system and PDP-11 computer. The maximum number of clockpulses a pre-

setscaler can count may be set software. As long as this number is

not reached the presetscaler supplies a signal, called "overflow-

signal (Off)" of + 5 V. A presetscaler is permitted to count only

when an "inhibit signal" (+ 5 V) is applied to it. With 2 presetsca-

lers we did generate a pulse shaped signal with adjustable frequency

and duty cycle. Figure 2.20 gives a survey of the method with which

2 presetscalers are used to switch the discharge on/off.

In a similar way the timing of the laser pulses and of both measu-

ring intervals are organised. The computer determined the fluorescence

front the measurements by subtracting the background signal from the

background + fluorescence signal. The iogarithme of the fluorescence

as well as che inverted square root of the background radiation were

calculated by the computer and plotted versus the time. See figure 1.2.

flip-flop 2

The pulse organisation for the on/off switch of the dis-
charge. The first "off" signal is set software by the
computer.

1

I

11.11 Determination of the Is densities

All four Is levels can be pumped optically to the 2pn level. See fi-

gure 1.1. We have used this fact to determine as follows the density

ratios of the lowest three Is levels:
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The fluorescence radiation $^ originating from the 2p2~ls2 transition

after optical pumping of a level ls^ to 2p2 is given by:

•i " I Ji(\>Bi2nigi<VA22/A* (2<9)

i = M, R, S, T for respectively the Is-, Is,, ls_ and Is. level. B^2

is the Einstein coefficient; n. is the density of level Is^S A?^ is

the spontaneous transition probability for the 2p2~ls2 transition; A

is the total transition probability of level 2p2; g.(vR) is the value

at frequency v of the normalised absorption profile of level Is. and
K i

J.(v ) is the radiative energy density in mode k when level Is. is
l K i
irradiated. The summation is made over all laser modes.

We assume that J. C O is constant for all \> within the absorption
1 IS. K.

profile ; this is justified because the laser linewidth is about 15

times broader than the width of the absorption profile g.(v). Moreover

we assume that the laser mode configuration does not change substan-

tially with a change in the laser wavelength. The slight differences

between the various functions g. (v) are neglected because of the small

energy gap between the Is levels. The ratio between the fluorescence

radiation when Is,, and Is, are irradiated is:

_ BM2 "M A22M* k V V g M ( V _ JM ( t o t )
(2.10)

BR2 nR JR(tot)

J (tot), J (tot) are the values of the laser beam power when level

Is. respectively Is, is irradiated. Corresponding relations with

(2.10) can be derived for other ls^ combinations. From (2.10) follows

that nj,/nR can be determined from the fluorescence radiation when all

other parameters of the experimental set up are kept constant. In this

way we have measured for a few values of pressure and discharge cur-

rent the relative densities of the ls_, Is, and ls_ levels. This was

done in the active discharge as well as in the afterglow. Figure 2.21

gives the ratios of the relative Is densities in a 5 torr tube as

function of the discharge current. At 30 mA we find n,,/nD =1.6 viiich

is in reasonable agreement with the value i.9 given by Soldatev for a

corresponding situation. Figure 2.22 gives the values of iVr/nj. in the

afterglow for pressures 0.5, 1, 2 and 5 torr and a discharge current

of 22 mA. It must be remarked that important failures may arise if
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the laser mode configuration is not stable or if the laser beam power

is too large. The latter condition may be checked carefully, however

it is very difficult to do this for the former. In a number of cases

we have checked the mode configuration by analysing the laser line

shape with the help of a scanning Fabrv-Perot interf prompter.

I.U

s
c

88; US

nl

&

-

-

- >*

1 1

3p2

10 30
K m A)

Figure 2.21 Measured relative Is densities for the lsc (= Pv),ls,

level.The points indicated with an
"X" sign are results of Riaard (Ric 69).

3
(= P

7

and ls3 (- P

Values of n^/n^ in the afterglow. Parameter is the fil-
ling pressure.

We have measured the absolute ls_ densities with the experimental

set up given in figure 2.23. The laser beam enters the discharge tube

at point 0 and may be adjusted parallel with the tube axis. Detection

system DSI is fixed, but DSII can be moved parallel to the tube axis.

- 4 7 -
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The distance Eroit. 0 along the tube axis is denoted by x.

We will derive a relation for the ratio of the fluorescence radia-

tion <))(}r,2)/iKx1); <t>(x2) and IKXJ) are emitted simultaneously by F2

(at x=x,,) and P] (at x=Xj).

The laser energy density per mode and per unit volume J^VK'X^ *S

a function of x according:

W X ) = (vK) ̂  x, (2.11)

with k(j ) is the absorption coefficient for the central laser fre-

quency \i (Cor 77) and g (v.,) = g(vv)/g(v ).
O IS. rt O

Using relation (2.6) and using v,- ̂  v we find:
K o

ln T l n

G(x2)

G(x,)
(2.12)

with G(x) = 22g"(v.,)exp ( k(v )x(l-g (vv))).K K. o K.

Figure (2.24A) gives the calculated values of In(i()(x2)/(j)(x )) versus

(x2~:-: ) for x. = 0.04 m.

Relation (2.12) may be approximated within 5% for k(v )x < ?. 44 by:

ln = - 0.707 k - x.) + 0.0387 - X ] ) 2 (2.13)

1

1

Figurs_21.23 Experimental set up for the absorption measurements.
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From the slope of In (((.(x^/.KXj)) at x 2 = Xj, we can determine the

value k(v ) and from this the Is, density. Figure 2.24 gives a few

examples of our experimental results.

0 4 8 12 16 20

Eioure_2:_24 Some experiv.-mtal results of the absorption measurements.

24A gives the aaloulated results of relation 2.12; 24B

and 24C give the measured absorption curves for the Is?

density; 24V shows the difference between the absorption

curves in ease of different spectral lines are used.

a,
VT
-A
'H

I
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In case -he measured absorption curve is not a straight one we have

k(v ) determined by curve fitting.

It can be remarked that k(v ) depends on the used spectral transi-

tion. So it is possible to measure in the same discharge a different

absorption behaviour by using different spectral transitions. Figure

2.24D shows this effect for a discharge of 1.1 torr and a discharge

current of 10 mA.

In table II.2 we present some measured values of k(\> ) and the derived
o

absolute Is densities » for a number of gas pressures and dis-

charge currents.

The accuracy in "*(v ) and n,, is about + 10%. Our results are in
o PI —

satisfacory agreement with the results given by Ricard (Ric 69).

Table II.2 Measured values of k(v ) and the Is, atom density

p (torr)

1.1

1.1

1.1

1.1

1.1

1.1

5.5

5.5

5.5

100

I (mA

1

2

5

10

22

50

1

2

5

22

k(VQ)

9.4

11.4

16.0

22.4

25.0

21.8

4.8

6.0

7.3

2.4

n^lO 1 6*" 3)

14.8

18.0

22.6

35.3

40.0

34.4

7.5

9.4

11.5

3.3
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III MODEL EOLATIONS OF THE NEON AFTERGLOW

,In this chapter we consider the loss and production processes of the

Is atoms and charge carriers. The balance equations are formulated.

Also the electron energy decay during the afterglow is treated. A

Justification for the chief process constants is

III.1 Loss and production phenomena of Is atoms

Because the M and S atoms are metastable (radiative lifetime % 0.7 s)

(Bek 76) they may diffuse to the wall of the discharge tube where

deexcitation occurs (Osk 57). From our measurements of the decay of

the M and S atom densities (see chapter IV), we have determined for

the diffusion coefficients at unit density: D = Dg = (4.9 +_ 0.3)

!0^° m s at a gas temperature T = 300 K. From the data given by

Phelps (Phe 59) we find for the gas temperature dependence of DM> in

the region 80 K < T < 520 K:

DM = Ds = 0.76 10
19T°'73 nf's"1 (3.1)

We will use this temperature dependence in our calculations'*, Because

Phelps has reported that within the experimental error V = D_, we

will use relation (3.1) also for Dg. Our value for DM (300) is the

same as found by Dielis (Die 78).

The imprisonment of the resonance photons by ground state atoms (ra- -

diation trapping) causes an apparent lengthening of the lifetime of '4,

the resonance levels ls^ and \s~. Instead of the natural lifetime |

t respectively T T we have to use the effective lifetimes T__ and T _ i
K. 1 ER ET ' *'

(Hol 47, 51). i'or cylinder symmetric discharges with gas pressure £

>. 1 torr pressure broadening is the most important process for the J

calculations of the effective lifetimes. We find from theory (Cor 77): ;;

la this chapter we will mostly indicate the ls_, Is,, Is., ls_

levels by the letters M, R, S and T respectively.
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(3<2)

X_ and *„ are the wavelengths of the resonance lines from level R and
R. 1
T to the ground level. R is the tube radius.

_Q ° -Q -9
With A = 74.3 10 m, *T = 73.6 10 m and T R = 31.7 10 s, T T =

1.9 10 s (Law 69) we obtain

T £ R = 2228 T R = 7.1 I0~
5 s and T E T = 2239 TT = 4.3 10~

6 s (3.3)

One must remark that these lifetimes have to be used carefully.

The real meaning of these lifetimes is connected with the decay of a

radial density profile of the excited atoms, corresponding to an

eigenfunction with the lc-jest decay constant (Hoi 51; Tri 69, 70). Ge-

nerally these profiles are not equal to those in the discharge, resul-

ting in decay constants which are both time and position dependent.

However, we will not take into account this effect. To fit the experi-

mental results with the numerical calculations the values of the life-

times are changed for pressures 5 10 torr: T__ = 3.0 10 s, T__ =

1.6 10 s.

_state_atoms

Three body collisions between a metastahle Is atoms and 2 ground state

atoms lead to the destruction of metastables according to(Phe 55 (2)) :

Ne* + 2 Ne -*• (Ne ) * + Ne -»- 3 Ne + hv (3.4) \
*• I

if
The three body collision coefficient, Y.,» is defined as: £

M '•?/
3"M 2 i
iT-=~YMn

g
nM (3-5) s}

I
where ng is the ground state atom density and i^ the metastable atom |

density. We have determined at 300 K y = (6.4 + 0.4) 10~46 m6s~' '<

(section IV.5); Dielis (Die 78) found YM(300 = (5.4 + 0.3) 10~
46 m6s~'. |

Phelps (Phe 59) has given a number of values in the gas temperature •

range from 77 K to 300 K, from which we approximate the relation ?
Y M = 3.1 10"

50 I1'7 t6."1
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from which follows Yu(300) = 5 10~
46 m 6s" 1. In a similar way we obtain

from Phelps values

Ys = 5 10~
51 T1'7 m V , which gives ̂ (300) = 7 10~47 m V .

From our measurements of the decay of the Is,, density at several ra-

dial positions, it appears that the Is- decay frequency decreases

with increasing distance from the tube axis. Assuming a parabolic

radial gas temperature profile (Bor 66) the power dependence of Y™ on

gas temperature must be stronger than quadratic. To fit the calcula-

tions with the experimental results we have used a 2i power depen-

dence of Yw (and y_) on gas temperature (see section IV.5).

III.iI.i4 Collisional_transfer_between_the_J[s_levels

a. By ground state atoms

Because the energy gaps between the Is levels are of the order of mag-

nitude of kT , excitation transfer, due to collisions with ground state

atoms, may occur. We call this process "atom coupling". Of great im-

portance is the atom coupling from metastable to resonance levels,

from which optical transfer to the ground state is possible. We de-

fine the collision coefficients K.. as

^rh,i -" KijVi (3-8)
3n.

with i, j equal to M, R, S or T and (-r-—) . . is the number of trans i-
ot i,j

tions from level i to level j , caused by ground state atom collisions.

Phelps has derived a gas temperature dependence of IC^ as

m V 1 <3-9> |

for 150 K < T < 550 K, which we will use also for the other colli- i§

sion coefficients. Phelps found 1^(300) = 4.2 10~20 m 3s~' and IL^ = 5§

3.4 10~21 m 3s~ 1. We have measured K ^ O O O ) = (4.2 +_ 0.3) 10~20 m3s"1 ^

and K ^ O O O ) » (3.4 + 0.3)10~21 m 3s~ 1 (see section IV.5). The ratio §

between K^. and K.^ is determined from the principle of detailed ba- i?«

lancing (Mit 33) >*

U.-U. -,'••

( ^ (3-10)
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with J. is the angular momentum quantum number of level i and IK is

the energy of level i. Values of K.. and K.. at 300 K are given in

table III.l.

Table III.l Coefficients for atom and electron coupling between the

Is levels (T =T =300 K ) , as derived from Phelps (Phe 59).

The values marked with x are determined by us.

i

M

M

M

R

R

S

i

R

S

T

S

T

T

K. .
J-J

m3s

3.4

3

9

3

1

2

(300)

-1

V21

io"23

10-25

ID"22

10" 2 3

10" 2 2

K..
Ji

m s

4.2

5

1

5

1

9

(300)

-1

V20

io"21

ID'2 0

io"21

ID"2 0

.o" 2 1

K.

Ic7
J

8 .

6

9

6

1

2

j(300)

12 10"2

10"3

ID"5

ID"2

io"3

ID"2

E..(300)

3 -1
m s

7

5

3

6

3

2

10"14

10"16

io" 1 7

ID"15

10"16

10"15

E

m

9

9

3

9

3

9

^ ( 3 0 0 )

V1

io"13

io"14

io"13

JO"14

! 0 " 1 3

io" 1 4

b. Electron coupling

The electron coupling coefficients E. . (i,j from M, R, S, T) are de-

fined as

3n.

. = - E. .n.n
j lj i e

(3.11)

3n.
with n is the electron density and GgT^) • • is the number of transi-

tions from level i to j, caused by electron collisions. E. . depends

on the electron temperature T as (Phe 59):

(3.12)

Relation (3.10) is valid also for E.. and E.., so K../K.. = E../E...
ij Ji ij Ji IJ Ji

Values of E.. and E.. at T = 300 K are given in table III.l. The

transition rate of the Is,, atoms to the neighbouring Is, level caused

by the atomic coupling equals that by electron coupling when
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K. n = E,mn . For T = T = 300 K and taking the values of E.. from
WR g f̂fi. e e g 1 5 - 3 1J

Phelps one should conclude that for n = 5 10 m and p S 3 torr the

electron coupling is equal or larger than the atom coupling. More-

over the electron coupling diminishes with the time in the afterglow,

because of the decrease of the electron density. The relations (3.10)

and (3.12) are used for the time interval of the afterglow where ther-

malisation of the electrons has occurred (Tg = T = 300 K).

Phelps did not take into account the metastable-mfetastable pair

collisions (see section 111.1.5). This may mean that his values of

E.. should be carefully considered: the real E.. values may be much

smaller. Further we have experimental evidence that the electron coup-

ling is not important after 3 ms in the afterglow. This follows from

the fact that the deca

the discharge current.

the fact that the decay of the Is,, metastable atoms do not depend on

III^J^Jj Collisions_between_metastable_atoms

Metastable atoms can be destroyed by metastable-metastable colli-

sions, according to the reactions:

Ne* + Ne* •*• Ne+ + Ne + e (3.13a)

Ne* + Ne* •*• Ne* + e (3.13b)

Ne may be a Is atom (M) or a Is atom (S). For the metastable M

atoms the rate constant a,_, of reaction (3.13), defined by (dM/dt)w , j
2 MM- M,M ;

s - a m M , can be calculated from a = a,,., <v >. Here q__, is a ;
MM MM MM r MM 3

cross section and <v > the mean relative velocity of the two colliding -|

particles. Salinger (Sal 68) has derived for q the value 1.14 10~18 #

m . This value compares favourably with experimental results of |

Phelps & Molnar (Phe 53), Deloche (Del 75) and Manus (Man 75) for |

the cross section of He metastable-metastable collisions. With ;|

<v > - 4(k T h M V we find for aiMI at 300 K the value 7.9 10
 1D 4,

3-1 g Tie MM _ g

m s . This is in good correspondence with the value 6.8 10 m s ^

which Pfau obtained experimentally (Pfa 78) . Myers (Mye 63) has ar- :|

gued that process (3.13b) will occur in preference to process %

(3.13a) because the ionisation potential of the neon molecule is •'.-$

less than that of the atom by the value of the binding energy of ,':

the molecule. This idea is confirmed by Garrison (Gar 73) and De-

loche (Del 75). In our numerical calculations the number of meta-
-55-



stable-metastable collisions is spread over the reactions (3.13a) and

(3.13b) in the ratio 30 : 70.According to the results of Salinger we

have taken a g s and a M S equal to a ^ .

IIIiJ^i6_Dissociatiye_recombination

The production of Is atoms due to dissociative recombination of mole-

cular ions and electrons is an important process in neon afterglows,

especially for gas pressures above 10 torr. We have measured the dis-

tribution of the Is atom production over the various Is levels. It

will be described by the "recombination distribution fraction" f^

(with i from M, R, S or T ) , which gives the fraction of the recombina-

tion yield produced in level i; f^ may be written as:

10
.1. A., p.

£i = IO'11 J (i = M> R» s or x> (3-14)

r E A., p.
l j=l J J

Here in is A., the transition probability from level 2p. to level Is.

and p. is the density of level 2p..

Although a slight pressure dependence has been observed (Ste 77(2) ;

section V.5.3) a good approximation is: f,, = 0.37 , f_ = 0.25 ,

fg =0.10 , fT = 0.28 .

III_1_l_.7i_The_balance_eguations_for_the_ils_atoms

With the help of the processes mentioned in the sections III.1.1

through III. 1.6 it is possible to give the balance equations for the

neon Is atoms in the afterglow. In these balance equations we have

not taken into account a possible de-excitation of Is atoms by colli-

sions with strange atoms, due to contamination of the parent gas. How-

ever we know that the relative density of nitrogen compared with the

neon gas density must be less than 10 .

3 nM D M 2 2 2

JT " IT V M " Vg 1^ ~ aMfu - "MSVS " { (KMR
 +

+ (EMR + EMS + V n e } n M + (KEMn
g

 + ERMne ) nR

+ (KSMng + E S ^ e ) n S + (KTMng + ETMne )nT + £
M

a
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°"R = _
at "- ~

<ERM + ERS

e > n M " { ( K R M

(3.16)

3t gnS - aSSnS -

ESR + E S T ^ e } n

+ ERSne)nR + ( KTS n

{(KSM + KSR + KST ) ng

g

ot hi 1 HI g Ml e £1 Lei IK -L& g

+ (ETM + ETR + ETS)ne)}nT + (KRTng + ERTne)nR

+ (KSTng + ESTne)llS + fTa2n2ne

(3.18)

n , n , n 2 densities of ground state atoms, electrons and molecu-

lar ions respectively

YM' YS

diffusion coefficients for M and S atoms

three body collision coefficients for M and S atoms

aMM* °SS' aMS rate coefficients for metastable-metastable collisions

VER' VEX effective radiative decay frequencies for R and T atoms

K. .

E..

f.

VER
1

rET

atom coupling coefficient for i •*• j transitions (i, j =

M, R, S, T)

electron coupling coefficients for i -»• j transitions

(i.j = M, R, S, X)

dissociative recombination coefficient

recombination distribution fraction for level i

(i=M, R, S, T); f^ gives the fraction of the recombina-

tion yield produced into level Is.

&
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V radial component of the Laplace operator (= — -r-(r ~ ) because
r r or or

of cylinder symmetry. We presume an independence of the dis-

charge on the axial position.

The solutions of equation 3.15 through 3.18 must obey the boundary

conditions:

3ti 3n 8n 3IL,

2. at r=^,:n^ = n s = n = n T = 0 for all t

which has been demonstrated by our experimental results, described in

Chapter II.

III.2 Balance equations for the charge carriers

As seen in the previous section a number of afterglow processes are

influenced by the energy and density of the various charge carriers.

So a consistent model of the afterglow must take into account the

phenomena by which the loss and production of the charge carriers

are governed. These processes are 1. ambipolar diffusion to the wall

2. recombination of the electrons with both species of ions 3. con-

version of atomic ions in molecular ions 4. production of atomic and

molecular ions because of metastable-metastable collisions. Assuming

quasi-neutrality, the rate equations for the charge carriers can be

written as:

B V l + * s C ° m 4 + °SSnS +2tIMSnMnS)

(3.19)

2 a M s V s ) (3-20)

ne " nl + n2 <3'21>

with

Hj, n^, n e = densities of atomic ions, molecular ions, electrons

XL., ng = densities of ls^ and IS3 atoms

D
a^»

 D
a2

 = coefficients of ambipolar diffusion for atomic and

molecular ions
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g = the fraction metastable-metastable collisions with which

atomic ions are produced

g = ion conversion coefficient

a., a_ = recombination coefficient for atomic and molecular ions

respectively.

Boundary conditions are:

3n 3n. 3n_

2. at r = R : n = n, = n, = 0 for all t.

III. 2.1 The ambigolar diffusion _coefficients_

When more than 2 different types of charge carriers are present, each

species has its own coefficient of ambipolar diffusion. In our after-

glows we have electrons and 2 types of positive ions; the ambipolar

diffusion coefficients are (Osk 57):

n J u D + y D } + n (y,D - y D }

D , = e e •* LS ?_iJl LA- (3.22)
aI V e + nlUl + n2U2

Da2" V. + Vl +V2

1 Ti atomic ions; 2 ̂  molecular ions; e <v< electrons

n^(i = 1, 2, e) = the densities of the charge carriers

D.(i = 1, 2, e) •= the coefficients of free diffusion

y.(i = 1, 2, e) = the mobilities of the charge carriers.
1

Assuming the temperature of both ion species equals the gas tempera-

ture, it follows U.D = U2
Di» where we used the Einstein relation

D./ u . = k T /e-
8 niyi + n2vt9

With v., \i « u we. get —— « l . At p = 1 to r r , Te = 300 K:
e e

y, = 0.33 taV's'1, v2 = 0.58 m V ' s ' 1 , yg = 1.5 10
2 mV's" 1 .

These approximations result in

Dal " ylUg (1 + h (3.24)
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u
>v. u (1 + — ) (3 25

a2 ̂ 2 g Ug

where we used U = kT /e and U = kT /e. From Appendix I, Table 2 we

s which gives:

-4 2 -1 -1 -4
take for the reduced mobilities un. = 4 10 m V s , vin9 = 7 10

Da, *
 3 2 ^ 10 Ug (1 + ̂ ) m V 1 (3.26)

n % 56.9 10~2 ,. V 2-1 ,, „ .
a2 ̂  p Ug ( i P s (3-27)

Here p denotes the filling pressure in torr.In the afterglow the elec-

tron temperature relaxes very quickly to the gas temperature Oc 50 us)

and we have U = 1

and (3.27) gives:

and we have U = U .Substitution of this relation in relations (3.26)

D , = 6 5 10' U m ^ ' 1 (3.28)
a l p g

Kz-—1", - V I (3'29)

111^2^2 Rate_coefficients_of_the_groduction_grocesses_of_molecular

ions

In the afterglow Ne2 ions are produced by collisions between two meta-

stable atoms and by conversion of atomic ions in molecular ions due to

three body collisions. The former process was discussed in III.1.5.

In our numerical calculations we have used the value 0.30 for the fac-

tor g in relations (3.19) and (3.20) (Man 75). The rate of loss of the

atomic ions by conversion to molecular ones can be expressed as
8n, 2

•j£- = - 6n • Values for 3, as derived by a few authors, are given in

appendix I, table 2. Beaty & Patterson (Bea 68) have reported a slight

dependence of 3 on E/p (E = axial electric field). We have not taken

into account this dependence in our numerical calculations. No tempe-

rature dependence of 3 on temperature was reported for neon gas. We
-44 6 -1

have taken B = 6 10 m s .We have checked the sensitivity of the
results of our calculations to the choice of the value of 3. For

-44 -44 6 -1
5 10 < g < 7 10 m s this sensitivity is negligible.

-60-



\

Ill.2i3_The_recombination_coefficients

The loss of atomic and molecular ions by recombination was discussed

already in the sections 1.1.3.2 a-ad 1.2.4. We will suffice here with

a short comment: the loss of atomic ions by recombination is small

compared with the loss by conversion to molecular ions. Nevertheless

for reasons of completeness we have taken it into account. The dis-

sociative recombination coefficient for molecular ions is taken as

T

= 1.7 10
.-13 3 -1

ill.3 Ratio of atomic and molecular ion densities

To be able to solve the balance equations for tae charged particles,

(3.19) through (3.21), we must know the ratio njAi2 between the den-

sities of the atomic (n.) and molecular ions (n2) in the active dis-

charge. From (3.20) it follows that in the stationary discharge

0 = gn2n. + D 9V n, - a n a + production by Ne* - Ne* (3.30)
g ' a r z e collisions.

The last-"term" in this relation can be neglected in comparison with

the first (Bio 52). Assuming that the radial molecular ion density

profile may be approximated by a Bessel curve of order zero, we get

for a first approximation

n.

Ho

Da2 I 2 13.7 4 10 U n
(3.31)

with n the mean electron density, A the fundamental diffusion length
6 -3

(A = 6.43 10 m) and p the filling pressure in torr. Relation (3.31)

agrees rather well with expressions for n./n- derived by Rutscher (Rut

68) and by Gaur & Chanin (Gau 69). Table III.2 gives n,/n2 for some

particular values of p , n and U .

Table III.2 Values for in the active discharge

V
900

1

0

a2

.1

.02

Po<torr)

10

100

ue(7)

4

5

3.5

n

8

3

5

e(m"
3)

1015

1016

>017

'•h
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III.4 Relaxation of the electron energy

Because the important process of dissociative recombination is depen-

dent on the electron energy (= 3/2 kTg =
 3/2 eUe> it will be necessa-

ry to know the relaxation rate of the mean electron energy in the af-

terglow. The electrons may loose their energy by: 1. elastic colli-

sions with ground state atoms 2. Coulomb interactions with ions and

3. diffusion cooling. Collisions between electrons will establish a

Maxwell distribution, but do not influence the mean energy (Spi 64).

We define the energy transfer frequency n for the uiean electron ener-

gy as:

-1 3 Ue
n = u~IE£ (3>32)

e

The energy balance equation can be written now as:

-3U

I T " ( nea + %1 + " e2 + ndc ) Ue <3"33>

with

1 e a = energy transfer frequency for electron-atom interaction,

nel = energy transfer frequency for electron-atomic ion interaction,

ne2 = energy transfer frequency for electron-molecular ion inter-

action,

ndc = energy transfer frequency caused by diffusion cooling.

In the subsequent subsections expressions will be derived for these

transfer frequencies.

J I i ^ J ^ interactions

Assuming a Maxwellian energy distribution for both the electrons and

neon ground state atoms the average fractional energy loss of an

electron per collision with a ground state atom is (Cra 30); McD 70)

(3.34) |

%
with II and U the average temperature in voltequivalents and m and

e g ^ e £

Mgthe mass of the electrons respectively gas atoms. The energy rela- 'f

xation rate (= mean energy loss per collision times the mean colli- ,;

sion frequency) is:

-62-

\
\



dU Q m

with v the mean collision frequency: v = n6<vr> and 5 is the

effective cross-section for momentum transfer for e las t ic coll is ions,

<v > the mean re la t ive velocity between the colliding par t i c les .

Using 6 = 1.6 10~20 U1/() m2 0?fa 68) we have (with pQ i s the f i l l ing

gas pressure in torr )

V = 3.22 . 0 " Po ,.6 ,0-2° U ^ < i £ V = 3./- ,08
 Po U f ."'

e (3.36)

From (3.33), (3.35) and (3.36) follows:

8U , ,

"« " ^ 8T>« " 2 '5 10 Po <Ue " V U « ( 3 ' 3 7 )

111^4^2 Electron-ion_interactions

Spitser (Spi 64) has derived the following expressions for the ener-

gy transfer frequency ii . for Coulomb electron-ion interaction (i = 1

for atomic ions and i = 2 for molecular ions):

n. e 5 / 2 l n ( X ) < £ + ^ ) ~ 3 / - ( 0 . - U.)

\i = r-T^— ' ( 3 ' 3 8 )

— 1 9
e = the dielectric constant of the vacuum = 8.85 10 F/m; U. is
o l

the average temperature of the particular ion species in voltequiva-

lents, m. is the mass of the ions;A is defined as:

„ T 3/2 n3/2

x _ ° * ,.55 ,0
13 U3/2n;i (3.39)

e ne e

Because m « m,. and U. « U , n . is determined mainly by the elec-
fi *. X C GX

tron.

IIIi4i3_Diffusion_cooling

By ambipolar diffusion a negative space charge is built up on the

wall of the discharge tube. By this, only the more energetic elec-

trons can reach the wall. This effect has a decreasing influence on

the mean electron energy. A.t low gas pressure (p j£ 2 torr)

- 6 3 -
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this is not compensated by cullisional energy exchange with the ground

state atoms. This means that the mean electron temperature in the af-

terglow can decrease below the gas temperature (Bio 54, Bha 72, Gre 73,

Rob 75, Rhy 75, Rob 76). This effect has been measured mostly by de-

termining the decay rate of the electrons, which is, due to the low

electron temperature, slower than may be expected on the ground of the

normal value of the ambipolar diffusion coefficient. Following Gor-

diets (Gor 67) an approximated expression for the energy transfer

106

nS-

"Vn 10 4

f=-

<u

10

101

,2 -

, 1 -

10'1

I-22mA -

Ue - 0.026eV
Ue-3.2eV

-I

1 10 100
gas pressure ttorr)

Survey of the various partial transfer frequencies of the

electron energy in the afterglow of neon gas discharges.

Parameter is the electron energy Ug at the begin of the

afterglow.
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frequency due to diffusion cooling r\, was derived (Den 75) . This re-

sulted in

"do - ̂  <Dal7rnl + Da2Vr*2>

Here n., n« are the densities and D ., D „ the ambipolar diffusion

coefficients for i

electron density.

coefficients for atomic and molecular ions respectively; n is the

Figure 3.1 gives the diverse energy transfer frequencies as function

of the gas pressure, with the electron energy as parameter. We see

from this figure that in the early afterglow of low pressure discharges

(pi 2 torr) the loss of electron energy by diffusion cooling is a

little greater than that caused by elastic collisions. The latter,

however, is more important in the thermalised part of afterglows of

discharges with a pressure above 10 torr. The influence of electron-

ion collisions on the electron cooling is always small, in comparison

with the other cooling processes.
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IV RESULTS OF NUMERICAL CALCULATIONS AND EXPERIMENTS ON NEON AFTER-

GLOWS

In the first part of this chapter we describe briefly the developed

nimeriaal model of the neon afterglow. The dependence of the Is atom

density decay on the various processes is discussed for gas pressures

lj 10 and 100 torr. The numerical and experimental results are com-

pared' The latter are described in more detail in the second part of

this chapter.

IV. 1 The numerical model of the afterglow

The balance equations for the Is atoms and the charge carriers,

together with the rate equation for the electron energy constitute a

numerical model for the afterglow. This system of 8 coupled partial

differential equations was solved numerically on the B77OO digital

computer of the Eindhoven University of Technology.

For the rate coefficients we have used the values as given in chap'-

ter III (with an exception for the values of E.. (see section III.1.4)).

Further the influence of variations in these values on the compu-

tated results and also the influence of changes in the initial condi-

tions have been examined. Results of these examinations for p = 100 torr

are described in this chapter, section 4.

In figure 4.1 a flow chart of the computer program is shown. From-

the radial density profile at time t=0 the program calculates by for-

ward discretisation the radial profile at time t=At; the value of At

lies between 2 10 J s (in the case of the rapid decay of \sn atoms at

100 torr) and 10 s (at Is5 atoms and pressures below 50 torr). By

repeating this procedure the densities of the Is atoms, the atomic and

molecular ions and the electrons are calculated as functions of the

radial position and time in the afterglow. In every step it is neces-

sary to calculate most of the physical constants because they are

temperature dependent and so they are functions of position and time.

As follows from the equations (3.15) through (3.18) the decay fre-

quency of the density of every Is level is the sum of the partial de-

cay frequencies, each caused by a partial process. We repeat here

equation (3.15), divided by the density of the metastable Is atoms,

ny, and identify each term by its specific process. The names of these

processes will be used in the text and in abbreviated form in the

figures.
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FLOWCHART "AFTERGLOW"

J \~&v~i~ d t ; t Q j f gas teropera t i i re X
g

)51^(0,0);ns(0,0) ;nT(O,O)j I physical constants ]

nIl(r,O);nR(r,O)ins(r,O);nT(r,0);ne(r,O);n1(r,O);n2(r,O);Ue(r,0)

J,O)-n (I,U

J.
normalisation to r , t and n (0,0)

reset flag
t: = dt

S
phys. const, as function of r and t

, t) ;ti (r, t) ;nQ(r,t) ;tL,(r, t) ;n (r, t) ;n
K. o 1 G 1

);n2(r,

partial decay frequencies

Liil Flow short of the computer program "Afterglow".
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diffusion to the wall

three body collisions

+ IC.- + KV-T)!1 negative atom coupling from M

MM

' ffMS

+ EMS + EMT)ne n e S a t i v e electron coupling
from M

metas tab le M-M c o l l i s i o n s

metas tab le M-S c o l l i s i o n s

positive atom coupling from
R-+M

KSM ng n S / n M

KTM ng n T / n M

ERM

ESM n e n S / B M

ETM n e nT / nM

fM a 2 n e n2 / nM

p o s i t i v e atom coupling from
S->M

p o s i t i v e atom coupling from
T-+M

posit ive electron coupling
from R-+M

positive electron coupling
from S->M

posit ive electron coupling
from T-+M

produc t i on o£ I s . atoms by
dissociative recombination

<VMS>

<VPARM)

( VPASM )

(UPATM}

( VPESM )

The time behaviour of the pa r t i a l decay frequencies at any position

in the tube i s also calculated with the computer program. The figures

4.2 through 4.4 give results for a pressure of 1, 10 and 100 torr . The

processes with a positive influence on the density are given by full

l ines, the depopulation processes by dotted l ines . These diagrams are

a valuable means for better understanding of the re la t ive importance

of the various decay phenomena.
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r

4 time (msl 4 time(ms)

time(rns)

— V N A T -

U time Imsl

£iJ Caloulazed partial deaay frequencies of the Is atom

densities for 1 torr and 22 mA. The meaning of the

abbreviations is given in section IV.1; (^ERi "*„„

are vtu eff •.~ije deaay frequencies caused by Hol-

stein diffusion).
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p-10tarr
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i
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- ~ V N A R

- — - V P E M R
^ - ^ V R E C R

VF»SR

VPESR

i

4 time (ms) U time (msl

4 time(ms) 4 time(ms)

Figure 4.3 Calculated partial deaay frequencies of the Is atom
densities for 10 torn and 22 mA. The meaning of the
abbreviations is given in section IV. 1} fv^n. V™ are

titl til

the effective decay frequencies caused by Holstein

diffusion).
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I
03 time Imsi

fii Calculated par*,:.-.I decay frequencies of the Is atom '

densities for 100 torr and 22 r.iA. The meaning cf the

abbreviations is given in section TV. 1; 'Vgp* vpr,, are

I'm effective decay frequencies caused by Holstein

diffusion).
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IV.2 The initial and boundary conditions used in the afterglow model

For the solution of the balance equations it is necessary to know

the following initial conditions:

a. The values of the Is atom densities at time t = 0 and position

r = 0.

b. The relative radial density profiles of the Is atoms, the electrons

and both ion species.

c. The radial profiles of the electron and gas temperature and their

values on the tube axis.

Ad a:

We have measured the ratios of the Is densities for a few pressures

and discharge currents according to the method described in section

11.11 (see figure 2.21). Figure 2.22 of section 11.11 gives the ratio

TLj/ni, as function of the time in the afterglow for pressures 0.5, 1,

2 and 5 torr, and a discharge current of 22 mA. This ratio increases

during about the first three milliseconds and then reaches a fixed

value. This behaviour of II^/IL is caused by the rapid decay of the

Is, density in the early afterglow due to Holstein diffusion. When

the Is, density has decreased sufficiently, the atomically induced

transfer of ls_ atoms to the Is, level becomes important (see figure

4.2-4.4). The coupling between both levels may be so strong, that

their densities obtain the same decay frequency, as shown in figure

4.5 . Table IV. 1 gives the final density ratios nj,/n_ for the lower

pressures 0.5, 1, 2 and 5 torr. These values will be used also in

section 4.5 of this chapter in the determination of the Is,, diffusion

coefficient.

Table IV.1 Values of ify/n^ in the late afterglow of low pressure dis-

charges (discharge current 22 mA).

p(torr)

0.5

1

2

5

VnR
(this work)

830

330

137

73

VnR
(Phelps, Phe 59)

417

250

161

91
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0.4 0.8 time (msl 1.2

Figure 4^5 Measured decay of the relative Is? and Is .atom

dansiiy at r = 0; p - 100 torri parameter is the

discharge current.

0 0.4 0.8 time IAIS)

Caaulated decay of both the Is atom densities and

the densities of the charged particles at r ~ 0

(n0 , molecular ions, n _ electrons); p = 100

turr; I = 22 mk.
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After 25 us in the afterglow of a 0.5 torr discharge we measure for

iL,/n the value 2.9. This can be in agreement with our measurements in

d 20 A / 19the active discharge, where we found at 5 torr and 20 mA: i^/t^ =1.9.

This value corresponds well with the results of Soldatev (Sol 73), who

found iV-Ai- = 1.92 in an active discharge at 5 torr and 30 mA.

For 100 torr the experimental and calculated results in the afterglow

agree well when we take the initial densities nM:nR:ng:T= 8.3:1:0.3:0.2

Figure 4.6 gives the numerically obtained decays of the Is atom den-

sities for p=100 torr and 1=22 mA. After 50 us the ratio i ^ / ^ has the

value 9, which is in accordance with the value 9.25 given by the Boltz-

mann distribution for these levels at 350 K. For the lower pressures

we have taken the starting conditions nM:nR:ns:n.J,-8:1:2:0.8

The value of the initial condition for the Is densities determines

the decay only in the first few hundred microseconds of the afterglow.

Our numerical results show that after this time a new equilibrium is

established, due to the atom coupling processes. This new equili-

brium is in high extent independent of the chosen initial conditions

(see section IV.4)•

Ad b:

In chapter II, section 9 we have reported about our measurements

of the radial Is atom density prof iles. Figure 4.7 and table IV.2 give

a few examples in which manner the radial profiles can be approximated

by the expression n(r) = n(0)exp(-w(r/R)e); R is the tube radius, r

the distance to the tube axis.

In our model calculations we have used analytical expressions for the

radial profiles, which were determined from our measured profiles.

Table IV.2 Radial density profiles of the lsc atoms

p(torr)

1

5

50

100

discharge current (mA)

2

2

25

50

nM(r)/nM(0)

exp(-2.85(r/R)2)

exp(-3.80(r/R)2)

exp(-4.09(r/R)1<7)

exp(-7.93(r/R)I<6)
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For the electron profile at low gas pressure (pi. 10 torr) we have

taken a Bessel function of order zero. (Gol 68, 70; Lis 69). Accor-

ding to the results of model calculations on neon discharges by Smics

(Smi 77) we used at pressures above !0 torr electron profiles which

are approximately 50% broader than those of the Is atoms: n (r) =

1 2

Figure 4.7 Measured radial profiles of the 2s,. density.

The full lines are formed by fitting on the

experimental points; (a) 1 torr (b) 5 torr

(a) SO torr (d) 100 torr

Ad c:

The mean energy of the electrons on the tube axis has been varied

between 3.5 eV and 5 eV for p £ 10 torr and around 3.5 eV for p > 10

torr (Smi 77). The used radial profile was parabolic with U (0) =

2 Ug(R). Figure 4.8 gives the calculated decay of the energy of the

electrons on the tube axis for p is 1 and 100 torr.

We have measured the gas temperature in the discharge. The method

has been described in chapter II, section 2. We have assumed that the

radial gas temperature profile is parabolic (Bor 66; Sor 69, 70; Don

70). In practical situations the discharge was burning during 43% of

-76-

\



the "on+off" time.For values of the gas temperature,see section II.2

and figure 2.3. In figure 4.6 the calculated decay of the densities

of the electrons and molecular ions for a pressure of 100 torr and a

discharge current of 22 mA is shown. At this pressure the density

of the atomic ions has disappeared so quickly that it cannot be shown

in the figure.

Ji 10

•o!

_JIJ 0 100 time I JUS I 200

Calculated decay of the energy of the electrons on
the tube axis for gas pressures 1 and 100 torr and
a discharge current of 22 mA.

IV.3 Discussion of model results for the decay of the Is atom densities

In this section we discuss the numerical results for the decay of

Is densities at the pressures 1, 10 and 100 torr. Also the density de-

cay of the charge carriers and the electron energy relaxation are

described. The decay during the time interval after the first few

hundred microseconds is considered. For lower pressures (p <. 5 torr)

the diffusion is a very important process, for pressures above 50

torr the process of three body collisions is dominating. In the first

100 ys it is very difficult to separate the various processes, as can

be seen from figure 4.9.
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n 1 1 r

p-100torr

40 80 time(xjs)

Figure 4^9 Calaulated partial decay frequencies of the Is? and

Is, atom densities during the first one hundred

microseeonds at the tube axis; p - 100 torr; I - 22 mA.

1 tcyrr_pressure

From figure 4.2 we see that the decay frequency of the Is. density

decreases during the f i r s t three milliseconds. After this time the

decay becomes constant. This calculated behaviour i s confirmed by the

measured Is,, decay, see figures 4.10, The in i t i a l decrease of the

decay frequency can be caused for the metastables by mutual collisions

between the metastables or by electron induced col l is ional transfer

to the neighbouring resonant levels . Another possibi l i ty is the in-

fluence of higher order diffusion modes. We have measured that this

in i t i a l decrease of the decay frequency is less pronounced at low d i s -

charge currents. However, because a l l three above mentioned processes

may be current dependent i t i s not possible in th i s way to determine

themain reason of the i n i t i a l decrease of the decay frequency. For

the resonant levels also the Holstein diffusion must be taken into

account for this effect. At l a te r time in the afterglow the Holstein

diffusion is compensated by atom coupling from the metastable levels.
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The final decay of the Is,, atoms is caused mainly by diffusion and,

to less extent, by the col Visional transfer between the ls^ and ls

levels.

Figure 4.10 Measured decay of the relative is,- atom density on the

tube axis; parameter is the gas pressure.

iigure_4;_ll Calculated radial profiles of the Is? atom density at

four different moments in the afterglow of a 1 torr

tvhe; r = 0.

-79-

\



\

In figure 4.11 the calculated radial ls_ density profile is given

for a pressure of 1 torr. After three milliseconds the profile gets

the shape of a Bessel function. This is characteristic for the lowest

fundamental diffusion mode. In section IV.5 we will see that this nu-

merical result is confirmed experimentally (see figure 4.12).

J:0_torr_2ressure

The time behaviour of the partial decay frequencies at 10 torr is

shown in the diagrams o£ figure 4.3. The influence of the diffusion

has decreased substantially in comparison with the 1 torr afterglow.

In the first part of the afterglow the partial decay frequency be-

longing to the dissociative recombination decreases because the elec-

tron density decreases more rapidly than the Is,, density. However, at

later times the Is- density has a steeper decay than the electron

density. For this reason the relative influence of the dissociative

recombination grows in the late part of the afterglow. This phenome-

non is also found for the other Is levels and even more pronounced

at higher gas pressures(see figure 4.6). This is confirmed by the ex-

perimentally obtained decay curves of figure 4.10. There we see that

for pressures >. 10 torr the curves bend upward.

We note that at this intermediate pressure the total decay is de-

termined by a large number of processes, which are all of equal im-

portance. For example the total decay frequency of the Is, density

depends mainly on the negative atom coupling from Is,, to Is, and the

positive atom coupling fron: Is, to lsr; the rather slight difference

between these processes is compensated by the dissociative recombina-

tion, the electron coupling from and to the Is,, level and the positive

atom coupling from Is, to Is,.

The total decay of the Is, density is caused by the radiative decay

(Holstein diffusion) and the atom coupling with the Is,- level.

Because of the strong atom coupling between the Is. and Is, level

at higher gas pressures, their densities are very near a Boltzmann

distribution.

Due to this lack of dominating decay processes in the pressure re-

gion around 10 torr, it is difficult in practice to deduce rate coef-

ficients from the experimental results.

-80-

\



\

Figure 4.4 shows the partia". decay frequencies of the various Is

densities at 100 torr and a discharge current of 22 mA. The positive

and negative atom coupling to the lt^ level as veil as the positive

and negative electron ccipling cancel each other approximately. There-

fore the total decay is dominated mainly by the process of three body

collisions in the time interval between 200 and 400 us. We will use

this fact later to determine the temperature dependence of the three

body collision coefficient.

At a later time in the afterglow the influence oC the dissociative

recombination becomes more important and the to:al decay becomes less

rapid.

It has to be remarked that the time: scale for the 100 torr diagrams

is appreciably shorter than fcr the other pressures, because the

overall decay is much steeper (see figure 4.10).

IV.4. Variations of some physical coefficients

Figure 4.12 gLves the calculated decay of the ls_ atom density

for a 100 torr tube and a discharge current of 22 mA. This cecay

curve, denoted with B, is calculated with a set of physical constants

which we will call the basis set. The numerical results obtained with

this basis set are compared with ^he experimental results in figure

4.15. The agreement is good. Figure 4.12 also gives calculated

decay curves of the Is atom density when one of the physical con-

stants of the basis set has baen changed. Curve: I is obtained by
4 — 1 4 - 1

changing the value of. v from 1.4 10 s in ? 10 s . The last

value causes a steeper decay of the Is. atom density. Because of the

strong atom coupling between the Is and Is,, levels, the density of

the latter has a stronger decay than with V = 1.4 10 s . Curve II
ER

is obtained with values of K and K which are 10 timss the values

in the basis set. The influence of a variation in the power dependence

of the recombination coefficient a_ on the electron temoerature T
-0 5 " e

can be seen from curve III. Here we used a. IT ' and in the basis
-0.4 R

set a 2 ^ T g . In the early afterglow the iniiial increase of the

ls5 density is less important. Curve IV is obtained with values of

the Is densities at t = 0 which are 2 times smaller than the values

in the basis set. We have also varied the value of the ion conv-rsion
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coefficient $ between 5 10 m s and 7 10 m s The influence of

these variations on the decay of the Is atom densities is negligible.

In the basis set we used for 6 the value 6 10~ m s~ (see section

III.2.2.) .

8Q0 time(ju5]

iig.H£e_4:_12 Calaulated deaay of the ls5 atom density on the tube axis;

pressure = 100 torr;I = 22 mA;Cuxve B has been obtained

with a basis setjthe other curves have been obtained by

changing in the basis set the value of one coefficient.For

the meaning of the various curves see section IV.4 .

IV.5 Discussion of the experimental results of the decay of Is atom

densities.

Figure 4.10 gives a survey of the measured decay curves for the

Is,, level at 22 mA. Parameter is the pressure. We see that at low

pressures, 0.5 < p < 5 torr, the decay frequency after 2 milliseconds

is constant in time. The reason is that for these pres-ures the diffu-

sion is the predominant decay process.

With increasing pressure the final decay frequency becomes smaller,

which is in accordance with the decreasing (but still large) influence

of the diffusion process. For gas pressures above 5 torr the slope of

the decay curves grows with the pressure. In this region the process
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of three body collisions gets more influence. On the other hand the

recombination yield increases. This causes the upward bending character

of the decay curves at later times in the afterglow. It is clear that

for pressures above 10 torr it is necessary to characterise the decay

curves with more than one decay frequency.

The described dependence of the decay frequencies on the gas pres-

sure is in accordance with the results given by Zemansky, Grant and

Phelps (see figures 1.5, 1.6 and 1.7).

In figure 4.13 the measured decay of the Is,, density is given for

various radial positions in the tube. The pressure is 1 torr and the

discharge current 20 mA. After three milliseconds the decay curves

are straight and parallel to each other. Since diffusion is the domi-

nant decay process, this means that the radial Is. density profile

has the shape of a Bessel function of order zero. This experimental

result is in accordance with our calculated result (see figure 4.11).

10
4 time (m5) 6

Measured decay of the relative ls5 atom density in a

1 torr tube; I = 20 mAj parameter is the distance to

the tube axis.
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It appears from our experiments that at low gas pressures the decay of

the. ls_ density is exponential, not only at r = o but also as function

of the radius. We have measured also that the decay frequency in the

late afterglow (t 5 3 ms) is practically independent on the discharge

current. This is caused by the fact that the electrons have disappear-

ed after 3 ms. From these facts we conclude that the Is,, density decay

is determined mainly by diffusion to the wall and the atom coupling

between the levels ls5 and Is,. Because of the Bessel shape of the Is,,

density profile we have

DM , D

.2
(4.1)

g g A

with I/A2 =(2.405/R)2 + (tf/L)2 R is the tube radius = 15.5 mm and L

is the tube length = 320 mm; A = 6.43 mm. The decay frequency vM can

be approximated from relation 3.15 at low pressures (<. 5 torr) by:

-D,,
V M "

™ M 1
JT = IT- 7 " KMR n ng\ /nM

(4.2)

Using the principle of detailed balancing we get:

Vg = - (4.3)

From the results of our temperature measurements, given in figure 2.3

and table II.1, we see that at low gas pressures and a discharge cur-

rent of 22 mA in the pulsed discharge the gas temperature is very

near 300 K. From y i ^ = gR/gM exp(-AE/kTg) we obtain y K f f l =

8.12 10 . We have measured the decay frequencies of the 1s_ density

at the tube axis for the pressures 0.5, 1, 2 and 5 torr. In figure
2 —2

4.14 we have plotted the values of-vMn (0) versus n (0) (8.12 10 -

rL/iL.) where we used for the gas density on the tube axis, n (0), the

values given in table II.1 and for n^/n^ our measured values given

in table IV.1.

From the point of intersection of the curve with the vertical axis,
2

determined with the method of linear regression, we obtar'n DM/A. =
25 7(1 -1 -I

1.19 10 . This gives DM = 4.9 10 m s . The inaccuracy in D is

caused mainly by the uncertainty in the gas pressure and is assumed

to be +_ 6%. From the slope of the curve we obtain

= (3.4 +_ 0.4)10~20 m3s~', from which follows

= (4.2 + 0.5)

mV. In
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Appendi.: I, Table 1 some values of D which are given in literature

are reported. Here we recall the values obtained by Phelps and Dielis:

KMR

Phelps (Phe 59)

5.1 lO20.-',"1

3.4 10"21 m V

Dielis (Die 78)

(4.9 + 0.3)1020 iiT's"1

Phelps did not indicate the accuracy.

25 "50 75 100 T25~'" 150™ " 175 '

ia"43n|(0)(a.l2102-nr/nml(m5)

Figure 4.14 Determination of V and. Km from the measured decay

frequencies v.. at lam gas -pressures.

It has been mentioned that at higher gas pressures the three body

collision process becomes more important. From figure 4.4 we see that

the decay frequency of the ls^ atoms is determined mainly by this pro-

cess in the time domain around 200 us. From the slope of the decay

curve we can derive a value for the three body collision coefficient

YM- Figure 4.15 gives both the experimentally and numerically ob-

tained decay curves of the ls_ atom density for a 100 torr pressure

and a discharge current of 12 mk. The symbols denote measured values

and the full lines have been calculated with the numerical model. The
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agreement is rather good. The measured decay frequency v M on the

tube axis is 7.06 10 s . The gas density n (0) is in these circum-

stances 3.07 10 m~3, the gas temperature T is 350 K. With \>M =

f n 2 this results in: YM(350) = 7.5 10~ m6s~ .

From figure 4.15 we see also that the slope of the curves at 200 us

decreases with increasing radius. Because also T decreases with the
a

radius we find with the help of the relation

v..(r) = T., n2(r) = Cvw/T
2(r) (4.4)

that the dependence of Y M on the temperature is stronger than quadra-

tic.

n

0 2 itimelms) 6

Figure 4.15a

\ L _ l L_
0.4 0.8 time Imsl

Figure 4.15b

Figure 4.15a Measured and calculated decay curves of the Is atom

densities on the tube axis at p = 10 tovr and I =

22 mA. The dots are eicperimental results, the full

lines are numerical results.

ilSk Measured and calculated decay curves of the lsc atom

density at p = 100 tovr and I = 22 mA; parameter is

the distance to the tube axis. The symbols denote

measured results, the full lines have been calcula-

ted.
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To obtain good correspondence between the measured and calculated

results given in figure 4.15 we have used the relation

vy = (4.5)

With this relation we find YM(300) = (5.1 + 0.3)io"
46 m V . Phelps

(Phe 59) obtained the value 5 10 m s and Dielis at 295 K:

7M(295) = (5.4 + 0.3)10~
46 m 6s" 1.

However, as shown in figure 4.4, the total decay frequency is about

20% lower than the partial decay frequency due to three body colli-

sions. When we correct for this effect we obtain the value

YM(300) = (6.0 + 3.4) 10'
46 m V

We have used this value in our numerical calculations, from which the

results are shown in figure 4.15.

The following vaLues for YM
 a re given in literature:

V 3 0 0 )

Phelps (Phe 59)

Leichner (Lei 75)

Dielis (Die
This work

78)

v 3 0 0 )

5 1O"46

5.79 10"4b

(5.4 + C
(6.0 +_ 0

.3)

4)

10" 4 b

10"4b

0.5

(0 .

!0"46

52 + 0

)

6
m s

.04)

-1

io"46

From the values of Dielis foLlows a temperature dependence as T " ,

from the results of Phelps as T " .
g

We have measured the decay of the Is. atom density on the tube axis

for a 100 torr tube with the discharge current as parameter. Ir. figure

4.16 these decay curves are shown. From this figure it appears that

the decay frequency of the Is. atom density decreases both as function

of radius and as function of the decreasing discharge current. This

is in accordance with each other because in both cases it means; that

the decay frequency decreases with decreasing gas temperature. Using

the decay frequencies at various discharge currents we have checked

the dependence of Y M
 o n the gas temperature.

We have tried to obtain good numerical results using a power de-

pendence of y on. gas temperature as 1.5. In this case we had to change
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60Qtime(;LE)1000

Comparison between the change in the measured decay

curves of the Is,- atom density when the parameters

are the radial distance and the discharge current,

p = 100 torr.

the rate coefficient of another process. Because of the large atom

coupling between the Is. and Is, levels at 100 torr a variation in the

value of the effective lifetime of the Is, level has considerable in-

fluence on the decay frequency of the Is,, level. In figure 4.17 we

show the calculated decay frequencies of the Is. atom density on the

tube axis at three different values of the discharge current. Parame-

ter is the time t in the afterglow (t = 150, 200, 250 and 300 ps).

The various symbols denote various combinations of values for \>

(= the effective lifetime of the Is, level due to Holstein diffusion)

and the dependence of y., on the gas temperature (A denotes vpl, = 1.4
4 - 1 i s L. -l

10 s and Y m ^ T ° ; 0 denotes v g R = 7 10 s and Y M -V- Tl-5;

+ denotesv = 1.4 10 s and -yu ̂  T ; x denotes the measurements).
K M g

v
We see that the crosses approximate the experimental results best,

although the difference with the circles is not large.

In our numerical calculations we have taken further for v the
-1 ER

value 1.4 10 s , which is in accordance with the theory of Hol-

stein, and a 2.5 power dependence of v_, on the gas temperature.
M
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In the model we have assumed that three body collisions involving

a resonant Is, atom and two ground state atoms do not occur. However,'

when this process would beataken into account_the variation of Y M with

the radius and discharge current may be influenced by this effect and

a different temperature dependence can follow. Values for a three body

collision coefficient for resonant Is. atoms are not known in litera-
4

ture.

r 22
current (mA)

75

2.5
current (mA)

75

hfe—
current (mA)

75

22
current (mA)

Calculated values of the decay frequency v^ of the ls5 atom

density at p = 100 tow and 1-23 mA.Parameter is the time

in the afterglow .The significance of the various symbols

is given in section IV. S .
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V MEASUREMENTS OF THE POPULATION OF 2p ATOMS BY DISSOCIATIVE RECOM-

BINATION AND OF THE COEFFICIENTS OF ATOMIC COLLISIONAL TRANSFER

BETWEEN THE 2p LEVELS

In this chapter the determination of the population,tof the various 2p

levels due to dissociative recombination is described. Also measure-

ments of the coefficients of atomic aollisional transfer between the

2p levels are given. The determination of the relative Sp level den-

sities from the emitted radiation both in the discharge and in the

afterglow is described.

V. 1 Introduction

As mentioned in chapter I, sections 2.3 and 2.4 the afterglow ra-

diation can be ascribed to dissociative recombination *f molecular

ions and electrons:

Ne, + e (Ne0) J Ne + Ne ( I s ) + hv (5.1)

In this process highly excited atoms are produced which cascade in a

stepwise manner to one of the 2p levels and from here finally deex-

cite by radiation to a Is level. These last transitions cause the ra-

diation which we have measured. The recombination coefficient a- can

be splitted in a number of partial recombination coefficients a .,

which each describe the recombination yield for-each of the various

2p levels. Here we assume that transitions between the \s levels and

levels above 2p are negligible.

In the afterglow the various 2p levels are populated in 2 ways:

firstly from recombination as described above, secondly from atomic

collisional transfer between the 2p levels. These mutual transfers

prevent the possibility to determine the «„. coefficients directly

from the spectral distribution of the ls-2p transitions. We have mea-

sured the coupling coefficients K.. between the 2p levels i and j.

By taking the atom coupling into account the values of a_. have been

determined.

In literature extensive sets of values of K. .(i,j = 2.... 10) are gi-

ven by Coolen (Coo 76) and Smits (Smi 77).*

In their experiments there are a few differences with respect to the

electron and gas temperature compared to our experiments. Coolen did

not use a neon gas discharge but a proton induced neon plasma with a
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low gas temperature (% 300 K). He assumed chat the electron density

in this plasma was so low that electron coupling between the 2p le-

vels could be neglected. Smits used a continuous neon discharge,

where the electron temperature is substantially higher than in our

case, and the 2p levels are populated mainly by stepwise excitation

from the !s levels. This process has a disadvantageous influence on

the fluorescence measurements, because laser irradiation disturbs the

Is population. Smits has shown that even in his case electron coupling

is not important. His results extrapolated to room temperature agree

with the results of Coolen.

Our plasma is characterised by a) a 1->w electron temperature b) the

population of the 2p levels is produced by dissociative recombination

(no excitation from the Is levels) c) the energy of the 2p atoms is

quite large (̂  ! eV), because the dissociative recombination is a

radiationless process (Rog 64, Con 65, Fro 69); the high atomic energy

may have an influence on the atom coupling directly after the recom-

bination.

It is clear that measurements of atom coupling in an afterglow have

the advantage of the absence of electron excitation. Irradiation of

the plasma with a laser beam does not influence the studied process.

We have measured the coupling coefficients K.. in the afterglow by

means of selective excitation of the 2p levels from the Is levels by

irradiation with a dye laser beam. These measurements are described

in this chapter V, section 5.

V 2 Determination of the partial recombination coefficient

In the afterglow the electron temperature decreases quickly (at 100

torr=:20us) to the gas temperature. So the 2p levels are populated only

by the process of dissociative recombination. Assuming that the ato-

mic ion density can be neglected,the rate equation for each 2p level

can be written as:

The experiments on the atomic collisional transfer coefficients by

Coolen, Smits and Steenhuysen are executed in the same workgroup at

the EUT in the years '74-'78. Although each of these experiments

has its own characteristic features, they all form a part of a

joint research program and have been executed with the same detec-

tion equipment.
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3p-(t) 2 * 10 10

— — a .(t)n (t) - A.Pi(t) • E K..n p^t) + E K..n p.(t)

j^i j?«i (5.2)

p.(t) is the density of level 2y^ at time t in the afterglow;

A* is the overall probability of spontaneous transitions to the Is

levels from level 2p. (A? = E A..,, with A ^ the spontaneous transi-

tion probability from 2p.. to Is );K.. is the coefficient of atomic

collisional transfer from level 2p. to level 2p.; n is the ground
X Jo

state density.

In formula (5.2) we have neglected the electron coupling between

the 2p levels, because of the low electron temperature. For all 2p

levels together we have:

10 3p.(t) , 10
E — 5 7 — = a,(t)n (t) - E AVp. (t) (5.3)
• , ot ^ e , . i i
i=1 i=1

The terms containing the coupling coefficients Kj. disappear because

the influence of the "intern" transfers cancel out each other. From

(5.3) follows:

10
A*p.(t)

- (5.A)

In the remainder of this chapter we will omit the time indication un-

less it will be confusing. Substitution of n in (5.2) and dividing

by Pi

a 2

gives:

1 3

Pi

10
E

3 = 1

i

1
P i

•

3p

¥t

10
n E

s j=l
3H

10
1 + E

3-1

{K:

A*

i-j

!i
p i

K j i P^

(5.5)

We have measured in the afterglow the time courses of the relative

intensities of the spectral lines originating from each individual

2p. - Is transition (j = 1 10, 1=2.... 5). The measured signal

I., according to each of these transitions is

V = n j lA. l P. (5.6)
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with n-i the detection coefficient of the experimental set up, which

is dependent on wavelength.

Replacing in (5.5) p. by ^ gives:

at

10

„ 10
<. + n Z {K. . - K..

.,A..i..,
ll I1 J1

31..
i

(5.7)

We have determined all quantities in relation (5.7) which are neces-

sary to calculate ou.s

The value of (I/I. ).(3I../3t) follows from our measurements of

I... However, we note that these values are very small compared with

the value of A. and therefore may be neglected.

In (5.7) we need the relative values of the detection coefficients

n..., which we have calibrated with the use of a tungsten ribbon lamp.

From literature we have taken values for A... and a_; n is known from

our calculations mentioned in chapter II.2. The coupling coefficients

K.. are measured also. The followed method and the results are dis-

cussed in detail in the second part of this chapter (section V.5).

Table V.I Values of (a ./a ) at pressures 20, 50 and 100 torr;

discharge current is 22 mA

i

1

2

3

4

5

6

7

8

9

10

20 torr

0.10

0.09

0.03

0.18

0.08

0.11

0.06

0.09

0.13

0.13

50 torr

0.08

0.09

0.04

0.18

0.07

0.11

0.06

0.10

0.18

0.10

100 torr

0.07

0.10

0.06

0.19

0.05

0.14

0.04

0.08

0.24

0.04
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We have measured a,, in a 100, 50 and 20 torr tube. At 100 torr

the dissociative recombination is large. However, also the disturbing

terms of the atomic collisional transfer increase with the gas pres-

sure. This is disadvantageous because in formula (5.7) the terms con-

taining K.. and K.. are rather inaccurate. For this reason we have

determined a_. also at 20 torr where this effect is 5 times smaller.

For reasons of accuracy and to be able to investigate possible in-

fluences of the gas temperature we have measured the K. . also at 1,

5 and 50 torr.

Table V.I gives the experimental results for cu- (see also V.3B).

V.3 Measurements of the recombination radiation

The intensities of the 2p-ls spectral lines of the recombination

radiation (see figure 5.1) have been measured both in tubes I and II.

80 120 160 200 240
t imers)

Total afterglow radiation of a neon discharge at 100 torr

and discharge current 22 mA.

Measurements with tube I have been performed at the pressures 5, 10,

20, 50 and 100 torr and discharge currents 24 and 50 mA (Ste 77(2);
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Ver 77). In the type II tubes (see section II.2) it was done for the

pressures 20, 50 and 100 torr and a discharge current of 22 mA. Iha

aim of these measurements was the determination of the partial recom-

bination coefficients, the relative 2p. densities and the electron

density in the higher pressure discharges.

We present the results for both types of discharge tubes in the para-

graphs A and B of this section.

Ai_Measurements_in_tube_I

During the time we performed the work described in this subsection

the computer and the CAMAC-interface system were not available. There-

fore we built an electronic circuit to regulate the on/off of the dis-

charge and the time organisation.The experimental set up is given in

figure 5,2 .The focus power of the lens system is + 8.3 dioptre,the

aperture of the lens is 4 cm;the width of the slit is 100 pm.With this

set up the radiation was measured during 10 us at 150,300 and 500 us

in the afterglow.The on-time of the discharge was 4000 ps and the off-

time 1500 ps.The purpose of these measurements was the determination

of the recombination distribution fractions f.,,fn,fo and f_,which give

the fraction of recombination yield produced in the levels Is,., Is,,

Is- and Is^ respectively (see also the equations 3.15 through 3.18).

switch on/off

mono-

chromator PM

time organisation
unit

photon
counter

sealer
~ gate"u

Experimental set up for the measurements of the neon

afterglow radiation in tube I.
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In the notatio!! of section V.2 the fraction fl can be written as:

10 I.,

(5 .9)

10 5
jl

3=1 1=2 '^

The detection coefficients n., were calibrated relatively with the

use of a tungsten ribbon lamp.

Figure 5.3 gives a survey of the experimental results. Here the

recombination distribution fractions are plotted versus the gas pres-

sure p in torr at a discharge current of 50 mA. For pressures below

20 torr the resulting values are irregular. For p > 20 torr the re-

sults are given in table V.2.

•5 0.20

0.10 x-~--*---—_"_ —-^ 's
150 ,us in afterglow

[ - - 3 8 8 : : ::

0 20

Figure 5.3

£0 60 80 100
pressure (torr)

20 ID 60 80 100
pressure (torr)

Figure 5.4

Figure 5.3. Measured values of the recombination distribution frac-
tions in the afterglow. Parameter is the time in the af-
terglow.

Figure 5.4. Relative intensities of some spectral lines measured at
300 \IB in the afterglow of a neon discharge. Discharge
current is 50 mA.
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Table V.2 Recombination Distribution Fractions for p > 20 torrT

measured in tube I.

fM
fR

fx

Discharge current = 24

0.36(-(0.01)+0

0.25 (.+0.02)

0.10(+0.01)

0.29(+0.01)-0

0006(+0.

0006(+0.

mA

0001)p

0001)p

Discharge current = 50

0

0

0

0.

36(+0.01)+0

26(+0.02)

09(+0.01)

29(+0.01)-0

0008(+0.

0008(+0.

mA

oooi)p

00 ])p

These results agree well with the values of Coolen (Coo 76) who found

at p = 100 torr: f M = 0.44; fR = 0.29; fg = 0.08; fT = 0.28. Figure

5.4 gives the relative intensity of some spectral lines, ending on the

Is^ and ls^ levels as function of the gas pressure. The strong rise of

the 703.2 ran line can be explained with an increasing transfer of 2p

atoms to the 2p,Q level. The same reason causes the noticed decay of

the 585.2 tun line. Generally the dependence of the line intensity on

gas pressure is less for those spectral lines which originate from

the middle levels of the 2p group. Obviously in this case the in- and

out-coupling by atomic collisions cancel each, other.

From our measurements of the relative intensities of the spectral

lines together with the transmission probabilities we have established

the relative densities of the various 2p levels in percentages of the

total density. The results are given in figure 5.5 as function of the

gas pressure and at a discharge current of 50 mA and in table V.4.

§^-LIS2surements_of_the_afterglow_radiation in tube II

The values of a 2 i which have been given in table V.I were deter-

mined from the measurements of the afterglow radiation in tube II.

These measurements are performed with the experimental set up and

time organisation which is used for the measurements of the decay of

the various Is atom densities. See chapter II, section 10. In figure

2.19 a survey of the time organisation is given, from which one can

see that in each afterglow the recombination radiation is measured

during two (adjustable) intervals, from which the second coincides

with the first in the subsequent afterglow. The measured signals in

these two corresponding measuring intervals ought to be equally large;

we use this feature to estimate the statistic accuracy of the measure-

ments (< 5%).

-98-

\



\

Because the lens system images a region around the tube axis the

measured I., represents a value average over the line of sight. This

applies also for the values of ou. which are deduced from these mea-

surements. a_. is dependent on the electron temperature T according
n /

a .(T )= a .(300).(T /300) (see section 1.2.4). Because the elec-

tron temperature equals the gas temperature, which varies between 350K

(at r = 0) and 310 K (at r = R ) , the variation of a.^ with the radius

is within 6%. This is small in comparison with the inaccuracy due to

the measured values of the atom coupling coefficients K...

The measured afterglow signal I., yields a value for the electron

density, which is also the average value over the radial electron den-

sity profile. This is not a disturbing effect because we derive from

our measurements relative values for a...

From the measured afterglow radiation we have deduced again values

for the recombination distribution fractions. The results are given

in table V.3 for the pressures 20, 50 and 100 torr, all at 22 mA.

20 40 60 80

pressure (torr)
130

Relative densities of the 2p levels,measured at 300 ps

in the afterglow of a neon gas disaharge in tube I. The

disaharge current is 50 mA.
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Table V.3 Recombination Distribution Fractions, measured in tube II;

discharge current is 22 mA.

fM
f«
fS

fT

20

I

0.37

0.26

0.10

0.27

torr

II

0.36

0.25

0. 1C

0.29

50

I

0.40

0.25

0.10

0.25

torr

1
L

II

0.39

0.25

0.10

0.26

100

I

0.43

0.25

0.10

0.22

torr

II

0.42

0.25

0.10

0.23

The correspondence with the results given in section A is good. This

also applies to the determined relative densities of the 2p. levels.

These values are given in table V.4 for the gas pressures 20, 50 and

100 torr and a discharge current of 22 mA.. For comparison we have

also given the results obtained in tube I.

Table V.4 Relative densities of the 2p levels in % (at 24 mA in

tube I and at 22 mA in tube II)

2P,

2p _

P̂

2p..

^P*7

2p8

2p

2p

20

I

6.5

7.3

2.3

15

8

10

6.7

9.7

12

22

torr

II

6.9

8.1

2.5

14

9

10

7.3

8

9

25

50

I

5.2

6.3

1.9

12

8

10

7.0

8.1

11

30

torr

II

5.5

7.3

2.0

12

8

10

8.1

7.9

8.8

30.7

I

4.

6.

1.

11

7

10

7.

8.

10

34

100

1

2

7

0

2

torr

II

4.

6.

1.

11

8

10

8

6.

8

36

7

8

8

6

From the results given in Table V.4 it appears that the densities of

the 2p levels do not satisfy in the afterglow the Boltzmann distribut-

ion.
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V.4 Determination of the electron density

All results described in this section are related to measurements

in tube II. Formula (5.1) implies that every recombination event

yields a recombination photon. So the number of recombination photons

J(t) emitted at time t in the afterglow is:

2(t) n2(t) ne(t) = + a2(t) nj[(t) (5.10)

Here we suppose quasi-neutrality and an absence of atomic ions, which

is justified in chapter III, section 3j a2(t) is time dependent be-

cause the electron temperature relaxes to the gas temperature. We

assume that for t J tc the electron and gas temperature equal each

other and a2(t) has become constant (= a 2 ) .

From (5.10) follows:

/" a2(t)dt

Also it follows from (5.10)

for all t > 0.
i2(t)

For t 5 t we get

(t-t )/ao (5.12)
ne(tc)V"2

The total afterglow radiation can be written as:

10 5 I (t) 10 5 I (t)
i ± n ' E z T±-J . (5.13)

1 > 5 i=l 1=2 (nil/i'l,5)

In relation (5.13) n, _ is the measured (relative) detection coeffici-

ent at the wavelength 585.2 nm;this wavelength corresponds with the

2pj-ls5 transition.
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Figure 5.1 gives a plot of (n, ,-J(t)) * as function of t at p -• 100

torr and I = 22 mA. The slope of the curves gives the value of

(a./n, .)' and the value at t = t is {(n. *»J n (t )}" . The ratio
<£ 1, j c i, J £ e c

of both values gives a_n (t ).When we use the value of a, as given in
-13 -0 4

the literature ( a2(Te)=1.7 10 (Te/300) ' ) we can calculate ne(tc

From the value of a- and the slope of the curve we determine the abs-

olute value of n
1,5 '

Using the formula (5.10) and (5.13) we obtain (for

10

z
5 I.^t)

1=2 (nii/n:
n 1 > 5 { J(t)dt

t

n l , 5 n
e
( t )

(5.14)

From relation (5.14) follows that the electron density at t = o (that

means at the end of the discharge) is given by the area below the

measured curve r\ _J(t).
1 D

Table V.5 Electron density n (t) (10 m ) as function of the time

t in the afterglow; discharge current 22 mA

t(Us)

0

30

50

70

90

110

130

150

170

190

210

20 torr

5,7

5.2

4.5

3.9

3.5

3.1

2.8

2.6

2.4

2.2

2.1

50 torr

6.6

5.4

4.6

4.0

3.6

3.2

2.9

2.6

2.4

2.3

2.1

100 torr

8.3

6.4

5.3

4.5

4.0

3.5

3.2

2.9

2.6

2.4

2.3

Table V.5 gives the time behaviour of n (t), measured in tube II,

at various gas pressures and at a discharge current of 22 mA. The

same results are shown in figure 5.6. This figure gives also the

decay of the electron density, at three values of the radius, cal-
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culated with the numerical model. It can be seen that the corres-

pondence is best fore r = 3 mm. This can be explained by the fact

that we determine experimentally an average value for ne> which is

approximated best at some distance to the tube axis.

This method to determine the electron density may be used only

when the dissociative recombination is the main loss process for

the electrons and the ambipolar diffusion may be neglected.

We note that in our measurements of the recombination radiation

the influence of background radiation was measured and appears to

be negligible.

10,17

10"

s
1

10

016

|17r-

10"
4) 80 GO 160 200

time (jus)

Measured and calculated decay of the electron density in

the afterglow.Parameters are the gas pressure and the

radius.The discharge current is 2S mA.The full line has

been determined from the measured afterglow radiation; the

dotted lines have been calculated with the numerical model.
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V.5 Determination of the coefficients of collisional transfer between

the 2p levels

V.5.1

Transfer reactions between the various 2p levels are caused by

collisions of 2p atoms with ground state atoms. The number of transfer

reactions from level 2p. to level 2p. in unit time interval is:

\

8t
k. . n p. (5.15)

Here p. and n are the densities of the levels 2p. (i = 1... 10) and

the ground state level respectively; K.- is the coefficient of colli-

sional transfer between the levels p. ;;nd p..

Measurements on collisional transfer reactions in neon have been

reported by Grandin (Gra 75), Coolen (Coo 76) and Smits (Smi 77). Ex-

cept Coolen they have made use of a continuous discharge. Coolen used

a plasma which was generated by a proton beam. In V.I we already have

discussed why we repeat the determination of the K.. coefficients

in our laboratory. Grandin has given values of K. . for i = 3, 4 and

j = 4, 5.

We performed our measurements in the afterglow period of a neon

discharge, at gas pressures of 1, 5, 20, 50 and 100 torrj in all cases

the discharge current was 22 mA. The experiments were carried out in

the following way. The population of a 2p. level was increased by

irradiation of the plasma with a dye laser beam, of which the wave-

length was in resonance with a ls~2p. transition (i = 1 10). This

increase of the 2p^ density causes an enhancement of the other 2p.

densities by collisional transfer. This extra population of the vari-

ous 2p. levels causes an increase in the radiation, originating from

these levels. This enhanced radiation will be called fluorescence ra-

diation. The fluorescence radiation is measured by subtracting the

afterglow radiation with laser "off" from the afterglow radiation

with laser "on". We have calculated the values of K.• from the mea-

sured fluorescence radiation in the way as described in the next sec-

tion.
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The decay rate of a 2p. level in the undisturbed afterglow (no la-

ser irradiation) may be described as:

3p. 9 „ 10 10

3t 2i e
9 „ 10

= an. n - A*p. - .S.K.. n p. + .£. K..n p. (5.16)
2i e i*i j=l ij g*i j = l ji g*j

For mathematical convenience we define K.. = 1 for all j = 1,... 10.
J J

The right hand terms of (5.16) represent respectively the dissociative

recombination the spontaneous radiation, the collisional transfer

from level 2p. to level 2p. and the collisional transfer of 2p. to

2p.. We define p. as the density of level 2p^ in case level 2p^ is po-

pulated extra by direct excitation of Is atoms due to laser irrach•.

tion. The laser irradiation has no influence on the dissociative i

combination which is the populating process for the 2p levels. So in

the disturbed afterglow the decay of level 2p^ can be described as

3pk 10 10
-*i.= a n - A* p* - £ K.. n p. + 2 K.. n p. (5.17)
3t 2i e l *i j = ] ij g *i j = ] jl g Fj

1 3pi
From our measurements (see figure 5.1) we know that —-r-r— and

, k Pi 3 t

I ^PiYst " kis ™eans in equation (5.16) and (5.17) that the left

tirms can be taken as zero. We define Ap. = p"f - p.(i,k = 1.... 10);

then subtraction of (5.16) from (5.17) and subsequent dividing by

Apk gives:

10 Apk Ap^ Apk

When I... is the intensity of the 2p.-ls transition in case level 2p.
J i J *• V-

is irradiated and 1.^ is the intensity of the same transition when

there is no laser irradiation then our measured fluorescence signal
k

is given by I..-I.... From these signals we can determine the factor
k k •*

Ap./Ap, as follows:

Apk k k T CT T ICA r, ̂
k k k [a Ikl)(Ak\l)

(5.19)

I k l ) ( A k \
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Relation 5.18 represents a system of 100 linear equations, in which

the K. . are the unknowns. This system has been solved with the B ^ Q Q

digital computer of EUT.

Because we did not have at our disposal a laser wavelength above 660

nm, we could not excite a Is level to the 2p.g level. However the

energy gap between the 2p.Q and 2pg level is so large that collisio-

nal transfer from 2p.Q to 2pg (or a higher 2p level) may be neglected.

So we presume K . = 0 for j = 1.... 9; for the same reason we take
J

VA5_.3 Exgerimental_realisation

The experimental set up is shown in figure 2.1. We have measured the
kfluorescence radiation AI.. during 3 time-intervals, with 10 ys

length each; these intervals were centered at t = 40, 60 and 80 ps.

These measurements were executed in exactly the same way as we mea-

sured the fluorescence in case of our measurements of the Is density

decays.This method has been described in chapter II,section 11.10.

Every 2p level (except 2p.Q) was populated extra by irradiating the

plasma with the dye laser beam.Every time we have measured the comple-

te fluorescence spectrum (with exception of the lines X = 540 nm,

613 nm,665 nm,702 nm.and 808 nm,which are too weak).In this way we

have determined the relative values of Ap. (j = l....10;k=1 9).For
k k

solution of (5.18) we need Ap./Ap. .
J ^

k k
To be able to measure the relative values of Ap. and Ap, simultaneous-

ly we have set up a second detection system on the other side of the

discharge tube. The monochromator of this detection system is adjusted

to one of the spectral lines which originate from the excited 2p,
iC

level (preferably not the laser wavelength). In this way all fluctu-

ations in the laser beam power and/or wavelength can be taken into
k k

account in Ap./Ap, . An advantage of performing the coupling measure-
ments in the afterglow is the insensibility of the method to the in-

tensity of the laser beam. The reason is that the "extern" source of

the 2p levels (dissociative recombination) is not influenced by the

laser irradiation. This is essentially not true in active discharges,

because there the 2p levels are populated mainly by excitation from

the Is levels.
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V.,5̂ 4 Ex2erimental_results

In table V.6 the experimentally obtained values of K^. are given.

The given values are found as the average of the results at gas pres-

sures 5, 20, 50 and 100 torr all at a discharge current of 22 mA. A

dependence of K.. on the gas pressure (because of different gas tempe-

ratures) could not be determined within the accuracy.

Table V.6 Values of the atom coupling coefficients K.• (10 m s )

between the 2p levels together with their uncertainties.

(Measured in the afterglow of discharges with p = 5, 20

50 and 100 torr and I = 22 mA).

\
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The values of K. . for the 1 torr tube are not always in accordance with

those at the higher pressures. It may be possible that the energy of

the electrons was still high enough to cause electron coupling be-

tween the 2p levels. However, the deviations are irregular.

In a separate matrix we will give the influence of variations in

the value of Ap./Apf on the values of K. ..

In most of the matrix elements of table V.6 2 numbers are given. The

upper one denotes the value of K. ., the lower one denotes the uncer-

tainty in K.. which is caused by the inaccuracy in the measured values
k . 1-1

of Ap. (j, k = 1, 10). These uncertainties have been derived

numerically. Because we have measured for all atom coupling coef-

ficients to and from level 2p, the value zero, these coefficients

have been omitted in table V.6. The correspondence of our results

with those of Smits (Smi 78) and Coolen (Coo 76) is satisfactory.
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VI CONCLUDING REMARKS

A.. A cw dye laser is a convenient light source for the detection of

neon Is atoms with the technique of selective excitation spectro-

scopy (fluorescence technique). Important advantages of this tech-

nique with respect to the classic absorption technique are the

high sensitivity and the high spatial resolution (see chapter TI).

Nevertheless one has to check that irradiation with the laser

beam does not disturb seriously the investigated system.

B. In section II.II a method is described with vhich the densities

of the Is atoms can be measured absolutely. In this method the

attenuation of a laser beam due to absorption by Is atoms is deter-

mined from the decrease of emitted fluorescence radiation along

the laser beam.

Advantages of this method are: 1) the loss of laserlight at the

entrance of the discharge tube has no influence on the results;

2) it is possible to investigate the whole discharge region or

only a part of the discharge; difficulties by irregularities in

the discharge, due to cathode and anode phenomena, can be avoided;

3) a great number of measuring poini-.s can be used; 4) laser light

which does not participate in the absorption process is not mea-

sured,which enhances the sensitivity and accuracy of the method

(see chapter II).

C. The developed numerical model describes in a satisfactory way the

afterglow of neon gas discharges at gas pressures 5 10 torr.

To obtain good results at lower gas pressures it will be neces-

sary to have the disposal of more reliable values for the coeffi-

cients of electronic and atomic collisional transfer between the

Is levels, the coefficient for pair collisions between metastable

atoms and the escape factor of photons (see chapter III).

Also sufficient knowledge should be available about three body

collisions between two ground state atoms and resonant atoms

D. The measured decay curves of the Is atom densities, the measured

curves of the afterglow radiation and the developed numerical mo-

del give together sufficient representative information about the

afterglow phenomena in the pressure range from 0.5 to 100 torr (see

chapter IV).
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E. From measurements of the afterglow radiation at gas pressure 5 20

torr the electron density in the active discharge can be deter-

mined •-However because this method requires a large number of

measurements of absolute light intensities, it is difficult to

obtain a reliable result. It is more convenient to measure the

relative light intensities and to use the value of the dissocia-

tive recombination coefficient as given in literature (see chapter

V) .
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APPENDIX I

Table 1

Some physical properties of neon (Coo 61)

Atomic number = 10

Atomic mass = 20.17
—3

Specific density (273 K; 760 torr) = 0.8994 kg m

Rel.dielec. const. (298 K; 760 torr) = 1.0001229

Heat capacity c (298 K; 760 torr) = 1032.02 kJ/kg K

c /c (273 - 292 K) = 1.642
p v -6
Thermal conductivity (273 K; 760 torr) = 46.09 10 kJ/K m s
Critical temperature = 44.45 K

3

-2
Critical pressure = 2727.56 kN m

Critical density = 484 kg/m

Boiling point (760 torr) = 26.97 K

Triple point = 24.55 K; 43.22 kN m~2

rable 2

Diffusion coefficient Dy of metastable

D,= D n , with n density of

Meissner (Mei 27)

Zemansky (Zem 29)

Anderson (And 32)

Grant (Gra 51)

Biohdi (Bio 52)

Phelps and Molnar (Phe 53)

Grant and Krumbein (Gra 53)
•i it

ii n

ti II

Phelps (Phe 59)

Steenhuysen ao (this work)

Dielis (Die 78)

ground

DM

25

8

4.

4.

6.

4.

5.

4.

2.

0.

5.

4.

4.

(10

9

1

4 +

8 +_

5 +_

6 +_

5 +_

45 H

0

9 +_

9 +

lsg atoms

state atoms

I20

0.

1

1.

1

0.

: c

0.

0,

m-'s"1)

6

1

5

).O8

.3

,3

at p to

Tg(K)

300

300

300

300

300

300

373

273

201

77

300

295

300
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Table 3

The conversion coefficient $ for neon gas

g(io~44 A " 1 )

Beaty, Patterson (Bea 64) 5.8 +_ 0.3

Sauter, Gerber, Oskam (Sau 66)4.2

Hackam (Hac 66) 1.56

Smith, Cromey (Smi 68) 7.9+0.4

Chen (Che 69) 8.5

Bhattacharya (Bha 71) 7.7

Vitols, Oskam (Vit 72) 4.4 +_ 0.4

Smirnov (Smi 77) 6

Smirnov (Smi 77) 5.9 +̂  0.3

Table 4
Reduced mobilities of Ne ions in neon gas

method

drifttube

mass spectrometry

microwave

mass spectrometry

mass spectrometry

mass spectrometry

mass spectrometry

theoretical

P (Ne+)
o

Uo(Ne+
2) Tg (K) method

Hornbeck (Hor 51)

Biondi (Bio 54)

Chanin (Cha 57)

Mulcahy (Mul 62)

Courville (Cou 62)

Oskam (Osk 63)

Dutton (Dut 64)

Hackam (Hac 66)

Sauter (Sau 66)

Dutton (Dut 66)

Smith (Smi 68)

Beaty (Bea 68)

4.4

4.0

4.2

3.9

3.9

4.1

4.0

4.0 + 0.05

4.0

3.95 +_ 0.15

4.6 + 0.4

7.5

4.07 6.14

Bhattacharya (Bha 71) 4.0

Mark (Mar 71) 4.1 +. 0.3

Smith (Smi 72) 4.2 +0.3

* DT = Drift Tube

Aft. MW = Afterglow Microwave

Aft. MS = Afterglow Mass Spectrometer
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300

300

300

300

300

300

294

335

300

295

300

300

300

300

DT

DT

DT

Aft.MW

DT

DT

DT

Aft.MW

Aft.MS

DT

Aft.MS

DT

Aft.MS

Aft.MS

Aft.MS
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Table 5

Dissociative recombination coefficient

Biondi (Bio 49

Holt (Hoi 50)

Oskam (Osk 57)

Biondi (Bio 63)

Oskam (Osk 63)

Connor (Con 65)

Hess (Hes 65)

Frommhold (Fro 68)

Kassner (Kas 68)

Cunningham (Cun 69)

Lukac (Luk 73)

*2

— 1 ̂
(10 13

'..I

1.1

2.3

3.4

2.2

2.8

2.0

1.7 +_

1.8 +_

1.7 +

1.8 +

m

0.

0.

0.

0.

1

2

2

1

"2
by

' (1

1.

1.

1.

1.

2.

1.

"corrected"

Frommhold

0""13 m V )

7

8

9

8-

0

7

power depen-
dence of elec-
tron tempera-
ture T

-0.25/-0.4

-0.43

-0.42jf 0.04

-0.36

-119-



\



\

SUMMARY

In this thesis our experimental and numerical investigations on after-

glows of neon gas discharges are described. The investigated pressure

range extends from 0.5 torr to 100 torr; the discharge currents lie

between about 1 mA and 100 mA.

The decay of the Is atom densities has been determined experiment-

ally as function of the time elapsed in the afterglow. The relative

Is atom densities are measured with the method of selective excitation

spectroscopy (fluorescence technique). In this method the Is atoms

are excited optically to a 2p level by irradiation with a dye laser

beam, of which the wavelength is adjusted in resonance with a ls-2p

transition. The subsequent fluorescence radiation is taken as a mea- •

sure for the density of the irradiated Is level.

From the measured decay of metastable Is. atom densities at gas

pressures £ 5 torr the diffusion coefficient of metastable Is, atoms

(D., = (4 = 9 + 0.3) 10 m s ) as well as the coefficients of atomic
-21

collisional transfer between the lsr and Is. level (K,.,, = 3.4 10
3-1 -20 3 -1 5 4 ™*

m s ; YL = 4 . 2 1 0 m s ) are determined.
A dependence of the three body collision coefficient Y of the

M

metastable Is,, atoms on the gas temperature which is stronger than

quadratic is derived from our measurements of the Is_ decay frequency

as function of the radius at a gas pressure of 100 torr. At 3C0 K
the value (6.0 + 0,4) lo"46 nfs'1 is found for yxl.~ M

To obtain more insight in the mutual influences of the various loss

and production processes of Is atoms and charge carriers in the after-

glow a numerical model has been formed. This afterglow model consists

of a set of seven balance equations which describes all relevant pro-

cesses involving Is atoms, electrons, atomic ions and molecular ions.

To this set an equation describing the relaxation of the electron

energy during the afterglow has been added. With this numerical model

the decays of the Is atom densities are calculated. The results between

the numerically and experimentally obtained decay curves are compared

for gas pressures of 10 and 100 torr. The correspondence is good.

With use of the numerical model it is possible to calculate the

partial decay frequencies of the Is atom densities. In this way a bet-

ter insight can be obtained in the relative importance of the loss

and production processes which together determine the afterglow.
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To obtain knowledge of the starting conditions of the numerical

model the following experiments have been performed:

a) measurements of the radial profiles of the Is atom densities in

the active discharge as function of the gas pressure and the dis-

charge current;

b) measurements of the gas temperature on the tube axis and the tube

wall, both in the active discharge and in the afterglow;

c) measurements of the relative densities of the Is,., Is, and Is,

atoms and of the absolute densities of the Is, atoms in the active

discharge. For the latter measurements a new method has been deve-

loped in which the absorption and fluorescence technique are

combined.

The behaviour of the afterglow radiation intensity has been mea-

sured on discharges with a gas pressure of 1, 10, 20, 50 and 100 torr

and a discharge current of 22, 24 and 50 mA. From the results the

recombination distribution fractions of the Is levels are determined

and the electron densities at the start of the afterglow of 20, 50

and 100 torr discharges. For the latter determination a value of the

dissociative recombination coefficient is taken from literature.

The decay of the electron density in the afterglow is calculated

from the time behaviour of the afterglow radiation and compared with

the numerically obtained results. The correspondence is good.

With the help of the selective excitation spectroscopy the coef-

ficients of atomic transfer between the 2p levels have been measured

in the afterglow of discharges with a gas pressure of 1, 10, 20, 50

and 100 torr and a discharge current of 22 mA. From these results and

the measured intensities of the various spectral lines in the after-

glow the partial recombination coefficients for the 2p levels are

calculated.
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SAMENVATTING

In dit proefschrift wordt een. onderzoek beschreven dat gericht is

op de bestudering van de uitsterfperiode (= nagloei) van neon gasont-

ladingen. Het beschouwde drukgebied strekt zich uit van 0,5 torr -

100 torr; de ontladingsstromen liggen tussen 1 mA en 100 mA.

De verrichte experimenten zijn naar hun toepassing te verdelen in

3 groepen:

I) Metingen van het verval van de dichtheden van Is atomen als functie

van de tijd in de nagloei. Uit de resultaten van deze metingen zijn

enkele fysische coëfficiënten bepaald, te weten de diffusiecoëfficiënt

van metastabiele atomen, de koppelingscoëfficiënten voor Is,. - Is, en

Is, - Is overgangen tengevolge van botsingen van deze atomen met

neon grondatomen, de coëfficiënt voor drie-deeltjes-botsingen tussen

een metastabiel atoom en twee grondatomen. Voor deze laatste coëffi-

ciënt is afgeleid dat zijn afhankelijkheid van de gastemperatuur ster-

ker dan quadratisch moet zijn. Dit volgt uit de afnemende vervalfre-

quentie van de dichtheid van Is- atomen in de nagloei van een 100 torr

ontlading als functie van de straal in de ontladingsbuis. Hierbij is

verondersteld dat het radiale profiel van de gastemperatuur parabolisch

is.

De relatieve dichtheden van de Is atomen zijn bepaald met de methode

van selectieve excitatie spectroscopie. In deze methode worden Is ato-

men optisch geëxciteerd naar een 2p niveau. Dit geschiedt door bestra-

ling met een dyelaserbundel , waarvan de golflengte in resonantie

met een Is - 2p overgang is ingesteld. Het fluorescentielicht dat uit-

gezonden wordt bij terugval van de 2p atomen naar een Is niveau is

een maat voor de dichtheid van het geëxciteerde Is niveau.

II) De metingen van het verloop in de tijd van de intensiteit van het

nagloeilicht. Dit verloop is gemeten voor alle (meetbare) Is - 2p over-

gangen. Uit de totale hoeveelheid uitgezonden straling is voor 20, 50

en 100 torr en een ontladingsstroom van 22 mA. de elektronendichtheid

aan het begin van de nagloei berekend. Daartoe is voor de dissocia-

tieve recombinatie coëfficiënt de waarde 1.7 10 (T /300j ' m s
e

gebruikt,welke is ontleend aan de literatuur.

Met behulp van de selectieve excitatie spectroscopie zijn de kop-

pelingscoëfficiënten voor overgangen tussen de 2p niveaus bepaald.
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V

Dit is gedaan in de nagloei van ontladingen met een ontladingsstroom

van 22 mA en bij drukken van 1, 5, 10, 20, 50 en 100 torr. De overeen-

stemming met de waarden die door Coolen en Smits voor deze koppelings-

coëff ici'ènten werden bepaald is bevredigend.

Met behulp van de gemeten waarden voor de koppelingscoëfficiënten en

de gemeten relatieve intensiteiten van de diverse spectraallijnen in

het nagloeilicht is bepaald op welke wijze de produktie door disso-

ciatieve racombinatie van 2p atomen over de diverse 2p niveaus is ver-

deeld.

III) Een aantal experimenten zijn verricht, waarvan de resultaten ge-

bruikt worden ten behoeve van een numeriek model van de nagloei, dat

door ons is ontwikkeld.

Dit numerieke model wordt gevormd door een stelsel van 7 balans-

vergelijkingen voor de diverse soorten Is atomen, de elektronen,

de atoom-ionen en de molecuul-ionen. In deze vergelijken zijn alle

bekende relevante processen in rekening gebracht.

Omdat diverse coëfficiënten in deze vergelijkingen afhankelijk zijn

van de elektronenenergie is aan dit stelsel vergelijkingen een acht-

ste vergelijking toegevoegd, welke de relaxatie van de elektronen-

energie in de nagloei beschrijft.

Met dit numerieke model is het verval van de dichtheid van de Is

atomen berekend. De numeriek en experimenteel bepaalde vervalkrommen

zijn voor 10 en 100 torr met elkaar vergeleken. De overeenstemming

is goed. Met behulp van het numerieke model is tevens nagegaan op

welke wijze de vervalfrequenties van de Is dichtheden zijn opgebouwd

uit de partiële vervalfrequenties ten gevolge van de diverse ver-

lies- en produktieprocessen. Op deze wijze wordt meer inzicht ver-

kregen in de onderlinge samenhang en beïnvloeding van de diverse

verlies- en produktieprocessen welke te zamen de nagloei bepalen.

Ten behoeve van dit numeriek model zijn de volgende metingen ver-

ij cht:

a) Bepaling van de radiale p'-'fielen van de dichtheden van de Is ato-

men in de aktieve ontlading. Dit is gedaan voor het gehele druk-

en stroomgebied.

b) Bepaling van de gastemperatuur op de as en aan de buitenwand, zowel

in de aktieve ontlading als in de nagloei. Dit werd gedaan voor de
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drukken 0.5, 1, 2, 5, 10, 20, 50 en 100 torr en ontlaadstromen tus-

sen I en 50 mA» De-gastemperatuur is bepaald met behulp van koper-

constantaan thermokoppels, welke door dunne glazen kanaaltjes in

de ontladingsbuis zijn aangebracht.

c) Bepaling van de relatieve dichtheden van de Is., Is, en ls_ niveaus

in de aktieve ontlading en in de nagloei.

d) Bepaling van de absolute dichtheid van het Is„ niveau voor een ont-

ladingsstroom van 22 mA en enkele lage drukken. Hiertoe is een me-

thode ontwikkeld waarin absorptie en fluorescentie gecombineerd

worden toegepast.

e) Omdat de dissociatieve recombinatie een belangrijk produktieproces

voor Is atomen is, is gemeten hoe de totale produktie van Is ato-

men in de nagloei over de vier Is niveaus is verdeeld.
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NAWOORD

Het onderzoek dat in dit proefschrift wordt beschreven is verricht

in de onderwerpgroep "cyclotron toepassingen". Het vormt een onder-

deel van het project "gasontladiagsonderzoek met behulp van tracer-

technieken". Het onderzoek heeft slechts tot stand kunnen komen dank

zij de medewerking van velen.

In de vorm van stagewerk werd een duidelijke bijdrage geleverd

door H. aan de Brugh, J. Adamczyk, T. Bischops, P.J. van Bommel, J.

Denneman, L. Hermans, T. van der Laar, P. Leenders, D. Mandos, K. van

der Nieuwenhuizen (2x), H. Offermans, J. Pennings, B. Swenne, F. Ver-

spaget (2x), H. de Vriese (HTS-stage).

In de vorm van een afstudeerproject werd een belangrijke bijdrage

geleverd door F.J. van Bommel, J. Denneman, K. van den Nieuwenhuizen,

N. van Schaik en F. Verspaget. Zij allen hebben zich ingezet op een

wijze, die de eisen welke aan een afstudeerproject gesteld plegen te

worden, verre te boven gaat. Met veel genoegen zal ik mij hun prettige

en enthousiaste samenwerking blijven herinneren.

Niet alleen als afstudeerder maar meer nog als technisch medewer-

ker in de groep heeft Nico van Schaik een belangrijke bijdrage aan

dit onderzoek geleverd. Door zijn deskundige inbreng op het gebied

van •*= electronica en computerkunde heeft hij een groot aandeel ge-

had in het welslagen van de experimenten.

De technici van de "Afdelingswerkplaats" hebben steeds op soepele

en creatieve wijze ideeën en simpele schetsen omgetoverd in fraai

ogende en goed werkende apparaten. De glasblazers J. Holten en R. Reyn-

ders hebben op accurate wijze de benodigde ontladingsbuiaen vervaar-

digd, die daarna steeds bereidwillig door M. Hoddenbach en/of M. van

de Sande met schoon neongas op de juiste druk werden gevuld. P. Nouwens

heeft op vaardige wijze de thermokoppels gesoldeerd welke voor de tem-

peratuurmetingen nodig waren.J,v.d.Berg was mijn "klusjes-leraar1.1

Dat ik mij in het laboratoriumgebouw steeds veilig heb &2waand is

mede te danken aan de leden van de Bewakingsdienst, in het bijzonder

aan de heren A. Schepers en L. Swinkels die steeds op vriendelijke

wijze veel begrip toonden wanneer ik de formele overwerkregels (vaak

onbewust) dreigde te overtreden.

Tot genoemde veiligheid heeft evenzeer bijgedragen de SBD; met

name de heren W. Kok en P. Thijssen hebben op consciëntieuze wijze er
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op toegezien dat tijdens de laser experimenten de benodigde veilig-

heidsmaatregelen waren getroffen.

De tekeningen in dit proefschrift zijn door Ruth Gruyters met veel

zorg vervaardigd.

Dankzij de collegiale medewerking van de leden van de onderwerp-

groep ben ik gedurende de laatste 14 jaar vrijgesteld geweest van alle

cursorisch onderwijs.

Alle genoemde leden van de THE gemeenschap, doch ook hen die op

mirder directe wijze hebben bijgedragen aan het tot stand komen van

dit proefschrift, wil ik bij deze mijn hartelijke dank betuigen.

Mevrouw H.de Sitter dank ik voor het kuisen van de Engelse tekst.

Marilou Holleboom en Trudy Thijssen hebben met grote toewijding en

accuratesse -soms bij nacht en ontij- dit proefschrift getypt.Zonder

hun enthousiaste medewerking,waarvoor ik hen zeer hartelijk dank,zou

dit proefschrift niet tijdig zijn klaar gekomen.
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Enkele persoonlijke gegevens omtrent de auteur van dit proefschrift

Hij is geboren (12-5-1936) en getogen te Den Bosch, alwaar hij op

13-7-1954 het diploma H.B.S.-B behaalde aan het St. Jans Lyceum.

Het doctoraal examen "Experimentele Natuurkunde" werd behaald aan

de Rijks Universiteit te Utrecht op 19-2-1962.

Van 1-9-1961 tot op heden is hij (tijdelijk full-time, tijdelijk

part-time) werkzaam geweest als leraar wiskunde, natuurkunde en/of

sterrekunde.

Sedert 1-9-1963 is hij verbonden aan de Technische Hogeschool

Eindhoven; aanvankelijk in de toenmalige onderwerpgroep "materiaal-

kunde", vanaf l-U-1972 in de onderwerpgroep "cyclotron toepassingen".
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