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SCOPE OF THIS STUDY 

In 1969 a small group of physicists in the Physics Department of 
the Eindhoven University of Technology started a study concerning the 

application of short-living radio-active tracers to be used as a 

diagnostic tool for the positive column of gas discharges. This new 
diagnostic method should yield direct information about transport 

phenomena, such as diffusion of the different species in the dis

charge, ambipolar diffusion, drift velocity,and charge-exchange 
effects. 

In this study the main emphasis is laid upon the measurement 

of the ambipolar field in the positive column of a neon discharge 

under various conditions, using the 20Na isotope as a tracer. 
Since, to the best of our knowledge, no related work has been re

ported in the literature, the outlines of our experiment were un

known to a large extent. Therefore, the cross-section of the 
reaction 20Ne(p,n) 20Na had to be measured before the investigation 

of the transport of 20Na+ ions in a neon discharge could be started. 

A gas discharge tube in which the tracers can be produced has 
been developed together with a strategy to collect experimental 
data that yield the ambipolar field. The measuring equipment, in

corporating a tracer detection system with spatial resolution and 

several specific devices has been designed and realized. Further
more, parts of known models of the positive column are used to con
struct a new model that can be used in our experimental conditions. 

In chapter l an outline of the study of this thesis is given. 
Chapter 2 is devoted to a model of the positive column yielding 
theoretical values for the axial and ambipolar field strengths and 

the electron temperature and density. The behaviour of the tracers 

produced in the positive column and the interpretation of the mea
sured data are treated in chapter 3 • Chapter 4 contains the de

scription of some experiments concerning the production of 20Na. 
The design of the discharge tube and the measuring equipment are 
treated in chapter 5. The treatment of the experimental data is 

given and discussed in chapter 6 • Concluding remarks are made in 
chapter 7 

0 





CHAPTER l 

INTRODUCTION 

Some general remarks on the aim and history of this study are given. The 

essential properties of nucZides that can be used as tracers have been compiled. 

The traaer e:cpel'iment and the measurable parameters are sunmariaed. Two different 

methods for the detection of the tracer r20Na) are proposed. One of these is 

applied to our e:cperiments. Some prel.iminary remarks are made about the influence 

of the proton beam upon the discharge. The relevant properties of the cyclotron 

and a short suwey of the aycZotron laboratory are given. 

1.1 General remarks 

In September 1969 the group Technological-Physical Applications 

involving the isochronous cyclotron of the Eindhoven University of 

Technology (EUT) started two projects. One project deals with the 

automatic control of the cyclotron and the other is devoted to the 

application of short-living radio-active nuclides to be used as 
tracers in the positive column of gas discharges.The latter project 

is the subject of this thesis. 
The radio-active tracers are produced inside the plasma via 

a nuclear reaction induced by a high-energy proton beam supplied 

by the cyclotron. The study is an application of isochronous cyclo
trons outside the area of nuclear physics research. However, nuclear 

physical aspects concerning the tracer production and the detection 

instrumentation are important. 
The method to be developed should be non-destructive and give 

direct information about plasma parameters that cannot be measured ade

quately by conventional diagnostic techniques. As a result of trans
port phenomena in the positive column the tracers are deposited on 

the wall of the discharge tube. The tracer distribution is measured 
as a function of the axial position along the tube and/or time. 
The tracer distribution is strongly related to the axial and ambi

polar fields. This relation appears to be· rather simple. The relation 

mentioned above may be influenced by pe·rturbations of the discharge 
induced by the proton beam. 
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1.2 The properties of the tracer 

The nuclides produced must have properties that fulfil some im

portant requirements in order to be used as tracers for the measure

ments of ion transport phenomena in gas discharges. 
(1) The ionization energy of the (tracer) nuclides must be lower 

than the lowest excitation energy of the main gas. In that case 
the tracers have a high probability of being ionized in the dis

charge through which they will be transported by the electrical 
field of the positive column. 

(2) The threshold energy for the production of the tracer nuclides, 

must lie within the energy range of the cyclotron (see section 1,6). 
Other nuclides that can disturb the experiments should be produced 

in quantities as low as possible. 
(3) The cross-section of the nuclear reaction must be reasonably 

large to ensure sufficient statistical accuracy. 

(4) The lower limit of the life-time of the tracer is set by the 

requirement that it must be larger than any of the characteristic 
transport times in the discharge which are generally shorter 
than 100 ms. An unwanted accumulation of radio-activity occurs in 
the discharge tube when long-living nuclides are applied, In the 
latter case the tube can be used for only one set of exp~rimen~ 

tal conditions. Therefore, experimental argUJ:!lents put an upper 
limit to the life-time of the tracer nuclide. 

(5) The tracer nuclide must emit particles with sufficiently; high 

energy to penetrate the wall of the discharge tube. For this 
reason high-energy electrons, positrons or y-rays are convenient. 
The high-energy proton beam can activate nearly all material 
surrounding this beam. Therefore it must be possible to discrim
inate the radio-activity emitted by the tracer against background 

activity. 

A.nuclide that satisfies these demands very well is 20Na. It 
can be produced via the reaction 20Ne(p,nJ 20 Na; the threshold energy 
is 15.914 MeV. In general, a proton energy of 20 MeV is used to pro
duce the 20Na isotope. Neon discharges with or without small admix
tures of various gases can be investigated with the aid of this 
tracer; the abundance of 20Ne in natural neon gas is 90.92%. The 
reactions 21Ne(p,n) 21Na and 22Ne(p,nJ 22Na occur also, but the pres

ence of 21Na and 22Na does not disturb 'the m~asurements since it is 

simple to discriminate their radiation against that of 20Na. In fig. 
1.1 the simplified decay scheme of 20Na is shown. The data .of interest 
are compiled in table 1.1 for 20Ne and 20Na together with those for 
some other possible main-gas/tracer combinations. 
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Fig. 1.1 

The simplified deaay saheme 

of 20Na (energies in MeV}. 

Table 1.1 Compiled properties of some possibly appliaable traaers 

main u u. abund. reaction u1alk. Ethr T'2 0 Etl+ max. 
m l. 

gas 
v v % v MeV s ~arn MeV 

20Ne 16.62 21. 559 90.92 
20Ne(p,nl

20
Na 5.138 15.4191 o. 4502 352) 11.254) 

36A 11.55 15.755 0.33. 36A(p,n)36K 4.339 14.083) 0.2654) - 9.94) 

80Kr 9.91 13.996 2.27 80Kr(p,n)80Rb 4.176 6.573) 34 4) - 4.1 4) 

126Xe 8.32 12.127 0.09 126Xe(p,n)126Cs 3.893 5.833) 96 
4) - 3.84 ) 

where Um the potential of the metastable level, 

ui 
abund. 

the ionization potential, 

the abundance of the considered nuclide in the 

natural inert gases, 

the ionization potential of the corresponding 

natural alkali nuclides, 

the (p,n) reaction threshold energy, 

the half-life time of the alkali nuclides produced, 

the cross-section of the nuclear reaction, 

Ea+ max. the maximum energy of the emitted positrons. 

references: 1) Wilkinson 71 

2) Baghuis 73 

3) N.D.T. 72 

4) Seelmann 70 

As can be seen from tal>le 1.1 the application of the other noble gases 

is possible. However, it will then be necessary to use isotope en

riched gases. The use of 36A will be adequate because of the emitte? 

high-energy positrons. Owing to the low energy, the positrons emitted 
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by 80Rb and 126cs are scattered by the tube wall to such an extent 

that the tracer distribution cannot be measured accurately. In the 
latter case y-radiation or X-ray quanta due to electron capture 
may be used for the detection. 

1.3 Principle of the experiments 

The discharge tube is fitted with two thin pyrex foils (see 

section 5.4.1) for the transmission of the proton beam through the 

discharge (see fig. 1.2). 
The 20Na is produced inside the envelope of the proton beam (E 

in fig. 1.2) during a short time interval Tprod· Then a line-shaped 

source perpendicular to the discharge axis containing a certain 

amount of 20Na is formed in the positive column. OWing to the axial 
and radial (ambipolar) fields and to diffusion the 20Na+ ions 

travel towards the tube wall or the cathode. This results in a 
20Na deposit on the wall depending on the transport distance l and 

the azimuthal angle~ (see fig. 1.2) and in a cathode deposit. 
After the production interval the 20Na density at a certain posi

tion on the tube wall is determined by counting the emitted posi
trons. This is done with a water-cooled solid-state detector 
assembly G and a counting equipment during an analyzing interval 

Tanal" Spatial resolution is obtained by lead ~iaphragms in contact 
with the outer tube wall. To perform drift measurements the tracer 

deposit on the cathode is measured as a function of time with a 
water-cooled solid-state detector as near as possible behind the 
cathode surface (Hin fig. 1.2). 

Neon pressures of 100-200 torr have been used in the experiments. 

For these pressures the amount of tracers produced is sufficiently 
large to yield a high detection rate of 20Na in comparison with the 

contribution of the background radiation. The latter is emitted by 
the activated surroundings of the proton beam. The discharge is not 
appreciably influenced by the presence of the tracer ions since the 
density of 20Na ions is very low compared with the normal density of 

neon ions (see sections 2.3.2 and 5.8.2). 

The 20Na ions get a recoil energy of.~ 1 MeV after the (p,n)

reaction. In 100 torr neon the range of these 20Na ions is ~ 4 cm 
(see section 5.4.1). This fact does not cause severe complications in 
our experiments. 

Ambipolar fields could be measured with two electrostatic 
probes at different radii. For such measurements, however, one has 

to take into account that the probes perturb the plasma and there
fore also the weak ambipolar field. Furthermore, the PfObe signals 
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depend on the radius-dependent electron density and electron tem

perature. The perturbation of the plasma can even be seen with the 
naked eye. Results of measurements of this type should be interpreted 
with reservation. 

A 

I 

_L 

H 

( .. 

Fig. 1.2 

The pl'inoipZe of the tracer e:x:periments: 

A: Dieahca>ge tube filled urith neon 

100 - 200 toIT, B: Anode, C: Flat oathods, 

D: Beam trane111itting pyrea; foil.8, 

E: Proton beam, F: Tracer ion trajeotol'ies, 

G: Detector to dete:l'llrine the 20Na density, 

H: Detector to study the arrival of 20Na+ 

ions at the cathode, 1: the areiaZ position 

of G, ~: the asimuthal position of G. 

The proposed tracer method may act as a useful diagnostic tool 

for the measurements of the ambipolar field strength as a function 
of the radius. As will be explained in chapter 3 the ambipolar 

field can be deduced from the tracer distribution determined by using a 
simple transformation. 

Within the frame of this thesis drift phenomena, such as pres
sure dependent mobility of 20Na, charge exchange and clustering, have 

not been investigated. As will be shown in section 6.2 we used a drift
time measurement for one set of discharge conditions to study the in

fluence of the proton beam upon the tracer transport. 
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1.4 Detection of 20Na 

1.4.1 PoaitPon counting 

In fig. 1.1 it is shown that 20Na emits positrons with an 

energy up to 11.25 MeV and y-quanta of 1.63 MeV. In our detection 

system the positrons are counted with the aid of Si detecto.rs of 

various types (see 4.2 and 5.3). These detectors are used in such 
a way that positrons emitted by 20Na are discriminated against the 

background radiation (positron-and y-radiation) emitted by the foils 
and the wall of the discharge tube activated by the proton beam. 

Further, a relatively narrow instrument profile is achieved for 

the measurement of the tracer distribution as a function of place 
(see section 5.3). 

1.4.2 Atomic fluor-escence 

20Na atoms present in the neon gas can be detected in a differ
ent way using the atomic fluorescence method. As is well known 

natural sodium has a large cross-section for the absorption of the 

sodium D-lines. When 20Na atoms are irradiated by a sufficiently 
intense flux of light of the resonant wavelength they will be ex

cited many times during their life-time. This ~eans that many 

photons are available for optical detection in contrast with the 
nuclear decay, where only one positron per decay is available for 

detection. Another advantage of the optical method is that a small 

detection volume can be defined very accurately. However, ~ith 

respect to the investigation of discharges the method cannot be 
applied since in that case all 20Na is ionized and excitation can 
be induced by u.v.-radiation only. 

The atomic resonance fluorescence method has been developed 

to some extent during the period of our study. The effects occur-
ring in the neon plasma after the 20Na production appear to be rather 

complicated and may have up to now inhibited the detection of 20Na in 

this manner. The. intense y background radiation introduced also detec-. 

tion problems. This subject is being continued since September, 1972, 

by ir. F.C.M. Coolen. 
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1.5 The interaction of the proton beam with the neon discharge 

When the proton beam (Eproton = 20 MeV) passes through the 
discharge, it strongly ionizes the neon gas. Therefore, the electron 
density will differ from its normal value during the 20Na production 

interval, even at beam currents yielding insufficient tracer pro

duction. In section 6.2 evidence will be given that this effect 

will not disturb the measurements seriously. 

1.6. The EU~ cyclotron laboratory 

In our laboratory the Philips prototype azimuthally varying 

field {AVF) cyclotron was installed in 1969. In May, 1970, the 

beam transport system was completed and the first experiments were 

started. The properties of the beam delivered by this cyclotron, as 
far as they are relevant to our experiments, are compiled in table 1.2. 

TabZe 1.2 Some relevant beam properties of the_ isochronous cyclotron· 

proton energy EP 
energy of particles with charge 

zi and mass Ai 

energy spread 

beam quality q 

max. current 

3 - 29.6 MeV 

z~ 
l. 

Ei A. . Ep 
AE 

1 

{E)FWHM = o. 3% 

: hor.: q ~ 20 mmmrad.] for 20 MeV 
vert.: q ~ 15 mmmrad. protons 

imax = 100 µA for 20 MeV protons 

A beam transport system guides the proton beam to 5 selectable 

experiment stations (see fig. 1.3). This system and the cyclotron 

have been described in more detail by Schutte (Schutte 73). 
Our experiments are carried out at station II. For the production 
of 20Na we need a proton beam as intense as possible during the 

short production interval Tprod· No stringent energy definition 
is requi.red. Therefore, the transport system is used in the double 
achromatic mode yielding a waist in our experiment of approx. 3 mm ~ 

with a maximum current of approx. 50 µA. For reasons given in 

section 5. 2 a remote-controlled beam-shutter has been placed in the 
beam transport system (BS in fig. 1.3}. 
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B bearn scanner 

5 10m 

m correcting magnet : =~:·~~ 
S slit 
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!we 
MMI - - I 

Fig. 1. 3 The EUT beam transport system. 'BS: loaation of the beam shutter. 
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CHAPTER 2 

THE POSITIVE COLUMN OF A MEDIUM PRESSURE NEON DISCHARGE 

Several theoretiaaZ models for the positive aolumn of a neon gZOI;) disaharge 

have been reported in the literature. These models, hOl;)eVer, are not fully ade

quate for our e:t:pel'imental aonditions. We aombined the basia equations of some 

presented models to oompose one that is applioable to disoharges of medium 

pressures and moderate Ourl'ents (50 < p < 300 torr, 10 < i < 100 mil). The main 

assumptions oonoerning our model are presented. The prinoipaZ relations of this 

model are treated. Detailed oalaulations are given in appendioes. The numerioaZ 

results for various pressures and Ourl'ents are reported. 

2.1 Introduction 

The experiments of this study have been carried out with neon 

pressures of 100 torr and 200 torr and currents of 10-100 mA. The 
axial and ambipolar fields to be measured have to be compared with 

theoretical predictions delivered by a suitable model of the positive 

colwnn. The positive column in the noble gases has been investigated 
experimentally and theoretically by many authors during the last 

decade (Rutscher 66, Pfau 68b,Golubowski 69, Mouwen 71). A fully 

adequate model for the region of pressures and currents mentioned 

above has not been reported in the literature. Therefore, we had 
to extend known models to our experimental conditions. The main 

difference of our model in comparison with the well-studied models 
lies in a more complete incorporation of the effects of volume re

combination and heat dissipation and transport. 
In this chapter the principal relations and the results of our 

model will be given. The basic processes involved and relevant for

mulae are summarized in the appendices I to VIII. 
The model is based on the following assumptions that are main

ly the consequence of the relatively high gas pressure used in the 
experiments: 

(1) The volume recombination plays a major part. 

(2) The Ne; molecular ions are the dominant positive charge carriers 

(see app. III). 

(3) The heat dissipation at the currents used causes radius dependent 
gas-temperature and electron-temperature profiles. 
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·(4) Inelastic collisions and electron-electron interactions are 

neglected. The gas temperature is much lower than the electron 
temperature. For these reasons we used Druyvesteyn's electron 
energy distribution function (Rutscher 66). 

As a consequence, the direct ionization plays a minor part. 

(5) In the positive column striations do not occur. 

These assumptions are used for a tube radius R = 32 mm, 
50 ; p ; 300 torr and 10 ; i ; 100 mA, provided the column is 
not contracted (see fig. 2.1). For higher pressures and currents 

the column has a tendency to contract. This causes a stronger 
electron-electron interaction and therefore the electron energy 

distribution function tends to a Maxwellian shape (Mouwen 71). 

This effect has not been taken into account in the model. Therefore, 

the predictions are expected to be rather inaccurate for the upper 

values of the current in the region considered in fig. 2 •. 1. 

A further study concerning this model will be performed by 
ir. R.M.M. Smits. The aim of his study is to include the Boltzmann 

equation in the model, in order to take into account the influence 

of inelastic collisions on the high-energy tail of the electron 
energy distribution and the electron-electron interaction. 

2.2 The principal relations of the model 

In this section the positive colllllUl will be described in terms 

of the axial and ambipolar electric fields, the radius dependent 
electron density, electron temperature and gas temperature. Two sep

arate equations are given for the radius dependent electron density 

and gas temperature. To solve one of these equations, however, we 
need the solution to the other. Further, a number of local' relations 
for the coefficients of the above mentioned equations are given. 

For practical reasons the same symbols are used both for physi
cal quantities as their numerical values that are.expressed in SI 
units, unless indicated otherwise. 

The electron density equation in cylinder coordinates is given 

by 

o, {2. 1) 

where N e the electron density, 

Da the ambipolar diffusion coefficient, 

zt the total ionization frequency, 

a = the volume recombination coefficient. 
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Fig. 2.1 

contracted 
striated 

The different modes of the positive aoZwrm 
of neon gas disahca>ges, (Pfau 68a). Shaded 

ca>ea: the assumed appZiaation region of OUl' 

model. 

i/R <Ani1l 

Da' Zt and a are calculated in the appendices I-IV. As the positive 

column is cylindrically symmetrical no azimuth dependent terms 

occur. The solution to the electron density Ne(r) must fulfil the 
following conditions: 

(1) [dNe) _ 0 
dr r=o -

(cylinder symmetry) 

(2) Ne(R) = O. This condition is a good approximation and is discussed 

in McDaniel.1 It is valid since the negative boundary layer 

is approx. 0.1 mm thick, which is very small in comparison with 

the tube radius (R = 32 mm). 

(3) Ne(o) = Neo' where Neo is the electron density on the discharge 
axis found with the current equation deduced in appendix v. 

These conditions can be satisfied by a suitable value of the electron 

temperature which determines strongly the coefficients Zt' Da and a. 

The relation between the electron temperature and the gas tem

perature is deduced in appendix IV; 

_ [E_z·Ta(ol]3/4 
Ue(r) - 2220 p J • ta(r)3/4' (2.2) 

where eue 

Ez 
Ta(o) 

p 

the kin. energy of an electron with the most probable 

the axial field strength, 

the gas temperature on the discharge axis, 

the gas pressure under operating conditions 
Ta(r) 

ta(r) =the relative gas temperature ta(r) = Ta(o) 

The quotient~ is calculated in appendix VI. Ta(o) 

from E, i and a the tube geometry in appendix VII. Now 

2.i can be solved with assumed functions for Ta(r) and 

velocity, 

(torr), 

is deduced 

equation 

Ne (r). This 
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Ne(r) is used only to calculate N (see app.V). The solution yields 
lt eo 

values for a new Ne (r) and Ue(r) together with E, p and Ta(o). 
The current density j(r) is determined by the relation 

j(r) = e • N lt(r) e 

where e = charge of an electron 

(2. 3) 

be(r) the electron mobility which is a function of the 
electron temperature and gas density (see app. III). 

The deduced j (r) together with Ez are now used to calculate 

gas-temperature profile T!(r)' with the aid of the thermal 
or Heller-Elenbaas equation 

a new 

balance 

[ 
. dT ) i ir r /,(T) F + j (r)Ez = o, (2.4) 

with the boundary conditions: 

[::a) r=O 0 (cylinder symmetry), 

Ta(R) = Tw, 

where !.(T) the temperature dependent thermal conductivity of neon, 

Tw the temperature of the tube wall (deduced in app. VII). 

In general, the solution to equation 2.4 will yield a gas-temperature 

profile T lt (r) that differs from the estimated Ta (r). Now the whole 
a it it 

sequence is carried out again with the new Ta (r) and Ne (r), yield-

ing again new values for Ta(r), Ne(r). This procedure is repeated 
until the differences between the successive Ne(r) and successive 

,Ta,(r) are within given accuracy limits for all values of r. 

The ambipolar field E(r) is given by the equation (see app. II, eqn. 
2.2lb) 

-o 9 dNe(r) 
E(r) = --·(- • --d-- • Ue(r) , Ne r) r 

where Ne(r) and Ue(r) are the final results of the iterative com
putations with the model given above. Some details concerning the 

iterative procedure and the flow diagram of the computer program 
are given in appendix VIII. 

2.3 Numerical results 

2.3.1 The azia.Z fieui..strength 

(2. 5) 

The calculated values of the axial field strength are in reason

able agreemen~ with experimental values found by Pfau (Pfau 68a) as 

13 



1.0 
i/R (Am4l 

20 

Fig. 2. 2 

The a:cial. fie l.d strength measured by Pfau for 

p
0 

= 100 torr neon and R = 15 mm (Pfau 58a) (fuZZ 

Z.ine), and our aal.cuZated vaZues for the same 

aonditions (o). 

shown in fig. 2.2. These v~lues and those given in section 2.3.~ 

show that our model is adequate for the given experimental conditions. 
For our experimental conditions, however, the computed axial 

field strengths are greater than the experimental values. This dis

crepancy must be ascribed partly to the assumption that the 

Druyvesteyn distribution function may be applied to all discharge , 

. currents in the region under consideration, and partly to the fact 
that the neon gas in our tubes may contain impurities that. lower . 

the axial field strength. 

The calculated reduced axial field:strength, , as a function 
Po 

the discharge current through a tube with an inner radius R of 

of 32 mm is shown in fig. 2.3 for the pressures p
0 

= 100 torr and 

P0 = 200 torr. 

60 

d'ISCha'lJe current !mA) 

Fig. 2.3 

The aomputed reduaed ewiai fie l.d strength, E /P 
0

, 

as a funation of the disaharge current for tubes 

with an inner radius of 32 nrn. 

1: p
0 

= 100 torr, 2: p
0 

= 200 torr. 
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2.3.2 The electron density anti the electron temperature 

The relative electron density as a function of the radius has 

been calculated for the same conditions as those used by Golubowski 
(GolubOl!l'ski 70) for his experiments. The agreement between the com

puted and measured electron density profile is very good (see fig. 
2. 4). 

relative radius (r/Rl 

Fig. 2.4 

The relative electron density measured by 

Go 'lub(l1J)s ki for p 
0 

tiO tol'l', i disch = 1"0 0 mA. 

and R = 1 2 mm ( o). The curve represente our 

calculated result for the eame conditione. 

The calculated relative electron density profile and the radius 
, , eUe 

dependent electron temperature, T0 = ~ , for R = 32 mm and p0 = 
= 100 torr are shown in fig. 2.5. The correspo~ding results for p0 = 

200 torr are given in fig. 2.6. The narrowing of the electr,on den-

;:-
·;;; 
i .,, 
c: 
~ 
u 05 ., 
Qi 

'1i 

~ 

15 

1.0 

Po-100torr 

r Cmml 

!fig. 2. 5 

The computed relative e'lectron 

tempe:t>ature (curves 1-5) and the 

relative electron density 

(curves 8-10) fo't' various dis-

· charge currents i, R = 32 mm 

and p
0 

= 100 to't'r, 1 and 8: 

i = 1 mA., 2 and ? : i = 5 mA., 

3 and 8: i 15 mA, 4 and 9: 

i = 40 mA, 5 and 10: i = BO m.4. 



rlmml 

Fig. 2.6 

The canputed relative elec't:ron 

tempei>atui>e (curves 1-4) and the 

i>elative electron density 

(curves 5-8) fol' various dis-

charge currents i, R 32 mm 

and p
0 

200 tol'l'. l and 5: 

i = 5 mA, 2 and 6: i 15 mA, 

3 and 7: i = 40 mA, 4 and 8: 

i = 80 mA. 

sity profile with increasing discharge currents'is caused by thermal 

effects. The absolute values of Neo and Ue(o) for the given conditions 

are presented in fig. 2.7 together with the line Neo = Neo (1 mA)·i. 
This dependence should hold if the narrowing of the e~ectron den~ity 

profile for increasing c~rrent should not occur • 

... 
'E 

"' -.$:! 

0 .. z 

discharge current (mAl 

Fig. 2.7 

The absol.ute values of the electi>on density 

Ne
0

(2 and 3) and the elect;ron enel'l}y eVe(o) 

(4 and 5) on the discharge azis as a function 

of the discharge curi>ent. 

1: Neo = Ne0 (1 mA)•i. 2: Neo fol' p0 = 100 tol'l' 

3: Neo fol' p
0 

200 tol'l'. 4: Ve(o) foi> 

p
0 
= 100 toi>i>, 5: Ve(o} fol' p

0 
= 200 tol'l'. 
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2.3.3 The ambipoiCU' fieUl 

The ambipolar fields are calculated with the radius dependent 
electron density and temperature,cf. eqn. 2.5. In fig. 2.8 two 

characteristic examples of the ambipolar field are given. For all 

discharge currents under consideration the central region of the 
positive column shows a linearly increasing ambipolar field. 

More numerical results are presented in the figs. 6.9 and 6.12 

of chapter 6 together with the experimentally determined ambipolar 
fields. For low discharge currents the shape of the ambipolar field 

is in agreement with the Schottky theory (Fowler 62). For increasing 
currents a remarkable difference with the Schottky field appears: 

the slope of the central part of the ambipolar field increases and 

a maximum arises at r • R/3. 

17 
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0.5 
relative radius (r!Rl 

Fig. 2.8 TUJo ahCU'aateristia exampiea of the shape of the aomputed ambipo~ 

fieUl. 1: i = 1 mA, p
0 

= 100 torr (the Sahottky-like fieid), 2: i = 100 mA, 
p

0 
100 torr. 



2.3.4 The sensitivity bJith respeat to a fe~ input p~ameters 

To study the sensitivity of the model for a few input parameters 
we varied: 

(1) The thermal conductivity of neon gas (Saxena 68), 

(2) The temperature of the tube wall (Jacob), 

(3) The life-time of the metastable atoms (Phelps 59), 

(4) The ratio between the electron losses by ambipolar diffusion and 

volume recombination. 

Further, the influence of the addition of impurities with lower 

ionization energies than neon has been studied numerically (simu
lated Penning effect). 

The resulting deviations in the numerical results (Ez, Ue(r), 

Ne(r) and E(r) are comprehensible and for no parameter has an extreme 

sensitivity been found. 
The electron energy distribution function was not changed, 

though the quality of the model strongly depends on the proper 
shape of the energy distribution function. With increasing current 

the electron-electron interaction will introduce a maxwellization 
of the electron energy. As mentioned before, a study to incorporate 

the Boltzmann equation in the model is in progress. 

18 



Appendix I: The total ionization frequency Zt 

The ionization processes taken into account are direct ioniza

tion and ionization via the metastable 3P2 levels. The total ion
ization frequency is given by 

the reaction coefficient for direct ionization, 
the gas density, 

(2.6) 

the reaction coefficient for ionization starting from the 
metastable level, 

Nm • the density of the metastable atoms. 

The reaction coefficients for excitation or ionization are given by 

the equation 

Zx ·[!:)\ 
0

fw Qx(U)U\F(U)dU 

where e the charge of an electron, 

me = the mass of an electron, 
eU the electron energy, 

Qx(U) the electron energy dependent cross-section of 

process x., 
F(U) the distribution function of the electron energy, 

ve the electron velocity. 
i 

We used the Druyvesteyn electron energy di'stribution function 

F(U) = r(J/4)U 3/2 
e 

exp [
_02] 
iu! ' 

(2.7) 

(2.8) 

where eue • the kin. energy of an electron with the most probable 
r =the gamma function,r(J/4)=1.225.. velocity, 

An analytical approximation of Q (U) has been given by Fabrikant 

(see Rutscher 66 and Mouwen 71). For U < U
0

, Q(U) = 0. u
0 

= the 

threshold energy of the process involved for U ~ U
0 
~ u

0
* is 

Q(U) = az(u-u
0

*J exp (-1u-uo**I l, (2.9) 
um-uo 

where az < 

Fig. I.1 shows the meaning of u~ and Um. 

19 



I 
I 

I 

I 
I 

I 

u; uo Um 
electron energy/electrm charge 

Fig. I.1 

The aross-section of a given process as a function 

of the electron energy. 

eU~ the electron energy where the extrapolated 

cross-section function is zero, 

eu 
0 

= the threshold electron energy for the given 

process, 

eUm = the electron energy at maximum cross-section. 

The values of az, Um, u
0 

and 0: for the direct ionization, the exci

tation of the 3p2 level and the ionization starting from the 3P2 level 

have been taken from Rutscher (Rutscher 66), see table II.1. 

Table II.1 

process a •10 22 
z um uo u* 

0 

~~+ 1. 56 "' 21.5 21. 5 

atom+ 2.01 22 16.6 16.6 
metast. 

metast.+ 530 13.4 4.9 4.9 
ion 

The balance equation for the density of the metastable atoms Nm 

is 

(2.10} 
2 N 

ZamNaNe + ANaNr + EaNe = z .N N + aAN N + _.!!! mi e m a m Tm 

where A 

aA • 

T = m 

the reaction coefficient for the transfer of the resonant 

state (3P 1 ) to the metastable state (3P 2 J due to colli

sions with the neutral gas atoms, 

the density of the atoms in the resonant state, 

the fraction of Ne~ molecular ions that yield a metastable 

Ne atom after recombination, 

the reaction coefficient for the transfer of the meta" 

stable state ( 3P2) to the resonant state (3P1) due to 

collisions with the neutral gas atoms, 

the characteristic life-time of a metastable atom. 

The diffusion of the several species may be neglected as a conse

quence of the high gas density. In order to get a solution to equa

tion 2.10 for Nm we need the balance equation for the density of the 



atoms in the resonant state 

where 'r 

nr 

Nr 
zarNaNe + aANmNa = ANaNr + 'r (1-nr), 

the natural life-time of the resonant state, 

a parameter that takes into account the resonant 

radiation trapping. 

For A, a, 'm' 'r and nr we used the values as found by Phelps 

(Phelps 59). Finally, the density of the atoms in the metastable 

state is found witheqns. 2.10 and 2.11 

zamNaNe + 0.1 aN~ 

(2 .11) 

(2.12) 

In ref. Lammers 73 it is shown that after a straightforward cal-

cu la ti on can be represented by 

..!.. 
'u 

0 25 C l0-30 N 1 • 43 
• o a 

(2.13) 

where C
0 

is a constant with a numerical value of approx. 1. 

Appendix II: The ambipolar diffusion 

Under our experimental conditions the concentration o~ Ne; 

ions is much larger than that of Ne+ ions and the electron!temper

ature is much higher than the gas temperature. Therefore,the ambi

polar diffusion coefficient can be written as 

0 ebmi 

~ 
the diffusion coefficient of the electrons, 

. + 
the mobility of the molecular Ne2 ions, 

the mobility of the electrons. 

The diffusion coefficient for electrons is given by Rutscher 

(Rutscher 66). 

where 

1 j""u\ ~ Q""" F(U)dU , 
a 0 D 

1/3 

e = the charge of an electron, 
me the mass of an electron, 

Na the gas density, 

F(U) the electron energy distribution function, 

o0 the momentum transfer cross-section. 
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Since in our experimental conditions the energy is lower than 10 eV 

for the greater part of the electrons, we used for Q0 the total elas

tic cross-section Qt (Massey). Qt has been measured by Salop et al. 

(Salop 70) and can be approximated by 

. (2 .16) 

With the Druyvesteyn distribution function, equation 2.15 yields 

D e 

1.28 lo 25u116 
e 

The electron mobility has been given by Rutscher 

be = -l/3 [;:r tia )°' QUD at [F ~~)] dU · 

(2.17) 

(2 .18) 

Using eqn. 2.16 and the Druyve~teyn 

1. 43 . 10 25 

distribution this equation yields 

be N U 5/6 
(2.19) 

a e 

With the value for the 

0.495 
p 

mobility of the molecular Ne; ions 

Ta(r) 
~ (Oskam 63),we obtain for Da 

(2.20) 

(p in torr). 

The ambipolar field E(r) is described by the relation (Engel) 

De 1 dNe(r) 
E (r) = - b • NTrf. ----ar- ' (2.2la) 

e e . 

or, using eqns. 2.17 and 2.19, 

0.90 Ue(r) dNe(r) 
E (r) = - Ne (r) • ----ar- (2.2lb) 

Appendix III: The volume recombination coefficient a for molecular 

Ne; ions 

Measurements of Philbrick (Philbrick 69) provide experimental 

results for a in the range 300 < Te < 6000 K. These experimental 

results have been extrapolated to the electron temperature of our 

discharge (20,000 - 40,000 K) by means of the expression 

a = 2.5 • 10-20 

lue (2.22) 
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The. molecular Ne; ions are produced by the following reaction with 
reaction coefficient e 

Ne+ + 2Ne + Ne; + Ne . 

The mean life-time of the atomic Ne+ ions is 

.. -
i 6N 

a 

where Na = the gas density. 

Dolgov - Savel'ev (Dolgov 69) give for 6 the experimental value 

e - 5.a • io-44 • 

+ The main loss process for Ne 2 ions is volume recombination 

+ -Ne2 + e + Ne2 + 2Ne • 

The mean life-time of the molecular Ne; ions is 

'mi = 

(2.23al 

(2.23b) 

(2.23c) 

(2.24a) 

(2.24b) 

The ratio between the density of molecular ions and the density of 

atomic ions is given by 

Nmi 6N; 

~ Ti aNe 

3.10 24m- 3 (100 torr~ ue 

N 
N~i " 5.103 

l. 

(2.25) 

This means that it is permissible to neglect the atomic ions and to 

use the electron density equation only (eqn. 2.1). 

Appendix IV: The relation between the electron temperature and the 

gas temperature 

The electron energy balance is given by 

where Pel 

e 

23 

(2.26) 

the energy loss per second of an electron due to elastic 

collisions, 
the charge of an electron, 



be = the mobility of electrons in neon, 
j(r) =the radius dependent current density. 

In this balance equation the loss of electron energy by thermal 

conduction and inelastic collisions is neglected. As the energy 

gain and loss must balance each other locally eqn.2.26 reduces to 

Pel = be E~ • 

The elastic loss, Pel' is given by the relation 

p - (2e]~ N 
2
me /© Q (U)·U 3/ 2 F(U)dU 

el - me a~ o D 

Using the value for o0 accordin9 to eqn. 2.16 we obtain 

p = 7.0 NU 11/6 10-19 
el a e • 

Combination of eqns. 2.27 and 2.29a yields 

bE2 = 7 N U 11/6 10-19 • 
z a e 

105 l0 25p With be according to eqn. 2.19 and Na = ~ • 760 = T (p in 
torr) we obtain 

= 2.22 NU 4/ 3 (r)•l0-22 
a e 

2220 pUe 4 / 3 (r) 

Ta(r) 

(2.27) 

(2.28) 

(2.29a) 

(2.29b) 

(2.30) 

Since E and p do not depend on the radius, the relation between the 

most probable electron energy and the gas temperature is given by 

(see also Mouwen 71) 

z • 3/4 
[ 

E ) 3/ 4 

Ue(r) = 2220 pj • Ta(r) or 

- [
Ez.Ta(o)] 3/4 

U ( ) t (r)3/4 
e r - 2220 p • a 

Appendix V: The current equation 

The contribution of the ions to the current density is ne
glected. The current equation is then given by 

(2.3la) 

(2.3lb) 

i = 0/Rj(r)2~rdr = 2~e 0/~e(r) beEzrdr = 2~e NeoEz 0 /Rne(r)berdr, 

where i = the current through the discharge, (2.32) 

Neo = the electron density on the discharge axis. 
Substitution of eqns. 2.19 and 2.30 in the above equation yields 

N i \ where S1 = /Rt (r) 3/ 8n (r)rdr. 
eo 2~e 1175 Ue(o) s1 ° a e 

(2.33) 
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Appendix VI: The gas pressure under operating conditions 

The amount of neon atoms per unit length of the tube is 

(2.34) 

the density of neon atoms after filling the tube, 

the gas density profile under operating conditions. It 

is assumed that Na(r) is present over the whole axial 

length of the discharge tube. 

From equation 2.34 we obtain the relation for the gas pressure 

I under operating conditions 

where 

the filling pressure (torr), 

the filling temperature. 

Appendix VII: The tube wall teRJperature 

The thermal flux from a vertical tube is given by 

q = ht.T, 

(2.35) 

where h the heat transfer coefficient for free convection along 

a vertical cylinder, 

f>T Tw - Tsur the temperature difference between the cylinder 
wall and surrounding air. 

In ref. (Jacob) for this heat transfer coefficient the following 

expression is derived 

h ., w sur 
(

T - T ]\ 

Tw + Tsur 

where L = the length of the cylinder. 

The thermal flux q delivered by the discharge is given by the 

relation 

where i = the discharge current. 

After some calculating we obtain 

25 
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(2. 37) 



= 300 + 0.15 ~Rz • L1 / 5 ~ + l . r"E )4/5 [ T . )l/5 

l sur 

An approximation valid for the dissipation region involved is 

given by 

[
iE ) 4/5 l/5 Tw 300 + 0.15 (l.16 + i) -rf • L . 

The gas temperature on the axis of the discharge Ta(o) is given 

by (o) 
(ta(o) - 1). 

Appendix VIII: Iterative procedure and flow diagram of the model 

(2.38 

(2 .39) 

(2.40) 

In order to achieve convergence the following provisions had 

to be made: 

(1) A loop over equation 2.1 calculates a new value for s
1 

(i) from 

the n(i) (r) and the (r). The value of s~i) is used to compute 

n(i+lT(r) via equation 2.1. This procedure is continued until e 

81 
(k) 

- 81 
(k+l) 

(k) < 10-2 

81 

(i and k are integers). 

N.B. In this loop ta(r) does not change. 

(2) A second loop over equation 2.4 calculates a new value for 
8}jl now from t!j) (r) and n*(r). The value of 8(j) is used to 

(2. 41) 

(j+l) e 1 
compute ta (r) via equation 2.4. This procedure is continued 

until 

8 (1) - s (1+1) 
1 1 

8 (l) 
1 

(j and 1 are integers). 

-2 
< 10 , 

N.B. In this loop n!(r) does not change. 

(2.42) 

(3) The sequence is restarted with a new electron density profile 

ne(r) + n:(r) 
2 

and a new gas temperature profile 
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This procedure is repeated until the conditions 

and 

n(m) (r) - n(m+l) (r) 
e e 

n(m) (r) 
e 

t (m) (r) - t (m+l) (r) 
a a 

t(m) (r) 
a 

(2.43) 

are fulfilled simultaneously (mis an integer). 

( eqn. 2.1) 

< 10-2 

27 

The simplified flow diagram of the 

computer program is shown in 

fig. VIII.1. 

Fig. VIII.1 

The simplified flow diagram of the computer 

program of our model. 
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CHAPTER 3 

THE TRANSPORT OF 20Na+ IONS 

In the positive colzmm, the tracer ions are tl"ansported to the tube wall and 

to the cathode by the ekctric fieZd. From numerical calt:Julationa we conclude that 

the influence of ordinary diffusion of the tracers on the transport can be neglect

ed. We also ehOfJI that the ambipoZar field oan be deduoed from the density distri

bution of the tl"acers on the tube 111azz. 

3.1 Introduction 

A line-shaped source of 20Na+ ions is generated in the positive 

column (cf. section 1.3). Immediately after this production the 20Na+ 

ions start drifting along the electric field lines in the positive 

column. This drift motion results in a density distribution of 20Na on 
the tube wall and the cathode. In this chapter an analysis of the tracer 

ion transport will be given in order to calculate the tracer density 
distribution on the tube wall for given discharge conditions. 

The electric field in the discharge is not disturbed by the 
presence of the 20Na+ ions, since their density is very small in 

comparison with the existing electron density. Thus, the 20Na+ ions 

act as real tracers, drifting along the electric field lines of the 

unperturbed discharge. The latter statement is valid only if 'the dif
fusion of 20Na+ plays a minor part. 

In section 3.2 the distribution of 20Na on the tube wall is 

calculated frCllm given values for the axial field strength, diffusion 
coefficient, mobility and from a given shape of the ambipolar field. 
This calculation shows that diffusion of 20Na+ ions plays a minor 

part. Section 3.3 presents a method of solving the inverse problem, 
i.e. the reconstruction of the ambipolar field from a 20Na distributi~n 
on the tube wall. We assume, that the 20Na atoms remain on the inner 
surface of the discharge tube where they have been deposited. Two 

facts support this assumption. 
First, sodium has a rather strong affinity to the pyrex tube sur

face (Brossel 55). 
Secondly, if 20Na atoms are released from the inner tube surface, 

they will be rapidly ionized again and forced back to the surface by 
the ambipolar field. Moreover, close to the wall this field is 

relatively strong. 
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3.2 The distribution of 20Na on the tube wall 

The 20Na+ ion density, n(z, r, t, t), is calculated as a function 
of time and position from the equation of continuity 

(3.la) 

In cylinder coordinates eqn. 3.la is 

+ nbE(r) + .1... (nbEz)}, 
r az (3.lb) 

where D 

b 

E(r) 

Ez 

the diffusion coefficient for soditun ions in neon 

gas; in this equation Dis considered a constant,· 

the mobility of soditun ions in neon, 

the ambipolar field strength, 
the axial field strength, 

Equation 3.lb is solved for an initial distribution of 20Na+ ions 

in the plane z = 0 at t = O. Now it is convenient to use a new 

variable, u = z-vt, wher~ v = bE
2

• This means 'that the coor~inate 
system moves with the axial drift velocity. Then the equation of 

continuity becomes 

an_ = D [a 2
n + .! 

at ar2 r 
an + 
ar 

• a2
n + a

2
n) _ .!;? • a (nrE(r)]. (3 .2) 

at2 au2 r ar 

Next a transformation is applied that eliminates the axial diffusion 
a2n term ~-2 in equation 3.2 with the result 
au 2 

acrd = 0 [a crd + .! 
at ar2 r 

+ ..!.. 
r2 

a [crdrE(rl] 
ar , (3.3a) 

2 

with n(u, r, •· t) 

-u exp (4'i'it) 

{hDt 

This new crd(r, .p, t) represents a quasi surface-density in a disc 
moving with a drift velocity v in the _axial direction. 

The 20Na density on the tube wall, crw, is given by 

(3. 3b) 

dr = crd(R,"', -=:--E!lz) . (EE(Rz)] crd(R,.p,tol <arlR .,, o"' (3.4) 
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where 9. the coordinate along the tube, (see fig. 3.1), 

to != 9. the time of arrival of one ion at the position v EE"' , 
z 

(dr) 
d.9. R 

the direction of the electric field at the radius R. 

Equation 3.3a has been solved numerically with a computer program 

for various initial tracer distributions in the plane z = 0 and 

given values of D and b, Ez and a given shape of E(r). 

The influence of the axial diffusion is represented by 
-u2bEz 

9., 

exp ( 4019.-ui) du 

/411oj 9.-ul 
(3.5) 

-1 For typical experimental conditions we have: Ez ~ 3000 Vm , 
b/O = 29 v-1 for a gas temperature T = 400 K and 9. = 40 cm. The 

width of the diffusion profile is then represented by 

2 \! 409. -bE - 0.8 cm • 
z 

(3.6) 

Therefore, that part of the integrand in eqn. 3.5 representing the 

influence of diffusion describes a rather sharp profile with respect 
to the expected structure of the tracer density distribution function 

deposit (see fig. 3.2). As aconsequencewe take ow'Jll(~,9.) = crw(~,9.). 
It has to be noted that the solution to equation 3.5 is the solu

tion based on a source without axial extension. In reality the source 
extends over a certain axial distance. In the calculation of the wall 
distribution this has to be taken into account. In practical cases 

the axial dimension of the source is 0.5-1.0 cm. This results in a 
smoothing of the wall distribution of the same order as that of the 

axial diffusion. This smoothing is not serious in our case and has 

been neglected. 

Fig. S.1 

The aoordinate system used in 

eqn. S.4. 
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An example of a numerical result for crw(~ 1 t) with a line source 

as initial' 20 Na+ distribution is given in fig. 3.2. owing to the line 

source, crw(~ 1 t) reduces to a line density nw(t). In the calculation we 
-1 

have used the ambipolar field as given in fig. 3.3, Ez = 3000 Vm 

and T = 400 K. The resulting 20Na distribution on the tube wall is 

very insensitive to variations in the diffusion coefficient D. This 

has been checked by varying the diffusion coefficient within a 

factor two around the nominal value. From this fact we conclude 

that diffusion may be neglected in the 20Na+ transport, ex~ept in 

a narrow cylinder around the discharge axis where the radial 20 Na+ 

flux due to the diffusion equals or dominates the radial 20Na+ flux 

due to the ambipolar field. 

15 

10 

02 

R 

10 20 30 32 

Fig. 3.2 

The calculated tPaceP density 

~(t)on the tube wall (line density). 

radiuslmml 

Fig. 3.3 

The ambipol= field used in 

the calculation of nw(t). 

The radio-active decay of 20Na acts as a pure time dependent 

scale factor in these transport phenomena, and may be considered 

separately. 
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3.3 The deduction of the ambipolar field from the tracer density 

distribution on the wall. 

In this section the relations between the tracer distribution 

on the wall and the ambipolar field will be derived taking into 

account that the 20Na+ ions drift along the fieldlines of the 

electric field in the positive column. In section 3.3.1 the deriva

tion is carried out for a line source with a homogeneous 20Na+ den

sity as an initial distribution. Under experimental conditions the 

initial distribution deviates from a line source. The influence of 

this fact on the interpretation of the experimental results is dis

cussed in 3.3.2. 

3.3.1 The line source 

As shown in fig. 3.4,a 20Na+ ion departed from the point (o,p) 

of the line source with constant density n
0

, arrives via trajectory 

s at the wall (r = R) at a point (). ,R) In this way all points of 

the line source are imaged on the tube wall. This results in a line 

shaped tracer deposit with density nw(t). In order to deduce the 

ambipolar field in the plane z = 0 from the tracer density nw(t) we 

need the relations between ). and p on the one hand, and between 

nw (). l and E ( p l on the other .. 

o,p 
20Na line SOlrce 

1with cons!. density '!)a discharge axis 
0 --------------

Fig. 3. 4 

A trajectory of a tracer ion in 

the positive column. 

The trajectory o.f the tracer ion is determined in every point 

by the relation 

dr 
dt 

E(r) 
-E

z 
(3. 7) 

The total amount of tracers, N().), on the wall within the inter

val 0 < t < )., equals the amount of tracers emanated from the source 

region p < r < R (see fig. 3.4). 
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This equality is expressed in the equation 

(3.8a) 

From this equation it follows that 

(3.8b) 

The relation between two arbitrary points Ul'rl l and (t2 ,r2l on 
trajectory s is given by 

,f'~:= rJ' (3.9) 

assuming that the mobility b is isotropic. 

With the constant axial field strength,· eqn. 3.9 yields 

, (see fig. 3. 4) or (3.lOal 

(3.lQb) 

Now the relation between the tracer density nw<tl and the ambi

polar field in (O,.p) is found by the substitution of eqn. ~.8b in 

eqn. 3.lOb, 

E (p) 

The value of p follows from eqn. 3.8a and from the fact that 

0J~nwd! n
0

R, as expressed in the equation 

p 

(3.11) 

(3.12) 

Eqns. 3.11 and 3.12 form a set relating the ambipolar field strength 

as a function of the radius to a measured nw(,t.). The values the 

parameters Ez' R and n
0 

have to be substituted. However, the value 
of n

0 
is difficult to obtain experimentally .• See also section 6. 5. 

In order to check the reconstruction method mentioned above, 

we applied the equations 3 .11 and 3 .12 to the calculated tracer 

distribution as given in fig. 3.2. The reconstructed ambipolar field 

and the original E(r) (see fig. 3.3) are shown in fig. 3.5. 
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We ascribe the differences between the original and the recon
structed ambipolar fields to the discretization in the numerical 

calculation, which is too coarse. 

radk.ls<mml 

Fig. 3.5 

The reconstr>Ucted ambipolar 

field ( o) and the origina'l ambi

polar field ( CU?'Ve). 

We regard the 20Na+ ion source as a Gaussian density distribution 

perpendicular to its axis. The most important effect of the intro
duction of this density profile is the broadening in the r,+ plane, 
as shown in fig. 3.6. Now the tracer deposit will depend on the 

position 1 and the azimuthal angle •· However, we integrate over + 
(see section 6.3) in order to achieve a simple reconstruction of E(r) 
from the measµred tracer distribution on the wall. 

Fig. 3. 6 The 20Na+ ion eource under ezperim6nta'l conditione for a Ga:ueeian 

proton beam intensity profi'le with a lie width w. 
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Fromeqn. 3.10 it follows that a ring with radius p and width dp 

in the plane z = 0 is imaged as a cylinder on the wall at ! = A with 

length dA. The integration over $ at ! = A means that we take into 
account the total amount of 20Na tracers emanated from this ring 
with radius p. The total amount of 20Na+ ions in a ring as a function 

of the radius is given in fig. 3.7 for different Gaussian source pro
files. This function will be considered as a density distribution 
function in a line source, n = f(r). As a consequence,we must apply 

some corrections to the equations 3.11 and 3.12 for the deduction of 
E(r) from the $ integrated tracer density on the tube wall (see 

section 6.5). 

2 

00·'----------'10---------2~0--------~J~o~n.,... 
radiusCmmJ 

Fig. J.7 

The trace!' density distribution in 

the appal'ent tine SOUPCe, n = f(r}, 

fol' diffePent vatues of w. 
1: w = 2mm, 2: w J mm, J: w 4 mm, 
4: w = 6 mm. 

The axial extent of the 20Na+ source results in a smoothing of 

the ideal tracer distribution in axial direction (see section 3.3). 

In the reconstruction of E{r) from the measured tracer distri

bution we neglect· the consequences of the axial extent of the 20Na+ 
source since the instrument profile of the detector system (spatial 
resolution) is the dominant smoothing factor in the measured tracer 

.distribution {see section 5.3). 
In the cas~ of a movable cathode (with respect to the 20Na+ 

source) the amount of 20Na upon this cathode might be measured as a 

function of the source-cathode distance. The measured function can 
also be used to deduce the ambipolar field. In fact, the fraction of 
tracers arriving at the cathode is 'the complement of the fraction 
deposited on the tube wall. However,. a movable cathode. {translation 

over 40 cm is required) without disturbing effects upon the dis

charge has not been realized in the course Qf this study. 

Brossel 55, 
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CHAPTER 4 

THE PRODUCTION AND DETECTION OF 20 Na 

Some prelimina:P1J expePiments on the production and detection of 20Na aPe 

descPibed. The production is effected by the (p,n) reaction in a neon-gas taPget. 

A dischaPge moves the 20Na+ ions towaPds the cathode behind which a beta counter 

has been mounted. In this way a discrimination can be made between radiation emit

ted by nuclides produced inside the dischaPge volume and radiation emitted by 

nuclides produced outside the discharge volume and in the surrounding walls. This 

method was used to determine the cross-section of the 20Ne(p,nJ 20Na reaction and 
the half-life of 20Na. -An alternative method for the detection of the produced 20Na 

nuclides is proposed. 

4.1 Introduction 

The production of 20Na is realized in a neon~gas target by the 

(p,n) reaction with a 20 MeV proton beam. A gas discharge is maintain

ed across the region where the 20Na nuclei are formed. Owing to this 

discharge the 20Na+ ions are transported towards a positron counter 

mounted behind one of the electrodes. A reversed discharge current 

transports the 20Na+ ions away from this counter. This procedure en

ables us to discriminate between radiation emitted by nuclei produced 

inside the discharge column, and radiation emitted by nuclei produced 

outside the discharge region and in the walls of the cell. A descrip

tion of the cell and the measuring system.is given in section 4.2. 

The 
20

Na+ ions are displaced out of a known production region. This 

experiment ·is used for the estimation of the reaction cross-section. 

No values for this cross-section were found in the literature. In ad

dition, we measured the half-life and compared our experimental result 

with values reported in the literature. These results are given in.sec

tion 4.3. 

More details of the optical detection method for 
20

Na atoms in 

neon gas as introduced in section 1.4.2 are given in this chapter. 

The optical cell and the method used to enhance the signal to back

ground ratio are described and the results of some test measurements 

are presented in section 4.4. 
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4.2 Experimental set-up 

4.2.1 The production cell 

Fig. 4.1 shows a drawing of the production cell. The proton beam 
passes through this cell entering and leaving it through two 20 µm 
thick Ta foils. The cell is filled with 100 torr neon at room tempera
ture. A discharge is maintained between two tantalum-plated aluminium 
electrodes. The electrodes are placed 8 cm apart from each other. The 
axis of the discharge is perpendicular to the proton-beam axis. Two 
Al2o3 pipes (inner diameter 30 mm, length 25 mm) conduct the discharge 
from one electrode to the other preventing unwanted discharges between 

the electrodes and the aluminium cell wall. 

4Scm 

A 

B 

Fig. 4.1 The 20Na production cell (sahematia). 

A 2 mm thick Li drifted Si detector has been mounted behind the 
1 mm thick Al electrode A and an 1.5 mm thick Al absorber (see fig. 
4.1). If electrode A is used as cathode the 20Na ions produced in the 
discharge region are collected on A and counted over a large solid 

20 + angle w1• However, if electrode Bis used as cathode, these Na 
ions are collected on B and counted over a much smaller solid angle 

. 20 + 
The transport efficiency of the Na ions in the given geometry 

(see fig. 4.1) depends on the strength of the ambipolar and axial 
fields. We define the transport efficiency as the ratio of the amount 
of collected 20Na nuclei on the electrode ~onsidered and the amount 
of 20Na nuclei produced inside the discharge column. For a discharge 
current of 10 mA, an axial field strength of 600 vm-1 and an assumed 
mean electron energy of 2 eV, we estimate the transport efficiency on 
roughly 90 per cent. 
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4.2.2 The measuring system 

A block diagram of the measuring system is given in fig . 4.2. 

The beam current is modulated periodically in such a way that the 

beam is on during two seconds and off during two seconds. In the 

intervals that the beam is absent the counting equipment is activa

ted.The multichannel analyzer is a Laben Spectrascope 400, which is 

used in the multiscaler mode for the identification of the 20 Na. In 

the multiscaler mode the channels are opened at successive time in

tervals. The duration of these intervals is adjustable down to 10 ~s. 

Each channel has a memory and stores the total number of incoming 

pulses. For each experiment one group of 100 channels of 20 ms each 

is used. The number of periods of an experiment is determined by a 

pre-set value of the total charge transported by the beam to the stop 

target. This total charge is measured with a current digitizer and 

counter 2. If electrode A is used as the cathode, the detector has a 

detection efficiency £ 1 for the detection of positrons emitted by 20 Na 

collected on A, 

(4 .1) 

where f the absorption factor for positrons of . the e ·lectrode A 

and eventual aluminium absorbers, 

w1 the solid angle determined by the geometrical situation 

(see fig. 4.1). 

Fig. 4. 2 

Block diagram of the production 

experiments. 

The total number of counted pulses, N1 , is given by 

where N 

Nbackgr 

(4. 2) 

the number of 20 Na atoms collected on the cathode, 

the number ·of pulses due to radiation emit ted by 

the target walls and other b~ckground radiation, 
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the number of pulses due to the emission 20Na not 

displaced by the discharge, 

Q the integral charge of the proton beam current. 

The number N1 and the distribution of N1 over the 100 channels of the 

multiscaler that are used are stored. A similar equation follows for 

the situation with 20Na transported in the direction of electrode B, 

(4. 3) 

where E2 = w2 · (1 - f)/4n. cf. eqn. 4.1. 

The number N2 and the distribution of N2 over a second 100-channel 

group are stored as well. Now the differences are taken between N1 
and N2 on the one hand and between the contents of the corresponding 

channels in the groups 1 and 2 on the other hand. 

From this follows: 

(a) the value N~ = N
1

- N
2 

= N(E
1

- E2 ), (4. 4) 

(b) a background free decay curve (see fig. 4.4). 

The number N~ is a measure of the total number of 20Na nuclei pro

duced in the discharge region. The emission of other nuclides pro

duced in the gas, e.g. 21 Na, 22Na, or 19Ne, is absorbed in an appro

priate aluminium absorber (see fig. 4.1). 

In determining the cross-section a of the. 20Ne(p,n) 20Na reaction 

use is made of eqn. 4.4 

a = (4. 5) 

where a = the reaction cross-section, 

n the transport efficiency of the discharge, 

Q the integral charge of the proton beam current, 

e = the charge of an electron, 

ng the density of 20Ne atoms, 

d the diameter of the discharge column, 

T = the decay constant of 20Na (the production time > 3T). 

4.3 Results 

The procedure described has been used for a number of proton 

energies above the threshold energy of 15.419 MeV. The resulting 

cross-section for the proton energies used are given in fig. 4.3. 
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Fig. 4.3 
The measured cross-section for the reaction 
20Ne(p,nJ 20Na as a function of the proton 

energy. 

In fig. 4 . 4 the decay curve, obtained when electrode A is the 

cathode, is shown together with a background free decay curve 

(cf. eqn. 4.4). 

channel number 

14_10l.----------.:;<-so ______ __,,oo 

. 
.... 

12 •• 

Fig. 4. 4 

Decay aurves of 20Na . 

1: Decay aurve with background (electr ode 

A is cathode) , 

time <sl 

2: Decay curve with reduced backgr ound 

(curve 1 minus the curve obtained 

'"hi l e elect r ode B is cat hode ) . 

The half-life T\ has been calculated using a least-squares anal

ysis. Table 4 . 1 shows the comparison of our value with values given 

in the literature. 
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TabLe 4.1 Comparison of our vaLue forT~ of 20Na with Literature vaLues 

T~ 
(ms) 

Ref. T~ 
(ms) Ref. 

250 Alvarez 50 451 ~ 2 Oaky 70 

230 ~ 80 Sheline 51 442 ~ 5 Wilkinson 71 

385 ~ 10 Birge 52 446 ~ 8 Moss 72 

390 ~ 50 Macfarlane 64 442 ~ 5 Goosman 71 

408 ~ 6 Sunier 67 450 ~ 30 our value 

The method presented here is especially suited for the measurement 

of the yield of radioactive nuclides in gas targets. Background 

effects are reduced and the nuclides can be transported over fairly 

large distances. From the results given in chapter 6 we may conclude 

that a high neon pressure together with a low discharge current 

allows of transport distances of one metre or more. Objections may 

arise when the absolute value of the cross-section has to ~e measured 

because the transport efficiency o f the discharge has a great influ

ence o n the method. However, relative values of the cross-section can 

be obtained more accurately than those obtained by us, provided better 

statistical accuracy is acquired. 

4.4 The optical detection of 20Na 

4.4.1 The opticaL ce LL 

A schematic drawing of the atomic resonance fluorescence cell, 

in which 20Na can be produced, is given in fig. 4.5. A spectral 

lamp, emitting the D-lines of 23Na, is used to excite 20Na atoms. 

We assume that the Doppler-broade ning of the emitted 23Na lines and 

the pressure-broadening of the absorption lines of 20Na together 

p rovide sufficient o ve rlap with respect to the isotopical shift 

(Coolen 73 ) . Two diaphragms in front of the spectr al l amp are imaged 

inside the cell. This results in a waist of rectangular cross-section 

centred on the axis of the cell. The input beam of light with a n 

intensity of 80 ~W is aborbed in a horn of pyrex blackened out

side. The detection system collects . the sodium f luorescenc e light 

emanating f rom a cylindrical part of the input wais t , the detection 

volume, on the cathode of a photomultiplier (Philips XP1002). In 

order to reduce the collection of light scattered by the entrance 

lens and reflected by the cell walls, a number of diaphragmsarein

serted. 
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Fig. 4.5 The f"/.uoresaence aeZZ. A: a aross-seation perpendiauZar to the proton 

beam azis, B: a aross-seation (partZy) pe:ppendiauZar to the input beam of Ught, 

C: PhotomuZtipZier (XP 1002), D: D-Zines transmitting optiaaZ fiZter, E: Ziquid 

nitrogen dewar, F: eZeatromeahaniaaZ shutter, G: Zight trap, H: eonneation to coZd 

finger and vaauum pump, J: sodiwn Zamp Ulith diaphragms, K: chopper bZade, L: aross
section of the waist of the input Zight beam in the aentre of the aeZZ, M: to vaauwn 

gauge, N: 20 µm thiak tantaiwn foi Zs, waist: the waist of the input Ught beam 

(10x10x5 rrrn3) Ulith the ayUnilz>iaaZ deteation voZwne. 

The proton beam is transmitted through two tantalum foils and 
generates 20Na round the axis of the cell. The cell is made of alu

minium and has evacuated double Vi ton "O"-ring sealings for the mount-
· ing of the proton beam transmitting foils and the optical components. 

An important advantage of the metallic cell is that no input light 
is coupled to the output window. Owing to internal reflections inside 
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the cell walls a fraction of the input light is always coupled to the 
output window in cells completely made of glass, as often used for 
this purpose (Mitchell). 

During the production of 20Na the neon gas is strongly excited 

by th:e proton beam. The emitted light may damage the photomultiplier. 

Therefore, an electromechanical shutter closes the detection path 
during the presence of the proton beam. As. long as this shutter is 
open no rest intensity of the proton beam should be present. There

fore, a second shutter is applied that cuts off the proton beam, the 
· socalled beam-shutter (see section 5.3). 

Prior to filling with neon gas, the cell is evacuated down to 
10-7 torr with a turbo-molecular pump (Pfeiffer TVP 250). A;l:ter the 

cell has been filled with neon a cold trap pumps selectiveiy water 
vapour in order to prevent unwanted chemical reactions with 20Na+ 

or 20Na. 

4.4.2 The measuring system 

Since the expected intensity of the scattered light is very low, 

we decided to make use of a photon counting system. Therefore, the 
photomultiplier is mounted in a liquid nitrogen dewar to reduce the 

dark current counting rate. The pulse rate due to y-radiation 
emitted by activated parts of the cell causes severe det6riation 

of the weak signal to be measured, in spite of the application of a 
10 cm lead shield. 

In order to cope with the difficulty mentioned above, :a digital 
correlating system has been developed that enhances the si~nal to back

ground ratio for repetitive signals and improves the1 statistical ac

curacy of the relevant time structure; in this experiment we expect 
decay curves. A block diagram of this system is given in f~g. 4.6. The 
timing of the cooperative parts of the system is shown in Fig. 4.7 • 
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Block diagram of the digital correlating 

system for the optical detection of 20Na 

atoms. 
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Fig. 4.7 Timing dia.gl'am of the.digital aorreZating system. 

A chopper transforms the lightfiuxof the 23Na lamp into a block 
function with period Tc. We have changed the circuitry of the multi

channel analyzer in such a way that the number of incoming pulses 

in each of the channels is added or subtracted depending on the 
reference signal delivered by the chopper (see fig. 4.7). The ref

erence signal also serves 1 as an external clock for the multiscaier 
to step one channel forward per period. We have arranged the timing 

so that during the first half of each channel time the pulses are sub
tracted while the chopper is closed, and during the second half they 
are added while the chopper is opened. After the last channel of, the 

group, e.g. No. 100 . , the analyzing interval is ended and the 

proton beam is allowed to produce 20Na during an interval Tprod' At 
the end of this production interval, the multiscaler is allowed to 

store again the incoming pulses. This measuring cycle is repeated as 
often as required for a given accuracy. 

An estimation of the signal improvement is given below. We 

assume that the background pulse rate is a smooth function of time 
fb(t). The signal is represented by a smooth function (t). Both 

functions are averages over many measuring cycles. We further assume 

that the total pulse rate fb + fs << ~ , where Tst is the time in
terval needed by the analyzer to storest one pulse. 

After k repetitions of the measuring cycle the cross correlation 

re~ul ts in a number Ni in channel i (see fig. 4. 8) • 

dfb 
Ni = kllt {At (dt) + fs (ti)}, 

ti 
(4.6a) 

where 2llt = the duration of one channel interval. 

Without cross correlation (accumulation only, chopper constantly open) 

this would be 
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Nll = 2t.tk 
i 

From eqns. 4. 6a and 4. 6b follows the enhancement of the signal to 

background ratio, hb' 

fb(ti) 

dfb 
/!.t(dt) 

ti 

(4.6b) 

(4.7) 

A still more effective elimination of the background is achieved when 

the subtraction and addition intervals are taken symmetrical around 

ti (see fig. 4.9). In this case the enhancement of the sigrlal to back

ground ratio, hb' is 

h" = b 

,------
I .. 

~ 
fb I fb•fs 

I 
1:: I + 5 I 
v I 

I 

l;-61 lj t;•At 
time 

Fig. 4.8 Correiation mode 
cf. eqn. 4. 6a. 

~ lb 

1:: 
5 
v 

t;·At ti~e t;•At 

Fig. 4.9 CorreZation mode 
cf. eqn. 4.7. 

(4.8) 

From eqns. 4.7 and 4.8 it follows that if At is decreased, the back

ground suppression increases. However, this is to the detriment of the 

statistical accuracy per channel acquired in a given time interval. It 

will be clear that slowly varying background pulse rates such as the 

dark current of the photomultiplier are suppressed very effectively. 

In our experiments we observed background pulse rates with a 

decay constant of the order of 0.1 s. For At = 9.l0-3s the reduction 

of the background is then: hb ~ 11 and hb ~ 500. (4.9) 
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4.4.3 Test measUPements 

In order to investigate the lower detection limit for sodium 

atoms of the optical cell we have measured the Rayleigh scattering 

of the D-lines by air at pressures in the range of 50-200 torr. The 

air pressure for which the photon flux due to Rayleigh scattering 

equals the photon flux of the empty cell is approx. 100 torr. The 

differential cross-section for Rayleigh scattering at an angle of 

11 doR -28 2 
2 rad for air has been found: (dllJ 1112 = (3~1)•10 cm /sterad. 

This is in good agreement with experimental values given in the 

doR -28 2 
literature (dllJ 1112 = (3.1~0.2) ·10 cm /sterad (Penndorf 57), 

(2.0~0.2)·10- 28 cm2/sterad (Rudder 68)). 

The detection region with a volume of 0.4 cm3 and filled with 

100 torr air represents a macroscopic differential scattering cross
dl: 

section (dQRi
1112 

~ 4•10-lO cm2/sterad. The isotropic differential 

cross-section for resonance fluorescence of one sodium atom is 

10-ll 2 
--:fir cm /sterad (Coolen 73). 

From this it follows that approx. 500 sodium atoms in the detection 

region will yield a signal equal to the signal due to Rayleigh 

scattering on 100 torr air. Using the cross-section for the 
20Ne (p,n) 20Na reaction (cf.eqn.4.5), we find that a 20 MeV proton beam 

with an intensity of 20 µA during 10 ms will produce approx. 10 4 

20Na nuclei in the detection volume. Therefore, it should be possible 

to use the optical detection of 20Na under the experimental condi

tions of our set-up. 

This experiment, however, did not produce the resu.lts we anti

cipated. An important reason for this was the unexpected high back

ground pulse rate due to unwanted processes induced by the proton 

beam. Curve 1 in fig. 4.10 shows the background signal obtained from 

the empty cell immediately after the production interval (accumulated 

according to eqn. 4.6b). Curve 2 in fig. 4.10 shows the result of the 

correlation method according to eqn. 4.6a that represents the scatter

ing by the empty cell. The background reduction is shown clearly and 

equals the value calculated in eqn. 4.9. No significant difference 

was found between the signals from the empty cell or from the cell 

filled with 100 torr neon. This means that we did not observe 20Na 

in this way. From this experiment we may conclude that the produced 
20Na ions are transported out of the detection region by the effect 

of ambipolar diffusion before they recombine. Furthermore, the back-

48 



time Is) 

C A 0 1 l8 
101----'V----T------,-----1'00--,2.103 

s.104 

channel number 

2 

\ 

·~ 

channel number 

1 
time (s) 

100 
A 

ts 

-s.1a3 

Fig, 4.10 Example of the signal improvement bJith the aid of the aoi:relating 

system. l: baakgraund plus signal bJithout aorrelation, 2: the reaovi'red signal 

(saattering by the empty cell). 
I 

ground signal is very large during this time interval. Proposed ar

rangements to improve the signal to background ratio are: 

(1) The photomultiplier should be coupled to the cell via a light

guide through sufficient concrete shielding in order to sup

press the background signal. 

(2) The second correlation method according to eqn. 4.8 should 

be applied. 

(3) A tunable dye laser should be used as light source in order 

to enhance the sensitivity by three orders of magnitude. 

Work based on the foregoing recommendations is in progres in our lab

oratory (Coolen 72, Coolen 73). 
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CHAPTER 5 

THE EXPERIMENTAL EQUIPMENT 

In this chapter the measuring equipment for the tracer experiments is de

scribed. Attention is paid to: 

(1) the complete euppreeeion of the proton beam during the analyzing inter

vals, 

(2) the system for the detection of 20Na tracers on the tube wall, 

(S) the design of the discharge tube and the purification of the neon gas 

before and during the experiments, 

( 4) the measurement of the azial electric field, 

(5) the stabilization of the discharge aurrent, 

(6) the provisions at the experiment station, 

(7) the control of the complete measuring equipment. 

5.1 Introduction 

In the experiments, periods of production and detection of 20Na 

alternate. During the detection period the proton beam must be sup

pressed entirely to avoid unwanted background radiation and pertur

bation of the discharge. For this reason the tracer production is in

terrupted by a mechanical beam-shutter that intercepts the proton 

beam. The beam-shutter controls the ion source of the cyclotron in 

such a way that the proton beam intensity is reduced by a factor 103 

when this shutter is closed. The complete control of the proton beani 

current is treated in section 5.2. 

The 20Na density on the tube wall is measured with the aid of 

a positron counting system consisting of two silicon surface barrier 

detectors in coincidence. In section $.3 the details of this detec-
" tion system are given. 

The proton beam generates a line-'shaped source of 20Na+ ions in

side the positive column. For this purpose the discharge tube is 

provided with very thin pyrex foils of approx. 20 µm thickness for 

the passage of the proton beam. The purity of the neon gas in the 

discharge tube is enhanced with the aid of cathaphoresis 

(Freudenthal 66). The discharge tube is described in more detail 

in section 5.4. 

The axial electric field is measured with two floating Langmuir 

probes. Both probes are at a high voltage (about 4 kV with respect 

to earth potential). The potential difference between these probes is 
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measured with a floating voltmeter having a very high input resistance 

for static signals (Ri ~ 5·10 12n>. This voltmeter has been provided 

with a voltage to frequency converter that transforms the measured 

voltage difference at high potential level into a pulse train at earth 

potential level. This voltmeter is able to follow fast signals (up to' 

10 4 Hz) in spite of its high input resistance. Therefore, the influence 

of the proton beam pulses on the axial electric field can be studied. 

A description of the measurements of the axial electric field is given 

in section 5.5. 

It has been found that the positive column does not exist during 

the presence of the proton beam in a region extending approx. 10 cm 

at the anode side of the beam path. This results in a decrease in the 

tube voltage. A proton beam pulse with a rise-time of 0.2 ms causes a 

negative voltage transient with a rise-time of the same order and an 

amplitude of approx. 300 volts. In order to maintain a constant dis

charge current during these transientsLan adequate curren~ stabiliz

er has been built, which is described in section 5.6. 

The mechanical provisions for coupling of the discharge tube to 

the proton beam transport system, for positioning the detector, and 

for alignment of the proton beam perpendicular through the axis of 

the discharge are summarized in section 5.7. 

A summary of the control of the complete measuring equipment will 

be presented in section 5.8. 

5.2 The control of the proton beam current 

5 •. 2.1 The controi of the ion soU:r>ce of the cycfotron 

For the experiments we need short pulses of the 20 MeV proton 

beam of approx. 10 ms duration with an intensity as high as possible 

(up to 50 µA). Between these pulses the proton beam must be complete

ly suppressed. For this purpose the arc current of the cyclotron ion 

source can be modulated by an external signal. For a source condition, 

however, that enables maximum intensity during the pulse, the 

minimum rest intensity between pulses is still ~ 50 nA. This rest 

beam perturbes the discharge too much and lowers the signal to back

ground rati~ in the positron detection system (see section 5.3). 

For the experiments with the fluorescence cell (see section 4.4) the 

rest intensity also plays a destructive part. In our set-up the rest 

beam is intercepted by an electromechanical· shutter. The external 

signal for the modulation of the ion source is generated by this 

shutter. When the shutter is open the ion source gives its maximum 

beam intensity (see sections 5.2.2 and 5.8). The shutter is located 
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in the beam transport system in front of the analyzing system (BS in 
fig. 1.3). 

5. 2. 2 Th;; beam-shutter 

The beam-shutter must meet the following requirements: 

(1) The free area with open shutter should be 15 x 30 mm2 in 
order to match the optical properties of the beam. 

(2) The ratio of the open to closed periods should be adjustable 
for repetition frequencies up to 10 Hz. 

(3) The rise-time should be shorter than that of the ion source 
of the cyclotron (0.5 ms). The experiments demand a fall
time of approx. 0.5 ms. 

(4) The shutter must provide a reliable status reference signal 
to control the ion source. 

(5) The shutter should be reliable for at least 106 cycles 
(approx. 80 hours of operation). 

(6) The system has to operate in vacuum (10- 4 torr). 

These demands have been incorporated in the design of our beam
shutter. In fig. 5 .1 a simplified drawing of this device is given. 

Fig. 5.1 The beam-shutter. 

B: translating brake elements, 

C: shutter cage, 

D: rotating brake eZement,; 

R1 and R2: rotary magnets. 
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Two rotary magnets R alternately rotate the shutter cage c 90 deg. 

to and fro. This results in an opening or closing action of only 

~ 0.2 ms duration for a beam diameter of ~ 5 inm. At these high 

angular velocities it was a serious problem to stop the cage in a 

desired position without rebounding effects. A friction brake would 
wear considerably and consume much power when the cage has to start 

an action. These effects would cause unwanted time jitter in the shut

ter operation. 

As a solution we used a method that transfers the rotational 

energy of the cage into kinetic energy of two brake elements B. The 

angular momentum is consumed mainly by the housing at the instant 

of collision with the brake elements. From that instant on there is 

no mechanical contact between the cage and the housing. In this way 

the rebound of angular momentum is prevented and the cage is stop

ped very effectively in its desired position while a new starting 

movement is not hindered by frict.ion. This braking system is the 

main cause ;of the fast action of this shutter and it is practically 

free of wear. We determined experimentally the mass m of B for 

which no rebounding of the cage occurs. This mass is 28 g which is in 

agreement with the relation given in fig. 5.2 for J = 11 g cm2 , 

r = 0.9 cm, n 2.4° and S = 24°. 
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The position of the cage is determined with a vane and two photo 

diodes. One diode, O, serves for the indication of the open position 
and ion source control. The other, M, is used to control the excita

tion of the rotary magnets during the rotation over the first 45 deg. 

only (see fig. 5.3). The rest intensity of the proton beam causes 

intense galm!lli-radiation which induces a high "dark current" in the 

photo diodes. In order to obtain a reliable reference,we use a third 

diode, CD, that compensates the radiation influence. The block dia

gram of the auxiliary electronics is given in fig. 5.3. Our shutter 
system has the following operation properties (see fig. 5.4): 

rise and fall time for a 

beam diameter of 5 mm 

minimum open interval 

maximum repetition frequency 
number of cycles up to now 

0.2 ms 

5 ms 
20 Hz 

> s.10 5 

Fig. 5. S The bloak diagram of the aontroi of the beam-shutter. For e:rpianation 

see text. 
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'-
b 

I 

Fig. 5.4 The action of the beam-shutter on the proton beam (1 ms/horizontal divi

sion). a: the proton beam while the ion sourae is de-aativated before the shutter is 

dosed (Note t'M crut-off of the rest beam), b: aontroZ signal from photo diode 
0 indiaating the sta:r>t of the aZosing aation, a: the proton beam whiZe the. ion 
sow>ae is aontroU.ed by the beam-shutter via signal b. 

5.3 The positron detection system 

The positrons emitted by 20Na are detected by means of two sur

face barrier silicon detectors in coincidence (see fig. 5.5). We 

choose two thin detectors (200 µm) in order to minimize the influ
ence of the relatively high background y-radiation. Unwanted! 

coincident events due to Compton-electrons and low energy positrons 
are prevented by an aluminium absorber (1. 5 mm thick) between the two 

detectors. Spatial resolution is further enhanced by lead diaphragms. 

This detector assembly must be in close contact with the discharge 

tube for maximum detection efficiency and adequate spatial resolution. 
As the temperature of the tube is rather high (up to 500 K}, the 

detector assembly is water cooled. 
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Fig. 5.5 The dsteator assembly. B: aonneator, C: diaphl'agm aperture 20:z:4 mm2, 

n1, 2, 3: Zead diaphl'agms, E1, 2: 200 µm thiak.Si surfaae barrier dsteators eaah 
with sensitive area of 20x4 rtm2, F: 1. 5 mm thiak atuminium absorber, G: water 

in'let, H: a'lamp. 



The detector signals are treated in a standard way. Two preampli

fiers (Simtee Pll), two pulse shaping amplifiers (Ortec 410) and two 

single channel analyzers (Nuclear Enterprises 4623) are used. The 
true and accidental coincidences are given by a coincidence unit 

(Nuclear Enterprises 4620) with a coincidence time t = 1 µs. The 
accidental coincidences are determined by a second identical unit 

with the same value of t but with a delay of 20 µs for one of the 
two detector signals. The number of pulses from both units are stored 

by counters for a given detector position. The number of true coinci
dences is the difference between the contents of the two counters. 

We also stored the pulses from the first unit in the multiscaler 

over 100 channels of 20 ms duration each. The experimentally found 

very small background in this decay purve appears to be equal to 
the number of accidental coincidences (see fig. 5.6). 

0.5 

"" ~ 
~ -.. 
~ ... Fig. 5.6 :> -"", 8 

An e:,;ampl,e of a deaay 
.~ ...... 20 . 
70 ., ....... aurve of Na i.nth very e 0.1 Low baakground as ob-... tainad by using the de-..... 

'· teator assembiy. The 
D.05 ' haLf-tife of 20Na 

0 I 
derived from this 

time (sl aurve is 432 :!:. ? ms. 

As explained in section 3.3.2 we need a detector in the form of 
a ring round the discharge tube with only a spatial resolution in 

the t direction (see fig. 3.1). This ring shaped detector is simu
lated with the detector assembly by the summation of the counting 
results obtained at a number of equidistant azimuthal positions for 

a certain R. position. The measured instrument profile in the t di
rection of a ring-shaped detector simulated in this way is given 
in fig. 5. 7. 
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5.4 The discharge tube 

5.4.1 The beam transmitting foiis 

Fig. 5. 7 

The instrument profiie of 

the simuiated ring-shaped 

detector. 

The pyrex discharge tube with an internal diameter of 64 nun is 

provided with pyrex foils for the transmission of the proton beam 

(see fig. 5.8). The thickness of the foils is determined by the demand 

that the dissipation of the proton beam should be minimal. However, 

they must also withstand a pressure difference of one atmosphere 

over a diameter of approx. 15 nun. The best construction appeared to 

be an inblown pyrex foil with a thickness of" 20 µm. The: thickness 

is determined by measuring the electric capacitance of a water-filled 

foil-supporting tube. The pyrex foil hemisphere then acts as a dielec

tric (see fig. 5.8). The homogeneity of the foils has been checked 

by observing the interference pattern of monochromatic light passing 

through these foils. 

The 20 Na particles have an initial kinetic energy of approx. 

1 MeV. Fig. 5.9 shows the measured forward range of these nuclei to 

thermalize in 100 torr neon. The distance foil-tube wall must be 

greater than or equal to R in order to avoid large inhomogeneities in 

the 20 Na+ source in that part of the positive column from which the 

transport of 20 Na+ is analyzed.(see section 6.3). 
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Fig. f,. 8 The pyrex-foit support and foit thickness determination. 
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Fig. fi.9 The forward range of 20Na nuclei to thermatiae after their 

production in 100 torr neon. 

During the first· period of this study we used 20 µm thick tan
talum foils sealed to the gas cells (see sections 4.3 and 4.5). The 
purity of the neon gas was strongly deteriorated by organic vapours 
even with the best available high vacuum sealants. Moreover, the maxi
mum bake-out temperature is ~ 500 K for these sealants, which is too 

low to guarantee a water-free gas cell. 
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5. 4. 2 Ekotrodes and probes 

The discharge is maintained between a tantalum anode and a zir

conium cathode (getter). 

Two cylindrical Langmuir probes of 40 µm diameter and 4 mm length 
are positioned at 4 mm distance from the axis of the discharge. 

These probes with a mutual distance of 20 mm, are placed outside the 
region where the 20Na transport takes place in order to avoid per

turbations in this transport. The probes are used to measure the 

axial field strength.The discharge tube has been mounted in a verti
cal position to be sure that the axis of the discharge is not influ

enced by convectton effects. 

5.4.3 The p=ifioation of neon 

The discharge tubes have been evacuated to 10-7 torr and baked 

out at approx. 700 K during 24 hours. Before filling the tube, the 

neon gas was contained during 24 hours in a vessel with a zirconium 
layer sputtered onto the inner surface. During the filling the neon 

was passed slowly through a liquid nitrogen cold trap. 

On the cathode side the tube is extended with a container pro
vided with an auxiliary cathode (see fig. 5.10). The tube and the 
container were filled with the required pressure and sealed off 

from the filling stand. Then, the neon inside the tube was purified 
by cathaphoresis in a discharge between the anode and the auxiliary 

cathode {Freudenthal 66). In this way, impurities that are more 
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easily ionized than neon, were collected in the container. During 

this action the discharge voltage rose from an initial value Vstart 
to a stationary value Vstat (see fig. 5.11). We assume that when 
this latter value is attained the neon is purified. Then a glass 

ball disrupted the discharge between the cathode and the container 
and it prevented the diffusion of the collected impurities back in

to the discharge tube. After this, the containerwasimmediately sealed 
off from the cathode vessel. 

During normal operation of the discharge tube the cathode capil
lary acts as a trap for impurities still present in the neon. 

These impurities are driven towards the cathode by the cathaphoretic 

transport through the whole tube. Some of the impurities are 

bonded by the getter layer inside the cathode container. 

Vstat --- - - - - - -----------
p

0
•200torr 

id• 40mA 
av .. soov Fig. 5.11 

The inareasing dieaharge voitage du:r>ing 

the aataphoretic purification. 

2 
time (min) 

3 4 

5.5 The measurement of the axial field, strength 

-The axial field strength is determined from the potential differ

ence between two floating probes. This potential difference VP should 
be measured over a very high impedance in order to minimize a current 
flowing through both probes, which would cause a bias on the poten

tial difference. 
The influence of the (pulsed) proton beam on the axial field 

strength must be measured while the two probes have a potential dif

ference against ground potential of ~ 4 kV for reasons to be given 

in the following section. Owing to the radioactivity produced by the 

proton beam, the signal has to be transported over a large distance. 
These two facts necessitate the use of a voltmeter with some special 
provisions. ·Therefore, we developed a floating, battery powered volt

meter with a very high impedance for VP up to 130 volts and a fast 
time response. Further, this system delivers a low-voltage pulsed sig

nal near ground potential with a pulse rate proportional to VP. A 

62 



block diagram of the measuring system is given in fig. 5.12. The plasma 

between the two probes acts as a feedback re~istor RP in series with 

an electromotive force VP between the output and the negative input 

of amplifier A. In the static situation the current i through the 

probes is equal to the input offset current of A and Vm = VP ~ iRP, 

the sign depending on the direction of i. Here, a FET input opera

tional amplifier (AD 503 K) is used with an offset current of ~ 20 pA. 

A stepw.ise change /:Np results in a response llVm(t) = llVP exp(-gt/RPC), 

where g is the gain of the booster amplifier (g = 103 ), RP the effec

tive resistance between the probes immersed in the plasma and c the 

protection capacitor over the AD 503 K (C = 500 pF). For a static VP 

of ~ 100 volts the input resistance of the voltmeter is ~ 5·1012 Q 

and the accuracy in Vm is ~ 0.5 per cent. 

r-----------------------, 

L ________ _ 

I 
batteries I 
+16V I 
;;·1sov 1 

v.co. 

I 
I 

I 
I 
I 

~ 
------- ___ J 

E 

Fig. 5. 12 The pPinaipa l aiPaui t of the floating pPobe voltmeteP. A: boosteP 

amplifieP with FET input opePational amplifieP AD50JK, B: 5 kV isolated pulse 

tPansfoY'TlleP, C: pY'oteation aapaaitoP of 500 pF, D: metallia shielding, E: insulatirlfl 

box, F: fPequenay m;teY', G: multisaaleP, d: the distanae be'f;1Jeen the pPobes, RP: 

the intePnal Pesistanae of the pPobes-plasma system,Rp ~ 107n, VP: the eleatY'o

motive foPae VP= E8·d, V.C.O.: voltage aontPoZZed osaiZZatoP. 

The output of amplifier A is converted into a train of pulses by 

a voltage controlled oscillator (V.C.O.) with a pulse rate of 20•V Hz 

where V is the measured potential difference. These P.ulses (3 µs 

duration) are coupled to a grounded signal system by a pulse trans

former that isinsulatedfor 5 kV (R to ground> 1014 Q). The deliv

ered pulses are counted by a rate meter for static measurements and 

stored in a multiscaler for dynamic measurements. 

In fig. 5. 13 the axial electric field strength as a function of 
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the discharge current is shown (static measurements) for neon dis

charges with p
0 
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In order to study the influence of the proton beam on the axial 
electric fieldEz' we used a special discharge tube with probes on 
both sides of the proton beam path (probes 2 and 3 in fig. 5.10). 

We measured Ez for discharge currents in the region of 5-100 mA and 
continuous proton beam currents up to 0.4 µA. We used a pulsed beam 

for higher beam currents (to avoid foil damage) and stored the out
put of the v.c.o. in a multiscaler by synchronous accumulation. The 

influence of the proton beam on is shown in fig. 5.14. 

An example of the response of Ez to the proton beam current pulse 
is given in fig. 5.15. 

Probes 1 and 2 are used to investigate the perturbation of Ez 

outside the region of the proton beam. We found that Ez reduced to 
a much lower value over a length of approx. 10 cm on the anode side 
of the beam path. However, no influence was observed on the cathode 

side of the beam path. 
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The reduction of the a:cial electric fieZd in 

the region round the proton beam path. 

1: normal. values of the a:ciai fieZd strength, 

2: iproton beam = ip.b. = 5o nA, 
3: ip.b. = 0.1 µA, 4: ip.b. 0.2 µA, 

5: ip.b. = 0.4 µA, 6: ip.b. = 2 µA (pulsed), 
?: ip.b. 5 µA (pulsed). 
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5.6 Discharge-current stabilization 

The voltage across the discharge changes approx. 300 volts due 
to the influence of the proton beam pulse. These voltage variations 
give rise to unwanted discharge current fluctuations if the internal 
resistance of the current source is too low. We built a current source 
capable of stabilizing the discharge current in the region of 
1-150 mA within 0.1 mA for voltage variations of = 500 volts with rise 
times _::. 0.2 ms. The diagram of this current source is given in fig. 
5.16. To avoid problems caused by parasitic capacitances and insuffi
cient insulation, the current source is grounded. As a consequence, 
the probes are at a high potential level with respect to ground • 

5.7 The experiment station 

• high 

_volta!I! 

Fig. 5.16 

Dia{JI'am of the CUPrent . 
atabitization cirauit. 

At the experiment station where the tracer experiments are 
carried out the following provisions have been made: 

(1) a connection between the discharge tube and the beam guiding 

system, 
(2) a beam'stop that measures the beam current, 
(3) a system to align the beam so that it intersects with the axis 

of the discharge, 
(4) a mechanism that performs the positioning of the positron 

detector along the discharge tube. 

A survey of the experimental station is given in fig. 5.17. 

1. The side tubes of the discharge tube supporting the pyrex 
entrance and exit foils fit into lead cy,linders centred on the 
proton beam axis. The protons leave the beam guiding system 
through a 20 iim thick aluminium foil, and enter the stoptarget 
through a 60 µm aluminium foil. In this way the pyrex foils are 
always loaded by a pressure pointed inwards, which is a must in 

the design used. Between the aluminium and pyrex foils an air 
layer of atmospheric pressure is present (see fig. 5.17). 
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Fig. 5.17 The experiment station. A1, 2, 3: to aurrent monitors (see text), B: eZeatria insulation, C: Zead ayZinders for 

radiation shieZding and tube support, D: aluminium foils, E: aarbon diaphragms for beam alignment, F: Zuaite tube for in

sulation between AZ.foil and Faraday aup, G: insulating aonneation between the Faraday aup and the vaauum pump P, H: 

Zead shielding, J: grounded eZeatria shieZding, K: insulating support, L: vertiaaZZy adjustable pl.atform (remote-aontroZ

Zed), M: azimuthal adjustable deteator support, N: suppor~ for-tube alignment, 0: sarew axle for positioning of L, 

P: oiZ diffusion pump, Q: 1 m thiak aonarete shielding. 



2. The stoptarget is a wide aluminium pipe shielded in concrete. 

The protons are stopped in carbon. This system is evacuated 
to 10-5 torr and isolated from ground in order to measure 

the beam ·current. The entrance foil is isolated from the 

Faraday cup to avoid unwanted currents due to conduction by 

the plasma created by the proton beam in the air between the 

aluminium and pyrex foils. The proton beam current is monitored 
with a current digitizer (Ortec 439), yielding one pulse per 

chosen unit of charge. The integral charge of the proton beam 

is displayed by a counter. 

3. The proton beam is aligned to intersect the axis of the dis

charge with the aid of two carbon diaphragms. Thei·r centreline 

is perpendicular to the discharge axis. The fraction of the 

beam current intercepted by these diaphragms is minimized, 

while the current in the Faraday cup is maximized by small 

changes in the settings of the relevant components of the beam 

transport system. In this way the beam is positioned within an 
accuracy of 0.5 mm. 

4. A screw axle with remote control changes the vertical position 

of the detector assembly in steps of 4 mm. The azimuthal posi

tion of the detector is set manually. 

5.8 The control of the measuring equipment 

5.8.l The block diagram 

The block diagram of the complete measuring procedure is given 

in fig. 5.18 and the corresponding diagram of. the mutual timing is 

Fig. 5,18 

Diagram of the. controZ of 

the. measuring equipment. 
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shown in fig. 5.19. 

An external clock supplies a channel step command each milli

second. A manual start is given to the multiscaler for the first 

analyzing interval of Tanal = 100 ms (100 channels). After the last 
channel period the production interval is initiated by a reference 
signal of the multiscaler (ready) starting oneshot 1. This last 

circuit introduces a waiting time Twl in order to cope with dif

ferent demands. At the end of Twl, oneshot 2 is activated, deter
mining the duration of the open position of the beam shutter. The 

beam shutter in its turn controls the ion source of the cy9lotron. 
At the end of Twl oneshot 3 is also activated via oneshot 2 deter

mining a second waiting time Tw2, after which the analyzer is 
started again. 

Twl is relevant in drift experiments. In this case the arrival 
of the 20Na+ ions at the cathode is studied. The life-time of 20Na 

prescribes a value for Twl of approx. 2 seconds to preven~ accu
mulation of 20Na at the cathode. The measuring cycle is repeated as 

often as is required for a given statistical accuracy. The number 

of experimental cycles is determined by a preset value of the inte
gral charge of the proton beam current (Q preset counter) •. When this 

preset value is reached,oneshot 2 is gated and the initiation of a 
new production interval is inhibited. 

The difference between the contents of counters l and 4 is a 
measure of the 20Na density on the tube wall at a given detector 

position. Counters 2 and 3 are used to check whether the content of 
counter 4 corresponds to N4 ~ 2rN2N3 (r =coincidence time). 

When a new detector position is chosen, all counters are reset 
and a new set of experimental cycles is initiated. 

Fig. 5.19 The mutuai timing of the measuring equipment. 
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5.8.2 The optimal. tiJ!w sequence 

No coincidences are counted during the period Tw2 in which back
ground radiation with short life-times has decayed. We took 

Tw2 = 100 ms, Topen = 10 ms and Twl = 0 ms. Within the interval Tw2 
all 20Na nuclei are deposited on the wall and cathode. 

Calculations show that an optimal count rate is obtained if 

Tanal = Twl + Tw2. For the measuring cycle we use the time sequence: 

Twl = 0 ms, Topen = 10 ms, Tw2 = 100 ms and Tanal = 100 ms. This 
results in five measuring cycles per second. With a maximum proton 

beam intensity of 20 µA, this yields an average beam current of 

approx. 1 µA. This is also the maximum permissible current for the 

pyrex foils in the discharge tube (see section 5.4.1). For each de

tector position the integral charge of the· proton beam current is 
Q = 4·10-5 coulombs (equivalent to "' 2·108 20Na nuclei produced in 

the positive column in roughly 200 production periods). Then the num
ber of true coincidences is of the order of 10 4, yielding a suffi
cient statistical accuracy. 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

In this ahapter the e:cperimental results aonaerning the tracer distributions 

on the tube waZZ ar>e given for various discharge conditions. After making a correc

tion for the sourae geometry, the ambipolar fields are deduced acaording to the 
relations derived in section 3.3. These fields are compared with the numerical 
results computed with the model described in ahapter 2. 

A d:I>i~ e:cperiment to study the transport of 20Na+ ions during their produc

tion is des~ibed. 

6.1 Introduction 

In addition to the 20Na nuclei, the proton beam produces in the 

neon gas a relatively dense plasma (10 ion-electron pairs per proton 

per mm). The ion-electron pair production by a proton beam with a 
current density of 8•10-lAm-2 (20 µA through 0.25 cm2) is · 

= 5.1022 m- 3s-1 • This value is considerably larger than the normal 

ion-electron pair production at the axis of the positive column for 

idisch = 100 mA which is then= 3·1020 m- 3s-1 • As mentioned before 
(see section 5.5), this phenomenon strongly reduces the axial fi~ld 

strength in this region during the presence of the proton beam. We 
assume that owing to the. reduced axial field strength the 20Na+ ions 

are not transported and are accumulated in the production region. 

However, some losses by diffusion will certainly occur. From measure
ments and calculations we found that this dense plasma must recombine 

and that the discharge recovers within a few milliseconds after the 

proton beam is cut off. Then the axial and ambipolar field strengths 

regain their normal values and the tracers start drifting in the un
disturbed positive column. 

A drift experiment has been performed to study the arrival of 20Na+ 
ions at the cathode for various production conditions (see section 

6.2). From this experiment conclusions have been drawn about the 
assumed accumulation of 20Na+ ions, and about the losses of these 

ions out of the production region by diffusion or drift in the rest 
axial electric field. 

The tracer distribution, n(i,~), on the tube wall has been deter

mined as a function of the axial position 1 and azimuth $. For the 

deduction of the ambipolar field we need the function n(i) which 

is the azimuthal integral of Tl Ct,~). For two neon pressures and some 
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discharge currents the experimental data are given in section 6.3. 

In section 6.4 the consequences of the instrument profile are given. 

Section 6.5 deals with the deduction of the ambipolar field 

from the function 11(R.) and the correction for the source geometry. 

In section 6.6 the experimental ambipolar fields are compared 

with the numerical results obtained from the model. 

6.2 The drift experiment 

The drift experiment has been carried out with the equipment de

scribed in section 5.8. The following modifications in the procedure 

were made: 

(1) the analyzer is started at the rear step of the beam shutter 

reference signal (cut-off moment of the proton beam), 

(2) the coincidence system is not used, 

(3) the interval between the last channel of the analyzing inter

val and the start of the next proton beam pulse (T 1) is 2 s. 
20 w 

This prevents the accumulation of Na on the cathode 

(Twl » Tio;). 

A study has been made of the arrival of 20Na+ ions at the flat cathode 

in tube II (see fig. 5.10). Behind this cathode a water-cooled 1 mm 

thick surface barrier silicon detector is mou~ted. Here, the coinci

dence system is not necessary since the detector is 0.45 II\ distant 

from the proton beam (source of background radiation). Du~ing the pro

duction of 20Na the analyzer should not store the high count rate due 

to the intense prompt gamma-radiation. We shall now show that the 
20 Na+ ions are accumulated during the presence of the proton beam 

and start drifting as soon as this proton beam is cut off. Therefore 

the analyzer is now started at the end of the tracer production time. 

In fig. 6.1 two curves are shown representing the arrival of the 
2 ON a+ ions at the cathode. C.urve 1 has been obtained for the condi

tions Topen" 15 ms, iproton" 10 µA, idisch = 1 mAandp0 = 100 torr, 

where Topen is the duration of the proton beam pulse. Curve 2 has 

been obtained for the same conditions except: Topen = 100 ms and 

iproton" 2 • 5 µA. 
The two curves show the same time delay for the arrival of the 

tracers. The contents of the first channels of curve 1 may represent 

the fast decay of the activated carbon diaphragms c12c(p,n) 12N 

Tio; = 11 ms) and a contribution of the 20Na+ ions departed from 

the production region during the presence of the proton beam. In 

curve 2 the diffusion contribution is much higher. The explanation 

of this behaviour is the accumulation of 20Na+ ions in the pro-
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duction region owing to the local reduction of the axial electric 

field. The slopes in fig. 6.1 are decreased by the relatively poor 

spatial resolution of the detector in this experimental situation. 
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Fig. 5.1 The arrivaZ of 20Na+ ions at the cathode for two production conditions • 

. 1: production time 15 ms IPith 10 µA beam aurrent, 2: production time 100 me with 

2. 5 µA beam current. 

6.3 The experimental data 

The tracer density on the wall of the tube (type I} has been 

determined as a function of t and + with the equipment described in 

section 5.8 (see fig. 6.2). The detection efficiency of the detector 
assembly is only roughly known. Therefore, only relative numbers are 

obtained. Furthermore, the low azimuthal resolution of the detector 
smooths the experimental data concerning the azimuthal dependence of 
the tracer distribution. Measurements showed that the tracer deposit 

has a twofold azimuthal symmetry. 
This means that the relative value of the integral over the 

azimuth, At, can be represented adequately by the expression 

(6. l) 

where Ni are the numbers of coincidences of the detector assembly 

for the angles +1 = 15 deg., +2 ~ 45 deg. and +3 _= 75 deg. at a given 
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Fig. 6.2 An exampie of the azimuthai dependence of the experimentai 

data aonaerning the tracer density distribution. 

1: + = 90 deg., 2: ~ = 60 deg., 3: ~ = 30 deg., 4: + = 0 deg. 

value of JI.. The data A2 have been obtained for various discharge con

ditions. Some results are shown in fig. 6.3 for p
0 

= 100 ,torr and in 
fig. 6.4 for p

0 
= 200 torr. 

The minimum distanqe between the detector and the prpton beam 

axis is 4 cm owing to the thickness of the detector housink and the 

tube-supporting lead cylinders (see fig. 5.17). The data ~JI. in the 
region O <JI.< 4cm are estimated from data obtained with the detector 

at the azimuthal position+= 90 deg. (see fig. 6.2), where the axial 

position of the detector has no restrictions. 
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Fig. 8.3 

The experimental data A2 (see 

text) for p 
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= 100 torr and 

va?'ioue dieaharge currents id. 

1: id= 1& mA, 2: id = 40 mA, 
3: id= 80 mA, 4: id= 130 mA 
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2-1a3 

Fig. 8.4 

5.1a2 The e:cperimentaZ data A 9- for 

p
0 

200 torr and various dis-

oharge ourrents id. 

I \ \ 1: id= [j mA, 

\ \ \ 3: ia = 40 mA, 

1a20'-----~10,...-----2~0,---~-'-...,3""0---~"""'4"'0 [j: ia 110 mA 

2: id= ][j mA, 

4: id= 80 mA, 

(oontrcwted 

l <cml ooZwnn). 

6.4 The instrument profile 

In section 5.3 the instrument profile of the simulated ring

shaped detector is given in fig. 5.7. From this profile the transfer 

function Hj has been calculated, see fig. 6.5. The spectrum Bj of a 
typical set of measured data is also given in this figure. Because 

the transfer function is still sufficiently large for relevant fre

quencies of the signal spectrum, a deconvolution procedure is not 

applied. 

harmonic number j 

Fig 8.5 

The transfer function flj and the 

signal gpeotrum Bj. 
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6.5 The deduction of the arnbipolar field 

The tracer distribution on the tube wall nw is an image of the 

ambipolar field E(r) (cf. section 3.3). In order to show a characteris

tic feature of this image, two special cases concerning the shape of 

E(r) and the source geometry f(r) (see fig. 3.7) are treated. 
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(a) An ambipolar field E(r) ar and a line source with constant 
density no c. In this case the tracer deposit 

nw(A) no ~ (cf. eqn. 3 .11) Ez 

J"'nw d.l ore dr = Cp (cf. eqn. 3 .12). 

Substitution of eqn. 6.3 in eqn. 6.2 yields 

This results in a tracer deposit 

where Ao has an arbitrary value (A
0 

> 0), 

and .t = A - A
0

• 

and 

is given by 

(6.2) 

(6. 3) 

(6.4) 

(6.5) 

(bl An arnbipolar field E(r) = ar and a line source with la density 

given by n = f(r) = br. This situation is in close agreement 

with the experimental condition in the central regiqn of the 

discharge (see fig. 3.7 and fig. 2.S). In this case we find 

where .t
0 

= Ez/2a. 

The effect of the linearly changing source density is displayed 

by the factor 2 in the exponent of eqn. 6.6. 
The observed exponential parts in A.l (see figs. 6.3 and 6.4) 

enable us to calculate the arnbipolar field in the central region 

of the discharge using eqn. 6.6 

E(r) • ar = (6.7) 

We are now able to extrapolate the function A.l to .l = oo accord

ing to eqn. 6.6 and to estimate the value of the integral 



(6 .8) 

where Amax is the maximum value of JI. where the tracer density 
has been determined. 

The deduction of the ambipolar field E(r) is now accomplished 

by the application of eqns. 3.11 and 3.12 to the tracer distribution 

AR.. However, the effect of the source density n = f(r) (see fig.3.7) 
necessitates some corrections. 

In this case the value of p(A) is given by the relation 

or f (r) dr J"" Atdt 
= (6. 9) 

JRf(r) dr J"" AJl.dR. 

Applying the same reasoning as in section 3.3 in the case of a per
fect line source we now find E(p) for the actual source density 

n = f(r) 

E(p) 
Ez A(A) 

or'AJl.dR. 

OJ
R 

f(r) dr 

f(p) (6.10) 

This correction is carried out with f(r) according to fig. 3.7 

for a number of values of the source width w (see fig. 6.6). The value 
of w can be estimated from the assumption that for a low discharge 

current the ambipolar field is a smooth function with a positive gra

dient nearly constant for 0 < r < R/2. Then the best value of w ap

pears to be w = 6 mm for both p
0 

= 100 and p
0 

= 200 torr. This means 

40 

o.s 
reta.tiveradius trlfU 

1.0 

Fig. IJ;6 

The estimation of the lie bJidth 

w of the 20Na+ ion BOUl'ae. 

l: the unaorreated arnbipolar 

field for p
0 

100 torr and 
id 16 mA, 2: aorreation in the 

aase of a value of w too low, 

3: aorreation in the aaae of an 

appropriate value of w, 4: aor

rection in the aa<1e of a value 

of w too high. 
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that the source geometry is mainly caused by the proton beam profile 

itself. This value of w is used to correct the measured data for all 
discharge currents and both pressures. In figs •. 6. 7 and 6 .10 the de

duced ambipolar fields without the correction for the source geometry 

are presented. In figs. 6.6 and 6.11 the corrected ambipolar fields 
are given. The reduction of the slope dE(r)/dr in the central region 

by a factor two (cf. eqn. 6.7) can be observed clearly. 

6.6 Comparison with numerical results 

The shapes of the corrected ambipolar fields show a good quali

tative agreement with the computed radial fields as given in figs. 
6.9 and 6.12. An experimental parameter that is insensitive to 
systematic errors in the determination of the data At (see eqn. 6.1) 

is the slope of the ambipolar field in the central region. Therefore 
we compare this quantity with the computed slope dE(r)/dr in the 

central region. These data are given in table 6.1. 

Tabie 6.1 Comparison between some measured and aomputed vaiues aonaerning E(r) 

pressure discharge d.E(r)/dr (V cm-2) E(r) plateau (V cm-1) 

Po current measurea computed measure a computea 

(torr) (mA) 

100 15 2.4 2.4 - -
40 2.8 2.9 2.5 2.2 

80 3.4 3.5 2.7 2.3 

200 5 1.5 2.2 - -
15 3.5 2.8 3.3 2.3 

40 4.6 3.8 3.4 2.3 

80 5.8 5.6 3.7 2.8 

Table 6.1 shows that the model predicts well the experimental 
values of the quantity dE(r)/dr for small values of the radius. 

In comparison with the computed fields the curves of the mea
sured ambipolar fields seem to be somewhat compressed towards r = 0. 
This is a consequence of the fact that the spatial resolution of the 
detector becomes insufficient with decreasing values of t owing to 

the stucture of the function At. Owing to this fact the values of At 
in the region 4 < t < 16 cm are too high. However, .a deconvolution 
procedure cannot be applied to the function At since no experimental 

data are available for 0 < t < 4 cm (for accurate deconvolution, even 

positions with negative values oft are necessary). 

79 



KO 

4.ll 

Fig. 6.7 

OS 

relative radius 

The unaorreated ambipoZar fie'tde for 

p
0 

100 torr and 1: id= 5 mA, 

2: id= 15 mA, 3: id= 40 mA, 

4: id= 80 mA, fi: id= 130 mA 

( contl'acted co Z:umn). 

p0 :100torr 

~ative radius 

Fig. 6.8 
The corTeated ambipoZar fields for 

p
0 

100 to:rr. 

Ful'ther conditions as in fig. 6. 7. 

ti) 

3.0 

i; 
;! 

w 
! 

2.0 

I Ill 
1 2 34 

Po .1ootorr 

o.5 
relative radiu& tr/R) 

Fig. 6.9 
The computed ambipol.ar fields for 

p
0 

= 100 to:rr. 

Further conditiomi as in fig. 6.7. 

to 



Fig. 6.10 

05 
relative radius 

Phe uncor:rected ambipoia;p fields for 

p
0 

= 200 torr and 1: id= 5 mA, 

2: id 15 mA, 3: id= 40 mA, 

4: id 80 mA, 5: id= 110 mA 
(oontraated co lwnn). 

11o•2001Drr 

relativ• radius 

Fig. 6.11 
The eoX"t'eeted ambipola:r fields for 

200 torr. 

Further conditions as in fig. 6.10. 

/ /// 
4 

lO 

p0 ·200torr 

{l .1.0 
relative radius tr/Rl 

Fig. 6.12 

The computed ambipoia:r fields for 

200 torr. 

Further conditions as in fig. 6.10. 



The occurrence of a 'plateau' in the aml;lipolar field is also 

in good agreement with the numerical results (see table 6.1). Here, 

the values of the ambipolar field are higher than computed. We may 

ascribe this deviation to the same fact as above. 

The measured ambipolar fields for the contracted (filamentary) 
discharges have low values in spite of the contraction. These measure

ments support the expectation that in these situations the electron 

temperature is considerably lower than in the diffuse positive column. 
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CHAPTER 7 

CONCLUDING REMARKS 

The proposed diagnostic method is useful for the measurement of 
the ambipolar field of the positive column in neon glow discharges. 
In spite of the strong influence of the proton beam on the discharge 

the method appears to yield data about the ambipolar field that are 
not seriously perturbed. For the deduction of the ambipolar field the 
data obtained have been corrected and transformed but two aspects have 
not been taken into account: 

( 1) The influence of the joints of the foil-supporting tubes upon 

the ambipolar field in the production region has been neglected. 
This is permissible since the 20Na+ ion transport takes place 

mainly in the region where the tube geometry is unperturbed. 
Moreover, the ambipolar field near these holes cannot be 
measured in our experimental set-up since the 20Na +ions from 
this region are deposited within 4 cm from the proton beam 
axis (see section 6.3). Further away from these holes the 
ambipolar field is relatively unperturbed. 

(2) The range of the 20Na nuclei after their production depends 
on the neon density. In the positive column, therefore, the 
neon density profile influences the 20Na+ ion source density. 

We assumed that this fact causes differences that are within 
the accuracy of the whole experiment. (This effect can cause a 
variation < 10% in the 20Na+ ion source.) 

In our experimental set-up the fact that there is a region where 
the detection. of 20Na on the tube wall is impossible introduces un
certainties concerning the deduction· of the ambipolar field. This 
problem may be solved by the application of the detection system with

out the demand of contact with the tube wall. This can be accomplished 
by a system that makes use of the annihilation in the tube wall of low 
energy positrons. 

The agreement between the experimentally deduced ambipolar fields 
and the corresponding calculated results is rather good. To check the 
validity of the model in more detail, however, more discharge param

eters should be measured by conventional diagnostic methods. 

The performance of drift experiments is somewhat contradictory. 
To obtain good time resolution in the determination of the drift 
velocity of 20Na+ ions, large drift distances should be used. However, 
the amount of 20Na+ ions arriving at the cathode decreases very 

strongly with increasing drift length. This fact introduces a decrease 

in the statistical accuracy. 
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In first approximation the proposed diagnostic method studying 

the ambipolar field can be applied to the noble gas discharges. In 

the case of molecular gases the dissociation of the molecules by the 
proton beam is a serious problem. In the case of fully ionized arcs 

the method can also be applied. For instance, in N+arcs we can use 
the reaction 14N(p,n) 14o to produce the tracer isotope. The isotope 
140 has a half-life T~ = 71.3 sand emits positrons with a maximum 

energy of 1.8 MeV (Seelmann 70). 

85 



SUllllllary 

In 1969, a small group of physicists in the Physics Department 

of the Eindhoven University of Technology started a study concerning 
the application of short-living radio-active tracers to investigate 

the positive column of gas discharges. In this thesis the main empha

sis is laid upon the ambipolar field in the positive column of medium 

pressure neon gas discharges that will be deduced from transport 

phenomena of tracer ions. The positron emitting 20Na is used as the 

tracer nuclide. 

The principle of this tracer experiment is given below. 

During a short time interval, tracer nuclides are produced in

side the positive column via the reaction 20Ne{p,n) 20Na induced by a 
beam of 20 MeV protons. After the production interval, the 20Na+ ions 

start drifting in the electric field of the positive column and arrive 
at the tube wall and the cathode after the required transport time. 

Then, the amount of tracers in a certain area of the tube wall is 

determined during an analyzing interval by counting the emitted posi
trons. This procedure is repeated until sufficient statistical accu

racy is obtained. In this way we can determine the tracer density on 

the tube wall. 
A numerical simulation is made of the transport of 20 Na+ ions 

in the positive column. The conclusion is drawn that the influence 
of ordinary diffusion on this transport is negligible. Using this con

clusion, we derive·a method of deducing the ambipolar field from the 

density distribution of the tracers on the tube wall. 

Starting from equations of some models for the positive column 

of neon gas discharges presented in the literature, we construct a 
model that is applicable to the positive column in the region of 

50 < p < 300 torr and 10 < i < 100 mA. The main assumptions we use in 

this region are: 
{l) volume recombination plays a major part, 
{2) Ne2+ ions are dominant over Ne+ ions, 

(3) the electron temperature and the gas temperature are radius de
pendent owing to heat dissipation and conduction effects, 

(4) the electrons have a Druyvesteyn energy distribution, 
(5) no striations occur. 

With the aid of a computer program numerical results are ob

tained such as the axial electric field and the radius dependent 
electron temperature, electron density, and ambipolar field. 
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A description is qiven of a method of determining the cross
section of the reaction 20Ne(p,n) 20Na. In this method we make use 
of the transport properties of a neon gas discharge to displace 20Na+ 
ions out of a known production volume. 

An alternative method of detection of 20Na atoms in neon gas, 
based on the principle of atomic fluorescence, is proposed. 

The equipment for the tracer experiment is described. 
Experimental data concerning the ambipolar field are presented 

and compared with the results of model calculations. The agreement 
between the experimental and theoretical values is qood. 
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Samenvatting 

Een kleine groep fysici binnen de afdeling Technische Natuur

kunde van de Technische Hogeschool Eindhoven begon in 1969 met een 

studie betref fende de toepassing van kortlevende radioactieve tracers 

teneinde de positieve zuil van gasontladingen te onderzoeken. In dit 

proefschrift wordt voornamelijk aandacht besteed aan het ambipolaire 

veld dat zal worden afgeleid van de transportverschijnselen van de 

tracerionen. Het positron emitterende 20Na wordt gebruikt als het 

tracer nuclide. 

Het principe van dit tracerexperiment geven we hieronder. 

Tijdens een kortdurend interval worden in de positieve zuil 

tracernucliden gemaakt via de reactie 20Ne(p,nJ 20Na welke wordt te

weeggebracht door een bundel van 20-MeV-protonen. Na het produktie

interval beginnen de 20Na+-ionen te driften in het elektrische veld 

van de positieve zuil en na de benodigde transporttijd komen zij aan 

op de buiswand en op de kathode. Daarna wordt gedurende een meetin

terval de hoeveelheid tracers bepaald op een zeker gebied van de 

buiswand door telling van de uitgezonden positronen. Deze procedure 

wordt herhaald totdat voldoende statistische nauwkeurigheid is be~ 

reikt. Op deze manier kunnen we de verdeling van de tracerdichtheid 

op de buiswand bepalen. 

Een numerieke simulatie van het transport van 20Na+-ionen in de 

positieve zuil wordt uitgevoerd. Hieruit trekken we de conclusie dat 

de invloed van gewone diffusie op dit transport verwaarloosbaar is. 

Van deze conclusie gebruik makend leiden we een methode af welke het 

ambipolaire veld herleidt uit de dichtheidsverdeling van de tracers 

op de buiswand. 

Uitgaande van enkele modellen van de positieve zuil van neon

ontladingen uit de literatuur stellen we een eigen model op dat toe

pasbaar is in het gebied van 50 < p < 300 torr en10< i < 100 mA. 

De belangrijkste aannamen welke wij maken voor dit gebied zijn: 

(1) volume recombinatie speelt een belangrijke rol, 

(2) Ne+-ionen zijn verwaarloosbaar t.o.v. de Ne;-ionen, 

(3) de electronentemperatuur en de gastemperatuur zijn straalafhankelijk 

door de effecten van warmte-ontwikkeling en warmtegeleiding, 

(4) de electronen hebben een Druyvesteyn-energieverdeling, 

(5) er treden geen striaties op. 

Met behulp van een computerprogramma berekenen we het axiale 

elektrische veld en de straalafhankelijke electronentemperatuur, 

electronendichtheid en ambipolaire veldsterkte. 

88 



Een methode voor de bepaling van de werkzame doorsnede van de 
reactie 20Ne{p,n) 20Na wordt gegeven. Bij deze methode maken we gebruik 

van de transporteigenschappen van een neon gasontlading teneinde 
20Na+-ionen te verplaatsen uit een bekend produktievolume. 

Er wordt een alternatieve methode voorgesteld, gebaseerd op het 

principe van atomaire resonantie fluorescentie, om 20Na-atomen in 

neongas te detecteren. 
De instrumentatie ten behoeve van de tracer experimenten wordt 

beschreven. 
Experimentele gegevens omtrent het ambipolaire veld worden be

schreven en vergeleken met de resultaten van modelberekeningen. 
De experimentele en theoretische waarden stemmen goed, overeen. 
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Nawoord 

Het project "gasontladingsonderzoek met behulp van tracer tech

nieken" is gestart op 1 juli 1969. Vanaf 1 juli 1971 is M. Prins als 
technisch medewerker bij dit project betrokken. Hierna is de werkeen

heid uitgebreid met Dr.Ir. J.A. v.d.Heide (per 1 juni 1972), 
Ir. F.C.M. Coolen (per 1 oktober 1972), Drs. L.W.G. Steenhuysen (per 

1 november 1972) en Ir. R.M.M. Smits (per 15 oktober 1973). 

Adviezen omtrent de gasontladingsbuizen zijn gegeven door 

Dr.Ir. J.G.A. ijolscher en Dr.Ir. F.J. de Hoog. Technische assistentie 
bij de totstandkoming van de buizen is verleend door M. Hoddenbagh, 

M.J.F. v.d. Sande, F.M.P. v.d.Broek en J.C. Holten. 

Bij dit project zijn de volgende studenten werkzaam geweest: 
G.J.N. de Vlieger (stage), F.A.M.T. Verstraelen (stage), C.H. Lemmens 

{stage), J.C. v.Uden (stage), B.A.A.M. Mulder(2x stage+ afstuderen), 
R.M.M. Smits (2x stage+ afstuderen), A.G.J. Jacobs {stage), 

P.H.M. Lammers (2x stage+ afstuderen), P.A. Koomen (stage), 
F.C.M. Coolen {2x stage+ afstuderen), A.M.W. Duys {2x stage+ afstu

deren), P.J.K. Langendam (stage), A. Venstra {stage) en M. Prins 
(stage). 

Het is mogelijk ~eweest 870 uren bundeltijd voor dit onderzoek 
te verkrijgen dank zij de tedere zorgen van de cyclotronbedrijfsgroep: 
Ir. W. v.Genderen, F.C. v.Nijmweegen, A. Platje, N. v.Schaik, 

C.-C. Soethout en W.H.C. Theunissen. 
De uitgaven voor dit project bedroegen kf. 96 in de kapitaals

dienst en kf. 75 in de gewone dienst. 

Bij de totstandkoming van dit proefschrift is assistentie ver

leend door Ruth Gruijters bij het tekenwerk en zijn adviezen betref
fende de Engelse taal gegeven door H.J.A. v.Beckum. Het typewerk is 

met zorg uitgevoerd door Francien Duifhuis. 
Alle bewoners van het cyclotrongebouw dank ik hartelijk voor de 

prettige sfeer en samenwerking. Een bijzonder woord van dank ben ik 
verschuldigd aan M. Prins die door zijn inzet en inzicht zeer veel 

aan dit project heeft bijgedragen en aan P.H.M. Lammers en 
R.M.M. Smits voor hun werk aan en met het model van de positieve 

zuil van neon gasontladingen. 
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Levens loop 

31 maart 1943 
juni 1962 

september 1962 

september 1965 - oktober 1967 
oktober 1967 - juli 1969 

23 juni 1969 

vanaf l juli 1969 
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geboren te Utrecht 
eindexamen HBS-B aan het "St. Jans 

Lyceum" te 's-Hertogenbosch 
aanvang studie ~.H.E. 

assistent.college demonstraties 
assistent Instituut voor Perceptie 
Onderzoek 

doctoraal examen natuurkundig 

ingenieur T.H.E. 
wetenschappelijk medewerker in de 

afdeling Technische Natuurkunde T.H.E. 



STELLINGEN 

behorend bij het proefschrift van 

L.C.J. Baghuis 

Eindhoven, 3 mei 1974. 



1 

De transporteigenschappen van een gasontlading kunnen warden 

gebruikt om radio-aktieve nucliden van hun produktiegebied 

naar een analysesysteem te vervoeren. 

Hoofdstuk 4 van dit pPoefsahrift. 

2 

De onderste detektie-limiet van een fluorescentie-opstelling 

wordt foutief bepaald wanneer men daartoe de primaire licht

bundel verzwakt in plaats van de concentratie van het 

fluorescerende medium te verlagen. 

J. Kuhi et ai., Optias Comm. 4 (1971) 125-128. 

3 

Bij de experimentele verificatie van modelstudies van gas

ontladingen warden de buizen vaak horizontaal opges~eld om 

axiale convectie te vermijden. Voor een zinvolle meting van 

straalafhankelijke grootheden moet in vele gevallen de buis 

vertikaal warden opgesteld. 

D. Venzke, E. Hayess, K. Woyaazek, BeitP. a. d. Pfosmaphysik 

6 (1966) 365-375. 

4 

Het ioniserend vermogen van hoog energetische protonen heeft 

een verwaarloosbare invloed op de resultaten van de in dit 

proefschrift beschreven diagnostische methode. 

Hoofdstuk 6 van dit pPoefsahPift. 



5 

De bundel geladen deeltjes in een cyclotron kan zodanig ver

~neld warden dat op een bepaalde straal de f ase van deze bun

del t.o.v. die van de H.F. versnelspanning 90° bedraagt. Dit 

kan een opslageffekt op die straal tot gevolg hebben. Het 

verdient aanbeveling dit verschijnsel te bestuderen en na te 

gaan of dit effekt bruikbaar is bij de extractie van een bun

del met hoge piekintensiteit en een macroscopische duty cycle. 

6 

Door het onderwerp "Computational Physics" op te nemen in het 

studiepakket van fysici kan warden voorkomen dat meer aandacht 

wordt best~ed aan codeerproblemen dan aan de analyse waarmee 

een fysisch probleem wordt herleid tot een adequaat algoritnie. 

7 

Lage geleidingsvermogens van halfgeleiders kunnen kontaktloos 

warden bepaald zonder dat daarbij de intrinsieke eigenschap

pen warden aangetast. 

L.C.J. Baghuis, afstudeerverslag Technische Natuurkunde sektie 

Materiaalkunde T.H.E. 1969. 

8 

In mentale rusttoestand kan de pupildiameter van het mense

lijk oog langzame periodieke fluctuaties vertonen die niet 

warden veroorzaakt door veranderingen in de lichtintensiteit 

(hippus, 0,2 Hz). 

Het .verdient aanbeveling in het autonome zenuwstelsel te 

zoeken naar fluctuaties die gecorreleerd zijn met hippus van 

de pupil. 

H. Bouma, L.C.J. Baghuis, Vision Res. 11 (19?1) 1345-1351. 



9 

Bij de constructie van kleine werktuigen dient de toepassing 

van hydrostatische komponenten mede in overWeging te warden 

genomen wegens hun grote kracht- of vermogensdichtheid. 

10 

Gelet op de toenemende hospitalisatie voor normale bevallingen 

en de stijgende ziekenhuis~arieven verdient het aanbeveling 

om verloskundige centra op te richten die warden beheerd door 

het eerste echelon. 

Voor de gemeente Eindhoven is slechts een verloskundig centrum 

economisch verantwoord. 

11 

H&t is onjuist om aan te nemen dat de meeste afges~udeerden aan 

de afdelingen der Technische Natuurkunde van de Technische 

Hogescholen een teahnische opleiding hebben gevolgd'. 

12 

De bespeler van een muziekinstrument dient te beseffen dat hij

zelf mogelijk meer plezier beleeft aan zijn spel dah de velen 

die door de huidige wijze van woningbouw tot meeluisteren war

den gedwongen. 


