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Scope of this study 

In this thesis we present an experimental study on the applica

tion of the optical fluorescence technique for the detection of ex

cited and ground-state atoms in a neon plasma produced by 20-MeV 

protons. 

The feasibility of the optical detection technique in the field 

of nuclear physics has been demonstrated by the detection of radio

active 20Na atoms produced by a proton beam in neon gas via the nucle-

t . 20Ne(p,n) 20Na. B k" f · d ar reac ~on y ma ~ng use o a cont~nuous-wave ye 

laser tuned to the D2-line of sodium, the 20Na atoms were excited and 

the intensity of the fluorescence light measured for several positions 

in the reaction vessel. From the time dependenee of the fluorescence 

signal after a period of production by the proton beam, the diffusion 
20 of the Na atoms through the reaction vessel could be studied. 

Using single-mode operation of the dye laser we investigated the 

absorption line shape of the 23 Na D-lines and determined the isotope 

shift of the 20Na D-lines with respect to the 23Na D-lines. 

The density distribution of excited neon atoms in a proton-in

duced neon plasma was measured using the fluorescence technique. In 

this experiment the proton beam was used as a well-defined excitation 

souree to study the kinetic behaviour of neon atoms in the ls2 , ls4 
and Js5 states. Furthermore, we determined the reaction coefficients 

for the collisional transfer of excitation between the 2p states of 

neon through collisions with atoms in the ground state. These reaction 

coefficients foliowed from spectrum analysis of line radiation gener

ated by laser excitation of ls atoms to the 2p states in the proton

induced plasma, 

To learn the effect of the plasma conditions on the results of 

the experiments we determined the electron density and the electron 

temperature in the plasma by measuring the time dependenee of line 

radiation induced by the recombination of electrons and molecular neon 

ions during and after a short proton irradiation. 

Intense laser excitation may cause a depletion of the excited 

atom density. This affects the intensity of fluorescence light. The 

depletion phenomenon was studied by measuring the time dependenee of 

the fluorescent' light intensity during short (< 50 ~s) laser pulses 

in the afterglow of a neon gas discharge. 



INTRODUCTION 

In this ahapter a general introduetion is given into the experi

ments presented in this thesis. In the first seation the fluoresaenae 

teahnique, using a dye laser as a tool for speatroscopic analysis is 

described. The application of this teahnique for the detection of 

ad . . 20N t . d . d . . · r ~oaat~ve a a oms ~s ~sausse ~n sect~on 1.2. In sect~on l.J 

the sb~dy of a proton-induced plasma is outZined briefly. Measure

ments on densities of electrans and excited neon atoms are introduced 

in addition to a sb~dy of the effect of high laser intensities on 

fluorescence experiments. 

l.l The fluorescence technigue 

The principle and application of fluorescence has been studied 

by many investigators (Mit71, Win74). In 1905 Wood was the first to 

observe that light of the sodium D-lines is intensely scattered by 

sodium vapour (WooDS, recent publications Coo7Sa, Fai7S). Sodium 

atoms in the vapeur are raised to the first excited state by absorp

tion of a photon. Since the excited state has a short lifetime, the 

atoms almest immediately decay to the ground state through emission 

of a photon in an arbitrary direction. This phenomenon is called re

sonance fluorescence or resonant scattering. The light which induces 

fluorescence is called resonance radiation. 

Apart from atoms in the ground state the fluorescence phenomenon 

also appears when excited atoms are illuminated by a beam of light of 

the appropriate frequency to excite them to a higher level. In this 

case the fluorescence radiation does not necessarily consist only of 

light having the same frequency as the incident light, as transitions 

to ether than the original excited level may also be possible. Since 

the fluorescence of a particular atom is highly frequency-selective, 

it was soon realized that the phenomenon could be used as a tool for 

spectroscopie analysis. Two methods have been developed: the absorp

tion and the fluorescence techniques. 

The absorption technique is based on measurement of the absorp

tion of resonance radiation which is transmitted through the region 

of interest. The fraction of incident light which is absorbed is 

determined by the number of particles in this region. A disadvantage 

of this technique is that only the total number of particles in the 
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beam can be measured. Besides, when the atom density is very low, 

only a small fraction of the resonant light will be absorbed. The 

density is then determined from the difference of two nearly equal 

signals, which may lead to great inaccuracy. 

The fluorescence technique is based on the detection of a frac

tion of the resonant-scattered light emitted from a small section of 

the incident beam. In this case the signa! is proportional to the 

number of atoms in that section provided the absorption of the beam 

is small. A good spatial resolution of the atom density distribution 

can be obtained by collimating the beam properly. The intensity of 

fluorescence light is in general very low. However, a number of sen

sitive measuring techniques, such as pboton counting and synchronous 

detection are available. 

The advent of the tunable dye laser has enormously increased in

terest in the fluorescence technique, The dye laser delivers a beam 

of high intensity and narrow speetral line-width, so that a relatively 

large fluorescence signal can be obtained. Moreover, the laser beam 

can be collimated very well. With the help of the dye laser the fluo

rescence technique has been developed into one of the most sensitive 

optical methods for the detection of atoms and molecules (Coo75a , 

Fai75). This thesis describes the application of the fluorescence 

h . f h d . f d. . 20 1 23 tee n~que or t e etect~on o ra ~oact~ve Na atoms, natura Na 

atoms, and excited neon atoms, making use of a continuous-wave dye 

laser, 

1,2 Detection of radioactive 20Na atoms by means of resonance fluo-

rescence 

In 1969 the cyclotron group of the Department of Physics of the 

Eindhoven University of Technology (EUT) started to produce the 20Na 

isotape for use as a radioactive tracer to study transport phenomena 
. . ( 20 
~na gas d~scharge Bag73, Bag74), The Na was produced via the 

1 . 20 ( ) 20 . nuc ear react~on Ne p,n Na, by pass~ng a beam of 20-MeV protons 

from the Eindhoven AVF cyclotron through a neon gas target, The half-

l 'f 20 . 4 20 ~ e T~ of Na ~s O. 5 s and it decays to Ne through emission of 

a positron and a gamma quant. At that time little was known about the 

efficiency of the nuclear reaction process. To find out which densi

ties could be produced, both the nuclear detection method, based on 

positron counting, and the fluorescence technique were applied. The 
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. . ZON f d h optLcal detectLon of a was oun to ave several advantages over 

the nuclear method, The optical method can be more sensitive, because 

the lifetime of the excited atomie state (16 ns) is much shorter than 

the radioactive lifetime, so that the atoms can be excited many times, 

which yields more than one detectable event per particle, This is im

portant in view of the low density to be detected (< 10 11 m-3), An

other advantage of the optical method is that it is easier to measure 

the spatial distribution of the isotope in the production region 

since fluorescence only takes place on atoms in the laser beam. A 

restrietion of the optica! method is that no ZONa ions can be detect

ed because the ions can only be excited by vacuum ultraviolet radia

tion. 

At that time the optical detection technique was absolutely new 

in the field of nuclear physics, Many teehuical problems had to be 

solved and the development of the technique grew to be an independent 

study. In the first instanee the feasibility of the technique was 

tested by determining, by means of fluorescence, the vapour density 

of natural sodium (Z3Na) in dependenee on the temperature (see sec

tion 3,Z), The experimentalset-up for the detection of ZONa consists 

in its final form of a stainless steel cylindrical cell 300 mm in 

length and 130 mm in internal diameter, which is filled with neon of 

density 3.5 x 10Z4m-3 (see section Z.1). Via stainless steel foils 

ZO ~m in thickness a proton beam 9 mm in diameter can be sent along 

the cylinder axis. Perpendicular to the proton beam, a 0.1-mm-diameter 

beam of a continuous-wave (c.w,) dye laser passes through the centre 

of the cell. A fraction of the D-line fluorescence light emitted from 

a section of about 1 mm of the laser beam is gathered by an optical 

system and transmitted toa photomultiplier (P.M.), By moving the op

tica! system in a direction parallel to the laser beam the radial 

distribution of the ZONa atom density can be measured. Photon counting 

has been applied for the detection of the weak fluorescence signal. 

When the proton beam passes through the cell a plasma is generated in 

the neon gas. The excitation light in this plasma generates a large 

background signal, Therefore the ZONa detection takes place a short 

time after a proton irradiation. The pulses from the P.M. are then 

counted in a 100-channel multiscaler, so that the time dependenee of 
zo 

thefluorescencesignal is recorded. After 1.5 smostof the Na 

atoms have decayed. Irradiation and detection have to be carried out 
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repeatedly in order to obtain a decay curve with good statistica! 

accuracy, 

The 20Na is produced near the axis of the cylinder, During the 

detection period diffusion of the takes place through the 

cell. With this experimental set-up we are able to study the diffu-
. h 20N d . sion process by measur~ng the decay of t e a atom ens~ty at var-

ious positions in the cell. The results of these experiments are 

pr~sented in sections 3,1 to 3.3 of chapter 3. 

The dye laser we used for these experiments had a speetral width 

of about 40 Ghz, which is greater than the width of a Doppler-broad

ened absorption line at 300 K by a factor of twenty, Recently, we 

placed an intra-cavity etalon inside the dye laser, by which means 

the line-width was narrowed to less than 40 Mhz. Using this narrow 

laser line the absorption line can be scanned in order to study line

broadening and displacement effects, We have studied the absorption 

line shapes of the D-lines of 23Na vapour in the presence of 1023m-3 

neon gas, as a function of the laser intensity. We have also measured 

the displacement of the 20Na D-lines with respect to the 23Na D-lines 

(isotope shift). The experiments with the narrow-band dye laser are 

presented in sections 3,4 to 3.6. It should be noted that these are 

the only sections in this thesis in which experiments with the narrow

band laser are described. 

The 20Na is produced by the nuclear reaction in an ionized state. 

The 
20

Na ions must recombine befare fluorescence with the D-lines can 

take place. Recombination can occur because many electrans are present 

in the production region due to the ionization of neon atoms by the 

proton beam. The nature of the plasma determines the recombination 

rate of 
20

Na ions during an irradiation period. Optica! measuring 

methods were used to study this plasma. 

1.3 Optica! measurements on a proton-induced neon plasma 

1.3.1 Introduetion 

A 20-MeV proton through neon gas loses energy due to ex-

citation and ionization of neon atoms (McD64, Yor72). In our case the 

neon density is so low that the energy loss is negligibly small. This 

means that, along its path through the neon gas a proton beam is a 

constant souree of excitation and ionization, The proton beam does 
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notheat up the gas appreciably (10K at most), and the shape and 

current of the beam can be determined easily. Therefore it can be 

used as a reproducible souree for fundamental study of kinetic pro

cesses in a plasma. The degree of excitation and ionization is very 

low so that it is mainly callision processes with neutral ground 

state atoms that are important. We have stuclied excited neon atom 

densities using dye-laser fluorescence, and electron densities by 

measuring the intensity of recombination-induced neon lines. 

1.3.2 Measurement of excited neon-atom densities 

Excited neon-atom density measurements have been carried out 

. h fl 11 f ZON d ' ' usLng t e same uorescence ce as or a etectLon. DurLng con-

tinuous proton irradiation the radial dependenee was determined of 

the intensity of fluorescence light originating from dye-laser ex

citation of metastable !sS andresonant Is4 and Is 2 states to one of 

the 2p levels (Paschen notatien see fig. 1.1). The radial density dis

tribution was measured for neon densities in the range from 1.66 x 

10 22m-3 to 6.3 x Io24m-3 • The distribution of excited atoms can be 

described with the aid of a numerical model based on balance equa

tions (Coo7Sb). By camparing the results of the calculations with 

those of the experiment insight can be obtained into processes such 

as collisional transfer of excitation and diffusion. These experiments 

and model calculations are treated in chapter 4. 

1.3.3 Collisional transfer of neon 2p2-zp 10 levels 

When a metastable !sS atom is excited, for instance, by the 

S88.2-nm line, the 2p2 state is strongly populated. During its life

time an atom in the 2p2 state can have collisions with neutral neon 

atoms the result of which may be transition to a neighbouring level. 

This process may be a rather high probability since the energy dif

ferences between the 2p levels are in the order of the kinetic energy 

of the gas atoms. Due to this process the spectrum of the fluorescence 

light is composed not only of optical transitions from the 2p2 state 

but also of light from other 2p states. We have measured the spectrum 

of fluorescence light induced by laser excitation to eight of the 2p 

levels. Evaluation of these spectra yields reaction coefficients for 

the transition process induced by atomie collisions. The experiments 

are presented in chapter S. 
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Fig. 1.1 Energy-tevel diagram of the first two exaited aonfigurations 

of neon. 

1,3.4 Electron density measurements 

In our case the proton-induced plasma consists mainly of elec

trens and molecular ions because we use a relatively high neon den

(McD64). The principal loss mechanism for electrens is dissocia

tive recombination according to the reaction 

+ * * e + Ne 2 + (Ne) 2 inst + Ne + Ne. 

After the reaction, one of the dissociated neon atoms is left in an ex

cited state. These atoms finally decay to the Is states, 'via emission of 

the red neon lines (Fro69), From measurements of the absolute intensity 
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of these lines the electron density can be determined. However, during 

proton irradiation light resulting from direct excitation by the pro

tons cannot be distinguished from light induced by the recombination 

process. Therefore the intensity of line radiation must be measured 

immediately after stopping the proton irradiation. Then, from the time 

dependenee of these intensities the electron density for the steady 

state can be determined. From the time dependenee information can also 

be obtained about the electron temperature during irradiation. The 

study of the electron density and electron temperature, making use of 

this method, is presented in chapter 6. 

1.4 Effects of high laser intensities on density measurements 

At high laser intensity various nonlinear effects appear in the 

fluorescence phenomenon. In the case of sodium fluorescence, satura

tion of the excitation occurs for high laser fluxes since an appre

ciable number of the atoms is then in the excited state. However, the 

fluorescence signal is still proportional to the total atom density, 

High laser intensities can lead to serious misinterpretation of the 

results obtained in fluorescence studies on excited neon atoms. These 

atoms are excited to states from which transitions to other than the 

original excited level are allowed. Thus levels which decay to the 

ground state may be populated. This means that the excited atom den

sity decreases and that the fluorescence signal may be not a reliable 

measure of atom density without laser excitation. This depletion phe

nomenon occurs at much lower laser intensities than the saturation of 

excitation. The influence of high photon fluxes has been stuclied for 

all our measurements. A more fundamental study was carried out by 

measuring the fluorescence signal during short laser pulses in the 

afterglew of a neon gas discharge. This study is presented in the 

Addendum, A numerical model combined with the experimental results 

led us to the conditions required for reliable measurements. 
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2 THE EXPERTMENTAL EQUIPMENT 

In this chapter a survey is given of the instrumental arrangement 

used for our experiments. The first two sections describe the fluor

escenae aell, the optical system and the dye laser. For the detection 

of radioactive 20Na atoms we applied a digitaZ correlation technique, 

which is treated in section 2,3, In later experiments on-line pro

cessing of measured data has been performed with the aid of a CAMAC 

interface system and a digital computer. In sectien 2.4.3 the applica

tion of this system to measurements on excited neon atoms is described. 

A fast muZtiscaZing technique for measurement of the decay of Zine 

radiation during the afterglew of a neon plasma is discussed in sec

tion 2. 4. 4. 

2.1 The fluorescence cell 

All experiments in which a proton beam is involved have been per

formed in a cylindrical stainless steel cell of 300 mm length and 

130 mm internal diameter, In fig. 2.1 a longitudinal sectien of the 

cell is given. The proton beam passes along the cylinder axis via two 

stainless steel foils of 20 ~m thickness. By measuring the current on 

the beamstop and on two carbon diaphragms outside the cell, the direc

tion and the total current of the proton beam are checked and control

led. 

The 0.1-mm diameter dye laser beam passes via two glass windows 

through the centre of the cell. The intensity of laser light scattered 

from the windows is weakened by placing diaphragms along the path of 

the beam. Owing to proper collimation the attenuation-ratio of the in-
• . . . . 1 l 10-14 

tensity of scattered l~ght to ~nc~dent l~ght ~s extreme y ow: 

2.2 shows a transverse sectien of the cell and the optical 

system, The optical system is positioned behind a viewing window of 

100 mm internal diamater. The detection region is a sectien of the 

laser beam that coincides with the region around the focus of lens U. 

Light from that sectien is collected by Ll within a solid angle of 

0,05 sr. The light is guided by means of mirrors over a distance of 

2 m, then focused, and transmitted through a diaphragm (~ l mm), be

hind which detection takes place. The detection can be performed by a 

photomultiplier tube (P.M.) directly, or, after wavelength selection 

with a grating monochromator (Jarrel-Ash 82-410). The P.M. is behind 

11 



Fig. 2.1 LongitudinaZ seation of the fluoresaenae aeZZ. PB: proton 

beam, LB: laser beam, D: diaphragm, F: foil, CD: aarbon dia

phragm, ST: stop target, HVF: high voltage feed-through, 

TCS: conneetion to cryo-system. 

concrete shielding in order to diminish the disturbing background 

signa! due to gamma radiation generated by the proton beam, By moving 

Ll parallel to the laser beam radial dependences of the fluorescence 

light intensity can be measured over a of 50 mm. The spatial 

resolution is determined bath by the diameter of the laser beam (0.1 

mm) and the diameter of the diaphragm at the end of the optica! 

system. The instrument profile for measurements of the radial depen

denee is given in fig. 2.3. The profile has been obtained by measur

ing the intensity of light scatteredat a thin metal wire (O,l mm 

diameter) placed at a fixed position into the laser beam, while 

moving Ll parallel to the beam. The half-width of the profile is Jmm, 

which is much smaller than the minimum width of the profiles to be 

measured, Therefore, deconvolution of the measured profiles is not 

necessary. 

When the intensity of line radiation is measured, the light is 

detected from an extensive region about the focus of lens Ll. The 

detection region is long in the direction of the optical axis but 

limited in the direction parallel to the optica! axis. 

12 



Fig. 2.2 Transverse seation of the fluoresaenae aell 

system. TP: aonneation to vaauum pump, MH: mirror 

by 

is 

FI: filter, CS: aonarete shielding, M: (removable) mono

ahromator, PM: photomultiplier, D: diaphragm, Ll and L2: 

lenses, LB: laser beam. 

Before filling with neon gas the cell was evacuated to 10-7 torr 

means of a 75 ls 
-I turbomolecular pump (Pfeifer TVP 250), The cell 

provided with copper gaskets and can be baked out to 700 K. A 

simple cryogenic system for use with liquid nitrogen is built in (see 

fig. 2.1) to purify the gas during an experiment. The degree of im

purity of neon before filling is lower than 30 ppm. The neon pressure 

has been determined with an accuracy of 5% by use of a differential 

13 
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Fig. 2.3 The instrument profiLe for measurement of the radial 

dependenee fluorescence light. 

membrane manometer (Varian MCT) in combination with an oil manometer. 

In our experiments we have used neon densities in the 

1022 to 6 x 1024m-3 • 

2.2 The dye laser 

from 

The continuous wave dye laser (Spectra-Physics model 370) we used 

in our experiments has a speetral range from 560 to 640 nm (with 

Redamine 6-G dye solution). The maximum output power is about 100 

mWatt (at 590 nm), the speetral width is 20-40 Ghz and the spacing 

of the longitudinal modes 500 Mhz. Since the speetral width of an 

absorption line of sodium is about 2 Ghz (Mit71), it can be covered 

by only 3 to 4 modes. So, a small fraction of the laser intensi-

ty is available for excitation. In this thesis this fraction is 

called the effective laser intensity, 

The intensity and wavelength of the laser could drift appreciably 

during an experiment, Therefore, the stability of the dye laser has 

been checked and controlled manually by measuring the intensity of 

fluorescence light from a reference system, 

Most experiments presented in this thesis have been performed 

with a bandwidth of the dye laser as described above. Recently, 
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experiments, presented in sections 3.4 to 3.6, have been carried out 

with a speetral width of the laser line less than 40 Mhz. The line 

narrowing was obtained by means of single-mode operation, for which 

an intra-cavity etalon was placed inside the dye laser. The maximum 

output power in this case was about 10 mW. We have operated the laser 

in such a way that the frequency could be varied in discrete steps of 

500 Mhz, corresponding to the frequency distance between the longitu

dinal modes. 

2.3 Measuring equipment for 20 Na detection 

Radioactive sodium atoms are detected by measuring the fluor

escence signal in a multiscaler a short time after a period of proton 

irradation (see section 1.2). Fig. 2.4 shows a block diagram of the 
. Th . 24 -3 exper1mental arrangement. e neon-gas target of dens1ty 3.5 x IO m 

is irradiated during 300 ms by a proton beam of 5 ~A. The irradiation 

is stopped by switching off the ion souree of the cyclotron, and a 

residual proton beam is cut off by a beam shutter (Bag74). Aftera 

waiting time of about 40 ms for relaxation of the gamma activity and 

the plasma generated by the protons, the pulses from the P.M. (Bendix 

channeltron 7501) are counted in a 100-channel analyzer in the multi

scale mode (Laben 400). Each channel represents a counting timeT of 

15 ms. Because the fluorescence signal is very weak, only a few 

pulses are counted. Therefore, the irradiation-detection cycle has to 

be repeated many times. The resulting contents of the 100 channels 
20 shows the decay of the Na atom density during the detection period 

(1.5 s). A residual gamma activity appeared todeliver a time-depen

dent background signal. In order to eliminate this background, the 

fluorescence signal is synchronously detected. A chopper cuts off the 

laser beam with a cycle of 15 ms. The cutoff rise and fall times are 

less than 0.1 ms. The phase of the chopper is so that the laser beam 

is blocked during the first quarter of the counting timeT, is passed 

during the following two quarters of T, and blocked again in the last 

quarter. During the periods while no laser light is transmitted, only 

background pulses are counted. Then the analyzer counts these pulses 

in such a way that every pulse decreases the contents of the channel 

by I. However, when the laser light passes through the cell, both 

background and signal pulses will be counted. In this case the 

channel contents will be increased by I for every incoming pulse. In 

15 



PM11J.:'~ . 
....-----------1 • --~-) 

~~~Cs 
I 

LB. ~ IF 
-----!-: 

PB 

MCA CU 

Fig. 2,4 Diagram of the experimental apparatus for the optical 

detection of 20Na atoms. CL: cyclotron, BS: beam shutter, 

FC: fluorescence cell, BSP: beam stop, PB: beam, 

LB: laser beam, IF: interference filter (590 nm), CS: con

crete shielding, PMl and PM2: photomultipliers, MCA: multi

ehannel analyser, TP: tape puncher, CU: control unit, CH: 

chopper, DL: dye RT: reference tube, LIA: lock-in 

amplifier, CD: eurrent digitizer, PC: counter. 

this way the contribution of the non-synchronous background light has 

been reduced strongly (Bag74). However, a fast and non-linearly de

creasing background will still give a small contribution to the 

channel contents, lt can be shown whether this is an important effect 

by performing a measurement in which the phase of the chopper is 

shifted 180°. In this case a fast-decreasing background gives an 

equal but opposite contribution. The effect can be cancelled by 

averaging the contents of cortesponding channels of the both cases. 

The statistica! accuracy of the channel contents is determined by all 

pulses counted in a channel. A measurement is stopped when a preset 
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counter reports that a certain amount of charge has passed through 

the fluorescence cell. 

A small part of the laser beam is deflected into a reference 

cell, containing saturated sodium vapeur and neon gas of 1.0 x Jo23m-3 

density. The temperature of the cell is kept constant at about 390 K, 

d . d' d . f 016 -3 ( . correspon 1ng to a so 1um vapeur ens1ty o about I m see sectJDn 

3.2). The fluorescence signal is detected by means of a P.M. and a 

lock-in amplifier. In this way, the stability of the dye laser can be 

checked. We used this cell also for measurement of the temperature 

dependenee of saturated sodium vapeur density and for line shape 

study of the D-lines, using a narrow-band dye laser (see sectien 3.4). 

2.4 Data handling with a CAMAC interface system 

2.4.1 The CAMAC system 

At a later stage of this study signal processing has been per

formed by use of an on-line digital computer (PDP-9). In our labora

tory a CAMAC interface system had been set up for automatic control 

of the cyclotron (Hag72, Sch73, vHe76). This system provides direct 

entry to the computer by simply inserting appropriate modules, such 

as scalers, into a bin (CAMAC crate). A software program controls 

transfer of data between the modules and the computer as well as data 

dalaway 

CAMAC bin 

crate 1 
crate 
controller 

PDP-9 

computer 

Fig. 2.5 Schematic set-up of the EUT CAMAC data handling system. 
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processing. We have applied the EUT CAMAC system for measurements on 

excited neon atom densities and electron densities (see fig. 2.5), 

2.4.2 Measurements of excited neon-atom densities during continuous 

proton irradiation 

As mentioned in sections 1.3.2 and 1.3.3 measurements of excited 

neon atom densities have been performed by measuring the intensity of 

fluorescence light during continuous proton irradiation. In fig. 2.6 

a diagram of the experimental set-up is shown. The fluorescence light 

can be selected to wavelength by means of a (removable) grating mono

chromator, 

Although the fluorescence signal from excited neon atoms is much 

larger than in the case of 20Na detection, synchronous detection must 

be applied due to the intensive excitation radiation from the proton-

I 
I 
I RDQ ;{--w --
1 I~ 

AM 

Fig. 2,6 Diagram of the experimentalset-up for measurements of ex

cited neon atom densities. RD: reference discharge~ AM: am

pere meter~ ADC: analogue to digital converter. Other ab

breviations as in fig. 2.4. 
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induced plasma. Therefore, the laser beam is chopped periodically and 

the signal from the P.M. is measured by means of a lock-in amplifier. 

The recorder output of the lock-in amplifier is supplied to an ana

logue-to digital converter (ADC) in the CAMAC crate (Borer 1241), In 

the case of measurement of the radial distribution of excited neon 

atoms the fluorescence signal for a number of radial positions is 

stored in the memory of the computer. When a scan has been finished 

the background is determined by measuring the signal with detuned 

laser. The background is subtracted numerically from the experimental 

values. After the curve has been normalized to the value in the 

centre of the cell it is plotted and printed. 

For measurement of the collisional transfer of excitation of the 

p-levels, the spectrum of fluorescence light from the centre of the 

cell is recorded while continuously scanning the monochromator from 

580 nm to 740 nm. At regular intervals the signal from the lock-in 

amplifier is read by the ADC and stored at successive positions in 

the memory of the computer. The integration time constant of the 

lock-in amplifier and the scan speed of the monochromator have been 

tuned so, that all lines of the neon spectrum are resolved. After 

normalizing the spectrum for convenient display it is plotted and 

printed. 

A fraction of the laser beam is transmitted through a neon gas 

discharge, The fluorescence signal from the discharge is synchronous

ly detected and serves as a reference signal for checking and con

trolling the wavelength stability of the dye laser. In a similar way 

as described above the radial dependenee of the intensity and the 

spectrum of light generated by a proton beam can be determined, Then 

the d.c. signal directly from the P.M. is measured during continuous 

proton irradiation while the laser beam is absent, Also, photon 

counting can be used for these measurements. Then the spectrum is 

measured by counting the pulses from the P.M. during regular inter

vals in a CAMAC scaler while scanning the monochromator. After each 
interval the contents of the scaler is written into the core memory. 

2.4.3 Electron density measurements 

From the decay of line radiation induced by the recombination 

proce~s during the afterglow of the proton-generated plasma, the 

electron density has been determined (see section 1.3.4). The time 
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AM 

Fig. 2.7 Diagram of the experimentalset-up for measurement of 

electron densities. For the abbreviations see fig. 2.4. 

over which this decay takes place varies from 50 ~s to 1000 ~s, depen

ding on the proton beam current (see chapter 6). Therefore, a fast 

multiscaling technique has been developed by making use of the CAMAC 

system. 
In fig. 2.7 the principle of this experiment is shown. The re-

combination-induced light is gathered out of a region in the centre 

of the cell. One of the neon lines is selected by the monochromator 

and detected by means of photon counting (with Bendix channeltron 

7501). The proton beam is pulsed with a period of 6.5 ms by supplying 

a repetitive block voltage to a beam deflection plate inside the cen

tral region of the cyclotron (vHe76). The rise and fall times of the 

beam are less than I ~s. The time dependenee of the line radiation 

has been determined during both the period of irradiation and during 

the afterglow. A measuring cycle is subdivided into a detection 

period, in which the irradiation and afterglew take place, and a pro

cessing period (see fig. 2.8). From the start of the detection period 
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gate to all 
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inputs 

Fig. 2. 9 Contro~ unit for timing of the CAMAC saa~ers. 

clock pulses (max. 40 Mhz) are simultaneously counted in 8 CAMAC 

scalers (Borer 1004). At the first P.M. pulse after the start a 

control unit stops the counting of scaler I. At the second pulsescal

er 2 is gated,etc, The number of clock pulses counted in scaler n in

dicates the time within which the n-th P.M. pulse is detected. In the 

computer a block of N memory positions, corresponding to N channels 
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has been reserved beforehand. During the processing period the 

scalers are read out and cleared, The contents of those channels with 

numbers equal to the number of counts in one of the scalers, is in

cremented with one. Since the number of P.M. pulses per detection 

period has to be restricted to maximum 8, many (104-105) detection 

and processing cycles must be performed to obtain good statistical 

accuracy. For high light intensities it is necessary to reduce the 

count rate by placing filters in the optical detection system, The 

minimum channel time which can be achieved is 25 ns and is determined 

by the maximum count rate of the CAMAC scalers. This multiscaling 

technique is most appropriate for very weak repeatable signals with a 

high frequency time structure. 

The realization of the gating of the CAMAC scalers is shown in 

fig. 2.9. The principle has been based on proper timing of serial 

switched J-K flip-flops. 

22 



3 FLUORESCENCE MEASUREMENTS OF SODIUM ATOM DENSITIES 

The results of the fluorescence experiments with sodium are pre

sented in this chapter. To test the feasibility of the detection 

methad we performed a measurement of the density of saturated natural 

sodium vapour in dependenee on the temperature, making use of the 

fluorescence technique. This experiment is treated insection 3.2. 

Insection 3.3 the results of the 20Na experiments are presented. The 

determination of the diJfusion coefficient of sodium in neon, follow

ing from these experiments, is discussed in that section. In section 

3,3 we also give a short discussion of a study on the statistical 

properties of the fluorescence signal. Recently, we performed fluor

escence experiments using a singZe-mode dye laser. We studied the ab

sorption line shape of the D-lines of 23Na in dependenee on the laser 

intensity. This study is treated insection 3.4. Using the single-mode 

dye laser, we also measured the isotape shift of the D-lines of 20Na 

with respect to the D-lines of 23Na. The results of this experiment 

are given insection 3.5. Finally, insection 3.6, we discuss the ef

fect of the production by the proton beam of other sodium isotapes 

than 20Na, on the determination of the sodium diffusion coefficient. 

3,1 Introduetion 

Although at the time the fluorescence experiments for the detec

tion of radioactive sodium atoms started the fluorescence technique 

was widely used in flame spectroscopy (Win74), the technique of 

flameless atomie fluorescence was rarely applied until then. Since 

the density of radioactive sodium atoms to be detected was extremely 

low (< 1o 11 m-3 , Bag74), we made a beferehand study of the feasibility 

of the fluorescence method for this purpose by measuring the saturat-
. 23 . d d h t ed vapour dens1ty of natural Na 1n epen ence on t e tempera ure. 

After calculating the absorption line shape we could estimate the 

magnitude of the expected fluorescence signal (Coo74). 

3.2 Measurement of the saturated sodium vapour density in dependenee 

on the temperature 

In fig. 3.1 a diagram is given of the experimental apparatus for 

the sodium vapour density measurements (Coo7Sa). Light from the dye 

laser, tuned to the n
2
-line, passed through a chopper and was sent 
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through a 150-mm long glass (Pyrex) cell, which contained 5 grams of 

spectroscopically pure sodium. Further, the cell was filled with neon 
23 -3 of l.O x JO m density. Aluminum oxideringsin the wall prevented 

passage of laser light through the glass to the light detector. The 

cell was placed inside a double-walled oven, and the temperature was 

varied from 292 K to 373 K. The inhomogeneity of the temperature of 

the cell appeared to be less than 1 K. A portion of the fluorescence 

light from the central region of the cell was gathered by a lens and 

directed toa photomultiplier (Philips XP1002). The photomultiplier 

signal was synchronously detected by means of a chopper and a lock-in 

amplifier. Because the sodium vapour density is very low below 373 K, 

the absorption of the incident light was very small. Therefore, the 
. . . 23 d . measured s~gnal was d~rectly proport~onal to the Na atom ens~ty, 

The effect of the temperature dependenee of the absorption line shape 

is negligibly small in our case (Coo74). In a preliminary experiment 

(Coo74) the excitation souree was a sodium speetral lamp, and the 

inner part of another sodium speetral lamp had been used as a vapour 

cell. 

Fig. 3.1 Experimental apparatus for the sodium vapour density mea

surements. DL: dye laser, CH: chopper, C: cell, 0: oven, 

AR: aluminum oxide ring, PM: photomuZtiplier, LIA: lock-in 

amplifier. 
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Fig. 3.2 Dependenee of the 23Na vapour density on the temperature. 

The triangles and aircZes represent our experimentaZ resuZts. 

Curve 1: IoZi et al., curve 2: Nesmeyanov, curve 3: our re

sults (least-squares fit), curve 4: Fairbank et al. 

In fig. 3.2 the results of both the preliminary experiments (cir

cles) and the final experiments (triangles) are given. Curve 1 shows 

the vapour density given by Ioli et al. (Io171). It is a least-squares 

fit of their experimental values together with values given in the 

literature over a region from 373 K to 573 K, to a function of the 

shape log N A + BIT + C logT. The quantity N represents the sodium 

density and T represents the absolute temperature. They used the ato~ 

ie absorption technique and were able to measure the sodium density 
16 -3 down to JO m . Curve 2 is an extrapolation from high temperature 

data reviewed by Nesmeyanov (Nes63). Curve 3 is a least-squares fit 

of the experimental values of the preliminary experiment (circles), 

represented by the function log N = 29.715- 525.7/T. In order to ob

tain this expression for the absolute vapour density, we normalized 
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our data to the absolute value at 4Z3 K, given by Ioli et al. Finally, 

curve 4 represents the sodium vapour density publisbed recently by 

Fairbank et al. (Fai75). They used the fluorescence technique to roea

sure the absolute sodium density in the region from Z45 K to 417 K. 

The temperature dependenee found for the region we measured is in 

good accordance with their results. 

With the experimental set-up shown in fig. 3,1 we could measure 

the sodium density down to 3 x 10
11 m-3 (at Z9Z K). At that density 

the ratio of the signal arising from resonance fluorescence to the 

signal arising from reflections of the incident laser light at the 

cell wall was 0.1. The background scattering of the fluorescence cell 

d · f d ' . ZON ( h Z f . Z 1 for the etectlon o ra loactlve a atoms see c apter , lgs. • 

and Z.Z) was appreciably less intensive, so that the detection limit 

in that case was much lower. 

. d' . ZON 3.3 Detectlon of ra lOactlve a atoms 

3.3.1 Introduetion 

In sections I.Z, Z.l, Z.2 and Z,3 we have pointed out the prin

ciple and the performance of the fluorescence technique to detect 

radioactive ZONa atoms. We now present the experimental results and 

a further analysis of the measured data. An estimate is made of the 

absolute ZONa atom density, and from the time dependenee and radial 

dependenee of the fluorescence signal the diffusion coefficient of 

sodium in neon gas has been determined. Finally, we present some re

marks on a study of the photoelectron statistics of the fluorescence 

signal. 

The production via a nuclear reaction, of other isotapes than 
ZON . d b 1' ' 1 . a lS assume to e neg lglb y small ln our case. Since neon gas 

isotapes ZZNa and consists for 8.8% of Z2Ne and for 0.26% of 21 Ne the 
21 

Na may also be produced via a p,n-reaction, However, since the pro-

ton energy of ZO MeV lies relatively far above the threshold energy 
. zz 21 of the p,n-reactlons for Na and Na, the cross-sections for these 

reactions are expected to be small (see for reactions of this type 

End73). The production of sodium isotapes via a p,y- reaction is also 

assumed to be improbable on account of the relatively large proton 

energy, With the aid of a narrow-band dye laser the presence of iso

tapes other than 20Na can be stuclied by making use of the isotope 
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shift of the absorption lines. Recently, we carried out such a study 

(see section 3.5) and found that a small fraction of the observed 
. 1 . 23N Th ' ' fluorescence s1gna ar1ses from a. e presence of th1s 1sotope in 

the fluorescence cell is discussed in section 3.6. In sections 3.3,2 

to 3.3.4 we neglect the contribution of 23 Na to the fluorescence sig

nal. 

3.3.2 The experimental results 

In 3.3 a typical result of the 20Na fluorescence experiments 

is given. The figure shows the time dependenee of the measured light 

intensity during 1,5 s, starting 40 ms after a 300-ms irradiation by 
24 -3 a 5-~A proton beam through neon of dens 3.5 x 10 m (see section 

2.3). The signal is taken from a position at 15 mm distance from the 

cylinder axis. It is the result of 239 irradiation-detection cycles, 

After the irradiations a total proton charge of 4 x 10-4 C has passed 

through the cell. A measurement with a 180° phase shift of the chopper 

\ 
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Fig. 3.3 Light intensity observed during the detection period. The 

solid line represents the least-squares to the function 

a+ b exp(-t/T). The channel time is 15 ms. 
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delivered the same result, within the statistical accuracy. This re

sult indicates that there is no appreciable influence of a decaying 

non-synchronous background (cf. section 2.3). 

h fl . 1 . . f 20 We observe that t e uorescence s1gna ar1s1ng rom Na atoms 

bas been superposed on a background arising from laser light. This 

background is, for one quarter, due to reflections of the incident 

laser beam at the cell wall, and for three quarters to Rayleigh 

scattering of the neon gas. This has been found by measuring the dif

ference in background signal when the optical system has been focused 

beside and on the laser beam. 

The time dependenee of the fluorescence signal is determined by 

diffusion and radioactive decay. The contribution of the ditfusion 

process can be found by correcting the observed signals for the radio

active decay. Due to the background signal, however, this cannot be 

done in a simple way. The observed signals can be represented by the 

function a + f(t) exp C-t/Trad), where a is the background, f(t) re

presents the time dependenee of the fluorescence signal on account of 
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diffusion, and 'rad is the radioactive decay time. As an approximation 
20 for f(t) we assume that the diffusion behaviour of the Na atoms may 

be described by an exponential function: f(t) = b exp (-t!Tdif), where 

is the typical diffusion time-constant. Although the diffusion 

will not take place exactly according to a pure exponential function, 

deviations from this function are expected to be small on account of 

the exponential-like time dependenee of the observed fluorescence 

nal. The time dependenee of the fluorescence signal was measured for 

three positions in the cell: on the axis, and at 15 mm and 25 mm from 

the axis. For each measurement a least-squares fitting procedure has 

been applied to the function a+ b exp(-t/T), where a, b and T are 

the fitting parameters. As shown by the solid curve in fig. 3.3 the 

fitted function is a good description of the observed time dependence, 

The relative initial atom density, represented by b, has been plotted 

in fig. 3.4 as a function of the relative radius. The density of 20Na 

atoms at the beginning of the detection period appears to be distrib

uted over a much wider region than the region covered by the intensi

ty profile of the proton beam (see chapter 4). This may be ascribed 

partly to the diffusion of the 20Na atoms during the irradiation and 

waiting period, and partly to the recoil phenomenon resulting from 

the nuclear reaction. 

In table 3.1 we have given the values of the effective decay 

time T, following from the least-squares fitting procedure. The val

ues of T appear to be appreciably smaller than the radioactive decay 

time (Trad= 0.638 + 0.008 s, Coo75c). In table 3.1 also the values of 

the decay times 'dif due to the diffusion process, found according to 
20 

1/Tdif= 1/T- I/Trad• has been given. The relative decay of the Na 

Table 3.1 Values of Tand at several radii, derived from a 

least-squares to the measured curves. The quantity r' 

is the relative radius (r'=r/R). 

r' 

0 

0.23 

0.39 

T(s) 

0.422 + 0.025 

0.408 + 0.024 

0.491 + 0.049 

Tdif (s) 

1.25 + 0.22 

1.13 + 0.19 

2.13 + 0.93 
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atom density due to diffusion is illustrated in fig. 3.5. The curves 

are plots of the functions b exp(-t/Td·f) versus the time. 
20 ~ 

The density of Na atoms at the of the detection 

period can be estimated by making use of the known contribution of 

the Rayleigh scattering to the background s • The total number of 

counts in channel I of fig. 3.3 is about 2300. About 1300 counts orig

inate from resonance fluorescence and 1000 counts from background 

scattering. The contribution of Rayleigh to this background 

is 800 counts. The ratio of the number of counts arising from Rayleigh 

scattering, SR, and those arising from fluorescence, Si' is 

(3. I) 
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where I' is the total laser intensity, 

I is the intensity of the laser light which has the proper 

wavelength to excite the sodium atoms ('effective intensity'~ 

Na is the neon gas density, 
. h 20N d . N ~s t e a atom ens~ty, 

is the differential Rayleigh scattering cross-section for a 

scattering angle of 90°, and 

aç is the total cross-sectien for sodium excitation by light 
J 

with a homogeneously distributed spectrum. 

In this case the spectrum of the laser light is composed of longitu

dinal modes, which are 500 Mhz separated from each other. So, the ex

citation occurs in 3 to 4 narrow-band speetral regions which are 

covered by the absorption line. Due to the mode structure of the laser 

light only sodium atoms with a specific velocity in the direction of 

the laser beam can be excited (cf. sectien 3.4 and the Addendum). 

This implies that only a fraction of the sodium atoms can be detected, 

The effect of the velocity selective excitation, however, is strongly 

diminished by the pressure broadening of the absorption line. Since 

the pressure broadening of the sodium D-lines in neon of 3.5 x ro24m-3 

is larger than the separation between the longitudinal modes (Iol68), 

the excitation of sodium atoms may be described approximately in terms 

of a cross-sectien af for excitation by a homogeneously distributed 
-16 2 speetral line, For af we take 2 x 10 m (Coo74). 

The value for the differential Rayleigh scattering cross-section 

fellows from the formula (Koh75) 

1. 58 x lo-50 (3. 2) 

where n is the index of refraction of the considered gas at 273 K and 

I atm, and À is the wavelength (in m) of the incident light beam. The 
5 -7 value for n- I is 6.7 x JO- (Lan62) and À= 5.89 x JO m, so 

-33 2 aR = 2.3 x 10 m • 

The value for I'/I is 10 (see sectien 2.2). In our case, I is so 

low that no appreciable saturation of the sodium excitation occurs. 

Substitution of the values of the parameters in eq. 3.J yields 

N = 8 x 109m-3 • Due to the approximations made and to the inaccuracies 

of the various parameters, this value should be seen as an order of 

magnitude estimate. 
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Another estimate of the 20Na density can be made by calculating 
20 d ' f h 1 . Th 20N d . the Na pro uct1on rom t e nuc ear react1on. e a ens1ty pro-

duced every irradiation period is approximately given by the term 

jNaanti, where j is the mean proton flux density and on is the cross-
. f 1 . . 3 10 17 _2 _1 35 sect1on o the nuc ear react1on, For J x m s , !l = • x 

24 3 -30 2 a 
10 m- , a = 3 x 10 m (Bag74), and t. = 0.3 s, we find that the 
20 n 12 -3 . ~ 

Na density is 1.2 x 10 m • F1g. 3.4 shows that at the beginning 

of the detection period the 20Na atoms are spread over an area of 

about 2300 mm2• Since the production has taken place within the area 

of about 100 mm2 of the proton bea~, the mean 20Na density that may 

b d · o10 - 3 h' . f 6 1 h h 1 e expecte 1s 5 x I m • T 1s 1s a actor arger t an t e va ue 

estimated from the fluorescence signal. Apart from the inaccuracies 

in the estimates, this discrepancy may be due to the fact that only a 

fraction of the 20Na particles produced have recombined. The reason 

for this may be that the recombination is prevented by the scattering 

of the 20Na particles out of the plasma region due to the recoil from 

the nuclear reaction, 

The decay of the 20Na atom density during the detection period, 

on account of the diffusion process, has been simulated by a numeric& 

model. Comparison of the experimental results with the numerical re

sults yields the diffusion coefficient of sodium in neon at 300 K 

(Coo75c), 

3.3.3 The determination of the diffusion coefficient 

The model takes diffusion and radioactive decay of 20Na atoms 

into account. We further assume that the 20Na atoms do not react chem

ically with the neon (Yor75) and with impurities in the neon. Further

more, the plasma induced by the proton beam will be vanished com

pletely at the start of the detection period (see chapter 6). So, 

subseque~t production of 20Na atoms due to the recombination of 20Na 

ions does not occur. 

The 
20

Na atom density N during the detection period is assumed 

to be described by 

a!l D N 
at= N !J.N-

a 'rad 
(3. 3) 

where D is the diffusion coefficient of 20Na. 
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Eq, 3.3 can be transformed so that the radioactive decay is 

eliminated by substituting N = N* exp(-t/TPad). For the infinite cy

lindrical geometry it then follows 

(3.4) 

where P is the distance from the cylinder axis. The effect of the 

finite axial dimension of the cell will be discussed later. The param

eters in eq. 3.4 have been expressed in relative units, according to 

" ' - ~i*;rl'' P ' iv - .1. .. oJ P/R, (3.5) 

. . . 
where N

0 
~s the dens~ty on the axis at t'=O, and R is the radius of 

the fluorescence cell (65 mm). Now, eq. 3.4 becomes 

+ (3.6) 

The boundary conditions are dN'/dP'=O for P1=0,and N'=O for P'=l, 

assurning that all atorns arriving at the wall will stick. It rnay be 

noted that the distance from the axis to the wall is so that 

deviation frorn the latter condition will not strongly influence the 

result. Because the initia! distribution is not a zero order Bessel 

function (see fig. 3.4), the diffusion will at first not take place 

according to the fundamental mode (McD64). Furthermore, the density 

decreases so rapidly owing to the radioactive decay, that we were un

able to study the diffusion at large times, when the fundamental mode 

is dominant. So, for our typical situation, eq. 3.6 cannot be solved 

analytically in a simple way (see for analytica! solutions McD64 and 

Car59). Therefore, we solved eq. 3.6 numerically. For the starting 

condition we have taken the initia! sodiurn dens described by the 

solid curve in • 3.4. Eq. 3.6 has been solved numerically for var-

ious initia! 20Na atorn density distributions, from the 

solid curve in . 3.4, but lying within the inaccuracies indicated 

by the error bars. It appeared that the salution is not very sensi-

tive for the various initia! conditions. In 3.6 the salution of 

eq. 3.6 is given for several radial positions. It appears that, as 

assumed in sectien 3.3.2, the deviations of the curves in fig. 3,6 

from exponential functions are relatively sl for the radial posi-
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Fig. 3, 6 Computed decrease of the 20Na atom density due to diffusion 

for var"ious radial positions. The dotted line is the 

exponential decay r' = o. 

sitions we consider. 

The diffusion coefficient D has been found by fitting the curves 

of fig. 3.6 to the curves of fig. 3.5, in the region from 0 to 0.5 s. 

In this region the curves of 3.5 represent the diffusion behav-

iour of the ZONa atoms most accurately. The fitting yields a calibra

tion of the time scale in fig. 3.6, expressed by the ratio t'/t. We 
-z 2 found t'/t = (6,4 .:_ 1.4) x JO . Now, from the relation t'/t = D/R Na 

(see eq. 3.5), the value of the diffusion coefficient follows: D 

(9.5 .:_ Z.l) x I020m-ls-l at 300 K. The error in the temperature is 

estimated to be 5 K. 

Since the length of the cylinder is limited in the axial direc

tion, the diffusion to the end walls will cause a somewhat faster de
ZO 

cay of the Na density than given in fig. 3.6. The ratio of the av-

erage lifetimes of a partiele on account of the diffusion to the cy-
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1inder wa11, and on account of diffusion to the side wa11s is 

TI
2R2/(2.405L) 2, where L represents the 1ength of the ce11 (McD64). 

I h . . . 8 0 o-2 h d 20 n our case t Ls ratLo :Ls • x I • So, t e ecay of the Na atom 

density is roughly 8% faster than ca1cu1ated with eq. 3.6. This means 

that the diffusion coefficient is about 8% 1ower than the va1ue deter

mined above found from the measurements, so that D = (8.7 + 2.1) x 

1020m-ls-I • 

The diffusion coefficient of natura1 23Na is slight1y different 

f h d . ff . ff. . f d. . 20N d · rom t e 1 us:Lon coe :Lc:Lent o ra :LOact:Lve a, ue to the d:Lf-

ference of mass. If D is supposed to depend on the reduced mass MR 

of the sodium-neon system according to M;~, the value of the diffusion 

coefficient for 23Na will be about 3% lower than for 20Na (McD64). So, 
23 . ( 20 -1 -1 for Na we f1nd D = 8.5 ~ 2.1) x 10 m s • 

The measurements of the diffusion coefficients of alkali vapours 

in noble gases reported in the literature, have been performed gen

erally by studies of the spin relaxation of optically oriented vapour 

(Vio68). The diffusion data from theseexperimentsof natural sodium 

vapour in neon gas were given by Anderson and Ramsey (And63). Their 
20 -1 -1 measurements yielded D = (8.6 + 2.9) x 10 m s at 428 K. A theo-

- 20 -I -1 
retical value for this temperature of 6.13 x 10 m s has been given 

by Peak (Pea70). Since the temperature in our experiment differs from 

the temperature in the experiment of Andersen and Ramsey, an exact 

comparison of both results cannot be made. ~~en the temperature de

pendence of D is taken according toT~ (McD64), the agreement between 

both experiments may be called reasonable. 

The value of D as we determined has been found on account of the 

assumption that the observed fluorescence signal is entirely arising 

f ZON U . h 1 f h b d 1 . rom a. s:Lng t e resu ts o t e narrow- an aser exper:Lments 

presented in section 3.5, we can correct the diffusion coefficient 

for the contribution of 23 Na to the observed fluorescence signal. 

This correction is carried out in section 3 .6. 

3.3,4 The photoelectron statistics of the fluorescence signal 

In section 3.3.2 it appeared that the density of 20Na atoms at 

the start of the detection period is in the order of 8 x 10
9

m-3 • 

Since the volume of the detection region is appreciably smaller than 

1 mm3 (see section 2.1), the number of 20Na atoms in the detection 

region can show relative1y strong fluctuations. These f1uctuations 
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influence the statistica! distribution of the pulses from the photo

multiplier. We reported a study on this distribution previously (Coo 

75d , Men75). In this thesis we only give some remarks basedon this 

study. 

The analysis of the fluorescence signal took place during pe

riods of 76 ms, between repetitive shots of ISO ms of the proton beam 

through the neon gas. The analysis period was subdivided into 19 in

tervals T. of 4 ms. We measured the statistical time distribution of 
1-

photomultiplier pulses during the periods • This distribution is 

expressed in the probability function Pm for counting, during Ti• m 

pulses arising from resonance fluorescence, We determined P~ experi-
.. 1 

mentally for various laser intensities and proton beam currents. 

The statistica! distributions we found appeared to deviate 

significantly from the Poisson distribution. The observed distribu

tions could be described reasonably by means of a simple model. In 

this model the partiele balance of 20Na atoms in the detection region 

has been taken into account, as well as the efficiency of the optical 

detection. By fitting the model to the experimental results it could 

be concluded that: 

I . b f 5 A h . h 20N • w1th a proton eam current o ~ on t e average e1g t a atoms 

pass through the detection region, during 4 ms; 

2. for an effective laser power of 10 mW the mean count rate of photo-
20 -1 electric pulses per Na atom is about 300 s • 

3.4 Study of the absorption line shape of the sodium D-lines by means 

of a narrow-band dye laser 

3.4.1 Introduetion 

As mentioned in sectien 1.2 we recently performed experiments 

with a narrow-band dye laser (bandwidth about 40 Mhz). In this section 

we describe a study on the shape of the D
1
- and D2-absorption lines 

f 1 d . . f 023 -3 . . o natura so 1um vapour 1n neon gas o I m dens1ty. The l1ne 

shapes have been measured in dependenee on the laser intensity. 

When a vapour or a gas is irradiated by a beam of a narrow-band 

dye laser, whose frequency is in the vicinity of an absorption line, 

only these particles can be excited whose velocity in the direction 

of the laser beam is such that, due to the Doppler effect, the fre

quency of the laser light corresponds to the energy differencebetween 
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the ground state and the excited state, Excitation takes place in a 

narrow velocity band ~vz, whose size is determined by the natura! 

width of the absorption line and the bandwidth of the laser line, so 

that just a small fraction of the particles can be excited. 

For sodium the situation is somewhat more complicated, since the 

energy levels are split up into hyperfine terros. In fig. 3, 7 the 

splitting of the 
2s!, 2

P! and 
2

PJ.. states is shown. As a consequence 
2 

of these splittings, the D1-line is composed of four hyperfine com-

ponents and the n2-line of six. The Doppler-broadened absorption line 

shapes at 390 K are given in fig. 3.8. These profiles have been found 

by taking into account the relative linestrengths of the hyperfine 

components, and the fact that the densities of the two ground-state 

levels I and 2 are distributed according to their statistica! weights 

(3 and 5, respectively). Since the splitting of the ground state is 

much larger than the splitting of the excited states, each D-line is 

composed of two groups of hyperfine components. 

Let us consider what happens when sodium vapour in neon of den-
. 23 -3 

s1ty 10 m is irradiated by an intensive beam from a narrow-band 

laser, whose frequency is centered around the position vt near the 

D
1
-line in fig. 3.8. The bandwidth of the laser light is ~v. Since 

vt lies close to the hyperfine components a and b, ground state atoms 

in level 2 (see fig. 3.7) have a much larger chance to be excited 

than atoms in level I, The consequence of the favoured excitation of 
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2 level 2 to the P! state is that level 2 will be depopulated and level 

J populated. The atoms in level J produced in this way, however, do 

not have at first the appropriate velocity to be excited. In the sta

tionary state the mean excitation rate is determined by three proces-

ses, 

a. The excitation of atoms in level 2. These atoms must enter the 

narrow velocity band corresponding to ~V before they can be ex

cited, They are transferred to this velocity band by collisions 

with neon atoms; the number of collisions with sodium atoms being 

very small. 

b. The excitation of atoms in level 1. The velocity band corresponding 

to ~V lies at appreciably higher veloeities than in case a. There

fore, the chance for atoms in level 1 to enter this region is much 

smaller than for atoms in level 2. 

c, Because of the stronger excitation of level 2 than of level 1, the 

collisional coupling of these two levels will transfer atoms from 

level I to level 2, and so maintain àn appreciable population in 

level 2. 
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At high laser intensities the absorption line shapes of the D-lines 

will differ markedly from the line shapes given in fig. 3.8. At very 

low laser intensities the population densities of levels I and 2 will 

not be disturbed appreciably as a consequence of the collisional 

coupling, and the line shapes as shown in fig. 3,8 will be observed. 

Since the energy difference between levels I and 2 is much smaller 

than the mean kinetic energy of the atoms, the two levels will then 

be populated conform their statistical weights. 

We have determined the absorption line shape in dependenee on 

the laser intensity, using the same experimental equipment as for 

measurement of the saturated sodium vapour density (see sectien 3.2). 

The intensity of fluorescence light was measured by means of a lock

in amplifier, while scanning the absorption line with the frequency 

of the laser light. The laser beam diameter was 3 mm. By means of op

tical filters the mean intensity per unit area of the laser beam has 
-2 -2 

been varied from 0.2 ~W mm to 0.5 mW mm • The temperature of the 
16 -3 

sodium cell was 390 K, corresponding to a vapour density of 10 m • 

3.4.2 The observed line shapes 

In fig. 3.9 the observed absorption line shapes of the n2-line 

for four laser intensities are shown. At the lowest laser intensity 
-2 of 0.2 ~Wmm the line shape resembles mostly the shape of the 
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Doppler-broadened n2-1ine in fig. 3.8. The profile could not be roea

sured adequately below this intensity since the fluorescence was too 

weak in that case. 

For higher laser intensities we observe that the wings of the 
-2 line become lower. For intensities higher than IS ~Wmm the line 

shape appears to be constant. The line is then approximately symme

rical, and the top lies (200 ~ 40)Mhz shifted to the blue side from 

the centre of gravity of the hyperfine components. 

The shape of the D1-line appeared to show a similar dependenee 

on the laser intensity. 

The fluorescence signal at the top of the D2-absorption line as 

a function of the laser intensity is given in fig. 3.10. The depen

denee appears to be approximately linear. 
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Fig. 3.10 Fluorescence intensity at the top of the D
2
-absorp-
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3.4.3 Model description of the line shapes 

In order to explain the observed line shapes we have set up a 

model which describes the density of atoms in the ground state and 

first excited state during continuous laser irradiation. We made the 

simplifying assumption that only the ground state is split into two 

levels (levels I and 2). Since the hyperfine splitting of the excit

ed states is much smaller than the splitting of the ground state, this 

assumption is not supposed to affect the final results seriously. The 

considered excited state ( 2P! or 2P2) is called level 3. For the rel-
2 

ative transition probabilities to levels I and 2 we have taken the 

sum of the relative line strengths of the transitions belonging to 

each group of hyperfine components (see fig. 3.7). Due to this sim

plification, the model is applicable to both the D-lines in a simple 

way. 

We consider a region contaLnLng sodium vapour in the presence of 
23 -3 neon gas of 10 m density, which is irradiated homogeneously by a 

continuous laser beam. The laser is tuned to a frequency in the vi

cinity of an absorption line. Only sodium atoms whose velocity in the 

direction of the laser beam (z-direction) lies in the velocity band 

6v
3 

can be excited (see section 3.4.1). Foratomsin level I this 

region lies at an other velocity than for atoms in level 2. Let N1 
and N

2 
be the total density of the atoms in the levels I and 2, res

pectively, and N
6 1 and N, 2 the density of those atoms with appro-

• u, 
priate velocity to be excited. When no laser irradiation would take 

place, the rate at which the atoms enter the velocity region 6V
3 

is 

equal to the rate at which the atoms leave this region. This rate ~V 

is given by (cf. eq. A.4) 

(3.7) 

where i= 1,2 is the indication of the specific sublevel of the ground 

state, f
3 

is the one-dimensional Maxwellian velocity distribution and 

v is the atomie cellision frequency. Since, in our case, the width 
c 

of 6v is mainly determined by the line width of the laser light, the 
3 

fraction of atoms which can be excited (f
3

6V
3
)i is much smaller than 

one. During laser irradiation the balance of atoms in the region 6v 3 

is disturbed due to the excitation process. Assuming that the total 

velocity distribution is not affected appreciably, the supply of atoms 
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into t:.v is still described properly by eq. 3,7, The rate at which the z 
atoms leave the velocity region is now described by the term V N, .. e LJ,& 

The excitation rateis described by the term Ja.N, ., where J is the 
& LJ,& 

photon flux density and ai is the excitation cross-section. For we 

have taken the value at the top of the naturally broadened absorption 

line (Mit73). The neon density we used is so low that the effect of 

pressure broadening on the absorption line may be neglected (Iol68). 

We assume that the excitation and emission have a negligible in

fluence on the velocity of the atoms in the excited level 3. The ve

locity of atoms in level 3 during their lifetime may, however, be 

changed by collisions with neon atoms, Since this has influence on 

the densities N, ., we also consider, apart from the total density 
ÜJ & 

, the density Nil, 3 of atoms in level 3 with the specific velocities, 

The last process involved in the model is the collisional cou

pling between level l and 2. The rate at which atoms in level I are 

transferred, via collisions with neon atoms, to level 2 lS described 

by the tem l'i"l' where k12 is the reaction coefficient 

the neon atom density. The reverse process is described by 

The reaction coefficients k
12 

and are related to each other ac-

cording to g2!g1 exp (-DE/kT), where DE is the energy dif-

ference between levels 2 and I, and g
2 

and g
1 

are the statistica! 

weights (cf. eq. 5.3). Since 6E <<kT forT= 390 K, g 2 = 5 and g1 
3, we may take = 5/3. 

The balance equations for the stationary state, in which the 

above mentioned processes have been involved are 

= - Jal"t:. 1 + A31Nb.,3 + \'eN/ fzb.v z) 1 - veNt, 1 = o, (3 .8) 
J J 

dN6 2 
+V N2(f ÖV J2 - V Nb. --·- -Ja2Nt.,2 + A3i"t-. 3 = o, (3. 9) dt J e z z , c , 

3 
Ja1Nö,l = + Jai"t::. 2 -A - veNb.,3 = o, (3 .I O) 

J 3 

dN
1 

kl"N N1 = JalNó,l - + k21Ni"2 + A31N3 0, (3. 1 l) 
4 a: 

0, (3 .12) 
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N, (3. 13) 

where A31 and A32 are the transition probabilities for the transitions 

from level 3 to levels 1 and 2, respectively, and A
3 

is the total 

transition probability of level 3. Since the laser intensities we 

used were relatively low, the effect of stimulated emission has been 

neglected. We inserted the following values for the parameters in 
7 -1 7 -1 eqs. 3.8 to 3.13: A31 = 2.34 x 10 s , A:p = 3.91 x 10 s , 

6.25 x 10
7
s-1 (Wie66), v = 1.65 x 107s- (McD64), N = 1023m , 
-20 3 -1 e -20 3 -1 a -14 2 = 0.83 x 10 m s , k 21 = 0.50 x 10 m s , a

1 
= 4.16 x 10 m 

(for D2-line, Mit73), = 6.94 x J0- 14m2 (for D
2
-line), and N = 

10
16

m-3 • The velocity distributions (f IJ. v ) . has been expressed in z z 7-

terms of frequency according to (f IJ. V ) • = (f ó.v) ., where f is the 
Z Z ~ V ~ V 

Doppier profile. The eentres of the two Doppier profiles involved in 

the model are separated 1836 Mhz, for the D1-line, and 1707 Mhz, for 

the D2-line. For ó.v we have taken 50 Mhz, which is the sum of the 

natura! linewidth (10 Mhz) and the bandwidth (half-width) of the dye 

laser. Taking the typical values of J, used in our experiment we 

solved the set linear equations 3.8 to 3.13 numerically, for various 

values of the laser frequency within the absorption profile. After 

that, the value of A
3
N3 , representing the magnitude of the fluores

cenee signal, has been plotted. Since the values of k
12 

and k
21 

are 

not known from the literature, we have chosen the values of the re

action coefficients in such a way that good visual agreement between 

the observed and the calculated profiles was obtained. The results 

for the D2-absorption line are shown in fig. 3.11. 

With the model all observed effects could be explained satisfac

torily. As required, the profiles at very low laser intensities be

came identical to the profiles of the Doppler broadened absorption 

lines in fig. 3.8. That the maximum of the absorption line at high 

laser intensities lies between the position of the two transitions to 

the ground levels can be described as follows. If v~ is situated be

tween the two transitions the chances for particles in the levels I 

and 2 to return, after having been excited via collisions, to the 

velocity region ó.v are of the sameorder of magnitude for both levels. z 
Since the fraction of atoms in levels I and 2 having the proper velo-

city to be excited is then nearly equal, the two levels are depopula

ted, and hence populated, by optical pumping to a comparable degree. 
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laser intensities as given by the corresponding numbers in 

fig. 3.9. 

In this situation the excitation rate is maximal; both levels I and 2 

contribute equally strongly to the excitation of sodium atoms in the 

ground state. 

We found that the shapes of the lines given by the model were 

rather sensitive for the value of the reaction coefficients k12 and 

• When k12 and were taken zero, the absorption line shape was 

independent of the laser intensity and resembled the line shape in 

the high intensity case in fig. 3.11. The reason for this phenomenon 

is that in this case the density distribution over the atoms in 

levels I and 2 is merely determined by the optical pumping process. 

So, in the stationary state, the laser intensity has no influence on 

the line shape. For high values of the reaction coefficients (e.g. 
-18 3 -1 k12 > 10 m s ) the shape of the line also remained constant, but 

resembled the line shape in the low intensity limit. Then the coupling 

between levels 1 and 2 is so strong that the effect of depopulation 

and population of one of the levels by optica! pumping is always 

slight as compared to the effect of coupling. So, the line shape will 

not differ much from the shape of the Doppler broadened line. The 

values of k12 and k
21 

found from the experimental curves is relatively 

small. Collisional transfer between levels I and 2 takes place about 
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once per 3 x 104 collisions, 

In fig. 3,10 the calculated fluorescence light intensity at the 

top of the D2-absorption line has been plotted versus the laser in-
-2 tensity, Above 200 ~Wrnm the saturation of the excitation becomes 

visible. This has not been found from the experiments. The reason for 

this may be that with increasing light intensity the wings of the line 

contribute in an increasing degree to the excitation process. The ef

fect of this, however, has not been included in the model. 

The model has also been applied to the D1-line. The main differ

ence with the case of the D2-line is that the cross-sections o
1 

and 

o
2 

are a factor of two smaller. This means that the D
1
-line has a 

similar shape as the D2-line at a laser intensity which is a factor 

of two smaller. 

3 5 Th . . f f 1 . f 20 • e ~sotope sh~ t o the D- ~nes o Na 

3.5.1 Introduetion 

The isotopic displacement of the 20Na D-lines relative to the 
23Na D-lines has been stuclied by means of the narrow-band dye laser, 

For this purpose, the fluorescence light intensity from 20Na was 

measured for various values of the laser frequency covering the D1 
and D2 absorption lines of 20Na, Simultaneously for each frequency, 

the fluorescence signal from a 23Na reference cell was recorded. The 

fluorescence signal arising from 20Na has been plotted versus the 

laser frequency, together with the signal from the 23Na reference 

cell. From the relative position of the two absorption profiles the 

isotope shift can be determined easily. 

For light elements (Z < 40), the isotope shift can bedescribed 

in termsof the mass difference between the two nuclei (Kop56): 

= C h n 
s A (A + n) • 

(3. 14) 

. . (23N . ) where A ~s the mass number of the reference ~sotope a ~n our case , 

and n is the difference in the mass of the isotope of which the line 

shift is considered and the reference isotope ( n = -3 for 
20

Na). The 

quantity C
8
h is a constant, typical for each speetral line. A negative 

value of ~vsh corresponds with a shift to red relative to the lines 

of the reference isotope. 
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3,5,2 The experimental results 

We measured the decay of the fluorescence light intensity from 
20 . . . . h 20 . Na, tak~ng the same t~m~ng sequence as w~t the Na exper~ments 

described in section 2.3: a 300-ms period of irradiation of neon by 

protons, followed by a 40-ms waiting time and a 1.5-s detection period, 

During the detection period the fluorescence light intensity is mea

sured in a 20-channel CAMAC multiscaler, developed recently in our 

laboratory (Die76). The neon density in the reaction cell was 5.4 x 

to24m-3 , the power of the laser beam through the cell was 7 mW, and 

the laser beam diameter was l mm. 

We measured the decay curves for various values of the laser fre

quency in steps of 500 Mhz, In fig. 3.12 the decay curves for fluor

escence with the n2-line, found after every two steps of the laser 

frequency, are shown. The simultaneously recorded fluorescence signal 

from the 23Na-fluorescence cell is given (in relative units) at the 

end of each curve. The temperature of the reference cell (see fig. 3.1) 
16 -3 was 390 K, corresponding with a sodium vapour density of 10 m 

Curve l in fig. 3.12 represents a measurement with a laser fre

quency at the red side of the n2-absorption line of 20Na. Since the 
20 laser frequency is relatively far from the centre of the Na absorp-

tion line, the fluorescence light intensity is small. The signal from 

the 23Na reference cell is also small. When the laser frequency is in

creased (curves 2 and 3) the fluorescence signal from 20Na becomes in

tense, whereas the signal from the reference cell increases also. The 

fluorescence light from 20Na is most intense for curve 3. The next 

frequency steps (curve 4 and 5) show a decrease of the 20Na-signal but 

and increase of the 23Na-reference signal. This means that the centre 

of the 
20

Na-absorption line has been passed and that the centre of the 
23 1" "11 Na- ~ne st~ has to be reached. We further cbserve the remarkable 

effect that a background appears in the decay curves of 20Na. This in-

d . h . 20 . . 
~cates, t at bes~des Na, also a sod~um 1sotope is produced by the 

proton beam, which decays appreciably slower than 20Na. This background 

signal is maximal for curve 5. The maximum of the 23 Na reference sig

nal appears in curve 6. Finally, curve 7 represents for the main part 

the fluorescence signal arising from the slowly decaying sodium iso

tope. 

T d t . h . h"f f 20 d . . o e erm~ne t e 1sotope s ~ t o Na, an to ~dent~fy the un-

known sodium isotope, we analyzed the measurements in the following 
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Fig. 3.12 of the D2-fZuorescence light intensity after 300-ms 

periods of proton irradiation, for various vaZues of the 

Zaser frequenay. The deaay has been measured by means of a 

20-ahanneZ CAt~C muZtisaaZer. From curve 1 to 7 the Zaser 

frequenay has been inareased in steps of 1 Ghz. The num

bers at the end of eaah curve represent the aorresponding 
23 fluoresaenae sigr~Z from a Na referenae aeZZ. The dotted 

Zine represents the Zevel of the background signaZ whiah 

does nat originate from fluoresaenae, 

way. The relative 20Na-fluorescence signal in dependenee on the laser 

frequency has been found by subtracting, for each decay curve, the 

total contents of channels 6 to 15 from the total contents of channels 

l to 5 and 16 to 20. By way of this 'second-derivative' subtraction 

method, the contribution of a linearly changing background is cancel

led, so that the disturbing influence of the slowly decaying sodium 

isotope on the 20Na-signal is minimized. 

The fluorescence signal from the unkno•m sodium isotope as a 

function of the laser frequency has been found by simply taking the 

contents of channel 20, diminished with the contribution of the back

ground signal arising from cell reflections and Rayleigh scattering 

of the laser light on the neon atoms. This background has been found 

by performing a measurement while the laser frequency was detuned far 
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2
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ence cell. 

frorn the absorption line. 

The norrnalized absorption profiles of 20Na, 23Na and the unknown 

sodiurn isotape (called xNa), found in these ways areshownon a cornmon 

frequency scale in fig. 3.13. Since the intensity of the laser light 

was large, the shape of the 23 Na ine is nearly syrnmet-

rical (see section 3.4), and identical to curve 4 in 3.9. The 

profile of the 20Na D2-line appears to be appreciably broader than 

the of the 23Na D2-line. Since ZONa is produced in neon of 
24 -3 5,4 x JO rn density, this effect is ascribed to pressure broadening 

of the absorption line. At the half-width the line profile is 

1,5 Ghz broader than the ZJNa line profile, This value agrees with 

the pressure broadening observed by Ioli 

The eentres of the Dz-lines of ZONa 

separated (Z750 + IOO)Mhz. The frequency 

of the absorption line of the unknown 

and Strurnia (Iol68). 

and in fig. 3,13 are 

di stance between the eentres 

and of Z3Na is 750 + 

150 Mhz. We also rneasured for these isotapes the profiles of the D1-

lines. Within the experirnental error, however, the D
1
-lines showed 

the sarne shifts as the Dz-lines. 

Before corning to conclusions about the isotape shift of 20Na and 

the identification of the unknown , we have to take into ac-

48 



count two effects: 

a) The centre of the 23Na D2-line in fig. 3,13 is shifted 200 Mhz to 

the blue side from the hypothetical position of the line centre if 

there would be no hyperfine splitting (see sectien 3.4.2). Since 

the isotape shift is considered with respect to this hypothetical 

position, the observed distances between the line eentres must be 

corrected for this effect. For 20Na the hyperfine splitting is 

much smaller than for 23Na, since the nuclear moment ~ of 20Na 

(~ 0.368, Ban70) is much smaller than the nuclear moment of 23 Na 

(~ 2.218, Nuc69). Therefore, the centre of a 20Na absorption line 

is shifted over a negligible frequency distance from the position 

of which its isotope shift is considered. 

b) Neon gas in sodium vapeur causes the D-lines to shift to the red 

side (Iol68). We studied this effect by performing measurements as 
24 -3 described above with a lower neon density of 1.16 x 10 m • The 

absorption profiles following from these measurements are shown in 

fig. 3.14. The fluorescence signal from 20Na was very weak since 

the 
20

Na atom density decayed rapidly on account of diffusion to 

the wall. The figure shows clearly, however, that both the absorp-
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Fig. 3,14 Profiles of the D2-absorption lines of sodium isotapes pro

duoed in neon of 1.16 x 1024m-3 density, tagether with the 

profile of the 23Na D2-absorption Zine from the referenoe 

oe U. 
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rnay 

the 

tion lines of 20Na and the unknown isotope lie closer to the 

line of 23Na than in fig. 3.13. The profile of the unknown isotope 
23 1· s· h is now shifted only 150! 50 Mhz from the Na D2- Lne. Lnce t e 

shift is roughly proportional to the neon density, the unknown 
23 isotape may be identified as Na, lt rnay be concluded now that 

24 -3 
the pressure shift of the D-lines in neon of 5.4 x 10 m density 

is 750 + 150 Mhz. This value is in reasonable agreement with the 

value of 560 + 70 Mhz found by Ioli and Strumia (lol68). 

Taking into account the effects mentioned under a) and b), we 

conclude that the isotope shift of the 20Na D-lines relative to 
23 Na D-lines is 1800 + 180 Mhz. 

The isotope shifts of the D-lines of 
21

Na, 
22

Na, 
24

Na and 
25

Na 

have been rneasured recently by Huber et aZ. (Hub75). They found that 

the shifts of these isotopes satisfy eq. 3.14. The value of C h fol-
11 -I s' 

lowing from their measurements is 3.85 x 10 s Using this value we 
20 

find with eq.3,!4, for the isotape shift of Na: 6v
3
h = 2150 Mhz. 

The agreement between their results and our results is relatively 

poor. The discrepancy between the two results lies outside the limits 

of the experimental errors. An explanation may be that eq. 3.14 is 

not valid for 20Na. Another possible explanation is that the inter

action of the charge distribution in the 20Na nucleus, with the elec

trond cloudis appreciable (Kop56). 

3.6 The correction of the sodium diffusion coefficient as a conse

quence of the production of 23Na 
20 In section 3.5 it appeared that, apart from Na, also the iso-

tope 23 Na is produced by the proton beam. The only possible nuclear 
. h . . 23 . . 2 2 ( ) 23 . reactLon w Lch yLelds Na Ls, Ln our case, Ne p,y Na. SLnce the 

reaction cross-section for this process is expected to be very small, 

and the abundance of 22Ne is only 8.8%, it is, however, improbable 

that the 23Na isotope is produced via a nuclear reaction (see for 

corresponding reactions End73). The isotopeis possibly emitted from 

the beam transmitting foils, or from glass parts, covering partially 

the electrode pins inside the cell. The production of the 23Na atoms 

could not be stuclied with the broad-band laser experiments of section 

3.3, since the synchronous background, in that case, was large, and 

the isotopes could not be distinguished optically. 

Due to the presence of 23Na, the time dependenee of the fluor-
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escence signal during the detection period is partially determined by 
23 the transport of Na atoms through the cell. If this is an important 

effect, the value of the diffusion coefficient of sodium, as deter

mined in section 3.3.3, should be corrected. We have studied the in

fluence of 23Na on the time dependenee of the fluorescence signal, 

with the aid of the curves in fig. 3.12. The fluorescence signalof 

the broad-band laser experiments has been simulated by summing up all 

the curves. The decay curve, found in this way has been analyzed by 

means of a least-squares fitting procedure of the function a + b exp 

(-t/T). The resulting value of T has been compared with the value of 

T following from a least-squares fitting procedure applied to curve 3 

in fig. 3,12, which most accurately represents the fluorescence signal 
20 from Na. The decay time in the latter case appears to be about 7% 

shorter than the decay time following from the sum curve. Taking this 

value as an approximation for the correction of the decay times fol

lowing from broad-band laser experiments, we find that, according to 

the relation 1/Tdif 1/T - I/Trad' the values of the diffusion time 

constant 'dif are about 20% smaller than the values of Tdif given in 

table 3.1. This means that the diffusion coefficient Das determined 

insection 3.3.3 should be taken 20% larger. We then get D = (10~2.5) 
20 -1 -1 x 10 m s • The correction of D performed in this way is only ap-

proximative. Measurements are planned to determine the value of D 

more precisely by repeating the experiments of section 3.3 with the 
20N b . 1' narrow-band dye laser tuned to the centre of a a a sorptlon 1ne. 
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4 RADIAL DENSITY DISTRIBUTIONS OF EXCITED NEON ATOMS 

A continuous beam of 20-MeV protons has been used as a weZZ de

fined excitation souree to study kineticaZ processes of neon atoms in 

the ls2, ls4 and ls5 states by means of fZuorescence. The radiaZ den

sity distribution of these atoms has been determined for a wide range 

of neon densities. The basic kinetic processes are discussed in sec

tion 4.1. Insection 4.2 the experimentaZ resuZts are given. The den

sity profiles of ls 5 atoms have been described with the aid of a nu

mericaZ modeZ, based on baZance equations. This is treated in section 

4.3. By fitting the modeZ caZcuZations to the observed profiZes, the 

coZZisionaZcoupZingbetween the ls4 and ls 5 states couZd be studied. 

4.1 Introduetion 

A beam of 20-MeV protons passing through neon gas generates many 

excited states. Because of the lew proton beam currents we use, and 

of the relatively small cross-sectien for excitation of a neon atom 

by a proton (Alb75), the degree of excitation is very lew(< !0-8). 

This implies that only collisions of protons with neutral neon atoms 

in the ground state have to be taken into account for finding the 

radial distribution of excited atoms. Further, the production region 

is optically thin for transitions in which the ground state is net in

volved, so that the fluorescence technique may be applied for density 

measurements in a simple way. 

In this chapter we present an experimental study of the relative 

densities of ls 2 , ls
4 

and ls
5 

states in a stationary proton-induced 

neon plasma, using the same cell as for detection of 20Na atoms. The 

fluorescence signal arising from excitation of Js3 states appeared to 

be very weak and could net be used for analysis (see sectien 6.6 and 

table 6.2). The density of metastable Js 5 states has been stuclied in 

detail by cernparing the experimental results with results of a numer

ical modelbasedon balance equations (Coo75b). The object was to 

study in this way the physical processes which govern the balance 

equations. 

The production of Is states through proton irradiation is de

scribed by direct and delayed processes: 

a. Direct excitation from the ground state and cascade decay from 

directly excited levels. The production occurs both through exci-
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tation by protons and by energetic secondary electrous arising 

from ionization of neon atoms by the proton beam, The larger part 

of the secondary electrous has a kinetic energy below 50 eV 

(McD64). Therefore, the stopping range of the secondary electrous 

is very small at high neon densities, so that then the radial dis

tribution of the excited atom production is independent of the 

neon density. 

b. Cascade decay from excited levels produced by the recombination of 

electrous and molecular ions in the proton-induced plasma (see 

chapter 6). On account of the diffusion of electrous and molecular 

ions this process may lead to a broadening of the radial produc

tion profile at low neon densities. We found experimentally that 

at neon densities below 8.3 x 1022m-3 the size of the production 

region depends on the neon density (see section 4.2). The analysis 

of experimental data is relatively easy for sufficiently high neon 

densities, where the radial production profile is constant. 

We now consider the dominant processes, which, apart from the 

production, determine the density of I states. These are (Phe59): 

a. Destrucdon due to three-body collisions with neon atoms in the 

ground state. This process is important for neon densities higher 

than 1024m- 3 • 

b. Excitation transfer between the J and the other Is states due to 

two-body collisions with gas atoms. These processes are appreciable 

for densities between Jo 22m-3 and 3 x 1o24m-3 • 

c. Diffusion to the wall. Since the production only takes place in a 

region of about 4.5 mm radius around the cylindrical axis there 

are large density gradients in the radial direction. Diffusion will 

play a role for densities lower than 6 x Jo 23 m-3 , 

The balance equations of atoms intheresonant ls 2 and Js4 states 

are determined by the following processes: 

a. Collisional transfer of excitation between the resonant states and 

the other Is states. 

b, Radiative loss due to spontaneous decay to the ground state and 

transport of resonance radiation through the production region 

(Hol51). 
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state for various vaZues of the neon density. The solid 

Zines represent the fitted profiles foZZowing from the 

model aalaulations. Curve 1 is the theoretiaaZ dis-

tribution in the Zow gas density limit. The aell radius is 

65 mm. 

4.2 The experimental results 

By use of the fluorescence technique, the radial density distri

bution of the various excited states has been determined during con

tinuous proton irradiation of neon densities in the range from 

1.66 x 10 22m-3 to 6.3 x 1024m-3 (cf. section 2.4.2). To obtain for 

each neon density a sufficiently strong fluorescence signal, proton 

beam currents were taken in the range from 20 nA, at high density, to 

500 nA, at low density. 

In • 4.1 the measured density profiles for the metastable Is5 
state are presented. The fluorescence measurements were carried out 

55 



~ 
"cii 
c 
~ 0.5 

0 

4.2 Relative distribution 

_2 -3 
v :4.0 x 11r 
4 : 8.3 )( ,if2m3 

+ = tss x 1rl-3m3 
2~ ~ 

o: 3.3 x10 1'n 
24 -3 

x :6.3 x 10 m 

V V 

V 

V V 

4 

4 
4 

4 
4 4 

radius ( mm) 

the density of atoms in the 

state. The solid curve ooinoides with the corresponding 

curve for 6,3 x 1024m-3 neon density in fig. 4,1 

eq. 4.1). 

by exciting the ls5 atoms with 588~2 nm radiation. For each neon den

sity the profiles have been normalized to the values on the axis. In 
24 -3 24 -3 the region from 10 m to 6.3 x 10 m the density distribution 

appeared to be independent of the neon density: due to the three-body 

destructien the lifetime of the metastable state is so short at these 

densities that diffusion is In this case the profiles re-

present the radial distribution of the production by the proton beam. 

This distribution can be described well by the function 

-6 6 Q(r) = Q
0

(1 + 2.5 x 10 r ) exp - (4 .I) 

where r is expressed in mm, The deviation from a Gaussian function is 
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very slight, which is shown by the dotted line in fig. 4.1. At neon 

d . . b 1 o24 - 3 h f'l b b ad . . • ens~t~es e ow l m t e pro ~ es ecome ro er. Th~s ~nd~cates 

that diffusion becomes of comparable importance in relation to the 

other loss processes. 

In fig. 4.2 the density profiles of the resonant ls4 state are 

given. The profiles have been measured by means of fluorescence with 

603.0 nm radiation. We cbserve similar effects as in fig. 4.1. For 
24 -3 24 -3 high neon densities (10 m to 6.3 x 10 m ) the shape of the pro-

files is again independent of the density and coincides with the 

profiles of the ls5 state. For lower neon densities a broadening of 

the profiles is observed, which, however, is not identical to the 

broadening in the case of atoms in the Js5 state. 

In fig. 4.3 the density distributions of atoms in the resonant 

state are shown. The ls 2 atom density was measured by means of 

fluorescence with 585.2 nm radiation. A remarkable experience was 

that the profiles could not be measured at high neon densities since 

then the fluorescence signal was very weak. The reason for this may 

be that collisional de-excitation to a lower Is state is intensive 

for this level. Furthermore, the ts2 state is the highest state of 

the ts levels and the energy gap between the ts 2 and ts
3 

state is 

relatively large (0.133 eV), so that collisional excitation to the 

state is improbable. At low neon densities here also a broadening 

of the profiles is observed, However, the broadening is clearly less 

than in the case of the ts4 and ts5 states. 

For analysis of the experimental data it is important to know 

whether the production profile is constant over the range of neon 

densities we use. At low densities a broadening of the production pro

file may be expected on account of the fact that the stopping range 

of secondary electrens may be large and that, due to the diffusion of 

molecular neon ions, the production of excited states from the disso

ciative recombination process will extend over a wide region. However, 

at low densities the rate of conversion of atomie ions into molecular 

ions (cf. eq. 6.1) and the recombination rate are very low. The pro

duction of excited states from the recombination process will then be 

less important. The total effect of these processes has been stuclied 

experimentally by measuring the radial intensity distribution of the 

585.2-nm line radiation during continuous proton irradiation for a 

number of neon densities in absence of the laser beam (cf. section 
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Fig. 4.3 Relative distr>ibutions of the density of atoms in the ls 2 
state. The soZid our>ve r>epr>esents the pr>oton beam pr>ofiZe. 

2.4.2). The intensity distribution of this line radiation is supposed 

to yield information about the above mentioned effects, since it con

sists for about 67% of light originating from the recombination pro

cess (cf. section 6.3, fig. 6.1). In fig. 4.4 the measured intensity 

profiles are shown. The broadening becomes noticable for densities 

below 8.3 x to
22m-3 • This value has been taken as the minimum density 

for which our model analysis is reliable. 

Finally, we stuclied the effect of high laser intensities. The 

density profiles have been measured for various cases in which the 

laser beam has been attenuated by means of optical filters. The laser 

intensity was varied from 0.5% to 100% (effective power about 10 mW). 

Within the limits of the experimental error the shape of the profiles 

appeared to be independent of the intensity. In the Addendum the ef

fect of high laser fluxes is discussed in more detail. 
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Fig. 4.4 Re~ative intensity distributions of 585.2-nm radiation 

various va~ues of the neon density. 

The radial dependenee of the of metastable !s5 atoms has 

been calculated using a numerical model in which only the balance 

equations for the density of atoms in the !s
5 

and ls4 states are in

volved. In the model we have taken into account the processes men

tioned insection 4.1. The effect of collisonal coupling of the 1 

and Is4 states with the Js3 and Js2 states is assumed to be unimpor

tant in relation to the other processes (Phe59). The balance equations 

are 

'dN Dm 1/N N
2
N 

m 
-aANN +ANN- + Qm 0, (4. 2) 

m a m ar Yam 

?JN r 
- vtrNr + aAN N 

am 
- AN N ar + Qr 0, (4.3) 
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HereNmand Nr are the densities of is5 and ts4 atoms, respectively, 

Na is the neon gas density, 

Dm is the diffusion coefficientof ls5 atoms per unit of atom den

sity, 

A is the reaction coefficient for collisional transfer of ex

citation from the ts4 to the ts5 state, 

a is the ratio of degeneracies of the ts 4 and ts5 states multi

plied with the Boltzmann factor (a ~ 8.08 x 10-2 at room tem

perature), 

y is the coefficient for destructien of ts 5 atoms by three-body 

collisions, and 

Qm and Qr represent the radial dependent souree terros for the 

production of ls5 and ts4 atoms by the proton beam as de-
22 -3 scribed by eq, 4.1 (for Na> 8.3 x 10 m ), 

Qm is related to Qr by a constant factor: Qm = fQr. The quantity vtr 

represents the reeiprocal lifetime of the deeay of trapped resonanee 

radiation (Hol51). The description in termsof vtr implies the ne

gleet of the radial dependenee of the radiation transport. This de

pendenee will only be important for the distribution of ts4 atoms at 

low gas densities, where the collisional eoupling between ts4 and ts5 
states is small in relation to vtr' Therefore, eqs. 4.2 and 4.3 are 

only expeeted to deseribe the distribution of the metastable ts5 
atoms reasonably. 

By introduetion of the dimensionless variables r' = r/R, v', and 

N~ = NmF/$ and substitution of eq. 4.3 into eq. 4,2 we get for the 

stationary state 

(4.4) 

where R is the radius of the eell (65 mm), and 

$ 
[ fANa 
vtr + AN + 1 ) Qo, 

a 
(4.5) 

N2 
aA2N2 

+aAN 
a 

F Y a a vtr + ANa 
(4,6) 

z (4. 7) 
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The factor Z can be interpreted as the ratio of the loss of metastable 

atoms due to diffusion to the wall, to theether loss processes. From 

eq, 4.5 it fellows that the shape of the radial profile is independent 

of the coefficient f· Eq. 4.4 has been solved numerically for the con

ditions dN'Idr'l,-o = 0 and N'l'-l = 0. The parameter Z has been nt r- . mr-
used to fit the computed curves to the experimental curves. For each 

neon density the value of Z has been found by applying a least

squares fitting procedure to the experimental values given in fig. 

4.1. The resulting fitted curves are represented by the solid lines 

in fig. 4.1. They are in good agreement with the experimental curves, 

Curve in fig. 4.1 represents the calculated distribution of 

atoms in the law density limit, 

The values of Z in dependenee on the neon density, following 

from the fitting procedure, are given in the second column of table 

4.1. The estimated inaccuracy in Zon account of the experimental 

error is about 20%. As an example, in fig. 4.5 the computed density 

profile of I atoms in neon of 8.3 x 1022m-3 density (cf. fig. 4.1), 

found by the fitting procedure, is compared with calculations in 

which for Z various values has been taken. 

22 -3 
The values of Z for Na < 8.3 x 10 m are less reliable (see section 

4.1) and should be ignared further. 

In the third column of table 4.1 the values are given of Z, ob

tained by inserting in eqs, 4.6 and 4.7 the values of the physical 

parameters D, A and y as determined by Phelps (Phe59). These are 
m 

20 1 I -20 3 -1 -46 6 -1 D = 5.5 x 10 m- s- , A = 4.1 x 10 m s , and y = 5 x 10 m s 
m 4 -1 

Further we have taken vtr = 5 x 10 s . This value has been obtained 

from the relation given by Holstein (Hol51) 

0.205 .!. À ~ vtr = T ( R
0 

) ' 
(4 .8) 

where T is the natural lifetime of the ls4 state, À is the wavelength 

of the resonance line and is the radius of the cylindrical region 

from which the escape of resonance radiation is considered, For R0 we 

have taken 4.5 mm, which is the radius of the proton beam (cf. eq. 

4.1). The theory prediets that vtr is independent of the gas density 
23-3 . 1'. . 1 5 104-1 for N > 2 x 10 m , Below th~s ~m~t vt ~s arger than x s • 

a r 
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Fig. 4.5 Computed deneity profiles of 1 atome in neon of deneity 

8,3 x 1022m-3, for various values of Z. The value Z = 0.021 

has been found by means of a least-squares fitting procedure. 

Camparisen of the second and third column of table 4.1 shows that 

the experimental Z values are a factor 1,5 to 3 larger than the values 

computed from data in the literature. In order to explain this dis

crepancy let us assume that the order of magnitude of the literature 

values is correct, We then find that, for the range of neon densities 

we consider, the influence of three-body destructien is small, and the 

value of vtr is large sa that Z can be approximated by 

(4.9) 

The values of Z obtained by inserting the literature values in this 
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Table 4.1 Comparison of the experimental values of Z with other 

va lues. 

--------------------------------------------------------------------
4.0 x Jo22 

I .66x 1022 
1.6 x 10-l 

7.3x!O-l 

2.5 x I0-2 

1.5 x 10-l 

2.5 x I0-2 

1.5x!0-2 
5.6 x I0-2 

3.3 x 10-l 

formula are given in the fourth column of table 4.1. For densities 

lower than 6,6 x 10 23m-3 the deviations from Z with respect to the 

values in the third column are smaller than 16%. So, the discrepancy 

between the experiment and literature may be ascribed to a difference 

in Phelps does not in his paper the inaccuracy of his 

results. However, the value of Dm given by Phelps may be regarcled to 

he accurate since it has been determined from low gas density measure

ments, were diffusion is the dominant loss process. Moreover, Dm is 

in good agreement with the value from other workers (Dix57: Dm~ 

5,6 x Jo20m-ls- 1). On account of this we conclude that A following 

from these experiments is about a factor of two smaller than A given 

by Phelps. As an example in the fifth column of tab'le 4.1, Z (accord

ing to eq, 4.9) is given for the case that A ~ 1.8 x Jo-20m3s-l, 

whereas for the other parameters the same values has been taken as 

used in the third column. 

The suitability of this method to study kinetical processes is 

limited, since the information is obtained from stationary state con

ditions. To performa detailed study it is necessary to pulse the 

proton beam and to measure both the time- and radial dependences of 

excited atom densities by means of fluorescence in the afterglow. At 

the time the experiments presented in this chapter were carried out, 

the apparatus for the time dependent measurements was not available. 

Time dependent measurements have been planned in the near future. 
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5 TRANSFER OF EXCITATION BETWEEN THE 2p LEVELS OF NEON THROUGH 

COLLISlONS WITH NEON ATOMS IN THE GROUND STATE 

In this chapter we present the determination of the reaction co-

efficients transfer of excitation beb»een 2p levels of neon in-

duced by collisions with neon atoms in the grour~ state. The reaction 

coefficients have been determined from the generated by laser 

excitation to eight levels in a plasma produced by a continuous 

20-MeV proton beam. The principle of the measurements is pointed out 

in sections 5.1 and 5.2. Insection 5.J the experimental results are 

given. 

5.1 Introduetion 

The coupling between the 2p states of neon through collisions 

with neutral neon atoms in the ground state was studied experimental

ly by various workers (Par65, Gra75). They considered, however, only 

a restricted number of 2p states. Moreover, the excited states were 

produced in a neon gas discharge, which some uncertainty con-

cerning the gas temperature. In this thesis we present an experimen

tal study of the collisional coupling between the 2p2 to 2p10 states. 

The 2p states were produced by means of continuous dye laser excita

tion of Is levels in a neon plasma generated by a beam of 20-MeV 

protons. The advantage of applying a proton-induced plasma is that 

the gas temperature is well known (room temperature in our 
16 -3 Furthermore, the electron density is so low (< 2 x 10 m for these 

experiments) that the effect of collisions of atoms with electrans 

may be neglected (see chapter 6, Phe59). 

The experiments were carried out in the following way. Atoms in 

one of the Is state were excited to one of the 2p levels by light 

from the c.w. dye laser, Then, through collisional transfer of exci

tation, also other 2p levels are populated. The consequence of this 

is that the fluorescence light is not only composed of transitions 

from the originally excited state, but also from other 2p states. 

We have recorded the spectra of fluorescence light induced by laser 

excitation to each of the 2p2 to 2p9 states, in neon of density 

3.7 x Io24m-3 . The disturbing influence of light arising from 2p 

atoms which are normally present in the plasma, has been eliminated 

by chopping the laser beam periodically and by measuring the fluor-
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escence signal with a lock-in amplifier and a photomultiplier (see 

section 2.4.2), The spectra of the fluorescence light yield the popu

lation densities of the various 2p states produced by the collisional 

coupling processes. From the population densities the reaction coef

ficients for these processes has be calculated, 

5.2 The determination of the reaction coefficients 

Let us consider the balance equations governing the stationary 

state of the level 2pi' populated via collisional coupling, by laser 

excitation to the level 2pj: 

i=2,3, ••..• 10 

j=2,3, ...... 9 

l=2.J, ••••• 10 

i:}j. 

(5. I) 

Here Ai represents the total optical transition probability of level 

2pi, 

Na is the density of neon atoms in the ground state, 

N4 is the density of atoms in the 2pi state, arising from laser 

excitation to the level 

kz . is the reaction coefficient for the collisional transfer of 
,1.-

excitation from the level 2pl to level 2pi' 

We were not able to excite to the 2p 1 state at this neon density 

because of the low density of Is2 atoms and the restricted wavelength 

region of the dye laser (cf. sectien 4.2). Collisional excitation to 

the 2p 1 state may further be neglected on account of the large 

energy difference between the 2p 1 state and the other 2p levels, For 

this reasen the balance equation for the 2p 1 state has been omitted. 

Furthermore, we were not able to excite to the 2p10 level because of 

the restricted wavelength region of the dye laser. Due to the rela

tively large energy difference between the 2p 10 state and the other 

2p states, collisional de-excitation of the 2p10 state may also be 

neglected. 

For each value of j expression 5.1 represents a set of eight 

balance equations. The balance equation of the 2pj state itself is 
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not taken into account since it contains additional unknown terms 

such as the production by laser excitation and since it is redundant 

for our purpose, Because the laser-induced spectra have been measured 

for excitation to eight Zp levels, the collisional coupling between 

the Zp levels is described by 64 balance equations having the form 

of eq. 5.1. When inserting .k
103

i = 0 for 2 ~i~ 9, the total number 

of unknown parameters kz . is also 64 • . ~ 
The population densities N{ have been determined by consiclering 

the relative fluorescence signals of the laser-induced speetral 

lines. The total signal S~ of all lines arising 
~ . 

level Zp. is represented 
~ 

written as follows 

k. l 
~. 

by the term Ai~' Then 

~ 
}= ~ 

N a 

from the decay of the 

eq. 5.1 can bere-

(5.2) 

The values for the transition probabilities Ai have been taken from 

the data compiled by Wiese et al. (Wie66). The reaction coefficients 

have been calculated by solving the set of linear equations 5.2 by 

means of a computer program. 

In order to determine the total signa! of lines arising from the 

decay of the same Zp level, the measured signals must be corrected 

for the varying efficiency with wavelength of the optica! detection, 

This has been done in the following way. The spectrum of light in the 

plasma produced by excitation of neon atoms by the proton beam, has 

been recorded in the case that the laser beam is absent (see section 

2.4.2). Because the intensity of this light is relatively large, the 

spectrum could be measured with good statistica! accuracy. The rela

tive signals of the lines belonging to the group of lines arising 

from the same Zp level is determined by the relative transition prob

abilities A. k for transition from the Zp. state totheI state, 
~. ~ 

Since the values of A. k are known (Wie66), the measured signals can 
~. 

be compared with hypothetical signals for the case that the detec-

tion efficiency would be constant over the whole speetral region. From 

the variation between the signals in the two cases the change in the 

detection efficiency over the speetral region covered by the consider

ed lines has been found. By comparing the relative signals of all 

groups of lines arising from Zp-Is transitions, the variation in the 

detection efficiency has been determined over the wavelength region 
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from 585.2 nm to 724.5 nm. The inaccuracy in the correction of the 

measured photomultiplier signals, found in this way, is estimated to 

be 15%. This value is mainly determined by the inaccuracies of Ai,k' 

5.3 Experimental results 

We have recorded the laser-induced spectra for transitions to 

all 2p2 to 2p9 states, The proton beam current was 100 nA. In fig. 

5.1 the spectra induced by laser excitation with the 594.5-nm and 

594.5nm 

597.5nm 

743nm 580nm 
Fig. 5.1 Two examples of speotra induoed by laser exoitation to 2p 

levels. The neon density is 3.? x 1024m-3• The wavelength 

of the inoident laser light is given in the left upper 

ooroer of eaoh speotrum. 
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Table 5.1 Reaction coefficients for coZZisionaZ coupZing of the 2p 

states of neon. 

transition k. . x 1 o17 
~.;; 

3 -1 m s k. 101? m3s-1 • x 
~.;; 

our resuZts Gra?!5 

2p2 - 2p4 0.15 + 0.07 

2p4 - 2p2 0.08 + 0.04 

2p3 - 2p4 14.4 + 3.2 24.1 + 1 .5 

2p4 - 2p3 1.7 + 0.4 3.7 + 0.5 

2p3 - 2p5 0.62 + 0.20 

2p5 - 2p3 0.09 + 0.04 

2p4 - 2p5 2.1 + 0.4 2.8 + 0.4 

2p5 - 2p4 2.3 + 0.4 3.6 + 0.5 

2p4 - 2p6 0.29 + 0.10 

2p4 - 2p7 0.22 + 0.08 

2p5 - 2p7 0.54 + 0.09 

2p6 - 2p7 0.85 + 0.16 

2p7 - 2p6 0.60 + 0.13 

2p6 - 2p8 0.28 + 0.09 

2p7 - 2p8 0.63 + 0.12 

2p7 - 2P10 0.27 + 0.09 

2p8 - 2p9 1.9 + 0.4 

2p9 - 2p8 0.55 + 0.10 

2p9 - 2Plo 2.6 + 0.4 

597,5-nm lines are shown. The peaks marked by a cross represent the 

original fluorescence lines. Many lines arising from collision-in

duced transitions are visible. 

We found that the relative signals of the lines in the spectra 

were independent of the proton beam current. This confirms the state

ment that the electron-excited atom collisions are unimportant. That 

the coupling is really arising from collisions with ground state 

atoms bas been confirmed by camparing the spectra at the neon density 
24 -3 of 3.7 x 10 m with spectra measured at a neon density of 6.3 x 

23 -3 10 m • The spectra at both densities yielded the same reaction co-

efficients. We further found that the relative line intensities were 
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independent of the intensity of the laser light. 

In table 5.1 the values of the reaction coefficients k . . found 
'1--,J 

after evaluation of the spectra and numerical solution of the set of 

linear equations 5.2, have been given. The values of k. J. which are 
t-, 

not mentioned in the table are found to be smaller than 0,08 x 

Jo-l 7m3s-l, Since these values are small, they could not be deter

mined accurately. 

In table 5.1 also recent data given by Grandin et al. (Gra75) 

are shown. The agreement with our results is rather moderate. Their 

results were obtained from pressure dependent measurements making use 

of a pulsed dye laser. They did not take into account the effect of 

collisional transfer of excitation between other states than 2p3 , 2p4 
and 2p5• Moreover, the gas temperature in their experiment was not 

well known. An additional uncertainty arises when a gas discharge is 

used as an excitation source, since the discharge at the position of 

the laser beam may be disturbed appreciably (Smi75) because of de

population of Is atoms (cf. the Addendum). 

A test for the reliability of our results is the ratio of k • . t-,J 
tok .. , which must be consistent with the relation J,t-

= g. 
'!-

/::,E • • 

exp (- k~· J ) • (5.3) 

In this relation, which follows from the principle of detailed bal

ancing (Mit73), gi and gj represent the statistica! weight of the 

2p. and 2p. states, respectively, Àf, • is the energy difference be-
t- J t-,J 

tween the 2pi and 2pj states, k is the Boltzmann constant and T the 

temperature of the neon gas, In table 5.2 the experimental values of 

this ratio are compared with theoretica! values for cases in which 

the coupling coefficients have been determined with an accuracy better 

than 20%. The agreement between theory and experiment is good. 

Finally, we discuss the experimental error in the values of 

table 5.1. Since the inaccuracy of k . . is related to the inaccuracy . t-,J 
of the signals S~ in a complicated way, we have studied the influence 

of a spread in~ on the calculated k . . values by means of numerical 
v t-,J • 

simulation. To each experimental value of S~ the value 
• '1--

(nrand- 0,5}~ bas been added. The quantity nrand represents a real 

number between 0 and I, which is produced by a numerical random num-
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Table 5.2 Comparison of the experimentally found ratio k .. jk . . 
1-,J J,1.-

with the term g/gi exp(-Mi,/kT) for T=292 K. 

k .. jk . . 
transition 1.-,J J J 1., g .jg. expf-AE'. .jkT) (experiment) J 1., 1.-JJ 

2p3 +-+ 2p4 0.12 0. IS 

2p3 +-+ 2ps 0.14 0.16 

2p4 +-+ 2ps 1.06 1.10 

2p6 +-+ 2p7 0.71 0.64 

2p8 +-+ 2p9 0.29 0.31 

ber generator. The factor ~S~ represents the estimated standard devi
.1.-

lnth the new S~ values, the set of eqs, 5.2 has been 
1., 

solved and the resulting values of k . . are stored. After re-
~o.J 

peating the whole procedure 20 times with different random numbers, 

the standard deviation of the stored k . . values is calculated. This 
1.-,J 

standard deviation is assumed to be a good measure for the error of 

k. ., and has been taken as the inaccuracy of our data in table 5 .I. 
~.J 

71 



72 



6 THE PROTON-INDUCED NEON PLASMA 

This ahapter deals with the eleatron density and eleatron 

ature in the neon plasma induaed by 20-MeV protons. By repeatedly 

pulsing the proton beam suah conditions are set up that the electron 

density oan be determined from the time dependenee of the intensity 

of reoombination-induoed Zine radiation during the aftergZow, The 

methad is outZined in seotion 6.2 and the experimental resuZts are 

dis~ussed in section 6.3. From the measurements it appears that the 

temperature of the electrans is higher than room temperature. The 

determination of the mean electron energy in reZation to the proton 

beam current is 

section 6.5, the electrans in the plasma are heated as a consequence 

of electron-electron interaction. In the last section the spectrum of 

the line radiation in the aftergZow is analyzed in order to determine 

the relative population of the 2p states and the relative production 

of the ls states by the dissociative recombination process. 

6.1 Introduetion 

A beam of 20-MeV protons passing through neon gas generates free 

electrous through primary and secondary ionization. The production of 
20Na and excited neon atoms takes place under plasma conditions. We 

have stuclied this plasma by measuring the electron density and tem

perature, making use of an optical technique. 
23 -3 

At neon densities higher than 10 m , the plasma is dominated 

in our experiments by the volume recombination process. The positive 

particles in the plasma are mainly molecular neon ions, produced by 

the reaction (McD64) 

+ + Ne + Ne + Ne + Ne 2 + Ne, (6 .I) 

Neutralisation occurs according to the dissociative recombination 

process 

+ ;f 
Ne

2 
+ e +Ne + Ne. (6.2) 

In our case, this process is much more probable than other recombina

tion processes such as radiative and dieleetronie recombination 
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(McD64). One of the dissociated neon atoms is leftin an excited state 

(Mas74). Directly, or by way of cascade decay,2p levels are populated, 

which, in turn, decay to the Is levels through emission of the red 

neon lines. Since the lifetime of the highly excited neon states is 

much shorter than the period over which recombination takes place, it 

may be assumed that the intensity of the lines arising from this pro

cess directly represents the electron recombination rate. We have 

measured the time dependenee of the intensity of line radiation during 

and after a short proton irradiation for various neon densities and a 

wide range of proton beam currents. From these measurements the elec

tron density and temperature has been determined. 

The time dependenee of the intensity of line radiation during 

the afterglow of a neon gas discharge has been stuclied by Pfau, 

Rutscher, Golubovski and Michel (Pfa72, Gol73). They used the results 

of their measurements to determine the dissociative recombination co

efficient in dependenee on the electron temperature. 

6.2 Principle of electron density measurements 

The balance equations for electrons, atomie and molecular ions 

in a proton-induced plasma, in which the processes mentioned in the 

previous section have been involved, are 

dNe 
aNeNmi + Qe, dT 

::::: (6 .3) 

dN. 
SN.N2 ~ 

dT ::::: + Qe• ~ a (6.4) 

dN . 
2 m~ 

r:J,NeNmi + ---;u-=- SN.N. 
~ a (6.5) 

Here Ne, Ni, Nmi and Na represent the density of electrons, atomie 

ions, molecular neon ions and neutral neon atoms, respectively, 

S is the reaction coefficient for the production of molecular 

ions by three-body collisions, 

a is the dissociative recombination coefficient and 

Qe is the souree term representing the ionization by the proton 

beam. 
2 

The terros aNeNmi and SNiNa represent the recombination process and 

the molecular ion formation process, respectively. For S we have 
-44 6 -1 taken the value 4.6 x 10 m s , which has been given recently by 
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Orient (Ori73). This value is in good agreement withother values in 

the literature (Sau66, Vit72), 

The dissociative recombination coefficient a is assumed to de-

pend on the electron energy (=kT
8

) according to (Phi69, Pfa72) 

0.025 ! u;;-) ' (6.6) 

where is expressed in eV. The quantity a
0 

is the recombination co-

efficient when the electrans have room temperature (U
8 

0.025 eV). 
-13 3 -l We have taken a

0 
= 1.8 x 10 m s , which is the average value of 

experimental data reviewed by Massey and Gilbody (Mas74). 

Fortheneon densities we used (> 1.5 x to23m-3), diffusion may 

be neglected. Further we assume quasi-neutrality which implies that 

+ N •• 
m~ 

The signal S originating from line radiation induced by the re-

combination process is given by 

s naN N ., e m~ 
(6.7) 

where n is a coefficient depending on the total detection efficiency, 

and which is typical fora specific speetral line (see sectien 6.6). 

The electron density can be determined from the time dependenee of S 

after the irradiation by protons has been stopped, This can be seen 
. . h' h . . ( 3 ro24 - 3) ~n a s~mple way for the case of ~g neon dens~t~es > x m , 

where the formation of molecular ions occurs in such a short time 

that it can be stated that 

electrans is then 

N •• The balance equation 6.3 for mt. 

- "'n1
2 

Q ""e + e' (6.8) 

and the intensity of the is now given by 

(6.9) 

We consider a constant proton irradiation which is stopped at the 

moment t
8

: 
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Q = 0 e 

for 

(6.10) 

for 

During the irradiation the electron temperature is assumed to be 

higher than room temperature (see sectien 6.4). After t the electrans s 
thermalize rapidly to room temperature due to collisions with the gas 

atoms. Since ~ is a function of the electron energy Ue• the time de

pendence of S during the thermalization process is rather complicated. 

However, after a sufficiently long time all electrans have recombined. 

As n is a constant, the integral I of S over the time after stopping 

the irradiation is directly related to the total electron density at 

• From eqs. 6.8, 6,9 and 6.10 it fellows that 

I= r S dt = -nr ::e dt = nNe,s' (6. 11) 

ts ts 

where N 
8 

is the electron density at t
8

• In order to determine N e, e,s 
we must know n. As we will show, the value for n can be determined by 

consiclering the decay of line radiation in the period after the elec

trans have been thermalized. 

When at t = t
0 

the thermalization is completed, so that ~ has 

become a constant, the decay of the electron density is, as a conse

quence of eq. 6.8, given by 

Ne = ------~----~ 
~0 (t - t

0
J + N-1 ' 

e,o 

where N 
0 

is the electron density at t e, 
by (cf. eq.6.9) 

n~ 

s 0 

N -1)2 ' (~ (t - t ) + 
0 0 e,o 
-l 

with K = s 2
, we get 

K = to) l (t - t + __ I_) 
n 0 ~N o e,o 

(6 .12) 

t
0

• Then, S is represented 

(6.13) 

(6 .14) 

Since ~0 is known from the literature, the value for N fellows e,o 
from 
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N e,e [
I dKl 
K. dtJ t 

(6 .15) 

and n follows from the time derivative of the hand side of eq, 

6.14 -2 
()', 

0 
(6. I 6) 

In practice, the values for N
8 

e and n have been determined by means 
J 

of a fitting procedure of eq. 6,14 to the measured de-

cay (see next section), Eqs. 6.12 and 6,15 describe the decay of the 

absolute electron density for t > te. The electron density at t
8
fol

lows from eqs. 6,11 and 6.16 

(6,17) 

For low neon densities, where during the irradiation Ne may dif-

fer appreciably from N ., the electron can be determined in a 
m1-

similar way as in the case of high densities. In this case, however, 

te should ~e chosen so that after that time not only the electrans 

have been thermalized, but also the conversion of atomie ions into 

molecular ions has been completed. A plot of K versus time for 

t > te should then give a straight line. 

In our case the line radiation is collected from an approximate

ly cylindrical region crossing the proton beam at right angles (see 

section 2.1). In this region the electron density and the intensity 

distribution of line radiation are inhomogeneous, due to the Gaussian 

shape of the proton beam profile (see section 4.2). As will be ex-

plained in appendix 6.I, N should be interprered as a mean elec-e,s 
tron density in the proton beam, and as a mean souree term. The 

value of N is shown to be (~)! times the value of the electron e,s _, 
density in the centre of the proton beam. In further sections the 

electron density is ever given in terms of N e,s 
The advantage of determining the electron density in the way de-

scribed, is that no knowledge is required of the complicated thermal

ization process. The utility of the methad is restricted to plasmas 

for which diffusion during the afterglew is negligible. This methad 

is also suitable to determine the electron density in a medium pres

sure dis charge. 
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6.3 The experimental results 
The time dependenee of the intensity of line radiation has been 

studied by pulsing the proton beam repetitively. The intensity of a 

speetral line during and after the periods of irradiation was measured 

by means of the multiscale technique described in section 2.4.3. The 

measurements have been performed for various neon densities in the 
23 -3 24 -3 range from 1.5 x 10 m to 6.3 x 10 m , and for proton beam cur-

20 
rents from 3 nA to 6000 nA. Since the production of Na took place 

at high neon density, emphasis has been laid on measurements at 

6.3 x 1024m-3• 

Fig. 6.1 showsaresult which is typical for measurements at 
24 -3 high neon densities (> 3 x 10 m ) and low proton beam currents 

(< 80 nA). It is the response of the 585.2-nm line to a 2-ms pulse of 

a 6.3~nA proton beam. The neon density is 6.3 ~ 1024m-3 • At the moment 

tb the irradiation by protons is started and a sudden increase of the 

intensity, which originates from excitation of neon atoms by the pro

ton beam, is observed, Immediately after that the signal rises due to 

recombination and after about I ms a stationary state is reached. At 

, when the irradiation is stopped, the excitation by the proton 

beam stops and the signal drops over a .corresponding amount. From 

that moment on the decay of line radiation originating from dissocia

tive recombination is observed. 

Fig. 6.2 gives a result which is typical for high neon densities 

and high proton beam currents (> 80 nA). It is the response of the 

585.2-nm line to a 65-vs pulse of a 6-vA proton beam through neon gas 
24 -3 of density 6,3 x 10 m • The difference with the results of low-cur-

rent type measurements is that after t
8 

the intensity rises to a rnax

imum value befare it decays. This phenomenon indicates that during 

intensive irradiation the electron temperature is higher than the 

gas temperature. Then, according to eq. 6.6, the recombinatition co

efficient a is smaller than the recombination coefficient a at the 
0 

gas temperature, After stopping the proton irradiation the electrans 

thermalize in a few microseconds, so that a rises rapidly to a
0

• This 

causes an increase of the recombination rate and hence an increase of 

the recombination-induced light intensity (see eq. 6.7). 

The maximum appears for proton beam currents larger than 80 nA 

and becomes more pronounced as the current increases. The determina

tion of the electron temperature by use of this phenomenon is dis-
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Figs,6.1 to 6.3 Time dependenee of the intensity of 585,2-nm radia

tion during and after a period of irradiation of neon gas 

by protons. The smooth curves repreeent the results of the 

least-squares fitting proaedures. Curve 1 in fig. 6.3 is a 

computer plot repreeenting the reciprocaZ of the square 

root of the direct measured resuZts. The curves in fig. 6.3 

have been obsernJed at a ten times lower neon density tho:n the 

curves in figs. 6.1 and 6.2. 

cussed in next section. 

Fig. 6.3 shows a typical result of measurements at 6,3 x 1023m-3 

neon density, Here also a maximum is observed during the afterglow, 

However, now the maximum is not caused merely by the thermalization 

of electrons. At this density the rate of conversion of atomie ions 

into molecular ions is so low that at the moment t
8 

the density of 

molecular ions may differ appreciably from the electron density (cf. 

eq, 6.3 to 6.5). During the afterglew a subsequent production of mo

lecular ions takes place, which causes an increase of the recombina-
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tion rate, So, this process also contributes to the appearance of a 

maximum in the intensity of line radiation, 
24 -3 The experiments at neon densities of 6.3 x 10 m have been 

analyzed to determine the electron density in dependenee of the pro

ton beam current. For each measurement a least-squares fitting proce

dure bas been applied to the function (cf. eq. 6.13) 

S' = A + B (6.18) 
(t - t + CJ 2 • 

0 

The parameter A represents the background due to dark-eurrent pulses 

from the photomultiplier, B represents n/a , and C represents 
0 

1/a N 
0 

(cf. eq. 6.13). For all measurements at this density, o e, 
was taken 30 ~s after The measured curves could be fitted very 

well to eq. 6.18 (cf. the smooth curves in , 6.1 to 6.3). This 

indicates that the dominant loss process for electrous in the after

glew is recombination in which two charged particles are involved, 

The electron density N at t has been determined according to e,s s 
eq. 6.11. The coefficient n follows from B. The integral I over the 

signal S after t
8 

has been determined by making use of the fact that 

the background A is known from the least-squares fitting procedure, 

In fig. 6.4 the electron density N is shown in dependenee on e,s 
the proton beam current • For low currents we cbserve a dependenee 

1 
according to i 2 • For higher currents 

p 
the increase of N gradually e,s 

becomes faster. This can be explained by consiclering the expression 

for N in the stationary state (cf. eq. 6.8): e,s 
l Q 2 

N :::: (~) 
e,s a (6.19) 

The square root dependenee for low beam currents is evident since 

'V i and a 
p 

a
0

, a constant. For high currents a is smaller than 

a
0 

due to the higher electron temperature. So. Ne,s will then be 

than according to a square root dependence. 

Using eq. 6.19 and the results for low currents presented in 

6.4, a general expression for the production term 

given: 

can be 

Qe:::: (1.8! 0.3) x I0-
17

Naip• {6.20) 

where Na is expressed in m-3 and ip in s-I From eq. 6.20 follows a 
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value of the total cross-sectionai for primary and secondary ioniza

tion (see appendix 6.1). We found ai= (1.7 ~ 0.3) x Jo-21
m2• 

The decay of line radiation has been measured for a number of 

speetral lines ( 585,2 nm, 594.5 nm, 639.0 nm and 724.5 nm). lt ap

peared that lines which were investigated under similar plasma con

ditions all showed the same time dependence, This is in agreement 

with measurements in the afterglow of a neon discharge (Mic72). 

6.4 The electron temperature in the proton-induced plasma 

In the previous section we have concluded that at high proton 

beam currents the electron temperature is higher than the gas temper

ature. The dependenee of the electron energy on the proton beam cur

rent can be determined in principle from the values of the electron 

densities given in fig. 6.4. The electron density during continuous 

irradiation is related to the electron energy Ue according to eqs. 

6 • 6 and 6 , 1 9 : 
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N e,s [ u J * 
= 0.0~5 (6. 21) 

By use of eqs. 6.20 and 6.21 and the data in fig. 6.4, Ue can be 

determined. However, since U "' N 4 the determination of Ue in this e e,s 
way is relatively inaccurate. 

The electron temperature can be studied more precisely by con

siclering the maximum in the intensity of line radiation which appears 

earlyin the afterglow (see figs. 6.2 and 6.3). The height and the 

position of the maximum is determined by the energy difference be

tween the electrans and gas atoms during the irradiation phase, Using 

a numerical model the relation between the maximum height and the 

electron energy has been studied by calculating the light intensity 

during and after proton irradiation. The model has been based on eqs. 

6.3 to 6.7 and eq. 6.20, which describe the densities of electrons, 

atomie and molecular neon ions. Further, during the irradiation a 

certain fixed value of Ue has been taken. The decay of the electron 

energy after stopping the irradiation is described in the model by 

use of the relation 

-1 -
10 

I 

24 -3 
Na==6.3x 10 m 

I 

proton beam current (nA) 

I 

6.5 Energy differenae Ue - 0.025 between eleatrons and gas 

atoms in relation to the proton beam current, found by 

ting the model parameters. The dotted curve represents the 

theoreticaZZy estimated dependenee (see seation 6.5). 
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Figs.6.6 and 6.7 Comparison of experimental results (•) with results 

obtained from the model in which the ratio of the intensity 

at t
8 

to the intensity in the maximum has been fitted to the 

corresponding observed ratio. 
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(6.22) 

This energy balance equation, which is typical for neon gas at room 

temperature, has been given by Pfau and Rutscher (Pfa72), The energy 

distribution of the electrens is assumed to be Maxwellian, Now, the 

constant value of U during the irradiation has been adjusted for e 
each measurement in such a way that the ratio of the maximum inten-

sity to the intensity at the end of the irradiation, is equal to the 

corresponding observed ratio. Fig. 6,5 shows the current dependenee 

of determined in this way (circles). At 6 ~A the electron temper-

ature is about three times room temperature. 

The time dependenee of the intensity calculated from the model 

is in good agreement with the experimental results. In figs. 6.6 and 

6.7 the results of figs. 6.2 and 6.3, respectively, have been plotted 

together with the fitted model calculations. The contribution of ex

citation by the proton beam to the signal has been subtracted from 

the measured values. From the model calculations it follows that for 
24 -3 neon of density 6.3 x 10 m , the appearance of the maximum is en-

t . 1 d t th t ff h 6.3 x Io23m-3 the ~re y ue o e emperature e eet, w ereas at 

maximum is determined by both the subsequent production of molecular 

ions and the temperature effect to a comparable extent. The electron 

densities at t
8 

, calculated from the model always lie within the in

accuracy indicated by the error bars in fig. 6.4. 

6.5 Physical mechanism for the heating of the electrens and estimate 

of the electron energy 

Since there is no external electrical field, the energy neces

sary for heating of the electrens must be delivered by the proton 

beam. Through primary and secondary ionization the proton beam pro

duces fast electrons, which have, for the larger part, energies in 

excessof 5 eV (McD64). These electrens loose energy through colli

sions, and after sufficiently long time they beleng to the group of 

bulk electrens in the plasma. 

The heating of the bulk electrens may be ascribed to electron

electron interaction. Let us consider the processes which determine 

in our case the total energy-exchange cellision frequency (Mit73) 
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-1 dUe f 
vE ~ -(Ue,f) dt. of fast electrous with an energy ue,f : 

a. Energy transfer of fast electrous to neon atoms. From eq. 6.22 it 

follows that 

1 

lo
-18N - 3 

1.39 x a (Ue,f- 0.0025) ue,f • (6.23) 

b, Energy exchange between fast electrous and bulk electrons. The 

rate at which energy isexchanged according to this process depends 

on the density of bulk electrous and is assumed to follow a rela

tion derived by Spitzer (Spi62) 

6.41 x I0- 12 ~n (1.55 x 1013 
-;m 

e,f 

UJ/2 
e,f ) 

--;k- • 
N 2 

e 

(6.24) 

In this relation a Maxwellian velocity distribution of the fast elec-
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trons is assumed. The dependenee of vE and vE on U ~ is shown in ,a ,e e,.; 
fig. 6.8. Energetic electrous arising from ionization by the proton 

beam, initially loose energy principally through collisions with neon 

atoms. The more the energy decreases, the more the interaction of 

these electrous with the electrous in the plasma becomes appreciable. 

For energies below the intersection point U. • where VE = vE • the t-p , a • e 
fast electrons mainly transfer energy to the bulk electrons, which, 

in turn, transfer energy to the gas atoms. So, the bulk electrous are 

heated permanently by the fast electrons. 

The energy Ue of the bulk electrous can be estimated in the fol

lowing way. We suppose that below Uip the energy of fast electrons is 

transferred completely to the bulk electrons. We further do not take 

into account the variation of the electron temperature over the pro

ton beam profile. In the stationary state the energy gain is in equi

librium with the energy loss. Using eq. 6.22 we get 

o. (6.25) 

After insertion of the expressions for the parameters given in eqs. 

6.20 to 6.24, the value of Ue has been calculated numerically. The 

electron energy in neon of 6.3 x 1024m-3 density in dependenee on the 

proton beam current, obtained in this way is represented by the dotted 

line in fig. 6.5. The agreement with the experimental value is reason

able. 

6.6 Relative production of Is and 2p states by the dissociative re

combination-process 

Excited atoms arising from the dissociative recombination pro

cess are produced in one of the 2p states or in higher lying states 

(Gol73). Through cascade decay the Is states arealso produced. In 

gas discharge experiments it may be of interest to know how the re

sulting production is distributed over the various Is and 2p states. 

We have studied the relative population rates of Is and 2p states by 

measuring the spectrum of radiation arising from 2p-ls transitions in 

the afterglow of a neon plasma generated by a 400-nA proton beam. The 

neon density in that case was 3.7 x 1024m-3 • Since transitions from 

levels higher than the 2p states to the Is states are forbidden, the 

Is states are only populated via 2p-ls transitions. 
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After correction for the variation of the efficiency of the op

tical detection over the wavelength region (see section 5.2), the 

photomultiplier signals of the lines belonging to transitions from 

the same 2p level have been summed up. The resulting relative total 

signals of lines arising from the decay of the 2p levels are shown in 

table 6,1, In this table the relative population densities of the 2p 

states, following from the quotient of the relative signals and the 

total transition probabilities (Wie66), arealso given. The relative 

line intensities during the afterglow of a neon gas discharge have 

been measured by Frommhold and Bicndi (Fro69). Comparison with our 

results is difficult, however, since their measurements were perform-

Table 6.1 Relative photomultiplier signal of radiation arising from 

the deoay of 2p states and relative population density of 

2p states in the afterglow of a proton-induoed plasma. 

energy level rel.photomultiplier signal el.population density 

2pl I 

2p2 0.85 0.71 

2p3 0.17 0.15 

2p4 1.50 l .07 

2p5 0.79 0.59 

2p6 0.98 0.62 

2p7 0.88 0.59 

2p8 0.56 0.23 

2p9 0.74 0.45 

2Pio 3.68 1.63 

Table.6.2 Distribution the produetion of ls states by recombina-
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tion-induced line radiation. 

energy level relative production 

0.29 

1.06 

1.58 



ed for neon densities lower than 6 x to22m-3• Golubovski and Michel 

measured the relative line intensities in the afterglow of a neon 

discharge for higher densities (Gol73). They considered the relative 

intensities at the maximum in the afterglow, and found a slight de

pendence on the discharge current. In our case we have determined 

the spectrum of the light integrated over the whole afterglow, There 

is reasonable agreement between their results and ours. 

The distribution of the production over the various Is states 

has been determined by summing up the signals of all lines belonging 

to transitions to the same Is level. The result is given in table 

6.2. 

The results in tables 6.1 and 6.2 are typical fortheneon 

density we used. The reasou for this is that coupling of the 2p states 

and higher lying states occurs due to collisonal transfer of excita

tion. This can be seen from the fact that the 2p 10 level, which is 

the lowest level of the 2p states, is strongly populated. Correction 

of the measured line intensities for this process is difficult, since 

the excited atoms arising from the recombination process all have ki-

netic energies than 1.25 eV (Fro69), for which region the 

cross-sections of the excitation transfer processes are not known. 
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Appendix 6.I 

In the case of measurements of the intensity of line radiation, 

the detection region is an approximately cylindrical region straight 

through the cross-sectien of the proton beam (see sectien 2.1). This 

implies that the signal represents the light intensity integrated 

over the profile of the proton beam. In this appendix the consequence 

of this for the interpretation of the electron density following from 

these measurements, is discussed. 

In chapter 4 it appeared that the intensity profile of the pro

ton beam is well approximated by a Gaussian function: 

2 
!' 

Qe = Qe o exp(- 2 ), , (6.I-1) 
p 

where p (4.5 + 0.2)mm and Qe is defined by 

(6.I-2) 

where ai is the total cross-sectien for primary and secondary ioniza

tion. Solving eq. 6.I-2, we find for Qe 
0 J 

(6.I-3) 

For simplicity we consider the continuous irradiation by a proton 

beam of low intensity, so that the electrens have room temperature. 

According to eqs. 6,19 and 6.I-l the electron density in the station

ary state N (r) is given by e,s 

N (r) =f e,s , a, 
0 

(6.I-4) 

After the moment t
8 

of stopping the irradiation, the electron density 

decays according to eq. 6.12 (in the low-intensity case t
0 

coincides 

with t
8

): 

a (t - t ) + N (r)-1 
o s e,s 

(6.I-5) 

The signal S fellows from eq. 6.13 and integration over the proton 

beam profile: 
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3 = Joo _______________ n_a~0~d-r------------~ 

0 
[a0 1t - t 8 ) + 1-Q:-:-/ exp (- -

2
p-2{ , 

(6.I-6) 

A plot of K = ~ versus the time us this relation does not neces-

sarily yield a straight line. We have stuclied this effect by calcu-

lating eq. 6.I-6 numerically for somevalues of Q covering our e,o 
region of interest (Laa76). The plots of K showed that the deviations 

from a straight line are negligibly small, This result has been con

firmed by the experiments (cf. fig. 6,1). 

In section 6.2 the electron density was determined by use of 

eq. 6.15. By differentiation of K with respect to the time (Sas de

fined in 6. I -6), i t can be shmvn that in our case 

_!_ [..!_ dK] 
a K dt 

0 

s (0). (6.I-7) 

1 

This means that N in expression 6.15 represents (~) 2 
times the e,s 3 

electron density in the centre of the proton beam, 

For high currents the distribution of the electron density de-

viates from a Gaussian function because a depends on the electron 

temperature. This deviation will be small, however, since ! 

Making use of the low current data of section 6.3, we are able 

todetermine • From eq. 6,I-7 and the electron densities given in 
-17 fig. 6.4, it follows that Q = 2,7 x JO Ni (cf. eq. 6.20). 

e,o -21 2 a p 
Eq. 6.I-3 then gives 1.7 x JO m, A literature value of ai has 

been found in the following way. The energy loss per meter of a 

20-MeV proton in neon of 760 torrand 273 Kis 1.9 x I06ev (Mar68). 

Further, the energy loss per electron-ion pair produced was found to 

be 27.4 eV (Fer51). From these two values the ionization cross-sec-
-21 2 tion can be calculated easily: a.= 2.6 x 10 m. The agreement of 

1.-

this value with our value is reasonable. 
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Concluding remarks 

I. The fluorescence technique has shown to be a suitable method for 

the detection of radioactive atoms, which are produced in a gas

eous environment. The high sensitivity and the high spatial reso

lution enables to study the transport phenomena of the radioactive 

atoms. 

2. The fluorescence technique in combination with a proton beam used 

as an external plasma source, forms a convenient apparatus to 

study kinetic processes of excited particles, The specific features 

of this system are the high spatial resolution of the detection 

method, and the well defined conditions of the proton-induced 

plasma. 

3. The CAMAC interface system has shown to be a flexible and reliable 

tool to study fast processes by means of an on-line digital com

puter (see sectien 2.4.3 and chapter 6). 

4. When in the afterglew of a plasma the decay of the electron den

sity is dominated by volume recombination, the electron density 

and the electron temperature for the stationary state can be deter

mined from the time dependenee of recombination-induced line radi

ation during the afterglow, 

5. In the case of fluorescence measurements applied to metastable 

neon atoms, the diffusion of metastable atoms into the path of the 

laser beam appears to have a large influence on the intensity of 

the fluorescence light. 
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ADDENDUM 

EFFECT OF HIGH LASER INTENSITIES IN FLUORESCENCE EXPERIMENTS 

CONCERNING NEON ATOMS IN THE !sS STATE 

The effect of high laser intensities in fluorescence experiments 

on metastable ls5 atoms has been studied by measuring the time depen

denee of the fluorescence signal during short laser pulses in the 

afterglow of a neon gas discharge. The apparatus used for these ex

periments is described insection A.2J and the experimental results 

are given in section A.3. Optical pumping appeared to cause apprecia

ble depletion of the metastable atom density. In order to find the 

influence of the various radiation and callision processes we have 

set up insection A.4 a numerical model descrihing the density of the 

excited atoms during laser irradiation. Insection A.5 conditions for 

the applicability of the fluorescence technique are discussed. 

A,! Introduetion 

Insection 1.4 we have pointed out the complications which may 

arise in fluorescence experiments on excited states when the intensi

ty of the incident beam is relatively high. Via optica! pumping the 

considered excited state will be depopulated, and the intensity of 

the fluorescence light is not necessarily a good measure for the ex

cited atom density when the beam is absent. This depopulation effect 

should become observable when the atoms are excited by a pulsed laser 

irradiation. Due to the fast change in the excited atom density also 

a fast variatien in the fluorescence signal during the irradiation 

may be expected. We have investigated the effect of high laser in

tensities by measuring the time dependenee of the fluorescence light 

intensity arising from excitation of !sS atoms with S88.2 nm light 

during a short (<SO ~s) laser pulse in the afterglew of a neon gas 

discharge. During the pulse the destructien of the !sS atom density 

on account of cellision processes such as diffusion and three-body 

destruction, is negligibly small (see chapter 4, PheS9). 

In order to estimate at which laser intensity the effect is ex

pected to become appreciable, we assume, for the moment, that each 

!sS atom will be lost after it has been excited to a 2p state. For 

simplicity we further consider the speetral distribution of the laser 
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light to be homogeneous, i.e. we neglect the effect of the longitudi

nal mode structure (cf. section A.4). The photon flux density jp at 

which the destructien rate due to excitation is equal to the recipro

cal value of the normal lifetime T of metastable atoms in the after

glow, is then given by 

where ae is the mean cross-section 
-16 2 -3 a = 10 m (Mit71) and T = 10 s e 

(A.I) 

for excitation. When inserting 
19 -2 -1 

(Phe59), we find j = 10 m s • 
p 

For a photon energy of 2 eV this 
-2 . 

corresponds with a power per unit 

area of about 3 ~Wmm • SLnce we have at our disposition an effective 

laser power in the order of 3 mW, and we can focus the laser beam to 

a diameter smaller than 0.1 mm, we can realize photon flux densities 
-2 much larger than 3 ~Wmm 

In order to find out which processes determine the behaviour of 

the fluorescence signal, we have set up a numerical model for the 

balance of excited atoms in the laser beam,in which the above men

tioned simplifying assumptions have not been taken. With the aid of 

the experimental results and the results from the model calculations 

we have set up conditions for reliable measurements. 

A.2 The experimental apparatus 

In fig. A.l a diagram is shown of the apparatus we used to 

measure the fluorescence signal during a short laser pulse. The beam 

from the dye laser passes, via an acoustic cristal and a positive 

lens (f = 80 mm), radially through the discharge tube (25 mm internal 

d . ) Th d . . 3 3 o23 - 3 h . . 1 Lameter • e neon ensLty LS . x I m T e acoustLc crLsta 

(Isomet 2101/2201) enables us to transmit the beam through the dis

charge during an adjustable period (I ~s to oo). A control unit pro

vides for the time signals to perform repeated measuring cycles. The 

discharge is pulsed with an "on" time of 7 ms and an "off" time (af

terglow time) of 3 ms. Fluorescence light from a 4-mm section of the 

laser beam around the centre of the tube is detected by means of a 

photomultiplier. The signal during a short laser pulse is measured by 

means of an analogue 100-channel multiscaler (PAR THD-9 Wavefarm 

Eductor). The minimum channel time is I ~s, which appears to be small 

enough to observe the time dependenee of the fluorescence signal. Af-
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DL 

A.l Diagram of the experimental apparatus used to measure the 

time dependenoe of the fluoresoenoe signal during short 

laser pulses. DL: dye laser, AC: aooustio oristal, D: dia

phragm, DT: disoharge tube, LB: laser beam, Ll and L2: 

lenses, PM: photomultipZier, A: amplifier, WE: waveform 

eduotor, R: reaorder, CU: oontrol unit, PS: oommand signaZ 

for pulsing the disoharge, 

ter about 104 measuring cycles the contentsof thechannels are dis

played graphically on an x-y recorder. 

We have stuclied the influence of several parameters on the fluor

escence signal. The intensity of the laser light has been varied by 

placing optical filters into the beam. By moving the lens Ll parallel 

to the laser beam the diameter of the beam in the detection region 

could he varied. We have also measured the fluorescence signal during 

two successive laser pulses. The influence of the first pulse on the 

second could he derived from the results obtained when varying the 

time between the two pulses. 

Since the speetral width of the laser light is about ten to 

twenty times the width of an absorption line, it is difficult to de

termine the exact value of the effective laser power. The estimated 

maximum of the effective power I is 3 mW (± 50%). For the diameter d 

of the beam we have taken the width at which the intensity is 1/e 

times the intensity in the centre of the beam. 
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A.3 Experimental results 

In fig. A.2 results are shown, typical for measurements with a 

narrow laser beam (d < 0,5 mm). Curve a represents the response to 

the excitation of Js5 atoms by 588.2 nm radiation duringa 30-~s 

pulse of a laser beam of 3 mW (effective power). The pulse was trans

mitted through the discharge tube 200 ~s after stopping the discharge. 

At the start of the pulse (rise time ~ I ~s) we observe a fast in

crease of the signal. After about 2 ~s the signal reaches a maximum 

and it starts to decrease, at first rapidly, then tending more and 

more slowly to a stationary level. The decrease of the fluorescence 

signal is caused by the decrease of the ls 5 atom density due to the 

depletion effect. The appearance of the stationary state at which the 

intensity is not zero indicates that the depletion is not complete. 

As will become clear (see next section), this is due to the fact that 

on account of the large density gradients caused by the depletion ef

fect, diffussion of Js 5 atoms into the pathof the laser beam takes 

place. The fluorescence signal remains constant in consequence of a 

constant supply of metastable atoms. 

~ 
Cl 
'iii 
11 
u c: 
11 
u 
~ 
L.. 

~ -

~------30~s------~ 

0 time <)Js > 

d:0.2 mm 
1:3 mW 
1:0.03mW 

50 

Fig. A.2 Fluoresaenae signal duringa 30-~s laser pulse in the after

glow of a neon disaharge. Curve a: effeative laser intensi

ty 3 mW, aurve b: effeative laser intensity 0.03 mW. The 

diameter of the laser beam is 0.2 mm. 
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Curve b in fig. A.2 represents the fluorescence signal when the 

laser beam is attenuated to 1% of the maximum intensity. The curves 

a and b have been normalized to the values at the end of the pulse. 

The ratio of the signals at that moment is 0.2. We cbserve that in 

the low intensity case the maximum in the signal is appreciably less 

pronounced than with high intensity, which means that the depletion 

rate is much smaller in the former case. Nevertheless, diffusion of 

the metastables is still important for the appearance of the station

ary state in the fluorescence signal. A measurement with detuned 

laser showed that the background signal is negligibly small. 

The fluorescence signal for an unfocused laser beam (d = 3 mm) 

of 3 mW is shown in fig. A.3. In this case the signal, after having 

reached the maximum value, falls off less rapidly than in the focused 

case. As fellows from the model calculations, the observed time de-

pendenee is the result of a combined effect of a laser beam 

width and a lowering of the photon flux density, 

That diffusion plays an important role is also illustrated in 

fig. A.4. In this figure the fluorescence s of two successive 

~------30~5------~ 

1.1 
u 
c: 

~ .... 
3 -

0 time (~s) 

d:3 mm 
I: J mW 

50 

Fig. A.3 Fluorescenae signal during a 30-~s pulse of an unfocused 

laser beam. The laser intensity is 3 mW and the diameter of 

the beam is 3 mm. 
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laser pulses is shown for various values of the time 6 between the 

two pulses. We see that for small values of 6 the signal of the 

secend pulse behaves as if there was no interruption of the irradia

tion. The more 6 increases, the more pronounced becomes the maximum in 

the signal of the second pulse. This indicates that, on account of 

the diffusion of metastable atoms during 6, a recovery to the situa

tion existing befere the first pulse takes place. 

3 
~ en 
ïii 

" ... c 
11 ... 
j -

0 

6·5,us 
d .. 0.2mm 
J = 3 mW 

Fig. A.4 FluoPesaenae signal induaed by two suaaessive laseP pulses 

of 40 ].18. 
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A.4 Model calculations 

To explain the observed behaviour of the fluorescence signal we 

have set up a numerical model for the time dependenee of the lss atom 

density and the corresponding intensity of the fluorescence light 

during a laser pulse. The model has been based on the balance equa

tion of metastable lss atoms and the resonant 2p2 atoms which are 

produced by laser excitation with S88.2 nm light. 

We consider a region containing ground state atoms and metasta

bie atoms at constant densities. Startingat t = t
0 

the region is 

irradiated by a laser beam, of which the intensity is assumed to rise 

asymptotically to a stationary level which is maintained during the 

remainder of the pulse time, For the radial intensity distribution of 

the beam we take a Gaussian function. Then the photon flux density in 

the beam is given by 

J = 0 

4I [ (to-t)] 

for t S t 
0 

and t 2: t 
0 

+ Tp , 

(A,2) 

J = -- 1 - exp --- exp -'---"-'-
nd2 Tb 

for < t < t 
0
+ Tp, 

where J J(r,t) is the (resonant) photon flux density, 

r is the radius, 

is the laser pulse duration, 
-6 Tb is the rise time of the laser beam intensity (Tb~ 10 s), 

I is the ultimate stationary level of the photon flux density deter

mined by 

fOQ J lim 2nrdr = I. (A,3) 
t-+ro 0 

The lsS atoms in the pathof the beam are excited to the 2p2 state, 

which decays through stimulated emission to the I state, and through 

spontaneous decay to one of the Is levels. In order to have a proper 

simulation of the experimental situation we consider the balance of 

the !ss and 2p 2 atom densities in a cylindrical 

around the laser beam (R >> d/2). We calculate c 

region with radius Re 

the intensity of 

fluorescence light emitted from a unit section of that region. 

In the model we have taken into account the diffusion of lss 

atoms into the path of the laser beam. For this purpose we have used 
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the boundary condition that the Js 5 atom density is constant at 

1' = Re. 
Another effect which we have taken into account is the influence 

of the longitudinal mode structure of the laser light. The spectrum 

of the laser light in this case is composed of longitudinal modes 

which are separated 500 Mhz. Only those I s5 atoms can be excited, 

whose velocity in the direction of the laser beam lies in one of the 

velocity bands within which excitation by a laser mode is possible as 

a consequence of the Doppler effect. This means that only a small 

fraction of the Js5 atoms will be excited. Due to this selective ex

citation, the depletion of the total Js5 atom density is slower than 

in the case of excitation by light with a homogeneaus spectrum. The 

rate of depletion is now also determined by the cellision frequency 

of Js5 atoms. In the model the balance of excited atoms with the 

appropriate velocity for excitation has been included. Let Nm be the 

total density of the metastable atoms and NA the density of meta-L1,m 
stable atoms which can be excited. The Doppler profile of the absorp-

tion line is assumed to be covered by n modes. We neglect the effect 

of pressure broadening of the absorption line. Then, in the unperturb

ed state, the entering rate for the atoms into the velocity bands b.v
3 

in which excitation is possible, is equal to the rate at which the 

atoms leave these regions. Th is ra te <Pv is given by 

n 
<Pv = ucNm L fzb.vz, (A.4) 

lz 

Fig. A.5 Velocity distPibution of ls 5 atoms befo1'e (a) and du1'ing 

(b) the Zase1' i1'1'adiation. 
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where f
2 

is the one-dimensional Maxwellian distribution of the veloci-

laser beam (z-direction)and u is the 
c 

ty in the direction of the 

atomie cellision frequency 

mined both by the speetral 

(see fig. A,5a). The width of ~V is deter
z 

width of the laser modes and by the natu-

ral width o~ the 2p2-Is5 transition, The fraction of atoms which can 

be excited L f
2

1':,.v
2 

is assumed to be much smaller than one. During 

laser irradiation the balance of atoms in the regions /':,.v is dis-z 
turbed by the excitation process (see fig. A.5b). Assuming.that the 

total velocity distribution is not affected appreciably, the supply 

of atoms into the velocity bands is still described properly by 

eq. A.4. The rate at which the atoms leave these regions on account 

of collisions is now described by the term u N, . 
c '-'•m 

We assume that excitation and emission have a negligible in-

fluence on the velocity of the 2p2 atoms. The velocity of 2p2 atoms 

may be changed, however, during their lifetime by collisions with 

ground state atoms. Since this has an influence on the density N, 
'-'•m 

we also consider the balance of the density N~.p of 2p2 atoms with 

velocity in one of the regions/':,.v
2

• Finally, we neglect the effect of 

collisional transfer of excitation of the 2p2 state to another 2p 

state on account of the low value of the reaction coefficients for 

this process (see chapter 5). 

The above mentioned processes are expressed in the balance 

equations 

CJNm 
= E +NA at p pm 

n aNI':,.,m = 
~ E + N, A -u N, + ucNmL f

2
/':,.Vz 

'-'•P pm c '-'•m 

aNP = 
at -E - N A p p 

aN n 
~ = -E - N A - u N + ucNpLfz/':,.v

2
. , at l':,.,p p c l':,.,p 

gm 
E =-JaN, +--JaN, , 

'-'•m gp '-'•P 

where Np is the total density of 2p2 atoms, 

(A. 5) 

(A.6) 

(A. 7) 

(A.8) 

(A.9) 

Apm is the transition probability for the decay of the 2p2 state 
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to the Js5 state, 

Ap is the total transition probability of the 2p2 state, 

Dm is the diffusion coefficient of ts5 atoms, 

is the density of neon atoms in the ground state, 

a is the excitation cross-sectien at the centre of the natural-

ly broadened absorption line, and 

gm and gp are the degeneracies of the ls5 and 2p2 states, res

pectively. The term E represents the excitation process and the stim

ulated emission process. The secoud term of the right hand sides of 

eqs. A.S to A.S represents the spontaneous decay of the 2p2 level. 

The cellision processes are described by the last two terms of eqs. 

A.6 and A.S, whereas the diffusion of metastable atoms is presented 

by the last term of eq. A.S. We have solved the balance equations 

numerically, taking the time dependenee of the laser intensity as 

given by eq. A.2. The starting and boundary conditions are 

;;j 
c 
D'l 
ïii 
Cl 
u 
c 
Cl 
u 
~ 
'-
0 
3 -

0 

30 jJS ----il 
d = 0.2mm 

curve a : I = 3 mW 

curve b : J =O.OJmW 

time <]Js) 50 

Fig. A.6 Calaulated fluoreseenee signaZ during a 50-vs laser pulse. 
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Curve a: effeetive laser intensity is 5 mWJ curve b: effee

tive laser intensity is 0.05 mW. 



î 
ïii 
1.1 
u 
c 
1.1 
u 
1: .... 
0 
.3 -

0 

~-----30~5----~ 

time <jJs> 

d=3mm 
1=3mW 

50 

Fig. A.? Calaulated fluorescenae signal duringa 30-~s pulse of a 

Laser beam of 3 mm diameter,and 3 mW effective intensity. 

~k-----40ps----~~ 

0 50 
time ()JS > 

d:02mm 
I:l mW 

100 

Fig. A.8 Calaulated fluoreaaenae aignal induced by two sucaessive 

Laser pulses, for three valuea of the time between the two 

pulses. 
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N m,O 

3N I 
arm r=O 0 

n 
Nm 0 'if !J.v , , z z 

(A.IO) 

, N I = N o· m r=R m, 
0 

For the various parameters the following values have been inserted: 
7 -1 7 -1 

A = 1.3 x 10 s (Wie66), A = 6.0 x 10 s (Wie66), D 
pm 20 -1 -1 p 23 -3 m -15 2 . 

5.5 x 10 m s (Phe59), N = 3.3 x JO m , o = 7,0 x 10 m (Mlt 
a 7 n -2 

73), g = 5, g = 3, = 5.5 x 10 (McD64), Ir !J.v = 1.4 x 10 ' and 
m 16 -3p ~ z z 

N 0 = 10 m • The term Lf !J.v has been found by assuming that the m, z z 
Doppler profile is covered by three modes (n = 3), of which the 

middle mode is positioned at the centre of the profile (line width at 

half-maximum is I. 3 Ghz at 300 K). We have taken Iw z corresponding 

with a wavelength region equal to the sum of the half-width of the 

l 
Cl 
ïii .., 
u c: .., 
I .... 
0 
:::J --

0 

~-----JO~s------~~ 

time ()JS) 

d =0.2 mm 
I= 3 mW 

sa 

Fig. A.9 Model oaZauZations of the fluoresoenoe signal for the oase 

that diffusion ooeffioient Dm has been taken zero (aurve a), 

and for the oase that the effect of the mode struoture of 

the laser light has not been taken into aooount (curve b). 
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naturally broadened absorption line (Mit73) and the estimated half

width of a laser mode. 

In order to campare the experimental results with the numerical 

results, we have calculated from eqs. A.5 to A,lO the value of 
Ra 

Ap d Np2nrdr in dependenee on the time for t > 0, This term eerre-

spouds with the measured fluorescence signal and has been plotted in 

the figs. A.6 to A.9. In figs. A.6 to A.8 the corresponding model 

calculations of the measurements of figs. A.2 to A.4 has been shown. 

There is good qualitative agreement between the model and the ex

periments. 

The relative importance of the various processes could be 

studied by varying the values of the parameters. Curve a in fig. A.9 

represents the calculated fluorescence signal when the diffusion co

efficient Dm is taken zero. It appears that then the signal, after 

having reached the maximum value, decreases to zero. Due to the ab

sence of a supply of metastable atoms the density of metastable 

atoms in the detection region will finally be depleted. 

We have also computed the fluorescence signal for the case that 

the effect of the longitudinal modes is not taken into account. For 

this purpose the balance equations A.6 and A.8 of the model were 

dropped and the densities NA and NA in eq. A.9 were replaced by 
u,m u,p -16 2 

Nm and NP, respectively. Further, we have taken the value 10 m for 

a , which is the mean excitation cross-section for a Doppler broadened 

absorption line (cf. oe in eq. A.l). The result for this case is shown 

in A.9 by curve b. The depletion occurs very rapidly, so that the 

stationary state as a consequence of the diffusion effect appears 

appreciably sooner than in the case of curve a in fig. A.6. 

A.5 Conditions for reliable fluorescence experiments 

We will discuss conditions for the applicability of the fluores

cenee technique to measure metastable atom densities by making use of 

the experimental results presented in fig. A.lO. In this figure the 

fluorescence light intensity in the afterglow from 150 ~s to 1.5 ms 

after the cessation of the discharge is given for four cases. Curves 

a and b represent measurements of the fluorescence light intensity 

for a continuous unfocused (d = 3 mm) and focused (d = 0.2 mm) laser 

beam of 3 mW effective power, respectively. Curve c has been found by 
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measuring the integrated intensity during an 8-~s pulse of a 3-mW 

laser beam, sent through the discharge tube at various moments in the 

afterglow. Curve d has been measured by Steenhuysen and Denneman of 

our laboratory (Ste75), and represents the fluorescence signal for a 

continuous focused laser beam which has been attenuated to I = 20 ~W. 

Since the fluorescence signal was very weak, they used a photon count

ing technique. 

We abserve that curves a and b decrease much faster than curves 

c and d, This indicates that in the case of a continuous focused and 

unfocused laser beam of 3 mW effective power the total metastable 

atom density in the discharge tube is depleted appreciably, Further

more, curve a decreases faster than curve b. This is comprehensible, 

since the depletion for a braad laser beam takes place over a wider 

region than for a narrow beam, 

~ 
0"1 
ïii 

-

-

0 
' I 

0.5 

I 

-

I I I • 
1.5 

time Cms> 

Fig. A.lO Fluorescence signal during the afterglow of a neon gas dis

charge~ measured in four different ways. Curve a: contin

uous unfocused laser beam of 3 mW, curve b: continuous 

focused laser beam of 3 mW~ ·curve c: pulsed laser beam of 

3 mW~ curve d: continuous focused laser beam of 20 ~W. 
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Curves c and d show the same time dependence, within the limits 

of the experimental error, Since in these cases the over-all deple

tion of metastable atoms throughout the discharge tube is less in

tensive, it may be assumed that these curves are a good representatian 

of the decay of the metastable density without laser excitation. More

over, these results are in good agreement with the results of Phelps 

(Phe59). Although the over-all depletion is negligible in both cases, 

the laser intensity is so high that the local depletion at the posi

tien of the laser beam is still intensive, This means that the diffu

sion of metastable atoms still plays an important role, 

Because diffusion is a linear process, the intensity of fluores

cenee light in both cases is proportional to the metastable atom 

density in the direct vicinity of the laser beam, As a consequence 

of the diffusion effect, measurements of the metastable atom density 

in dependenee on the gas density cannot be performed easily. The 

reason for this is that the supply of metastable atoms to the path of 

the laser beam is related to the gas density in a complicated way. 

In chapter 4 we found that the density of excited neon 

atoms in the fluorescence cell were independent of the laser intensi

ty. This can be understood by assuming that the over-all depletion of 

the excited atom densities is negligibly small in these cases. Due to 

the relatively large dimensions of the cell, the supply of atoms into 

the laser beam through diffusion can take place from a wide region. 

Besides, the measurements have been performed by using a narrow laser 

beam (d = 0.1 mrn). 

The pulsed laser beam experiments as described in sectien A.3 

can be used to study the diffusion process fundamentally, if a single

mode laser is used as an excitation source. The effective power is 

then better known and the measurernents can be interpreted more quan

titatively. By exciting the Is4 state these experiments can also be 

used to study fundamentally the transport of resonance radiation. 
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Summary 

The present thesis deals with the application of the atomie flu-

t h . f h d . f d' . 20 orescence ec n1que or t e etect1on o ra 1oact1ve Na atoms and 

the investigation of kinetic processes invalving excited neon atoms 

in a neon plasma generated by a proton beam. An experimental study 

of the electron density and the electron temperature in the proton

induced plasma has been presented in addition. 

The 20Na atoms are produced via the nuclear reaction 20N~p,n~ONa 
by passing 

3 S 1024 -3 . x m • 

sodium excites 

a 20-MeV proton beam through neon gas of density 

A beam from a c.w. dye laser, tuned to the n
2
-line of 

20 
the Na atoms. The dependenee on time of the fluores-

cence signal has been measured after a 300-ms period of irradiation 

by a S-~ proton beam for several positions in the reaction vessel. 

The lower limit for the detection of 20Na atoms is about 109m-3 . The 

diffusion of 20Na atoms through the reaction vessel was studied using 

this experimental technique. For the diffusion coefficient of sodium 
20 -l -1 

in neon we found D = (10.0 ~ 2.S) x JO m s at 300 K. The fluores-

cenee technique was also used to measure the saturated vapour density 

of natural sodium (23Na) in dependenee on the temperature in the re

gion from 292 K to 420 K. Furthermore, the shape of the absorption 

profiles of the 23 Na D-lines in dependenee on the laser intensity has 

been studied by making use of a single-mode dye laser. We found that 

a narrowing of the profiles occurred in the intensity range from 

0.2 ~Wmm-2 to IS ~Wmm-2 • This narrowing effect could be explained by 

the selective depletion of the hyperfine levels of the 23Na ground 

state. Another application of the single-mode laser was the maasure

ment of the isotope shift ~V h of the 
20

Na D-lines with respect to 
23 s 

the Na D-lines. We found ~vsh (1800 ~ ISO)Mhz for both D-lines. 

The fluorescence technique was applied in studying kinetic pro

cessas of excited neon atoms for two types of experiments in which a 

proton beam was used as an external excitation source: 

a. Maasurement of the density distribution of Is2 , ls4 and !sS atoms 

in a proton-induced neon plasma for neon densities in the range 
22 -3 24 -3 . . 1 from 1.66 x JO m to 6.3 x 10 m • By f1tt1ng of the resu ts of 

a numerical model to the experimental results we found that the 

coefficient for the collisional coupling of the 1s4 state with the 

!sS state is a factor of two smaller than given in the literature. 
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b. Measurement of the line spectra induced by laser excitation of ls 

atoms to the 2p states. Collisions of atoms in the 2p states with 

neutral neon atoms causes a coupling between the 2p states. This 

effect is observable in the spectra of the fluorescence light. 

Analysis of the spectra yielded reaction coefficients for the col

lisional transfer of excitation between the states 2p2 to 2p 10 • 

The electron density and the electron temperature in the proton

induced neon plasma was studied by measuring the time dependenee of 

recombination-induced line radiation during and after a stepwise pro

ton irradiation. A value of the total cross-section for primary and 

secondary ionization of neon by 20-MeV protons was obtained from 
-21 2 these experiments. We found cr. = (1.7 + 0,3) x JO m. The electron 

~ - 24 -3 
temperature in a neon plasma at a gas density of 6.3 x 10 m , gener-

ated by a 6-~A proton beam 9 mm in diameter, was found to be higher 

than room temperature by a factor of three. 

Finally, we carried out a study on the effect of high laser in

tensities in density measurements of metastable Js5 neon atoms. The 

destructien of the metastable atom density as a consequence of the 

optical pumping process was investigated by measuring the time depen

denee of the fluorescence signal during short(< 50 ~s) laser pulses 

in the afterglew of a neon gas discharge. From the measurements it 

was found that diffusion of metastable atoms into the path of the 

laser beam has a large influence on the fluorescence signal, The 

study yielded conditions for carrying out reliable density measure

ments by means of the fluorescence technique. 
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Samenvatting 

Dit proefschrift behandelt de toepassing van de atomaire fluores

centietechniek voor de detectie van radioactieve 20Na-atomen en voor 

de studie van kinetische processen betreffende aangeslagen neonatomen 

in een neonplasma dat gegenereerd wordt door een protonenbundel. Boven

dien wordt een onderzoek van de electrenendichtheid en de electronen

temperatuur in zo'n plasma beschreven. 

De 20Na-atomen zijn geproduceerd met behulp van de kernreactie 
20 20 24 3 Ne(p,n) Na, door neongas met een dichtheid van 3.5 x 10 m- te 

bestralen met 20-MeV-protonen. De fluorescentietechniek is uitgevoerd 

door 20Na-atomen in het productiegebied aan te slaan met een bundel 

uit een continue kleurstof laser, die is afgestemd op de D2-lijn van 

natrium. Het fluorescentiesignaal is gemeten als functie van de tijd 

na een 300 ros-bestraling met een 5 vA-protonenbundel voor diverse 

plaatsen in het reactievat. De ondergrens voor de detectie van 20Na

atomen is ongeveer 109m-3 . Met deze experimenten kon de diffusie van 

de 20Na-atomen in het reactievat worden bestudeerd. Voor de diffusie-
''ff' ... . . d (10 0 2 5) 1020 -I - 1 coe 1c1ent van natr1um 1n neon van en we D = • ~ • x m s 

bij 300 K. Verder is met de fluorescentietechniek de verzadigde damp

dichtheid van natuurlijk natrium ( 23Na) als functie van de temperatuur 

bepaald. Met behulp van een "single-mode" kleurstoflaser is bovendien 

d b d d . f' 1 d 23 N 1"' ' f e vorm epaal van e absorpt1epro 1e en van e a D- lJnen 1n a -

hankelijkheid van de laserintensiteit. We vonden dat een versmalling 
-2 van de profielen optrad in het intensiteitsgebied van 0.2 vwmm tot 

15 ~Wmm-2 • Dit versmallingseffect kon worden verklaard met de uitput-
23 ting van hyperfijn-niveau's van de Na grondtoestand. Een andere 

toepassing van de "single-mode" laser was de meting van de isotopen

verschuiving ~vsh van de 
20

Na D-lijnen ten opzichte van de 
23

Na D

lijnen. We vonden voor beide D-lijnen ~vsh (1800 ~ !80)Mhz. 

De fluorescentietechniek is toegepast voor het bestuderen van 

kinetische processen bij aangeslagen neonatomen in twee typen experi

menten, waarbij een protonenbundel is gebruikt als externe excitatie

bron: 

a, Meting van de dichtheidsverdeling van , Is4 en ts5 atomen in 

een door protonen gegenereerd plasma, voor neondichtheden van 
22 -3 24 -3 . 1.66 x 10 m tot 6.3 x 10 m . Aanpass1ng van de resultaten 

uit een numeriek model aan de meetresultaten leverde een waarde op 

voor de reactie-coëfficiënt voor de door botsingen geÏnduceerde 
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koppeling van de ts4 toestand met de Is 5 toestand die een factor 2 

kleiner is dan de waarde die gegeven wordt in de literatuur. 

b, Meting van het lijnenspectrum, geÏnduceerd door laser-excitatie van 

Js5 atomen naar de 2p toestanden. Als gevolg van botsingen van 

neonatomen in een bepaalde 2p toestand met neutrale neonatomen 

vindt er koppeling plaats tussen de 2p toestanden. Het effect hier

van is waarneembaar in de spectra van het fluorescentielicht, 

Analyse van deze spectra leverde waarden op voor de reactie-coëffi

ciënten van dit koppelingsproces voor de toestanden 2p2 tot 2p10 • 

De electrenendichtheid en de electrenentemperatuur in een door 

protonen gegenereerd neonplasma zijn bestudeerd door de intensiteit 

te meten van door recombinatie geÏnduceerde lijnstraling tijdens en 

na een stapsgewijze met een protonenbundel. Uit deze me-

tingen volgde een waarde van de totale werkzame doorsnede voor de pri

maire en secundaire ionisatie van neon door 20-MeV-protonen, We von-
-21 2 den ai= (1.7 + 0.3) x 10 m. De electrenentemperatuur in een neon-

plasma met een gasdichtheid van 6,3 x to24m-3 dat is gegenereerd door 

een 9 mm brede protonenbundel van 6 ~A, bleek een factor 3 boven ka

mertemperatuur te liggen, 

Tot slot is het effect onderzocht van hoge laserintensiteiten 

bij fluorescentiemetingen toegepast op metastabiele ts5 neonatomen, 

De uitputting van de metastabielendichtheid door het optisch pomp

proces is bestudeerd door het fluorescentiesignaal te meten als 

functie van de tijd gedurende korte (< 50 us) laserpulsen tijdens het 

uitsterven van een neon-gasontlading, Uit de experimenten bleek dat 

de toevoer van metastabielen als gevolg van diffusie naar de laser

bundel een grote invloed heeft op het fluorescentiesignaal, Het onder

zoek leverde voorwaarden op voor het verrichten van betrouwbare dicht

heidsmetingen met behulp van de fluorescentietechniek, 
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Nawoord 

Het in dit proefschrift beschreven onderzoek is voortgevloeid uit 

het project "gasontladingsonderzoek met behulp van tracertechnieken", 

dat is begonnen op I juli 1969. Het onderzoek is uitgevoerd in de pe

riode van I november 1972 tot l september 1976. Tijdens deze periode 

hebben de volgende studenten werkzaamheden verricht aan deelonderwer

pen: J.J.M. Adamczyk (stage), J,F,J. Dautzenberg (stage), 

M, Groeneveld (stage), R.A. Henskeus (H.T.S.-stage), L.P. Hermans 

(stage), J.H. van Laarhoven (stage), P.J.K. Langendam (afstuderen), 

P. Menger (stage), J,C,A,M. v.d. Nieuwenhuizen (stage), 

In genoemde periode is het cyclotron 485 uur beschikbaar geweest 

ten behoeve van experimenten voor dit onderzoek, Verder is gedurende 

350 uur gebruik gemaakt van de PDP-9 computer voor het invoeren en 

testen van programmatuur en het verwerken van meetgegevens tijdens 

experimenten. De totale kosten van apparatuur voor dit onderzoek be

droegen ongeveer kfl50. 

Vanaf I maart 1975 is technische assistentie verleend door 

N. van Schaik. Door zijn grote inzet en bekwaamheid heeft hij een be

langrijke bijdrage aan dit onderzoek geleverd. Daarvoor wil ik hem 

hartelijk danken, 

Dank zij de cyclotron-bedrijfsgroep, bestaande uit W. van 

Genderen, G.J.S,M. van Hirtum (vanaf december 1974), F.C. van 

Nijmwegen (tot september 1974), A. Platje, R. Queens (vanaf februari 

1975), N. van Schaik (tot maart 1975) en e.c. Soethout, heb ik veel 

uren met een feilloos werkend cyclotron kunnen experimenteren. 

Ruth Gruijters heeft veel hulp verleend bij het tekenen van fi

guren voor dit proefschrift. Het manuscript van het proefschrift is 

met veel zorg getypt door Francien Duifhuis, 

Tot slot wil ik alle medewerkers van het cyclotrongebouw bedan

ken voor de plezierige wijze waarop ik met hen heb kunnen samenwerken. 
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Levensloop 

16 februari 1950 geboren te Tilburg 

juni 1967 

september 1972 

eindexamen H.B.S.-b aan het St. Odulphus Lyceum te 

Tilburg 

doctoraal examen natuurkundig ingenieur T.H.E. 

vanaf I november wetenschappelijk medewerker in de onderwerpgroep 

"cyclotron-toepassingen" van de afdeling der tech

nische natuurkunde T.H.E. 
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De fluorescentietechniek is een methode voor de detectie 

van geringe hoeveelheden radioactieve atomen in de dampfase. 

Dit proefschrift, hoofdstuk 3 

2 

Wanneer het elektronenverlies in een plasma plaatsvindt volgens 

volumerecombinatie, kan de elektronendichtheid worden bepaald door 

een intensiteitsmeting van door recombinatie geïnduceerde straling 

na het uitschakelen van de bron die het plasma in stand houdt. 

Dit proefschrift, 6 

3 

Voor de bepaling van reactiecoëfficiënten voor de botsingskoppeling 

bij 2p-toestanden van neon is het van belang er op toe te zien dat 

de intensiteit van het laserlicht zó laag is, dat de verstoring van 

het plasma ter plaatse van de laserbundel verwaarloosd mag worden. 

R.M.M. Smits en M. Physiaa BOC, 5?1 (19?5) 

4 

Hoewel door intensieve laserexcitatie de dichtheid van aangeslagen 

neonatomen wordt afgebroken, n er omstandigheden aan te wijzen, 

waarin de intensiteit van het geÏnduceerde fluorescentielicht een 

goede maat is voor de 

zonder laserexcitatie. 

Dit proefschrift, addendum 

atoomdichtheid zoals die zou 

5 

n 

Aangezien een fusiereactor radioactiviteit zal produceren, 

zullen de instanties die verantwoordelijk zijn voor de ontwikkeling 

van de fusiereactor zich in een vroeg stadium rekenschap moeten 

geven van de dat het gebruik van deze reactoren op veel 

bezwaren bij de bevolking stuit. 

L. proefschrift KFA Jülich (19?6) 

6 

Het is wenselijk dat een natuurkundestudent aan de Technische Hoge-

school Eindhoven tenminste één stageverslag in de taal schrijft. 



7 

Naarmate cyclotrons kleiner zijn, zijn ze meer voor toe-. 

gepast onderzoek dan voor fundamenteel kernfysisch onderzoek. 

o.a.: 'Produot1:on, ilpplioat'ion and Distribution of Iodine-123 

in Western. Proceedings of a Panel Discussion held at 

KFil, Jülioh, (1976) 

8 

Teneinde spelverruwing sportbeoefening tegen te gaan dienen 

spelers die tijdens een sportwedstrijd anderen letsel 

toebrengen dat niet inherent is aan de betreffende sport, gerechtelijk 

te worden vervolgd. 

9 

Sporenanalyse met de methode van röntgenfluorescentie opgewekt door 

ionenbeschieting is een gebruiksmogelijkheid die ruime aandacht 

verdient bij de aanschaf van een deeltjesversneller in een ziekenhuis. 

R.M.Wheeler, R.B. 

V. Valkovié, G.C. P.S. Ong, E.L. M. llrgovcié, 

Mediaal Physics, 1, 68 (1974) 

Aangezien patiënten die 

vaak vervreemden van hun 

te worden besteed aan de 

JO 

in een verpleeghuis verblijven, 

verpleeghuizen meer aandacht 

van de patiënten. 

11 

Gezien de snelle ontwikkeling in de reken- en geheugencapaciteit 

van programmeerbare zakrekenmachines is het gewenst dat het gebruik 

van deze rekenmachines bij het oplossen van vraagstukken dens 

schriftelijke tentamens en examens reglementair worden 


