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ABSTRACT

Experim ental procedures  are d escr ibed  for  the reproducible  

preparation and e le ctron -b ea m  irradiation  o f  single crysta l 

specim ens o f  deliquescent alkali halides, and fo r  the m easurem ent 

o f  absorbed dose in the sam ples to + 1% repeatability. Subsequent 

m easurem ents of optical density, to +_ 1%, at wavelengths known 

to within 5 nm (at 500 nm), w ere used to plot F band growth /  

dose curves for  severa l alkali halides, with beam  energies between 

115 and 460 keV, at room  tem perature and at 77 K. Cathodolum inescence 

was m easured  during irradiation  and the lum inescent peak wavelengths 

w ere located to within +_ 2 nm  at 200 nm. Studies with a m icro sco p e  

and m icrod en sitom eter  produced co loration /depth  p ro files  which were 

used in conjunction with the optical d en sity /d ose  m easurem ents to 

determ ine the concentration o f  F centres produced in NaBr sam ples by 

irradiation. Studies o f  the e ffects  of optically  or  therm ally  bleaching 

the F band on the absorption  spectrum  of NaBr led to the d iscov ery  

o f  a ser ies  of V bands that had not prev iously  been reported.

A study o f the detailed kinetics o f  the iad io ly tic  co loration  of •

NaBr showed that at 77 K the growth curve was divided into two 

distinct saturating phases separated by a plateau whose "height" and 

"length" depended on the sample purity and beam  energy respectively .

At room  tem perature the growth curve had no inflection and a higher 

saturation value.

The final saturation concentration of F centres at a given tem perature 

was found to be independent o f  the beam  energy between 230 and 460 keV 

and the rate o f  production o f  F cen tres  per unit dose was independent 

o f  the beam  flux.

T h eoretica l and experim ental studies o f  the variation o f  e lectron  -

penetration depth with energy showed that the co loration  penetration

law differed  significantly from  that found by. other w orkers at low er beam

energies . The effective co loration  depth p (m icrom etres ) in NaBr
1 08was given by p = 0. 77V ' where V is the beam  energy in keV. A 

beam  orientation dependence o f p was found for  NaCl. F or  beam

- A / l  -



energies ^ 2 3 0 k e V  it was found that irradiation  enhanced the 

deliquescence  of NaBr, presum ably by ejecting B r from  the surface, 

but this effect was not detected for  beam  energies <115  keV.

The cathodolum inescent behaviour o f  NaBr was seen to corre la te  

with the F band growth behaviour. "In trinsic"  and "impurity" 

lum inescent bands were identified by analogy with Nal.

A nalysis  o f  the co loration  behaviour, taken in conjunction with the 

other experim ental observation , showed a need for  a new m echanism  

to explain the production o f  F centres in radiation-resistant alkali halides.

A synthesis o f prev iously  postulated m echanism s is shown to account 

fo r  part o f  the observed  behaviour, where the form ation o f anion 

defects  is assisted  by the p resence  o f im purities. The experiments 

have shown that it is n ecessa ry  to invoke an additional intrinsic 

co loration  p rocess .

The intrinsic co loration  behaviour o f  NaBr is shown to be fully consistent 

with a p rocess  whereby radiation-induced cation defects enhance the 

subsequent form ation o f  anion defects without involving large threshold 

energies in either step. One example o f  such a m echanism  is examined 

in detail and is shown to be consistent with all the other experimental 

observations.

Detailed kinetic examination o f  a generalised  intrinsic-enhancem ent 

m echanism  limited by F centre re -ion isa tion  is shown to d escr ib e  the 

F band grow th /dose  behaviour o f  NaBr at high doses. Taking this in 

conjunction with the synthesised " im purity"  m ode, calculations yield 

an F band growth curve for  NaBr which co rre la tes  with the experimental 

data m ore  c lo s e ly  than any prev iously  published result at 77K and can 

be extended to explain the room  temperature behaviour and the apparent 

variation o f  the co lorab ility  o f  NaBr with temperature.

- A / 2  -



TOUTS

Throughout the experiments, unless specifically stated, the
cross-sectional area of the radiation "beam was constant at 

2nearly 1 cm . As the observed pénétrâtion/energy relationship 
was effectively linear, the absorbed dose in the specimen 
is reported in the measured units, i.e. millicoulombs (mC).
The approximate conversion factors for conventional 
radiological units are as follows:

, 1 mC = 5 x 1019 keV/cm3



CHAPTER 1

INTRODUCTION

1.1.1 The interaction o f  radiation with condensed matter

The observation , m easurem ent and contro l o f  the interactions 

between energetic partic le  o r  photon beam s and matter in the 

condensed states has form ed  the basis  of a great deal o f  recent 

experim ental work in applied physics and chem istry . Without 

drawing fine distinctions between resea rch  d isc ip lines , general 

c la ss e s  o f  investigation are evident. In o rd er  to characterise  

radiation sources  and qualities in term s of beam  energy spectrum  

and beam  flux, the interaction  o f  various form s of radiation with 

so lid  o r  liquid substrates is studied with a view to eliciting information 

about the radiation itse lf . Given a w e ll -ch a ra cter ised  source  and 

type o f  radiation, it is  then possib le  to explore  the properties  o f 

the m aterials  with which it interacts.

In the great m ajority  o f  com m on applications o f  energetic radiation 

to the study o f  materials, the experim ental ob jective  is to observe  the 

effect o f  a m aterial sam ple on a radiation beam ; absorption, d iffraction  

and re fraction  are com m on  term s in non-destructive  analysis. In 

m ost  o f  such applications the m aterial is not permanently and 

significantly m odified  by the radiation.

H owever as the sp ecific  energy available for the interacting p rocess  

is in creased , it b ecom es  possib le  for  the incident beam  to significantly 

alter the properties  o f  the substrate m aterial and i f  the effects can be 

ch a ra cter ised  and m easured  a new tool is created  for  m aterials 

analysis. In many ca ses  the technologica l stimulus for such work 

is d irected  towards the mitigation o f  the damage caused by the in ter 

action: a c la ss ic  example is that o f  nuclear reactor  fuel can d istortion 

due to the swelling o f  fuel rods subject to intense neutron fluxes.

In the field  o f  chem ica l resea rch  the use o f  pulse radiolysis in the 

study o f  liquid phase reactions has opened a number o f  new avenues 

o f  enquiry and presents an example o f  radiation interaction with 

condensed matter being em ployed to inject energy adiabatically into

-  1/1 -



an otherw ise isolated system .

Within the field  o f solid  state physics we are concerned  with the 

analysis o f  tightly coupled system s. Whilst the equilibrium  states 

o f  such system s are , in principle , amenable to detailed mathematical 

m odelling and p rec ise  experim ental investigation, the response 

'o f  the system s to very  large adiabatic transients is not well 

understood . Interaction with energetic  radiation can provide

a useful experim ental technique in this respect .

1.1.2 Phenom enology : The effect o f  ionising radiation on alkali halides

A detailed account o f  previous studies o f  radiation damage to 

crysta lline  alkali halides will be given in Chapter 7. F or  the present 

a b r ie f  phenom enological survey will suffice.

M ost alkali halides acquire  a pronounced visib le  co loration  when 

subjected to fluxes o f  ionising radiation. The effect is  generally  persistent 

and initially is la rg e ly  caused by the optical absorption o f  defects 

known as F centres . These centres  have been shown to be identical 

in m ost resp ects  to those created  by heating the m aterials in an 

atm osphere o f  an alkali m etal. Quenching prevents aggregation and leaves 

a substitutional ex cess  o f  alkali metal. E vidence from  paramagnetic 

and (recently) ENDOR sp ectroscop y , in addition to chem ica l analysis 

o f  the ' 'a dd it ive ly -co lou red "  m ateria ls , supports the m odel proposed  

by  de B oer  (R e c .T r a v ,  Chim. Pays -B as 56̂  p 301 (1937) ) f o r  the 

F  centre : an e lectron  trapped at an anion vacancy.

At the same time as the F centre absorption band is introduced into the 

rad iation -co loured  cry sta ls ,  so other optical absorptions appear.

The alkali halides have been studied in detail because virtually 

ev ery  point defect o r  sm all aggregate has a characteristic  optical 

absorption  located  in the near-U Y  to near-IR  region.

It is therefore  apparent that optical spectrophotom etry can be used 

to investigate the response o f  at least som e solid -state  system s to 

large adiabatic energy inputs.

1 .2.1 D isplacem ent threshold estimation

During irradiation with a beam  sufficiently energetic to produce 

F centres , it is generally  found that a further (a )  absorption band,
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associated  with the interaction o f  halide vacancies with the 

fundamental absorption o f  the m aterial, is produced. Thus it 

has been confirm ed that energetic radiation can eject anions 

fro m  their equilibrium  sites to generate vacancies. ' ‘

On studying the quantitative aspects o f  radiation damage in alkali 

halides (and in crystalline solids generally) it is found that the 

energy required to create  an ion vacancy is considerably  lower

than might be expected from  the m echanical properties o f  the m aterial,
I ' f-
o r  fro m  the interionic binding energies involved.

E xperim entally  the work involved in removing a negative ion from  the 

surface  o f  an alkali halide crysta l is found to be 5 -6  eV. In order  

to generate a vacancy within the bulk m aterial it is n ecessa ry  to add 

co rrec t ion s  for  the energy required to m ove the surrounding ions 

(since  the anions can generally  be regarded as hard spheres in 

contact) and to take note o f  the fact that the bond co -ord ination  o f a 

bulk ion is about twice that o f  a surface species . Seitz and Koehler 

(Sol.Stat. Phys.2^ p 305 (1956) ) elaborated this simple argument and 

Sosin (ASTM Special Technical Publication 341 (1962) ) has perform ed  

detailed calculations concerning the "relaxation" part of the total 

energy  involved in displacing an atom from  its lattice site in a 

number o f  m aterials.

It is generally  held that in a perfect, strongly bonded m aterial (which 

c la ss  includes the alkali halides) there is a "displacem ent threshold" 

o f  about 25 eV to be ov ercom e  before  a vacancy can be created. There 

is ,  th ere fore , a need to explain how this amount o f  energy can be 

e ffective ly  invested in an ion as a result o f  interaction with ionising 

radiations. A s  work proceeds in the field of low -en ergy  (<Cl00eV) 

e lectron  diffraction, so evidence is becom ing available that radiation 

damage and vacancy creation  occu r  even at these low beam  energies: 

by  any account there is a serious d iscrepancy  between naive theory 

and experience.

D isplacem ent thresholds are, o f  course , related to the adiabatic 

investment o f  energy in a single atom or  ion. In ord er  to explain 

the relative ease with which damage o ccu rs  it is therefore  expedient 

to d iscuss  the range o f  co -op era tive  phenomena available for  the
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transfer  o f energy between the incident beam and the displaced 

partic le , and for  the transm ission  o f the momentum of this particle.

1.2.2 B r ie f  review  of co -op era tive  energy - transfer p ro ce sse s

In the case  o f  partic le  (eg proton, alpha, electron) radiation there 

is a possib ility  that d irect  co ll is ion  between the particle and the 

struck nucleus may transm it enough energy to the re co i l  atom to 

ov ercom e  the displacem ent b a rr ie r  E<j. The 25 eV required can, 

in general, . only arise  fro m  co llis ions  between electrons o f 

^1 MeV kinetic energy and light nuclei. This point will be d iscussed  

m ore  fully in Chapter 7.

The co -op era t iv e  energy -transfer  m echanism s proposed to date fall 

into the following three broad  categories:

(a) Inhom ogeneity-assisted  vacancy creation

Motion o f 'edge dislocations (Seitz: Rev. Mod. Phys 2j> p7 (L954)) , 

m osa ic  and twin boundaries or  voids in a m atrix can introduce 

approxim ately equal concentrations o f  positive and negative 

ion vacancies into the bulk o f  the m aterial If the boundary 

c reep  raté is slow the vacancies m ay diffuse apart as isolated 

entities evenly distributed through the m aterial. The anion 

vacancies can then trap e lectrons from  a low -en ergy  ionisation 

p rocess  to fo rm  F  centres . Although not str ictly  a co -op era tive  

energy -transfer  p ro ce ss  in the sense of polyatom ic interaction 

with the incident radiation, this is a co -op era tive  p rocess  

which low ers the apparent creation  energy o f F centres . A 

s im ilar  effect can be postulated whereby impurities enhance 

the ra’diolytic susceptibility  o f  alkali halides.

(b) Interaction between an ionised anion anddts neighbours

An energetic  photon interaction with a single anion is unlikely 

to invest the ion with m ore  than about 6 eV o f  kinetic energy 

(V arley : J. Phys. Chem. Sol. 2j5 p 985 (1962) ) in a state with 

a lifetim e long enough to produce a vacancy. However an 

ionised anion could interact with a neighbour to fo rm  a centre 

(two adjacent anion co res  with a shared valence e lectron  and the 

nuclei slightly d isplaced from  their lattice points) or  in the case
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o f  a doubly-ionised  ion, an X + -  X "  com plex  s im ilarly  located...

...The kinetic energy produced by a V -e le ctron  interaction (Pooley,
+ -P ro c .  Phys. Soc. 87_ p245(1966)) and X -X  de-excitation  collapse 

(Howard, Vosko and Smoluchowski: Phys.Rev. 122 pl406 

(1961)), have been investigated. The details

w ill be d iscussed  in Chapter 7 but we can note for  the present 

that neither system  gives m ore  than 5 eY kinetic energy to a

I B r  ion in alkali brom ides .
I C c
(c) Ionisation o f  c lo se  sets o f  anions

If a c lose  set o f  lattice anions are simultaneously ionised 

by radiation into either X °  or  x"*" states, there will be a 

rea l o r  e ffective mutual repulsion between the resultant 

species  which will give r ise  to momentum directed  along 

the internuclear vectors  o f  the set. ’ ;

This type of m echanism  has rece ived  the m ost 

support in the published literature but im poses certain  conditions 

that will be d iscussed  in Chapter 7.

1.2.3 C o -operative  m om entum -transfer m echanism s

A part from  the d irect  displacem ent o f an energetic ion moving by
m

"brute f o r c e "  from  its equilibrium  site to create a vacancy, we must,

in the light o f the energy lim its im posed by the available energy -transfer

m echanism s, find an alternative means o f  transporting an ion away from

its norm al site, with either a low er E , o r  reduced recom bination rate.d

There has been a recent growth of interest in co -op era tive  momentum 

transfer  by replacem ent co ll is ion  sequences and channelon propagation. 

These phenomena have been dealt with in detail in reviews (eg Chadderton: 

Radiation Damage in Crystals  : Methuen (1966) ) but will be br ie fly  

d escr ib ed  here, and considered  m ore  deeply in Chapter 7.

If the p rim ary  particle (the energetic "s tru ck " daughter o f  an ion - 

radiation interaction) collides with an ion at an equilibrium lattice site, 

it m ay be possib le  for  the second ion to be substitutionally replaced 

by the prim ary. The second ion (now the secondary daughter product 

o f  the radiation reaction) acquires momentum, relative to the lattice, 

along the internuclear vector  at the moment o f  co llis ion . If this vector
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lies  in or  near a c lose -pack ing  d irection  then it can be shown that the 

p ro ce ss  may be repeated and the momentum acquired by the prim ary  

interaction can be propagated along a c lose -pack ing  direction. Some 

energy  loss  will be incurred  at each co ll is ion  and ultimately the 

struck ion will not have enough energy to displace its neighbour, and 

will take up an interstitial position. Thus a widely separated Frenkel 

defect pair can be produced with very  little extra energy than would 

be required to produce a c lose  pair. Consequently there is a reduced 

probability  o f interstit ia l-vacancy  recom bination com pared  with a 

random -displacem ent pair crea ted 'by  the same prim ary  interaction 

and the effective value o f  may be reduced at tem peratures where 

recom bination is significant. The replacem ent sequence length is 

cr i t ica l ly  dependent on the " focusin g"  effect o f  the surrounding ions and 

any disturbance o f  the lattice period icity (eg  by phonons) will reduce it.

The allied phenomenon of channelling involves the propagation of

energetic  partic les (which m ay be subatomic particles or  sm all ions)

along the lines of pQtential saddles in the matrix. In highly sym m etrica l

crysta ls  it is often possib le  to predict lines along which the mean

electron  density is very  low: fo r  example the line joining the midpoints

o f  C l “ - C l “ vectors  in NaCl. A particle  initially incident in such a

specia l d irection  will suffer less energy loss  to m atrix e lectrons than

if  its incidence were in any general d irection , and consequently for  a

given initial kinetic energy it will penetrate the crysta l m ore  deeply in

these p re ferred  d irections. Thus radiation damage may occu r  in deeper

layers  of the m aterial than would be expected i f  the m aterial was

homogeneous o r  amorphous. The reduced recom bination rate due to the

greater d ispqrsion  o f  a given number o f defects may low er the apparent 
d isplacem ent threshold energy.
1.3.1 Com parative studies o f  alkali halide radiolysis

A s a  c la ss ,  the alkali halides range from  m olecular weight 26 (LiF) to 

260 (Csl) and m ost have the interpenetrant f. c. c. lattice structure in 

the solid state. Consequent upon their chem ical s im ilarity  and sim ilar 

crysta l structures it is often possible  to predict the physical properties 

o f  one m em ber of the c lass  by studying the hom ology o f  its neighbours. 

Thus the peak wavelengths o f  the absorption bands corresponding 

to the various point defects have been found, in general, to be related to 
the lattice unit ce ll  length; - 1 / 6 -



eg by the M ollw o-Ivey  relation for  the F band (P hys.R ev . 72 p 341 (1947))

X(F) = 703 d1 2 * *-84 (units of 10- 10m).'

However the energy required to create an F centre does not vary in

such a convenient manner. Rabin and K lick  (Phys. Rev. 117 pl005 (I960)),

deduced, from  the slope o f  the [pQ vs dose curve, the energy E^, absorbed

from  an X -r a y  beam  per F centre generated at 4K.
Ej? was plotted as a function o f  S /D  where 

S is the space between the Goldschmidt anion radii in \llCi> and D is

:the halogen atom d iam eter. F or  S /D  greater than 0.45 it was found that
;

E p  is substantially independent o f  S /D  and is about 1100 eV. A s  S/D 

d ecrea ses  below  0.45 so E p  becom es  approxim ately proportional to 

- log (S /D ), with NaBr the ."hardest" m aterial investigated, having 

E i  8 x  105 eV and S /D  *  0.28. The term s "hard" (to colour) and
.T

"so ft "  (easy  to colour) will be used in the present thesis to distinguish 

between those alkali halides with Ejp substantially greater than 1 keV 

and the rem ainder.

Of the soft alkali halides, KC1 has been studied extensively, and 

m ost o f  the work cited in the detailed review  in Chapter 7 re fe rs  to 

X - r a y  co loration  o f  KC1. Of the hard m aterials KI presents som e 

curious phenomena (eg Hersh, Phys. Rev. 105 p 1158 (1957) ) and NaCl 

has been the ch ief m aterial o f  interest f i t s  S /D  ratio and ionic radius 

ratio make it the structural archetype o f  the light alkali halides.

Prev ious work has revealed the following .general features:

1 . E p  is substantially independent o f  impurity concentrations at 

4K,..but is generally  reduced by the presence  o f  im purities
f '

at higher tem peratures, in all alkali halides.

2. Irradiation at 4K produces F, a , and H centres (C l2 ~ m o le cu le - 

ions at anion sites) only. H centres are unstable at 77K but

a variety  o f  spatially la rger  V centres are form ed  by hole

trapping. The Vp. centre has already been d escr ib ed  (1 2.2) 

and is the best-understood  o f  these. V-band absorptions have

been found in m ost alkali halides.
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3. Ep« generally  increases  with increasing temperature for  the 

soft m em bers , but d ecrea ses  for  the hard m em bers of the 

alkali halides.

F r o m  time to time other specific  information will be drawn into the 

present argument from  the published literature, but it should be noted 

here that there is very  little published work on NaBr. A part from  

b r ie f  mentions in general surveys the number o f  papers published

annually and dealing specifica lly  with radiation damage in NaBr is
(  c . 

about ten, com pared  with severa l hundred concerning each o f  the

"popular"  halides. In consequence at the outset of the present pro ject

only two radiation-induced absorption bands (F and a )  had been

ch aracter ised  in NaBr.

1.3.2 R easons fo r  studying NaBr

The reported values for  A(F) and x (a ),the  wavelengths at the absorption 

band peaks for  NaBr, w ere seen to fit the hom ologous ser ies  very  well 

but in view of the experim ental results of Rabin and K lick  (op. cit.) it 

seem ed that further investigation o f  the m echanism  by which these 

centres  are produced was in order . With the Van de Graaff e lectron  

source  available it was possib le  (see Chapter 7) to deliver up to 15 eV 

kinetic energy to a B r ”ion, and in view of the reported high E p  it was 

there fore  possib le  that a significant fraction  o f  the F centres form ed  

might have been generated by a m ore  or  le ss  d irect  displacem ent of 

anions from  lattice sites. It was therefore  hoped that there would be 

a discontinuity in the response to increasing beam  energy, and this 

would indicate the nature o f  the displacem ent p ro ce sse s  responsible  

fo r  co lou r centre production.
t ■

Again, as a result of the high value o f  E j. ,  NaBr was thought to be a 

useful m aterial for  the study o f cathodolum inescence since a considerable  

radiation dose could be absorbed before  the m aterial exhibited 

significant optical absorption. The im portance o f  a full study o f 

cathodolum inescence a r ises  from  the potential application o f  co lour 

centres as information storage elements with very  sm all effective 

volum es . This is d iscussed  in 5.1.1.
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Motivation for  investigation also sprang from  the reported temperature

dependence o f  E in NaBr, The m aterial had been shown by many 
«r

authors (see  3. 4. 1) to be easier  to co lour at room  tem perature or  at 

4K than at 77K, and this phenomenon demanded a thorough investigation 

and explanation since if contains elements o f  both "hard" and "so ft "  

alkali halide behaviour and might have illuminated further the 

m echanism s by which F centres are created.
C c

Finally  it was hoped that the use o f a powerful means o f  introducing 

radiolytic defects at 77K in NaBr would lead to the d iscov ery  o f  the 

V bands which had not been previously  noted since they are not form ed 

at 4K and are not stable at room  temperature.
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CHAPTER 2

EXPERIM ENTAL METHODS AND EQUIPMENT

2.1.1 A im s and conditions o f  experiments

In general the intention o f  the experiments d escr ibed  in this thesis 

can be sum m arised as the m easurem ent o f  the optical absorption 

ch a ra cter is t ics  o f sam ples prepared under reproducible conditions
e. Kand subjected to known doses  o f  e lectron  irradiation at known 

tem peratures.

The temperature range covered  was from  room  temperature (RT) 

to the boiling point o f nitrogen (NT). Sample size was generally  of 

the ord er  of 1 cm  square x  0.05 cm  thick with the e lectron  beam 

incident on the square face , absorbed doses  from  100 to 25, 000 

m icrocoulom .bs being obtained from  a beam  flux of 0.05 to 25 ^iA/cm^ 

and nominal energy 100 to 400 keV.

Sample preparation was standardised as NaBr, the chief m aterial of 

interest here, is highly deliquescent in norm al atm ospheres. Sample 

irradiation  was carried  out with a 400 keV Van de Graaff acce lerator  

with the flight tube maintained at a vacuum of better than 10“  ̂ torr  

throughout the experiments.

With the foregoing conditions in mind the instrumentation and constructional 

program  divided into w ell-defined categories  which will be reported in 

the present chapter. The underlying concept linking the separate sections 

is the experimental necess ity  for  conducting the optical absorption 

m easurem ents as soon as possib le  after irradiation without changing 

the temperature and ambient atmosphère o f  the specimen. In fact the 

time lapse from  switching off the irradiating beam  to p rec ise  optical 

density m easurem ent at a fixed wavelength was kept below  60s and reliable 

data was obtained concerning the sh ort-term  changes of optical properties

after irradiation ceased.
/ '
f .

2.1,2 The experimental sequence fe broad layout o f  equipment

Specimens w ere prepared by cleavage from  m onocrystalline boules

in a drybox (the boules being stored in a d es icca tor  between experiments)and
were transferred  in the drybox to the tail o f  a cryostat which was then
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assem bled  in the ' d ry  atm osphere and sealed. This assem bly  was 

taken into the a cce lera tor  enclosure.

The cryostat was arranged to have an optical path perpendicular to\
the e lectron  flight path. The inner tube was coupled to a m otor which 

allowed the specim en to be rotated to intercept either the electron  

beam  or  the analytical beam  of an optical spectrophotom eter kept in the 

radiation enclosure. During irradiation the specim en temperature

and absorbed dose were m easured continuously.
0 c

The e lectron  beam  was either pulsed or  continuous, the pulse length 

and p. r. f. being selected  to keep the mean specim en temperature in limits 

specified  by the experiment. P er iod ica lly  the e lectron  beam  was 

deflected  away from  the sample which was then moved into the 

"m easuring" position and optical m easurem ents were made without 

switching off the Van de G raaff .

A fter  irradiation  som e specim ens were re cov ered  from  the cryostat, 

sectioned, and photographed under a m icroscop e . Other specim ens 

w ere subjected to optical bleaching a n d /cr  therm al annealing and 

re-m easurem ent.

2.2.1 The e lectron  beam  source  : descrip tion  o f  basic  instrument

The energetic e lectrons used in these 

experiments were . obtained from  a Van de Graaff e lectrostatic  

a cce lera tor  m odel AS400 built by High Voltage Engineering (Europa)NV, 

A m ers foor t ,  Netherlands and purchased by D r M. R. Tubbs with a 

resea rch  grant from  the Science R esea rch  Council. The acce lera tor  

was housed in a concrete  enclosure within the laboratory  and in 

June 1969 was transferred  to an essentially  identical enclosure in 

the new Physics  Building.

The AS400 high voltage term inal shell is contained in a tank holding 

an insulating mixture of N2> CO ^  ami SF^ at 7 k g f /c m  . Within the 

term inal shell is contained a triode gun and the short accelerating 

tube. The gun elements are driven from  a set o f stabilisers deriving 

their power from  a generator within the high voltage term inal and 

itse lf  driven by the charging belt. Manual control o f  gun settings is 

achieved by switching a set o f  m otors  housed in the main tank and
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connected to potentiometers by long perspex rods passing into the 

terminal.

Term inal voltage is m easured by a rotating sectored  vane chopper 

and a capacitive pickup plate feeding an am plifier. The terminal 

charge is leaked down a column of res is tors  linking equipot'ential 

planes in the accelerating  tube and in conjunction with the term inal 

voltage m easurem ent this provides a control signal to the belt charge

spray-on  stabiliser. Stability o f  +2 kV was achieved at voltages^50 kV.
C e'

Console controls  are provided for  belt charge, shell voltage, beam 

current, cathode em ission  and Wehnelt cylinder potential. The last 

three controls  are in fact se rv o -m o to r  switches and there is no 

prov is ion  for  pre-setting  the beam condition, nor can the standard 

stabilisers be used to pulse the beam. Both these limitations were 

ov ercom e  by a simple switching system  described  later (2 .2 .2).

The flight tube contains pre-lim iting  apertures, X -Y  sym m etrica l 

deflection plates driven from  2x+2kV> variable stabilised supplies at 

the control console , and a focus co il  s im ilarly  controlled. A 

nominal 400 keV /lO O jiA  beam  could be focused to a 1 m m  spot and 

steered  a cross  the 2" exit gate o f  the flight tube by using these controls. 

Setting-up was accom plished  with the aid o f an aluminium end-window 

coated on the outside with a mixture of grease  and ZnO : the lum inescence 

could be c lea r ly  observed  on a CCTV link.

2.2.2 Beam  switching system

W arm -up time to reach a stable beam  condition was about 120 s, which 

lim ited the minimum useful irradiation period since the beam current 

and voltage fluctuated considerably  during that period. Additionally 

it was intended to investigate the behaviour o f sam ples irradiated with 

large beam  currents at low temperature : in consequence it was 

n ecessa ry  to provide some means of switching the beam of electrons 

without altering the gun settings.

This was achieved by focusing the beam  on to a 1 mm dia hole drilled  

in a w atercooled  aluminium plate (Fig 2. 2 .(i)), and adding a 700V pulse 

to the beam steering deflector plates in one plane. An essentially  

square pulse of electrons could then be produced by driving the beam
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a cro s s  the plate on to the aperture. It was then possib le  to set the 

a cce lera tor  up with the beam  aimed at the plate, and m onitor the 

total beam  current b e fore  directing the beam  on to the specim en. 

During optical m easurem ents of the specim ens, the e lectron  beam 

was deflected  away from  the aperture to avoid the production of 

cathodolum inescent noise on the optical record .

Spurious radiation scattered  fro m  the edges o f  the aperture was

absorbed  by a p reco llim a tor  d escr ib ed  later (2.4.5) and caused no
* Cprob lem s in the experiments.

2.2.3 Calibration o f  a cce le ra to r  beam  energy

The capacitive pickup voltm eter supplied with the a cce lera tor  is 

an inherently linear device  and is specified  to +2% maximum deviation 

from  linearity. N evertheless its absolute a ccu racy  depends upon a 

number o f  variable fa ctors  which cannot be independently checked : 

fo r  example, if the m a rk /sp a ce  ratio o f  the chopper is not exactly 

unity, the output m ay depend upon the chopping rate, and the d ie lectr ic  

p roperties o f  the separating gas may change with time and temperature. 

It i^ there fore  n ecessa ry  to ca librate spot points on the a cce lera tor  

panel voltm eter in absolute term s.

Two system s w ere proposed  by the author:

( 1) analysis o f  the e lectron  d iffraction  pattern from  gold fo il

(2) ca lo r im etry  o f  absorbed dose in a copper Faraday cup.

The first  approach was taken up by M iss  I .H enrich , and an extensive 

set o f  results indicated that an instrument voltm eter reading o f  400 keV 

co rre sp o n d e d ,to an e lectron  energy o f  460 keV (+2%), the scale  e r r o r  

being.linear with scale deflection. A  feasib ility  study of the second 

method was ca rr ied  out by the author, using a ~ 100g copper block.

The b lock  was bored  out with a f "  dia blind hole and capped by a 

copper plug with a dia entry hole. The b lock  was supported on 

thin P ersp ex  insulators and placed in the flight tube near and behind 

the beam  switching aperture, and a therm ocouple was greased  into 

a sm all hole in the bulk o f  the b lock  which was earthed through a 

dose integrator (2.3.1). Although irradiations were not ca rr ied  out 

with the same attention to detail as those o f  M iss Henrich the results
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were reproducible  to within +5% and were within -0 +10% of the 

d iffraction  results at 400 keV nominal.

Secondary em ission  lo sses  were restricted  by the system  geom etry  

and by polishing the copper block , and with the b lock -beam  tube wall 

separation about as large as the b lock  diam eter, cooling corrections  

were o f the ord er  of 0.1°C in 10°C temperature rise  following a 

50 second irradiation. Therm al leakage paths were reduced by using 

thin therm ocouple w ires , taken to a fully-floating am plifier so that 

the therm ocouple leads could also be used as beam  current leads 

without introducing offset e r r o r s  in the dose integrator.

In view of the magnitude and linearity o f  the d iscrepancy  between 

m eter indications and calibrated beam  energies the actual m eter 

deflections are recorded  in the "experim ental"  chapters of this thesis 

and only in a few areas o f  Chapter 7, where the "m axim um  possible  beam 

energy" is used to test an argument , are the calibrated values 

used : these will be unambiguously apparent. No inconsistency o f  

argument ar ises  from  this convention.

2.3.1 Beam  dose m easurem ent system

D os im eter  inaccuracy  has been a m ajor shortcoming of experimental 

work in radiation damage, and a disproportionate effort is often 

required to m easure the dose producing a given effect. There often 

rem ains, when a repeatable dosim etr ic  system  has been established, 

an unknown "quality dependence" which precludes intercom parison  

o f  results from  different radiation sources . Distinguishing between 

" standard" and "absolute" dosim etry  we note that Ritz has employed 

glass b lock 'd osem eters  (Phys. Rev. 133 p 1492 (1964) ) which were 

com pared with F ricke  oxidation standards in a separate experiment. 

However although such methods are widely used as standard techniques 

it is by no means established that they are absolutely consistent, and 

in any case  they cannot be employed to m easure the beam actually 

irradiating the test sample. Furtherm ore it is im practicable  to plot 

detailed damage /  dose curves with such dosem eters  as they require 

a separate and com plicated analytical p rocess  to establish each dose 

point. C ou n ter-sca ler  devices based on cascade ionisation or 

scintillation counting are inappropriate to the very  large doses required
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in radiation damage experiments (and have been shown to suffer 

from  damage effects them selves).

What is required for  charged -partic le  radiolysis experiments is 

an absolute loca l absorbed dose integrator with an indication of 

specim en current during irradiation. Then from  an absolute energy 

! calibration  (2.3.3) and a knowledge o f  the pro jectile  penetration 

ch a ra cter is tics  (Chapter 4) it is possib le  to corre la te  experiments 

with a high degree of confidence.
r c

The basic  categories  o f  e lectron ic  integrator are (Fig 2, 3.(i) )
/

( 1) sm all capacitor  ("tipping bucket") integrator

(2) large capacitor (" f illing  bucket") integrator

(3) area l integrator - graphical analysis of i / t  plot

(4) e lectrom echan ica l reg ister  ( " c lo ck " ) .

Type (1) instruments depend on the c lo se  tolerance of a sm all-va lue  

capacitor working between known voltage lim its as a charge integrator 

which is d ischarged at a preset level to produce a frequency-analogue 

o f the input current. Although used in h igh -accuracy  digital 

instrumentation the system  requires stringent attention to ze ro -d r ift  

since random fluctuations do not cancel (there being no frequency- 

analogue of a negative input). This is achieved either by automatic 

recalibration  (not appropriate to continuous m easurem ent systems) 

o r  specia list  design o f input o r  counting c ircu itry . Thus although the 

ultimate p rec is ion  is theoretica lly  superb there were disproportionate 

practica l obstacles to its achievement in this case.

(2) uses the fam iliar capacitor feedback loop in a summing circuit. 

However despite the fam iliarity  o f  the c ircu it  there are very  grave 

restrictions on its applicability to system s with a large dynamic 

range. E lectro ly tic  capacitors do not approximate very c lo se ly  to 

the ideal V=Q/C characteristic  so although the ze ro -d r i f t  problem  is 

less  acute than for  type ( 1) system s of com parable com plexity, the 

linearity is suspect.

(3) suffers only from  the drawback o f the unavoidable tedium in 

m easuring area's by hand. With a good potentiometric re co rd e r  and 

a sensibly d r i ft - free  am plifier (which is anyway working'in a purely 

linear-am plification  mode) a very  high degree o f  repeatability is
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obtained from  com m onplace laboratory  instruments. H igh -precis ion  

work demands little m ore  than that the chart speed be constant and 

the use o f  a Kelvin disc planimeter o ffers  good measurement accuracy.

(4) requires that a low -inertia  m otor should have a linear voltage / 

ve locity  characteristic . Driven from  a gain-stabilised  cu rre n t -to - 

voltage transducer circu it  its speed is proportional to the input 

current to the am plifier.

The best intrinsic p rec is ion  o f  these system s is obtained by methods
f  <*'

(1) and (3). The integrating range of system s (1), (3) and (4) is 

unlimited (resetting (2) autom atically or  manually m ere ly  reproduces

transient response and (3) produces a permanent record  o f  the beam 

current. Both (3) and (4) have visual rate indication, and are 

consequently the easiest to calibrate.

Eventually (1) was d iscarded  on the basis  of projected  development

tim e, (2) was re jected  after a short trial confirm ed the inapplicability

of simple operational techniques to lon g -term  integration o f the signals

involved in the irradiations and (3) was d iscarded  on the grounds of

the tedium involved in calculating a ser ies  o f  short individual doses.
b

H owever (3) will give very  accurate values o f  Ldt and its use was

therefore  recom m ended to M iss  I .H enrich  who has extended the range 

o f  the system  to the nanoamps x hours region by using a low -drift  FET 

input system.

Method (4) was adopted, with an E lectro -M ethods m echanical integrator 

type 921/4L . Operating at a nominal 6V input this produces 60,000 

coun ts /hr  on a c lock  face scaled in 100 d ivisions with a 100 : 1 

revolution sca ler  in addition to the d irect ly  driven pointer. Z jn was 

arb itrarily  set at 100Q to prevent damage from  accidental short- 

c ircu its  and then with Z| = 360 kQ each c lo ck  division corresponded  

to 10 '^  coulom b passing through the am plifier input circuit. A s the 

norm al condition o f  a dose integrator is with the input effectively  

op en -c ircu it  there was no need to provide any offset current 

com pensation and the only b a ck -o f f  requirement was the E os 

potentiometer recom m ended for  the Comtec A 6 /1  am plifier used

C

(1) with a buffer pream plifier). Types (1) and (3) have the best
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(hence the need fo rZ ^ n). Ranges of 10, 100, 1000 ju.C/rev were 

provided by switching = 3.6 MQ, 360 kQ, 36 KQ and the backoff 

could be set to less than V i o o  r ev/Irr in either d irection  on all 

ranges although thermal instability o f  E QS was evident on the 

lO p C /rev  range. A 2pF  polystyrene capacitor was used to shunt 

the feedback res is tor  to smooth the response to pulsed irradiation.

Calibration was straightforward : a good m icroam m eter  (Avo model 

8 usually) was connected a cross  the input term inals after the
C'am plifier 'had been set fo r  zero  open c ircu it  offset drift. The offset 

current flowing in the m icroa m m eter  was com pared with the rate of 

rotation o f  the c lock  on a suitable range and by using a constant- 

current source  the interrange rationality was confirm ed. A fter  

selection  of Z f  from  stock high stability components the systematic 

e r r o r  of the dose integrator was found to be within + 2.5% between 

10% and 200% of nominal speed (1000 counts/m in) on any range and 

better than +_ 2% at nominal speed (limited by midrange calibration 

o f  A vom eter). No system atic ageing drift was detected in two y ea rs ' 

use.

2.3.2 Sample temperature m easurem ent system

Sample therm om etry  was an important aspect o f  the irradiation 

monitoring schem e. Previous w orkers have employed germanium 

and carbon resistance therm om eters at very  low temperatures 

(4 -  15K) but it was felt that their reproducib ility  under conditions 

o f  large absorbed dose might be suspect and in any case pure metal 

resistance therm om etry  is quite adequate for  m ost purposes at NT 

o r  above. However the sensitivity o f  a pure metal resistance 

therm om eter is ultimately dependent on the m ass o f metal involved
f

and again the resistiv ity  o f  a metal is somewhat affected by energetic 

radiation damage.

The optimum combination o f  radiation damage insensitivity, low 

therm al inertia, ease o f assem bly  and good temperature sensitivity 

was felt to be found in a thin-wire single copper-constantan- 

therm ocouple. Since the cryostat tail was made o f  copper, accidental 

short c ircu its  could be ignored by choosing the co r r e c t  layout o f the 

junctions and in this mode the thermal sinking effic iency  of the
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cryostat was. checked (2.4.4). F or  the a cce lera tor  calibration 

experim ents (2.2.3) a single junction was greased into the ca lor im eter  

and coupled via a junction in water at RT to a Fenlow A2 

instrumentation am plifier (gain 100) with a 50 mV fsd m eter. This 

am plifier  has its own power unit and could thus be "floated" on an 

isolating tran sform er, allowing the therm ocouple leads to act as 

dose integrator connections without introducing com m on-m ode 

e r ro r s .
e  C

F or  general therm om etry  an Analog D ev ices  AD 111 am plifier was 

added to the instrument panel. Two operating modes w ere used 

(Fig 2. 3 (ii) ). In the differential mode with Z fn = 100 Q and 

Z f = 7 5k Q the output displayed on a 125 m V m eter corresponded  to 

10K fsd i f  both junctions were at ~N T. In the inverting m ode the 

output from  one junction (com pared with one at RT) was summed 

with a backoff em f so that the scale  read d irect ly  0-300K with 

Zin = 100Q and Z f = 2 .2 kQ. The linearity o f  the th erm o-em f was 

good enough to provide +5K estimates o f  tem perature from. NT to RT.

Since the therm ocouple leads, in either m ode, represented virtual 

ground lines the single junction used for  specim en temperature 

m easurem ent was e le ctr ica l ly  insulated from  the cryostat inner tube 

which acted as the beam current lead. By using 32 swg w ires wrapped 

round the inner tube, stray heat conduction was kept to a practica l 

minimum.

E QS adjustment of the am plifier provided the n ecessa ry  zero set 

since input conditions did not vary in use.

2,3.3 E lectron  beam  switching pulse generator

The principle o f  the pulse generator was derived  from  a circu it 

supplied by AERE Harwell. The original design used an E cc le s -J ord a n  

monostable f ired  by an osc i l lo scop e  tim ebase and working between 

rails at ground and -500V, to switch.a valve operating between ground 

and +700V from  cutoff to saturation. The E cc le s -J ord a n  c ircu it  was 

felt to be rather restricted  in m ark / space range for  the present 

application and so the circu it  o f  Fig 2. 3.(iii) was developed.
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V l is a highly asym m etric  m ultivibrator which can free -ru n  if 

R a is shorted. The cy c le  time is set by Rf- and the 0.22pF 

capacitor . Shorting R^ locks the system  "on" and with R a in 

c ircu it  tr iggered  operation is accom plished  by applying positive 

spikes from  the 1000 pF capacitor. At V l cathodes the waveform  

is a posit ive-going  asymptote. V2 is in a Schmitt tr igger 

configuration with a fixed backlash of-~5V  and an "on" point at 

•''•'60V. The setting o f  the 25kQ potentiometer determ ines the m ark / 

space ratio o f  the 100V square wave output from  Voa2* The rise 

and fall tim es o f  the pulses are ~  lOps.

The m axim um  positive excursion  of the Schmitt output is that of 

term inal 8 (ground) and feeding this signal to V3 grid  produces 700V 

square pulses at V3 anode. The rise  time is ~100ps and fall time 

~2OpS. Term inals 6 and 7 are the power output pair and term inal 5 

is a m onitor point. Ripple is less  than 3V at each state 'o f the pulse.

F re e  running, the prf is alm ost exactly 1 /2 .2  R̂ . s -  ̂ (R^ in megohms) 

and in single-shot, V 25 Rf-. By switching R̂ . the generator was made 

to run with p r f  between 2.5mS and 10s with com plete coverage  of 

m a rk /sp a ce  ratio from  zero  pulse width to zero  space width.

2.3.4 A simple stopclock for calibration purposes

It was occasiona lly  n ecessa ry  to m easure short intervals o f  time 

during the experim ents, p rim arily  as a means of determining 

irradiation currents from  the integrator rate. A tim er was therefore 

devised to count tenths o f seconds using 50 Hz mains as a tim ebase.

In F ig  2. 3.(iv) V l is an astable m ultivibrator with a free  period  of
9 *

about 110 m s, stabilised by the use of good-quality  components and 

a Zener diode clam p on the ht line. A 40V rm s sinusoidal signal 

at 50IIz is inserted at V j g j  which locks the period at an exact 

multiple o f 20 m s, ie 100 ms. Large coupling capacitors prevent 

noise spike triggering. V2 is a cathode-fo llow er power am plifier 

with the counter as a load. Since the dc resistance o f the counter is 

2.3kQ, Vgg can be driven negative with respect  to the cathode, and a 

100V p -p  wave appears a cross  the counter which was adjusted to 

operate reliably at 10 Hz.

- 2/10 -



R s was used to set the firing point by "pulling" the m a rk /spa ce  

ratio to eliminate the possib ility  of the multivibrator locking to 

a 120 ms period. On 1000 s trial runs the counter did not deviate 

m ore  than +_ 0.1 s from  a stopwatch and despite the wide statutory 

lim its for  mains frequency the e r r o r  incurred  during a normal 

working day was within acceptable lim its for  the experiments.

2.3.5 Optical density m easurem ents : spectrophotom etric apparatus

Having m easured  the dose and tem p era tu re  for a specimen, 

it was n ecessa ry  to extract optical density information. A Z e iss  

PMQ II single beam  spectrophotom eter was used for  this purpose.

This instrument produces transm ission  data in the range 185-2500 nm 

using tungsten and deuterium -arc  lamps. The lamp output passes 

through a variable slit into a calibrated quartz p r ism  and exits 

through a coupled variable slit and a chopper as an effectively  

paralle l horizontal beam  in the same vertica l plane as the optical 

bench on which the m onochrom ator and lamphouse are mounted. No 
sample ce ll  was fitted and the photomultipler/PbS ce ll  unit was mounted 

on an optical bench saddle to allow the optical path to pass through 

the various cryostats used in the irradiations. A synchronous 

dem odulator /am plifier  and galvanometer display, a m onochrom ator 

wavelength scan drive, and a power supply unit, form ed  the remainder 

o f  the system.

The PMQ II was mounted on the apparatus tro lley  (2.5.1) with the optical 

path paralle l to the long edge o f  the trolley  shelf and at a height to 

intersect the e lectron  beam  tube axis. • A support was built over the 

optical bench to hold the cryostat f irm ly  in position. The wavelength
f

scan control switches (go red, go blue, stop) were re -w ired  to accept 

rem ote control.

C areful layout o f wiring eliminated e le c tr ica l  interference and the 

chopper/dem odulator e ffectively  reduced noise from  room  lighting.

Set to read 100% transm ission  at 190 nm, the system  recorded  ^0.05% 

when a soda-g lass  m icroscop e  slide was inserted in the beam, thus 

confirm ing the negligible level o f  stray-light e r ro r  in transm ission  

work.
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Since the entrance and exit slits were coupled, transposition o f  the 

light source  and detector head made no detectable difference to the 

perform ance : this was useful in the case of luminescence m ea su re 

ments as it allowed a m ore  convenient layout of the apparatus.

B eam  divergence was so sm all that insertion of black paper tubes 

in the cryostat extension tubes (2.4.2) made no detectable difference 

to the output of the photodetector in either configuration. The use 

o f  bandpass filters in lum inescence m easurem ents confirm ed 

the absence o f  stray light interference in either mode o f operation.

The photodetector output was available as a 0-1 OmV DC signal on 

a 600Q line brought out to sockets on the am plifier unit. To keep 

high-im pedance leads short, the am plifier was mounted on the 

apparatus tro lley  and a co -a x ia l  line ran outside the acce lera tor  

enclosure from  the 600Q sockets. This line was terminated at a 

chart recorder . The wavelength' scale  on the m onochrom ator was 

viewed via a CCTV link and the slit opening was m onitored by 

moixnting a 15kQ potentiometer on the slit control knob and fixing 

the spindle in an arotary gimbal. By applying 15V a cross  the track 

it was possib le  to m onitor the rotation of the control knob by 

following the potential on the wiper. The slit control was driven 

from  outside the enclosure by switching a revers ib le  motor.

Drift  on z e r o -s c a le  readings for  both transmittance indicator and 

chart record er  were of the ord er  of 0.01% of fsd per day after a 

warmup period of 30 minutes and despite the fact that a s ingle-beam  

spectrophotom eter will re cord  drift of the 100% -transm ission  point 

with lamp ageing or supply fluctuations, the power stabilisers 

maintained thé " 100%" recorded  light output constant to better than 

0.05% over  a typical 8 -hour day with random fluctuation no worse 

than 0.01% (the 1 second time constant of the galvanometer helped 

reduce apparent sh ort-term  fluctuations).

The m anufacturers ' d ispers ion  curves w ere presented in term s of 

exit spectral bandwidth with entrance slit width as a. param eter 

F or  m ost of the absorption work in the visible region the bandwidth 

was kept at about.1.5 n m  (slitwidtbM).03 mm) but bandwidths were 

varied during lum inescence runs.
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The photomultipler response fell drastica lly  beyond 700 nm and 

for  wavelengths^>650 n m the PbS ce ll  was used as the detector.

The higher background noise was not significant in this application 

and no cooling was provided for  either ce ll .

2.3.6 Pow er supplies and other instrumentation

The dose integrator, therm ocouple am plifier , band width te lem etry  

re ce iv e r  and a further am plifier and analogue d ivider module,

w ere mounted on the same rack, with a Coutant ATB 100/15
C- e

power supply. ■ Pow er supply drift was less than 0.1% maximum 

excursion  over  24 hours (indeed the limit was probably due to the 

use o f a four-d ig it  DVM) and since all the analogue equipment was 

operated in heavy feedback m odes there were no problem s associated  

with lon g -term  instability. The analogue divider module was intended 

for  use in cathodolum inescence studies (see  Chapter 5 for  details).

The instrument rack also ca rr ied  the time c lock , m otor driven 

switches and chart re cord er .  A simple shunt-stabilised power 

supply was constructed using a pnp-npn transistor pair and a zener 

diode to provide a +1V re feren ce  for  the analogue divider : this too 

was built into the instrument rack.

2.4.1 Design cr iter ia  for the main cryostat

The crysta l specim ens to be used in these experiments were to be 

irradiated by the e lectron  beam  at a known temperature and then 

examined in the spectrophotom eter. The short range o f electrons 

in air precluded the use o f  a cryostat isolated from  the main 

a cce lera tor  flight tube and the possib le  existence o f  transient effects 

( 6. 6. 1) in coloration  precluded a full study if the cryostat had to be 

isolated from  the a cce lera tor  and transferred  to a separate 

spectrophotom eter. Vacuum -vacuum  isolation  by means of an 

aluminium window was undesirable since this would involve a 

degradation o f  the e lectron  spectrum . It was thus n ecessary  to 

design a cryostat to allow the crysta l to be moved from  the e lectron  

beam  path into the sampling beam  of the spectrophotom eter without 

isolating the cryostat or  (2 .2.2) switching off the e lectron  beam.

The spectrophotom eter beam  was arranged for  convenience to run
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perpendicular to the flight tube axis and the instrument was not 

found to suffer from  radiation-induced ageing. Thus it was 

decided to rotate the specim en, from  the " irra d ia te"  to the "sca n "  

position, about a vertica l axis. Additional desiderata were:

( 1) the spectrophotom eter should be protected from  X -ra y s  

generated at the sample holder during irradiation

(2) good thermal contact between sample and cryostat should 

not involve, undue stress  in the sample.

(3) sample temperature monitoring should be continuous

(4) the cryostat re se rv o ir  capacity should suffice fo r  several 

hou rs ' continuous running

(5) the specim en should be e le ctr ica l ly  insulated from  the 

flight tube to allow dose integration

(6) the cryostat should be demountable for  cleaning and replacem ent 

o f  the optical windows, and should be separable (and separately 

evacuable) from  the a cce lera tor

(7) It should be possib le  to mount the specim en into the 
cryostat in a dry inert atmosphere.

2.4.2 Cryostat design and construction techniques

Departmental workshop experience showed that 0.010" wall stainless 

steel could be fabricated into a robust cryostat and the instrument 

shown in 2. 4.(i) and 2 .4 .(ii) was constructed in the Physics  Workshop. 

The m ajor  design cr ite r ia  were met as follows:

(1) the optical windows (£" thick Suprasil) w ere situated on 

extended tubes so that in the " irra d ia te"  position the s p e c tro 

photometer " s e e s "  the heatsink edge-on  and filling the optical 

path, so that very  little X -rad iation  escapes from  the sample.

(2) the specim en is seated in a m illed  and polished re cess  in 

the sample clam p and is held to the heatsink by about 200 g 

fo r ce  from  two com p ress ion  springs. The heatsink has a 

large thermal inertia and good conductivity (being m illed 

from  solid copper) to ensure rapid cooling during pulsed
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beam, irradiation, and a low therm al impedance for  

continuous irradiation. Half the area of a 2 x 1 cm  

specim en was in contact with the sink.

(3) therm ocouple wires were led through g la ss -m eta l 

insulating seals in the top-plate and were co iled  round 

the inner tube to reduce heat transm ission . The point 

junction was sprung against the unirradiated (rear) face o f the 

specim en.
c  0

(4) the 1 litre re se rv o ir  capacity sufficed for  a 6 hr run at 

full a cce le ra tor  output without total loss  o f  coolant.

Quiescent loss  was reduced by polishing the inner tube 

and casing faces : at 10“3 torr  operating vacuum the 

coolant required m ore  than 15 hours to evaporate.

(5) the inner tube and top casing were isolated by a P ersp ex  flange 

from  the irradiation cham ber which incorporated the pipework 

and co llim ator for  connection to the acce lerator .

( 6) rem oval o f  six bolts allowed the casing to be com pletely  

dismantled and the optical windows were retained by knurled 

nuts clamping them down to O -r in gs . The inner tube assem bly  

was retained by atm ospheric pressure  alone. The a cce lera tor  

connector ran via a 1" dia Gene vac ball valve and the pumping 

nozzle  was led o ff  to a m obile  pumping unit. Open, the ball 

valve had an unrestricted  optical path of 1 " dia and c losed  it 

held o ff  10”  ̂ torr  with negligible leakage.

(7) a glovebox (2.5.2) was generally  used for specim en preparation. 

The cryostat body could be manipulated into the box via the 

a ir lock  provided. Inside the glovebox, handling was assisted 

by the re cessed  crysta l mounting clam p and the use of hex- 

socket headed bolts for com pressin g  the springs. V ery  little 

grease  was needed to achieve a good thermal and m echanical 

contact with the specimen.

2.4.3 Cryostat manipulation and lubrication

The cryostat top plate was held down by atm ospheric pressure  to a

4 "  nom dia O -ring  and was laterally  located by a c ircum ferentia l
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ridge on the top flange o f  the casing. Thus a simple m echanism  

could be built to rotate the inner tube between the " irrad ia te"  

and'kneasure" positions. The atm ospheric fo rce  was considerable 

(~180 lb wt) and consequently the drive m echanism  was a fa irly  

cru cia l part o f  the equipment since it had to operate rapidly between 

p re c ise  positions, with no sidethrust, yet had to be demountable 

in o rd er  to extract the inner tube and light enough not to vibrate

the experim ental trolley .
c- 6

An MR 100 rpm  /  20 lb in revers ib le  m otor was obtained and this 

was f irm ly  bolted to a base plate on two 2 " x 1 " steel g irders 

straddling the cryostat, with the m otor shaft ending about 12" from  

the cryostat axis and som e 6" above the top plate. A length of nylon 

torque tubing joined the m otor to the input shaft o f  the w orm -an d - 

worm -wheel m echanism  shown in F ig  2 .4 .(iii) which used a 2" dia 

brass  wheel pinned to a 3 /g "  s ilver  steel shaft and driven by a \ ^ u  

BSF steel bolt. The output shaft ran through a long honed mild steel 

bearing and the w orm -and-w heel were sprung together by a mild 

steel bar so that wear was p rog ress iv e ly  taken up. The final output 

shaft was coupled to the cryostat by a dog-c lu tch  consisting of a 

steel bar lightly pinned to the shaft and engaging two nylon-insulated 

dogs on the cryostat top plate. The driving gear was mounted on 

a separate baseplate bolted to the transverse  g irders  and could be 

swung out of the way on its flexib le  coupling to extract the cryostat. 

The shearable drive pins were placed in a ccess ib le  locations and on 

the few occasions  where the m echanism  jam m ed these pins snapped 

harm less ly  and were easily  replaced.

Three P ersp ex  cam s fitted to the cryostat top plate were arranged 

to strike a m icrosw itch  on the cryostat body and thus acted as m otor 

stops. By carefu l profiling o f  the cam s in situ the setting a ccuracy  

on fu ll-speed  m otor drive was better than + 0 .5° and the repeatability 

was such that a p oor ly -c lea v ed  specim en had an apparent optical 

density change o f  less  than 0.25% in five su ccess iv e  traverses  from  

"s ca n "  to " irrad ia te"  and back again.

Heavy-duty m otor-veh icle  greases  were sufficient for  the driving 

gear and no problem s were encountered in this area, but the O -r ing
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required m ore  carefu l se lection  o f  lubricants. The contact 

fo r ce  on the l in e -sea l  at the O -r in g  was very  large and the metal 

faces  o f  the flanges were generally  rubbing together. Excellent 

machining o f  these fa ces , and carefu l polishing during assem bly , 

rem oved any "proud spots" and the surfaces were coated with 

A piezon  N grease. H owever this m aterial (chosen for its high 

m echanical strength) often froze  during use and it was therefore  

overla id  with Midland Silicones high-vacuum  grease . Though 

thicker than the conventional optimum grease  layer the combination 

did not fatigue or freeze  and there was never any m eta l-m eta l 

binding problem  in operation.

2.4.4 Cryostat perform ance : vacuum, therm al retention : fatigue

Under vacuum conditions the driving gear p erform ed  m ost reliably, 

moving the sample between the " irra d ia te "  and "sca n "  positions in 

45 s with no perceptible  increase  in leakage and consistent and 

negligible m echanical distortion. The shearable pins broke twice 

due to lubricant freezing  (see  above) but only once during operational 

runs.
/

The cryostat could be pumped down to a m easured  vacuum o f  10_D

torr  at the pumping head (probably 5 x 10“  ̂ torr  in the cryostat)

after a thorough bake-out and without coolant. Pouring in liquid

nitrogen im proved the vacuum and rapidly cooled  the heatsink to

e q u i l ib r iu m .  W ith  tw o Constantan le a d s  b o l te d  to the n i t r o g e n - fa c in g

and specim en-facing  areas o f  the copper heatsink the equilibrium

sample tem perature under the operating vacuum o f  the a cce lera tor

was found to,be 82K re fe rred  to NT = 77K.
* •

The first  inner tube(2"OD) failed due to axial cracking after 9 months' us 

A fter  a considerable delay a replacem ent was made up but this warped 

during 3 months' use and was damaged during an attempt to re -a lign  

the specim en holder necessitated by the inconsistent optical data 

arising from  the misalignment. A third tube, of i f "  OD, was made 

up and functioned well for  over a year despite the higher quiescent 

loss  rate. In view o f  this experience it is recom m ended that large 

thin-wall stainless steel tubes for  "production" use under thermal
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cyclin g  and shock should be selected  by ageing be fore  com m issioning.

2.4.5 B eam  alignment, co llim ation  and m easurem ent

In ord er  to co lle c t  the m ajority  o f  the electrons incident on the sample 

and feed them into the dose integrator it was n ecessa ry  (a) to define 

the beam  so that all the counted e lectrons struck the sample and not 

the sample holder, and (b). co l le c t  as much o f  the backscatter and 

secondary  em ission  as possib le . F orw ard  scatter was in any case 

absorbed  by the use o f  thick specim ens.

Condition (a) was met by placing a co llim ator  in the beam  tube 

coupling : this was a 7 cm  dural bar, 1" d iam eter, drilled  axially 

to 0.7 cm  dia and protruding 1 cm  into the radiation cham ber at 

the base o f  the cryostat, giving m inim al c learance  to the specim en 

holder rotation. The inlet side o f  this co ll im a tor  was covered  by 

a 5 ¿im aluminium diffuser and the output beam  at the specim en was 

0.9 cm  in diam eter and had a reasonably  flat intensity distribution.

A number o f  sm all NaCl crysta ls  greased  on to the specim en holder 

showed only X -r a y  co loration  (rapidly bleached at RT) outside this 

disrmeter.

B ackscattered  e lectrons were co llec ted  by virtue o f  the thick copper 

sample clam p which was further extended into a Faraday cup by a

1.2 cm  long dural cap drilled  with a con ica l cavity and a 0.9 cm  

entrance hole (Fig 2.4.(iv) ). In theory this cup should co lle c t  about 

90% o f  the backscattered  radiation if  this w ere iso trop ic . Low energy 

experience  indicates that there is in fact a polarity  in secondary 

em iss ion  but it can at least be assum ed that (i) a constant fraction  o f 

the total em iss ion  was co llec ted  and (ii) the 180° backscatter would 

cons ist  o f  the higher energy components and these will a r ise  from  

those incident electrons that have given up least energy to the specim en.

In those experim ents involving the use o f  the beam  switching aperture 

the penumbral and multiply scattered  radiations were absorbed in the 

preco llim ator . This was a 10 cm  dural bar with a 1 cm  axial aperture 

and mounted in a flange that supported it centrally  in the flight tube 

counterbore. F or  som e lum inescence work, and for  irradiations in 

sm all cryostats without co ll im a tors ,  the beam  was smoothed and 

broadened by putting the 5 p.m. fo il on the a cce le ra to r  side o f  the

-  2 /18  -



preco llim ator .

Alignment o f the cryostat with the main flight tube was sim plified 

by the insertion  o f  a length o f 1 " nom bore phosphor-bronze bellows 

between the bail valve and the flight tube coupling flange. The 

p reco llim ator  prevented e lectrons from  striking the brass flange 

or  bellow s : less  than 1% o f  the total beam  current struck the walls 

o f  the apparatus beyond the preco llim ator , so the X -r a y  background 

was small. Visual alignment could be cs.rried out to centre the 

specim en to within + 1 mm. The beam  tube a c ce s s o r ie s  are shown 

in F ig  2.4.(v).

2.5.1 Apparatus tro lley  : description

The apparatus for use in the irradiation cham ber was mounted on a 

heavy tro lley  with castor wheels. By constructing the tro lley  from  

2" square box g irders  with 2" x  1" sub -fram es and F o rm ica - fa ce d  

b lockboard platform s the structure was made rigid  and v ibration -free . 

The tro lley  and optical apparatus are shown in F ig .2 .5 .(i). The 

wheels w ere packed away from  the main fram e to level the m on o 

chrom ator exit slit with the a cce lera tor  beam  tube axis so that the centre 

of- ihe measuring beam  passed through the same portion o f  the 

sample as the irradiating beam.

2.5.2 High-purity glovebox preparations

The glovebox used for  sample preparation was a standard m odel from  

Marine and Industrial P lastics  Ltd, fitted with an a ir lock  tunnel. The 

box was flushed with dry nitrogen boiled  o ff  from  the liquid by a 65W 

soldering iron  element in the re se r v o ir  Dewar. A safety valve, blowing 

o ff  at 2 psi, a silicone o il  outlet trap, and an outlet psychrom eter were 

fitted to the drybox. P sych rom eter  temperature was m easured with 

a copper-constantan therm ocouple. The maximum flushing rate was 

~1000 1/hr with an ov erp ressu re  o f  2" WG m easured on the B ourdon 

gauge supplied with the box. Dewpoints o f  -190°C (corresponding to 

<.0.001 ppm water) were recorded  after 36 hours ' flushing when the 

system  was plumbed with sem isoft polished nylon tubing (use o f  rubber 

ra ised  the best dewpoint to -80°C  (1 ppm water) ). To p reserv e  the 

very  dry working conditions despite the restr icted  size o f  the a irlock
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tunnel a skirt.was made up from  Stayflat polythene tubing to link the 

tunnel to the cryostat casing. The cryostat inner tube could then be 

slid from  the box into the cryostat entirely in a nitrogen atmosphere.

2.5 .3  Specim en sources  and cleavage

Samples were cleaved from  large boules o f  m aterial. T h e ;Harshaw 

C hem ical Co, Cleveland, USA, produced 5 x 2 x 1  cm  blocks o f  all 

o f  the m aterials studied : these blocks w ere m onocrystalline. When 

the effect o f  m oisture on the co lorab ility  o f  NaBr had been noted 

(Chapter 3) a new boule, grown in an argon atmosphere from  optical 

quality m aterial, was ordered  from  BDH Btd, P oole , Dorset. This 

boule was delivered  in a desiccated  jar and kept in the glovebox. On 

tria l cleavage it broke into three main grains, two having the boule 

axis as < 110>  directions but with 45° m isalignm ent, and the third 

having no obvious orientation with respect to the others. As the boule 

was about 2" long x 1^" dia rather fewer useful specim ens were 

obtained than from  a com parable volume o f  Harshaw material.

Impact cleavage was found n ecessa ry  for  work in the glovebox 

although continuous p ressu re  produced better specim ens in ambient 

air. D ry NaBr chips and blunts ordinary stainless razor  blades and 

sca lpel blades were used for  cleavage. Under all conditions it was 

possib le  to produce a specim en o f  the required 2 x 1 cm  dimensions at 

0.05 - 0.10 cm  thickness with no m ore than three m a croscop ic  steps 

in the surface : most samples had none. Specim ens with visible 

lam ellar faults were d iscarded  to avoid having them break up under 

therm al shock. .V ery  few  samples suffered m a croscop ic  disintegration 

during irradiation.
f *

2.5.4 M icroscop e  examination o f  irradiated m aterial

In addition to specim en transmittance m easurem ents, irradiated 

m aterials were subjected to scrutiny under the m icroscop e  to elicit 

information concerning the surface damage due to irradiation and the 

coloration  /  depth profile  o f  the damage products. The experimental 

methods used will be d escr ibed  in this section as they have certain  

com m on-facets.
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Standard m icro sco p ic  techniques were slightly m odified to 

com pensate for  the transience o f  som e of the phenomena, due to 

therm al and optical annealing, and the deliquescence o f  the 

specim ens. There was no time available for  the preparation of 

covered  and protected m icro sc o p e  slides and these are at best 

I unsuited to high-m agnification surface studies. Instead the samples 

were recov ered  frem  the cryostat, brought rapidly to room  temperature 

in the glovebox, and sm eared with silicone grease. This m aterial 

was sufficiently im perm eable  to^moisture to allow a short working 

period in ambient air and the refractive  index disparity ensured that 

there was no loss  of apparent surface detail. Streaks in the grease 

were revealed  as periodic regions o f  low  contrast and could be identified 

and ignored in m icroscop e  studies. The m icro sco p e  employed was a 

Ze iss  Ultraphot p h otom icroscope with an automatic exposure m eter : 

significant detail was photographed for  later examination.. Tungsten 

o r  m e rcu r y -a rc  lamps were employed for  illumination. Surface 

studies were ca rr ied  out with the m icro sco p e  in standard reflecting 

mode.

By sectioning the specim en in the plane of the e lectron  beam  and 

observing the transverse  co loration  profile  it was possib le  to prepare 

sets o f  plates for  m easurem ent with a J oy ce -L o e b l  scanning m ic r o 

densitom eter. Attempts to scan sam ples d irect ly  with this instrument 

were unsuccessful since the specim en tended to deliquesce during the 

scan, giving r ise  to an uneven baseline. Further, it was easily  possib le  

to adjust the m icro sco p e  to provide a paralle l output from  the condenser 

and to focus sharply on the top surface o f  the specimen. Specim ens of 

various thicknesses cleaved from  the same irradiated sample produced 

virtually identical scan p ro files  under these conditions, showing that 

fa ce -re f le c t ion s  and re fraction  were not significant factors in the apparent 

density-penetration ch a ra cter is tics . By scanning each plate in several 

positions a mean m icrodensitom eter  trace  could be built up to 

eliminate spurious detail due to grease striations and surface 

irregu larit ies .
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CHAPTER 3.

F. BAND GROWTH CURVES IN NaBr,

3 .1 .1 ._____ General D escription  o f Experiments on F Band Growth.

Samples cleaved from  boules of crystalline NaBr w ere mounted 

in the cryostat d escr ibed  in Chapter 2 and the assem bly  was

transferred  to the a cce lera tor  cham ber and clamped in the
f ^spectrophotom eter beam path as described  ea r lier . With the 

specim en temperature determined by the cryostat coolant, the 

specim ens w ere irradiated by the e lectron  beam, rotated into the 

spectrophotom eter path, and returned to the e lectron  flight path.

Beam  current and sample dose w ere m easured during irradiation 

with the dose integrator prev iously  described .

The production o f  the F absorption band is the m ost obvious effect 

of irradiation of alkali halides. In NaBr it has been generally  

reported as a sim ple be ll-shaped  band whose peak wavelength 

and halfwidth are temperature dependent. F or  the tem peratures

of chief interest here (77&293K), these are , respectively  

525 nm (NT) and 538 nm (RT) (by experim ent); 0 .29  eV (NT) and 

0. 50 eV (R T ) . Halfwidth, the bandwidth at half the peak absorbance, is 

taken from  Hughes, Pooley , Runciman, Rahman; A. E. R. E. R5604 

(1967) . By virtue of the strong absorption of green light by 

the F band, irradiated NaBr has an intense magenta coloration  

when viewed in white light. The F band absorbance is linearly 

related  to the number of F centres present in the m aterial; the 

p rec ise  relation’ will be d iscussed  later.

With the spectrophotom eter set to m easure the absorbance at the 

F band peak for  the temperature chosen, plots of F band absorbance 

against absorbed electron  dose w ere obtained fo r  a variety of 

specim en preparation and irradiation conditions. Extensive sets 

of sampled points were obtained by these means, the observed 

optical density being that found some 45 s after cessation  of irradiation. 

A  m odified system , using simultaneous irradiation and transmittance 

m easurem ent with the crysta l at 30 °  to the incident beam, was later
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used to provide continuous semi quantitive confirmation of som e of 
the effects  noted in the sampled results: this experiment will be 

re fe rred  to from  time to time in the following text, and the optical 

system  is shown in F igure 3.1. (i). The c r.y°stat described  in Chapter 2 

was m odified for  this experiment by adding two extra windows.

3.1. 2, Anticipated Result s and Strategy of Experim ents.

It was expected that there would be an impurity dependence of 

icolorability in NaBr since it had'been widely reported that the 
p resence  o f  divalent im purities such as C a c *  (Rabin and Klick,

Phys. R ev 117 p 1005 (196oj) or  hydride/hydroxyl inclusion (e .g .

Etzel and A llard , Phys Rev Let_2 p 452 (1959)) increased the rate 

o f  form ation o f  F centres by irradiation at temperatures 4K.

Since NaBr is highly deliquescent it was not possib le  to cleave a

sample in air and mount it in the cryostat without the surface

becom ing sensibly wet and in consequence m ost of the experiments

conducted p r io r  to the. delivery  of the glovebox were characteristic  of

■NaBr containing atm ospheric m oisture, presum ably present as H /H +/OH /

O /e t c .  The parent boule for  all these experiments was Harshaw

m aterial. On receipt of the glovebox the B .D .H .  m aterial was

obtained (2. 5. 3) and this, with the remaining Harshaw blocks, was
#

kept and handled in the dry nitrogen atmosphere. As can be seen 

from  the C ertificate o f Analysis there are considerable d ifferences 

between the m aterials , not only in the Ca concentration but also 

in other im purities such as K and Si. The -water concentrations 

reported  are alm ost certainly p ess im ist ic ;  this point will be 

d iscussed  in 7 .3 .3 .

A flux dependence of dam age/dose  curves has been reported from  

time to tim e but has never been adequately explained. Unlike 

the previous experiments with X rays it was p oss ib leh ere  to vary 

the beam  flux over a very  wide range without modifying its spectral 

quality and, by pulsing the beam, to maintain a constant 

specim en temperature regardless of the peak flux during the "m ark " 

periods. Continuous bombarding current densities as low as
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0.05yuA /cm  w ere em ployed from  time to time and the conditions
2could be rapidly changed to give 50 p . A /c m  pulsed at <0. 5% duty

2cyc le . Since in practice  fluxes of 2 jaA/cm made no appreciable 

d ifference to the specim en temperature at a nominal 77K it was 

possib le  to examine the flux dependence of the F band generation, 

kinetics for  all types of sam ple.

The dependence of the coloration  kinetics on beam  energy could be 

studied in a rudimentary fashion with the equipment employed here, 

by varying the beam energy during irradiation. Owing to the spectral 

degradation of the beam in the thick specim ens employed here the 

interpretation of the results was less  simple than for  the other kinetic 

experiments but had the advantage over previous work of using the 

same specim en at all energies , thus making the results substantially 

independent of the specim en history.

The results are presented here under the headings of the various

dependencies tested rather than in strict  chronological order of acquisition.

A schem atic illustration o f  the term s "plateau" and "saturation" vised in 
the following d iscussion  is given in Fig. 3. 1. (ii).
3 .2 .1 , The Effect of M oisture on the Coloration of Harshaw Na!>_r.

F igure 3. 2(i) shows the F band density /dose  curve for specimen G4 

irradiated at NT with 300 kV e lectron s. This specim en had been 

cleayed in air and was v is ib ly  damp when the cryostat was assem bled.

Apart from  one point at ~  12 mC dose the general tendency of the 

coloration  was a rapid in crea se  with a steadily decreasing rate as 

irradiation proceeded. Changing to 200 keV irradiation reduced the 

rate o f  co loration  further and a tendency to a saturation value of

optical density, is noticeable. The apparent plateaux in the coloration
» ■■

curve will be d iscussed  later (3. 5 .1 . ) .  Each point recorded had a 

standard e r ro r  i  0. 02 optical density units and i  2% on the dose 

axis, although, as described  in Chapter 2, the dose repeatability 

was probably a good deal better than the absolute accuracy of - 2 ,0. 

Specimen G 5 (Figure 3. 2(ii)) was used to test the current-dependence 

of irradiation but also demonstrated the salient features of the irr^oj¿t:on 

of damp NaBr, namely a rapid initial coloration  followed by a
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decreasing slope, and final optical density ^>0.45 fo r  300 keV 

irradiation. The exact shape of the coloration curve will be 

d iscussed  later (Chapter (7), but the general shape and magnitude of 

the param eters are o f  interest here .

F or  the purpose o f  com parison  we may consider the optical absorbance 

o f the d ry -c lea ved  Harshaw specim en G 30 at 5mC dose. (Figure 3. 3.(i 

The rapid initial r ise  of co loration  passed through a plateau region 

m ore  marked and m ore  rapidly attained than for  damp specimens of 

the same source  m aterial, and at 5 mC the optical density of the 

specim en Fband was only 0.16 com pared with>0. 2 (G4) and 0. 4 (G5).

300 keV coloration  of a number of damp specim ens produced saturation 

optical densities (by extrapolation) in excess  of unity whereas the 

mean for  som e ten dry specim ens was 0. 33 t  0 .02 . The extrapolation 

technique will be d escr ibed  in 7. 2. 2.

3. 2. 2.___The Effect of N on -A queous Impurities:___C om parison of
Har shaw and BDH M aterial (NT).

Figure 3 .2  (iii) shows the behaviour of samples of B .D . H .NaBr. 

irradiated at NT. There is a faintly d iscern ib le  inflection in the 

400 keV curve at ■v2mC but the inflections observed with B .D . II. 

m aterial were in general less  well defined than for  the Harshaw material. 

The F centre concentration /dose  curves of Figure 3 .2 . (iv) show that 

for Harshaw m aterial prepared under the same conditions the curves 

are s im ilar but saturate at a low er value o f  optical density. Without 

entering into detail at this juncture we can note that in all cases of 

dry m aterials irradiated with electrons at NT it was possible to 

d iscern  an inflection in the F band growth curve and a tendency to 

saturation at high d oses . The mean plateau optical densities for the 

whole set (som e sixty sam ples of NaBr approximately evenly 

distributed through the table) ana given in Table 3 .2 .1 .

The d ecrea se  in standard e r r o r  fo r  Harshaw m aterials with decreasing 

beam energy reflects  the larger  number of samples irradiated at 200 keV 

whereas for  B .D .H . m aterial the results w ere generally  m ore tightly 

grouped, since the crysta l boule was fresher than the Harshaw material 

and had been m ore  carefu lly  handled.
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The extrapolated saturation optical densities w ere similarly- 

analysed and the mean values are tabulated in Table 3. 2. 2.

The wide d iscrepancies  between the source m aterials will be 

d iscussed  later (3 .7 .1 ) but it is sufficient to note here that the 

B .D .H .  m aterial was always easier  to colour than the Harshaw 

NaBr. Since the water content of the B .D .H . boule was certainly 

low er than for  the Harshaw crysta ls  we must assume that either an 

impurity was responsible  for  inhibition of F centre form ation in 

the Harshaw m aterials, or  an impurity enhanced F centre production 

in B. D. H. NaBr. A strong absorption band was found in B. D. H.

NaBr at 300 nm, and the absorption of this band was unchanged by 

irradiation. Although not sp ecifica lly  identified it seem s likely
2+that this band was due to a V -type centré stabilised by the high Ca 

concentration trapping e lectrons that would otherwise annihilate the V centres.

3 .2 .3 .  Qualitative C onfi rmation o f  "Plateau". * 16

The estimates of plateau optical density given above are necessarily

subjective since, as mentioned previously, the optical data points

were always a d iscrete  set. However by using the apparatus shown

in F igure 3.1. ( i ) it was possib le  to obtain definite confirmation of

the existence of an inflection in the coloration curve. A continuous

transm ittance/dose curve was obtained from  200 keV irradiation

o f  a sample of B. D.H. NaBr and by changing the gain of the am plifier

it was possib le  to expand the scale o f the chart re cord er  to p rec ise ly  locate

the inflection. The slope o f  the curve was m easured at several points.
Results are shown’ in F igure 3 .2 . ( v )  as the rate of change of absorbance

with dose. The escale divisions on both axes cannot be re ferred  to

the d iscrete  data since the sample was not irradiated normal to (100 )

and the beam  was not defined by the usual collim ator and cup assem bly.

However the axes are scaled  linearly  and it was observed that after

16 mC dose the coloration  rate had fallen to less  than 1 o f  its
L 1000

initial value, then rose  again to about —  of the initial value, passed 

through a long inflection, and turned towards a saturation optical 

density. During the interruptions for  changing scale factors the

3/5.



coloration  decreased  in an exponential manner, the decrease  

involving a time constant of ~ 20s and being about 10% of the total 

co loration  at all tim es, thus confirming that the time lapse in 

obtaining the sampled data produced a small but consistent decrem ent 

in apparent optical density. In view of the large available scale 

expansion fo r  this experiment it is felt that the existence of a plateau 

region, during which the rate of F centre generation falls virtually

tp ze ro , is  fully proved. c

1
3. 3.1, The Effect of Beam  Flux on the F Band Growth Curve at N T . 

F igure 3, 2. (ii) showed the effect of varying the beam current at 

constant energy during irradiation of a damp specim en. The currents 

quoted w ere  peak m easurem ents, and the beam  was pulsed at Is prt, 

<10% duty cy c le , to maintain the specimen surface temperature 

within 5K o f  its equilibrium value. . As can be seen from  the part 

o f  the growth curve shown here, increasing the peak current produced 

no discontinuity in the norm al growth curve at A, and again the 

curve is continuous at C. At B, however, decreasing the peak 

current led to an apparent drop in optical density followed by a 

re cov ery  and even at D, where the growth rate was very small the 

d ecrease  in peak flux reduced the growth rate, which again later 

re cov ered  and went on to exhibit the usual saturating behaviour.

Figure 3. 3. (i) has already been cited as an example o f the behaviour 

o f  a dry Harshaw specim en under the same type of irradiation conditions. 

Here the beam  current was changed after the plateau region had been 

passed and again it can be seen that reducing the peak current (in 

this case  maintaining the mean current constant by adjusting the 

duty cy c le  of the high-flux pulses)has reduced the F band optical 
density, whereas increasing the peak current had no analogous effect.

The phenomenon was found to have quite general applicability for all 

specim en sou rces , beam energies, and doses  prior  to change of flux.

It can be viewed as d irectly  analogous to the short-term  bleaching 

described  in 3. 2. 3.
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In contrast to the "dynam ic" effect of beam  flux variation it was 

found that the "s ta t ic "  effect of flux on the shape of the F band 

growth curve was nil. No system atic variation was noted between 

sam ples irradiated  at different constant fluxes of the same beam 

energy: the random fluctuation of growth curve param eters due to 

spurious contamination and experimental e r r o r s  was sufficient to 

mask any departure from  a strict  linearity of growth rate with 

current (at a given dose) sm aller  than about an "I dependence

and there was certainly  no evidence for  a square-law  relationship 

o f growth rate to current, provided there was no significant rise 

in sample tem perature. The linearity of growth rate with current 

was seen to hold in the range 100 - 400 keV and 0. 05 - 50 yuA/cm^.

Whatever the "s ta t ic "  flux employed, the sh ort-term  bleaching 

on cessation  of irradiation had the same characteristic  behaviour 

and it was therefore  concluded that if irradiation produced a 

dynamic equilibrium  concentration of F centres this was about 

10% greater than the equilibrium  value in the absence of radiation. 

Another phenomenon, that o f  "transient" bleaching, was observed ■ 

when irradiation was interrupted (for a period long com pared with the 

time constant fo r  the establishment o f  equilibrium) and re-in itiated.

This will be d iscussed  further in 6 .5 .1 . F o r  the present it suffices 

to note that there was in all cases  a sm all d ecrease  in F band absorbance 

before; the expected re co v e ry  on re-irrad iation , but the necessary  

"waiting t im e" was severa l o rd ers  greater than the space width of 

pulsed irrad iation  used in the current-dependence experiments.

3 .3 .2 .  The Beam  Energy Dependence o f  the F Band Growth C urve. 

F igure 3. 3. (iii) shows the effect of changing the energy of the 

bombarding e lectrons whilst maintaining a constant flux. The portion 

of the curve shown here indicates that an increase  in beam energy during 

what would otherwise have been the "plateau" region of the growth 

curve in fact added a further "Stage I" portion to the curve, which 

then turned over into a plateau and rose  again on continued irradiation. 

Beyond the limit shown in F igure 3. 3. (iii) the curve assumed the 

norm al "Stage II" saturating form . ,

As had already been demonstrated incidentally in 3. 2. 2. the most
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obvious beam  energy dependence was found in the saturation and 

plateau optical densities of the F band. In fact within the energy 

range studied.it was generally  true that for  a fixed dose the optical 

density increased  with the energy of the electrons responsible for  

that d ose . However the beginning and end of the plateau region 

w ere also found to be energy-dependent. In general, for  Harshaw 

m aterial, the plateau region could be regarded as beginning at, say,

2. 5 mC dose and continuing to 4. 2 mC for 400 keV irradiation,
f  Cwhereas with a beam  energy of 200 keV produced a marginally later 

inception and the plateau ended at ~  3. 5 m C. F igure 3. 3. (iv) 

shows a typical result for  100 keV bombardment:at this energy 

there are definitely two "s ta g es "  to the growth curve but no distinct 

plateau separating them. Just as the plateau height was seen to 

corre la te  with the im purities in the specim ens (being significantly 

different in Harshaw and B .D .H .  m aterial - see Table 3. 2.1) so 
the plateau inception point and length were found to vary widely 

depending upon the p rec ise  preparation conditions of the specim ens. 

Additionally the location of the inception and termination points was 

a somewhat subjective choice  when the d iscrete  nature of the data ' 

points was taken into account. A ccord ingly  no attempt was made to 

assign a num erical relationship to the energy-inception  dose -length 

observations.

In those cases where the beam  energy was changed during irradiation 

it was found that the behaviour of the growth curve was such that if 

the e lectron  energy were increased  the m aterial exhibited the 

behaviour expected of an earlier  stage of coloration, and vice 

v e r s a . F or  example, at any dose, increasing  the beam  energy 
produced a sharp r ise  in absorbance follow ed by a plateau and another 

r ise  going into a saturating curve, whereas it was possible  by 

continuing the first irradiation long enough, to produce "stage II" 

behaviour on reducing the beam  energy although the plateau had not 

in fact terminated before  the energy was changed. Anticipating 

a d iscussion  of e lectron  penetration depth (range) as a function of 

energy, it seem ed that each lamina of the m aterial had to pass through

3/8.



a plateau in its co loration  behaviour and increasing beam  energy m ere ly  

involved the co loration  of regions o f  the crysta l that had not previously  

been irradiated. S im ilarly  since we can expect the beam to be 

degraded both in flux and energy with increasing depth into the 

specim en, the observed  effect of reducing beam  energy was held 

to show that the front surface layers  of m aterial reached the second 

stage coloration  be fore  the deeper layers .

'3 ,4 ,1 . The Tem perature Dependence of the Coloration Growth C urve.

It has been generally  reported in the published literature that the 

effect o f  im purities on radiolytic F band growth in alkali halides 

is m ore pronounced as the temperature r ises ,  and this had led to the

em ploym ent, of liquid helium cooling for  such p re c ise  studies as
■ <

that of Rabin and Klick (Phys. Rev. 117 p.1005 (i960)) of the energy 

required to produce an F centre . . However the work of Hughes,

Pooley , Runciman and Rahman (AERE R. 5604 (1967)) lent support 

to some early  observations in the present ser ies  of experiments 

that the "co lo ra b il ity "  of NaBr increased  with tem perature above NT, 

but also demonstrated that the colorability  increased  with decreasing 

temperature below NT. Both types of behaviour have been noted 

in other alkali halides (e .g .  as quoted by P oo ley : P ro c .  Phys,

Soc. _87 p. 245 (1966)) and have been variously  explained in term s 

of therm ally activated diffusion of hole traps and phonon interference 

with the F centre production m echanism . However the existence 

of both effects  in N aB r, plus a conveniently attainable temperature 

at which the F centre creation  energy is apparently at a m aximum 

(70 - 80K) provides, an excellent opportunity for  c loser  study o f the
t ■

temperature dependence. As has been shown it was possib le  to 

produce useful concentrations of F centresby electron  irradiation 

of NaBr at NT and som e experiments w ere therefore  carr ied  out at RT. 

Without coolant it was not a simple matter to maintain a working 

vacuum in the cryostat since any contaminants evaporated from  the 

irradiated zones were not rapidly trapped. However with careful 

cleaning it was possib le  to obtain sets of data which led to growth 

curves such as those shown in F igures 3 .4 .( i )  and 3 ,4 (ii) .
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Careful analysis of low -d ose  behaviour such as 3 .4 . ( i )  revealed 

no significant plateau region that could not be accounted for  

m ere ly  in term s of beam  current fluctuation. Extrapolation of 

h igh-dose curves proved difficult as the rate o f  change of optical 

density with dose (dD/dA) remained large until the spurious effects 

of specim en contamination and surface damage contributed 

significantly to the optical absorption. However the results shown 

in F igure 3. 4(ii)were part of extended irradiations which were 

extrapolated to give the saturation densities of Table 3. 4.1.

Regarded either in term s of the initial slope of the coloration  curve 

at A= 0, or  in term s of the saturation optical density, the creation 

energy of an F centre was found to be an ord er  of magnitude sm aller 

at RT than at NT, for  both sources  of m aterial. RT coloration 

o f  "d a m p "  NaBr was too rapid to be m easured accurately.

There was no significant departure from  the linear relationship 

of dD/dt with beam current, apart from  the sh ort-term  type of 

dependence d iscussed  in 3 .3 .1 , when the irradiation was perform ed 

at RT.

It was not possib le  to investigate the behaviour of samples irradiated 

at liquid helium tem peratures with the apparatus used here, and it 

was felt to be m ore  useful to extract the maximum available data 

from  experiments conducted in the region 70 -  300 K rather than 

to construct specia lised  apparatus for very  low temperature work. 

Fortunately a good deal o f  published data already exists on the 

production of F centres in alkali halides at 4K and this will be 

re fe rred  to in later d iscussions .

3 .5 ,1 .  Summary of Experim ental Observations.

1. E lectrons with beam  energies between 100 keV and 400 keV can 
generate F centres in NaBr between. NT and RT.

2. The F band absorbance has a generally  asymptotic growth 

with increasing absorbed dose.

3. At NT or RT the growth of the F band is greatly enhanced 

bythe presence  of m oisture.
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4. Other im purities appear to affect the rate of growth and final 

absorbance o f the F band at NT.

5. At'N T, though not at RT, there is an inflection in the growth 

curve (plateau).

6. The "height" of this plateau depends upon the impurity 

concentration present.

7. The "length" of the plateau depends upon the beam  energy.

8. Growth curves are substantially independent of beam current 

(flux) provided this is steadily maintained.

9. D ifferences between growth curve shapes resulting from  

different beam  energies can be ascribed  to the variation

o f e lectron  penetration with beam energy (but see 3. 6 .4 .  et seq )

10. The rate of growth and final saturation absorbance of  the F 

band at RT are about ten tim es those at NT. ’ ^

3. 6. 1. The Saturation Concentration o f  F C entres :
Smakula 's  F o rm ula .

In ord er  to corre la te  the experimental optical density m easurem ents 

with a quantitative theory o f  F -ce n tre  creation  it is n ecessa ry  to 

convert them to values of F -ce n tre  concentration. The m ost 

widely accepted  relationship between optical density and colour 

centre concentration is D exter 's  m odification  of the form ula given 

by Smakula (Zeits  f. Physik_59 p 603 (1930)):

Nf = 0. 87 x  1017 x n cLW
(n2 + 2)2

(Dexter; P h y s .R ev , 101 p. 48 (1956)) where
* .•

-3N = concentration of co lour centres (cm  )

f = oscil la tor  strength of absorption band. •

n = refractive  index of host m aterial at peak wavelength 
of absorption band

a = peak absorption coefficient (cm  )̂

W = absorption band width (eV) at half-height.
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The osc i l la tor  strength of the F band in NaBr is not reported in 

the literature as an experim ental value. A fter an unfruitful 

attempt to m easure it in the present ser ies  of experiments it was 

decided to adopt the value 0. 5 used by Hughes et_al (A. E. R. E.

R. 5604 (1967)). W is determ ined by spectrophotom etric analysis 

and is generally  agreed to correspon d  to a wavelength halfwidth 

of -'■'50 nm centred on 525 nm at NT. This was confirm ed here
c  **and at RT the value was found to be * > . 7 5  nm centred on 540 nm.

These values are equivalent to energy halfwidths of 0«25 and 0 ,40  eV

respectively , but fo r  the sake of consistency  with the most

extensive available review  (Hvghes et_al A. E .R .E .  R. 5604) the

values 0. 29 and 0. 50 eV w ere  adopted for  the purpose of further

calculation; the scaling factor  being virtually identical in both

cases and certa inly  sm aller  than the uncertainty in f  ( ~  ¿60%).

It should be noted that much earlier  work on the "so ft "  alkali
17halides em ployed the Smakula constant 1. 26 x  10 as against the

17present (Dexter) value o f  0 .87  x 10 , which has been used in all

the m ost recent published work on "hard" m ateria ls .

Taking n = 1. 64, in the absence o f  any published value for  NT, 

we have : - „ ^

N 2 . 99 x  10
16 x 0. 29 

0. 50
Optical density(D)

Thickness o f  coloured region(t)

3. 6. 2 . ___The Assum ed Distribution of F Centres in the Irradiated Material.

The determination of a from  specim en optical density requires a 

knowledge of.the thickness of the absorbing layer and the distribution
r r '

of absorbing centres in it. Previous work has been concerned 

either with additively coloured  crysta ls , giving a virtually 

homogeneous concentration of co lour centres , or with short range 

p ro ject iles  or X -r a y s .  Low energy electrons (Hermann and Pmard, 

P h y s .L e t .  29A p 584 (1969); Shulman and Gel, F iz . Tverdogo 

Tela 2 p 524 (I960)) or protons (Pooley, B rit . J. Appl. Phys. _[7_ 

p 855 (1966)) deposit all their energy in a short range and can be 

considered  to give, r ise  to a rectangular distribution of colour centre
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concentration with depth. X -ra y s  (e .g .  Rabin and Klick,

Phys. Rev. 117 p 1005 (i960)) produce a virtually even distribution 

of centres throughout the specim en. However with energetic 

e lectrons, even.at 2 MeV (Ritz, P h y s .R ev  133A p 1452 (1964)) 

it is n ecessa ry  to ixse thin specim ens to ensure a constant rate of 

energy deposition and a homogeneous distribution of centres. Even 

at 2 MeV Ritz found it n ecessa ry  to polish the specim en surfaces 

and this technique, in the light o f  Section 3. 2.1, would obviously be 

inappropriate for  NaBr.

Assum ptions w ere therefore  made, and will be justified later (7 .2 . 3) 

concerning the colour centre distribution. F igure 3. 6. (i) shows 

a fixed range of co loration  within which the distribution of centres 

is triangular at the plateau and rectangular at final saturation.

Initially the practica l range of co loration  was taken to be 0. 053 

cm  at 400 keV incident energy (from  m easurem ents reported in the 

following chapter) and calculated as 0.019 cm  from  the "v 3 /2 n  power 

law proposed  by Shulman and Gel (op c i t ) for 200keV electrons.

3, 6. 3._____The Saturation Concentration of F Centres in N aB r.

Using the figures given in the last section the saturation concentrations 

of F centres w ere as shown in Table 3. 6.1. (dry m aterials only).

It is first noticeable that these values are at least an ord er  of 

magnitude lower than those assigned to other alkali halides by other 

w orkers . Herrmann and Pinard (op c it ) regularly  m easured RT 

concentrations in excess  of 10^ F cen tres /cm ^  in NaCl and 

predicted saturation at ^>10^® cm"*^' This point will be dealt with 

in later d iscussion  (Chapter 7) but it is also apparent here that the 

saturation concentration increases  with decreasing beam energy.

B efore  d iscussing this point in detail it is useful to invoke the concept 

of "num erical concentration".

The NaBr lattice has a lattice param eter o f 5. 973 A , so there are about
22 3

1. 88x10 anions/.cm  in the perfect  m aterial. Thus it is possib le  to reduce 
the bulk concentration of F centres to the number of F centres 

associated  with each anion site , giving table 3 .6 .2 . ,
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Since the "num erical concentration" can be regarded as the fraction  

of lattice anions converted into F centres it is a useful concept 

and quite unambiguous if used as a dim ensionless quantity.

Now anticipating the experimental determination of the penetration 

of co loration  (Chapter 4) we ignore the prediction  of Shulman and 

Gel (op c i t ) which was in any case  based on low -en ergy  electron  

| studies, and rewrite table 3. 6. 2. on the assumption that the penetration
i f  * *'■'
i of co loration  is linear with incident energy. This gives rise  to 

table 3. 6. 3.

The m axim um  d iscrepancy  between vertica l pairs of results is now 

4% and at high energy the saturation concentration of F centres is 

substantially independent of the energy of the bombarding electrons.

3. 6 .4 . The Plateau Concentration of F Centres i n NaBr,

The plateau optical densities given in Table 3. 2. 1. reduce to the 

num erical concentrations o f  Table 3 .6 .4 .

3 .7 .1 . Contingency R elations of Plateau and Saturation
Concentrations of F cen tres .

The d ifferences  in behaviour between the B .D .H . and Harshaw 

m aterials can be seen by constructing tables o f  the ratios of the 

concentrations of F centres at the plateau and saturation levels .

The titles of the tables are self-explanatory  (3. 7 .1 . ,  3 . 7 .2 . )

The standard e r ro r  o f  the .f igures in Table 3 .7 .1 .  i s ~ i  10%, 

indicating that the low er right figure is significantly different from  

the others. Sim ilarly  in Table 3 .7 .2 . the low er right figure is 

significantly higher than the mean of the other three. We therefore

• conclude that the plateau concentration of F centres for B .D .H . 

m aterial is significantly low er for  200 keV bombardment than could 

be expected from  straightforward extrapolation of the other data.

It is therefore  essential that the first stage of co loration  be considered  

in detail in arriving at an explanatory m echanism  for  F centre 

production. This matter will be taken up again in Chapter 7.
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CHAPTER 4

OPTICAL MICROSCOPY OF IRRADIATED MATERIALS

4. 1. 1. The necess ity  fo r  determining co lour penetration depth

In o rd er  tc calculate the concentration o f  co lou r  centres produced 

by irradiation  it is n ecessa ry  to know the optical absorption
f  C

coeffic ient a , o f  the m aterial being studied and to know how the 

centres are distributed in the co lou red  region  ( see Section 3. 6. 1 ).

I f  an uncoloured sample transm its an optical beam  intensity Iq and 

a co loured  sample transm its an intensity I under the same conditions 

then we define optical density D and transm ission  coeffic ient T as

D = l o g 10^ j  -  lo g 10M  j  .......... 4 . 1 . 1 . (a)

F o r  a m aterial with refractive  index n, the reflectance R is

f c n r

at norm al incidence, and in a homogeneous medium o f  thickness t 

and absorbance a , we can write

T = (1 -  R )2e " Qt • .......... 4. 1. 1. (b)

a = In / 1 \ -  JL In I
t \T ] t ( 1 - R )

= 2. 303D + 2 In (1 -  R) . . . . . .  4. 1. 1. (c)
t t

provided there are no significant multiple reflections.
►  •

Where t does not d escr ib e  a homogeneous ab sorb er , an "equivalent 

th ickness" may be substituted to correspon d  with a chosen a , o r  a 

mean a may be deduced for  a chosen value o f  t representative of 

the absorbing entities. In the present case  o f  e le c tron -b ea m -co lou red  

thick NaBr specim ens, the optical absorption change o f  interest o ccu rred  

in less than 0. 5m m  thickness and no m echanical d ivision existed between 

the co loured  and uncoloured regions. T h ere fore  to a good approximation, 

the R. H. S. o f  4. 1. l..(c) is separable into two components such that a 

plot o f  2. 303D /t ' vs A d escr ib es  the growth, o f  the absorption band and 

2 /t ( ln ( l  -  R)) is nominally independent o f  dose.
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In the usual case  where t — 2t', putting n = 1. 64 shows 

that the second term  is not greater than 5% o f  a typical saturation 

value o f  the first.

By setting up a s in gle -beam  spectiophotom eter to read T = 1 -

for  the uncolored  specim en, it is  therefore  possib le  to derive
r  cchanges in D, and hence in a ,  from  transmittance m easurem ents 

provided only that the distribution o f  co lour centres (for which a 

value o f  t' may be derived) is known and R does not vary 

during irradiation.

In practice , R will appear to vary significantly only i f  the crysta l 

surface is damaged.

4.1.2 Surface damage investigations

A ll  the extrapolated saturation data reported in the previous chapter 

were calculated from  the optical density /  dose behaviour o f  sam ples 

given finite doses of radiation o f  short range p ro ject iles . In 

consequence it is conceivable that in fact R may not have been constant 

throughout the experiments since a great deal o f  energy from  the beam  

must have been dissipated near the specim en surfaces. Qualitative 

investigations were undertaken in this area and will be reported later 

in this chapter but it is sufficient for  the present to note that the sam ples 

generally  retained their superfic ial appearance in vacuo to all dose 

levels em ployed and severe superfic ial damage only o ccu rred  in samples 

exposed to ambient air after irradiation. There was no reason to suppose 

that variations in R caused m ore  than about + 2% system atic variation in the 

extrapolated saturation figures , and the doses  required  to produce plateau 

behaviour were generally  too sm all to give r ise  to visible surface damage 

at all. x

4.2.1 A feasibility  study : co lour penetration in NaCl.

F ig  4:2. (i) shows the photograph obtained by irradiating a sample of 

NaCl at NT and photographing it under the conditions described  in
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2.5.4 with tungsten light. The salient features o f  the penetration of 

co lour centres in an e lectron -irra d iated  alkali halide are

(1) a penetration of ~65 0 /am (300 keV electron  beam)

(2) an apparently even distribution up to a sharp cutoff at the penetration 
depth (15 mC dose , well into stage II coloration)

(3) penetration o f co lou r centres into a penumbral region behind the 
cryostat clamp.

(3) is indicative o f  a great deal o f  e lectron  scattering within the sample,
C- c

o r  a preferentia l d irection  of energy transfer for  F centre production.

These points will be considered  in detail later but the shape of the tail 

o f  the m icrodensitom eter  trace  (4 .2 .( i i ) )  should be noted.

4.2.2 C olour penetration in KI : effect o f  stress

Photograph 4 .2 .(iii) shows the co lou r penetration on either side of a 

step in a KI crysta l surface. In preparing the crysta l for irradiation 

area A was subjected to considerable  bending stress  and was deliberately 

roughly cleaved whereas area B was part o f  a clean flat surface. With 

400 keV irradiation  at NT the penetration o f  co loration  at high doses 

( )7 m C  here) can be seen to be not m ore  than +_ 5% dependent on the 

m echanical stress  h istory  o f  the m aterial. The region in the immediate 

vicinity o f  the step, although too  brittle to produce a photographable 

surface , did not exhibit any apparent deviation from  this rule.

4.2.3 Bleaching effect o f  storage and m icro sco p e  illumination

Photograph 4.2.(iv) shows the co lou r penetration in 300 keV-irradiatcd  

KI after a 20 minute period  on the m icroscop e  stage with maximum 

illumination from  the m e rcu r y -a rc  lamp, followed by 12 hr in the dark 

at RT. The cra ck s  perpendicular to the irradiated face were initialed 

after irradiation, during specim en  preparation, and immediately after 

preparation the coloured  region extended to the edges of the crack.

Optical bleaching and storage had little effect on the penetration ox the 

coloration  but the colour centres near the crack s  can be seen to have 

annealed out or migrated away from  their initial positions.

4,2.4. Summary o f  prelim inary  results
1. C oloration penetration from  high-energy electrons e cecds that
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predicted  by extrapolation o f  low -en ergy  resu lts , eg Shulman 

and Gel, F i x - -  T verdogo Tela  Z_ p 524 (I960) . The figure for 

NaCl (4.2.1) is ^>50% higher than predicted  from  their formula.

2. The assum ed rectangular distribution of F centres at saturation (3. 6. 2) 
appears to be a 'good  approximation to the observed distribution.

3. Penetration is unaffected, at least in stage II, by previous

m echanical stress .i

;4. Optical bleaching does not 'significantly alter the apparent

penetration depth if  the exposure is short and the sample unstressed.

4.3.1 C oloration  penetration in NaBr irradiated at NT

In view of the su ccess  o f  the prelim inary  investigations reported above, 

the experim ents were repeated using NaBr crysta ls  irradiated at NT 

with 200 keV and 400 keV electrons. D iff icu lt ies  were immediately 

encountered due to the deliquescence o f the m aterial but these were 

overcom e  by application o f  the grea se -coa t in g  technique described in

2.5.4. It was soon noticed that the sam ples irradiated at 200 keV did 

not retain their co loration  at RT and consequently the working period 

was very  short. Only two sam ples gave r ise  to visible photographic
j

evidence o f the coloration  /  depth profile  and the better o f  these is i

depicted in F ig  4.3 .(i). Tungsten light and an ortho plate were used to 

m inim ise the possib ility  o f  F band bleaching whilst maintaining contrast 
since the m ercu ry  spectrum  contains strong lines at higher energies- than 

the F band absorbance whereas a norm al tungsten filament lamp has 

a continuous em ission  peaking in the region 520-550 nm.

In contrast the samples irradiated by 400 keV electrons produced 

consistent coloration  /  depth pro files  o f which Fig 4 .3 .(ii) is an example 

The use o f  tungsten illumination was found to produce better negative 

gradation and by bracketing exposures it was possible  to obtain 

photographs with detail v isible  throughout the coloured  region : these 

were scanned in the m icrodensitom eter  to give coloration  /  depth 

profiles  such as that shown in Fig. 4 .3 .( i i i ) . M ercu ry -a rc  light, with 

a green filter, gave rise  to higher contrast negatives which, although 

demonstrating the cutoff m ore dram atically , did not prove the existence
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o f  the co lour saturation im plicit in 4.3.(iii) since no detail was 

visible  in the densely co loured  region. Fig 4 .3.(iii) was obtained 

by averaging eight scans a cro ss  different portions o f  the negative : 

the general shape of the curve could then be easily  distinguished from  

the spurious noise due tosurface  reticulation and cracks in the 

specimen.

The "practica l co loration  range" for  the e lectron  energy and irradiation 

tem perature was found by projecting a tangent through the inflection
f 4

o f  the sigm oid portion o f  the profile  to intercept the horizontal line 

representing the mean background "n o ise "  leve l from  the remainder 

o f  the m aterial. The ,:'mean,'drawn here was the mean for  ten sam ples and

this was 530 pm  + 12 pm. Both m icro sco p e  magnification and m ic r o -
\

densitom eter scan ratio were marked on sca les on the instruments 

and were checked with a m icro sco p e  graticule photograph : the 

system atic e r r o r  was insignificant com pared  with the standard e r r o r  

o f  the mean penetration depth.

4,3.2 Colour penetration in NaBr irradiated at RT : evaluation 
o f  p recis ion

A fter  the d iscov ery  of the therm al instability of F centres generated 

in NaBr by 200 keV electrons at NT it was decided to approach the 

problem  o f  determining the NT penetration character istics  by an 

indirect com parison  with the behaviour o f  m aterial irradiated at 

RT. Since the optical density obtained at RT was an ord er  o f  

magnitude greater it was also easily  possib le  to verify  the technique 

employed by measuring the apparent penetration in sections of different 

thickness (m easured in the d irection  o f  the m icroscop e  axis) and
v ■■

com paring the m icrodensitom eter  plots. Any d iscrepancy  due to 

surface reflections, or non-paralle l or non-uniform  field illumination 

would then be revealed as a system atic variation o f  apparent 

penetration depth with sample thickness.

The photographs of F igs 4 .3 .(iv)a , b, and 4.3(v)a, b, depict sections 

o f  NaBr irradiated at RT by 400 keV and 200 keV e lectron s  respectively . 

Section thicknesses were 0.2 m m, 3 m m  and 0.3 mm, 4 mm, respectively . 

It is im m ediately noticeable that the 400 lceV-irradiated m aterial is very  

sim ilar in coloration  profile  to the sample shown in 4.3.(ii) and that the

- 4 /5



appearance o f  the photographs is independent of section thickness.

F igs 4.3. (vi) and 4.3.(vii) show the m icrodensitom eter  plots of 

these photographs v/hich were taken with m ercu ry -g reen  illumination 

to m axim ise the available contrast (since the high saturation density 

produced at RT reduces the sensitivity o f  the technique to optical 

bleaching com pared  with that produced at NT) and it can be seen that 

the apparent practica l penetration depth does not vary significantly 

with section thickness even in the extrem e cases  investigated. A 

ty p ica l"1 m m  - thick:i'plot is a lso shown in 4.3.(vi) : this was the 

thickness generally  em ployed in these experiments.

It was found that the mean co lour penetration depth at RT, for  a number 

o f  400 keV - irradiated sam ples, was indistinguishable from  the NT 

value. In the absence o f  conflicting data it was therefore  assumed 

that the NT value for  200 keV irradiation  could be s im ilarly  inferred.

F o r  all the specim ens examined, with both NT and F,T coloration , the 

penetration depths, p, were found to be 250 and 530 ^ m  for incident 

energies (V) o f  200 and 400 keV respectively , with standard e rro r s  

'v'h 10 ^ m  in each case.

Now suppose p = A V n (V in keV)

then 250 = . A . 200n and 530 = A .4 0 0 n

whence n = 1.08 and A = 0.77.

(Alternatively, we may consider the calibrated values of- V. Since 

the calibration scale factor was constant the value o f n is unchanged 

but A becom es  0.70).

The relationship is significantly different from  that found by Shulman 

and Gel (F i-z .T verd ogoT ela  2_ p 524 (I960) ) for  a number o f  other 

alkali halides. They obtained A values between 0.03 and 0.07 and n 

from  1.5 to 1.7 for  e lectron  energies up to 15 keV. Even allowing 

the m axim um  e r r o r  in penetration lengths the departures from  the 

Shulman and Gel relationship is significant and the departure from  

linearity in V is significant at the 90% confidence level, although too 

sm all to affect the calculations o f  the previous chapter. Useful values 

o f  p are given in table 4.3.1.
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The rem arks o f  4.2.1 have already indicated that extensions of low - 

energy em pir ica l penetration form ulae are inadequate at energies 

^-200 keV for  NaCl and in consequence a m ore  detailed theoretical
I

approach was made to explain the d iscrepancies  at higher energies.

4.3.3 P ro je c t i le  penetration and co lou r penetration : a resume and 
d iscussion  of published work

The penetration of the co loured  region in e lectron -irrad iated  alkali 

halides has rece ived  little attention in the published literature, with
f C

the paper by Shulman and Gel (op cit) prominent among the few 

available. Ehrenberg and Franks (P roc  Phys Soc p 1057 (1953) ) 

and Ehrenberg and King (P roc  Phys Soc j81_ p 757 (1963) ) have studied 

the lum inescence-depth  behaviour o f  numerous substances (including 

a few alkali halides) at in c iden t-e lectron  energies up to 80 keV.

The trend in the results of Ehrenberg and King was such that the 

proportionality between integrated e lectron  path length (of the kEn type) 

and experim entalpractica l(lum inescence) range worsened with increasing 

beam  energy E. P ra ct ica l range m easurem ents from  transm ission  

data (eg Katz and Penfold, R ev  Mod Phys Z4 p 28 (1952) ) and Lane and 

Zaffarano (Phys R ev 94 p 959 (1954) ) generally  bear a m ore constant 

ratio to their theoretica l values (for transm ission  through A1 fo ils  of 

e lectrons with E above and below  100 keV respectively  in the cases  

cited). It is thus possib le  that the p ro ce sse s  responsible for  initiating 

lum inescence have a higher mean inception energy than those responsible 

fo r  energy loss  in m eta l-fo i l  transm ission  experiments. We cannot, 

therefore , expect to predict co loration  range d irectly  from  electron 

penetration range in a m aterial such as NaBr for  which the coloration  

inception energy ;'may be large.

The relationships plotted by Ehrenberg and King and by Kobetich and 

Katz (Phys R ev 170 p 391 (1968) ) indicate that for a given incident 

e lectron  energy E Q the proportion of the penetration depth for  which 

the e lectron  yields less  energy per unit distance travelled than an 

arbitrary cr it ica l  value (dEc /dx) d ecrea ses  as E Q increases , provided 

o f course  dEc /d x  is less  than the maximum value dEm /d x  that can be 

transferred  to the matrix.
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The value o f  dEm /d x  

.well-known form ula

-dE _ Z r r q ^  

dx me 2

along the e lectron  track can be found from  the 

(Bethe : Handbuch der Physik 24 p 519).

_ _  f  .  ,  ( 2 m c ^ |  _ ,  1 ,  1 1N (2  In ( - j ------/+  3 In—  - In 8 + ? ]

where q 

N

T

! m

charge o f  one e lectron

N0 . Z = e lectron  density o f  target

mean ionisation potential o f  target

m ass o f  electron , and the other sym bols have their 
r

usual significance.

This expression  has a minimum for  e lectrons with energies -^0.5 MeV 

for m ost dense solids and in consequence as an e lectron  slows down 

from  this region  of energy its sp ecific  energy loss  will increase. 

However i f  an energy loss  pathway involves a c r it ica l  value E ^  0 

the probability  o f  this being followed will pass through a maximum 

since at som e point the p rim ary  p a r t ic le  will have less  energy than E c - 

R elieved  of this e n erg y -lo ss  reg im e the real range of the prim ary  

particle  will therefore  "s tra gg le "  beyond the practica l range of its 

damage effect.

D irect  e lectron -nucleus co llis ion s  will have only a marginal effect on 

d E /dx  but are important in considering co loration  penetration since 

they are the means by which d irect  atomic displacem ent may be 

initiated.

A s a result o f  the considerable large-angle  scattering and numerous 

ionisation p ro ce sse s  available for  e lectron  energy loss  it can generally  be 

stated that the e lectron  flux $ in a thick target decays as

ju/p , the m ass absorption co -e f f ic ien t  for a target o f  density p , has been 

given by Schumacher (E lectron  and Ion Beam  Science and Technology;

Ed. R. Bakish; John W iley & Sons Inc (USA), 1965) as an approximate 

constant value o f  2.4 x 10° E Q“ virtually independent o f  the nature o f  the 

target. This value has not been thoroughly tested for  E^> 200keV but is 

probably constant within +_ 15%. F or  NaBr, p = 3.2 g cm  and we can 

calculate table 4.3.2..
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4.3,4. C om parison  o f co loration  and p ro ject ile  ranges in NaBr 
Lim itation o f  theoretical validity

Considering the data o f  Section 4 .3 .2 , we have a practica l co loration  

range o f  550 pm  for  400 keV e lectron s. F ro m  table 4.3.2 we can 

deduce the relative residual e lectron  flux at this depth as

400 ¿550
K

-48 x  0.055 1

15

and for  200 keV e lectrons
C

200 -  _J_  
100

Even allowing a + 30% variation in p  it is only just possib le  that 

j5r400 _ ^^200 _ J _  but it is highly unlikely that the values tabulated 

in table 4.3.2 fo r  p^OO an(j ^200 are respective ly  30% high and 30% low.

It must therefore  be concluded that the residual e lectron  flux at the 

practica l lim it o f  co loration  is considerably  higher for  400 lceV incident 

e lectrons than fo r  those o f  200 keV initial energy. Now considering the 

results o f  Ehrenberg and King regarding straggling, we can say that 

this phenomenon is consistent with there being a cr it ica l  energy below  

which a prim ary  e lectron  cannot create  any F centres , and taken together 

with the en erg y -lo ss  /  depth relationships this can be used to predict the 

coloration  range. Further, the e lectron  penetration law and the co loration  

rate penetration law are not identical in a thick specimen.

Although the Beths en erg y -lo ss  form ula is exact in the energy range 

concerned  in these experiments (except for  sm all brem sstrahlung and 

Cerenko v losses )  it only applies to the case o f  non-scattering  energy loss 

in a homogeneous medium. No account is taken of the period icit ies  o f  

e lectron  density in the target and in consequence the effects  o f  random 

incidence and multiple scattering are ignored. On the other hand the
t •

exponential flux -decay  form ula is an em pir ica lly  confirm ed result, 

despite the lack o f  p rec is ion  above 200 keV, and the two approaches 

cannot be readily  recon ciled  to approach the "co lora tion  threshold" 

energy determination.

4.3.5 E m pirica l depth /  energy relationships

Let r

w

A

Z

-2practica l range o f  electrons (g c m - ) 

energy o f  e lectrons (keV)

m ass number o f absorber  ) o r  weighted mean, for  
atomic number o f  absorber} compound absorbers
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O '
t  =  thickness o f  absorber  (g c m “ '1)

T| = fraction  o f incident electrons transmitted.

Then Weber (Nucl Instr Methods 25_ p 261 (1964) ) proposed an 

em pir ica l form ula o f  the type

r = Pw (1 -  Q / l  + Rw) ......... 4.3.5(a)

where P, Q, R are em pir ica l constants:

i P = 5.37 x 10“4 g c m “  ̂ keV

| Q = 0.9815

R = 3.1230 x  10*3 k eV ' 1

and Rao (Nucl Instr Methods 44 p 155 (1966) ) proposed

rj = (1 + exp (-gh)) /  Q  + exp (g (tyr -  h) ......... 4.3.5(b)

where g, h are em pir ica l relationships:

g = 9.2 Z ~ 0 ' Z  + 16 Z "2,2

h = 0.63 (Z / A ) + 0.27.

Kobetich and Katz (Phys R ev  170 p 391 (1968) ) used these equations 

to calculate the energy deposition /  depth relation by writing the 

residual energy W(r, t) o f  an e lectron  o f  practica l range r after 

travelling through a thickness t o f  a bsorber  as

W (r, t) = w(r -  t) ......... 4.3.5(c)

then the energy transmitted through t is rj W and the energy deposited
. o

at depth t by a beam  containing one e le c t ro n /cm  is:

E = d(r|W) /  dt ......... 4.3.5(d)

B ackscatter is ignored in this treatment by assuming the energy 

scattered from  t into t-St to be com pensated by that from  t + St.
r ■

Kobetich and Katz demonstrated that for  elemental absorbers  over 

the range 300 eV to 20 MeV their em pir ica l calculations com pared  

favourably with experiment and with Spencer 's  (Phys R ev 98̂  p 1596 

(1955) ) c la ss ic  ab initio calculations. Consequently their approach 

was used here, with Z = 23 and A = 52, to calculate the energy/depth 

distribution for  electrons in NaBr.

Equation 4.3.5(a) was used to calculate the W eber ranges shown in 

Fig 4.3.(viii)and by combining this with equation 4.3.5(b), and
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approximating to the differential fo rm  o f  d£V|W)/dt via a 10-step  

interpolation o f  each W eber range, the curves o f  F ig  4.3.(ix) were 

generated.

The im plic it  lack o f  co rre c t io n  for  surface backscatter, and the 

"sam plin g” e r r o r s ,  can be ignored in com parison  with the salient 

features displayed even by the crude calculation employed here.

It is noticeable that the energy/unit depth is virtually constant for  

a considerable  portion o f  the range^ that there is a pronounced 

"ionisation  peak" just b e fore  the practica l range lim it, and that for  

m ost o f  its range the specific  energy loss  from  the 200 keV beam  is 

greater than that for  the 400 keV beam  and the 200 keV ionisation peak 

is higher. The effect o f  this d ifference  will be seen to account for  

variations in the equilibrium between F and a centres  at high doses  

(6.2.5), and (4.4.4) co loration  range maxima.

We note that the shape o f  curve  4 .3 .(viii) is indicative of the 

inapplicability o f  low -en erg y  (eg Shulman and Gel) penetration 

ch aracter istics  to high energy e lectrons : at energies below  100 keV 

the curve tends to a h ig h er -ord er  dependence on V.

4.4.1 Background con s ideration s  regarding d irection  dependence 
o f  co loration  depth in NaCl

The e ffect o f  variation o f  angle o f  incidence on co lou r penetration and 

F band density has been investigated p iecem eal by a number o f  workers 

including Shulman and Gel (op c it ) and Ritz (Phys B.ev 142 p 505 (1966) ). 

The latter author found the F  centre production rate " le s s  than 20%" 

dependent on the orientation o f  the incident beam  with respect  to a 

number o f  soft aljcali halides whereas the fo rm er  authors, using 15 keV 

e lectron s, found a significant departure from  a " c o s 0f' co lour penetration 

dependence on angle o f  beam  incidence for  both NaF and NaCl.

Attention was aroused by the d iscov ery  o f  the lenticular edge o f  the 

co loration  in KI (Fig 4 .4 .(i) ) which showed a m ore  pronounced anisotropy 

o f  distribution than NaCl (Fig 4.2.(i) ). However further investigation 

showed this to be a spurious e ffect o f  bleaching as mentioned in-4 .2.2.

Choudury, Chaudri and Goswam i (Phys R ev  186 p 885 (1969) ) irradiated 

a cy lindrically  ground rotating NaCl crysta l and m easured the optical
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density /angle o f  incidence profile  be fore  and after grinding away 

the surface layers of the crysta l. They found optical density maxima 

in the <^00^and <^10/* d irections, with D ^  ^qVj. D ^ qq\, after a

very  large (Stage II) dose o f  25 keV electrons at RT. The colour 

penetration depths were also m axim al in the low -index directions, 

with P<Q.0(X>’ v*ew the known susceptibility of
co loration  to im purities it was decided that the experimental data 

here should re fer  to d ry -c lea ved  samples only.

NaBr was held to be an unsuitable m aterial for  investigation owing 

to the thermal instability o f  the NT co loration  and the difficulty of 

m easuring penetration in a single specim en with any degree of 

precis ion . Further, the long irradiation  time and preparation delays 

would have spread the experim ent out over a considerable period 

whereas the necessity  for  preparing all the photographs under identical 

conditions militated in favour o f  using the m icroscop e  for a- continuous 

sess ion  without altering its param eters. Consequently it was decided 

to investigate N a C l. ,

4.4.2 Experim ental results : polar penetration plot

Samples F 8, F9, F10 o f  Harshaw NaCl were cleaved and greased onto 

the tail o f  the large cryostat in contact with a therm ocouple. Despite 

the absence o f  a specim en clam p the surface temperatures achieved 

were low er than 85K with liquid nitrogen coolant. Without the sample 

clam p it was possible  to alter the angle o f  incidence o f  the e lectron  

beam  by rotating the cryostat inner tube.

Since F band growth per unit time had been shown proportional to 

beam  intensity for <10 Coincide nee (Chapter 3) it was decided to give 

each specim en a dose ¡ \^ sec 9 where 9 is the angle ^  <^ncident

bearn^. Beam  energy was held at 400 keV and current at 0.8 +_ 0.03 ¡pA. 

Then in the absence o f  any orientation dependence the penetration 

character istics  should have been identical for all samples. A fter 

irradiation each specim en was sectioned as c lose  as possible to the 

point o f  intersection  with the beam  axis and photographed in the Ultraphot 

m icroscop e , using plates from  a single batch, developed together, with 

identical exposure conditions and section thickness 1 mm +_ 0.1 mm
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(The effect o f  specim en thickness was dealt with in 4.3.2). Two 

sets o f  plates were prepared, one with half the exposure of the 

other. The plates were scanned by the m icrodensitom eter and the 

ranges Pio> P25’ P 50 which the plate transm ission  had fallen to 

10, 25 and 50% of its maximum respectively , were determined.

Three specim en orientations with 9 = 0, 22-^°, 45°, were examined.

The polar plots of ^  sec 9 vs 9 are shown in Fig 4 .4 .(i).

The standard e r r o r  of each value of ® from  the m icrodensitom eter
f  e P

trace  is le ss  than +_ 2 ¿im so the shape o f  the mean curve is significant. 

The significance is heightened by the s im ilarit ies  between the curves 

and also with an earlier , though less  p rec ise ,  determination. The 

polar plot o f  the "half exposed '" plates at the 25% level was 

indistinguishable from  that shown here.

4.4.3 D iscuss ion  of penetration /  angle o f  incidence experiments

Ehrenberg and Franks (P roc  Phys Soc 6_6 p 1057 (1953) ) showed that 

the distribution o f  lum inescence excited by e lectrons inan irradiated 

solid  con form ed  to a hem ispherica l region surrounding the point of 

incidence o f  the narrow  beam. A s the beam  energy increased  so the 

luminescent region tended to becom e columnar. Extension of this 

work (Ehrenberg and King; P roc  Phys Soc 87_ p 751 (1963) ) to 80 keV 

showed sim ilar effects with the "ionisation peak" (4.3.5) visible as a 

luminescent intensity peak. Although the authors treated the effects 

as iso trop ica lly  distributed about a point whose depth into the crysta l 

increased  with energy the energy distributions c f  Fig 4.3.(vii) for  NaBr 

at higher energies are m ore  in keeping with a columnar-distrib\ition 

approach to radiation effects at these energies.

Shulman and Gel (op cit) d ism issed  their observed  orientation dependence 

o f  penetration by noting that at grazing incidence there was still some 

co loration  penetration. The diam eter o f  the "colum n of damage" 

surrounding the projected  incident flight path of a narrow electron  

beam  is therefore  finite and observable even at <(15 keV beam energy, 

and the non-linear penetration ^ o s 0 relationship ar ises  from  this width.

However if  the effective coloration  range o f the electrons were isotrop ic  

with respect  to angle o f  incidence (regard less  o f its relation to the

- 4 / 1 3  -



"p ra ctica l  range") and in consequence the dimensions o f  the damage 

colum n associated  with each electron, were constant regard less  o f  the 

angle o f  incidence, then turning points in ®p must be such that the 

norm al penetration o f  co loration  m easured along slOO/” due to 

norm ally -incident e lectrons must be a minimum if  the column 

diam eter is finite. In the present case , however, the penetration 

fo r  9 = 0 was not a minimum and must, by sym m etry, have been a

m axim um  (unless loca l maxima occu rred  in the region 0 <(9 <̂ tt/ 8).
(  e

The aspect ratio o f  the effective damage column was next investigated. 

Photograph 4 .4 .(iii) shows a NaCl crysta l irradiated through a V i b "  

dia hole in a.lead sheet, wdth collim ated  400 keV e lectrons. The 

central co loured  section  is depicted in the photom icrograph 4.4.(iv) 

and it can be seen that the co loration  has spread as far in the plane 

o f  the lead sheet as it has perpendicular to the sheet, indicating that 

the "co lum n" o f  damage re fe rred  to above has a width com m ensurate 

with the effective co loration  range. We would not, therefore , expect 

there to be a minimum p between 6 = 0 and 6 = n /4 unless the angular 

distribution of p has other than a sim ple " co s  0" type dependence. 

H owever 4 .4 .(i) is interpreted there is a pronounced minimum in the 

co loration  range in the region 0 <̂0 T̂T/4 and it therefore  seem s that 

the effective path length o f  the e lectrons depends to som e extent on 

the angle o f incidence o f  the prim ary  beam , with the < l 0§> and 1 0̂ > 

d irections giving increased  co loration  range com pared with intermediate 

ones. It may be argued that ^  Op is  not a significant result 

since the distribution o f damage around the incident flight path has 

not been adequately d escribed , but the existence o f  a minimum p 

fo r  0 in the region of Tf/g is a significant experimental result.

4 .4 .4  Theoretica l considerations : extension to NaBr

M ost o f  the energy o f  an incident e lectron  will be scattered out of 

the initial line o f flight b y .p ro ce sse s  such as secondary em ission  and 

ionisation, which tend to dissipate the incident kinetic energy m ore  

o r  less  isotrop ica lly . Consequently any anisotropy shown in an effect 

dependent upon the incident beam  transferring  energy to the m atrix  

must either indicate a v ery  strong pre ference  on the part o f  the 

m atrix  for  damage to be caused by electrons travelling in a specific
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direction , o r  must be indicative o f reduced energy d ispers ion  for 

e lectrons travelling in initially p re ferred  d irections, leading to 

greater effective ranges.

In the case  o f  NaCl it appears that at least ^110^ and possib ly  <00(5  ̂

incidence leads to enhanced effective penetration of e lectrons. Now 

in <JOCf> there are potential saddles in the NaCl lattice at (jf,^, 0) 

and preferentia l e lectron  channelling in this d irection  has been reported 

by Nip, Hollis and K elly  (Phys Let 28A p 324 (1968) ). . An e lectron  

travelling in the d irection  (^, -£) is intuitively relatively  free  from  the 

probability o f  interaction with a m atrix e lectron  and in consequence 

its energy loss  /  unit range will be sm all and its e ffective coloration  

range large. In <(lic£> however there are no such saddles but it is in 

this d irection  that momentum is m ost easily  propagated and focused 

along the closepacked C l ” ion row s. Since F centre creation  demands 

the rem oval o f  an anion from  a lattice site it is intuitively conceivable 

that the injection o f  momentum in will give the optimum yield of

F centres at any finite radius from  the prim ary  event.

In essen ce  this is the argument propounded by Choudury et al. (op cit) 

but extended to a higher incident beam  energy where, since p 

p <3.o(£> » we assum e the m om entum -transfer function to be m ore

important than the electron-channelling range enhancement. We have 

seen (4.3.(ix)) that the energy loss  to m atrix electrons is iri any case 

sm aller  for h igh-energy  incident electrons and the channelling effect 

will thus be relatively less  important to the range o f  400 keV electrons 

than to that o f  a 25 keV beam , com pared  with the m om entum -transport 

enhancement.,
►  r

Although no experiments were conducted here on NaBr, as explained 

in 4.4.1 we could expect, on the basis  o f  the above argument, to see 

a greater orientation dependence since the n ea r -c r it ica l  radius ratio 

o f  NaBr im plies that the anions are e ffective ly  in hard -sphere  contact 

in <(ll(J)> . A s explained ea r lie r , a sam pled-data experiment would be 

very  difficult to conduct but a m odification o f  the d irect  observation  

methods used by Ehrenberg and co -w o r k e rs ,  and Shulman and Gel, 

could be set up. A C C TY  system  could be employed to m easure
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penetration o f  both, lum inescence and coloration  with a m icro sco p e  

set up on an axis orthogonal to the e lectron  beam  and a redesigned 

cryostat allowing the specim en to be rotated with the m icroscop e  

axis paralle l to the irradiated  face.

4.5.1 Surface damage : techniques and results for NaCl

Within the program m e o f  m icro sco p e  studies outlined in the previous 

sections it was a sim ple matter to investigate the surface damage 

caused by irradiation, both transm ission  and reflection  m odes being 

available without m ajor  resetting o f the m icro sco p e .  A s be fore ,

NaCl was investigated as a prelim inary  experiment.

F ig  4.5.(i) shows the appearance of a sample of NaCl viewed in 

transm ission  after irradiation  with 300 keV electrons at NT. In 

re flect ion -m od e  (4.5.(ii)) it can be seen that there is an increased  

granularity in the irradiated zone although the apparent in crease  in 

la rg e -s ca le  surface features is poss ib ly  due to the enhanced contrast 

in the region backed by the absorbing layer. On increasing the 

m agnification further the reflection  photograph 4 .5 .(iii) was obtained 

in the co loured  region. Two flat c ir cu la r  plateaus on the right, and 

the " c ir cu la r ity "  o f  a number o f  other features, were characteristic  

o f  the appearance o f  the irra.diated zone. S im ilarly  the planar regions 

between the m ajor features display a granularity which was absent 

from  the unirradiated area. The apparent broadening o f  longitudinal 

cra ck s  in the co loured  region was seen to be due to the appearance of 

severe  pitting in the region  near the crack .

A rem arkable aspect o f  the c ir cu la r  plateaus is that the narrow  rills  

in the surface are continuo\is a cross  the edges o f  the plateaus. The 

edges r ise  sm oothly from  the plan o f the surface and turn smoothly into 

the tabular plane without overshoot. A part from  these.features the 

edges o f other surface irregu larit ies  appeared to be "rounded" by 

irradiation.

4 .5.2 R evised  method o f  study : NaBr

The irradiated and unirradiated faces o f  the sections cleaved fo r  penetration 

depth m easurem ents gave a m ore  representative picture o f  the effect o f  

irradiation  on surface damage in the case  o f  the hygroscop ic  NaBr, since
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both surfaces were then subject to the same atm ospheric contamination 

(the unirradiated portion o f  the NaCl crysta l described  in 4.5.1 had 

been partially  covered  by the heatsink during irradiation) and backed 

by  s im ilar  absorbing m aterial. Use o f  the thin grease fi lm  (see 

2.5.4) kept atm ospheric m oisture from  the surface during examination 

but did not obscure  fine detail.

F igs  4.5.(iv) and (v) show resp ective ly  the irradiated and unirradiated

faces  o f  an NaBr specim en (200 ke.V, NT), and the appearance of 
r «

m ateria l irradiated with 400 keV electrons was generally  sim ilar. The 

irradiated faces appear granularly reticulated com pared with the others, 

s im ilar  in appearance to m aterial exposed to ambient air. On exposure 

to ambient air the irradiated areas appeared to deliquesce  m ost rapidly.

Irradiation with 100 keV e lectron s, although producing measurable 

F  centre concentrations in the same way as at other beam  energies , 

produced no visible  surface damage, as evidenced by F igs  4.5.(vi) and 

(vii) (irradiated and unirradiated faces respectively ). The "softening" 

e ffect on surface contours is not as noted for NaCl but is due to depth- 

o f - f ie ld  restr ic tion  leading to m is -fo cu s in g  o f  m ost o f  the area in an 

attempt to focus the few distinct features on the surface. Over the 

whole o f  the irradiated zone the concentration o f  distinct features was 

the same as for  the unirradiated face.

It must therefore  be concluded that the nature o f  the surface damage 

produced in NaBr at NT depends on the energy o f  the bombarding 

e lectrons to the extent that a large dose (12 mC in this case) o f  100 keV 

e lectrons produces less  m a croscop ic  breakup o f  the surface than a 

sm all dose, (generally  around 4 mC) o f  200 or  400 keV p artic les , and 

has less  effect on surface deliquescence.

4.5.3 D iscuss ion  o f results in the light o f  published work

Townsend and K elly  (Phys Let 26A p 138 (1966) ) showed that surface 

sputtering (as distinct from  evaporation) was caused by the incidence . 

o f  low energy electrons on KI, and Townsend and Elliott (Phys Let 28A 

p 587 (1969) ) demonstrated the same effect with UV radiation, producing 

a surface very  s im ilar  to 4.5.(iv).
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Obviously, from  Fig 4 .3 .(v ii), 100 keV electrons would have contributed 

m ore  to surface evaporation than those of higher energy, so the 

observations o f  4.5.2 must be taken as indicating a threshold incident 

energy  for  superfic ial pitting. The following UHV work is illustrative.

The existence o f a surface potential to be overcom e before  sputtering 

com m en ces , was shown by Townsend and Kelly (Phys Let 25A p 673 (1967).) 

who found this potential to be dependent on beam  energy and current, and 

sample temperature. e

The present results m a yth erefore  be explained in term s of an energy -

dependent surface potential tending to suppress surface sputtering and

competing with increasing  momentum transfer as the beam  energy

is raised. Townsend and K elly  found the mean effective surface potential
2

o f  Na Cl to be approxim ately dependent on E 3 where E was the incident 

e lectron  energy : for a relativ istic  e lectron  the maximum collis ion  

transfer o f  energy to an ion in crea ses  approxim ately as E “ , giving the 

c o r r e c t  condition for a threshold sputtering energy.

The apparent enhancement o f  deliquescence by irradiation may be 

explained by the observation  o f Palm berg  and Rhodin (J Phys Chcm Scl.

29 P 1917 (1968) ) that the f irs t  species  sputtered from  e lectron - 

irradiated alkali halides in UHV is the halide ion, with the alkali metal being 

rem oved  later by a highly tem perature-sensitive  evaporation process .

In the case  o f extended irradiation o f  NaBr at NT we may expect to 

b u ild ’ up a sto ich iom etric  ex cess  o f  Na+ near the surface. In the 

p resence  o f  the high incident and secondary  electron  flux this may give 

r ise  to a region e ffectively  doped with Na° neutral atoms which will 

react v igorously  with atm ospheric m oisture. The heat o f  reaction cmd 

subsequent solvation o f  NaOH will further enhance the surface degradation.

Thus the observed  surface effects in NaBr are consistent with the 

transfer o f  momentum from  the incident beam  to B r ions in the matrix, 

which have a threshold energy requirement for  motion.

No adequate explanation can be given for  the c ircu lar  plateaus o:

F ig  4 .5 .( i i i ) . They do not appear to have been caused by evaporation 

o f  surface m oisture, nor do they have the crystallographic orientation
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o f  surface features noted by Hibi and Ishikawa ( j  Phys Soc Japan _1_3 

p 709 (1958) ). In fact their properties m ore  c lose ly  resem ble  

epitaxial growth or  nucleation o f  or  at im purities, although their 

concentration militates against this.

C C

I
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CHAPTER 5.

CATHODOLUMINESCENCE OF NaBr and Nal

5.1.1. The Importance of Cathodolum inescence as an Analytical Tool.

Whilst an alkali halide is being bom barded with electrons it 

emits photons with energies in the visible  or  UV region. This 

phenomenon is known as cathodolum inescence and is d irectly  

attributable to the bombarding electrons since the decay of luminous 

intensity after irradiation is very  rapid. Spectral analysis shows 

the radiation to consist o f distinct bands (com pared with the 

continuous Cerenkov spectrum ) which may extend into the UV region.

Several authors have noted cathodolum inescence in alkali halides 

and a good sum m ary is given in Hughes et al (A. E. R. E. R. 5604) 

o f  the bands seen during irradiation of all the alkali halides at 4K. 

There is general agreement on the existence and wavelength of 

bands generated at this tem perature.

The im portance of lum inescence studies in a survey o f  radiation 

damage springs from  the fact that luminescent radiation is the only 

inform ation available during the damage p r o c e s s . Even though it 

is possib le  (3.1.1) to m easure colour centre concentrations during 

irradiation, each centre is essentially  the end-product o f  the dam age- 

producing event whereas lum inescence is concerned  with a dynamic 

p rocess  active only during irradiation.

It is ,  therefore , only from  a study of lum inescence that we can hope 

to e lic it  d irect evidence of the m echanism  by which electrons interact 

with alkali halides. Further, by correlating changes in the 

luminescent spectrum  with dose it may be possib le  to identify the 

causes o f the m ulti-stage appearance of the F band growth curve 

and other damage effects  (e .g .  7 . 4 . 4 . )

A potential application should serve to emphasize the im portance of 

cathodolum inescence studies. As mentioned earlier  (1 .3 .2 . )  one 

o f  the broad aims of the present program m e of work was to
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investigate the application o f radiolytic defects as information

storage elem ents. The theoretical maximum packing density

of information then depends on the minimum defect separation obtainable

Optical readout, however, is lim ited to a resolution

of~5000 Â. If it were found possib le  to excite cathodoluminescence

only in the absence o f  a damage centre then a scanning electron

probe could be used to excite lum inescence which can be detected

by m ore  conventional optical means despite the fine resolution

of the scanning beam ('vlO Â diam eter being routinely achievable).

Postulating a photodetector with a 5 -  photon response over, say,

95% o f  a spherical distribution it should be possib le  to read

inform ation to 20 Â  diam eter from  a specim en saturated with a

defect concentration o f  10“ , provided only p rim ary  e lectrons excite 
lum inescence.
5 .1 .2 .  Experimental D eta ils . .

As explained in 2. 3. 5. it was a simple matter to m odify the 

spectrophotom eter to produce lum inescence spectra and 

specim ens w ere  m ere ly  greased  to the cryostat tail without a 

clamp and irradiated with the (100) face at 45° to both the incident 

beam  and the spectrophotom eter path.

Ideally the lowest possib le .irradiating  beam  current should be 

employed in lum inescence experiments to avoid undue in terference 

from  absorption by the colour centres resulting from  irradiation.

Since the a cce lera tor  beam  stability was suspect at current 

settingsbelow l p . A  the c ircu it of F igure 5. l(ii) was set up to divide 

the luminescent intensity by the beam  current and reduce the 

apparent fluctuation due to current instability. However in the 

case o f  NaBr the resistance to coloration  was fo r  once turned to 

advantage, as was the deliberate ineffic iency o f  the scattering fo ils  

and collimators employed, and a current o f  0. 05 ytiA at the specim en, 

derived  from  a lO îA beam , was slow to colour the sample and stable 

enough for  the lum inescence to be smoothed by the Is time constant 

of the detector am plifier.
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Peak wavelengths are quoted without co rrect ion  for  the response 

o f  the photomultiplier, but those reported  elsew here agree 

reasonably well with the. scale  readings found here. Wavelength 

m easurem ents w ere made by sim ply scanning the m onochrom ator 

drive and observing the scale on the CCTV link.

5 .2 .1 .  Initial Results: Harshaw NaBr, NT.

An "as found" sample o f  Harshaw NaBr was irradiated, at NT, 

with 100, 200, 300fand 400 keV e lectron s . A  broad  visible  

lum inescence band was observed , with peak wavelength moving 

fro m  440 nm to 460 nm as the e lectron  energy was ra ised . At 

400 keV incident energy the wavelength scan was extended to 190 nm 

and further band peaks w ere found at 360 and 273 nm. The 

intensity ratio (uncorrected) was 20 (273): 0. 5(360) : 1 (460).

A  fre sh ly -c lea v ed  sample of NaBr, and a narrow er m onochrom ator 

bandwidth, showed the long-wavelength band to be reso lved  into 

two parts peaking at 390 nm and 485 nm. Using a PbS detector 

the scan was extended to 2. 5 ^im but no further bands w ere found.

A ll the bands were found to be generated by 50keV irradiation, but 

current instability precluded analysis o f the peak heights in this case .

5. 2. 2. Detailed Experim ents at NT: Harshaw NaBr.

M easurem ents with specim en G53, prepared in the usual clean, 

dry conditions, confirm ed that all the bands w ere characteristic  

o f  the Harshaw m aterial and not due to airborne im purities or 

contamination from  other m aterial in the d es icca tor . The 

sample was cooled  to NT and with an excitation flux of 0. 05 yuA at 

400 keV emitted the luminescent bands shown as Curve A  in 

F igure 5. 2. (ii). The current was increased  to 0. 8 ¿iA, with 
the specim en re -or ien ted  norm al to the beam  and a dose of 357 5 ¿iC was

N.

absorbed. The lum inescence spectrum  was re-exam ined  and the 

longer wavelength bands w ere  considerablysuppressed  (Curve B) 

whereas the 273 nm band was virtually unaffected. The 85% reduction 

o f  intensity was considerably  greater than could be accounted for  

by an optical density com m ensurate with those found in the coloration  

experiments (Chapter 3) at this dose which predict a m aximum of
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^20% absorption at 525 nm and even less at 450 nm.

A fter 50 min. in the dark at NT the sample yielded the 

lum inescence curve C in the visib le-near UV region, showing 

partial regeneration o f  the longer wavelength bands com pared 

with that at 390 nm. A short re -irrad ia t ion  transform ed this 

behaviour to curve D, suppressing the longwave bands. The 

273 nm band was substantially the same as fo r  A and B. After 

a further 45 min wait a v ery  sm all 360 nm band was found but no 

detail appeared at longer wavelengths. Using 0 . 8 /iA  exciting flux, 

which also  heated the sample, curves El and E2 were obtained: 

as the irradiation proceeded  so the long-wave em ission  increased  

at the expense o f  the shorter wavelengths.

Finally  the beam  was changed to 1. 2 ^aA at 200 keV and produced 

spectrum  F in which the longer wavelengths w ere depressed  

com pared  with the 360 nm band..

On those occasion s  fo r  which no .273 nm band is shown it was 

deliberately  suppressed with a filter  to reduce the possib ility  of 

stray-light interference  with the fainter v isib le  bands.

This f ilter  did not affect the 390 nm band m easurably. . 1

5, 2. 3. Conclusions from  Cathodoluminescence Experim ents at N T.

(1) The only cathodoluminescent bands generated in Harshaw 

NaBr at NT between 195 and 2500 nm are

(a) a strong band peaking at 273 nm.

(b) a band peaking at 360 nm.

(c) a band peaking at 390 nm.

(d) a band peaking at 485 nm, not well reso lved  from  (c)

(2) (b) d ecrea ses  slightly on irradiation in Stage 1 (stages of 

irradiation defined fro m  coloration  curve: see Chapter 3)

(c) and (d) are com pletely  rem oved  by irradiation in stage 1.

(3) (c) and (d) are regenerated on standing in the dark at NT 

provided stage II has not been reached.

(4) (b) is not significantly regenerated in the dark at NT at any 

stage of co loration . •
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( 5) (c) and (d) are regenerated on heating, and increasing the 

beam  energy enhances (d).

(6) None o f  the bands can be associated  with "a tm osp h eric "  

im purities (except perhaps nitrogen).

(7) Although not reported  above, the ratio of intensities o f  (a) 

to (b), (c), and (d) is greater the higher the energy of the

| incident e lectrons.. This may be due to the converse  of

1 (5), namely that the low energy e lectron s heat the specim en
C c

m ore  discontinuously and to a greater  extent in the region  where 

they can also  excite cathodolum inescence.

It is  thus c lear  that the long-wavelength bands are to be associated  

with exhaustible p r o ce s s e s  which occu r  m ore  readily  at higher 

tem peratures or in the easy stage o f  F centre form ation, and m ay 

be reactivated on standing.

5 ,2 .4 .  Cathodolum inescence of NaBr I r ra diated at R T .

The next step in the experim ents was to examine the lum inescence  

o f  an R T -irra d ia ted  specim en. Sample G 57 was cleaved in 

ambient air and irradiated at 1. 6 p . A  beam  current, 200 keV. The 

spectrum  (5. 2. (iii) A) of the cathodolum inescence showed a 

considerable  reduction in the UV band at 273 nm, and an apparent 

shift of this band to a broad  peak centred at 290 m m. Faint 

shoulders w ere  found at 360 and 380 nm on a band which peaked at 

450 nm. A fter receiving  a dose of 2420 âC the "450" peak was 

observed  to have decrea sed  t o ,v60% of its orig inal intensity, and 

the "290" peak had d ecrea sed  to less  than 50% of its orig inal 

intensity. .. The beam  energy was d ecrea sed  to 100 keY and spectrum
t -

B was obtained. This shows a d ecrea se  in the relative strength 

o f the 380 nm shoulder, which was regenerated by stepping up .the 

beam  energy to 400 keV (C) despite the continuing drop in overa ll 

lum inescent intensity. Increasing the beam  current by 100% at 

this stage produced spectrum  D, with virtually the same shape as C 

at the long wavelength end but an apparently exaggerated 290 nm 

peak: whereas the ratio of intensities j s at 290 nm

the ratio is  nearer 4 :1 .Reducing the beam  energy to 200 kV produced 

spectrum  E which shows a low er intensity at the shorter wavelengths.
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5 .2 .5 .  Summary: The Effect o f  Tem perature on NaBr 
C athodolum inescence.

In view of the foregoing sections it is apparent that the luminescent 

bands must be associated  with the conditions o f  the experiment thus:

(1) The longer wavelength bands are certainly characteristic  

of the high-tem perature p r o ce s s e s .

(2) Although not apparently at NT, the "360" and "390" bands

have a projectile -energy-dependent intensity at RT.
V  c  .

(3) The "273"band exhibits a reduction in intensity with increasing 

dose, at R T : this behaviour has not been noted at NT.

(4) The three longer wavelength bands exhibit a reduction in 

intensity during irradiation : at NT they e ffectively  decrease  

to zero  after Stage 1 irradiation  has been achieved; at RT 

the d ecrea se  is continuous and m ore  gradual than that of the 

"273" band. This d ecrea se  is not com m ensurate with 

increasing colour centre absorption.

(5) Since the wavelength p eriod ic ity  o f  the lum inescent bands is 

s im ilar at RT and NT, it has been assum ed that the bands 

observed  at RT correspon d  to those found at NT, with a 

tem perature-induced wavelength shift increasing the wavelength 

o f the "273" band and decreasing those of the others.

5 .3 .1 .  Cathodoluminescence of N a l: Com parison with NaBr.

One sample o f  Nal was examined in ord er  to obtain its cathodo

lum inescence spectrum . Excitation with 0. 3^uA 400 keV electrons 

at R T  produced spectrum  5. 3. (i) A,with peaks at 313 nm, 387 nm,

483 nm and intensity ratios 2:1:1 respectively . No other bands w ere 

detectable within the spectrophotom eter range.

The specim en was then cooled  to NT and re -irrad ia ted . Lum inescence 

was detected as 5. 3. (i) B, with peaks at 443 nm and 299 nm (ratio 1:20) 

and a shoulder at 384 nm. A peak detected at 340 nm when the NT 

spectrum  was scanned with a 380 - 500 nm passband filter  in the 

optical path(to cut out stray light from  the 299 nm band) was assigned 

to an interaction of the filter passband tail with the tail of the 299 nm 

lum inescence, and it is not recorded  here.
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The heights ratio o f the "443" and "438" RT bands was 4:1, giving 

an 80:1 ratio for  the NT "299" : RT "438", without co rre c t ion  for  

photomultiplier response and sample absorption. Consequently 

the sca les for  the two curves in Figure 5. 3. (i) are not identical.

There is an obvious com parison  between the behaviour of Nal and

that of the NaBr reported ea r lie r . The overa ll luminescent intensity
\ •

iiT temperature dependent and concentrated in a narrow region of 

the b lue-near u. v. portion o f  the spectrum . The short-wave band 

appears to.be a single band with a highly temperature-dependent 

intensity though the temperature coefficient of wavelength is of 

different sign for  the two compounds. L ikewise the temperature 

coefficients of the wavelength of the longer-w ave lum inescences 

are of opposite sign for  the two compounds, and are of opposite 

sign, in each case, to that of the short-wave lum inescence, as 

shown in Table 5 .3 .1 .

The exception to the general rule here is the "387" (NT) band in 

Nal. Since the observed  band in this region appears only as a 

shoulder at RT in the present measurement its temperature 

dependence will not be featured in the subsequent d iscussion .

5 .4 .1 . Com parison with Other Authors ' Results. Theory of 
Intrinsic Cathodolum inescence.

M easurem ents of X -r a y  excited lum inescence at 4°K  have been 

published by Hughes et al (AERE -R5604 (1967) ) who obtained 

peaks at 269 nm (NaBr) and 293 nm (Nal) with relative intensities 

o f  1:3. Although the equipment used here cannot be said to provide 

d irect corre la tion  between sam ples, owing to the current dependence 

o f  the lum inescence and the unknown sensitivity characteristic  of 

the photomultiplier, the relative intensity ratio at NT for  the 

short-wave bands was broadly sim ilar, and the band peak wavelengths 

show a reasonable corre la tion  with the present observations. The 

work of Hughes et al_ makes no mention of any longer-wavelength 

bands and in view of the temperature dependence of their intensities 

observed  here it is doubtful whether they would have been detectable 

at 4K using standard equipment.
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Kabler and Patterson (Phys Rev Let 19 p 652 (1967)) have analysed 

the data (Table 5 .4 .1 . )  fo r  lum inescence of most of the alkali 

halides and have explained the shortest-wavelength lines observed  

here in term s of a forbidden transition of a centre + e lectron  

(se lf-trapped  exciton) system . They consider the ground state of this 

system  to have the e lectron ic  configuration ( CTg*np)^ ( ^u. np)^

(trg.np)^ ( Ou,np)^, which is an unstable *Xg* state, relaxing

spontaneously into two separate anions. The lowest excited states
r c

are then .................( cru,np)l( Og ( n + l)s)l which is either 'Xu* or

^Xu* and is in both ca ses  bonding. There is an obvious transition 

'’Xu* hut the transition 3Xu*-*»*Xg* is forbidden by the

m ultiplicity change involved. Consequently the authors invoke a 

mixing from  the 'flu state (og,np)2 (TTu .np)3 (TTg,np)4 (CTg.np)^

(Pg(n + 1) s.)  ̂ and sim ilar states. The resultant transition then can 

be shown to have the observed  polarisation reported  b y  M urray and 

K eller  (Phys. Rev 153 p 993 (l967))for Na I and by Kabler and Patterson 

for  NaBr. The longer wavelength bands are associated  by Van Sciver 

(Phys Rev 120 p 1193 (I960)) with T1 im purity lum inescence in Nal,

(425 nm at NT) and with excess  I" (375 nm at NT) although there does 

not appear to be a reliable account of the origin  of the longer- 

wavelengths bands in NaBr.

5 .4 ,2 .  Implications o f Theory and Notes for  D iscussion .

We note for  later d iscussion  that there is no report in the published 

literature of the lum inescence of the "a llow ed" transition in NaBr, 

and no higher energy lum inescence than 270 nm was observed  in the 

present experim ents. We also  note that the observed  lifetim e of the 

excited statfe for  the forbidden transition, as reported  by Kabler 

and Patterson, corresponds m ore  c lose ly  to the lifetim es for  the 

allowed transition in all the other alkali halides, being several 

ord ers  of magnitude less  than for  the forbidden transition in, say,

NaCl. The authors suggest the d iscrepancy  can be assigned to the 

variation in halogen sp in -orb it  coupling, but the d iscrepancy  between 

the"forbidden l i fe t im es"  of KCland KBr is not com m ensurate with 

that found here . An alternative explanation is advanced in 7 .4 .
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In connection with the observations of Section 4 .4 .  we note that 

the intrinsic lum inescence intensity reported by Van Sciver had an 

orientation dependence on the polarisation of the incident exciting 

light, such that alignment of the E vector  along (110) directions 

enhanced the luminescent output.

It should be possib le , in principle , to investigate this latter effect,

and to obtain information concerning the polarisation  of the
C e

luminescent bands to confirm  the assignment of or ig ins. However 

it was felt that these experim ents would be beyond the scope of the 

present investigation. In view o f  V a n S c iv e r ’ s results (and others) 

confirm ing the sensitivity o f  cathodolum inescence to trace im purities 

it is worth considering the analytical table given in Chapter 3. It 

seem s highly probable that Fe or  Ca could be held responsible  for  

som e or all of the long-wave lum inescence observed  in the 

irradiation of NaBr, but there is no published precedent for  this 

assignment and, again, an investigation was felt to be beyond the 

lim its o f  the present project.
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CHAPTER 6.

OPTICA L SPECTROPHOTOM ETRY OF NON F-BANDS IN 
WaBr AND THE E FFEC T OF THERMAL AMD OPTICAL 

BLEACHING OF THE F BAND.

6.1.1. Introduction : P rev iou s ly  Published Studies of Non-F 
Bands in N aBr.

P r io r  to the present work there had been little published data 

concerning the absorption bands (other than the F band) produced 

by irradiation  of NaBr. A generally  com prehensive list com piled  

by K lick (Schulman and Compton: C olor Centres in Solids,

Pergam on (1963)) of all the well established absorptions due to 

tra .pped-carrier defects in alkali halides mentions only the F and a 

bands fo r  NaBr, and gives the peak wavelength of the a band as

199 nm (at 90K). This value fits well in the hom ologous ser ies  with
.a «a _ANaF = 131 nm, AfvjaQ = 174 nm. The a band has been 

unambiguously associated  with the perturbation of the fundamental 

absorption edge by vacancies in the halide submatrix, and is 

consequently usually found in m aterials irradiated  at low tem peratures , 

along with the F band.

Jacobs and Krishna Menon (Phys. Stat Sol 3J5 K 143 (1969)) published 

the results of a study of thé UV absorption at NT of NaBr samples 

X -irra d ia ted  at RT and additively coloured  by the Van D o o m  method. 

They positively  identified a band at 6. 31 eV (196 nm) as the p band, 

a perturbation of the fundamental absorption by F centres, and 

assigned an absorption peaking at 5. 76 eV (215 nm) to the a band.
They a lso  found a shoulder on the p band“correlated."with the p, 

designated p* and so far unexplained. The same authors have 

reported  (J Chem Phys 4_1 p 2920 (1968)) work on the K and M bands 

(arising respectively  from  higher excited states and aggregate pairs 

of F  centres) in NaBr X -irra d ia ted  at RT and cooled  to NT. They 

w ere unable to reso lve  the K band but found a small M band at 

1. 5 eV (825 nm).
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Since it had been shown possib le  to create appreciable concentrations 

of F centres at NT by e lectron  irradiation it was decided to use the 

present apparatus to investigate the non-F bands generated by 

the same irradiation and if  possib le  to corre la te  their stability 

with the susceptibility o f  the F band to optical and thermal bleaching. 

The V -s e r ie s  o f  bands (holes trapped at anion defects) had not been 

characterised  in NaBr p r io r  to this investigation since X -irrad iation

is hardly effective in creating damage centres in NaBr at NT and
r, e

V -ce n tre s  are unstable at RT.

6 .1 .2 . Experimental P roced u res .

P re lim in ary  feasib ility  studies w ere p erform ed  with the large 

cryostat (Section 2 .4 )  and Z e is s  single beam  spectrophotom eter 

in the a cce lera tor  enclosure . However the limitations im plicit  

in using a s ingle -beam  instrument fo r  scanning over a range of 

wavelengths necessitated  a departure fro m  the ideal cr iter ia  of 

2 .4 .1 .  and a sm all cryostat and ball valve (Figure 6.1. (i)) were 

em ployed to allow the irradiated crystal to be tran sferred  under 

vacuum and at NT to the sample chamber o f  a Perkin E lm er 

M odel 450 spectrophotom eter. This instrument cov ers  the range 

o f  wavelengths of interest here (185 -  750 nm) in two stages and by 

virtue of being a double-beam  device could be used to plot 

absorbance or transmittance curves d irectly , against a 

com pensated baseline.

The sm all cryostat was not fitted with a Faraday cup charge co lle c tor  

and in consequence the dose m easurem ents obtained could not be 

d irect ly  com pared  with those from  the main cryostat system .

However the inner tube and top flange assem bly  was e lectr ica lly  

insulated from  the outer case  by a P ersp ex  co llar  and the dose 

integrator was employed : it was found that doses ^10 mC w ere 

c lea r ly  insufficient to take the F centre coloration  beyond Stage 1, 

whereas dose^25 mC corresponded  to Stage II coloration. Owing 

to the restr ic ted  clearance in the sample cham ber there was not 

room  for  the final collimator and in consequence the m easured beam  

was spread over a greater area than in the larger  cryostat.

6/ 2.



The Z e is s  spectrophotom eter was used to provide the F ba.nd

bleaching light for  som e experiments, and for  others a SOW

p ro jector  bulb was run under controlled voltage conditions and the

light f iltered  through a Wratten tr ico lou r  green gelatine filter .

6. 2. 1. A bsorbance of Irradiated B. D, H. NaBr (400 keV, NT) 
and Effect of Optical Bleaching of F Band.

F igure 6. 2. (i) shows the absorbance spectra o f  a sample of NaBr

(G80) from  the B.fc>.H. boule, after 400 keV e lectron  irradiation

and optical bleaching of the F band. The baselines for  both, v isible

and UV spectra  were set horizontal be fore  irradiation, so that the

bands seen must all have arisen  from  the treatment applied to the

m aterial. The numbered curves correspon d  to :

(1) 8 mC dose.

(2) 8 mC dose follow ed by 3 hr bleaching in tr ico lou r  green 
light.

(3) 9 mC dose.

(4) 34 mC dose

(5) 34 mC dose follow ed by 3 hr bleaching in tr ico lou r  green  light

(6) 35 mC dose.

The behaviour of the absorption spectrum  shows that, in Stage 1, 

bleaching the F band (525 nm) enhances all the absorption bands 

with X^50 nm. There is no strong evidence of the form ation of a band 

with Xpeak = 215 nm on irradiation  but bleaching treatment does 

produce such a band. Any F '  shoulder (caused by F1' centres - 

two electrons trapped at a vacant anion site) is below  the limit 

of detection and any d ecrea se  in the p band due to bleaching of
t ,

F centres is masked by the growth of the band peaking at~200 nm. 

There is som e evidence of a band system  in the region between 215 

and 235 nm after bleaching the F band. A short re -irrad ia tion  

restores  the F band, reduces the heights of those bands between 

195 and 205 nm, and enhances all the intermediate bands: new 

structure becom es  apparent in the 250 nm and 475 nm regions.

Irradiation into Stage II still fails to reveal the 215 nm band 

reported  by Jacobs and Krishna Menon (o£ cid) but the p band
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is increased  along with the F band. Bleaching the F band 

again enhances all those bands withA<(250 nm but now a broad 

band centred on 275 nm appears, whereas in Stage X this 

region  was bleached with the F band. The fractional depletion 

o f  the F band was about 75% of that which was brought about by 

the same bleaching treatment in Stage I. F band bleaching 

again fails to produce an F 1 band, enhances the 200 nm band 

(but sharpens it^owing to the decreasing  overlapping p band ) 

and gives marginal evidence of an absorption structure in the 

205 - 220 nm region . Finally  re -irrad ia t ion  restores  the F 

band (though not as com pletely  as b e fore ) and the p band, 

produces som e structure between 230 nm and 474 nm, and reduces 

the 200 nm region whilst maintaining the p band.

The behaviour of the 200 nm band seem s to bear a d irectly  

proportional anticorrelation  to that o f  the F band and the absence 

of a 215 nm band throws som e doubt on the findings o f  Jacobs 

and Krishna Menon. In the light of the experiments just 

d escr ib ed  it seem s m ore  reasonable to suppose that the a band is 

as listed  by Klick (oj> cit)peaking ~199 nm. In view of the large 

osc i l la tor  strengths calculated for  the q band (e .g .  Delbecq 

Pringsheim , Yuster : J. Chem. Phys.. J.9 p 574 (1951) calculate 

va lu es 'g reater  than unity), it is eminently reasonable that the 

behaviour of the region  between 195 and 210 nm can be ascribed  to 

an a band peaking at about 200 nm.

6. 2. 2._Behaviour of B . D. H. NaBr Irradiated at 200 keV, NT.

F igure 6. 2. (ii) shows a set of absorbance curves obtained from  

NaBr after

(1) 8 mC dose.

(2) 16 mC dose.

(3) 16 mC dose follow ed by 3 hr bleaching in tr ico lou r 
green light.

Some of the apparent UV absorption must be ascribed  to a 

baseline malfunction in the spectrophotom eter but the salient 

features of the curves are s im ilar to those reported  for  400 keV 

irradiation.
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There is  again, no evidence for  a 215 nm band generated by 

irradiation  alone although the 215 nm region is " f i l led "  on bleaching 

the F band. The fractional enhancement of absorbance at"-200 nm 

corre la tes  with the fractional depletion of the F band on bleaching 

and the behaviour of the 240 - 310 nm region is s im ilar at high dose 

leve ls  to that described  fo r  400 keV irradiation.

Evidence from  this and other sam ples led to the conclusions that:

(a) the behaviouf in Stage 1 was com parable with that found

in 400 keV -irrad iated  m aterial but the fractional depletion 

o f  the F band (and 200 nm enhancement) for  a given 

bleaching treatment was not significantly dependent on dose.

(b) b r ie f  re - ir r a d ia t io n  after bleaching the F band (stage II) 

reduced the F band but s ca rce ly  affected the 200 nm band.

(c) protracted  re -irrad ia t ion  increased  the F band but decreased  

the 200 nm band initially, after which both bands increased  

towards a saturation level o f absorba,nce.

(b) and (c) are illustrated semiquantitatively in F igure 6. 2. ( i i i ).

(b) was not tested in Stage 1 as the F band absorbance was too sm all 

to produce a detectable effect. Both effects  will be d iscussed  later 

(6. 5. 2 and 6. 2. 5).

6. 2. 3. D iscussion  o f  F band optical bleaching results and UV 
absorbance m easurem ents .

Some of the evidence fo r  this d iscussion  is drawn, in fact, from  the 

experiments whose description  fo llow s: in later sections of this 

chapter it was found to be advantageous to m easure transmittance 

curves and a m ore  extensive set of data is available than for  

absorbance m easurem ents. However this is an appropriate juncture 

for  presenting som e observations on the optical bleaching o f  F centre 

in NaBr and its effect on other bands.

No evidence was found to suggest that the 215 nm band is a prim ary  

product of irradiation at NT. We cannot, therefore , expect that this 

is the a band. It appears that the 200 nm band has a saturation 

absorbance which can be approached by irradiation at NT. If, 

therefore , this is. the a band then it is quite possib le  that it was not



form ed  to any significant extent during the experiments reported

by Jacobs and Krishna Menon, s in ce  at the temperature of their

irradiation  (RT) any "unfilled" vacancies in excess  of the thermal

equilibrium  concentration could have annealed out or migrated to

c lu sters . The absence o f  the 215 nm band from  additively coloured 
2+m aterial or Ca -  doped irradiated  m aterial (Jacobs and 

Krishna Menon, o£  cit)then indicates that it may arise  from  a centre 

com plem entary to a bleached F centre.

The enhancement of the 240-310 nm region on bleaching stage II 

F centres seem s to indicate som e qualitative d ifference between the 

products of irradiation in Stage I and Stage II. The d ecrease  in this 

region seen in 6. 2. (i), curve 1 , can alm ost certainly be ascribed  to 

the bands riding on the tails o f  the longer-wavelength com plex whereas the 

enhancement in Stage II is unequivocal.

There appears to be a d ifference  in stability with respect  to optical 

bleaching between F centres generated by 400 keV and 200 keV 

electrons, to the extent that som e of those form ed  by 400 keV 

irradiation in Stage II are m ore  difficult to b leach than the stage I 

centres, whereas no such d ifference was found between 200 keV 

Stage I, 200keVStage II, and 400 keV Stage I.

6. 2 .4 .  "H om olog y "  Argument f o r R e -A lloca tion  of a Band.

Jacobs and Krishna Menon (op cit) quoted the results of Eby,

Teegarden and Dutton (Phys. Rev: 116 p 1099 (1959)) who showed that 

NaBr has exciton bands peaking at 6. 68 and 7. 20 eV. The 

shifts responsible  fo r  the p and a bands w ere then tabulated, as in 

Table 6. 2 .1 .  ”

It is im m ediately  obvious that the figure for  NaBr a is  the only
xah,omology m isfit in the table. In the absence of a value for  ANaBr 

one would assum e, therefore , that it corresponded  to about 0. 66 eV 

d ifference from  the first  exciton level. This leads to a value 

o f  205 nm (6. 02 eV).

6 .2 . 5. F / q Ratio: The Relative Concentrations o f F illed  and 
Unfilled Vacancies created  by Irradiation.

It would be useful to apply the Smakula form ula (Section 3. 6.1) to the
a band and thus fo llow  the absolute value of the F /a  ratio for  NaBr,
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in the same way as typified by the work of Ritz (P h ys .R ev . 133A 

p 1452 (1964)) on KBr. However the n ecessa ry  constants fo r  the 

d band are still less  well known than for the F band, especia lly  

in view of the present doubt as to the p rec ise  location of the a band. 

We can place an upper lim it to WpjaBr by inspection of the absorbance 

curves , and show that the halfwidth is probably net greater than 

0. 5 eV, and, further, we can assum e the spatial distributions of 

a and F centres to be identical. However n is unknown at this 

wavelength and tem perature, and apparatus was not im m ediately , 

available for  its determination. N evertheless it is reasonable to 

assum e that all the unknown constants rem ain constant during 

irradiation, and that the effect of adjacent bands overlapping 

rem ains fa ir ly  constant : thus the qualitative changes in F /a  ratio 

can be followed.

Although, as mentioned in 6. 2. 2., the curves o f  Figure 6. 2. (ii) 

cannot be considered  fully representative of the quantitative UV 

behaviour of the sample, adequate inform ation was obtained from  

transmittance m easurem ents to demonstrate that:

(a) the F /a  ratio is constant for  400 keV irradiation  regardless 

o f  dose.

(b) The F /a  ratio fo r  200 keV stage I is s im ilar  to that for  

400 keV irradiation, but r ises  by about 15% in Stage II.

It therefore  seem s that 200 keV radiation is m ore  effective in " filling" 

vacancies than creating them, com pared with 400 keV e lectrons. 

R eferring  to 4. 3. 5. and F igure 4. 3(ix) we see that at a given depth 

o f penetration 'a 400 keV e lectron  will have lost le ss  energy to 

ionisation events than a 200 keY p ro ject ile  and is thus better able to 

initiate a high-threshold  event such as anion displacement. On the 

other hand if  an equilibrium vacancy concentration has been attained, 

the higher specific  ionisation associated  with a 200 keV e lectron  will 

in crease  the number of free  e lectrons and enhance the probability of 

a —**F conversion  by e lectron  trapping . P rovided  this event is m ore  

probable than F centre ionisation (see 7 .4 .1 ) the F /a  equilibrium 

will depend on the ionising capability of the incident radiation whilst
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the beam  is  present, and will be " frozen  in " as a metastable 

equilibrium  when the beam  is switched off.

6. 3,1. A  Survey of all the Absorption Bands in Irradiated NaBr
Between 195 nm and 750 nm .

As explained in the foregoing  sections, the m easurem ents made in

the "a bsorb an ce"  m ode of the double-beam  spectrophotom eter yielded

good quantitative-measurements o f the principal band strengths where

these bands were identifiable,but the scale  was generally  too 
r- c

com p ressed  to allow resolution of any other bands, or  study of band 

overlaps. However in the "tran sm ittance"m ode it was possib le  to 

in crea se  the system  gain to 0. 01 transm ittance/ordinate division 

and then to suppress the sca le  ze ro  so that sm all deviations from  

100% transmittance could be observed . At this scale  expansion 
baseline stability was very  suspect and the general opalescence of the

sam ples (due to trapping o f  im purities in the vacuum system  and 

consequent surface damage enhancement (4. 5. 2. )) increased  as the 

experim ents proceeded, so no quantitative m easurem ents of 

absorption could be made to any greater p rec is ion  than in the 

"a bsorb an ce"  experim ents. However it was p ossib le  to locate the 

apparent peak wavelengths o f  a large number of previously  unresolved 

bands.

The location  o f a pair of weak and unidentified absorption bands at 

260 and 280 nm by Didyk, Pashkovskii , and Tsai (Sov. Phys. Opt. 

and Spect. 2_0 p 462 (1966)) is one o f  the few previous reports o f  any 

radiation -induced  absorption in NaBr between 220 nm and the F band. 

A search  for  K bands by Jacobs and Krishna Menon (see 6.1.1. ) was 

in con c lu s iv e ..  Consequently any bands found here could only be 

associated  with centres on the basis  of the present work.

F igure 6.'3. (i) shows the results of a typical broad-range scan after 

subtraction o f  the baseline (it was not feasible to com pletely flatten 

the baseline with the com pensator at the scale magnification em ployed). 

The sample was cleaved from  a Harshaw boule and shows a broad 

shoulder at 215 nm: it is worth noting in this context that Jacobs 

and Krishna Menon were unable to generate their 215 nm band in 

m aterial doped with Ca, and the Harshaw m aterial has been shown
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(Chapter 2) to contain less  Ca than the B .D .H . boule which was 

used fo r  the experiments on absorbance and a-band location.

6. 3. 2. Tabulation o f  location, behaviour and possible identities 

o f  all bands found.

Table 6. 3. 1. contains the digest o f  som e fifty spectra s im ilar to 

6. 3. (i) obtained from  ten Harshaw and two B. D. H. samples o f NaBr 

irradiated and bleached at NT.

Any band which appeared consistently in three traces  at different
V' '

doses  o r  in different m aterials , was listed for  the tabulation in 

Table 6. 3. 1. along with its "distinguishability" from  surrounding 

.bands, and behaviour during optical bleaching of the F band (using 

the Z e is s  spectrophotom eter set at 525 nm, 60nm bandwidth, as 

the bleaching radiation source).

Probable  identities are assigned from  the following argument.

Bands 1 and 3 (or 4) are assigned by the arguments o f  the foregoing

sections, with som e doubt remaining as to whether 3 or  4 is the

true a band : it seem s m ore  likely, fro m  the "hom ology"  argument,

that 4 should fit the hypothesis but the higher absorption of 3 may

indicate the large osc i l la tor  strength associated  with the a bandy 
The V bands are conventionally assigned such that X ^
Both m aterials have [ k ^]^>80 ppm, dictating a strong Y j band
and Vi, V 3 are generally  found, in other m aterials , to be sharper

and m ore  distinct at NT than the surrounding bands. The band

is assigned by virtue of a hom ology argument but the 340 nm band

m ay be an equally good choice  : however in view of the nature of the

Vk centre (K*anzig and Woodruff : J. Phys. Chem Sol. 9 p 70 (1958))

and the arguments of Chapter 7 it seem s possib le  that centres

are only form ed  as stable entities in NaBr by high-energy bom bardment.

The K band appears in the expected position, with approximately 

the co rre c t  absorption strength and p rec ise ly  corre la ted  bleaching 

with t.he F band, and may be considered  as a reasonably certain 

assignment. The band to the long wave side of the F band is 

unlikely to be the F 1 band since this is not generally  form ed  in 

rad iation -co loured  m aterials and should anticorrelate  with F band
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bleaching. The only reasonable contenders for  the associated  

centre are therefore  the Ri and Vk (second excited state); in 

view of the sm all F centre concentration the probability of 

finding three associated  vacancies is  small and the second Vk 

level seem s the m ore  probable assignment : this then throws 

a slight doubt on the assignment o f  band 13 to the Vk centre.
c

Those bands whose appearance was specific  to m aterial 

from  one or other source  have been assigned to the general 

" im purity"  category  and may arise  from, trapped-hole 

centres associated  with ah impurity cation.

The 215 nm band is somewhat problem atic in view of the results

o f  Jacobs and Krishna Menon. It could very  well be associated

with an aggregate defect and in fact its p roperties are consistent

with di-vacancy (double a -cen t  re) shifting o f  the fundamental

absorption. Such an explanation would be consistent with its

behaviour during F-band bleaching, its maintained absorption

on re -irrad ia tion , and its predom inance over  true a band

absorption in sam ples coo led  from  irradiation  at elevated temperatures 
The apparently large M / [ > ]  ratio leads us to expect any F -aggregate  
(e. g. M) band to be sm all even i f  it is stable.

6 .4 .1 .  Therm al Bleaching of F centres . Experimental Method.

It has already been noted (Chapter 4) that the F centres form ed  

by 200 keV irradiation of NaBr at: NT are unstable with 

respect  to rising tem perature. This effect was investigated 

quantitatively using the large cryostat by inserting the therm ode shown
f -

in F igure 6 .4 . ( i ) : this consisted  of a 65W heating element embedded 

in a Dural b lock  that made good contact with the cryostat heatsink.

The thermode was used to drive o ff  the coolant after irradiation 

at NT, and to ra ise  the temperature o f the specim en in a controlled  

manner. Sample transmittance at 525 nm was recorded  with 

the Z e is s  spectrophotom eter and a chart re cord er .  Sample 

temperature was m onitored continuously during rapid heating and 

estimated from  a separate calibration during slow annealing to RT.
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Specim en G 60 was irradiated at RT to an optical density of 1. 05 

(540 nm) with 200 keV e lectron s. A fter 11 hours in darkness there 

was no perceptib le  change in optical density. Similar confirmation 

was obtained of the stability o f  400 keV - generated centres,and 

attention was then turned to the centres generated at NT.

Specim en G63 was irradiated  to an O .D . of 0.125 (525 nm) at 

NT by 200 keV e lectron s . Annealing to RT over a period  of 12 hrs. 

in darkness destroyed all the F coloration , even at 540 nm. F or  

sam ples irradiated at NT by 400 keV electrons to F centre 

concentrations of the same magnitude, at least half the coloration 

rem ained after sim ilar treatment. The effects w ere not found to 

be dependent on the source  o f m aterial.

6 .4 .2 .____ Detailed R esults: Fast Therm al B leaching.

Sample G 66 was irradiated at NT with 200 keV electrons to 

an O. D. of 0. 28 (525 nm) and warm ed to RT with the thermode 

then coo led  again to NT. The optical density had fallen to 0.12 

but re cov ered  rapidly on re -irrad ia tion .

F igure 6 .4 . (ii) shows the effect of warming samples G70 (400 keV) 

and G 71 (200 keV) rapidly to RT after irradiation into Stage II.

As the F band halfwidth in crea ses  with temperature it was felt 

that the optical density m easured at 525 nm would suffice to demonstrate 

the behaviour o f  the F band. Therm ocouple readings are annotated 

to the curves at salient features.

Considerable therm al inertia in the system  accounts for  the long 

period  of virtually constant F band density but once the thermode 

was hot the band displayed a number o f  interesting features.

Violent oscillations were noted in the apparent absorbance of G71 

at about 100 K. These w ere assigned to therm olum inescence which 

may have also o ccu rred  in G70 - obviously the rate of heating is 

cr it ica l to the observation of weak lum inescence against the hack

ly ground of the m easuring beam  and its observation in the case of G71 

was probably fortuitous despite the significance of the fluctuation.
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Beyond this point there was a small, sharp, increase in F band 

absorbance, followed by a longer and less  violent change. Then 

at about 200 K both sam ples showed a strong, shortlived, increase  

in absorbance equivalent to a 150% increase  in F centre concentration 

fo r  G71 and about 20% for  G70. By the time the temperature had 

risen  to about 210 K this feature had annealed out as suddenly as it 

grew, and the F band absorbance returned eventually to virtually
r  C

the same value as it had im m ediately  after irradiation.

6 .4 , 3. Detailed Results ; Slow Therm al Bleaching.

Experim ents in this area w ere ca rr ied  out by simply emptying

the cryostat coolant and allowing the sample to warm  to RT by ambient 

radiation heating. Optical density data was plotted continuously 

with a chart re co r d e r  and the minimum practicable  measuring 

beam  flux was em ployed to reduce optical bleaching.

F igure 6 .4 .  (iii) shows the radiation heating curve with zones of 

therm al bleaching and re co v e ry  behaviour annotated. Although 

at the end of the "transient" period  (s im ilar  to that found in fast 

annealing) both types of specim en had s im ilar  F band densities to 

those obtaining im m ediately after irradiation, those irradiated with 

200 keV electrons exhibited slow thermal bleaching between 250 K 

and RT, with a m easurable slope of F vs t even after 12 hours 

warming. The "fast b leach (200)" re fe rs  to about 45% decrease  in 

F band absorbance in lhr . whereas the "s low  bleach (400)" re fers  

to 15% d ecrea se  in 3 hr. Both sam ples were irradiated into Stage II.

6 .4 .4 .  D iscussion  of Therm al Bleaching Effects .

Reirradiation  o f  therm ally -b leached  200 keV samples cooled  to 

NT rapidly regenerated the F band. It is therefore probable that ' 

the slow bleaching p rocess  involves transfer o f  F centre electrons

to another trap rather than destruction of the vacancies. Unfortunately 

the opalescence  of surfaces warm ed to RT (due to recondensation of 

im purities frozen  t o  the cryostat re se rv o ir )  prohibited detailed 

spectral analysis.
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Som e o f the 400 keV - generated F centres appear to undergo 

a s im ila r annealing, but the m ajority  are "hard" (7 .4 .7 ) .

The transient growth o f the F band during fast heating is  alm ost 

certa in ly  due to e lectron  traps emptying into n centres to give a 

nonequilibrium  concentration  o f F centres which anneals out again.

In the case  o f  slow  heating the equilibrium  is  m ore read ily  regained 

and consequently the transient is le ss  m arked.
r. 6

Only two com plete sp ectra l re co rd s  o f any significance w ere 

obtained from  annealing experim ents, owing to the d ifficu lty  of 

keeping the specim en su rfaces clean. There is  som e evidence o f 

band 16 enhancement on warm ing, and a general annealing o f bands 

6 -  12 at about 240 K. Cooling to NT enhances bands 1 to 5 

slightly and ra ises  band 9 above the RT lev e l : how ever com parison  

cannot be made with the orig in al NT absorption  since the RT opalescence 
rem ains on cooling  and m asks any evidence for  F -  V recom bination.

6. 5,1, Transient B leaching Investigations: interrupted 
irrad iation  at NT.

It was m entioned in 3. 2. 2. that transient bleaching o f the F 

band o ccu rre d  on reducing beam  flux at constant energy. The 

extrem e case o f interrupted irrad iation  was investigated here and 

a set o f resu lts is plotted in F igure 6. 5(i) fo r  200 keV irradiation .

Curve (a) shows the e ffect o f re -irra d ia tion  after halting irradiation  

fo r  60 min. (in darkness) in the early-plateau region  o f the 

co loration  curve. During the "waiting p er iod " the optical density 

o f the F band fe ll from  0. 21 3 (t  0. 001) to 0. 201 ( i  0. 001) and on 

re -irra d ia tion  the behaviour was as shown. Curve (b) shows the 
result o f repeating the experim ent at a Stage II dose (initial 

F band density 0. 312, falling to 0. 305 in 60 min. waiting period ).

A  repetition  of the experim ent leading to curve (b), using the same 

specim en, produced the sam e behaviour.

In ord er  to obtain optical density and dose data to the degree of 

p re c is ion  indicated it was n ecessa ry  to use the large  cryostat 

and Z e iss  spectrophotom eter : consequently no re co rd  was available 

o f the behaviour o f other bands. ■
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Sanchez and A gu llo-L opez(P hys Stat Sol 2 9 _  p 217 (1968)) developed

an analytical approach to the transient-bleaching phenomenon just

d escribed , and applied it to RT y -  rad io lysis  o f NaCl in the plateau

region . B rie fly , their argument ran as fo llow s:

Let the sam ple be irrad iated  to an F centre concentration f^ ,

which fa lls  to fo during the waiting period . Let v be the concentration 
r  c

o f vacan cies, s the concentration  o f vacancy sou rces, and x the 

probability  o f vacancy trapping at therm ally  activated sinks. Then 

on re -irra d ia tion :

df = qv -  p f ; dv = pf - qv +Ss - x v 
dt dt

6. 5. 2, Analysis of Transient Bleaching Results .

where a, p , 5 are constants dependent on flux.

Then fo r  t^ O  ..

s =s + v + f  - v -  f o o o

which can be used to elim inate v in the previous equations to

yield

f(t) = C
A^ \ 2 t

+ Be + Ae

where

1IINJ
*<—i 
-< | {(a  + p + 5+ X ) * |ja + p + 6 +x )2 - 4 (a6 +p5 + P x ] }

Then if b = f R - f and is  sm all, o
Ait A?t

f(t) = f .  + (A -  b) e 1 -  Ae 2K.

J

fro m  a consideration  o f the conditions at t = 0. A is obtained 

from  the firs t  equation at t = 0 :

V i  (0)'= avo - pio , A = ( a v 0 - p£0 + ^ b ) / (

and the re-irradiation behaviour of f is then composed of a
. . .4 Ait . . .decaying exponential (A -  b )e  overtaken by a growing exponential 

Ae V *

In the present case the transient curves w ere drawn from  n ear

horizontal portions o f the growth curve and there was thus no need to 

co r r e c t  fo r  the underlying F band growth. By geom etrica l approxim ation 

the curves w ere 'd ecom p osed  into pairs o f exponentials using A instead
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o f t and optical density for  f. Then the figures of Table 6. 5.1. 

w ere obtained.

The values o f b are probably not better than i  0. 003 in view of the 

reading resolution  of the apparatus, it th erefore  appears that 

whilst the bleaching during waiting tim e is virtually  independent 

o f dose the radiation -induced bleaching param eter A is dose dependent, 

as are the rate constants A.» t . \ 7 , which are probably within t  15% 

o f their true values.

Sanchez and A gu llo -L op ez considered  that e lectron ic  p rocesses  

would p roceed  faster than ion ic m ovem ents, giving x »5 + p ).

This is  borne out by the 10 :1 ratio o f Â  ^  h ere . The rapid 

re -co lou r in g  (com pared  with norm al growth) indicates e lectron  

trapping in a. cen tres , and the constant value o f b suggests that 

interruption bleaching m ay be im purity activated. The increasing 

value o f Ai with dose im plies increasing  [3/a , hence increasing 

m ean vacancy form ation  energy as irrad iation  p roceed s.

The connection with the observations o f 3. 2. 2. has been explained 

by the experim ents o f A gu llo -L op ez  (Phys. Stat Sol 22 p 483 (1967)) 

and H arrison  ( j .  Chem. Phys. 37 p 388 (1967)) with re feren ce  to 

many other alkali halides : the constancy o f b is  a lso noted by 

these w ork ers.



CHAPTER 7

KINETICS OF RADIOLYSIS OF NaBr AND A NEW MECHANISM 

FOR F CENTRE GENERATION

7.1.1 A general review  o f previous approaches to reaction  kinetics 
o f F band form ation

Since the earliest quantitative work on the subject o f radiolytic F band 

form ation  with e lectron s (eg V arley J. N uclear Energy _1_ p 130 (1955) )
I f  c
attention has been given to the possib ility  o f examining the underlying 

m echanism  o f  F centre production via the m athematical expression  which 

approxim ates m ost c lo s e ly  to the observed  dependence o f F centre 

concentration  on absorbed  radiation dose. There are two general lines 

o f  approach : either a m echanism  is postulated from  considerations of 

the available energy tran sfer m echanism s and param eters are assigned 

by experim ent to the detailed form ula extracted from  this m echanism , 

o r  a general fo rm  o f curve is fitted to the experim ental results and the 

relative magnitudes o f the resulting param eters are m atched against their 

lik ely  physical interpretations. Typical o f  the first approach is the 

w ork o f  W allis and Faraday (Phys R ev 133 p 1360 (1964) ) on the results 

o f  Sonder and S ibley (Phys R ev 129 p 1578 (1963) ) concerning RT 

irrad iation  o f KC1. The second approach is characterised  by the work 

o f  Herm ann and Pinard (Phys Let 29A p '584 (1969) ) on low  energy 

e lectron  irrad iation  o f a number o f alkali halides.
T hese two broad approaches can be distinguished as either involving 

a m odel that can be m odified to d escribe  the experim ental results 

o r  a m odel which has a strong foundation in known physical phenomena 

and a correspon din gly  high initial "con fidënce leve l".

In this chapter the relevant published m aterial is review ed to identify 

the m ost appropriate m echanism  for  study. The experim ental 

évidence presented so far w ill be com pared  with these m echanism s and 

som e general curve fitting form ulae w ill a lso be examined. In the light 

o f the other experim ents reported  in Chapters 4 - 6  it is hoped to identify 

ï the m echanism s fo r  the rad iolysis o f NaBr. P articu lar attention

will be devoted to the fate o f the sp ecies  d isplaced during 

ra d io ly s is , since this may be the ra te-lim itin g  part o f  the m echanism .

The exact nature's o f m ost o f thé com plem entary damage products are
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still not fully determ ined in thé alkali halides.

7.1.2 The m aterials investigated in previously  published literature

Hughes et al (AERE R5604) have c la ss ified  NaBr among the "unpopular"

alkali halides. The inherent difficu lties o f handling the m aterial, were

m entioned in previous chapters, and its hygroscopy  and resistance to

radiation co loration , have discouraged studies o f its coloration  by

X -r a y s . Only with the com paratively recent interest in h igh-energy

e lectron  rad io lysis  have NaBr.'and the "hard" alkali halides been 
c . . c •

investigated in any detail. Consequently nio^t o f the published work quoted 

in the present chapter is based on X -r a y  co loration  o f the softer halides 

and any extrapolation o f these results to .electron coloration  effects 

in NaBr m ust be viewed with some caution. i ...

7. 1 .3 . Single curve param etrisation m ethods.

The firs t  approach to kinetic analysis by the m ajority  o f workers in 

the fie ld  o f  F centre production has been to con sider the F band growth 

curve as a single saturating phenomenon.

Sonder and Sibley (op cit) reported the F centre concentration in X -rayed  

KC1 as a function o f  irradiation  tim e, and also examined the M centre 

concentration . They explained their resu lts in term s o f a dynamic 

equilibrium  between the undisturbed lattice , F centre concentration, and 

M centre concentration  with the in tercon version  driving energy arising 

entirely  and d irectly  from  the incident radiation. Interruption of the 

X -r a y  beam  was thus held to " fre e z e "  the system  in its dynam ic, 

p oss ib ly  m etàstable, equilibrium  state. W allis and Faraday (op cit) 

param etrised  these resu lts, assum ing no therm al excitation p rocesses  

to be involved, and adequately approxim ated the experim ental curve o f 

F centre concentration  with tim e in the form

" F  = (A/ b )(1 -  e-Bt) . . . . . ( 7 . 1 . 3 ( a ) )

where A and B are constants and np is the F centre concentration at 

tim e t during constant-beam -condition  irradiation . In consequence

the p ossib ility  o f F -* M  conversion  was shown to be an inadequate cause 
o f  the saturation o fr p  since a Monte C arlo sim ulation o f F and M band growth 
from  random  vacancy creation  events yielded the wrong growth curves.

W hilst admitting to the possib le  contribution of the F-+M in tercon version  to 
the saturation o f npthe authors made it im plicit that the dominant cause of

-  7 /2  -



saturation was annihilation o f F centres by the incident X -ra y s .

In neither o f the papers quoted was ava ilab le -s ite  saturation con sidered  

as feasib le  o r  even as a potential explanation for  a single curve n^ 

behaviour, nor was the fate o f the ejected  species considered.

7 .1 .4  The F -com p lem en tary  centre

Gebhardt (J. Phys Chem  Sol. 2 3 _  p 1123 (1962) ),Itoh , R oyce and 

Sm oluchow ski (Phys R ev  137 p 1010 (1965) ) and C row e, Fuchs and 

W iegand (Phys R ev Let p 1154 (1966) ) investigated the nature o f 

the com plem entary cen tres produced when a and F centers are 

ra d io ly tica lly  induced in alkali halides.

Gebhardt and Itoh et al exam ined the therm al annealing o f KBr X -ra y ed  

at 4K. G ebharat's therm al res istiv ity  m easurem ents indicated severa l 

d istinct stages o f annealing and the magnitude o f the resistiv ity  was 

indicative o f interstitia l anion com plem ents to the a and F centres.

Itoh et al reached the sam e con clu sion  from  a study o f the 4-2 OK 

annealing o f F centres by a p rocess  s im ilar to that d escribed  here in 

Chapter 6, and showed that the F renkel defects (shown by Gebhardt tc 

be vacancy-anion  pairs) annealed in four distinct stages indicative o f 

three c lo s e  and one wide separations between the pairs o f annihilating 

d efects . A ll these experim ents involved X -ra y s  o f energies less  than 

100 keV.

C row e, Fuchs and Wiegand (op c it) dem onstrated that irradiation  o f 

NaCl with 300 keV X -ra y s  produces pairs o f Schottky defects at the 

concentration  required  to explain the observed  F band. It therefore 

appears that as the bom barding energy or substrate "hardness" is 

in creased  so the fate o f the anion e jected  from  a nascent F centre site 

in crea ses  in ’ im portance. Cadet and Gautier (Journal de Physique 28_ 

p 445 (1967) ) calcu lated ab initio the displacem ent energies required 

to initiate a replacem ent cascade in a number o f alkaii halides and 

showed that this energy is nearly  the sam e fo r  both ionic species in 

the "s o ft "  halides, thus explaining the statistica l equality o f cation and 

anion Schottky defect concentrations.

7.1.5 P ossib le  anion fates and vacancy creation  sequences

The con ce ivab le 'fa tes  o f  an anion ejected  from  its equilibrium  site 

during " in tr in s ic"  production o f a vacancy are:
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( 1) to becom e an interstitia l

(2) to m igrate to a m a croscop ic  defect

(3) to becom e part o f a crow dion  or aggregate species.

( 1) is  a fa ir ly  obvious fate but the transit tim e to the interstitia l 

position  must be short com pared  with the anion-vacancy recom bination 

tim e. Such d irect displacem ent th erefore  requ ires a large initial 

k inetic energy transfer to the anion.

(2) requ ires a s im ila r threshold  energy but the greater potential energy 

lo s s  to the system  reduces the recom bination  probability.

(3) has been shown to o ccu r , by Kanzig and W oodruff (J. Phys Chem 

Solids _9 p 70 (1958) ), at low  tem peratures where esr  m easurem ents 

showed the H centre to be a ^11C^> oriented  ion located  at an anion 

site. A bove liquid helium  tem peratures this centre relaxes into an 

in terstitia l atom and a la ttice -lo ca ted  anion.

We are now concerned  so le ly  with the production o f F centres in pure, 

hom ogeneous m aterial, and we th erefore  note that we m ay need to 

invoke an extrinsic concept such as an internal surface o r  a d islocation  

to explain type (2) loss  o f an ejected  anion. Regarding type (1) lo ss  we note 

that a ll the available d irections o f m ovem ent from  an anion lattice site 

in a N aC l-type alkali halide involve interaction  with another ion within 

a short range. Sim ple channelling can only take place if  the c.ha.nnelled 

sp ecies  m oves first to a £, |) position  in the unit ce ll and then travels 

in <^0(̂ > along the line o f potential saddles : any deviation w ill result in 

defocusing and an increased, recom bination  probability  with the vacancy. 

Thus to rem ove an anion interstitia l far enough from  its equilibrium  

site to account for the therm al stability o f F centres, by a d irect 

d isp lacem ent p ro ce ss , we require to give the anion a considerable kinetic 

energy. V arley  (J. Phys Chem  Solids 2 3  p 985 (1962) j has im plicitly  set 

an upper lim it o f 15 eV to the available energy from  the X -  rays generally  

em ployed since the lifetim e o f the ejected  species d ecreases rapidly as 

its kinetic energy in crea ses  i f  the kinetic energy is obtained from  

<r ionisation  o f the lattice anion. Types (2) and (3) fates presuppose 

co -op era tiv e  e ffects  i f  the e jected  anion is to reach  its destination and 

if  we add a phonon-destroyed co -op era tive  m omentum  transfer to fate ( 1 )
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we can generate a plausible sequence o f events leading to the required 

an ion -vacancy  separation. We con sider a focused replacem ent sequence 

in which each anion co llid es  with a neighbour and transfers a portion of 

its m om entum . If the m omentum  loss  to each involved ion is sufficient 

each ion m oves into the position  p rev iously  occupied  by the struck ion 

and the m om entum  is propagated along a line by being invested in an 

anion whose identity changes p eriod ica lly  in space. Eventually momentum 

dissipated  out o f the "line o f  propagation" predom inates and an anion 

does not have enough m om entum  to change p laces with the next, so 

the sequence term inates. Interaction  with a phonon at this or an earlier 

stage w ill lead to sudden defocusing to a type ( 1) term ination, or the 

sequence m ay term inate at an inhom ogeneity as a type (2) fate. If the 

tem perature is low  enough the sequence m ay term inate in a charge 

red istribution  between the dynam ic crow dion  and the vacancy, producing 

an F  and an H centre (type (3) fate) : at a higher tem perature we can expect 

there to be a region  in which the focuson  has a long effective range and 

the e jected  p article  may com e c lo se  enough to a p rev iou sly -created  

isola ted  vacancy to annihilate by therm al diffusion. If the tem perature 

is  ra ised  further the focuson  range w ill d ecrea se  until p rim ary -s ite  

recapture becom es feasib le . Thus the mean incident energy required 
to produce an F or  a centre in pure alkali halides may vary with 

tem perature due to variations in the recom bination  probability.

Quantitative analyses o f m om entum  transfer in the solid state have been 

undertaken by a number o f w orkers but whereas a high degree o f confidence 

has been assigned to som e analyses o f one-com ponent (eg metal) system s, 

m odels o f  the alkali halides have generally  been strongly cr itic ised  by 

their crea to rs . . R obinson (Phil Mag _1_2 p 741 (1965) and J_7 p 639 (1963) ) 

has identified the foundation o f m uch o f this c r it ic ism  by asserting that 

the nature o f any com puted d isplacem ent cascade is strongly affected by 

the exact form  of inter ion ic potential em ployed. Spherical sym m etry 

m ay be sa tisfactory  for  m etallic bonding but the isotropy o f the alkali 

halides need not im ply an underlying spherica l sym m etry o f interion ic 

fie ld , and even granted this, the radial shape function rem ains to be 

chosen. N evertheless the experim ental advantage of the hom ology o f 

behaviour o f the' alkali halides may be invoked in a theoretica l prediction  

o f the qualitative behaviour o f a compound. Chadderton and T orrens
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(Can J Phys 46 p 1303(1968) ) d escribed  the channelling behaviour o f 

knockon ions in KC1 and NaCl arising from  a number o f com puter 
m odels o f these com pounds with various interion ic potentials. The 

general conclusion  is that it is possib le  to channel an 80 eV Na* 

knockon in a <̂112^ d irection  into an interstitia l position som e four 

lattice  spacings (o r  m ore) from  the site o f the prim ary event. About 

half the knockon energy is dissipated  in a ^lld))> focuson along the Cl 

ions and the Na+ m oves down a <̂ 100)> channel. K+ ions require 

| 0.5 M eV to initiaJe this eventfand the d ifference is entirely  due to the 

radius ratio o f the ions concerned  in the two com pounds, r+/ r -  being 

le ss  for  NaCl. Thus with r+/ r "  even sm aller for NaBr we expect that

(a) Na+ channelling w ill be enhanced further

(b) there is no a p r io r i case  for B r ‘  channelling, but

(c) there is a stronglikelihood  o f energetic focuson  propagation in 

the B r "  sublattice.

In view  o f the work o f C row e et al (see 7.1.4) it may be n ecessary  to 

invoke (a) in our con sideration  o f F centre production o f NaBr.

B efore  proceed ing to a d iscu ssion  o f s in g le -cu rve  param etrisation o f 

F  centre concentration  /  dose curves we should note that if  fate (2) is 

to be significant then co ld -w ork in g  the substrate before  irradiation  

should enhance the F centre form ation  p rocess . B allaro, C hiarotti, 

Cubiotti and G rasso  (J Phys Chem  S o l.2 6  p 729 (1965) ) dem onstrated 

that the final saturation concentration  o f F centres in X -ra yed  KBr did 

not vary despite an ord er-o f-m agn itu d e  in crease  in d islocation  

concentration , although the initial rate o f co loration  was shown to be 

highly dependent on the h istory  o f  the specim en.
9 r V ,

7.1.6 A va ilab le -s ite  saturation as a lim iting p rocess

P oo ley  (B rit J Appl Phys F7 p 855 (1966) ) explained the resu lts of 

F band growth m easurem ents in proton -irrad iated  KCl by invoking a 

lim iting concentration  set by the "e ffective  volum e" associated  with an 

F centre. C reation  o f a new centre in this volum e would lead to 

annihilation o f the existing centre by som e p rocess  yet to be specified . 

Using the fam iliar Langm uir form a lism  fo r  availab le -s ite  satxiration
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P oo ley  derived  a form ula  o f the form

np
neO ^/f

1 + V T
n

where T = oo

(d V dt)t * o '
(7 .1 .6(a))

1 indicates the duration, of irradiation and t is a characteristic

tim e dependent on the tem perature and irradiation  conditions.

n«o is the saturation F centre concentration  as t •îC?. By varying

the restr iction s  p laced on d iffusion  o f the defect species introduced

| by irrad iation , P oo ley  gave a reasonably satisfactory  explanation of

; the behaviour o ^ n « , with tem perature (n»o falls with increasing

tem perature) but fa iled  to provide a basis for  d iscussing the behaviour"

o f the "h ard " halides fo r  which E (1 .3 . 1 .) has a m axim um  near NT 
■ (Hughes et al (AERE R5604B. F
7.2.1 S in g le -cu rve  param eters based on dynamic equilibrium  and 

site -satu ration  m echanism s. C om parison  with experim ent

I f we accept the hypotheses leading to equations 7.1.3(a) and 7.1.6(a), 

we can com pare the coe ffic ien ts  o f their expansions, which are 

d iss im ila r  beyond the second ord er. " ■

■ " P " =  (Vr )(1 + V t r 1 = % - t2/ T2 + t3/ T3.........  (7.2.1(a))

"W " = (1 -  e " at) = at. - a 2t2/2 ! + a3t3/3 ! .........  (7.2.1(b))

with the W coe ffic ien ts  decreasin g  m ore rapidly. Consequently np 

saturates with d ifferent degrees o f  sharpness as can be seen from  

the graph o f 7 .2 .(i). Thus whilst a pair o f experim ental points may be 

fitted to either curve any interpolation  w ill in general be higher in P 

than in W.

An attempt to fit both types o f curve to the results obtained for 

specim en  G5 revealed  the point just m ade. Values o f optical density 

D at the F band peak absorption , and dose A , w ere substituted for np 

and Bt in 7.1.3(a) and for  np and V t in 7 .1.6(a). D«> was estim ated

by f ir s t  choosing a value slightly higher than the largest obtained 

experim entally  : a ll the experim entally  generated points w ere then 

calcu lated  fo r  sm all shifts in D „ . The P form ula produced consistently  

high estim ates for  the interm ediate experim ental points, and values 

from  the W form ula w ere consistently  low  com pared with experim ent.
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7. 2. 2. An approxim ate extension o f the P oo ley  form alism  to 

in corporate  d ose /d ep th  e ffects .

P o o le y 's  experim ents (op cit) em ployed proton p ro jectiles  in order

to confine n (with a un iform  growth rate) in a short, sharply

determ ined range in the substrate. R itz (Phys. Rev. 133A p 1452 (1964))

used polished thin sam ples to absorb  a known spectrum  o f the

incident e lectron  beam . This approach is inappropriate for
c  -NaBr and e lectron  energ ies <(lMeV and R itz ' published results 

are insufficient for  kinetic analysis. Other w orkers have 

em ployed X -r a y s , where the in teraction  is weak enough to provide 

a nearly  constant d ose /d epth  distribution  through the colou red  region.

To provide a basis  fo r  argum ent, equation 7. 1. 6. (a) was taken 

as d escrib in g  the behaviour o f  a lam ina, thickness Sx, absorbing 

a flux I at a depth x below  the sam ple surface.

C onsidering only the .first o rd er  e ffects  (i. e. assum ing P(l) behaves 

lin early  with I ) it is  a sim ple m atter to calcu late c

p = co lora tion  depth as a function o f absorbed  dose A =

where t = specim en  th ickness.

Defining [i as in 4. 3. 3. and writing
T T “ HXI = I e ro

the equation

was developed.'

T] is an arbitrary

D Dao
HP

In 1 + TlAli
1 “ HP,

"e ffic ie n c y "  param eter.

____7 . 2. 2. (a)

____7. 2. 2. (b)

Without doubt this form ula contains many seriou s d efects , m ainly 

due to the im p lic itly  non-lin ea r behaviour o f P(I) with I but it 

does represent a f ir s t -o r d e r  co rre ct io n  fo r  the "exhausted entity" 

(in anticipation o f 7 . 3 . 2 . ) o r  "forb idden  volum e" saturation kinetics 

and w ill be re fe rred  to from  tim e to tim e.
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The effectiven ess o f  the f ir s t -o r d e r  co rre ct io n  was dem onstrated 

by taking ¡1 and p from  the tables and fitting T| and to the 

data from  the specim en G5. A curve through the "best fit" points was 

found alvrays to lie  between the curves predicted  by 7.1.3(a) and 

7.1.6(a) fo r  the sam e , thus 7.2.2(b) was held to represent a better 

approxim ation to the experim ental case  o f e lectron  irradiation o f a 

thick sam ple than either " P "  o r  "W ". In practice  the fit was strongly 

dependent on and thus the "best fit" values o f Doc from  7.2.2(b) 

w ere retained fo r  la ter com p arison  v/ith P oo ley 's  theory.

7 .2 .3  The spatial d istribution  o f co lou r c e n t r e s  p r e d i c t e d  by the 
foregoing  argum ent

The fam ily  o f  curves

N = Nw)A /( e x  + A) .........  7.2.3(a)

has the sam e behaviour with resp ect to x and A as the x-dependent 

fo rm  o f 7.2.2(b) has to x and A .  In consequence we can expect that 

the fam ily  o f  cu rves o f  N /N w v s .x  w ill have som e resem blance to 

m icrod en sitom eter tra ces  such as 4 .3 .(iii) . F ig 7 .2 .(ii) shows a 

fam ily  o f curves o f this form . A s A in crea ses  so the exponentially 

decaying curve goes through a linear reg ion  into a convex form  which 

b ecom es m ore rectangular as A —> oo.. When x is large N is sm all 

for  any A . At the surface (x = 0), N tends asym ptotically  towards

N^. This is the behaviour expected o f a set o f infin itesim al laminae
(

which m ove towards saturation at a rate depending upon their separations 

from  the orig in  in the m anner o f  7 . 2.2(a) and the approach was 

substantiated by severa l observations o f "in term ediate" m icrodensitom eter
p

plots con form ing to each o f  the general form s o f 7 .2 .(ii).

The change in the rate o f growth o f the area under the curve as the 

curve goes through the linear region  was held to justify the assertion  

o f  F ig  3 .6 .( i ) .

7 ,2 .4  The H erm ann-P inard curve

Herrmann and Pinard (Phys Let 29A p 584 (1969) ) observed  saturation 

in the F band growth curves for  KI, KC1, KBr and NaCl during irrad iation
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with 15 keV  e lectron s . They fitted their results to the curve

N = N* (1 -  i /V fT T b t )  ) _

with b as the fitting param eter. Substituting D, D̂ , , and A for N, 

and t, the resu lts o f the present work w ere fitted to this "H " 

curve.

The fitting program  em ployed made use o f the "H " equation at two 

data points (D p  A j)  and ^ 2^ 2) where A2^  A p  Then a tria l value 

o f Doo led to two estim ates b p  b ^  o f  b: I f  D*, was chosen too low  then 

^1 an<̂  con v erse ly  fo r  too high b2 <Cb2« Thus by beginning 

with a tria l D j u s t  la rger  than the largest D obtained experim entally 

it was a triv ia l e x e rc ise  to extract an optim um  and b to fit a pair 

o f  data points, using a digital com puter. The program  also interpolated 

a point (D 3 , A 3) with A^ ^ ^ 3  <CA3 for com p arison  with the interpolated 

value at A 3 on the experim ental cu rves . A typical run, on the results 

o f  specim en  G73, yielded values as follow s:

Input A j = lm C A 2 = 10mC. Exit values o f b p  b2 ; 0. 692, 0 .688 

E xit value = 0.80 D 3(3mC) = 0.344 D 3(5mC) = 0.422

E xperim entally  D(3m C) = 0.342 D(5m C) = 0.422.

In no ca se , fo r  sam ple G73, did the deviation o f "H " from  the 

experim ental point exceed  j^5% ; since the .experimental values o f D 

are known to have e r ro r s  as large as +2% it is worth considering  the 

reason  fo r  the im proved  fit o f the em pirica l "H " curve over "P "  and 

"W ". Expanding in term s o f 0, a linear m ultiple o f D, we have

DH -  ^  0H i 1
30H 50H 76H

Dt

2 4 8
t  ’  t

0p  ( 1 - 8p  + 0p  - 0|$>......... )
2

)

a n d I V  -  I ^ 0 w ( l - ^ + f  -  2 4 . .  

so for  sm all n the coe ffic ien t n(j o f 9n obeys

nCw< nCp < ncH

and for  la rg er  n
T

nc < nc > nc „W \  H
ie. the H errm ann-P inard  form ulation im plies a steeper initial r ise  than

0 ;
)
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the other cu rves , but a saturating region  interm ediate between them. 

C om parison  with 7.2.2(b) is p ossib le  by writing 

d = e “  ̂P and 0 = T| A [l
2 3

t h e n  d  = e ( ( i - d )  -  e  { l  - f  ) + 0 2 ( i - ^ - )

and again the arb itrary  coe ffic ien t nC can be chosen to have the same 

p roperties as nCp  com pared  with nC^. and nCp . Thus the im proved fit

o f the H errm ann-P inard  curve to the experim ental results can arise
. C *

from  its s im ila rity  to the depth /dose co rre cted  P ooley  equation, given 

c o r r e c t  ch o ice  o f the relevant param eters, although the "H " param eters 

w ere not broken  down into physica lly  m eaningful quantities in the 

orig in al paper.

7.2.5 C om parison  o f the H errm ann-P inard  curve with 7.2.2(b)

D /A  curves for  thirty specim ens o f  NaBr for  which D (5 mC) was known 

from  experim ent w ere com pared  with the calculated optim al fit curves 

using both the H errm ann-P inard  equation and equation 7.2 .2(b), with 

a view  to the g o o d n e ss -o f-f it  o f  D (5m C). By carefu l choice  o f b, 

the d iscrep an cy  between Dp^(5mC) and experim ent was in no case m ore 

than + 5%, and ch oice  o f p in 7.2.2(b) gave a m arginal im provem ent. 

Reducing the e r r o r  in D(5mC) by ch oice  o f p in creased  the intersam ple 

variance o f p above + 5%. •

The graphs 7.2.(iii) and 7 .2 .(iv) show the results o f using the "H " form ula 

to interpolate between doses o f 1-5 mC and 1-14 mC respective ly . A s 

can be seen i f  the upper fitted dose is low  the interpolation consistently  

overestim ates D and if  the upper fitted dose is high there is a consistent 

underestim ate/ despite the virtually identical irradiation  conditions 

em ployed. With a fixed value o f p s im ilar ob jections hold fo r  the fitting 

o f  form ula  7.2.2(b). •

7.3.1 The need fo r  a tw o-cu rve  m odel

In view  o f  the rem arks o f the last paragraph we need to explain the 

consistent d iscrep an cies  between the theory so far considered  and the 

experim ental evidence. In Chapter 3 m ention was made o f the plateau 

in the D /A  curve for F band growth. D ifferentiation  o f any o f the 

cu rve-fittin g  equations so far given does not lead to d D /d A  = 0 except
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for  A ->«o and indeed d^D/dA^" is always negative, thus there cannot 

be a sigm oid  in flection  on any o f these cu rves . We therefore need to 

investigate, ab initio, the p ossib ility  o f saturation occu rrin g  in two 

distinct m echanism s with separately  defined kinetics. This approach 

then includes, as sp ecia l ca se s , the p ossib ility  o f a single com plex 

m echanism  with a sigm oid developm ent curve and the p ossib ility  o f 

two nom inally s im ilar p ro ce sse s  occu rrin g  but with d ifferen tly - 

defined saturation leve ls .
f  C

7.3,2 The work o f  M itchell, Wiegand and Sm oluchowski : two 
curve param etrngation

E tzel and A lla rd  (Phys R ev  Let 2_ p 452 (1959) ) published one o f the 

ea rliest investigations o f the plateau region , in NaCl X -irra d ia ted  at 

R T . They found that the " f ir s t  stage" duration and co loration  intensity 

w ere d ire ctly  proportion al to the OH" concentration  and concluded 

that "the entity responsib le  fo r  the enhanced initial co loration  rate 

in synthetic (ie OH “ -  bearing) cry sta ls  is no longer effective  for  F 

centre production after prolonged irrad ia tion ". F or  low  doses they 

showed that. A/pE^j vs A was a straight line, indicating

D A
a + bA (7.3.2(a))

which was not true fo r  natural (OH- free) m aterial.

The authors noted the s im ila rity  o f E tze l 's  report (Phys R ev 8J7 p 906 

(1952) ) dem onstrating that |f J cC [Ca^'tl after short X -irra d ia tion  o f 

C a-doped  NaCl at R T :. The D /A  behaviour o f  7.3.2(a) was also found, 

and this was explained by Seitz (R ev Mod Phys 2_6 p 63 (1954) ) and w ill 

be d iscu ssed  later.

M itchell, Wiegand and Sm oluchow ski (Phys R ev 117 p 442 (I960) ) 

con sidered  the descrip tion  o f the D /A  curve obtained by E tzel and 

A lla rd  after the plateau region  as w ell as in Stage I. C onsidering KC1 

they explained the resu lts in term s o f "in itia l"  and "generated" vacancies 

The "in itia l"  vacancies w ere supposed to be released  from  a source 

(given in a later paper, Phys R ev 121 p 484 (1961) as therm ally activated 

clu sters) a ccord ing  to a law o f the form

^  = b(n -  fi) .........  (7 .3.2(b))
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where n is the concentration  o f initial vacancies in virgin  m aterial 

and b is the e lectron  capture rate constant for converting these 

vacancies to F centres. S im ila rly  the "generated" centres are form ed  
as

with a capture rate constant c applied to vacancies generated at 

a rate a by the radiation.

Then by com bining and integrating 7.3.2(b) and (c );

f  = fi + fg = n ( l - e " bt) + at -  a/c ( l - e " ct). . . . .  (7.3.2(d)) 
this exp ress ion  has the requ ired  in flection  but does not saturate in 

Stage II. '

The essen tia l d istinction  between 7 .3 .2 (c) and the approach o f E tzel 

and A llard  is between the e a r lie r  assum ption o f an exhaustible entity 

lim iting the Stage I concentration  and the assertion  o f M itchell et al 

that the capture probability  o f  an existing vacancy is the rate-lim iting  

quantity. The orig in al paper contains the im plicit c r it ic ism  o f  this 

approach, fo r  w idely d ifferent values are assigned to b and c. In the 

absence o f data suggesting a shift o f  the F band peak absorption with 

dose we cannot regard  the environm ent o f a "generated" F centre as 

being w idely d ifferent from  that o f an "in itia l"  cen tre , as far as 

con cern s the trapped e lectron , so there is  .no a p r io r i justification  

for  an ord er  o f  magnitude d ifferen ce  W  between b and c. The UV 

w ork o f R olfe  (Phys R ev Let 1_ p 56 (1958) ) and the soft X -ra y  work 

o f E tzel and P atterson  (Phys R ev  112 p 1112 (1958) ) show F centre 

saturation concentrations o f the sam e ord er as (OH”) in KC1, KBr and 

NaCl : thus the orig in al explanation o f E tzel and A llard  seem s m ost
r .

attractive. We note the sim ila rity  o f 7.3.2(a) and the P ooley  equation 

7.1.6(a) and the s im ila rity  o f  their theoretica l foundations.

Although neither E tzel and A lla rd  nor M itchell et al observed  or 

attempted to explain a Stage II saturation, all the m ore recent work at 

high absorbed  doses o f  ionising radiation con firm s the observations o f 

Chapter 3 in this resp ect and th erefore  demands an explanation. In this 

resp ect the assertion  o f 7 . 3.2(c) is insufficient since the last two term s 

o f  7.3.2(d) are such that fo r  any t = t \  we can choose  a later tim e t -^ t j

dig
dt . .  (7 .3 .2 (c))

and
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at2 -  %  ( l - e - c t2) >  atl - %  ( 1 - e - c t l )

so there is no inherent saturation in 7.3.2(d) if a and c are positive, 

which is im plicit in their definition.

7,3.3 The tw o-cu rve  approach reappraised  with parti.c\ilar respect 
to NaBr Stage I

F rom  the work o f E tze l and A llard , R olfe  and others quoted above, 

we see that the behaviour o f X -r a y  co loration  in Stage I is generally , 

.d escr ibed  by 7.3.2(a) o r  the equivalent 7.1.6(a). The d iscussion  o f
f f  ^
1 7.2.2 shows this basic  approach to be satisfactory  also for very 

strongly  interacting p ro je ct ile s , since protons (Pooley) and X -ra y s  

(E tzel and A llard ) give r ise  to s im ila r  gro.wth curves. It is therefore 

reasonable to examine the application o f the m edium -range p ro jectile  

m odification  to equation 7. 3. 2. (a), (i. e.7.2.2(b)) to Stage I and to seek 

an alternative explanation fo r  the behaviour o f Stage II.

D ifferentiating 7.2.2(b) we have

Now i f  D«o is taken as the plateau height, |t and p being known, q 
can be determ ined from  the initial slope o f the D vs A curve. We 

expect Doo to re fle ct  the im purity concentration and q  to be dependent 

to som e extent on the nature o f these im purities. C onsidering the 

C ertifica te  o f A nalysis (3. 1 .2) we see that the total concentrations o f 

im purities with v a le n c y ^ +1 in Harshaw and BDH specim ens were 40 

and 130 ppm ’ resp ective ly , or 10 and 30 ppm discounting Si (which will 

a lm ost certa in ly  be present as atom ic Si or fully com bined S i0 2 , and 

not as an ion ised  substitutional sp ecies). Total sp ectroscop ic  im purity 

was 320 and 210 ppm resp ective ly  : water contents are " lo sson  heating" 

and are probably entirely  due to m oisture accum ulated in transit to 

the analytical depot.

C om paring the analyses with the plateau concentrations o f F centres 

from  3 .22, and ignoring the d ifferen ces between different irrad iation  

en erg ies , we must explain respective  plateau concentrations o f about

so as A 0 the initial slope is

d D /d A  ■ - 1-  (1 -  . - W ) . . .  (7.3.3(a))
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1. 6x 10"4and 2. 2x 10~4F cen tres . Whilst Rabin and K lick  (Phys R ev

117 p 1005 ( I 960) ) and others, have s h o w n ^ a  2+j^to enhance F centre

form ation  in NaCl at RT its e ffect is far le ss  m arked at NT, and we

do not therefore  expect a p r io r i that there w ill be a great d ivergence

o f  behaviour attributable to divalent im purity levels . On the other

hand the K + concentration  is about three tim es as high in Harshaw

m aterial as in BDH. Saidoh and Itoh (J. Phys. Soc. Japan 2_9 p l5o  (1970))

have dem onstrated that the presen ce  o f m onovalent alkali im purities
r . c . .can stabilise  interm ediate com plexes in* a. radiation damage p rocess

and thus may e ffective ly  reduce the value o f E^,. We can expect

this e ffect to be p articu larly  significant where a large im purity ion

e. g .K +, is present in a 'h ard " alkali halide, as here, and this w ill probably

tend to o ffset the d ivalent-im purity  e ffect between sam ples from  the two
sou rces.

Although we can thus approxim ate to an explanation o f the F centre 

plateau concentrations, the anom aly o f Table 3.7.4 must be investigated. 

F rom  the previous paragraph we m ay deduce that the e ffect o f d ivalent- 

im purity enhancement is  in creased  with increasing  irradiation  energy : 
this presupposes:

(a) that the final saturation concentration  o f F centres is an intrinsic 

property  o f the pure host m atrix, and

(b) the plateau concentration  a r ises  from  the exhaustion o f enhancing 

centres.

(b) has been justified  ea r lie r  in this chapter and (a) will be dealt 
with later.

7.3.4 The H ayes-N ichols centre : stabilisation  o f focuson  term ination
9 r y

F ig  7.3.(i) depicts a V -type centre stabilised  by the presence o f a 

divalent cation, in a m onovalent fee m atrix. Such a centre was first, 

d escrib ed  by Hayes and N ichols (Phys R ev  1 1 7 _  p 993 (I960) ) to explain 

their observations o f  V -type bands form ed during low  tem perature 

X -irra d a tio n  o f a num ber o f alkali halides. The X -r a y  energy was not 

sp ecified  but was presum ably <^100 keV and the authors could not produce 

the cen tres in NaBr.

In Chapter 6 two absorption  bands (7 & 9) were reported  form ed  in 

Stage I co loration  o f Harshaw m aterial by 400 keV irradiation , but not
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by 200 keV e lectron s, and annealing * *  -30 C. We can examine the

p ossib ility  that these are due tc s im ilar centres and that the

centres play a part in Stage I co loration  by reducing E 'in  a non-F
regenerative, i. e. "exhaustib le" p ro ce ss .

If we suppose that the production o f an' F centre requ ires anion

displacem ent via a focuson  sequence a centre such as this can
2+stabilise  the interm ediate o f F ig . 7. 3. (ii) (A,B o r  C =M )which is an adequat 

endpoint for  a typer-(3) fate (7 .1 .5 ). This m echanism  requires both a 

significant im purity concentration  and enough p rim ary  event energy to 

initiate a replacem ent sequence. The d ifference between the 200 keV 

and 400 keV -irrad ia ted  BDH NaBr F centre concentration ratios 

reported  here can thus be a scribed  to the energy-dependence o f this 

stabilisation. A s £ca^"*J is low  in the H arshaw m aterial the effect 

w ill only be m arginal in any ca se ; but when [C a2+] is com m ensurate 

with |"F platj, as in the BDH m aterial, it becom es im portant to know 

whether or not this stabilisation  has been effected.

7. 3. 5. A pplication  o f im purity-stabilised  centres to Stage I coloration .

The applicability  o f equation 7. 3. 3(a) to Stage I co loration  was tested by

inserting the values obtained from  analysis o f a ll the available co lora tion /

dose curves for NaBr (NT) with D - substituted fo r  Dg-to produce Table7. 3. 1plat
Values o f  |i. and p are obtained from  Tables 4.3.1 and 4.3.2 to y ield  
Table 7.3.2.

The subjective assessm en t em ployed in determ ining plateau heights (D ^ ^ )  

and initial d D /d A  throws doubt on the standard e r ro r  fo r  400 keV 

Harshaw m aterial, and since preparation conditions were substantially

im proved  during the cou rse  o f  the experim ents the subjective re liab ility  

o f q values in Table 7.3.2 in crea ses  from  left to right. With this in _ 

mind we can p roceed  with the g ross  assum ption that T] depends only on 

the energy o f the incident radiation and not on the source o f m aterial.

In deriving equation 7 .2.2(b), r) was not assum ed dependent upon 

Thus variation o f D<o between sam ples does not im ply variation o f q , 

ahd we can separate the variables so that q is an intrinsic property  

o f the host m atrix and bom barding radiation whilst Dpiateau is a 

function o f the number o f fates available to the p rim ary-even t daughter
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sp ecies in Stag el :so  D , may be en ergy - and m ateria l-source-depen den t.plat ------

A com plete explanation o f the saturating behaviour o f  the F band 

growth curve is th erefore  p ossib le  if  is a value associated  

with saturation in the pure host m atrix in Stage II and we write

Dsat ~ Dint + Dpiaj. .

This im plies that only D.  ̂ is energy-dependent : the ratio 

f ) Sat/Dpiat w ill then nave an energy dependence which a n ti-corre la tes  

with that o f Dp|at and the anom aly o f Table 3.7.4 is fully explained in 

term s o f an im purity -  stabilised  centre associated  with Ca^+ (or 

le ss  probably Si) in BDH NaBr. D oubtless severa l sim ilar centres 

could be invoked in this explanation, but the H ayes-N ichols centre is 

the sim plest available entity that en tirely  explains the anom aly and 

suits the argum ent o f  Sec. 7 .3 .4 . Hayes and N ichols them selves 

developed the argum ent dem onstrating the high creation  .energy o f the 

centre in NaBr and in consequence we m ay place the threshold beam  

energy for  creation  at between 200 and 400 keV. The constancy o f . 

Dgat/Dpiat f ° r Harshaw NaBr indicates that any K+ -enhancem ent is  

energy-independent in the- range studied.

2+Ignoring Ca concentration  fo r  200 keV irrad iation  gives a concentration 

ratio o f all other polyvalent im purities ^H arshaw ^BDH ) o f ~ 0-8’ the 
sam e as the "F  p lat" ratio given in Table 3 .7.3. It would therefore 

appear that the plateau concentrations o f Table 3.7.3 can be explained 

by each polyvalent ion enhancing the form ation  o f about ten F centres : 

if, how ever, we a llow  for  an " in tr in s ic"  p rocess  background and take 

note o f the large K"*" concentrations, an enhancement factor o f about 

three F cen tres /p o lyva len t cation  is p ossib le .
i

We th erefore  conclude '
(a) C oloration , up to D , can be entirely  ascribed  to im purity

enhancement. ™
(b) there is strong evidence for a threshold energy requirem ent in 

Stage I co lora tion  via a H ayes-N ichols (or  sim ilar) centre 

term ination to a focu ssed  replacem ent sequence

(c) there is  som e degree o f num erical corre la tion  between the 

im purity cation concentration  and the plateau F centre 

concentration. The absence o f a detectable OH" or  U band in
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the absorption  spectra  o f w ell-p rep ared  specim ens p r ior  to^ 

irrad iation  rules out the p ossib ility  o f ascrib in g  Stage I 

co loration  to aqueous im purity.

7 .4 . 1. Stage II co lora tion  : the need for  an intrinsic coloration  mode 

and som e p ossib le  m echanism s.

We have seen that Stage I co loration  can-be adequately explained
. r  cm  term s o f im purity sp ecies  assisting the creation  o f F  centres 

and reducing the apparent creation  energy E .X
.The saturation o f Stage I co lora tion  , at a density consistent with 

the im purity concentration , indicates that such im purity 

enhancement is exhausted by sufficient irradiation  at NT. It is 

th erefore  n ecessa ry  to con s id er  what means are available for  

the continued and in creasing  rate o f F centre production in the 

region  beyond the plateau and fo r  the final saturation as A .

A part from  co lou r 'cen tre  generation, irrad iation  o f an alkali 

halide has a m echanical e ffect, in creasing  both sam ple volume 

and lattice param eter. B a lser , P ie s l and W aidelich (Phys.Stat.

Sol. 2_8 p207 (1968)) found that X -irra d ia tion  o f NaCl at RT led to

(a) a single saturating curve for  m ean lattice param eter vs dose

(b) an in flected  cu rve , with a plateau, fo r  sam ple volum e vs dose.

Now any ion displacem ent p ro ce ss  can a lter a specim en volum e 

since p ro ce sse s  occu rin g  near the surface can lead to ion 

e jection  and surface growth (4 . 5 . 1 . ) but only an event giving rise  

to an uncom pensated lo ca l strain  can a ffect the mean lattice param eter.
f * ~

Thus an im purity-activated  or an in trin sic p rocess  can a lter sam ple 

volum e, but the fo rm er , involving regions o f the m atrix strained .. 

b efore  the event, w ill have far le ss  e ffect on the sam ple lattice 

param eter. We can th erefore  suppose that an intrinsic ion - 

d isplacem ent p ro ce ss  leads to lattice param eter d istortion  and 

occu rs  continuously throughout irradiation .

W hatever p rocess  is selected  as a m echanism  fo r  the in trinsic mode 

o f co loration , it must im ply a number o f observed  features of the 

co loration  p ro ce ss , fo r  exam ple : -

(a) a plateau length corre la tin g  with bom bardm ent energy



(b) a value o f E p  correspon din g  with that found by Rabin and 

K lick  at 4K (where im purities are ineffective).

(c) the d ifferentia l therm al stability o f F centres produced by 

d ifferent radiation qualities.

(d) the phenomenon o f transient bleaching.

(e) the d ecreasing  in trinsic lum inescence during irradiation.

7. 4. 2. Stage II coloration . G eneral kinetic theory.
(■  i

We have seen that the th eoretica l approach adopted by M itchell et al

does not lead to a saturation o f the second stage o f F band • growth,

and that the overa ll saturation predicted  by the m ethods o f P ooley,

and H errm ann and Pinard, does not a rise  from  a theory consistent

with an interm ediate in flection . A crude calcu lation  dem onstrates the

inability  o f the P oo ley  theory to explain the resu lts obtained here.

F or  a typical penetration depth 200[im and a saturation optical density

o f 0. 25 estim ated, say, from  the H errm ann-P inard relationship or
17 3equation 7. 2. 2. (b), we obtain a concentration  o f '-'10 F ce n tre s /cm  

i. e. an "e ffe ctive  rad ius" o f  ̂ 4 0  lattice param eters is associated  with 

each F  centre. F or  this concentration  to im pede further coloration , 

either by virtue o f lattice d istortion  or  by the cascade product o f a 

new centre annihilating an existing centre, p laces unreasonable demands 

on the long-range interactions o f the m atrix on the one hand and focuson 

length on the other.

P oo ley  (P ro c . Phys. Soc. <89 p723 (1966)) presented a detailed investigation 

o f the k inetics o f co lora tion  in the case  where saturation results 

from  the inhibition o f F centre form ation  by electron -trapping im purities. 

This work was follow ed by a series  o f experim ents (Journal o f P hysics C 

p323 (1968)) involving pulsed and interrupted irradiation  o f KC1, 

both "p u re" and doped with Pb.

W hilst the present work did not involve the large range of beam  

intensities (10 to 4 0 jiA /cm  ) em ployed by P ooley , it is nevertheless 

apparent that the intensity dependence o f d n ^ /d A  found by P ooley  

was not exhibited by the NaBr sam ples used here. Furtherm ore.,
\he reported  d ecrease  o f F centre production rate with increasing
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Pb concentration  is contrary  to the present experience where (at 

least at 400keV beam  energy) the high C a° concentration in B. D. H. 

m ateria l was consistent with a high final saturation value o f [ f  ̂

and a generally  m ore  rapid co loration  rate.

P o o le y 's  later paper m ust obviously  be viewed in the light o f the 

transient bleaching experim ents reported  here (Section 6. 5. 1.).

T here is  no explicit evidence fo r , or prediction  of, a change in the 

transient bleaching param eters with increasing  dose whereas in the 

present case  the Stage II phenomenon is m arkedly different from  
the Stage I. -

Consequently it seem s p ossib le  that although im purity-inhibition 

o f F  centre production m ay account fo r  the saturation o f either 

f i r s t -  o r  secon d -stage  co loration  in the present instance, it cannot 

be held responsib le  for  both. Since the im purity concentrations 

involved here have already been shown barely  sufficient to account 

fo r  Stage I form ation  , it is unlikely that im purity-inhibition  is 

significant in Stage II saturation and we must th erefore  consider 

other m eans by which n^ may be restr ic ted  at high A .

It is  th erefore  n ecessa ry  fo return to the possib ility  that the incident 

radiation is responsib le  fo r  both the creation  and the destruction  o f F 

cen tres . This concept was im plicit in the d iscussions o f Sonder and 

S ib ley  quoted ea rlie r , and o f a number o f other w orkers. One cou rse  

o f inquiry is  to examine the p ossib ility  o f the incident radiation r e 

ionising the F -cen tres . Krum hansl and Schwartz(Phys. Rev. 89 p i 154 

(1953)) and S im pson(P roc. Roy. Soc. A 197 p2 69 (1949)) have shown the 

ion isation  energy o f  F centres to be between 3 and 5 eV from  the 

ground state. , •

The growth curve w ill saturate when the probability  o f creating a new 

F centre is the same as that o f ionising nr otherw ise destroying an 

existing one. We can now examine the equilibrium  in term s of the 

reaction  rates, for a hom ogeneous rate o f deposition  o f energy dE /dt 

throughout m aterial containing in itially  N occupied  anion sites. We 

assum e the probability  o f an anion vacancy trapping an e lectron  to be 

very  high in the absence o f radiation. Then if  E f is the form ation  energy
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o f  an F centre and E- the ionisation  energy, form ation proceeds at 

a rate

drtf _ _A_ _ dE , N -n  f  ^

dt = E f ’ dt N ..........

and ion isation  produces the rev erse  reaction  fo r  which

dni -  B_ 
dt E,-

dE
dt

n
N

( b )

where A and B are constant. F or  equilibrium ,

dnj _ rdn£ 
dt dt

a (Ü=2) = .Bn-
NEf NEf

extrapolating t 

A

00 we know n N in p ractice , so 

/ b  -  E f / . N E i  .......... (c)

Since (N -n )/N  -  1 we can write (a) as
dnf
dT = ^ 2 essen tia lly  independent o f n

and (b) as
dn.

= kf n 

dn
dt + k xn = k2

n =
N. EjA 

EjB

dt

so at any tim e 

so n = n,o (1 - e “^l^) using approxim ation (c).

T ransform ing to the param eter o f absorbed energy, , A/ , we have

essen tia lly  independent o f  the incident flux. We know, or can estim ate, 

E j and E f for. any p r o c e s s , a n d A ,B  are p ro jectile  interaction 

p robab ilities for  these p ro ce sse s . E f need not be associated  sp ecifica lly  

with ionisation  and we are free  to choose another p rocess  during the 

later d iscussion .

7 .4 .3 . A review  o f previously  postulated intrinsic F centre creation
p ro ce sse s , re ferred  to NaBr, and the foundation o f a new m echanism

R eferrin g  to Table 3,6 .4  we see that as A —r  ° °  a typical value o f n/]\j at 
' NT for  NaBr will be ~  4 x 10"4. We narrow  the Held o f likely 

m echanism s by considering  that about 25 eV must be provided to create
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an anion vacancy and about 5 eV to ion ise an F centre. Thus if  our 

k inetic argum ent holds we need A /B  ^  10"^.

V arley  (J Phys Chem  Sol. 23 p 985 (1962) ) showed how the creation 

energy could a r ise  from  m ultiple ionisation o f an anion, and 

dem onstrated that the ionisation  c r o s s -s e c t io n  o f an anion decreases 

by a factor o f about ten fo r  each electron  rem oved. Thus at first 

g lance a 3 - o r  4 -  fold  ionisation  would account for  the observed A /B  

ratio but would not provide the n ecessa ry  kinetic energy. To approach
r . ■ C

the threshold  o f 25 eV , o r  even 15 eV, would give rise  to a drastic 

reduction o f c r o s s -s e c t io n  to give A /B  ^ 1 0 ”  ̂ which is  unreasonable.

H oward, V osko and Sm oluchow ski (Phys R ev 122 p 1406 (1961) ) 

proposed  the "d e -ex c ita tion " co llis io n  p rocess  between a B r+ (form ed 

by A uger double ionisation) and a lattice B r"  neighbour ion to give the 

requ ired  kinetic energy. W hereas Sharma and Sm oluchowski (B ull.A m . 

Phys.Soc.^7 p 178 (1962) ) showed the applicability  o f this theory to KC1, 

the sam e authors (Phys R ev  137 p 259 (1965) ) and Ritz (P roc Int Symp 

C olou r C entres, Stuttgart (1962) ) show that it is inappropriate to KBr 

and "h a r d "  brom ides generally , since the resultant B r°  ca rr ies  a 

m axim um  kinetic energy o f - » 4  eV.

S im ila rly  K lick 's  ad jacen t-p a ir-ion isa tion  theory (Phys Rev 120 p 760 

(I960) ) has been shown insufficient by Howard et al (op cit) on account 

o f  the short lifetim e o f two C l°atom s in an ionic environment : for 

b rom ides the situation is even less  favourable.

Turning to the p ossib ility  o f d irect displacem ent o f anions, we consider 

the m ost favourable case  o f 460 keV electron s interacting with Br 

ions. The m axim um  re co il energy is Tm  = 18. 3 eV. If we allow the 

d isp lacem ent b a rr ie r  energy Ed to be as little as 15 eV we have a 

d isp lacem ent c r o s s -s e c t io n

, U - l n l 4a d = 1.526 x  10"22 ( £ — -  1 ) -0.686 ln -~ i + 1.504) 2 vEd . Ed l
(— ) ‘ Ed ' Ed /_ cm “

(M cK inley and Feshbach, Phys R ev _74 p 1759 (1948) )
whence ad = 15 barn, so a dose o f 10 e lectron s ( 1 . 6 m illicou lom b) per

-7
,cm 2 w ill produce a m axim um  concentration o f 1.5 x 10 displacem ents. . 

This figure is still too sm all to be considered  important in the present 

situation and Tm  i  7 eV for 230 keV electrons precludes any d ire c t -
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displacem ent contribution from  the low er energy irradiations although 

Stage II co lora tion  has been noted here fo r  100 keV bom bardm ent.

B earing in mind the d iscu ssion  o f 7.1.5 we con sider the probability

o f  Na* ions being d isp laced  d irectly  by the incom ing radiation. Tm

fo r  Na* r ises  from  10 eV with 100 keV e lectron  p ro jectiles  to

70 eV fo r  500 keV e lectron s. In the light o f the work o f Chadderton

and T orren s  (see  7.1.5) we find it quite probable that Na* ions can be

e jected  into in terstitia l sites by a ll the qualities o f  radiation used here,
-5 16since T = 3E gives 3 x 10 '' d isplacem ents fo r  lO incident e lectrons. 

The worS o f  M apother, C rookes and M aurer (J. Chem. Phys. J_8 p231

(1950)) dem onstrated that the therm al diffusion coe ffic ien t o f Na in NaBr

is con siderab ly  low er than fo r  the " s o ftM halides and we can therefore

suppose that the e jected  ion w ill not diffuse rapidly back to the original site. 
Now we con sider the reaction

B r + + h+ -fc* B r ” in terstitia l + F  centre + hole trapped elsew here

E lectron -h o le  pairs are produced by ionising radiation and obviously  the 

p resen ce  o f  a h o le -tra p  w ill reduce the rev erse  (recom bination) rate. A 

convenient h o le -trap  would be a cation vacancy, whilst the proxim ity  

o f  Na interstitita ls could stabilise  the nascent F centre. Thus dnp/dt can 

be in creased , whatever the F  centre production m echanism , by allowing 

cation  in terstitia ls to be form ed  b e fore  the F  centres and we have seen 

that the cation in terstitia l creation  probability  is higher than that o f a 

d irect-d isp la cem en t F centre . F or future d iscu ssion  this phenomenon 

w ill be term ed "in trin sic-en h an cem en t" by analogy with the im pu rity-

enhancem ent p ro ce sse s  d escrib ed  ea rlier .<
7 .4 .4 . A nalysis o f  a p ossib le  m echanism  having detailed consistency  

with the exp erim ental r esults.
-4

In term s o f  the argum ent o f 7. 4. 2. we need to explain n /N ~  5 x 1 0  as
5

A We require ((b) 7. 4. 1) that E f /A  s z  9 x 1 0  eV, whence B = 0. O il

i f  E . = 5eV. A pproxim ating with a linear ran ge/en ergy  relationship,
1 _1

this leads to a bleaching exponent o f^ O . 18 mC ini. the treatm ent o f

7 . 4 . 2  which is , within bounds o f reasonable e r ro r , the sam e as A] (Stage II) 

deduced in 6. 5 ’. 2 for the transient bleaching phenomenon. H ow ever, we 

still need to account fo r  the d ifference between Stage I and Stage II
T

transient bleaching rates. ,

We can construct a Stage II form ation  m echanism  strongly analogous
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to that proposed  fo r  im purity-enhancem ent, in term s o f the possib le  

stab ilised  interm ediate centre o f F ig . 7. 3, (ii). This could arise  from  

a transient situation in which a focuson  has been propagated along the 

lin e -o f-c o n ta c t  o f  the anions. N orm ally the trip le-nucleus species would 

re lax  very  quick ly and depending on the momentum involved in its form ation 

would either propagate or dissipate the focuson but the cation vacancy 

(due either to one o f A , B , C being divalent, o r  to previous cation ejection) 

allow s the interm ediate to relax  in other m odes and consequently prolongs 

its life tim e. Suppose that one of the term inal nuclei o f the crow dion traps
f :  «

on e .o f the e le c tro n s  and re laxes to its norm al lattice site. The remaining ,,

pair o f  ions constitute a m etastable H centre in a highly anisotropic

environm ent. T h ere  is a strong e le ctr ic  fie ld  between the cation vacancy

and the e ffective  charge o f the p erfect lattice (or the double charge of a

divalent im purity), m itigated somewhat by polarisation  o f the re -fo rm ed

' negative ion. In this environm ent there will be a degree o f Jahn- T e ller

splitting o f  the low er energy levels  o f the H centre and a d istortion  o f the

transaxial sym m etry  o f  the Z states. Thus the *11 mixing required in

5. 4. 1 to explain the U V.cathodolum inescence is prom oted by the n ecessary

condition fo r  the form ation  o f the sp ecies , while the d istortion -sensitive  
1 + 1 +

2- Z transition  is  hindered by the an isotrop ic field. Unlike theu g y

centre  d iscu ssed  by K abler and Patterson (see  5. 4, 1) we are now dealing 

with a pseudo-H  centre whose lifetim e must be very  short since it is not 

in therm al equilibrium . D ecay  o f this centre m ay lead to a halogen interstitial

(which m ay trap an electron ) but in any case a halide vacancy rem ains in
\

the line o f  the in itia l focu son  and m ay trap an electron  to becom e an F centre.

A bove NT we can expect phonon interaction  to a ssist the decom position  o f 

the pseudo-H  centre (see  P oo ley  (P roc . Phys. Soc. 8 7 _  p245 (1966))) and the 

'fextra" halide can diffuse away from  the site which can relax into the state 

exem plified  by the firs t  part o f  7 . 3. (i): this can once again function as a

low  energy term ination to a replacem ent sequence.

Thus at RT^l) the saturation density o f F centres w ill be greater than, though 

com m ensurate with, D (NT); (2) im purity e ffects  will be m ore evident;

(3) im purity  e ffects  w ill m ask the inception o f Stage II.

Now,the fie ld  an isotropy associated  with the Stage II form ation  p rocess  is 

weaker than for  Stage I (im purity assisted) so on re -irrad ia tion  the probability 

o f an ion ised  Stage I centre being re -fo rm ed  is greater than for  Stage II, 

giving r ise  to the apparent d iscrepan cy  in Aj.
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F irs t  we note from  5. 2. 4 that UV catliodolum inescence falls o ff rapidly during 

RT irradiation . We th erefore  conclude that the intrinsic p rocess  cannot 

stab ilise  the pseudo-H  centre at RT and that the im purity-activated  stabilisation 

only is  e ffective . This observation  is  in agreem ent with that o f Kantzig 

and W oodruff (J. Phys. Chem. Sol. 9, p70 (1959)) concerning the therm al 

d issocia tion  o f H cen tres . V arley  (J. Phys. Chem . Sol. 23 p985 (1962)) 

presented a th eoretica l argum ent involving trapping o f halogen atoms at 

positive vacancies. This strengthens the case presented above concerning 

the pseudo-H  centre decom position  and the tem perature dependence o f the 

co lora tion  rate, In consequence the equilibrium  state o f a sample 

irrad iated  at low  tem peratures w ill contain a higher proportion  o f halogen 

atom s so trapped and w ill thus be m ore  readily  susceptible to F band . 

bleaching (sin ce the trap is  shallow) than the equilibrium  system  o f sam ples, 

irrad iated  at NT.

Our final analysis con cern s the therm al stability o f centres: produced by 

d ifferent radiation qualities. The probability  o f a very  long replacem ent 

sequence giving r ise  to a w idely separated a -in terstit ia l pair w ill be sm all 

unless the beam  energy is  high, but i f  the tem perature is  subsequently 

ra ised  the probability  o f  recpm bination w ill be le ss  than for  a short range 

replacem ent. In the event o f  an F  centre being therm ally  ion ised  or 

destroyed  by therm ally activated vacan cy -in terstitia l ion  recom bination 

the "s ta b le "  a centre is available to trap the re leased  e lectron  and n ,̂ 

rem ains constant. R ealising  that the m ean  separation range will rise  

rapidly with incident energy we can o ffer  support to V a r ley ’s con jecture (op cit) 

that V 3 cen tres (halogen atom s located  in cation  vacancies) are form ed at 

large separations from  the associa ted  F cen tres , giving rise  to "hard"

(V a r ley 's  term inology) F -V ^  pairs at high incident energies.

7 .4 . 5. K inetic im plications o f generalised  f ir s t -o r d e r  intrinsic enhancement
9 ■"

p ro ce sse s .

Without n ecessa r ily  involving the detailed m echanism  just proposed, the general 

kinetics im plicit in an intrinsic-enhancem ent m echanism  7 .4 . 3 will be d iscussed .

Let C , C denote p os itiv e - and negative-ion  vacancy concentrations.
P ^ dC

Since these have m axim um  values o f unity ___ p = kp( 1 - C )
dA P

(where kp is the form ation  rate constant o f positive ion vacan cy-in terstitia l

pairs appropriate to a given set o f irradiation  conditions) since cation defect
-kppairs are assum ed to be the firs t  product o f irradiation . Then C = 1 - e

, Jr

We assum e that the cation defect pairs have a f ir s t -o r d e r  e ffect on the rate 

o f production o f anion d efects , as indicated by the p rocess  m entioned in 7. 4. 3.
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so
dC
dA

n C k (1 -  C ) p n v n' _____  7 . 4 . 5  (a)
Ac a

whence - lo g ( l  -  Cn) = knA + ~  • e " kP^ + D.

D is the constant o f integration. C onsideration  o f initial conditions

at A = 0 g ives D = -kn/k

• • C n = 1 -  e - knA exp (1 -  e~kPA)J .

The d im ensions o f  kn and kp are [A ] ” * s o  an approxim ate value o f

kn should be obtainable from  the slope o f the co loration  growth curve
c, e

at an appropriate point in the " in tr in s ic "  region. A s we have ascribed  

Stage I co lora tion  to im purity  enhancement the m ost useful area w ill 

be just after the plateau. .

O bviously  C n ^ 1  at this point and without form al justification  we can 

in itia lly  take Cp equal to the plateau F centre concentration. Since 

the a -cen tre  concentration  cannot be estim ated,, owing to overlapping 

bands, we assum e from  the wo,rk o f R itz (Phys R ev  142 p 505 (1966) ) 

and the d iscu ssion s o f 6.2.5 and 7 . 3.5 that [ /^ / [ r ]  is in equilibrium  

in the region  o f in terest, so Cn need only re fe r  to F centres.

The sbpe at the in flection  o f the post-p lateau  co loration  curve 7 .4 .(i)A 

is  1. 7 5 x l 0 *5 m C"^ c m “ 5. Converting to num erical concentrations 

g ives dCn/d A  =6. 67 x 10“ 5 m C ”  ̂ using the penetration depth for 

200 keV e lectron s. F o r  other qualities this slope o f the coloration  

curve an ticorrelated  with penetration depth such that dCn/d A  was 

v irtually  independent o f beam  energy in this region  (although p ossib ly  

5-10%  low er at 100 keV). F rom  the data o f 7 .4 .(i)A  it was a straight

forw ard  m atter to fit param eters kp , kn, C p starting from  the assum ed 

Cp = D^pla-tl an<̂  varying the param eters in an on -line com puter program  

to obtain the observed  slope dCn/D A  .

F o r  specim en  G63 the follow ing b e st-fit  values w ere obtained, giving 

curve 7 .4 .(i)B :

"inception  value" Cp (3mC) = 5.6 x 10  ̂ + 0.5 x 10
k p = 1.9 x lO “5 m C “ 1 + 0.5 x  10" 5 m C ” 1

k.n = 0.53 mC “ 1 + 0 . 0 5 m C " 1.

Quoted uncertainties a rose  from  w ord-length lim itations in the program  

but the orig in al data did not justify  further refinem ent by ind irect
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ca lcu lation  or double-w ord  arithm etic since intersam ple experim ental 

variance was equivalent to t  2 in the second significant figures quoted 

here. Within these p rec is ion  lim its there was no observed  beam  

quality dependence.

It can 'be seen that C n is very  sm all until the end o f the plateau region  

is  reached, so we do not expect re -ion isa tion  o f F centres to be 

im m ediately  significant with regard  to the in trin sica lly -form ed  centres. 

H ow ever i f  the con jecture o f 7. 3. 5 is co rre c t  we expect an eventual
• f  Csaturation . The' long region  during which C is undetectable allows

n
Stage I to go to equilibrium  b e fore  Stage II production is apparent. Thus 

the in trinsic-enhancem ent theory p redicts a plateau (in im pure m aterial) 

and a final saturation o f  the inherently sigm oid  growth curve o f the 

co lora tion  in pure m aterial.

The "length" o f  the plateau has been shown in 3. 3. 2 to corre la te  with 

bom bardm ent energy. Now the energy required to produce an F centre

in Stage I is generally  low  so the behaviour of Stage I w ill be essentially
■ \

beam -quality-independent in the region  o f interest. H owever the energy
/

d eposition /un it depth is greater for the less  penetrating electron s 

(owing to the know n.non-linearity o f  the ran ge-en ergy  relationship) so 

by the tim e the Stage I enhancing im purities have been exhausted the 

value o f  w ill be re la tive ly  greater for low  beam  energies.

Consequently Stage II inception must be advanced by reducing the beam  

energy. ■

7 . 4 . 6 .  K inetics o f  Stage II saturation. ,

Since we have calcu lated  the rate o f energy deposition throughout the

substrate, it is possib le  to examine k in term s o f the energy requirednr •-

to produce an F centre, and to com pare this value with those obtained

by other w orkers. .
16

E xp ressin g  7. 4. 5 (a) in physical term s we see that 1 . 6 x 1 0  e lectron s 

(lm C ) striking 1 cm^ o f  m ateria l at 230 k’eV convert 0. 53 x 5. 6 x 10 N 

anions into F cen tres , where N is the number o f anions in a volum e o f 

1 cm  x (230 keV penetration depth). F rom  the calculations outlined 

in Chapter 4 this im plies a ’form ation  energy" o f 900 k e V /F  centre 

in NaBr at NT, in the intrinsic mode o f the p rocess  of production.

This value correspon ds w ell with that given by Rabin and K lick  for
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X -irra d ia tio n  at 4K (850 keV) at which tem perature im purities have

little e ffect and there is no Stage I masking o f the intrinsic p rocess .

We can account for  the tem perature dependence o f the form ation  energy

(E^,) reported  by Hughes et al (AERE R5604) by noting that at 4K the

only im portant p ro ce ss  w ill be the in trinsic enhancement co loration  and

that the absence o f therm al annealing w ill oppose the back -rea ction

in the cation  vacancy production step : thus at low  tem peratures we

.expect the in trin sic p ro ce ss  induction period  to be d rastica lly  reduced

and the initial slope o f the co loration  curve then indicates the same

E^, as reported  here. A t NT the im purity p ro ce sse s  predom inate at

sm all d oses  and since Hughes et al studied the " lin ea r" portion  o f the

growth curve we must assum e that they w ere studying the plateau

reg ion  where E^, is apparently very  large (see  Monpagens (Compt. Rend.
33A cad . Sci. P a ris  266 p l607 (1968) fo r  an exam ple where a s im ilar 

assum ption in the case  o f L iF  is d ism issed  on further irradiation).

A t R T  the apparent reduction in E m ay be due to the even greater 

ro le  played by im purity enhancement, m asking the early  stages o f the 

in trin sic p ro ce ss  and giving a single continuous growth curve. Few 

authors have ca rr ied  RT irrad ia tion  o f NaBr to a high enough dose to 

observe  the n on -lin earity  o f this curve.

7. 5. 1. A sum m ary o f the argum ents presented so far and a com plete 

kinetic descrip tion  o f F centre generation in NaBr.

The generation o f F  centres in NaBr by e lectron  irradiation  must be 

con sid ered , in the light o f  the previous argum ents, to take place in 

two d istinct m odes, one involving im purity sp ecies  and the other being 

in trin sic to the pure host m aterial.
r ■

F cen tres can be created  by the agency o f e lectron s whose energy is 

nom inally far too low  to d isp lace B r ions from  their equilibrium  

positions d irectly , o r  as a consequence o f any cooperative p rocess  

involving only B r ions, with the possib le  exception o f m ultiple 

ion isation  o f a single anion : this p ro ce ss , how ever, leads to too sm all 

a c r o s s -s e c t io n  to account fo r  the occasion a lly  rapid rate o f co loration  

(at A  = 0 and just after the co loration  plateau).

A t NT the two co loration  m odes are separately distinguishable by 

virtue o f  a plateau in the co lora tion /d ose  curve. B elow  this plateau 
the co lora tion  behaviour corre la tes  with the concentration  and identity
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o f  the cation  im purities andthe coloration  kinetics in this region  are 

indicative o f a low  value o f E^, associated  with exhaustible entities.

The firs t  co loration  m ode ceases to operate at a dose sufficient for 

the exhaustion o f these entities. A f ir s t -o r d e r  depth/dose correction  

to a L angm uir-type kinetic expression  fits the experim ental details well.

A bove the plateau, the co loration  behaviour is wholly consistent with 

an in trin sic p rocess  in which rad io ly tica lly -prod u ced  cation vacancies 

a ss is t  the subsequent form ation  o f anion vacancies. One detailed 

m echanism  (7 .4 .4 )  has been  proposed  which accounts for  the experim ental 

phenomena listed  as (c) to (e) o f  7. 4. 1. The arguments o f 7.'4. 5 and 

7. 4. 6 show that the kinetic im plications o f a general f ir s t -o rd e r  

in trinsic-enhancem ent p rocess  are fu lly  consistent with cr ite r ia  
(a) and (b) o f 7. 4. 1.

Saturation  o f the second stage o f co loration  can be wholly accounted for 

by a p ro ce ss  o f  re -ion isa tion  o f  F centres in the case  o f  NaBr. The 

saturation concentration  is  too sm all to im ply a significant contribution 

from  F—*" M con vers ion  or  any s im ila r p ro ce ss , and recom bination - 

saturation p laces a very  stringent demand on the long-range interactions 

o f  anions and F cen tres . H ow ever, it is p ossib le  to d escrib e  the F 

band saturation in term s o f  the incident beam  ionising the F centres to 

a -ce n tre s , which exist in greater num bers and can therefore regain 

an equilibrium  concentration  at a faster rate.

A t tem peratures below  NT it is generally  agreed that im purities play 

a . m uch reduced part in alkali halide coloration . The value o f E^, 

deduced for the in trin sic m ode here is  consistent with that found at 4K 

by other w orkers.

A t RT there is  no detectable plateau in the co loration  curve. This is 

consistent with the in creased  m obility  o f im purities at elevated tem peratures, 

and phonon-in terference suppressing the appearance o f in trin sic-m od e  

co lora tion  : this is again consistent with a wide range o f possib le  

in trinsic-enhancem ent m echanism s utilising cation -vacancy  assistance, 

and p articu larly  suits the detailed m echanism  advanced here.
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200 5.  79  X  l o " 4 8. 35 X 10"3 10. 21 x 10‘ 4

NUMERICAL SATURATION CONCENTRATION OF F CENTRES IN NaBr

Ai 1, . yy
——— ■— ■- .n —

HARSHAW (m t) HARSHAW Trt) BDH /NT)___

4 00 4 . 1 0  x  10‘ 4 6. 16 x  10 6. 86 x  10 4

200 4.  09  x  10~4 5 . 8 9 x 1 0 7. 20 x  10“ 4

NUMERICAL SATURATION CONCENTRATION OF F CENTRES IN NaBr 
ASSUMING LINEAR PENETRATION/ENERGY RELATION,,.

T n b t e  3.  6  A

B E A M  E N E R G Y  k e V H A R S H A W  Î N l ) B D H  ( N T )

4 0 0 1 ,  4 9 .  x  1 0 " 4 2 .  6 1  x  1 0 ' 4

2 0 0 1 .  6 4  x  1 0 2 . 2 1  x  1 0

PLATEAU  CONCENTRATION OF F CENTRES IN NaBr 
LINEAR PENETRATION/ENERGY RELATION.



BEAM ENERGY > ] e p H / 0 F ]  H A R S H A W [FjBDH/(il HARSHAW
k e V ( s a t u r a t i o n  n t ) ( p l a t e a u  n t )  .

4 0 0 1 . 6 7 1 .  7 5

2 0 0

c
1 . 7 1 1 . 3 5

CONCENTRATION RATIOS FOR DIFFERENT SOURCES.-

BEAM ENERGY ¿ L a t  / 1 %  l a t e a u Frisât / F ^ l a t e a u
k e V ( harshaw n t ) (bdh  n t )

4 0 0 2 .  7 5 2 . 6 2

2 0 0 2 .  5 0 3 . 2 6

CONCENTRATION RATIOS FOR DIFFERENT STAGES 
OF C O LORATION.

T



B F AM ENERGY keV PENETRATION DEPTH 
(MICROMETRES)INDICATED CALIBRATION

. 400 460 530Îl0(E xptl. )

300 370(Calcuiated)

200 230 250^ 12(Exptl. )

100 112(Calculated)

COLOUR PENETRATION & INCIDENT ELECTRON ENERGY: N a3r.

E0 (keV) (e )

400 48

300 :t 111

200 192

100 770

T a b l e  4 . 3 - 2

CALCULATED ABSORPTION COEFFICIENTS FOR ELECTRONS IN NaBr.



NoRr No 1

273 (+ ) 3 1 3( -)

3 6 0 ( - ) 387 (  ~)

3 9 0 ( - ) 438 (+ )

4 8 5 ( - )

WAVELENGTHS (nm) OF OBSERVED CATHODO LUMINESCENT BANDS 
AT NT AND dX/dT BETWEEN NT & RT: FOR Na_Br &  Nal^_

— «ALLÔWFÔ» 
TRANSITION TRANSITION _J

E i e V ) T(ns) i ( e V ) .....l i f e ) -

NaCI 5. 6 < 5 3. 38

F-

295

KCI 2. 32 5000

RbCI 2. 27 5500

N a B r 4.  60 0. 49

KBr 4. 42 fV 2. 27 130

RbBr 4. 20 ~ 1 1 2. 10 180

Nal 4.  20 0. 09

K| 4. 15 - 9 3. 34 4. 40

Rb|
t <

3. 95 -  9 2. 30 11

RESULTS QUOTED BY KABLER & PATTERSON. (See text)^



MATERIAL B aw V--------

KCI f 0. 40 c 0. 81

NaCI 0. 58 0. 80

KBr 0. 35 0. 67

Na Br 0. 37 0. 92

Kl 0. 32 0. 60

_IaJb_l<a_

ENERGY DIFFERENCES FROM FIRST EXCITON BAND (eY)_. 
(A FTER  JACOBS & KRISHNA MENQN_)^_

\

P A R  A M E T E R S T A G E  T STAGiJI

b 0. 012 t  0. 003 0. 007 -  0. 003 ;

A 0. 030 t  0. 005 0. 018 Î  0. 005

Xi

X2 .

-0 . 045 m C -1 

-0. 0023 mC

-0. 20 m C " 1 

-0. 025 mC

PARAM ETERS OF FIGURE 6. 5. (i)j

_IflfeLêJ!LiLL



•

no*
\ . . 400 keV 200 keV

identitypeak ________gtsa2-1_________L Staffs II Rt-’ff.'’ I ... Stave II(nm) visibility F-bleach 1visibility iF-bloach visibility F—bleach 'risibility 1 F—bleach
1 197 sh. on 3 sh. on 2 [riding [shoulder on f ride sh. on 2 f ride Bdecreased - on ■( bands on 1 on V
2 198 3 & 4 J poor l 4 l 3&4 JL 4 poor Jl 4 ?'
3 200 broad r. on 4 peak> 4 r. on 4 broad ,> 4 enhanced broad,^4 enhanced

1
4 205 peak enhanced peak enhanced peak enhanced peak enhanced J

5 215 not seen ? enhanced broad,faint enhanced justvisible enhanced broad,faint st. enh. 3ee text
6 230 broad si, enh* less si. enh. sharp si. enh. sharp si. enh. V_-peak evident 3
7 235 233 nm nil than Stagel si• enh. ----- ----- not f und-----— — impurity
8 240 not res* nil stronger nil shoulder - si. enh. . anot resolve 1

.from 7 2
9 260 shoulder si, enh. peak enhanced peak' enhanced broad enhanced impurity[ flat

10
290 shoulder si, enh. peak enhanced shoulder nil J tab sorption nil V

11 300 ■f not res. nil shoulder w nil peak** nil peak" nil impurity[.from 10 *
12 340 peak si. dec,- peak si, dec. ■ f clear . v. si. dec. / clear decr&isdd V,?shoulder ' tshoulder 1
13 390 sh, on 12 st, dec. sh. on 12 si. dec. not found < poorly st. dec. V.■ - Iresolved k
14 490 sh. on 15 decreased shoulder decreased shoulder- decreased shoulder decreased K

15
525 P band P

16 550 sh, on 15 v. si. dec. sh. on 15 v. si. dec. ah. on 15 v. si. dec. sh. on 15 sv. si. dec. Et or
M Harshaw material only * B.D.H. material only

Table 6.3.1 Bands inNaBr irradiated at NT, and effect of Fband optical bleach



SOURCE HARSHAW B D H
BEAM ENERGY keV 4 0 0 3 0 0 2 0 0 100 400 200

1. 04 1. 14 0. 69- 0. 78 0. 81 0. 72

STANDARD ERROR 0. 12 0. 14 0. 03 0 . 10 0. 04

Li. H. S. O F  E Q U A T IO N  7. 3. 3 (a ) .
* O N L Y  T W O  E S T IM A T E S  A V A I L A B L E :  D E V I A T I O N ^  0. 05 F R O M  M E A N .

SOURCE j-IARSHAW B D H

BEAM ENERGY keV 400 300 200 100 400 200
T1 (m il l ic o u l o m b -1) 600 430 174 89 468 182

STANDARD ERROR 69 53 36 - 58 10

■Iahlfi__7 » 3.. 2

V A L U E S  CFO F R O M  T A B L E S  4. 3. 1. , 4 .  3 , 2 , ,  7. 3 1.



Fig 2.2(0 Beam switching aperture
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Fig, 2.3,(i) Schematic d la o rcms of the four types of 
dose integrator d iscussed
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4x1 NI 130

Fig»2.3 .(iii) Pulse generator
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Fig.2.3.(1 v) Time clock
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Fig.23.(v) Integrator, divider,and thermocouple 
indicator panel



Fig.2 .4 .0) C ryostat section
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Fig.2.4.(iii) Alignment drive and cam switch with 
thermocouple lead-through



Fig.2.4(iv) Sample holder, clamp, and
Faraday cup

flexible line adaptor beam tube precdlimator

Fig. 2.4.M Beam tube alignment accessories
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*

C H A Z T  

i t e - c o n z e z .

\

Flo.3.1(g) Continuous measurement - schernii ,r
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FIG . 3.2.(ii) Current dependence ot F  band growth
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G 27 
2 0 0  kV

G 28 
4 0 0  kV
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Fig 34(ll? 
Growth of F band at RT ». Ha

O PT ICAL  D E N S I T Y  OF F B A N D
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Fio.4.2.(0 NaCI : colour penetration x1Q0
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ELg.4-2.Gv) KI: bleaching effect of storca«? x100
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0 3  m m

FQ Variation of apparent penetration with sample thickness 

(NaBr. 400 g.200keV. RT. xSO)
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D1 is an Ancom 2-quadrant divider module"
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Fia. 6.1(i) Small cryostat and bait valve
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Pîçl 6 A0) Thermode construction





Fia. 6 4 («O Slow thermal annealing of 
200&4Q.OkeV F centres
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Fig 7 2(i) NiormalisedLELand W curves
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A simple integrator for charged-particle beam dosimetry.

A . LI. Calverd

School of Physics, University of Warwick, Coventry, Warwickshire.

Abstract. A current integrator, utilising a curront-to-yoltago convertor 
and a low-inertia motor, is - described.'. Circuit values permitting resolution 
of microcoulomb doses to better than±2.55» over a wide range of input flu- 
are given. The device is inexpensive and reliable.

’ Submitted to Journal of Physics 3





A simple electron beam switching -pulse generator 

for small accelerators. •

A .M .C a lverd
School of Physics, University of Warwick, Coventry.*’ -

Abstract A simple circuit is described, for producing 
700V square pulses with a p.r.r. variable between 0.1 and 
400 Hz and complete coverage of duty cycle. Single-shot 
and continuous opeTation are available and the system has' 
Seen found suitable for beam pulsing in a small (400keV) 
electron accelerator.

Present address: Division of Radiation Science, Rational 
Physical Laboratory, Teddington, Middlesex, U.K.

Submitted to Kuo1ear Instruments and Methods



The principle of* the innirumrprl; donoribod hr>r« :i.rt an followtu a variable 
frequency neymntofcio sawtooth waveform in fo<l Into m Schmitt trigger 
with a fixed hysteresis and an effectively variable trigger level. The 
output from this element consists of a. variable duty-cycle train of pUIsea 
at the p.r.f. of the original sawtooth. This pulse train is used to’ switch 
a power output stage from saturation to cutoff and thus produces flat-topped 
square waves at the full supply voltage. ■
In the circuit shown, VI is a highly asymmetric multivibrator which will 
free-run if S2 is closed. The cycle time is almost exactly 2.2 R^ seconds . 
(R in megohms) in this mote.- The waveform at VI cathodes is a positive -

v • ’
going asymptote. Opening. S2 puts the circuit into the "single shot" mode 
and positive spikes applied via the lOOOpF capacitor initiate single pulses 
of lengths 0,25 Closing Si locks the system "on".
The VI cathode waveform is tapped off into the Schmitt trigger V2 andthe 
sotting of.the 25kSl potentiometer determines the mark/space ratio of the 

^OOV^auare~wave at V2a2 , which has a risetimo of<10;us. The maximum 
positive excursion of the Schmitt output is to^OV and consequently feeding 
the pulse train to V3 grid produces 700V square pubses at V3 anode with 
rise and fall times "ClOÔ is. , • . . .
The instrument was designed to pulse the beam of a 400keV Van de praaff

X  .
electron accelerator. This machine was provided with electrostatic deflection 
plates operating at up to±2kV for beam steering purposes. The pulse 
generator was driven from an isolated power supply, so a simple series 
connection of the output points shown here permitted the pulse tc be 
added to the d.c. level applied to the deflection plates on one or other 
axis. The electron beam wa3 focussed on a small aperture in\the;beam tube 
beyond the deflection system* and the 25k&potentiometer in the output- 
divider chain was adjusted to allow the beam to pass through the aperture 
with V3 conducting} the system thus switched the beam "on" during tho 
"on" phases of the Schmitt trigger and deflect od* thp electron, beam a m y  ^

f . • • . •from the aperture with the Schmitt "off" or in the event of a failure 
of V3 or the power supplies. With a 1mm aperture about 50cm from the 
deflection plates provided with the accelerator (h .V. ¡3. C. AS400) the 
beam pulse shape was close to 'the V3 conduction oydle shape.
The instrument- functioned reliably during three ¡.yearsHus© Land generated 
pulses with durations between 10s and 2 .5  ms with the appropriate values 
of R . No coraponenet values are critical and all resistors (except V3X
anode load) were 20$ -̂ W typos.

t
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The instrument was developed as part of a research project supported 
by tho Central Electricity Generating Board and the Science Research 
Council, at the University of Warwick. The project was under the general 
supervision of Dr.’ M.R.Tubbs. I wish to thank the C.E.G.B. for a maintenance 
award. ' " . ;

.Captions-Circuit-diagram of the pulse generator.
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Colour Contres in electron Irradia.ted Koclium Bromide .

by A.K* Celverd and M.iV Fubba • *
School of Ihyslco, University of Warwick, Coventry* CV4 7/.L, U.X.

A relatively small amount of research hac boen carried out on colovtr centres
in sodium bromide since this material is very hygroscopic and ic difficult to
colour using ionizing radiations# Indeed, experiments on the coloration of alkali
halides by X-rayo at 4«2°K have shown (1) that,1 while an i-contra is created for
every 1CToV absorbed in KC1 and KJBr, the corresponding figure for NaBr id nearly
lO^oV/F-contre# It is thus very difficult to generate high concentrations of •

14colour centres in NaBr by X-irradiation at dose rates of typically 10 to 
101\oV/cm^/6oc. As part of a progruidr.e of research on colour centre saturation 
phenomena, we have studied the production of colour centres in N&Br using fast 
olectron irradiation at dose rates of to 10c0k®V/ctaVsec*

Wo have studied the growth of the F band in NaBr single crystals irradiated 
with 100-500keV electrons from a Van de Graaf eloctron accelerator. Single 
crystals of NaBr were obtained from the Hnrshaw Chemical Co. (H) and-from British 
Drug Houses Ltd., (BDH) and were irradiated at both liquid nitrogen temperature 
(LiiT) and room temperature (RT). Atmospheric moisture markedly affects the 
colorability of No3r and saturation F-centre concentrations for specimens cleaved 
in air were come two to three times larger than those for specimens handled in a 
dry atmosphere. Che experiments described below were all carried out on specimens, 
that were cleaved and mounted in a cryostat'in « dry.box that.weo purged with dry 
nitrogen gas until the water content was less than Eloctron irradiations
were carried out in vacuo and optical absorption opeotra wore recorded in situ with 
n modified leiss I opeetrophotometer.

Hg. 1 «how» the growth of the F-centre concentration in Horshnw I.'el’r an a 
function of electron dose '»t RT (dotted lines) and XJNT (full lines) for 400 axu\ 

200keV electron». Hie growth curve for BDH material (400kV, liiT) is included for
comparison. The F-centre concentrations were calculated from Jankula1* formula 
using an oscillator strength of 0-5 and measured électron penetration depths, j\ n  

the growth curves show a marked, tendency towards aaturatiou after doses of 
Cojaleabs with the possible exception of the Harehaw epecimen at RT, 400kV, Th</ • 
saturation r-dèîftre_concentrotitm^cn^ïïê'BBH“_ëpëoimen irradiated wi th >V.j»
electrohs-ÊtrLNT-ia-largei-then-that for the iiarshaw specimen

i



Tills ia almost certainly duo to' the effects of divalent Calcium impurity (20ppm 
in EDH, 2ppm in K) since Ca , enhances the colorability of Had at UiT and XT (1 ).
The saturation F^centreifor Kershaw material irradiated et RT with 200kV electrons 
is at least tea times larger than that for material irradiated at LNT* This 
observation may indicate that a large concentration of (^-centres (negative ion 
vacancies) are generated at LNT*

o
; Optical absorption measurements of KaBr at LNT after irradiation show only 

two strong absorption bands - the F band at 5?5m and a strong band at 199-BOOnm» 
This bond is not the U-band (2l0nm in Ka3r) and appears to be identical to a 
band seen at 196-1$9nm in additivaly coloured and X-irradiated samples (2) where 
it was labelled the P-band. In fig* 2 we summarise the behaviour of this band 

. and the F-band during colouring and bleaching cycles* The optical density after
A •• 1

a short initial irradiation is noted as 1 (at 199nm) and 1 (at 5>25nn) and. of ter 
nn extended bleach with F-light the F-bend absorbance is reduced (2 } while that 
at 199nra increases (2). Tills anti-correlation is consistent with the 199nm bend :
being the e-bond* A short electron irradiation then reduces the ¡v-band (riug-to 
electrons being trapped at vacancies to form F-centres) but further irradiation 
leads to growth of*both the o' and F-bondo (J, 2 )• A second exposure to F-light 
again produces a reduction of optical density in the F-band (41) but an increase 
at the o-bond, (4). If the 199nm bond is the a-band» the separation between the 
first exciton peak (at 6*68ev (3)) and the o-bond is -0*4.2©V whereas it would be 
0*92eV if the <y~band is placed at -212nm (2)* The separations for .KBr and K1 are 
0*67 and 0*60eV respectively and this suggests that the n-band might appear near 
202nm in NaBr*, ;

Tho oooillator strength of the a-band in KaBr has not been meacured but» 
aeeuralng it is clots© to that fo** KBr, our results euggost that twice as many 
o-centreo as F-centres are produced at.INI; this compares with an r / T ratio 
between 5 and 9 for KBr at 2°K (4)* The saturation concentration of negative 
ion vacancies produced by 2G0keV electrons at RT is thus some throe times larger 
than that for LNT* tfhls is partly a result of impurity enhancement at RT but 
also suggests that interstitials are mobile at LKT but do not form stable 
aggregates as readily as at RT* The F-centre growth curve for H■material (rOOkV) 
saturates nt an F-centre concentration of 1-2 x 10 /cm or ~10 of the available 
anions* The mechanism of saturation is presumably that of interstitial-vacancy 
. recombination occuring in the ‘forbidden - volume* surrounding an F-centre at 
high concentrations ($)• i .



W o w i s h  t o  t h a n k  t h e  C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  B o a r d  a n d  t h e  S c i e n c e  
R e s e a r c h  C o u n c i l  f o r  g e n e r o u s  r e s e a r c h  g r a n t s  i n  s u p p o r t  o f  t h i s  w o r k #  O n e  o f  
u s  ( A B C )  w i s h e s  t o  t h a n k  t h e  C . E . G . B .  f o r  a  m a i n t e n a n c e  a w a r d  f o r  t h e  p e r i o d  
1 9 6 7 - 7 0 . ' -  . ' V '  *

R e f e r e n c e s

1 .  S a b i n ,  H a n d  K l i c k ,  C . C . ,  R h y s .  R e v .  1 1 Z *  10° 5 *  I 9 6 0 .  c
2 .  J a c o b s ,  R . W . M .  e n d  K r i s h n a  K o n o n ,  A . ,  I h y s .  S t a t .  J S o l *  3 5 ,  K 1 ^ > 5 ,  1969 »
3 .  E b y ,  J . E . ,  T e e g a r d e n ,  K . J . ®  a n d  D u t t o n ,  D . B . ,  i h y a .  R e v .  1 1 6 ,  1 0 9 9 - 1 1 0 3 ,  1 9 3 9 .  

Rita, V . I I . ,  J h y o *  R e v * ,  I j t e ,  3 0 5 - 1 3 ,  1966 .
5 .  R o o l e y ,  D . # B r i t .  J .  Appl. R h y s . ,  1 £ ,  8 3 3 - 2 6 1 ,  1966 .  • x

Captions for Figures ,

RIG. 1. F-centre growth curves for NaBr irradiated with 200 and toOkeV electrons 
at room temperature <RT) and-liquid nitrogen temperature (liCP).

RIG. 2. Behaviour of the F-band and an absorption band at 199ns; during two 
colour/bleach cycles. . ■
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