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1. IN'mODlJCTION. 

1.1 J;-i:E G~NEH.AL Nll:I'tLL1 OF SOLID DECOl'fPOSITIONS. 

Solid decom~Josi tions arc of t110 m.::dn types - exothermic 

~nd endothermic . A det~iled survey of the l atter is beyond the 

scope of this introduction . I t is sufficient t o mention that 

invGsti ;:;::.t ions in this fi..:;ld h1.ve been confined o..lmost excll1sive-

ly to hydr2.t;s -:1.nfl c.:trbon::>. t cs . Endothermic rc..:\.ctions do1 how-

3Ver, so~otimos yield useful inform~tion on the n2turc of nuclea-

tion nnd t he i nt.erf:J.ce reaction, so examples will be quoted when-

ever they will :1i d the understanding of exothermic decompositions. 

E.."lCothormic decompos itions ?.r c m::tinly of the type: 

li. 1 
(solid) 

B + 
(s olid) 

c 
(g<:'.s ) 

The course of the docompo:::: ition is usuo..lly follovmcl. by plot­

t i ng oL , tho fr::tction decomposed (or altorn:>..t ively, p, the pres-

sure of g~s developed) ~o a function of time. TrpicnloC, t 

curves nre s hm.rn be lov1. 

t 

oc 

Three import::>.nt ch.m:tcteristics ar e clear from those curves . 

However, it does not necessarily follow t h·.t t al l three .:1.re present 

in eny particular decomposition. These characteristics may be de-

-2-/ •... 
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scribed ::1.s: 

(Q) ~~riod of qUiescence. 

Du.ring this period there occur proces.ses vThich result in the 

formation of·centres of decomposition. Various explanations of 

the nn ture of these procGsses , . .rill be given later. ·rhis induction 

period is therefore ~ssocinted with little or no measurable decom~ 

position. At the end of this period, tht~ decom~)osition centres , 

,:)r 'nuclei 1 , 1-rhich ho.vc been formed boein to grow reou.ltin!1 in 

mea~urnblc decom) OGition . 

(b) .a ·1eriod of Etccelera tion. 

·rhis ·pc~riod involves the rapid spre0..d of the reaction through 

the m<'..teriP.l from the nuclei. The bulk of past research v1ork has 

been concentr~ted on this phase of the decomposition. It has in-

dicated tm-..t in genera l the nuclei are three-dimensional and increase 

in area as the square of the time . However variations in the rate 

and mode of gr01-1th do often occur and these 1..rill be dealt with sub­

sequently. 

(c) A period of dccax. 

'rhis .Y3riod. occurs after the maximum rate of decomposition has 

been rc~ched. The r eactant/product interface then ~tarts shrinking 

nnd the rate of decay usually becomes proportional to the amount of 

reactant left undecompoced. 

The na ture of the decompos ition curves e iven o.bove may be in­

terpre t ec'l . . ::s follo~;Js . I n general they are sigmoida l, indicating an 

.. u.tocata lytic r eac t ion (a). These curves sometimes show very mark-

ed induction periods where the rate of form~tion of nuclei is slow (1). 

·rhe rather assymmetric cu.rve (b) results from f'.. s hort o.cc0lera tory 

period f ollowed by a mJ.rked dec:ty (c.[; . lead styphnato (2) a nd mer­

curic ox.:tl <:.t e (3). ). In some c ·tses the induction period is virtual-

ly a bsent (c), ind ic~'bing ins knt nu.c lea tion (e . g . l ec..d <:·.z ide ( 4) ) 

11Thile in others ( c~ ), the reaction is a two-stage proces fl with ~n 

ini ti,,.l e vo lDtion ')f g:::~.s f o 11owec~ by the genera 1 o.vtoc.:> .. t a lytic pro­

cess ( ~: . ~ . pot.a::: •Jiun azide ( 5) ."..nd lithium aluminiu.m hydride (6j · ), 

-3-/ ..... 



1.2- NUC&!EA'l'ION IN CRYSTAIS. 

It has been indicated above that therm2l decompositions of 

solids are characterised by t he formation and growth of n~clei . 

The process of nucle~tion is, ~s will be di~cuso0d later, a struct ­

ure- sensit ive process, since nuclei are only formed at certain fav-

oured or 'potcmtial' sites. Tlnt induction ~)eriods ar~; :tssociated 

with the formation of nuclei is shown by tho f act that they are 

shortened by increasing the number of potential siteo . This is 

e~sily done by crushing or grinding (1), or by scratchins the sur­

f~ce of the crysta l (7) . Pre-irradiation with ultra-violet light 

(~) also shortens the induction periods of some s~bst2nccs , tho~gh 

there Gre indications th<.1t a different type of nucleus may be pro­

duced (9). Other means which are effective in shortening induction 

periods are pre-bombardment with electrons (10), neutrons (11), 

x-rays (11), o.tomi c particles ~'..nd ({-rays (12) . Incorporation of 

impurities c•n also speed up the decomposition (13). 

Previo~s \'mrk in these fields 1-lill be considered in section 1.4. 

N~clei vary in sh..1.pe a nd s i ze a nd both thesG c.ho..racteristics 

depend upon sever~l factors, for example , relative activation energ­

ies for nucle~s formo.ti on nnd for nucleus grovrth, the p:\rticular 

crystal face on which t hey are formed , the cryst.ctl structures of 

parent and produc t p.hnses 1 the mode of formation and the substance 

concerned . 

Plate A shov1s some reproductions which illustrate the diver-

sity of ~hapes encountered . Nuclei ~re usually com~~ct, often 

being sphcric·.~l (e .g . barium azide (14) ) or perhaps hexagonal 

(e . g . pot.:tssium hydrogen oxal:J"to (15) ). In a few caseo nuclei 

.1.re diffu_so, an example of this type being nickel sulphe.te hepta-· 

hydr!'l.. te ( 16) where the~r exist as t~>To dimensional bands • In copper 

sulphate pentahydrate stur-she.ped nu.cloi are fou.nd, thoir sh2..pe 

being attributed to preferential growth along certain crystal planes 

(17). In the d,·!compos ition of silver .:'l.z ide the silver atoms are 

considered t o take up the ?C'>rent azide structure whi.ch nt the end 

of the decomposition su.ddenly collapcJo to the normal silver struct-

ure (18) . -4-/ .. .. . . 



PLATE A. 

•• 
•• 

1,2,4. --MIXED ALUMS. 

3~9. COMMON ALUM,III FACE. 
6. CHROME ALUM)III FACE. 

5. C ..,so+.SH.tO. 
7. CLLS04.5H2.0 IN VACUO. 

6.. COMMON ALUM:,OII FACE. 

10. Cu.S04 . SH:a.O IN H10. 
I I. AMMONIUM ALUM + 1-110. 

12. COMMON ALUM., 001 FACE, 
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There is 2lso evicJ.once for nuclei t-Jhich grow by mew.ns of 

line,.lr branchin~ ch.::>.. ins '"hich may interfere ,.i th on8 "'.nother 

(e.~ . pot.:tssium j;X::rm::tn~;ctnttc (1) ) nnd thore is the por:;::ibility 

too of br:J.nching phte-like nuclei (e . ~ . silver oxr..l<..te (19) ) . 

The s tl1dy of so lid decompositions .b.e .. s b~~en too 1., .:;.·.::;n ly con-

cerne~, vJi th tho incrn::; .. .>c in number with time 1.nd. with t h0 t;rowth 

of nuclei. It was only whon ~-iott -:'..nrl. ·.'urnc '.r (20), i.n th:1ir 

classic work on the nhotolysb of the silver lr.liaeo, ox:1l2.ined 

the methoc1 of for!Jk"'t tion of deCO!il)os i tion centre:> th;t ·:~:l3 most 

irnort:1.nt '::3;?CCt of the problem u-:-..s treated. 

~iowevcr followin.::; the hi3toricl.l development of tho fie l d 

·::,he phenonenon of nucleus c:;rowth will be consid3rec1. :.':ir :-;t . Past 

tho;.>retj.c~l consider ations h.av0 divided the problem of nuclo.ttion 

into ( i) tho hws of nu.cleus :fm.·mation :md ( iiJ the law:: of nuc-

leu.s gro·wth, the l'l:J.in asJ?ects nf which ::tre deb.i1ed bolow . 

( i) The L.·ws of rrucleus Formation . 

(a) Nucle::>..tion involviDG o. s ingl e ste;.J . 

I r, i::; :tssu.med thn t the de compos it:l.on o:. ono molecule 

lo:~ds to the form':l. tion of "'- nuc leu.s . 

The prohe.bility of this decomposi t5.Gn is 

ivhere \) = frequency of the l:lttice vibration. 

Tjj,S 
1 

= E1 - T~Sl 

= cctivation energy of nucleus formation 

Equation (1.1) a·v be ,.,ritten 

k = r.' l) exp (- E /i~T) .. 1 1 1 

vi here 

s
1 

= entropy fac tor, oxp 4(6S1 /R) 

(1.1) 

( 1. 2) 

If therJ ,re N0 potential nu.cleus forming sitGs, the 

r ~ te of nucleus forlllO. tion is 

---------· (1..3) 

-5-/ •..•• 
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'\.vhere N = the nu.. !Dcr of nu.clei at t i !l:o t . 

Neglecting the ingestion of potential c i tes by grmo~ing nuclei, 

eq-uo.tion (1.3) mv..y b::t i ntogtatod to _:: ive 

N = N0 I! -o:xp ( - k1 cj --··-·-· 
o.n~ : o from eq~ (1.3) 

.£lli = k N dt 1 0 

This is knmm r..::; the 1 ~xpommti:1l l r;H 1 • 

(1.4) 

( 1. 5) 

In thf) "ttrl~r "J t · :cs of the re~1.c tion, :s;>ecia.lly if L\J1 is 

l 1.r·:c ~nd k1 is small, the cxponentbl term in equ.J.tion (1./+) may 

be e:cp.:..nded to ~-;i vo a F."~roximn t e l y 

or 

N = k 1N
0
t 

dliJ' = kl"'J dt - l'.o 

--·---------------- ---- (1.6) 

( I . '7} 

so tho.t tho number of nuclei incr c-.se;' liner'..rly "'ith time . This 

l:us been verified for the ini tL'..l st'l.ges of t he clohydr::1.tion of 

(b) Nucl o::'.tion involving more tho..n o n:) stop . 

How:lv'Jr, CL'.~Jo3 often occ1.1r 1,rhore the nu:nber of nuclei i n-

cr81.GO 'l.S ')Owcr s of t im.; which ~re ::;renter than vnity . In t he 

de:1ydration of :;:iS0/~ . ?:120 (16) for 8J~.':).mplo~ they imro~"lo cs t 2 

::-.ncl j_n the decomposition~) of bo.riu \ c>.z i de (14) 2nd of cilver 

oxnlntc (23) the:r incro:.se as t3 lnd as t4 r es .. 'loctivoly. 

3i thor ~JO voro.l sue-

cc::>s ive clx.onr:1oGi t ions may be requiroc: to !Jroduc.J .::t st'J.bl o nucleus 

or .::~ l·i~:)rn· .. tivoly :: nucleus nay be for"lcd ns n r esult o :f . bi-mole-

cu.l:-.r ) roc:·Ga involving two or 11ore activz i ntormodb.rios , !)Jth of 

Hhich :·.r :) f~rmcd 2-t <". const.::tnt r:~.t.; . Both hy_)othcs .-.s l c: '..d to the 

se mo nm.,ror lr:H ( 24) vi7.i • 

wher0 D = -:1. const:::tnt 

B ·- the nu:nbcr of succco':ive dccomnoDi.t.ions 
(1st thoory) 

or B-1 - the nu.mber of sep~r~1.to ontitic;:; rec~uircd 
( .2nd t heory) 

(1.8) 

\-I~ich ~f tho tHo thaorics i s more likel y , c~n s ometimes be deter-

mined from n ,:::nowloclzc of the :.~cti7.?.t5.on cner f:Y of nucleus form-

. 1tion. -6-/ .... 
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Before considerinc hoH nuclei wty grow it is nccc8so.ry 

to see whether or not they wil l gr ow . In reactions of the 

type 

A 
(n) 

·---~ ·' 
B 

(s) 
+ c -~------- ( 1.9) 

(g) 

th:' ~rob:: bility of formc.tion of q_ fragment of B embedded in 

thG m:t trix of "i. de:xmds not only on s t::!. tis tic.:1.l energy flue-

tu.:LtiontJ but also on the possible deform .. tion aris i ng if B 

~•s ~ differ0nt molecul ar vo~ume to that of A. This deforma-

tion is assoc i <:.'. ted vrith a cortnin strJJ.in energy, 6 . 
ConsidGr a fragment of B containing m moleculos. 1'hen 

tho free energy c h::mgo accom?Q.nying the formation :) f the frag-

.rtcnt i s 

i.\Gl ::: m6GB + a- 0 (1.10) 

whore .6GB == bulk free energy change/molecul e . 

0"" == a s h .. "'..po f~J.ctor 

( == 4 1fr2 for c.. spheric'll inter face) 

If ~ is the volume/molecule of tho ) reduct phRso, then for 

s·)heric'l.l fragments 

m = 41Tr~ 
3um 

Equ.a tion (1.10) c::m then be rewritton n.s 

~Gl = ~GB + 

== o.m 2 
3 

1.. 2 
{( ( 36 Tf ~) 0 m 3 

bm 

where a is proportional to '([ 

b is the nog~tivo of 1\GB 

( 1.11) 

( 1.12) 

(1.13) 

1'hus \oihen Y ir.; ~ooitive 6.G1 must pass throu~h .., maximum 

at m = m* when n. fro.gment hc~s "- critical s ize to be in equilib-

rium VTith its surroundings . 

-7-/ ..... . 
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.As a C•.)nf:Jequcnce of tho stra in induced by the formation of the now 

ph~so , sma ll fr~ -;mont~~ of D Hil l b0 unstabl e and tend to rovort 

bc. cl~ t o iJ. \•Thcrcao l arge fr·1.gments t .. r n s't-.1.blo with respect to the 

t1··msfor mntion A ---7 B + C. fhus further reaction tends to 

occur <.~t the interface rather tha.n l cc .. d to the initj_c.tion of .:1. 

l arce m~mber of small fr·:.~_3ments of B, .:- nd t he reaction s:)reads 

OlJ.t from those ':JOints where it fir~t commcmced . 

Following the curve of (a. ) the autoc~~talytic n-tu.rc of the 

1·eation is explained in ter!lls of rapi d growth of nuclei vrhic h ·.re 

formcc1 -.. t cer't-.1.in localised s·ootE:, provided that the 2.ctivc.tion 

enerey of nucleus growth i s loss tht:m th .tt for formation of nu.c-

lei. This l:k1.s been vorifiod in the case of barium nzido ( 14) by 

viischin and for various hydrates by Garner and his co-worlwrs. 

Hov1ever if the a ctivation energy for nucleus growth is of 

the s:"'.me order as the ::1etivati on energy for nuclou.s formation, 

then o. largu nu.mber of sm:1.ll nuclei aro formed (t1Urvo (b) ) • The 

"l..cce br'l. tory period is reduced and may virtuall y be r cr.10ved by 

crushinz 0r grinding (curve (~ ) ). Curve (d) is Gimply a com-

bina tion of (a) nnd (c) .:tnd r e:presonto t"1o phases of tho ree .. ction, 

one of "'hich is initiated extremely r a pidly. 

( ii) The Lnws of Nucleu s Growth. 

1~ Genor o..l relationship governi ng t he growth of nuclei may 

now bo derived. 

Let r = a size parameter 

i.e . for one dimens ion, r = the lcn;_;th of tho nucleus. 

11 two II 

11 throe " 

r = the r udius of n circul~r nucleus 

or r; i de of a square nucleus 

, r = mean rndius 

Le t G(x) = a growth function. 

·.rhen the siz3 of the nucleus "'hich s t<trted growin~ at t = y i s 

determined by thr~ i1ar.::.mctor 

r( t , y ) = ~t G (x) dx 

y 

(1.14) 

-8-/ ..... 
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Thus the V·J lurne of tho nuc l ous is :, i v•m by 
- - >-. 

v( t,y) = ([ lr( t,y~ ( 1.15) 

\-There {T= 0. shape factor ~= ~lrfor a Spherica l nucleUS~ 
1\ = 1, 2 or 3, depending on the ntrrnber of 

dimensions ,)f the nucleuc. 

The tot 11l volu.me of all nucl e i c. t timo t is ther0fore 

V(t) = Jt v(t , yJ ,-d~ l dy 
0 __ <} 1i __ t ,. y 

~nd subsGituting for (1.14) ~nd (l.l5j we ~at 

V(t) = r o- l t G(x)ctJ A ~J td: y 

(1.16) 

( 1.17) 

If the ~ppropriato forms of the functions describing the r ate 

of nuc l eus form~tion and tho rnte of growth arc !~own, it is pos-

a ible to calcu ln.te V( t) .:md hence the degree of decomposition. 

For example, if a const::mt growth r~tn il"'ld power law nuclea tion 

are ~ssumed, it is found that 

(1.18) 

where c1 = e. const~nt 

:md since o( =f 
1f 

where p = pressure of evolved 3::..s 0.t time t 

Pf = finc .. J. gns pr-essure 

equation (1.18) co..n be writ~,cn tn th:; form 

p = ctn ( 1.19) 

This r~lationship is found to hold for barium uzide (14)~ 

(J), 1.-rhere n = 6-8; for c:1.lcium azide (25 ) , silver oxide (26) 

nnd aged mercury fulmi~1to (27), whore n = 3, a nd for sm~ll cry-

sta l s of bictrium s typhn.:>.te monohydrr:..to (25), wher·j n = 2 . 

:Ilm<Tever Gxperiment r eveB.lod cert.1in discrei,><-1.ncies . For 

example , in tho c2.so of barium az.ido n '1-TO..S found to v ·-ry bet1.feen 

6 .b and J . 2 a t v.7.rying temper~tures of ~ocom~osition, instead of 

givin~ the theoretic~l v lue of 6. Thif.l a nomaly could be ex-

pl .::..ined b_; postul·~ting 2.bnormally s lm-.1 initi a l grm1th . 

-9-/ .... . . 
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Subsoquen"tl;- it u.::ts shmm by Thomt' .. s .md Tompkins (<3 ) th..1. t 

equ~tion (1.19) could be modified to give 

p = C(t - (jn (1.20) 

where (;' i s the perioc of slat·7 .::;rovJth. 

The 1.bove theory ca nnot be :-..pplied to cert::-.in sub3t;.nces 

notably silver oxal:-..te (19) 2.nd mercury fulminate (28). Garner 

<:'..nd H[dles vTero led therefore to tho conce:9t of lino:1r brc..nching 

ch~ins , where the r .::tta of nucleat ion i s re l atively unimpor tant 

~nd is effectively constant. fhey further postuhtod c. con-

otant hr.::tnchina coeffi cient k
3

. Hence tho net r ate of product-

i on of nuclei becomes 

.9!'! = k1N + kJN dt 
( 1. 21) 

f rom which it c ;.n be shmm th:: t 

p = c.e k3t ( 1. 22) 

i.e. the decomposition folloHs .::tn oxponunti al l aw. 

Further work h..1.o shown th..1.t the concept of linear branchi ng 

chc..inr.:. requires s ome modificati on since the c h_l.ins Hou.ld tend to 

sopar::tte the crystJ.l into moso.ic blocks whi ch would decompose 

s l ovTl y . By postula tine brnnching plate-like nuclei, this ob-

j ec tion is overcome wi thou.t nn7 (}opnrture from the ::ener:~ 1 ex-

ponenti['. l relat ion:Jhip . 

T~e conce-vts 0utlined ['.bove t.-:1l ::e no account of the possibi-

lity of chain~ i nterfering during growth. Taldng this f:-1.ctor 

into c onsideration Prou·G ~1.nd Tompkins ( 1) put forvrard ~ .. ch.'lin 

theory ~pplicablo to pcrmanganates. As this theory i s of l~~rt-

icular interest to this worl;:, its dnriw..tion will be given in full. 

LGt k4 = urobc.bilH y of terminn.tion of nuclei 

·rhen c1N = k1N
0 

+ (k3 - k4)N 
dt 

(1. 23) 

Soon after the reaction ha s commenced tho s econd term in ( 1. 23) 

p:ce domine.tes a nd so 

dN 
dt 

= 

F1~rther, it m['..y be suppos ed t lnt 

( 1. 24) 

-10-/. 0 0 0 . 
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----·-·------ ( l. 25) 

where J-::1 is another Ci)nst::mt . 

In the c~se of ~mo4 which has a s~metric~l p- t curve, we can apply 

cert~in b?undary conditions to permit of into~ration, oince Qt the 

:point of inflex i on JG i = ~-. 

Thus: 

:::.t t = o, eX..,::: o, k4 ::.: 0 

:~·, d -.;(, is a mnxi mu:.1 
dt 

.nd 1c
3 

= 1c
4 

since ~ change: .. sign. 

:r:lEl boundQr .Y condition is therefore 

Hence (1 .24) becomes 

dN = k 1 - r:..:.../J N 
dt 3 o(_,i 

Qnd (1. 25) becomes 

dN=~crl - ~J dY~ I I • 
' 0- l 
L.. 

\-There lr = .!:J 
kl 

On inte.:..r a.tion (1. 23) yieldo 
r- . 2l. 

N = k joL - .:: - I 
! :Ul(i. 

nnd usin~ (1 . ~5) wo ~et 

~~~ = k3 o( (l - o() -··--· 

In~~~r~tion of (1. 30) t hen yie lds 

or 

o(_ 

log l-ex: 

loc _g_ 
Pf-P 

+ c 

+ c -----·- ----- -

( 1.26) 

( 1.27) 

(1.28) 

(1.29) 

(1.30) 

( 1.31) 

(1. 32) 

This i s l:nmm cs the 1 Prout - Tomnkino equa t:Lon ' C:tnd h~:.s been found 

v2..l jd for substances other than pernKm~an:\tes , natably nickel 

L.lrn:tte (,~9 ) ammonium pei:-chlor2.t e (30) nnd lead ox2.bte (.31) . 

Prout "..nd Tompkins (32) used n mod i f i ed f orm of thG above 

equ.ation to exp.Ldn the decompos i tion cu.rve of silver i)Ol'l:!.l.rtganate . 

The det~ils of this \.Till be cons idered later. 

-11-/ .. .•.. 
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It if.; not ice['.ble in t he t heoreti cal war!{ so f:-.r discunsed that 

t he f ull ox....,l o.mtion of favoured points of decomposition a nd the 

ex-c t r easons for decomposition nt the~e points are not avv.ilabl e . 

!'he s tudy of t he t!1er ma.l decomposition c-.nc1 photolycis o·.: a zides 

and halides hovTever hc.1.s yic l cb1 information 1-1hich h...1.:..; f,hod consider-
) 

::-.bl_e light on the actuo.l physic, 1 procoss0s involved in t he form::ttion 

(.:\nd growth) of nuclei. Ido~'.S developed in tht-:38 s "Cu.dies uhen 

·cc....'~en in conjunci.ion with the moder n knowlo,..~~e of th;) cry~;tal di s-

orgnnisa t i on resulting f rom b'Jmb.~rdment ·:Jf ·Joli ds vli th hiJh en~r.;sy 

photo:.-ls or '?1.rticlos , are of considerable v.:\luo in t ha olttc ida.tion 

of t he ~ .. echani~!In:; of i:.ht.rma 1 c'lccom·JoD i tions. For thi s re1.s0!1 the 

relevant worl~ on the halides and ,:~.zidos will be outlined below . 

!-Iowever, n clear u.nderstnnding of those processes L; im)oss ible with-

out s ome prior J.mo1.Jl ed;_;e of imperfections i n crystal s r~nd their in-

f l ucncv on tbc solid state. Thus a J hort survey of tho n~ture of 

l'he l.~,ttice theory 'Jf cry~,tal stru.cture first oriJinatod in the 

t.:1i'1': i n::;. of Huygens -:-.nd J:oo)w in the 17th and of Ja ~:y i n the ldt h 

e;entury. 'I'!10ugh many of t':10 i d ! ~r n u.:wciated wi th the C.Jncept of 

::t perfoct crystal la.tticc are ~1 till us0d , t he inadequ·:wy of this 

t heory bEtS been clce.rly demonstrctt;d. 

l:.h:1.t the crynml Lt.t.l;ico i s far fr·om perfect and cont . .:-.. inu ::1. number of 

im·9crf:;c t ions , t he more im~ortnnt of 1..rhich are d isvi.r; Joc1 b3lmr. 

( i) Dislocntions. 

The lo\-T observed vr'.l uos of tl1e cri ticc..l shG::>.r stres s can be ox-

pl a i nod in ter ms of mot ion through a cryntal of a n im·?crfcction lmmm 

o.D c. disloc~--tion of which there .lrc two m::tin typen . 

The edge disloc~•.tion ma.y be thou3ht of a.~ co.u.scd by t he inser tion 

of an extrr- :par tial :.>l ctne .Jf atoms in the cry;:; to.l. :rr·nr the dis l oca-

tion Une marldng t:1e termination of th·l extra. pl ano the crystal is 

hi:;hly str".incd . 1'h:; s im·,:"l ; edgo di s l ocation extendc in~'3finitely 

in the sli p phne in a direction norma l to tho slip dil~ection. The 

- 12-/ •••.• 
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second type of r1is loc:'.tion is t he scrc• .. J difllocation Hhcro the slip 

is ')''..r a llel vO t~0. dislOC ".tion lino . Va rious a rrays of disloca-

tions are oaid to form cr a in boundaries (33). 

The number of disloc~:. t ions varieD from 106 to lol2j cm2, but for 

nrtifici~lly pr 0parod inorganic cryst~ls is of the order of l09/cm2. 

The:l.r strain enerc 'r is about 1 ov. per 0.tomic pkne , beins about tho 

s~me aG the ener gy of nn interatomic bond . I t han further boon 

s hown b7 Frank (34.) th::t t those disloc.:ttiom:: l!k:'-Y be 1. contr')lling 

f.-:1.ctor in crystc..l c;row'vh. Ono must ther efor e :'..ccc·,>t t rot cryst::tl 

f~ces 3.rc c..hTays hct ·Jro ·.;-:::ncou.:; .• nd ·(.h:-.c steps in th --: cry:.:t J.l face 

chould hc. vo r1ifferent properties (e . :; . cnta.l yttcj from t hOH.) of the 

open lanc'b b0t-vwon the ~-cops . 

I t is the0r<"·tica.ll~r l ilw l.'! t:~ ;t clisloc:.tion linea ~.lrovide r :>utcs 

::.long Hhich diffu.s L.m occurs moro rc>.pidly. :!'he m~in r 0 :tsons for 

thC) m:;::-.t ivc 

:?re iJ:n~r--: on me Di ' o 0f c, disloco.tion hi:wing an edge com~1on.mt ~ and 

Ghe fact thr!. t, a tm1ic roarr:lng ~' '' cnt.::: mn.y occur more frequentl y oFi ne 

to t he disordered m.ture of c. disloc-2tion. 

Disloc-:~.tion lines :1rovide regions whore foroic;n .:-.toJ.W Hill con­

,5ro ··J. te in cn~c.ncod c -:-nc3n ~rc .. "<; ion (35 ) .'"'.nd s h,)uld -:'rovir1 ' ) -_)referential 

s i t os for nuclc.:tt ion . They can :1lr;o act n.s .:; hnll m.r tr-'.'.~~: for 3l cct-

1· Jns a nd , os i ti vo holcc 2.nc1 cc.n provido a ::; 01.1rce of v:-1.canc i cc vlhich 

r.re <'..b l 0 to 1 oV'lpOl'2.. te 1 ( 36 ). 

( ii) Frm2J,.-8l, Schot tky <'..nd Impur i t y Defects . 

Unl i ke di:Jlocations, tho:::; -_; dof ccts thtou.r_:h sc~'.ttorod a rbitra rily 

thr oughout the crys t a l , h::tV0 assocbtc d r egions of disturb::,nc: U<3ually 

loc.:tliscd ctbou.t i ndi vidt1a l b t tico points . 

A Frenkel d::l f cct rr~dsts \.Jhcre a ca t ion (or n.ni on) i u dim;hced to 

;:, diotc..nt intorstitinl pasition l eaving b<:.hind o. l vaca~r 1 • Frenkel 

dofoct:c; ~'!.r:"' usu.2..lly f a voured when tho crycta l is s uch thQt there i s a 

conoider : bl c dis p;:.r:i.ty of ionic size , the crysto.l h::ts ..,_ hi_. h va n der 

\:i-:- ::tls nnor ··;y :mel. tho d i electric constant is lar c;e . Silver bromide 

i s a good example .nd i n f ou.nd t o h..1.ve ''-' 1014 def ccts/cm3 a t 300° K 

~nd ~ 10-7/cm3 at l OOOK (36) . 

-13- / ••••• 



SclDtti~ ;~ e8f.x.t;, con··:ist of equ.£~1 nu'"lbcrs of anion .. md ce.tion 

the s t1rf.'.CB8 of ·~h8 cryst::-..1. 

f .JJ.' Hhich the iT. n rler Ha::t 1s enorgy c~.nd die lee tr ic C0:01:Jt:>.n~c :-..•.'0 

not ·coo hi .,h , 

qt1iremcnts . 

(J/). l)ftfm the:,r 1cvndense 1 on c1islocatiJl1o :L'0Slllt,:i.P._:~ in Q. 

chc~ng0 of A.1.ttern ·Jf the~Je dis loc::':Gions . Sch:Y0t1cy defects 

Iiil"?U.rit:i.~s tend t·) a.ccu.mLll:'tJ :J.t disJ .. oc.::-.t.:ton:" bt~t nuy be 

found elsm1hore too. They influ.enco the nolou.rs of .::ol:Lds 

under ionising racU;::::..ions, c1irectl~r by ·?roviCI.in::; new tr~~-)s for 

-:; lectr .. ms .md holes, :md indirGc tl.f b~.r :.lt--:r :i.ng 0h:; C~)l1C:c>ntra tion 

L .:tt i')l1 ryr :: lcrtioc ~.nc1 t1lectrost; tic ch"l.rgc (38). 'I'hc;,y c;:m 

r' l so .~ ct ~ -- scnsi·~iGol~o for s;:>eedin& up chemic:ll rc'J.c.ti•Jns (lJ) . 

v.:wr:.nc ~·- which h0..s tr:-..;ned 1.n 8lectro.n. 

·._,-ce;:).tres 

' n"1 R -. . '-' 2 

Centres which c"t:rO ~nion V:'..C,".l1Cy p,~ 5.l' U C ·mt .. l . in5.nc :me .::nd t 1.70 

t:r ~~Y.>od ol nct:r.)n:J :;,·~'F.lpoctivol .... , .:~.nd t he 1:--.::ontrc which :i.e c. 

An:-.thcr centre is the Fl .. ccntr:~ 

'lhich is . :'v·r·•l:· : n :.'-centre '.,rhi.ch h ~s t r .:n"::ed :-- Jcconc~ cL:ctr'Jn . 
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v:J.cc.ncies 1.Jith trapped pwitive 3olcs. 

(iv) Excitons. 

~Jhen photons inter-l.ct with oolids thev may oxcito nniom so 

that they eject J.n eJ.ec tron into the condu.ction b2nd le.J.vin.r; be-

hind~ 'positive hole' . Altorn:'.tively the elec tron may be r~ioed 

to nn ' exci ton level' below the conduction ~Lnd. In this c ~·,fJe 

the electron i:J still in a bound E:to.te. Tho '0xciton 1 oo formed 

c~.n travel through the crystal givine up i tn energy ::>f forTil:ltion 

on recombin~tion. It is electrically neutr1l cmd docs not con-

tribute directly to the c.:mductivity of tho cryst,J.l. 

An exciton may 3et tr:qped nt certain 1)ointo such :w v.'.cancies , 

disloco..tion or impurities before it has lost a ll its kinetic energy. 

An exciton thU.s tr~'_1p.Jd h~s o. cerb.in average lH'otime hofore it 

re t1~rns to the eround s to. to. I f, before this h.ap:pens, o.nothcr 

exciton i8 tro.ppec1. _,_t the sc..me trc..p, the t'.Jo may re:wt t-d.th one 

J.nother. 

/ 

The ~tbovc resume provides the essuntio..l bo.c!~;round to the 

processes of nucleo.tion \·Jhich 1.-1ill now be discusfJOd. 

·rhe photolysis of silvJr bromide boco.uoe of it;., ·i!l!~)orto.nce 

in photogr aphic ')rocesses lli1.s buen extens ively s tr1.diecl. o.nd the 

cr.rly Hork of Gu.rnJy o.nd Hott (?.0) is of 'JJ.rticuhr nignific~nce 

since their theo~y is Gtill the b~sis of th~ modern viewpoint (41) . 

This theory is now presented . 

A light qw:mtum near L:.500 A is absorbed forming a free elect-

ron and a positive holo. The electron is mobile ~nd gets trap-

ped on the surf~ce, while the hole nroducos noutr':'..l Br absorbed 

on the surf~cc c l :.:;ot-!lnre . An intorstiti~l s ilver ion from a 

Frenkel cl.Gfect mi~r. tt'-.s to the tr:~. Jped electron forming ·'l ·silver 

'l tom. When < s.Jcond photon in o.bsorbod tho hoJ e proc.'l.uced forms 

a sec ond Br atom a nd Br2 escapes from tho surfnc0. The el ectron 

join~ tho silver .:ttom to form ~nAg- ion which attr c..cts .nother 

interstitial silve~ ion to form Ag . 
2 

This .Tocuss c~n be re-

pce.ted nnd the s ilver speck ~rows in s 'izc . Thv first tr~pped 

-15-/ . .... 
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electr on thus repres:ants the.. stJ..rt •)f a nucleus r. t \Jhich the pro­

du.ct of decomposition forms. 

Mitchell (42) extendod the vJod· of Mott r-.nd Gurney by exam­

ining thJ effects of impurities on the nuclec .. tion of AcBr. Prev­

iou::;ly Sheppard (J.:J j 7 (.l,4), h.o.d shmm tl12.t sulphur from the gela. ... 

tin emulsion might be instrumenta l in formin6 on the surface of 

the h.tlide gro..in so-c:::.lle d. •sensj.tivity specks 1 '"hich act as nuclei 

on vlhich silver f orms dtrring photolytic a.ction. I t was suggested 

that t.he sensitivity spec''s were minute crystals of silver sulphide. 

Mitchell on the other hand suggestr. t h:-:t t s ilver hE'.lides dis­

solve silver sulphide "Hhich goes int~1 solution ~s an s- ton and an 

F-centre . Pl ~ b-liV:c ~ggregates are formed wh:i.ch, i f big enough, 

brec.~: o.waJ from the hc.lide mP .. trix to form colloidr,l silver. These 

~s-::;re~?; tos form the toensi ti vi t y s~1ecks 1 of Sheppard 1 s theory. 

Under illuminr .. tion :::! l ec tr-ons lcr!.vc the F-centrcs a.nd arc t r a ns fer­

rod ·::.o t:.he :>cgGroge.tes Hhich t hen increase i n size by a 9~·ocess of 

i onic mi:;ration. 

'l'he ~1·ocess of migr.9.tion m:-.. y be of two tj'pes~ (o. ) c tr;;:.nsport 

of c ::.ti0ns ,;s r1escr ibed above (Gurney and Nett). This Hill sot up 

int.el~nr-.1 :... trc.ins in formi115 t he Si:~ccks e nd is u.suc..lly ·.1or3sib!..e only 

on tho surf:1ce vhere tho silv'Jr cr.n be :_1ushed out , or (b) the motion 

·t:.owE:.rd::; tho centre o:" vn.cant c.nion 10ites which may r osul t from the 

rcmovo..l of elect rons from F-~e-;ntres or which may be present initial­

ly C',s FrenJ.wl defects . 

The second n.ltor n·tiv:3 i s not very c lcc.:c but is p·osu.rnably in­

t ended to menn th.:.1. t F-ccntro ~ ; gr eea tes c·:m ta ini:r-ti extr<:. o lectrons 

c2.n tra p n c<.'..nc1.3G boforo they tr::1p s i lvor ions, ·thus building them-

.1olves u:~ . l'hc ·· thon trap s ilver ions which take up t~10 volume of 

the v:-,cc.ncbs ::: nd so do not set up internal str:dns. 

1'lw concepts do \reloped in the study of the halides Here t rans­

fe:..·rod to th:~ field of t hcrmul decompoDi tion, with a nd without pre·-

hr8.c1 i2.tion. Mott (1+5) wc.s t he firnt to do thio in his work on 

t he c.ecom~Josition of me tallic azic1,; s . 

-16--/ ••.•... 
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Previous uork by G:trncr o.nd Hn ~gn (9) h.'1d shown that the 

threshold for nbaorption of ult r a-violet light by N3- ions in 

b~rh1m azicle l-::ts 2600-270u A. Pre-illuminr.tion tvith U-V short-

ened the induction ;Jeriod nnd proloneod irradiation with light of 

wf.1.vel.ength :1hort8r than 2360 A produced metallic nuclei .1t room 

tenr~Jera tu. i:·e . Furthermore, Hisc hin (14) had shown that the~ num-

ber of nuclei .for!Iled when the salt wu.s heated for a time t was 

give n by 

The r n t o 0f [;cmvt h ~f t he nucleus Has constant and r;iven by 

Q.r = B 
dt 

..:.'he ~rcscure of nitro3un n.ftor a time t was observed to be 

(x = 6-8) 

'l'ho u.ctivt'.tion energ ieG for nucleus for!IlD. t ion, nucleus e rm-Tth 

(1.33) 

(1.34) 

(1.35) 

r'.nd development uf preosure -vrere found to be 74, 23 .5 am1 166 Kcals/ 

!'.l:)l o respectively. 

l,iott shovmc~ tho:c equation (1. 35) followed from (1. 33) and 

(l. 34J by S:lbstitutin:-; thum in (1.17). He further supuosed t hat 

aince :>re-irrac~iation only h..'ld the effect of incrcasi~ the con-

stQnts A and c, the subsequent t her mal decomposition followed the 

s.:Lme laws of nucleus form:ttion and gro-v1th as before. It W.?.S 

:::.lso known that when ZnO i s heated in "l vacuum oxygen is evolved 
) 

nnd ?.inc :Ltoms _:;o into solid solution Hhere they dissociat e into 

j_n ~nrG titial zinc ion:: and mobile electrons . Mott therefore, 

.:t.wumed t:l;~tt c. :J i milar state of affairs existed in b::.rium a zide 

and cqrne to t hn C·Jnclusion t hn t t he mech:misms of nu.clo'1t ion were 

f.l imilr r t o t hose occurrin] in silver halides . 

Whon bariu.m a zide is heated, nitrogen is driven off from the 

f31.1:C'faoe , barium '"'toms a r e formed which gJ into sol1.1ti)n anr1 c1i;:J-

:..oc iato, ..;:1us incrc1sing the number of interstitial b.'l.rilun i ons 

ther·~ e.lrcac:y (assumin·; bCU'ium :1zide i s a cationic c ::mductor) . .At 

firfJ"G during the inrlnc ~ion :1erioC., ni trogon i s d.ri vcn off .. lmvly, 

be:i.n[£ l ater c::ttal yset: by the :.Jrcscnco of nuclei -v1hie~1 nr8 nubse-

qu.cntly formed . 

o.-17--/ . ••••.... 
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Durinc the slow omission, n, the number of electons/unit 

v-olume increc.ses linearly with time. Thus there are a large 

number of interstitial ions plus a few electrons, a state of 

:dfo.irs similar to toot found in tho halide gr::tin. It is 

probable tmt there ex:i.3t on the surface n number of electron 

traps which are similar to the 'sensitivity speclrn 1 found in 

photogr:..1.phic emulsions . TheAe traps may be anion v.?.cancies . 

When an electron becomes t r apped,a cntion is attracted but 

the nucleus so formed is uns~~ble and after a cer~~in time the 

electron ·Hill esc::tpe unless 'l second electron gets tr:-tpped first. 

The probability that :1n electron will be trapped is proportional 

to n; th~t of a second electron beins trapped is also proport-

ional to n. Thus if a electrons are required to form a stabl e 
(j" 

nucleus the prob~bility of nucleus formation is proportion to n • 

. . .9N 
dt 

o­= n constant ( 1.36) 

but n = t. constant 

• . . dN = t (} . constant 
dt 

or N = t 0 + 1 • conotant 

Comparing (1.38) \-lith (1.33) we see th'lt 0" = 2. 

(1.37) 

(1.38) 

I t fo llows 

that a nucleus with two electrons and one interstiti::l.l b::trium ion 

is stable or can cntalyse the thermal decomt.;osition. 

Once the nucleus is formed it can grow as follm1s. Every 

now and then an o..dj:1.cent azide ion receives enough therm.:ll energy 

to lose an electron to the metal. The positive hole so formed 

diffuses o..way to the surface by a process of electron exchange and 

N2 is given off. Thi s may be a s low process further accounting 

for the induction period . The (Ba
2
)- ion will grow by ~ttracting 

_mother i nter stitial barium ion and so the process ooy continue. 

Sinco there ie no escapo of metallic atoms and no azide ions 

are r emoved from the interior of the cryst,l, a nucleus must be 

formed on the surf;;tce or at interno.l cr:-..c1cs , otherwise the crystal 

\-lould split due to the strains produced. This was confirmed ex-

perimentally by Wischin (14) who found nuclei growing outwardc 
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_from the surface. 

Further inform...9.tion on the effects of pre-irradiation with 

ult ra-violet light led Thomas and T~ins (8) to believe that the 

mechanism of nucleation in 1.zides was due to 'exciton' formation. 

They discounted Motts ' t heory, for barium azide had been found 

not to show photoconductunce. Hence the production of free elec-

trons w-:.G unlikely. Furthermore, barium azide is ~ poor con-

ductor, its conductance beiP~ mainly due to anion migration. A 

very thorouch analyrds (46) of the ra.te of growth of nuclei in 

bJ.riu.m ,J.zide had !Jhown th.tt this \oTaS far too hi gh to bo accounted 

f'or by D.ny mechanism involving the transport of both cations and 

electrons . 

B::v;dns.:lari:ln 1s mechanism (47) of nucleus formation as a series 

of decompositions, (see Section l.2(i)b~in this case three, seemed 

equally improbable. This is so because the activation energy for 

nucleus formation is 74 Kcals/mole and that for growth is 29 Kcals/ 

tnolo . It wus pointed out by Thomas and Tompkins that t he activa-

tion energy of each of the throe consecutive nucl eus-forming pro-

cesses must be J r C'ater than tha.t of growth, and it -vm.s not possible 

to have three such processeo having an overall acti vn tion energy as 

low as 74 Kcals/molo. 

Mitchell 's theory involved the aggregation ofF-centres present 

initially. These wo~ld be present in barium azide because of the 

presence of impurity co3- ions . The mobility of tho F-centres would 

then be approximately 

canst. c e-E/RT 

where c = concentration of anion vacancies 

E = activation energy for their mobility 

The rate of formation of double F-centres would therefore be 

canst . c 8
-E/RT c2 

where C = concentration o~ single F- centres at t = o. 

The number of double centres formed after a time t is 

canst . c e~E/RT c2t 
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To obtain experimental dependence of N upon t i .e. N = const. t3, 

the nucleus must be a four centre complex and the number present 

ut time ti is approxiroo.tely 

const. c3 e -3E/RT c4t3 

Tho~~s and Tompkin 's results on th~ pre-irradiation with U- V of 

intensity I for a time 't shm.J' c3c4 = const. It', hence either 
1 

(i) F-centros ..• re produced at a rate proportional to (I1;')4, or 
1 

(ii) v:w<:mcies at a rate propor tional to (I(;)a. Both conclu-

sions they considered improbable and so proposed the following 

mechanism. 

'1\-:o adjacent azide ions are excited thermally and decompose 

to ..... i ve nitrogen . For the activation energy of nucleus forma-

tion ( 74 Kcals) not to be exc<:Jeded j.t is necessary the. t euch 

azide ion be excited separately such th'J.t the first excitation 

is rate determinin ··. They therefore postulate that tho electron 

is ejected into the c')nduction bs!'ld being eventually trc.:pped a t 

an impurity centre . Meanwhil e the mobile positive hole also gets 

t r apped at some surface defect. If now an ad jacent azide ion 

i r3 t hermally excited to give an a'Xciton} this reacts with the hole 

and nitrogen is evolved . 

An ~lternative viewpoint is that a positive holG ro:.cts with 

an rtdjJ.cont J.z ide ion whenever sufficient activation ennrg;r is 

... t vaHable - this energy must nccGssarily be l osD tr..an tl'Ja t rc~,.lired 

to lJroduce a positive hole . The complex remaining (F-contre + 

anion vacancy) later dissociates . The F-centres no¥T aggregate as 

in Eit.chell 1s theory to form double F-centres or nuclei. 

of for~~tion of nuclei 

I ·2 
§l! = (te-E1 RT) . 
dt 

is then eiven by 

c9 -E/RT 

The rate 

(1 .. 39) 

\.J'here E1 = anergy to eject an electron from the azide full band to 

the conduction band ( "·~ 31 Kcals) . 

E == activation energy for mobility of anion vacancies ("'-" 11 ~8 n.ls). 

c = concentration of ~.cancies. 

Equation (1.39) is in agreement with the ex'\)erimental fact N = const. 

t3 and is consistent with the effects of photolysis , pre-irradiation 
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and ageing of the salt. 

The meclliqnism of nucleus growth is considered to be a reaction 

in vlhich nitro.:;en is produced at the salt-metal interface, followed 

by its ouh:ZJ.rd diffusion throu;sh the crystal. The metal nuclei 

f:1cl.litate the form::>.tion of an :.1.dj:teent hole from an azide ion since 

the enc~rgy required to raise an electron to the met-..1 is lef:JL- than 

that rey_u.ired to raise it to the conductien band . When :-.nether 

adjacent azide ion in the interface receives sufficient ;;.hermal 

energy an excitan i s formed 1-1hich reacts \:Tit.h the 'lOSitive hole to 

for m nitrogen. 'l'he electron returns to the g1·oLmd ot-.~ t e forming 

-:tn F-centre complex bound to the nucleus. 

The ~cti~tion energy for reRc tion bctwoen a hole and an ex-

ci ton is """ 0 . 5 Kce. lo. The ro.te determining procccn is theref:..-rG 

the electron transfer to t he metal which is associ 'tod vlith a n 

enorg;}r diffor3nce of 29 Kcals - the same as the :-tctiv.: tion energy 

for nucleus growth. .As the double F-centre is more st:tble than a 

s ingle F-centre becJ.use the electrons move in .1 lar:~er volume, the 

size ·")f the aggre:;c.te c~n increase by decomposition and by tra.ppine 

conduction electrons ·nd subsequently anion v.1c.1ncies . 

The effect of incorporati1:4_, e.n impurity into the :"1, 7-j_cle l:.tttice 

was investigated by Gray a nd Waddington (13) in the:ir study of the 

thermal decomposition of silver and thallous azides. 'l'ho kinetics 

of the reaction of the pure salts were fotmd to fit tho equo.tion 

(L40) 

which transforms to 

1 -~- ~f] t ---·--------- (1.41) 

The kinetics and activation energies \.Tere unchanged by incorporating 

impurities but the rate constant k w~s found to increaAe . 

The behavi•)Ur of silver and t h.1.llous uzidcs diffm~8 •'larkedly 

from that of the a 11.:~1.1 i and a lkaline 3arth o..z ides . These differences 

c.tre sunnn:J.rised belovT. 
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r· J Azides of silver and tbal·· Alkali and alkaline earth 
i lium. azides. 
I 

l . -

~ The decomposition b..as no Curves of sigmoid shape .L . 

induction period fr~ve induction periods. 
I 

2. The decomposition has been The decomposition has not 
sensitised by div:J.lent been sensitised in this way 
anions. 

3 . Ionic conductivities are Ionic conductivities are 
high - mainly due to cation low - mainly due to anionic 
migration. migration. 

4- Show photoconductance . Show no photoconductance. 

5. Nucl ei are very small nnd At least in the case of 
do not grovT. BaN 3 nuclei are discrete, 

3-d~mensional and grow in 
size. 

Gr~y and Waddington attribute these differences to the stabi-

lity of the exciton formed in ench case. For example, the energy 

difference between the exciton level and the conduction band in 

AgN3 is 1.8 Kcals mole-1 whereas in KN
3 

it is 13.7 Kcr l s mole-1 • 

Thus the silver salt excitons will dissociate thermally into el ec-

trans and positive holes. 

They therefore proposed tho following mechanism for decompo-

sition. Using the notation 

N-
3 

a normal azide ion 

e an electron 

h+ a positive hole 

T a trap 

n ,_1 a vacancy 

they set out the folJowine equations: 

N.., kl r-t ... e I .) 

2h+ k2 
1-

7 21.~ + 3N2 II 

,+ 
n + c kJ ) 

N~ 

3 .III 

'l' + e k4 '\ Ag (f inally) IV 

The electron traps are of the type invoked by Sei tz (36). 

They arc incipient anion vacancies with effective charge ~ which 
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occur at slip plnnes and dislocations. After the capture of an 

electron the traps may be reset by the migration of nn interstitial 

en tion to them. The traps s.re produced when the cryotal is f orm-

ed and ~re not gener~ted optic~lly or thermally. I n the course of 

the reaction, T may ther efore ~e assumed constant. 

The electrons and holes formed will be mobile and may be treat-

od by conventional meana so that the rate of evolution of nitrogen 

is -:;iven by 

~(N2) = k2 (h+) 2 
dt 

------------·--- ( 1.42) 

Furthermore, since el ectrons and holes n.r e unstabl e intermediates, 

stationc.ry state assumptions may be applied to them vrhich results 

in ·~wo limiting c'l .... es being distinguist:::.hle ( i) Reaction II predomi-

n['. tes over III . This lec:.ds to the fir:::t order reaction 

d ("' ) · ·2 

dt 
(ii) Reaction III pr.;domino.tco over~II :tn which c2se 

dt 

= 
1 

2)3 T 
2 

(Nj )3 

( 1.43) 

(1.44) 

:md this agrees l.-Tith the experi mental resultl c .f. equation ( 1.40) .) 

If ~1, E2, E
3 

and E
4 

are the activation energi es for the 

apF_"opri.a te individual steps , then the composite il.ctivation energy 

i s gi von by 
')-; 

E = ~1 
3 

+ 1E2 -· _gE3 + ~4 
3 3 3 

( 1.45) 

T d . t · E F. d "' 11 th'"~ ... E- 2 E o a goo ... -pprox1.ma 1.on 2, ""3 an '"'4 ar e sma ~w .. I.J - J 1 • 

Gray -~nd Haddington cive a theoretical c1.lcul ation of Z1 and the 

vs.luo of E deriv0d from this i s in good agreement with the experi-

mentctl v:>.lue . 1'hi~3 they take ~ts confirmation of the r.bove mecha-

ni::>hl . 

Further evidence in su.pport of this mechanism is the absence 

of an induction period and tho absence of pre-irradi~ti~n effects . 

This sho1.-rs thc'!t the rat0 determining sten is not ta1dnr, olace at 

the nuclei 1.-1here the , rocesD ir, the accretion of silver by the 

migr~tion of silver ions . These nucl ei are groups of electron 
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traps t~•t are continua lly trapping elec t r ons and being reset . 

S<..>.l:Tkill 1s obser vation (18) that these nucl e i do not grow but 

only increase i n density support s thi s . The rate determining 

step is therefore the homogeneous generati on of free electrons 

and holes . 

When cyanamide ions a re incorporated they nre presumed to 
2 

produce :1dditional electron trc.ps a nd so affect the TJ term in 

( 1.44). Thoy are situatOd on azide ion sites as CN;- and for 

electric,'.l neutrn.lity there a re presurno.bly additional interstitial 

silver ions or additiom.l c.ni on vacancies which can act as elec tron 

tr...1ps . The addition:1l i nterstitials would speed un the resetting 

of tr~l.pS. 

In the c~se of b~rium azide, the decomposition depends on 

exciton formation Rnd because of this , :tn increase in the number 

of free electron traps would not increase the rate. ·rhis is borne 

out by the fA.ct tha t its decomposition has not been sensitised by 

the incorpor:1tion of divalent anions . 

1.4 :Y2E·:as OF PF.E-IRRADIATION ON THERl1.b.L DECOMPOSITIONS . 

As h::.s been indic::-~ted, the results of thermal decomposition 

a lone could not a dequately explain the physic ' l mechanisms of 

nucleation • Thus the effects of pre-irradiation with U-V became 

...1n important a nd integr~l ~rt of the work done on a zides in part-

iculo.r, TtThich culmin' ted in the exciton theory of Thomas a nd Tamp-

kins. 

\llhen barfu~n CJ.Z ide is decomposed the '1r8SSUre of gas devel oped 

is g iven by 

? = C. ( t-y)x (1.46) 

vThere y is a s low s ro1:rth correction. 

Pre-irr1.dint.ion 1:1ith U-V s hortens tho induc tion period and 

incre~.scs the vnlnc of C to C 't' which l.oJUS found to he pro:·orti ona l 

to t~e ex~lobure I T for small Gxposures . 'rhus during irradie, tion 

•.n electron is eject'Jd from a n a zide ion a nd is trapped B. t a deep 

impurity centre . The mobile hole i s trapped at a c .. ttion vacnncy 

Hhere it C?.n r eact 1:1ith n.n :1c tivated a dja cent n.zide ion to give 
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nitrogen forming an anion vacancy ~nd an F-centre. The F-contre 

is deGtroyed during the v ::rming up period proceeding thermal de-

composition by itD electron t unnelling to other mobile holes pre-

sent r~t tho surface , giving ::tn azide ion and a further anion vac-

ancy. The -,_ccelera tion of the thermal ra t o is due to the anion 

w.c:1nc ies rendering mobile the F-centres created thermally, there-

by nllowing them to aggregate to form nuclei. As the number of 

impurity centres is limited, for larger energies of pre·-irradia-

tion the anion V2.cancies compete for the ejected electrons and F-

centres are formed. These with existing vacancies are rendered 

mobile. There are tvlO c:.msequencr.;s: 

(i) C increases more rapidly than linearly with the energy 
of the pre- irradia tion. 

( i i ) 
I 

Tho slope of t bo log p,/log (t-y) plot decreases finally 
to 3 since the thermal process comprises predominately 
tho ~rowth of nuclei created during irradiation. 

G~rner and Hoon ( .4B) r.nd 1'~:-·.gJS ( 49) ha.d pr3 vious ly shown 

that pre-bombardment with electrons produced simi lar eff ects on 

tho induction period and r a te of decomposition of b::!.rium azide . 

Jroococ1c ..:.nd Ta..7.r kins (10) mc.do more detailed studies of these 

of ~ects on L1rium -:-.nd sodium azides . They came to tho follow-

ing conclusions . 

In pre-bombardment , the slope of the log p/log ( t -y) plots 
I 

reril<'"'. ined equo.l to 6 indic_~ ting that no nuclei were crer:tted duri ng 

the pr e-treatment. The initial act of t he primary beam i s to 

ej ect el ectrons from the n.zide ions nnd here there ia suffi ci ent 

energy for photo- emission. Because in pre-bombardment ther~· is 

ahrays :2 l ar ce excess of el ectrons , sur fac e ...,nion vacanci es o.. r c 

converted to F··centros, but t hese c.re l 1r gely immobile s t nce t heir 

mobility depends on t he oimulknoous pr esence of .-..nion vucanc i es . 

Consequently nucl eus forlll2.tion dur ing hombardment i s i mprobabl e . 

Duri ng wr1.r mi ng up r eeencr :.'.tion of az ide ions and vacancies from 

holes ~;.nd F-contros occur s . Those il''.canc ies ( gre::t t er in number 

':'.ft er ~re-bomba.rdment ) assist nucleus formo..tion in t he t hermal 

-~Jroc os s which i s nccol crat od. Tho i ncreased number of w.cancies 

dependi ng on i 2 (i i s t he beam current) suggests that this i s a 
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bi-mclecular process, vJhich t hey shm1 to be a combination of a pair 

of positive holes . 

Prout and Tompkins (50) studied the effects of electron born-

bardmont and U-Y irradiation on the subsequent t hermal decomposition 

of mercuric oxalate. They found higher initial ratos of decomposi-

tion suggesting a surface effect which was found to reach a satura-

t i on vn.lue. The changes produced by pre-treatment were found to be 

stabl-3 at room temperature and there was no evolution of gas during 

t!:K1 pr E:: - t r catment . Prout e.nd Tompkins conclude t hat pre--treatment 

affects the individual molecules and that tho effect penetrates at 

l east two or throe molecular layers. The primary act of pre-treat-

ment is b f r ee an el3ctron from a surface oxa l ate group and this 

electron is subsequently trapped by an Hg 1ion 1 in tho second layer . 

The process thus corresponds to an electron t.r-ansferonc~n _, ~rhir.l- " hen 

followed by an intramolecular chango , can result in tho production 

of 'mercurous oxal ate ' and this occurs without the evolution of gas . 

In recent yJars much attention has been given to tho effects 

of other typen of radiation on tho thermal d0compos i tion of Vd.rious 

solids . 

Bovrdon and Si ngh (11) irradi ated several i norganic azides 

with neutrons , electrons and ~-rays . Decreased induction periods 

and increased maximum rates of reaction rermlted 1vhen these substan·-

ces were subsequently decomposed. Groococy ( 51) observed similar 

effects i n the ease of of.. -lead azide irradiated vrith X-rays and 

the same is true of barium azide (52) . In t he case of the l atter , 

hmvever, it waG found that after an initia l increase of thP. maximum 

rate of decomposition with increased irradiation dose, the rate la.ter 

decreased as the dose was increased still further. 

Flanagan ( 53) has recently i.nves tiga ted the effects of n1.1C lear 

radiations on the thermal decomposition of lead Btyphnate monohydrate . 

60 Gamma ra~rs f r om Co had no apparent effect but neutrons ~rea tly ac-

celorP..ted subscqu-Jnt thermal decomposition . He suggests that the 

irradiated material c.ecomposes from a lart;;e number of evenly distri-

but.ed sites formed by far:t pB.rticle damage in the crystal. 

. . ._ 

The un­
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irradiated decomposition is considered to proceed at a smaller 

number of more localised regions such as cracks, grain boundaries 

and other imperfections. 

Prout (12) has presented a nm-1 approach to the study of thermal 

decompositions. As a result of studies of the effects of protons , 

neutrons and ~-rays on potassium permanganate he presents a theory 

involving the annealing of point defect~ As it is considered that a 

similar mechanism is operative in the case of irradiated silver per­

mansanate a detailed consideration of the theory will be reserved 

till la.ter. However, as this will involve a thorough knowled~c of 

radiation effects in crystalline solids general~ a survey of current 

ideas in this field is presented in the next chapter . 

The foregoing account may be summarised as consisting of two 

main points . Firstly, there is the earlier method of approach to 

the ~roblem of thermal decompos ition. This was tho rather arbi-

trary use of mathematical expressions which fitted the experimental 

decomposition curves . This method has a soriour, drawback in that 

it provides little information on the physical processes involved 

in tho decomposition. 

Secondly, there is the more satisfactory approach in which 

modern views on crystal imperfections arc applied to solid state 

reactions by t he use of complementary techniques such as pre-irrad­

iation or pre-bombardment or by the incorporation of impurities. 

These applicD.tions have been dealt with in s ome considerable detail, 

but this was considered necessary in order to sho'.,r clearly the var­

iou.s ways in which the concepts associated with the generation and 

movement of interstitials, vacancies, etc . have been used in this 

fresh approach to thermal decomposition, an approach vThich is of 

particular dignificance in the research work to be described. 
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2. RADIATION DAMAGE IN CRYSTALLI NE SOLIDS . 

An energotic ps.rticle traversing a crystalline solid may lose 

energy in two ways: by elastic collisions with the lattice atoms 

thus creating Frcn1-::els, or by excitation and ionisation of atoms 

through charge interactions. In order to displace an atom from 

its eq1J.ilibrium position to an interstitial ~osition some mini mum 

energy (Ed) i s required . · S':li tz and Koehler (51) estimate this to 

be ab~ut 25 e~ for most materials . This value has generallY b&o~me 

ncce)ted a.J it is in reasonable . .:;r .ement with experimental r esul ts 

(52, 53 , 54, 55). 

The tyr>es of radiRtion used in the fo l lowin.G experiments were 

v 6o·: thermal n(..u,tron radiation and o- radiation from'· ·8b. Hmvever, 

as 1-1ill be shown subsequently, (- rays are similar to fast elec­

trons in the damage they produce , and so all three types of radia-

tion will be considered . 

2 . 1 NEUTRONS • 

The energies of neutrons vary considerably. Discv.ssion will 

be limited to fast neutrons ( ,_ 2 Mev) and ' t hermal' neutrons 

( ""'-' 0 . 025 ev). Neutrons produce damage in two 1vays: directly, 

by knockin: atoms out of place, and indirectly by producing changes 

in atomic nuclei which then cause radiation damage . Being un-

charged, moot neutrons pass right through matter without any changes 

occurring. Occasionally, hmvover, one collides 1vi th a nucleus, but 

the cross-sections (~) for such encounters are only of the order of 

a few barns . For a material with a cross-section of o~ barn only 

about one neutron in 109 would strike tho nucleus of t ho atom through 

1-1hich they paGs . When a neutron 11 collides 11 with a nucleus it may 

be scattered or captured . 

Dama:;o as a resu.lt of scattering can only occur in the case of 

fast ne~trons since only they ar e capable of giving sufficient re-

coil energy to the affected nucleus . It can be s hown ( 56) that the 

maximum energy (Ema:x) imparte·d to the a tom is given by 
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E~ax = (2.1) 

where M1 = mass of the neutron 

M2 = mass of the struck atom 

E · = energy of the neutron. 

The avera~e energy transferred is t Emax• This may be far in 

excess of Ed (e.g. 0 .12 Mev for Cu) so that the primary knock~on 

becomes a fast moving ion which plou.ghs a track throu.gh the rna terial. 

These charged ions will interact electrically with extra nuclear 

electrons and nuclei they meet on their way. The cross-section for 

electrostatic collisions is largo and they are brought quickly to 

rest. The energy transferred (~E) to a stationa~J particle is 

then given by (56) 

~E = 1'111 zl2 z22 e4 
-----·-·--·---··-----

112 b
2 

E 

where M1 -::: mass of moving particle . 

Z1e = charge of moving J.1B.rticle. 

H2 =mass of stationary particle. 

Z 2e = c barge of stationary partie le • 

b = distance of closest approach. 

(2.2) 

provided that .6E ( Emax • Since M2 is much smaller for an elec-

tron than a nucleus, electrons absorb about a thousand tu1es more 

energy than do the nuclei(~provided that the ion io moving faster 

t:.~an the electrons .) There is a cu.t-6ff energy (10 ) belovT which 

the ion moves too slmvly to lose much ener~y to the electrons . For 

insulating materials this is given by (5?) 

L ,....,.., M 
c .-....- (2.3) 

m 

where M = mass of the ion. 

m = mass of tho el ectron. 

It = lowest excitation potential of tho atom. 

I n general, for heavy elements (Z2) 50) , Emax (Lc and there is 

practically no ionisation. 

When the moving ion collides with nucle~ collisi ons may be of 

-~ ........ . 



- Z9-

two typos; a Rutherford type for ions of high energy or an elastic 

collision of the hard-sphere type for ions of lower energies. In 

the case of heavy elements the l atter type of collision occurs. In 

either case the energy of the ion is sufficient to create secondary 

l"nock-ons which i.YJ. turn can displace other a toms. .A 'cascade ' of 

displaced atoms thus results until no atom has suffici8nt energy to 

displace another and the damage thus becomes densely 3rouped near 

tho end of the ion track. In cases whore Emax ( Lc, Snyder and 

Ni3Ufcld (58) have shmm that the total number (n) • of displaced atoms 

(i. e . vaqancy-intorstitial pairs) per fast neutron collision is given 

by 

(2.4) 

An alternative model for the distribution of displaced atoms is 

due to Seitz (59) and to Brooks (60). Since only about 5 ~f ~v of 

t he energy of tho primary lmock-on can be stared in la ttico defects 

the remainder must be r eleased to the vibrational system of the lat­
)t 

tice in the form of phonons . Localised heating results and the 

region is heated to a high temperature for the short period o ~ time 

( rv 10-ll sees .) that is necessary for the thermal pulse to disperse. 

In this region or ' t hermal spike' the temperature rise is not consid-

ered sufficient to allow general recombination of vacancies and in-

terstitials. Brinkman (61), however, has suggested that ncar the 

end of tho ion path the r egion melts and freezes r apidly, forming a 

'displacement spike' . During this process the point defects are 

largely elimin•',t ed and the r•~gion freezes back on to the surrounding 

lattice, and contains only a few quenched-in vacancies and inter-

stitials, and perhaps a dislocation loop. 

The capture of neutrons by atomic nuclei is complicated and the 

cross- section for capture vari es conaiderably. For neutrons with 

cner6ies greater than 0.1 Me v it is small but below 10 ev the cross-

section increases with decreasing neutron energy ao that for 'thormalt 

rloutrons (0.025 e vj capture is the predominant process. The new 

nucleus for med is often unstable a nd transmutation may occur • 
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Two main possible results of capture are thus the introduction 

of an impurity and the emission of ~- rays of capture and ~ocay. 

The capture 0:-ray released in tho reaction may give sufficient 

recoil cnor.jy to tho a tom to displace it from its normal lattice 

nosition into an int,"'!rstitial position (62). 

2 • 2 ~LEX:: 'l'RONS • 

Electrons of sufficient energy to produco displacement r .. re 

in the r •;lativistic range. Evcm for electron energio:s consider-

:~ bly in excess of Ed, the cross-sections for displacement are 

~ bout D. hundr:.:;d 'times smaller than for a charged nucleon. Further'-

~ore, s i nce tho collisions are heavily biased t oward small enorey 

transfer, fhe lmocked-on atoms seldom h.."l.ve ..;ufficiont energy to 

produce secondarios. Consequently, electrons tend to produce a 

simpler typo of c~mago , namoly isolated pairs 0f vacancies and in-

torstitials. On the other hand the range of electr ons i s fairly 

ahort and their capacity for producing damage varies apyreciably 

through the depth of t he sample. Threshold energies for displace-

ment of atoms by el ectrons have been measured. In the case of 

germanium (52) the threshold value was found to be 0 .63 Mev. 

2.3 (_RAYS. 

H.ocently Dugdale (63 ) bas pointed out tlk"'.t ((- rays may have 

sufficient ener gy so t hat some of the Compton- and photoolP.ct.rc·ns 

generated by them exceed the threshold for displace~ent. He showec1 

thut disorderin~ could be produced in Cu3Au by means oft- r ays fro~ 

Clel and et a l (64) have al so used O -rays to prod1~ce d-~.s-

pl D. cements in Ge . They point out that disordering of solids by 

O -rJ.ys is Gssenti ally the same as by electron bombardment exc~p-~ 

tha t (i) the energies of t he r.omp ton el ec t rons will vary with the 

angle of ocatt ering, and (ii) there will be uniform damage throush­

out t ho specimen as the absorption of {.) -rays i s cmall enough to 

ensure this. Gamma r adiation therefore produceG the simplest type 

of damage . The energies of the electrons are close enough to thres-

hold so that only i sob .. ted vacancy-interstitial pairs are p:J;oduced 
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..b.nd thece aro dis t ributed uniformly throughout the specimen, 

Kinchin and Pease (57) state that for light elements (Z2 <(50) 

the predominant interaction is tho Compton effect while for 

heavy elements there may be direct displacement of atoms by re-

~ coil from the photoelectric effect . 

Two other mechanisms have been suggested for the production 

of defects us a result of C)~r~ciiation . Seitz (65) sugcosts the 

following process to account for the production of colour- centres 

in KBr when irradi ... 't ted with X-rays. The X-ray~ produce photo-

electrons which dissipate their energy in the formation of elec-

trans, holes and excitons. Initially electrons and holes are 

trapped a t positive and negative incipient ·vacancies ( jogs at 

~ Taylor-Orowan dislocations) wher e they may ann1 hiJa+~ r,~c ~~0the= 

if sufficiently close together. Ex:oitons ~rc also trapped at ln--

cipiont vacancies produ.cing point thermal spikes which may be 

violent enough to evaporate vacancies from the dislocation, and 

these vacanciec become situated ncar the dislocat ion. However, 
I 

the main effect is considered as being due to the electrons and 

holes . If it i s assumed that the incipient vacancies occur in 

oppositely charged pairs, then if either an electron or hole is 

captured, the two centres tend to repel each other. 'rhis in ad-

dition to the thermal spike produced, causes vacancies or clusters 

of vacancies near the dislocation. Some of these vacancies will 

be in tho form of coupled pairs and if an electron is then captur ed, 

repulsion occurs and an F-centre and positive ion vacancy are pro-

duced. Dexter (66) discusses the above mechanism more quantitative-

ly and finds certain major difficul t ies associated with it. 

Varley (67) has prooosed another mechanis:rr.. by ~-Thiel: ionising 

radiation may engender vacancies in salts like the alkali halides. 

through multinl e ionisation. He proposes that anions 1-1hich have 

lost more electrons than the number they normally possess in excess 

of the v~alue of the neutral atom, will find themselves at a position 

where the electrostatic potential energy is near a maximum rather 

than a minimum, if t he ideal arrangement of ions in the crystal prevails. 
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Very strong forces will net to move such aniono to positions where 

they n.ro surrounded preferably by noz,ativo rJ.ther thc'ln by positive 

ions. Tho.t is, they will leave normal sites for interstitial sites. 

An anion vo.cancy Hill remain behind. 

The preceding :,A-'lragraphs may be summed up by so.yine that, with 

any of the types of radiation considered, point defects will be pro-

duc.ed. These may be randomly distributed (electrons or 0 -rays) 

or be clustered in eroups (neutron irradiation). If the displace-

ment spike model is v~alid, distribution of defects will be approxi-

m.~tcly uniform, since clusters of defects in tho spike will be self 

·:tnnealed. 

• 
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3. Pir~VIuUS \<!ORK OF SILVEH ?E .. B.HAI·J;iiUJA'I'E . 

Moles and Crespi (68) were amongst the first to study the 

l;:inetics of the decompositi on of .n.gMno4• They showed that the 

reaction could be represented by an equation corresponding to the 

monomolecular reacti on, 

(a·-x ) (3.1) 

Roginsky (69) nnde a qualitative study of a series of per-

mangano:tes includin_: Acl'-in04 and found that the decompositions were 

of an autocatalytic nature. He considered that the reaction con-

sisted of a splitting off of excess oxygen from the vmoz ion to give 

manpaeG e in the tetru valent form, and that the de compos it ions be-

h~ved l i ke interface reactions . 

Prou.t and Tom:>kins (32) found that the chemical nature of the 

decomposition was best represented by 

\ + ____ (3.2) 

1'he.:,r found that the r eaction followed the normal sigmoid curve and 

that ~rinding decreased the acceleratory period and increased the 

rate of decay. Addition vf end products shortened the induction 

period but had no subsequent effect on the acceleratory or decay 

periods . Decomposition in the presence of oxygen (precsure 10-2 

em. Hg) caused no change and the reaction was likewise unaltered by 

sudden cooling and reheati ng to the origi nal temperature . Further-

more, pre-i rradiation with ultra-violet light (full quartz mercury 

arc) for 30 minutes at 20 ems , or pre-bombardment with cathode rays 

(appli ed ;>otential 20 Kv. and resj.dual oxygen pressure 2 x 10-3 em. 

II-:; .) had no eff ect. The activation energies for the acceleratory 

and decay periods were found to be 29. 4 Kcals mole-1• 

They considered that the growth of the nuclei involved the 

growth a nd interference of branching chains (c. f. KNnO 4 . ) However, 

t hey modified the 'Prout--Tompldns oqua tion r by asnuming that the 
kl 

branching coefficient varied inversel y with time . viz . k3 == _2 

t 
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Thus equation (1.27) becomes 

dN = k3'N (l - 2~) 
dt t --------·- ---- (3.3) 

2 
\vhence t do<; • k

3
1 (1- 2~) doC. 

dt2 dt 
(3.4) 

Integration of (3.4) yields 

d~ I 2 t dt - oG = k3 (ee -<X. ) (3.5) 

and on further integration 

log ci.; 

~31 + 1] - k3 I 

= (k3 I + 1) log t + C I ---- (3.6) 

\vhich reduces to 

log 
ex._ -k I log t + c 

1 -0( - 3 (3 .. 7) 

for k3 
I 

~ 1 i.e. t ))~ 
Alternatively, 

log 
p = k I log t + c 

pf- p . 3 
(3.8) 

Equation (3.8) was found to fit the experimental curve ·Hell, but 

as in the case of KMno4, two constants (k3') were necessary, the 

one valid during the acceleratory period, the other during the 

decay. 
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4. OBJECTS OF RESEARCH. 

The thermal decom~ositions of KMn04 and AgMn04 are similar in 

that the kinetics of decomposition are ~naffected by pre-irradiation 

with c~thode rays or ~ltre-violet light and that a common theory of 

decom•:Josition has been proposed. The effects of pre-irradir.tion 

with protons, nc~trons and () -rays, on the thermal decomposition of 

I<MnO;+ has been st~died by Pro~t (12). In view of the above similari­

tion it \-TI'IS hoped that these effects wo~ld be repeated with AgMn04. 

'l'his would provide a test of the theory proposed for irradiated KMnO 
4

• 

In partic~lar, as will be shown later, the theory s~ggested that the 

activdtion energy (1.3 ev) fo~nd for the migration of defects co~ld 

be attrib~ted to the movemant of cation vacancies and it wr..s of intor·­

est to determine this val~e for A~'1no4 where the cation was differ ent. 

In addition it \.Jas expected that an X-ray st~dy of the cou.rso 

of tho decompositions of irradiated and ~nirradiated AgMn04 wo~ld shed 

light on the mechanisms of decomposition in both cases. 
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5. APPARATUS AND lflATERIAIS. 

5.1 DESCRIPTION OF APPARATUS. 

The apparatus used was essentially a pumping system connected 

to a high~vacuum line which could be isolated from the pumps. The 

high-vacuum reaction line consisted of a constant temperature re­

action· chamber and a McLeod gauge which could be used to measure 

pressures in the runge 10-5 - lo-1 em . Hg. 

The pumping system consisted of a two-stage rotary oil pump 

se·J8.rated from a two-stage mercury diffusion pump by oil splash 

bulbs and a mercury vapour trap. The mercury pump was electrically 

heated by a 150 watt spiral heater encased in the bottom of an as­

bestos box into which the bottom of the pump fitted snugly. A de-

vice for automatically switching off the heater, should the water 

t o t he pump condenser f ail, was also incorporated. A diagram of 

it is shown in fig . 2. A P2o5 trap was included in the pumping 

l i ne to absorb any traues of -moisture that might be present. 

The reaction line could be isolated from the pumping system 

by means of a hollow, ground- glass tap of 8 nun. bore (T2)• The 

McLeod gauge was of the normal type having a calibrat ed bulb of 

capacity 123.1 cm3 and capillaries of 2 mm. diamet er. Provision 

was made for altering the reaction volume by including vessel s of 

di fferent cubic capacity via the ground-glass joint at tap T3. 

The reaction chamber (fig. 3) was a triple walled vessel of 

the t ype u.sed by Prout (12). Standard ground glass joints faci­

litated its easy removal. The outer and inner boiling liquids 

were amyl acetat e and gl acial acetic acid respectively, or ethyl 

aceto acetate and amyl acetate r espec t ively, depending on the t emp-

erature required. The heater was of a design similar to the one 

already descri bed and had a power output of 350 wat t s. A calibra~· 

t ed 200°C t her momet er , fixed at its upper end with vacuum wax a nd 

wi th i ts lower end t ouching the bot tom of the r eaction chamber, was 

used t o measul'e the decompos i t ion temper a ture . 

The weighed crys t a l s contained i n t he r eaction bucket could be 

quickly lower ed into the hot r egion of the chamber by means of a 

- 37-/ ••..... 0 



DIAGRAM OF APPARATUS 
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magnetic device. This consisted of a detachable horizontal side 

arm containing a glass ampoule> attached to the Pt.hook on 

' lhich the bucket hung by means of fine s ilk and then thin pla tinurn 

wire . The bucket could thus be raised or lowered simply by movi ng 

the external permanent magnet which hung from the side arm. 

A secondary vacuum l ine, connected to the mechanical pump 

throt~h a two-way tap T1 was used i n the operation of the McLeod 

~augc and the t emperature control system. Tho l atter could be 

isolated by means of tap T9 and easy control of the pressure above, 

and hence the temperature of the inner boiling l.iqu.id, was ~achieved 

by opening T9 to vacuum or Tg·'- to the atmospher e. Reservoirs R1 

and R2, each of 10 litre capacity were included to stabilise the 

preS{JUr8 and to achieve fine pressure adjustment. Using the boil ­

i ng liquids mentioned this met hod of t emperature control r egulated 

the t emperature to within O.loC in the range 100°0 - 130°C . 

Two types of reaction bucket were used, platinum and pyrex. 

The former was made by rolling thin sheet platinu..m rou.nd a 5 mrn diam­

eter zlass rod and then closing the ono end of the cylinder by pinch-

ing it. The buc1.:ot was 15 mrn. long and was fitted with a loose 

platinum lid and a handle of platinum wire . 

Pi;rex buckets wer e used in cases where it wo.s desir~able to 

study the behaviour of the crystals during decomposition or where 

incompletely decomposed sampl os had to be! subsequently irradiated. 

These buc 1wts H8I'3 rna de by sea ling off one end of a pyrex tube 4 mm. 

in diameter and d ern. long . The crystals wor e weighed in this tube 

and carafully tap:Jed do1-1n to the bottom. Ho~ding the tube vertica l 

it vias boated with a small hot flame at a distance of about 3. 5 om. 

from the sealed end, and t he gl ass was drawn out to form a hollow 

hook through which t he gas could subseq1.wntly escupo . 

I t wn.s f ound experimentally that t he chemical nature of the 

bucket (r>la tinum or pyrex) had no effoct on the decorn·oosition. With 

both types there Has n slight delay in the attainment of t he decom-

pooition temperature . This was about five minutes . 

-38-/ •••• 
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5.2 CALIBRATION OF APPARATUS. 

(i) Determination of the capillary constant of the McLeod. 

A orclimi~ry exploration of several lengths of clean dry 2 mm. 

bore capillary tubing w~s c~rried out by i ntroducing a 1-2 em. length 

of clean mercury into each and then measuring the lengths of the mer-

cury beads at positions along the tubes, 5 ems. apart. The best 30 

c~s. of capillary was selected, thoroughly cleaned and dried. It 

Has accura tc ly calibrated e.s follows, an.Jther 30 ems. of t he same tube 

being set -as i de for tho comparis0n capillary. 

A reference !l<lr!~ WJ.S first etched on the selected capillary at 

nny convenient point ~long its length. A mercury bead was intro-

duced as before A.nd the tube vms clamped horizontally. A blowing ar 

suction tube, which included a silica gel trap, was attached to the 

one end of the ca1_1Hlary to facilitate the movement of the mercury 

bead along the length of the tube. The travelling microscope was 

adjusted to move in focus Hith t he capillary. As the traverse on 

the !".1icroscope was only 14 ems. it was necessary to move it bodily 

P..nd to realign it during tho course of the measurements. 

StRrting with the mercury bead at one end of the tube readings 

A, B, C, and D(illustrated below) were taken success ively. 

~----- 1 -----~ 

X, Hoforonco 
l·iark 

DC BA 

The mercury bead was moved a short distance along the tube so that 

the right bend end of it overlapped the previous positi on of the l eft 

hand .. .md . Readings ll., B, G.:~ :md D were r epeated . This process was 

repe1.ted along the \-Thole length of the tube, the position X of the 

reference mJ.r1t;: being noted when it was reached. The mercury bead 

was then weighed :md knowing the density of Hg at the temperature of 
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of the measurements , the cross-section of tho capillary C!OUld be 

calculated for each position 1 of the mercury be~d • 

.i.'wo determin:o..t.ions of tho variation of area of cross-section 

\·lith length were made, using two sepan.te beads of mercury. Using 

1. very large sheet of graph paper this variation \-Jas plotted. By 

counting squares and lmowing where the tube had be0n scaled off ( i n 

a manner which did not appreciably distort the bore of the tu.be) 

the volume of tho capillary 1lp to any point wa.s lmown. A graph 

showing the variation of volume with distance from t he scaled end 

was plot t<?.d, acain using a very large sheet of gr:.tph ]3-'~Cr. All 

the 11oints , with negligible divergencJ, l ay on a straight line pas-

sin•; throu~h tho oric in . 1'h11.s tho bore of the tu.bo was t aken as 

uniform and the capillary e;onstant could be determined. 

The volume of tho mercury bead is made up of the volume of a 

riJht ctrcular cylinder plus the volume of two ophcrical segments . 

It c<:.n be shown (71) that the are.'.. of cross section ts given by 

1T r2 = ~ (5.1) 
F + t (E-F) 

where r = radius of capillary 

E A- D 

F - B- C 

M = ~~ss of mercury bead 

D = density of Hg at the temperature of the experiment 

l st Run. 

M = 0 . 5091 gm. 

D22 •500 = 13.54 gm/cm3 

X = 8 .02 ems. 

TABLE 1. overleaf 40/ • •••. . .. . .. 
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Tl~BLE 1. 

1 A B c 
ems ems ems ems 

-7.32 14.928 14.884 13.780 
-6.26 13.868 13.824 12.723 
. ·5 . 20 12.811 12.770 11.662 
-4.17 11.778 11.724 10.630 
-3.10 1(!.706 10.660 9-558 
-2.00 9.610 9.570 8.470 
-0 .95 8. 560 8.514 7.414 
0.12 7.490 7.446 6.351 
1.21 6.400 6.354 5.250 
2.29 5.324 5.260 ; .... 172 
3. 35 4.262 4.202 3 .100 
4-44 3.169 3.122 2.018 
5.52 2. 092 2.036 1.939 
6.57 14-946 14.902 13.806 

1.040 
7.61 13.908 13.863 12.763 
8. 73 12.792 12.755 11.658 
9 .78 11.736 11.686 10 . 590 

10. 36 10.660 10.616 9.516 
11.80 9. 596 9-542 8 .447 
12.90 I 3.495 8.543 7.354 
14.00 7. 390 7.336 7.328 
15 . 07 6 .316 6 .262 6 .164 
16.14 13.686 13.634 12.532 

5.254 
17.22 12.610 12. 576 11.462 
18.33 11.524 11.472 11.376 
19.42 10.426 10.376 9. 272 
20.52 9 .330 9 . 286 8.178 
21.61 8 .246 8. 202 7.100 
22 .7 7.164 7.105 6.015 
23 .81 6.072 6.028 4.928 

. ... .. 
Naximum percentage variation = 0.85 

2nd Run. 

N = O. 7149 gm. 

D22 . 5°C = 13.54 gm/cm3 . 

X = 5.36 ems . 

D II r2 
ems cms2 

13.742 0.03284 
12.680 0.03284 
11.629 0.032$4 
10.594 0. 03301 
9.552 0.03291 
8.432 0.03301 
7.372 0.03287 
6.304 0.03296 
5. 212 0.03281 
4.132 0.03298 
3.068 0.03275 
1.982 0.03281 
1.898 0.03291 

13.765 0.03301 

12.721 0.03287 
ll.613 0.03301 
10.552 0 .03298 
9.478 0.03296 
8.412 0.03298 
7.312 0 . 03296 
6.197 0 .03281 
5.126 0. 03287 

12.490 0. 03273 

11.430 0 .03278 
11.338 0.03296 
9.232 0.03273 
8.142 0.03275 
7.062 0403291 
5.978 0. 03301 
4.886 0.03291 

TABLE 2 Overleaf . (-4l -)/ .•••••••••••. 



-4l-

TABLE 2. 

--i 

1 A B c D Ti r 2 
ems ems ems ems ems cms2 

- 3.76 14-956 14.918 13 .350 13.300 0.03275 
-7.25 13.436 13. 392 11.828 11.794 0.03294 
-5 .74 11.924 11.866 11.318 11.386 0.03314 
-4. 20 10. 380 10.326 8 .774 3 .742 0.03311 
-2 .69 8.866 J .320 7.262 7.226 0 .03301 
-1.16 7.340 7. 290 5.736 

I 
5.696 0.03301 

+0 . 36 5. 820 5.776 4.220 4.182 0 .03306 
1.88 4.294 4.257 2.708 2.656 0 .03313 
3.39 2.792 2.748 1.186 1.152 0.03298 

13.202 
4-94 1.242 13.160 11.600 11.564 0 .03301 
6. 46 11.682 11.622 10 .070 10.040 0.03306 
8 .00 10.138 10.094 8.538 8.496 0.03301 
9-54 8.604 8.553 7.008 6 .962 0 .03308 

11.07 7 . 071~ 7.016 5.466 5.434 0.03311 
12.61 5. 528 5.486 3.924 3.890 0 .03311 
14.13 4.000 3 .91/:J 2.388 2.354 0 .03296 
15.69 2.436 2.392 1.830 0.796 0.03298 

14.416 
17. 23 0.896 14.360 1~.796 12.760 0.03279 
18.79 12.860 12. 818 11.252 11.216 0.03291 
20.31 11.336 11.292 9 .724 9 .690 0.0.3286 
21.87 9.778 9.730 8.170 8.134 0 .0.3296 
23.41 8.236 8 .188 6.624 6.586 0.03286 

Maximum percentage variation = 1.1 

(*indicates where the travelling microscope ~~d to be moved 
bodily and realigned). 

The capillary constant k, !its. d~t:iM.~ 3;4. tho .humbo:r of3 ~cs/cm 

length of capilh~ry. It was determined as previously described 

and was f ound to be 3 .2965 x lo-2 ccs/cm. 

(ii) Calibration of the bglb of the McLeod. 

Thi s was done after the capill ary had been sealed on to the 

bulb . The other end of the capillary was , however, still open. 

The volume was determined weiehing the bulb empty ~nd then filled 

with distilled water at a known temperature. Knowing the density 

of water at the temperature of the experiment t he volume of t he 

bulb vTas easily calculated. Two determim.tions were made . Both 

gave the volume of the bulb to be 123.1 cms3. 

-42-/. e. e e . I 
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(iii) Measureme~ss of Pressure. 

The McLeod gauge operates on the Boyles' Law principle. A 

lcnown volume of rarified gas is compressed to another smaller known 

volum3. In practice the mercury level in capillary G (fig.l) is 

brought approximately level with the top of the capillary C. The 

difference in heights of the mercury levels then gives the pressure 

of the gas confined in C. The volume of the gas in C is proport-

ional to difference in height of the mercury level in C and the top 

of the canill.1.ry, provided that a correction is applied to account 

for the volume C/f the mercury meniscus. 

If h = corrected length of enclosed gas column in C (ems) 

~h = difference in height of mercury levels (ems) 

k = 3.2965 x 10-2 ccs/cm 

V1 = volume of the bulb A. 

= 123.1 cms3. 

P1 = pressure to be determined 

then 

p
1 

= k.h.6h em Hg 
vl 

= ].2965 X 10-2 X ~~.~h) 
123.1 

= K. (h.~) em Hg . 

t-There K = proportional:'.ty constant 

= 2.678 x lo-4 cm-2 em Hg. 

In the nain only relative pressures 1.rP.re 11~ce~sB.ry .:~.;..~ + hese 

Her€ measPred in terms of 'pressure units 1 • A 'pressure unit 1 

is defined in terms of t he product (h.Llh). Pressures are conver~ 

ed to .. absolute values by multiplying by the constant K. 

(iv) Check Calibration of McLeod CapillarY• 

The calibration of the McLeod was checked 'in situ • as follows . 

Some dry air was admitted into the vacuum line through taps T5 and 

T3. Suction was applied until on closing T2 the pressure was about 

10-2 ems of Hg. The mercury in the McLeod was rai sed until the 

bulb wa s sealed off. T2 was then opened and the r est of the system 

was completely evacuated • . The pressure was measured with the mer-

-J.:J-1 •••••• 
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cury level inC at varying heights . 

Results. 

If .h = correct·Jd reading of mercury level in C (ems) 

p = pros3ure in 'pressure units '. 

Then 

I h p 

9.75 68.70 

13.54 69.00 

20.02 69.40 

24.81 69.40 

26.16 69.25 

Mean 69.15 

Percenta~e vnriation = 1.01 

This is in accordance with the previous calibration. 

(v) Determination of the Reaction Volume of the Apparat£S. 

Dry air was admitted into the system and suction was applier 

until on closing T2 the pressure was such that ~ h \vas 10-25 ems . 

With the mercury still traoping air at this pressure in the capil-

lary, T2 was opened and the system completely evacuated . This 

took about 10 minutes. T
2 

was then closed and the previous gas 

pre~sure (P1) was accurately measured. The mercury was then 

lov1ered to allow the imprisoned zas to expand into the volume to 

be determined . After allowing the pressure to equilibrate the 

mercury 1o~au .:tgnin raised and the pr essure (P2 ) measured. I'his 

~rocedure was r epeated several times. During these operations 

the r eaction chamber was maintained at the decomposition tempera-

turc. Appl ying Boyles ' Law the volume of the apparatus is easily 

calculated. 

:i.esu.lts. 

I f V 
1 

= volume of the bulb A 

3 = 123.1 ems • 

V
2 

= r eaction volume (cms3) 

-44-/ •••. 
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Then 

pl p2 v2 

267.0 46.15 714 

517.0 89.30 713 

89.5 15.43 713 

175.0 30.30 711 

447.0 77.80 707 
-

Mean 711.6 
ccs. 

This is a typi cal set of r eadings. As the volume of the 

appar~tus was changed from time to time for various reasons, sev-

er al re-calibrations were necessary. Using these, all pressures 

(ulloss otherwi se stated) were corrected to correspond vTith the 

3 above volume viz. 711.6 ems • 

5.3 PREPARATION OF QRYSTAJ1? 

Silver permanganate is prepared by mixing equimolar solutions 

of A.R. silver nitrate and A.R . potassium permanganate. The method 

used was similar to that employed by Prout and Tompkins (32) . 

Two 5JO cc solut ions containing 26.9 gms A.R. AgN03 and 25 . 0 

gms A.R. KMno4 r espectively were made up. The solutions were trans-

ferred to two 1 litre separati ng funnels wi th capillary outlets of 

the same bore to facilitate easy control of the dropping rate . The 

solutions ~mre then run at the same r ate, with stirring, and under 

dark room conditions, int o 200 ccs of distilled water maint<ined at 

The Golution was cooled to 3°C and the crystals wer e filter-

ed off, washed thoroughly with iced distilled water, and dried in 

This procedure was repeated five times in all. The batches 

were pooled and yielded about 100 gms of AgMnO 
4

• Small crystals 

(0.3 mm x 0. 03 mm) were recrystaJlisod from a solution saturated at 

40°C, by rapidly cooling it t.o 3°C in an ice-salt freezing mixture . 

The crys~'ls were washed and dried as before . Larger crystals, 

weighing about 6 rogm. each, were prepared by placing the saturated 

-45-/0 o 0 0 0 0 I 



- 45 -

solution in a vncuum oven at 40°C, containing silica gel. Pumping 

vms continued for 24 hours. The mother liquor w~s decanted off 

and the crystals carefully dried with filter paper, but in Joing 

so Horo rapidly tr:mcfcrrod to fresh sheets to prevent oxidati•Cil. 

Both batches of crystals were stored in a light-tight P2o5 
desiccator. 

5.4·METHODS OF PJ.E-IRRADIATION. 

(i) Ultra-Violet Irradiation. 

Crystals were given prolonged pre-irradiation using a Philips 

Type 5720 E/70 dark bulb. This bulb produces ultra-violet light 

of a wavelength of 2536 A. Crystals were placed at a dista.nce of 

911 from the bulb and were irradiated for 55 hours. 

(ii) Pile Irradiation. 

Irradiation was carried out by sealing the crys~~ls in small 

s ilica nmpoules vThich were placed inside standard irraci~.t.ion cans. 

These were always inserted in the same hole of the atomic pile BEPO 

where the temperature was r~.intained at 30!5°C during irradL~tion. 

The crystals were thus bombarded br C) -rays and neutrons, the fJ\~ 

of the latter being 2 x 1011/cm211sec. 

(iii) Thermal Neutron Irradiation. 

Crystals contain~d in A.R. lead ampoules, were placed in the 

1thermal column 1 of BEPO. Here they were surrounded by a lead 

block which screened off a~ other type of irradiation. 

of thermal neutrons was 7 x 109/cm2/sec. 

(iv) 0 -Irradiation. 

The flux 

Crystals were sealed into pyrex £>..mpouJ "lS "~<·:hich Here pl aced in 

3. Cobo..lt 60 "hotspot11 of the type described by Eas t\-7ood (71). The 

energies of the C: -rays emitted by the Cobalt 60 ar 9 1.33 and 1.17 

Mev. The dose rate unless otherwise stated was 1.6 x 106 r.e.p./ 

hour which was, as far as was known from the limited ~vailable in-

for~~tion, comparable to that obtaining in the pile . 

activity of the hot-spot was 439 curies. 

The total 

-~-/ ....... . 
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5. 5 GENERAL EXPERIMENTAL PROCEDURE. 

Before commencing any series of decompositions the apparatus 

was pumped out for a few days and was checked to ensure that the 

vacuum was maintained for 4 hours, the time required for a normal 

decomposition run. (Although liquid N2 or solid C02 were not 

available for use with vapour traps it was found that the vacuum 

w1.s satisfactorily m(tintained.) Tap T7 was then closed and air 

W3.S admitted to the reaction chamber by pulling out the side arm 

slightly. The reaction chamber was easily removed by slipping 

it down off the two ground glass joints. 

About 20 mg of material was then accurately weighed into a 

reaction bucl~et - one of the types a lready described. After ro­

greasing the joints and hanging the bucket on the hook provided, 

the reaction chamber and side arm were replaced and the taps T2 

and T7 were opened to vacuum. It was found necessary to seal ex­

ternally with sealing 1-1ax t.he joint connecting the inner boiler to 

the condenser of the temperature control system, since grease was 

melted by the hot vapours of the boiling liquid. 

The reaction chamber heater was switched on and the mercury 

manometer was adjusted to give the approximate temperature desired. 

It was found that t1.ro hours pumping thereafter was normally suffic­

ient for complete evact1ation. During this time the temperature 

was accurately adjusted by alteri ng the pressure above the inner 

boiling liquid. 

After two hours' pumping, maintenance of the vacuum was again 

checked. The reaction bucket was then lowered into the hot region 

and the time vTas noted. The pressur~ of evolved gas was measur ed 

at convenient intervals of time until no further increase of pres-

sure was evident , Pressures wore normally corrected to 20 mg 

weight, to a room temper a tur'~ of 20°0 and to correspond with a re­

action volume of 711.6 ccs. Graphs showing the incre~se of pres­

sure with time were plotted. 

-47-/ ••....••• 
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6. RFSUL1S. 

6.1 REPRODUCIBILITY OF RFSUL1S. 

When new types of radiation or crystals were studied the degree 

of reproducibility was first checked. The graphs in fig.5 show that 

reproducibility was satisfactory for unirradiated and a'-irradiated 

crystals. This was .less true of pile-irradiated whole crystals and 

in the case of the ground material the reproducibility was poor. 

t 

20.0 
40.0 
55.6 I 
65.0 
78.0 
90.5 

102.5 

22.0 
40.0 
60.0 
80.0 

100.0 
120.0 

t 

TABLE 3. 

SMALL CRYSTALS, UNIRRADIA TED . 1 
(10500) 

p 

4.2 
14.2 
20.6 
25.4 
33.6 
42. 2 
55.6 

5.9 
13.2 
23.2 
34.9 
53.6 
86.9 

p 

t p t 

115.5 73.0 200.0 
126.5 95.6 210.0 
148.5 166.5 220.0 
155.5 197.3 261.0 
170.0 270.3 273.0 
181.0 I 320.0 300.0 
190.0 366.1 350.0 

141.0 143.1 241.0 
160.0 220.5 256.0 
180.0 320.5 270 .0 
201.0 417.0 300 .o 
220.0 482.0 340 .0 

SMALL CRYS TAIS, 2 hrs • BEPO. 
(105°C) 

t p t 

p 

415.0 
432.0 
480.3 
555.6 
565.9 
569.0 
574.0 

530.9 
555.0 
559.6 
565.1 . 570.1 

j 

p 

· ·-~ . 

I 
I 

I 
I 

~------~--------~-------r--------r--------~------~ 

21.0 
31.5 
41-5 
50.0 
62. 5 
74.0 
84.0 
90 .0 
93 .0 

25 .0 
40.0 
52.0 
65 .0 
75.0 
85 .0 

4.1 
9.1 

15.2 
21...4 
32.2 
49.7 
77.8 

112.5 
135.7 

6.5 
14.4 
25.9 
40.1 
60. 5 

105.5 

95.0 
98.0 

100.0 
102.5 
105.5 
110.0 
117.0 
120.0 
125 .0 

151.0 
174.0 
189.5 
210.5 
235.5 
274.5 
335.0 
384.5 
386.0 

130.~ .' 
136.0 
140.0 
146.0 
150.0 
157.0 
167.0 
175.0 

419." 
444.9 
458.2 
473.2 
481.5 
491.5 
498.0 
502.3 

92.0 162.5 132.0 448.1 
97.5 208.0 142.0 475.4 

I 101.0 743.3 150.0 485.3 I 
116.0 357.6 165.0 495.1 I 
110.5 321.1 160.0 490.2 j 

I 125.5 ~ 417.8 .. ----~------ _;....__ - ·· __ ----~-. ____________ _.__ __ ~-.,;:;:-
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LARGE CRYSTALS UNIRRADIA TED, 
DEC OMPOSED AT 125oc. 

I I 

I I t p t I p t p 
I 

I -
I 5.0 i 1.0 41.0 98.5 61.0 482.0 

10.0 I 3. 0 I 45.0 166.0 65.0 522.1 
]J.O i 6.0 I 47.5 I 220.5 71.0 556.0 
20 .0 I 13.5 i 50.0 279.0 75.0 570.0 
25 .0 20 .6 i 52.5 336.0 80.0 576.1 I l 

30.5 I 31.9 I 55.0 388.1 87.5 588.0 
36.0 l 55.0 I 58.0 440.0 100.0 594.0 

! ---
I 

266.0 68.5 7.5 I 2.1 I 50.0 539.1 
17.0 10.9 I 54.0 353.0 85.0 580 .0 I 

i 31.0 I 

34.0 58.0 427.0 95.0 586.2 I ' 

40.0 I 80.3 62.5 498.1 110.0 588.0 
45.0 i 160.2 I I I 

SMALL CRYSTAlS 63 hTo ?) ... T'i~I-.DL·· 'PION ..... -- ·-
DECOMPOSED AT 105°C . 

i i l 
t p 

i 
t ! p t p 

0.6 
! 

5.0 I 

I 
61.0 95.0 75.0 386 .3 I 

.4.0 7.8 62.0 118.1 80.0 431.1 
~~2.0 11.0 63.0 140.0 85.5 483 .o. 
~!0.0 13.8 65 .0 I 197.1 92.0 523 .o 
~1.0 18.9 67.0 240.5 97.0 537.1 

] 

L 

52.0 23.6 
i 

69.0 271.0 105.0 550.0 , 
59 .0 47.1 72.0 I 320.0 115.0 554.0 
)O .0 70.6 I 

I 

-
w.o 11.8 62.0 70.1 82.0 430.0 
'36 .0 18.9 64.0 1.44.2 90 .0 496.0 
+9.0 25.9 66.0 

l 
191.0 100.0 540 .1 

52.0 28.8 70.0 249.1 111.0 549.0 
•)6.0 31.4 76.0 l 354.0 120.0 549.0 ; 
)0 .0 39.0 I 

I -

GROUND CRYSTALS J6 3 hr ({ IRRADIATION . . s -
DECOMPOSED AT 105oc. 

I I 

I t p t p t p 

I 

L 

10.0 0.2 40.0 158.1 I 75.0 413.0 
20.0 1.5 43.0 183. 5 I 87.5 482.1 
25.0 10.7 JjJ.O j 203 . 5 92.0 496 .0 
28 .0 26 .0 50.0 I 238.0 98 .0 515.0 
30 .0 48.0 53.0 I 275.5 103.0 522.0 
32. 5 99.0 60.5 I 315.0 122.0 534.0 
35 .0 120.0 68.0 I 365.0 120.0· 537.0 
37.5 138.0 l I I I 



t 

10.5 

I 
15.0 
20.0 

l
25.0 
27.5 
31.0 
32.5 

p 

0.2 
1.4 

12.0 
20.4 
27.8 
49.9 
70.0 
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GROUND CRYSTALS 16.3 HRS ~IRRADIATION 
DECOHPOSES AT 105oc. 

t 

35.0 
40.0 
45.0 
50.0 
60.0 
70.0 

p 

115.3 
157.7 
199.0 
226.0 
305.1 
370.0 

t 

80.0 
90.0 

100.0 
110.0 
120.0 
J31.5 

6 .~~ EFFECT OF PRE-IRRADIATION vliTH ULTRA-VIOLET LIGHT. 

p 

434.1 
477.0 
496.2 
510.0 
511.0 
513.0 

Prout and Tompkins (32) reported that pre-irradiation for 30 

minutes with ultra-violet light from a quartz mercury-arc lamp had 

no effect on the thermal decomposition of AgMno4. 

Before investigating other types of radiation it was felt de-

sirable to confirm their findings. Consequently samples of both 

small and large crystals were pre-irradiated for 55 hours as prev-

iously described. The results, illustrated graphically in fig.6. 

show that ultra-violet light has no significant effect. 

6.3 EFFECTS OF PRE-IRRADIATION FOR VARIOUS TIMES IN THE ATOMIC 
PILE BEPO. 

Small crystals, which had been irradiated for varying times, 

as alrendy described, were thermally decomposed at 105°C to ascer­

t a in whether thermal neutrons and/or 0:-rays which are present in 

the pile had any effect. The results tabulated below and ·shown 

graphically in fig.? indicate in the main a shortening of the in-

duction period and increased acceleration of the reaction with in-

creasing times of irradiation. 

TABLE 4. 

4f3 Hrs BEPO . 

t p t p t p 

5.0 0.1 50.0 114.1 68.0 425.0 
10.0 I 0.5 52.0 151.0 71.0 454.0 
15.0 l 2.0 54.0 189.1 75.0 492.0 
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--~ 

48 hrs • BEPO . 

t p t p t p 

20 .0 5.3 56.0 229.C 78 .0 510.0 
25.0 7.4 5~LO 266 .0 85.0 533.0 
30.0 12.3 60 .0 309 .3. 90.0 542.0 
38.0 28 .6 62.0 336.1 96.0 544.0 
45 .0 I 52.1 64.0 372 .0 105.0 549.1 
47. 0 I 84.5 66 .0 400. 2 I l 

' -

15 hrs • BEPO • 

t p t p t p 

I 10.0 0.4 67.0 137.7 85 .0 432.0 

I 
20 .0 1.4 69 .0 I 130.0 87. 5 467.0 
30 .0 5.3 71.0 I 216.5 90 .0 489 .1 

I 40.0 

I 
11.9 73.6 I 253.2 92.5 505 . 0 

50.0 23.2 75.0 287.0 97. 5 5-31.5 
55.5 30. 2 77.5 

I 
331.5 105.0 541.5 

60 .0 I /~2 . 5 80.0 369 .0 110.0 551.0 
63.0 

I 
6/.~.6 82.5 405 .0 120 .0 

I 
55J .o 

65.0 94.3 

.. 
I 

~~ h~ BEPO. 

t p t p t p 

11.0 0.5 82.5 121.0 105.0 417.0 
21.0 1.6 95.0 152.1 107.5 440. 0 
30.0 5.6 87.5 187. 5 110.0 463 .4 
40 . 0 11.9 90.0 224.6 115.0 1~97 .1 
50 .0 19.0 92.5 256.0 120.0 518.0 
60.0 : 29 .8 95.0 297 . 5 125 .0 535 .0 
7/).0 fl-3 .4 97.5 328.0 130.0 543 .0 
76 .0 66.0 100 .0 359 . 5 135.0 548. 5 
80.0 

i 
91.7 102. 5 393 .0 145.0 552.0 . 

2 hrs. BEPO . 

t p(norn)) t p (norn)) t p(nor")l 

21.0 4.7 97 .5 188.0 130 .5 456.0 
31.5 10 .0 100.0 207. 1 135.0 478.1 
41.5 16.2 102.5 232.9 140 .0 500 .0 
50. 0 22 .1 105 .5 257.0 145 .0 510.7 
62.5 36.3 109.J 295.1 150.0 5.24 .0 
71+ . 0 54.1 113 .0 333 .3 156 .0 532.3 

I 8L, .O 85 .3 117.0 367.0 167.0 542 .0 
90 .0 122. 5 120.0 390.0 183 .0 547.1 
95 .0 164.5 1.24.0 420 .4 (p = 

s62.3) 
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10 mins BEPO . 

t I 
t I t p 

J 
p p 

25.0 4.7 120.0 : 144.5 165.0 403.0 
I 40.0 12.8 

l 
125.0 167.7 170.0 431.0 

60.0 27.0 130.0 196.0 185.5 486.1 
70.0 37.2 135.0 225.1 190.0 498.5 
80.0 47.8 140.0 I 250.0 200.0 522.0 
85 .0 55.3 145.0 287.0 210.0 533.5 

I 92.0 .) 66.6 150.0 318.1 220.0 538 .1 
100 .0 79.5 155.0 346.3 235.0 544.0 
106.5 95.5 160.0 377.0 230 .0 546.0 
115 .0 123.5 

I .. 

UNIRRADIATED. 

t p t p t p 

20.0 5.4 140.0 121.1 231.0 450.0 
40 I) 12.7 152.0 150. 2 250.0 492.7 
60.0 24.4 161.0 180 .0 274.0 525.1 
80.0 40.0 175.0 232.4 295 .0 543.0 
92 .0 50.0 185.0 272.5 308.0 51+9 .o 

106.0 65 .3 200.0 338.5 330.0 552.1 
120.0 85.6 214.0 389.& 

The grinding of crystals serves to shorten the induction period 

by artificially creating nuclei (1). It was therefore desi~able to 

know whether pre-irradiation in the pile produced any further nuclea~ 

tion in ground crystals. Thus ground crystals, irradiated for vary­

ing times in the pile, were thermally decomposed at 105°C. 

The results tabulated below and illustrated in fig.8, show that 

the induction period is not markedly affected but that the accelera-

tory and decay periods are . For all samples there is a sharp accel-

eration of the reaction after about 30 minutes follo,.,red by a definite 

and sudden change of slope of the curve after which the decay begins. 

However, the reproducibility of the p-t plots for these samples was 

not e~od , and this i s shown by the irregularity of the curves in fig.8 . 

TABLE 5. 

Ovt::: 17.L..£AF /s-z- ' , .. , .. 



t 

10.0 
15.0 
17.5 
20.5 
23 .0 
25 .0 
27 .5 
30 .0 

t, 

10.5 
15.0 
21.0 
25 . 0 
27 .5 
30.0 
3~·. 5 
3) . 0 

t 

1 0. 0 
;1.0 0 
22. 5 
25 .0 
27 . 5 
30 .0 
32.5 

t 

10.0 
20 .0 
26.0 
30 .0 
33 .0 
35 .0 
37.5 
1-..0 .0 

I 

p 

0.5 
1•5 
2. '1 
4.9 
7.8 

11.7 
19 .1 
58.8 

p 

0.3 
0.9 
1.6 
4.4.-
9.3 

15 .8 
25 .8 
40 .7 

p 

0. 2 
0.9 
4.1 
9.1 

21.0 
/1:; . 3 
84.~ 

p 

0.2 
1.0 
4. 2 
9.7 

20.5 
28.0 
41.9 
64.8 
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TABLE 5. 

48 hrs . BEPO . 

t p 

32.5 106.5 
65.0 137.8 
37.5 168.7 
41.0 219.5 
44.0 264.0 
47 .0 311.5 
50 .0 354.5 
54.0 /+09 .0 

15 hrs ... BEPO . 

.L ... 

37.5 
40 .0 
42.5 
45.0 
50.0 I 

55 .0 
60.0 

p 

91-... 1~ 
11~3 .o 
167 .:) 
1e9.o 
236.') 
2t'2.1 
326 .5 

4 hrs. BEPO. 

t p 

35 .0 104. 2 
37.5 124.2 
40 .0 142.1 
46.0 18'7.0 
50.0 216 .3 
56. 5 262.3 
62.0 299.0 

2 hrs . BEPO. 

t p 

43 .0 91. 5 
45.0 106 .3 
47 .5 126.3 
53.0 166 .3 
60 .0 218.6 
70.0 284.5 
80 .0 

I 
350.0 

t 

57.0 
60.0 
65 .0 
70 .0 
75.0 
80.0 

105.0 

I ... t 

65.5 
70.0 
75.0 
80.0 
9cJ.(J 

l CJ .0 
110.0 

t 

74.0 
81.0 
90.0 

101 ... 0 
115.5 
130.0 
148.0 

t 

')0 .0 
101.0 
112. 5 
125.0 
132.5 
u.s .o 
150. 0 

I 

p 

440.0 
~.69 .1 
503.0 
524.1 
53LO 
536.0 
540.0 

p 

.376 .3 
/1.:::; .. 0 ,. 
41+';' ,0 
4?1.0 
506.0 
5:3 <0 
519.0 

I D ___:.. __ I 

.:r--·.... ., I C;.J ' -

41'}.C I 
4:)~ ~ c 

I 513 .11. 
52'/ eO 
5:Jr:, .o 
.)]3 .0 

.... 

..-

p 

409 .1 
460.3 
~~~·6 . 5 
5l.6 . () 
524.3 
526 .1 
530 .4 

I 
! 
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~---------=---------- -·~=---=--=---==== 
0.5 hra BEPO. 

--
t t 

! 
p p t p 

10.0 0,2 37.5 107.0 90.0 431.9 
21.5 1.2 40.0 l 129.1 101.0 472.0 ! 

f 

I 
25.0 4.8 48.0 193.4 111.0 I 500.0 I 

i I 

27.5 I 10.2 55 .5 24£:;.0 121.0 516.3 I 31.0 I 25 .1 62.5 1 291.0 132.0 526.1 I 

! ~ 
i 

33.0 i 39.1 70.0 334.0 145.0 530.4 ; 

35.0 ! 62.5 80.5 386.3 
I i I i 

· J 

' 

f------~~----~----------~--------------~--------~1· 
t p t 1 P t p 

UNIRRADIATED. 

5.0 
10.0 
15.0 
20.5 
25.0 
27 .0 
;n.o 
35.0 

0,2 
1.3 

I 4. 7 
l 12.5 

I 
29.0 
42.1 

I 
67.7 

103.0 

38.0 
40.0 
45.0 
51.0 
57.0 
65.0 
75.0 
85 .0 

122.5 
137 .o 
172.0 
208.0 
247.5 
283.0 
330.1 
362.0 

105.0 
130.0 
150.0 
170.0 
190.0 
205.0 
220,0 

6.4 EFFECTS OF PRE-IRRADIATION WITH THERMAL NEUTRONS. 

L,.l6.o 
463 .6 
485 .0 
503 .3 
509.0 
514.0 
520.0 

Since both neutrons and ,~~-rays are present in the pile it was 

necessary to discover whether neutroms alone produced t ho same effects 

as did pile-irradiation. 

Small and ground crystals were decomposed at 105°C after being 

irradiated for 144 hours in the i1 thermal columns;; ( T .c . ) of BEPO. 

The integrated neutron flux was the sane as t hat obtained i.n A. nor:nal 

fi7e hour pile irradiation. The results are tabulated below and 

illustrated graphically in fig. 7 (for small crystals) and in fig. 8 

(for grottnd crystals ). The final pressure (pf) in the case of tho 

latter was somewhat low so the curve was normalised. 

~-~LE 6. Overle~f/ ••••••• 
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j 

SMALL CRYSTALS. 

I 
t p I t p t p 

10.0 0.4 
I 
I 71.0 36.4 120.0 418.0 

16.0 1.4 80.0 54.5 125.0 446.1 
20.0 3.0 85.0 71.2 130.0 486.1 
25.0 4.5 91.0 111.5 135.0 509.0 
31.0 7.6 95.0 148.2 140.0 526.3 
35.5 10.1 100.0 203.1 150.0 539.1 
41.5 15.3 105.0 264.3 160.0 5L~3. 0 
50.0 17.0 110.0 317.9 170.0 51/J .O 
61.0 25.8 116.0 381.2 

I 

GROUND CRYSTALS . 

I 

t p t p t p 
(norm) (norm) (norm) 

10.0 0.4 45.0 143.4 111.0 485.8 
20.0 3.0 55.0 204.0 120.5 503.2 
25 .0 12.9 

I 
61.0 242.8 140.0 514.1 

30 .0 34.9 73.0 311.1 150.0 515 .4 
35.0 67·.o 

I 
82.0 364.0 210.0 520.0 

40.0 101.3 91.0 409.0 (pr=L/J8.o 
i 

6.5 EFFECT OF PRE-LLffiADIATION WITH (S' -RAYS ONLY . 

Pile-irradiation ( () -rc,ys plus neutrons) and neutron irradiation 

alone had been shm.m to affect subsequent thermal decomposition. How­

ever, it had not been established whether the neutrons or the 0 -rays 

\·rere the chief agents for producing the changes observed, since even 

neutron bombardment alone would produce O -rays of capture and decay 

'vithin the crystal. 

Small crystals, irradiated for 6 hours in the 11 hotspotii previous­

ly described, were t hermally decomposed at 105°C. Fig.9 shows a 

compari son of tho curve obtained with curves of similarly dosed speci-

mens which had received pile and thermal column treatment. 

It was thua apparent that c -rays alone produced similar effect s 

to those produce~ in the pile and by thermal neutrons. As treatment 

with 0 -rays offered the simplest approach, t he complicating factor 

of the effects of neutron capture being absent , further s tudy was 

combined to 0 -irradiated crystals. 

Firstly, the effect of varying dosage was investigated for batches 

- 55-/ .. ...... ... . 
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of small, large and ground crystals, The crystals were irradiated 

in the normal way and then ther mally decomposed. In the case of 

the large crystals the decompositions were carried out at 115°C and 

as final pressures varied somewhat, the curves were normalised. The 

other t'-10 batches were done at 105°0. The results are shown in 

figs . 10, 11 and 12 . Readings are tabulated below. 

t p 

8.0 1.1 
15.0 4. ?. 
20.0 8.3 
25.0 12. 5 
30.5 17.1 
35 .0 22.1 
40.0 27.9 
45.5 40.1 
47.5 51.3 
/+9.0 66.6 

.. 

t p 

10,0 2.0 
20.0 6.5 
31.0 12.4 
40.0 18.1 
50.0 25 . 4 

.PO. 5 36.0 

' 

I 
l 

L -
t p 

10.0 2.2 
20 .0 7.3 
25 .0 10 .7 
30 .0 13 .6 
42. 5 21.7 
51.0 27.8 
57.0 33.6 
65.0 42 .0 
74.0 56 .9 

' 

TABLE .J., 
(Sl..fALL CRYSTAlS) 

64.8 hrs. '(' 

t p 

52.0 109.3 
5).0 165.0 
55.0 202.3 
57.0 243.5 
59.0 281. 5 
61.0 318.5 
63 .0 353 .0 
65 .0 388.1 
67.0 417 .0 
69.0 442.3 

16.3 hrr:: . ?( 

t p 

70.5 95.4 
. 75 ~) 162.3 
80.0 236 .0 
85.0 308. 5 
90.5 390.5 
95 .0 44?..0 

6 hrs . Q 

t I p 

77.0 ! 68.1 
80 .0 84.2 
84.0 112.0 
87.0 143.7 
90.0 174.0 
94.0 222. 5 
99.0 290.0 

105.0 

I 
363 .5 

-· 
t p 

71.0 467.1 
73.0 486.0 
78.5 526.1 
80 .0 533 .0 
83.0 51+4.4 
85.0 546.4 
90.0 552.0 

100 .0 553 .1 

t p 

100.0 489.1 
105. ~:· 515 .9 
111.0 532 .0 
120.0 541.1 
127.5 544. C~ 
1~5 .0 547.9 

t p 

110.0 418.5 
116.5 473.0 
121.0 499 .0 
127.0 520 .3 
136.5 538.5 
142.0 540 .0 
150 .o 548 .0 
160.0 548.0 

-
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2 hrs. t( 

t p t p t p 
-

11.0 1.7 96.0 92.1 . 135.0 404.1 
20.0 5.2 103.5 141.0 140.0 445.0 
32.0 ! 10.6 107.0 168.5 146.0 475.2 
40.0 16.4 112.0 217.0 151~.0 506.0 
50.0 21.6 116.0 253.5 162.0 509.0 
60.0 30.8 120.0 284.0 170.0 539.1 
71.0 40.3 125.0 326.5 180.0 542.0 
82.5 53.1 130.5 372.0 200.0 549.0 
9).0 71.2 

-
30 mins. o 

. 
t p t p t p 

25.0 6.9 120.0 150.0 171.0 452.9 
35.0 12.2 130.0 207.1 184.0 497.0 
56.0 26.2 135.0 240.0 200.0 528.1 
70.0 41.0 141.0 277.3 210.0 539.0 
80.0 52.8 146.0 313.0 221.0 543.0 
90.0 65.4 151.0 346.(\ 329.0 544.0 

100.0 83.1 157.5 383.3 ~36.0 547.4 
110.0 108.5 166.0 433.0 

10 mins. '0 

I 
·-

t p t p t p 

15.5 2.0 130.0 144.6 206.0 l 483.3 I 
30.0 7.9 140.0 185.0 212.5 l 501.0 
45.0 17.5 150.0 230.5 220.0 I 515.1 
60.0 28.3 160.0 284.0 232.0 534.0 
76.0 44.3 170.0 334.4 251.5 546.4 
90.0 60.8 182.0 396.0 276.0 549.0 

105.0 83.2 187.5 418.1 300.0 553.2 
120.0 114.0 

--
TAB!:~. 

(LARGE CRYS TAI.S) • 

220 hrs. '{;' 

t p(norm) t p(norm) t p(norm) 

-
5. 0 5.5 17.5 223.5 24.0 528.0 
7.0 12.8 18.0 2S5.S .26.0 553 .5 

14.0 18.4 J ';).0 341.0 30.0 581.6 
15.5 85.2 20.0 3<)2.1 J7.0 590 .0 
16.5 137.2 591.0 .. 22.0 473.4 43.0 

--- - -·---_:.____. __ , ___ l...U>.r_ = 467 .1) -
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T.ABLE 8. CONTINUED: LARGE CRYS TAI.S • 

~-

63 hrs. () 

t p(norrn) t p(norm) t p(norm) 
l " 

5.0 2.4 21.0 295.0 27.0 485.2 
14.0 12.3 22.0 331.5 30.0 541.1 
18.0 14.6 23.0 362.5 35.0 585.9 
19.0 42.1 24.0 39).0 39.0 ~89.0 
20.0 

i 
I 

101.2 25.0 421.0 44.0 591.0 
(pr=542.3) 

21 hrs. (( 

t p (horr. ) t I p(norm) t p(norm) 

11.0 2.3 25.0 179.8 38.5 568.1 
18. 0 7.1 26. 0 211.3 44.0 589.0 
22 .0 10.1 28.0 283.0 49.0 591.0 
23.0 21,.4 31.0 397.1 56.0 591.0 
24. 0 74.1 34.0 492.0 (pr=554.1) 

6.3 hrs. c;' 

t p(norn) t p(norm) t p(norm) 

16.0 11.9 37.0 152.5 50.0 553.4 
21.0 14.3 40.0 367.3 60.0 584.0 
27 .0 1'7.1 1+3• 5 404.0 70 .0 589.0 
33.0 54.4 46.0 486.1 80 .0 591.0 
35.0 85.3 (pr=513 .8) 

I 2.1 hrs. (( 

t p(norm) t p(norm) t p(norm) 

19.0 '7.5 41.0 129.8 50.0 520 .3 
.31.0 16.7 42.0 166.5 52.0 571.1 I 
36 .0 33.9 43.0 203.5 56.0 589.0 
38. 0 53 .6 44.0 245.0 62.0 591.0 
39.0 72.3 45. 0 285.0 68. 0 (pr=564.0) 
40.0 96 .1" 47.0 373.2 

I 

TABLE 8 . CONTINUED Overleaf/ ••••. 
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t p(norm) 

15.0 5.2 
a.o 7.1 
29.0 14.2 
38.0 26.2 

I 
L~3 .0 1;3 .4 
f.t.6 0 5 81.0 

.. 
t p 

27.0 7.6 
/~2.0 14.6 
62.0 28.5 
75.0 48.2 
8.5.0 79.4 
95.0 135.0 

-
t p 

f-·-- --
11.0 0.5 
20 .0 L~.2 
23.0 12.0 
:?.5.0 20.0 
27.0 34.2 
29.0 54.1 
31.0 94.7 

-.· .. --.·----· , -
r · t p 
r---

0.2 .:o.o 
20 .0 1.7 
25.0 10.7 
28.0 26.2 
30 .0 48.1 
32. 5 98.9 
35.0 120.3 
37. 5 138.0 
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0.63 hrs. 

t p(norm) 

4e.5 151.1 
51.0 233.0 
52.0 264.3 
53.0 300.5 
55.0 357.0 
59.0 456.1 

I 

·-·-
UNIRRADIA TED • 

t p 
100.0 173.1 
105.0 214.9 
110.0 263.8 
115.0 312.0 
121.0 363.2 
127.0 407.1 

TABLE 9. 

(GROUND CRYSTALS) 

64.8 hrs. 

t p 

33.0 130.5 
35.0 157.0 
3.7.0 175.7 
40.0 208.0 
45.5 267.5 
50.0 313.0 
55.0 362.4 

-

16.3 hrs. 

t p 

40.0 151f.O 
43.0 183.5 
46.0 203.5 
50.0 238.0 
55.0 275.5 
60.5 314.8 
68.0 365.1 
75.0 4J_2. 7 

t p(norm) 

63.0 52449 
66.0 553.0 
70.0 578.1 
77.0 588.4 
93.0 591.0 

(pr=563 .2) 

I 

t p 
136.0 466.0 
147.5 515.0 
161.0 552.4 
180.0 575.0 
200.0 588.0 
220.0 591.0 

t p 

60.0 408.5 
65.5 452.1 
72.5 495.0 
83.5. 529.3 
91.5 536.0 
96.0 534.1 

106.0 536.0 

t p 
--w-r.,- 482.0 
92.0 496.1 
98.0 515.0 

103.0 522.1 
112.0 534.0 ; 

121.0 537.1 I 
134.0 539.0 

I 
TABLE 9 CONTINUED. Overleaf/ ••• 
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6 hrs. o 
·-------- · 

t p t p t p 

10.0 0.2 35.0 121.0 75.5 377.5 
20.0 3.0 37.5 142.4 85.0 421.1 
22.5 7.5 40.0 156.5 95.0 /P2.0 
25.0 16.1 43.0 193.5 105.0 491.8 
27.5 34.0 50.0 230 .0 120.0 519.2 
30.0 77.6 56.5 271.5 130.0 526.5 
32.5 101.6 65.0 318.0 157.0 536.0 

-- · 
I 

I 2 hrs. 0 
-

I 
t p t p t p 

15.0 0.9 40.0 146.8 106.5 /P5.0 
20.0 2.6 45.0 182. 5 116.5 501.1 
22 . 5 4.1 50.0 214.5 130.0 515.2 
25.0 6.4 60.5 276.5 140.0 523.3 
27 . 5 32.5 68.0 316.0 150.0 530 .1 
30.0 76.0 76.5 352.2 160.0 532.0 
32.5 97.0 85.0 390 .0 172.0 535.0 
35 .0 114.1 95.0 431.0 

10 mins. ?( 
~---

t p t p t p 

10.0 ·0.5 50.0 204.0 110.5 4/P.1 
20.5 4.6 55.0 . 2.3.4~4 120.0 461.9 
23.0 10.9 60.0 263.2 135..0 488.2 
26.0 23.9 77.0 342.0 150.0 503 .2 
30.0 51.8 80 .0 353 .5 167.0 522 .1 
35 .0 97.3 90.5 390 .0 181.0 526.1 
40.0 13~. 7 100.0 420 .2 200.0 530.0 
45 .0 170.7 

UNIRRADIA TED. 

t p I t p . i t p 

5. 0 0.2 38.0 122.5 105. 0 416.0 
10.0 1.3 40.0 137.0 130.0 /P3.0 
15.0 4.7 45 .0 172.0 150.0 485.0 
20.5 12.5 51.0 208.0 170.0 503.0 
25 .0 29.0 57.0 247.5 190.0 509.0 
27. 5 42.1 65.0 283 .0 205.0 514.0 
31.0 67.7 75.0 330.1 220.0 520.0 
35 .0 103.0 85.0 362. 0 

-60-/ .. ..... . 
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6.6 EFFECTS OF INTERRUPTING THERMAL DIDOMPOSITIONS FOR ¥-IRRADIATION. 

Prou.t and Tompkins (32) had shown that when the thermal decompo­

sition of u.nirradiated AgMn0
4 

crystals was interrupted and then con­

tinued~ the decomposition cu.rve remained u.nchanged. It was there-

fore of interest to investigate the effects of interrupting thermal 

decompositions at variou.s times, irradiating at room temperatu.r~and 

then continuing the decomposition. 

Decompositions of large crystals were carried ou.t at 115°C. 

Pyrex bu.ckets ,were used. After decomposing the crys't..'1.1S in the 

normal way for various times, the buckets were removed from the r3-

action chambeT ancl sealed off. The samples were then irradiated 

with C( -rays for 21 hours . After irradiation the decompositions 

were continued at the same temperatu.re. 

The resu.lts are shown graphically in fig.l3 and are tabulated 

below. The cu.rves were normalised to the same final pressure. 

TABLE 10. 

··J - ··-· ·~--:-::- - ... _ --·~ ·~ ~--

UNINTERRUPTED. 

t p(norm) t p(norm) · t p(norm) 
--

. 11.0 2.3 25.0 179.8 38.5 568.3 
18.0 7.1 26.0 211.3 44.0 589.0 
22.0 10.1 28.0 283.0 49.0 591.0 
23.0 24.4 31.0 397.2 56.0 591.0 
24.0 74.1 3L'".o 492.2 

I INTERRUPTED AFTER 25 MINS • 

t p(norm) t p(norm) " p(norm) 
- .-- - - --

25 .0 7.0 44.0 22.4 52.0 330.5 
30 .o-;: 7.6 1./J.O 26 .7 55.0 459.0 
33.or, 9. 5 47.0 50 . 3 61.0 569. 2 
35.0 10.1~ 48.0 131.3 69.0 589 .0 
39. 0 16.3 49.0 171.0 81.0 591.0 
42.0 

! 
18.4 50 .0 

I 
217.1 

TABLE lO· GONTI1mED. Overleaf/ •••• •• 
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l!JLLE 10 CONTINUED. 

·-

INTEHRUPTED AFTER 50 MINS . 

t p(norm) t p(norm) ' t p(norm) 

50.0 18.0 69.0 166.0 80.0 536.9 
53.0 18.4 70.0 289.1 85.5 570.2 
55.0 20.1 71.0 320.0 9~.0 584.1 
62.0 27.1 72.0 351.1 100.0 588.2 
66.0 38.2 74.0 409.4 107.0 591.0 
68.0 56.6 

I 

IN'I'Ell.RUPTED AFTER 80 MINS • 

t p(norm) t p(norm) t p(norm) 
·- · 

80.0 64.0 101.0 217.0 117.0 572.0 
86.0 73.1 105.0 319.1 121.0 581,0 
90.0 99.7 107.0 383.2 129.0 587.0 
94.0 132.4 110.0 473.8 140.0 591.0 
97.0 166.3 113.0 536.3 

INTERRUPTED AFTER 105 MINS. 
-

t p(norm) t p(norm) t p(norm) 

105.0 116.0 121.0 380.0 142.5 579.0 
111.0 2'72.5 124.0 394.3 149.0 581.0 
115.0 309.0 130.5 494.4 160.0 590.0 
118.0 345.6 

INTERRUPTEJ AFTER 125 MINS • 

t p(norm) t p(norm) t p(norm 
--

125.0 400.0 168.0 545.5 205.0 588.1 
133.0 416.1 179.0 565.5 220.0 591.0 

. 145.0 488.5 185.0 573.1 240.0 592.0 
160.0 527.6 196.0 584.0 

6. 7 EFFEC IS OF INCREASED GRINDING FOLIDWED BY FIXED {(-RAY DOSAGE. 

Small crystals of AgMno4 were ground in an agate mortar for 

increasing times . Three samples, one ground lightly for~5 minutes, 

another ground more heavily for-10 minutes, and a third ground very 

heavily for rV15 minutes were all irradiated for 63 hours and then 

thermally decomposed at 105°C. Curves were normalised to the same 

-62-.,' •••• -
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final pressure. 

The results t abulated below and shown graphically in fig.l4 

indicate that increased grinding shortens the induction period and 

increases the maximum rate of decomposition. The decay period ro• 

mains unaffected. 

GROt.JliiD 5 MINS. 
- ·-

t p(norm) t p(norm) t p(norm) 

9.0 J.'; 33.0 107.8 55.0 440.0 
14.0 4.5 35.0 146.2 60.0 480.3 
20.0 9.6 37.0 183.9 68.0 524.4 
23.0 15.0 /+0.0 239.0 73.5 543.8 
25.0 22.5 42.5 287.2 81.0 553.1 
27.0 32.0 45.0 322•5 87.0 560.0 
30.0 62.3~' 50.0 385.0 94.0 560.0 
31.0 77.7 pf=550.5) 

GROUND 10 MlJ:tS . 
--

t p(norm) t p(norm) t p(norm) 

11.0 2.7 29.0 .. no·n 60.0 499.0 
lL,.O 4.0 32.0 182.0 65.0 526.5 
17.0 5.4 38.0 274.0 71.0 549.0 
21.0 12.0 44.0 351.5 80.0 556.1 
23.0 19.8 48.0 392.9 90.0 560.0 
25.0 38.4 53.0 442.1 100.0 560.0 
27.0 88.7 'P>f=550.3) 

--

GROilliD 15 MmS. 

-· 
t p(norm) ' t p(norm) t p(norm) 

8 .0 1.7 23.0 2D.5 60 .0 542.0 
13 .o 4.3 26 .0 258 .0 70.0 553.0 
16.0 37.9 34.0 360 .4 7'1.0 553 .1 
17.0 119.0 42.0 443.1 81.0 560.0 
18.0 145.7 53.0 507. 8 85.0 560.0 
20.0 177.5 Pf=50l.O) 

Visual observations '"ere made of the behaviour of crystals 

during thermal decomposition. In the case of small, large and ground 

unirradiatecl. crystals there was no sign of movement or splintering at 

-63-/0 •••••• 
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any time during decomposition. After decomposition microscopic 

examination reveal~d that there was no apparent change in the ex-

tarnal morphology of the crystals except that they ·Here somewhat 

darker in colour. 

Hm.,rever, specimens pre-irradiated in the pile ol~ lihotspot11 

sh01.red a different behaviour al togo thor. During tho induction 

period they showed nu signs of movement but beg2..n to disintegrate 

:1 t the commencement of the acceler:t tory period ~.nd the dis integra-

tion continued until the commencement :>f the decay period . The 

po.ttern of the disintegration varied somewhat but in the case of 

siiJL.ll and L1.rgc '([ -irradiated crystu.ls two fea turos vTore marked . 

Firstly, at the end of induction period the crystals begnn to jump 

about violently before splintering into fragments . These fragments 

then disintegrated to :l. fairly fine powder. In the case of heavily 

dosed samples the process could be reearded as an explosion, the mat-

erial often flying right out of the reaction bucket. As the amount 

of pre-irradiation was decreased the extent of frncture and disinte-

gration became l ess. 

Further, it was found for both pile- and '6 -irradiated specimens~ 

that the time· at which physical fracture began coincided with the in-

tercept on the time axis made by the tangent at the point of maximum 

velocity. The lengt hs of induction periods were therefore defined in 

this manner. 

Typical behaviour patterns are tabulated below. The correspond-

ing ; raphs are shown in fig.l5. 

TABLE 12. 

CDRVZ 1: LARGE CRYSTAlS, 63 hro. 0-, DECOMPCB:CD AT 115°C. 

1------~---------,,------ ------

t Behaviour of crystals. 
·-·--- -- -- --- ·-· ----- --- - .. ------------·-----

0 ~ 21 mins. 
21 - 22 mins. 
22 - 24 mins. 
24 - 50 mins . 

Crystals remained motionless . 
Cryst~ls s~1.rted jumping about violently. 
Crys~:l.ls fractured a nd disintegrated to a powder. 
No further change. 

- ----'------ ---- --·---·--------·-------------

-64-/ •••.•• 
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--- --- ----- --· -·----- ········ ·------ ---·--
j CURVE 2: GROUND CRYSTALS, 21 hrs. 0-, DECOMPOSED AT 105°C. _] 
I_· --~---------·'- ---·-- Behaviour ~~rtic les~------

P~rticles remained motionless. 
Movement of particles observed. 

0 - 15 mins . 
15 - 17 mins. 
17 - lj mi ns . Virtunl explosion, powder being expelled f~om 

reaction bucket. 
20 - 120 mins. No further cho.nge. 

6.9 ANALYSIS OF PERCENTAGE DECOMPOSI TIONS . 

Assuming the equation for the decomposition sugg0sted by Prout 

nnd Tompkins (32) 

percentage decompositions were calcu~ted and ar e analysed below. 

(i) EFFECTS OF AGEING AND GRINDI NG . 

The percentage decomposition was found to decrease slowly with 

time. This hns been attribut ed to o. slow decomposition occurring 

<1• t room t emperature ( 72) . The results are shown in tc. b le 13. From 

t his t able it i s apparent tlli.tt grinding too decreases the percentage 

decomposition, a result which was a lso obtained by Prout and Tompkins 

(3~) . 

TABLE 13 . 

I 

SAlVIPIZ. DECOMPN. TEMP . AGE. % DECOMPN . 

Small crystal s, I 105°C freshly prepared 92.8 
unirradiated. I . I 

10500 Smull crystals, I ""' 2 ye:.r s • 86.1 
unirradio.ted. I 
Ground cryatalc , 105°C f r eshly prepar ed 87.4 
unirradiated. 

Ground crystals, I l05°C rV 2 years. 78 .6 
unirradiated. I I 

(ii) EFFECTS OF VARIOUS RADIATI ONS . 

The percentage decomposi tions obtained for various i rradiated 

sampl es are compared in table 14. 

TABLE 14 Overleaf. -65-/ .•••••• 
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TABLE 14. 

~~-·---S-1>1AL--L-CRYSTAIS . 

! .. SAM;LE :· % DECOMPOSITION -+----S~~LE. 
GROUND CRYS TAIS • 

Unirradiated 

6 hrs . d-rays o j 

4 hrs o BEPO. 

86,1 

86.1 

86.9 

Unirradiated 

6 hrs. J -ro.ys. 

4 hrs. BEPO. 

% DECONPOSITION . 

78.6 

I j 144 hrs . T .c . 36 ,0 144 hrs o T .c . 
i_ --· -- ·---~---------.!.----------+--

All the samples in table 14 wer e aged about 2 year s and were 

0 decomposed at 105 C. 

(iii) EFFECTS OF INCREASING ~-RAY DOSAGE . 

A comparison of the effects of increasing ~-ray dosage on 

var ious types of crystals is given in table 15. 

TABLE 15. 

StliALL CRYSTALS • GROUND CRYSTAlS . LARGE CRYS TAIS • 
··-
SAMPLE . ;~ DECOMPN . SAMPLE . % DECOMPN. SAMPLE . % DECOlviPN . 

- ·--· --- ··- - -· --

I 
I 

I 
! 

Unirrad. 86.1 Unirrad. 78.6 Unirrad. 93 .3 

10 mi ns 87.1 10 mins 84.4 o.63 m·s 88.8 

30 mins I 85 .6 30 mins 82.3 2. 1 hrs 88.9 

86 .3 2 hrs 84.1 6,3 hrs . 81.1 2 hrs 

6 hrs 86.1 6 hrs 84.4 21 hrs 87.0 

16.3 hr~ 86.1 16.3 hrs 84.7 63 hrs 84.8 
' 
l 

64.8 hr~ 86.9 64.8 hrs 84.4 
1
220 hrs 72. 5 

I . - _ _j__ __ 

The small and ground crystals in table 15 were all dccooposed 
0 

at 105 C and were aged about 2 years . The large crystals were 

0 decompos~d at 115 C and were all aged about 4 months except for 

the unirradiated sample which was freshly prepared . 

(iv) REPRODUCIBILITY . 

The data of table 16 gives an indicati on of the degree of 

r eproducibility obtainable . The duplicates refer to decomposition 

I 
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carried out within a month of each other. 

TABLE 16. 

L s~~- ___ _ -~_j)~OMPOOITI_o_N_. - -1 

!Large crystals, 6.3 hrs. ()- I 84.1, 85,3, 83.0 

IS nnll crystals, 16 • 3 hrs •. :) - 87, 1, 86 .1. 

1
Ground crystals, 16.3 hrs.Q- 84.8, 80.8. 
'----·· - ·- ----- ·- - ··-·- .. - ·-----------

6 .10 EFFECT OF TEMnRATURE. 

Several samples were decomposed at varying temperatures to 

obtain the critical increment of the processes taking place . 

(i) Small unirradiated Cr.Y§tals. 

The results are tabulated below and shown graphically in fig.l6. 

The graphs were all normalised to the same final pressure for compari-

son purposes. 

TABLE 1J. 

I 
131.5°C. 

--·- - -
t p(norm) t p(norm) t p(norm) 

i-- I -·-----, 
I 

4.0 1.4 21.0 239.9 30.0 491.0 
I 10.0 16.0 22.0 288.5 32.0 507.8 

14.0 35. 8 23.0 334.1 35.0 513.2 
: 

I : 

i 18.0 86.7 
I 

24. 0 I 371.2 40 .0 520 .0 

! 19.0 117.0 25.0 411.0 45.0 520.0 

I 20.0 178.0 I 27.0 
I 

460.0 
I I I 

p(norm) ~ 
i 

p(norm)-+ t p(norm) l t t 
·-

7.0 4 .0 25 .0 98.4 I 40.0 428 .0 
11.0 15.7 27.5 138 .1 i 42. 5 463.8 
15.0 24.0 30 .0 196.0 45. 5 490.0 

I 
17. 5 35.6 32. 5 272.3 50.0 508.1 
20.0 51.3 35.0 326.2 60 .0 520 .0 

I 

22 .5 71.fi. - 37. 5 388.0 70 .0 520.0 ! 
I 
; 
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TABLE 17, CONTINUED. 

-
~ 
i 
r 
I 

-
t 

10. 0 
20 .0 
27. 0 
31.0 
35. 0 
L~O .0 
L~5 . 0 

- ---
--·--

10.0 
20.0 
3 0 .0 
0 .0 4 

50 .0 
5 
6 
5.0 
0.0 

I p(norm) 

1 4.5 
28.0 
47.5 
61.8 
81.9 

I 110. 5 I 
! 161.5 

l p(norm) 
j -
i 
I 3.6 
I 9.3 
I 
I 22.1 I 

44. 6 
76.3 

102. 0 

I 134.4 

- 67 -

I t p(norm) I t 
I ·- -· ---
I 
i 47·5 19.:)·5 65.0 

50.0 233.3 70.0 
52.5 278.0 75.0 
55ti0 319.0 80 .0 
57.5 356 .8 90 .0 
60 .0 392.1 100 .0 

I 
····-

----------· 
115°C 

t p(nor m) t 

66.0 187.0 100 .o 
70 .0 230.5 105.0 
75.0 I 285.0 115.0 
80.0 341.1 125.0 
89.0 412.2 145. 0 

I 
95. 0 446 . 0 163 .0 

1-------- - ·- -~--- . ..-;;:.z.~----· - - - ·· 

r t p(norm) 
I 

t p(norm) t 
1--- -- -- · 
I 

10.0 3. 2 89.0 156 . 5 158. 5 
20 .0 16.1 101.0 214.5 173.5 
32. 0 27. 2 110.0 265.5 187.0 

I 43 .0 43 .1 124.0 343 .0 209.0 
50 .0 54.1 j 135.0 394.1 225 .0 
65 .0 I 83 .0 144.0 431.1 
75. 0 I 109.2 

I 

-- I 
- - . , __ .,., ...... ........-...~ ..... -~~ 

i t p(norm) t I p(norm) I t 

I 20 .0 5.1 140 .0 114.0 250.0 

I 
40. 5 12. 0 161.0 170.6 266. 5 
60 .0 23 . 0 185 .0 257.0 274. 0 

I 80 .0 37.7 200 .0 319.4 295 .0 
I 106.0 61.6 214.0 367.1 318 .0 

i 
120 .0 80.7 231.0 425 .0 

i ! -- · 

(ii) Large ~nirradiated crystals. 

I 

I 
I 
I 
I 

p(norm) 

w.o 
471.0 
499.3 
510 .0 
520 .0 
5::?.0 .0 

·- - ... - -

p(norm) 

468.3 
485.9 
503 .0 
513 .2 
520 .0 
520 .0 

I 
l 

---~ 

p(norm) ' I 
I 

472.3 
498.0 
511.2 I 520 .0 

I 520 .0 

I 

' p(norm) ' I 

463 . 2 
486.0 
494.4 
511.2 
520 . 0 

The results Jre tabulated below and shown graphicall Y in fig . 17. 

TABLE 18. Overleaf. -68-/ •• . ••.• 



I 

I 
t 1---· ·- - · .. .. p(norJl!) 

10.0 5.0 
20.0 19.1 
25.0 38.0 
27.0 54.5 
29.0 I 84.5 
30.0 109.2 
31.0 UT.S· 
32.0 l'Tl.3 

r · -· 

....,... --

t p(norm) 

10.0 3.0 
20.0 13.5 
25.0 20.6 
30.5 31.9 
36.0 55.0 
41.0 98.1 

- 68 -

TABLE ],8. 

·--- ·----··-----

lJOOC. -·T------.. ··-·r-------
t p(norm) I t ------

33.0 214.0 43.0 
34.0 256~5 . 45.0 
35.0 299.1 48.0 
36.0 , 355.1 51.0 

I 37.0 373.1 55.0 
39.0 434.2 61,0 I 41.0 L~78 .8 88.0 

--· 

p( 

5 
5 

norm) 

12.0 
31.3 
60.0 
74.2 
80.1 
83.0 
93.0 

5 
5 
5 
5 
5 

I I 
i 

I ·--__I 
-· ·------·--~ j 

125°C ' 

--·--
t p(norm) I 

! t I p(norm) 

45.0 166.0 65.0 522.1 
47.5 220.5 71.0 555.9 
50.0 279.1 75.0 570.0 
52.5 336.4 80.0 576.;3 

I 58.0 440.0 li7.5 588.0 
61.0 482.3 100.0 593.0 

- ----·----·- -----------~· - ! I 

~--
t 

-r----
1 o.o 
2 
3 
4 

0.0 
1.0 
o.o 

L_~ 
0.0 
1.5 

t 
- --

10.0 
27.0 
42.0 
62.0 
75.0 
85 .0 
95 .0 

I 

·---- ----- -- -----

p(norm) 

1.5 
8.7 

16.4 
26.8 
49.6 

121.0 

p(norm) 

1.0 
7.6 

14.6 
28 . 5 
48 . 2 
79.4 

135.0 

-~- -65~0 p(norm) t 

157.5 100.0 
70.0 227.0 

I 
110.0 

75.0 299.1 124.0 
80.0 368.3 133.0 
85.0 426.1 145.0 
90.5 477.0 

I 
I 

I 

--
p(no 

535. 

rm) 

2 
1 
3 
2 
0 

570. 
586. 
590. 
593. 

I 

t ~ p(norm)~ t ~ p(norm) j 
·-- -----.. . - - - -- ·-------

100.0 I 173.4 136.G 466.2 
105.0 215.2 147.5 515.0 
110.0 263.1 161.0 551.8 
115.0 311.9 180.0 575.1 
121.0 363 . 0 200 .0 

I 
588.1 

127.0 407.0 230.0 593.0 

----- _ _ ____ L_ I -

' . 
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TABLE 18, CONTINUED. 

- --- -··---

110°C. 
--

t p(norm) t p(norm) t p(norm) 
-----

20.0 3.0 161.0 219.0 ' 218.0 472t~5 
50.0 11.5 169.0 260.0 229.0 495.1 
76.5 22.9 177.0 301.8 247.0 532.4 

105.0 47.5 186.0 349.0 265 .0 ~53.2 
121.0 72.0 195.0 390.2 283.0 569.0 
141.0 126.fi 205.0 430.0 340.0 593 .0 
154.0 181.5 

I 

(iii) Small crystals, 15 hrs. B~PO. 

The results are tabulated below and shown graphically in fig.18. 

'tABLE 19. 

124°C. 

t p(norm) t p(norm) t p(norm) 
~---

9.0 4-9 19.0 144.1 24.0 481.2 
11.0 9.6 20.0 266.3 25.0 495.0 
13 0 13.2 21.0 350.0 

I 
26.5 517.4 

15.0 19.0 22.0 412.1 30.0 515.2 
17.0 29.0 23.0 452 9 35.0 520 .0 
18.0 45.5 I 

120°C. 
-- i ·-

t p(norm) t p(norm) t p(norm) 

10.0 5.8 22 .0 154.3 28.0 477.0 
15.0 -14 .. ~ 23.0 244.4 29 .0 492.3 
i7.0 19.1 24.0 315.5 30.0 506.1 
19.0 27.4 25.0 374.2 32.0 515.3 
20 .0 33.8 26.0 418.8 34.0 520 .0 

I 21.0 66.0 27.0 452.0 41.0 520 .0 

115°C. l 

t I p(norm) 
-

t p(norm) t p(norm) 

5. 0 1.0 27.0 134.3 35.0 412.8 
10.0 6. 5 28.0 176.0 37.0 449.9 
15.0 13.3 29.0 220.1 39.0 482.0 
20.0 24.2 30 .0 256.5 41.0 493.0 
22,0 30.3 31.0 391.0 43.0 503 .2 
24.0 39.9 32.0 328.0 45.0 514.2 
25.0 47.5 33.0 356 .4 54.0 519.6 
26 .0 87.8 34.0 390.0 60.0 520 .0 I - -70-/ ..... . 
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1-----·- -----+---38> l-i5~-) -+- 54~~--·-p~~~~ t I p(norm) 

10.0 6.4 
39.s 1s9.4 i s7 . s 

1 
471.1 1 

41.0 190.2 6o.o 490.0 I 
42.0 211.5 65.0 I 510.0 
45.0 273 .0 75.0 519.6 

17. 0 . 15.8 
22 .0 21.0 
27.5 30 .1 
32.5 42.8 
35.0 55 .0 47.5 328.9 85.0 520 .0 
37.0 97.3 51.5 398 .0 

......._ ___________ , _ _______ , ___ ------

108°C. 

t p(norm) t 

10.0 1.4 52.0 
I 20.0 9.5 54.0 

30 .0 17.1 56.0 I 

39.0 32.1 58.0 
43 .0 42.3 60.0 
47.0 59.6 62.5 
1~9 .0 83 .4 

103°C. 

t p(norm) t 

11.0 1.8 67. 5 
25.0 10.9 71.5 
40 .0 19.0 75.0 
46.0 24. 5 80.0 
56 .0 35.5 85.0 
64.0 50.6 90.0 

I 

100°C. 
-

t p(norm) t 

20 .0 6.7 102.0 
55.0 ' 21.6 104.0 
60.0 26 .6 112.0 
65.0 30 .1 120.0 
76.0 41.3 128.0 
85 .0 58.2 132.0 
95 .0 102.1 140.0 

I 

(iv) Small crystals , 6 hrs. (f-

p(norm) 

144.0 
193.5 
241.4 
266 .3 
328.1 
374.1 

I 

p(norm) 

60.4 
83 .3 

104.0_ 
172.5. 
246 .3 
296.5 

m) p(nor 
-- -

155 .3 
174 .o 
245 . o 
311 .9 
374 . 2 
405 .5 
448 . 4 

-

t 

66.0 
70.0 
74.0 
79.0 
89.0 

101.0 

t 

95.5 
100.0 
105.0 
110.0 
122.0 
135.0 

t 

150.0 
161.0 
180.5 
196.0 
215.0 
230.0 

-

-·--· - -·· 

~ p(norm 

425.0 
471.1 
500.3 
516.2 
520 .0 
520 .0 

p(norm) 

356.2 
403.9 
442.8 
472.0 
510 .3 
520 .0. 

·-p(norm) 

483.4 
502.1 
511.8 
516.3 
520.0 
520 .0 

The results are tabulated below and shown graphically in fig.19. 

TABLE 20 • Over leaf. -71-/ ••••• 
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L 
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TABLE 20. 

--------------·- -·--- - - -····-·· ··-·· --
120°0. 

~-- ---t-· --r ;<~~~)· ·· - .. 
t 

5.0 1.9 25.0 
10.0 11.0 26 .0 
15.0 20.7 27.0 
17.0 25.2 28.0 
20.0 35.2 29 .0 
22.0 42.3 30 .0 I 

23 .0 47.6 31.0 
24.0 58. 5 

I 

115°0. 

... - - ·~ - ·~ -·· ·--·--- --
p(norm) 1 t p (norm) 

107.3 32.0 
198.0 34.5 
253.2 36.0 
293 .1 38.0 
332.2 40.0 
372.4 50.0 
406.4 60.0 

-

I 
I 
I 
I 
I 

! 

--

4 37 . :; 
88.9 
02.2 
13.1 
19.2 
20 .0 
20.0 

4 
5 
5 
5 
5 
5 

__ I 

- ·-

[__t - -~ 
··--t p(norm) t p(norm) p(norm) 

15.0 13 .o 40 .0 68.5 
I 

54.0 439.2 
20 .0 17.7 42.0 95. 2 58.0 488.0 
26.5 28 .5 44.0 149.1 I 60.0 501.8 
29.0 32 .. 6 46.0 221.1 62.0 512.3 
32.0 40:r 48.(\ 286.5 I 64.0 516.4 

( 34.0 45.1 50 (I 344.2 70 .0 520.0 
I 36.0 51.0 52.0 394.1 79.0 520 .0 
I 
I 38.0 57.0 
I 
I 

~~ -~--- ----11_3_0 0- .- -------------==---···-,--
~ -·- - ,.------r --~ -~·-· 

p(no~ ! t t t p(norm) 
-·-------

' p(norm) 1 
---1--- - ·----+-----1--------

142.0 ! 
197.6 
250 .9 
320 .0 
392.1 
424.8 

13.0 5. 2 
20.0 12.0 
30.0 26.3 
40.0 47.3 
44.0 60.1 
48.0 97.7 

5 o.o 

5 
5 
6 
6 

52.0 
4.0 
6.0 
o.o 
2.0 

65.5 $9.0 
70.0 500 .1 
78. U 518.3 
85.0 520.0 
90.0 520 .0 

,----- - --·--------- .. - - - ------ .. 

11 0°C. 
---·-· ----~·-- · 

t p(norm) t p(norm) 

3.0 117.5 85.0 I 437.7 
4.0 131.0 89.0 $9.1 

i---t _.....I p(norm) T --
12.0 2.0 -~· 6 
20 .0 11.0 6 

.o 160.2 94.0 491.3 
o.o 225.9 99.0 507.8 
2.0 264.1 105.0 508.4 
4.0 293 .1 113.5 513.6 
8 .0 354.0 138. 0 520 .0 
2.0 406.0 

26 .0 16.5 66 
35.0 25 .6 7 
41.0 34.4 7 
47.0 43 .7 7 
54.0 55. 2 7 
62.0 104.3. 3 
__ ! ------------'-----~---·····--'------: 
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TABLE 20. CONTINUED. 

:------------~-....._,.. __ . -·-----
105°C. 

--- -- - -·- · ··.-·- · ·· --- - - --··--:-- ·· · · - -· · ·-~-· --· ····· ----··. -
norm) t p(norm) 1 t I p(norm) t 

--- - - ----· ----·--···-.--~---r-'- -
10.0 I 2.9 84.0 106.3 • 116.5 I 450.0 
20.0 . 6.9 87.0 136.5 121.0 474.3 
30.0 12.9 90.0 165.0 127.0 499.0 
51.0 26.4 94.0 211.5 136.5 511.0 
65.0 39.9 99~0 276.0 150.0 520.0 
77.0 64.6 105.0 346.5 162.0 520.0 
80.0 79.8 110.0 396.9 _______ l _________ _ 

.-------------·--------·--·- ------· 

·=~f:f 
50 
65 
77 
91 

- -
p(norm) 

.o 12.6 

.o 19.6 

104 
116 
127 

.o 

.o 

.o 

.o 

.o 

.o 

29.2 
36.3 
47.3 
58.0 
70.5 
88.7 

-- . -- ·- · ------·--- - - - ------ - - - ·· ·-
t p(norm) t 

·- .. 
135.0 113.0 180 .0 
140.0 132.5 187.0 
145.0 153.0 

I 
195.0 

150.0 178.9 216.5 
155.0 205.0 220.0 
161.0 238.0 235.0 
168.0 277.8 248.0 
175.0 321.1 267.0 

I 

6.11 APPLICABILITl OF MArHE~'lf>.'riCAL EQUATIONS . 

·-~ 

------- ----
p(norm) 

345.3 
380.0 
418.3 
485.7 
492.2 
510.4 
5.17.1 
520.0 

Prout and Tompkins showed that the p-t plots for the decompo-

sition of small crystals of AgMno
4 

were well fitted by the equation 

log p = k log t + c - ------ (6.1) 
Pf - P 

In their determinations of the activation energies of the acceleratory 

and decay periods they employed the relationships 

log P = kt + c 
Pf - p 

(6.2) 

and log (pf- p) = kt + c. (6.3) 

r espectively. These two equations were used both for small and 

ground crystals. 

The above equations and ot her s which have previously been used 

were tested for applicability. A summary of the results obtained 

i s given i n fig. 20. 

It i s evident that a given section of any curve i s fitted by more 

than one equat~on. This fact emphasi ses again tha t, ~s such, these 
11 

equations pr ovi de little knowledge about processes occurring during 
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APPLICABILITY OF EQUATrQNS. 
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decomposition. 

In the subsequent determination of activation energies it was 

found convenient to use equation (6.2). Fig.2.1 shows the degree 

of fit obtainable when it is used. K2 and K3 represent the values 

of k in (6.2) which hold over the acceleratory and decay periods res­

pectively. 
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7. ANALYSIS OF RESUL1S. 

7.1 INDUCTION PERIODS (I.P.) 

Silver permanganate does not have a true induction period as 

is the case with potass ium permanganate . Thus for unirradiated 

crystals there is no sharp distinction between the end of the in-

duction period and the commencement of the acceleratory period. 

In the cace of irradiated crystals, hm.rever, it has already 

been shown that the end of the induction period may be more s harply 

defined. Using the criterion stated in section 6.8 activation 

ener gies (E1) wer~ calculated from the plot of log -1- j ~~ 
I.P. T ~ 

for various irradiated specimens. The results are shown in Tables 

21 and 22 and in Fig.22. 

TABLE 21. 

SMALL CRYS TAIS, 6 HRS . ?{ - SHALL CRYSTALS, 15 HRS. BEPO 

Decompn. Temp. I I.P. (mins) Decompn. Temp. I.P. (mins) 
·-------

100°C 116.0 l00°C 86.5 
105°0 77.0 10.3°0 68.0 
110~0 56.0 108°C 4/J.5 
11.3 c 46.0 110°0 .32.5 
115°0 

I 
39~· 5 115°C 24.5 

120°0 24.5 120°0 20.2 

--------· 
LARGE ORIS TAIS, 38 HJNS . ({ - L.ill.GE CRYSTALS, 220 HRS. '((-

Decompn. Temp. 
·-

110°C 
1150C 
120°0 
125°C 

Small crystal s , 
Small crystals , 
>IlaTg.e crystal s , 
Lar ge cry:-1 tals , 

---

i I.P. (mins) Decompn. Temp. I.P. (mins) 

t- --- ···---·-· 
67.0 1050C 51.0 
43.0 110°C 35.0 
3'J.6 117.50C 20 .0 
21.0 120.)0 16.0 

125°0 9.7 
f 

i 
I --- - - - ·---' 

TABLE 22. 

------- -------
SPECIMEN ! E1 (eV) 

i 

6 hrs . '0 - I -----1:03-----
15 hrs . BEPO J 1.02 
38 mins . '{ - 1.02 
220 hrs . '6 - l.OS 

----- -·----·-- -·--- ·- .. __ I 
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The variation of the lengths of induction period with increasing 

dose (at fixed decomposition temperature) vm.s found to obey the equa-

tion. 

(7.1) 

where L ::: time of irradiation. 

kr <~nd c are constants. 

The results are shown in Table 23 and Fig . 23 . 

TABLE 23. 

~----· ·- ---- -- -- ---· 
Large ,()-irradiated, 
decomposed at 115°0. 

Small, ()-irradiated, 
decomposed at lO~C. 

Small, BEPO-irradiated, 
decomposed at 105°0. 

- ---------------
I.P.(mins) 't (hrs I.P. (mins) 'tChrs) I. P • ( ulinG ) l (hrs.) 
- --· ·------- -------- ·-·-------------1-·----- ----

15.2 220.0 47 64.8 45.0 48.0 
19.7 63.0 64 16.3 60.0 15.0 
22.8 21.0 76 6.0 73.0 4.0 
J4.0 6.3 87 2.0 78.0 2.0 
38.3 2.1 98.5 0.5· 99.0 0.17 
44.5 0.63 106 0.17 
kr = u.u~3L kr ::: 0.0435 kr - 0.0431 

---- -

7.2 AOOELERATORY PERIODS. 

The decomposition curves for small and lan;e unirradiated crystals 

have been shown to fit the equation. 

I log Pj Pf - p ::: k2t + c (7 .2) 

over the acceleratory region. 

(i) Unirradiated small crystals. 

Using the above equation and the data of Table 17, values of kz 
were obtained for various temperatures. These ar-:J St1i!llllB.rised in 

Table 24. 

TABLE 24. 

-··· ···--- ~--------- --------------------· ·- ·----·------
Decompn. Temp . 

105°0 
110°0 
115°0 
120°0 
125°0 
131.5°0 

.00929 

.01466 

.03020 

.04325 

.06653 

.10470 

--------

---- - -- · 
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The acti~ation energy (E2) was calculated from the log k2~~ TA 
plot (Fig.24) and found to be 29.0 Kcals mole-1. This is in good 

agreement \-lith the value of 29.4 Kcals mole-1 obtuined by Prout and 

Tompkins. 

(i~) Unirradiated lar_ge c~stals. 

The values of 1~ obtained from the data of Table 18 are summari­

sed in Table 25. 

Decompn. Temp. k2 mins-1 

110°0 .01104 
1150C .01660 
12000 .02582 
125°0 . 03999 
D0°0 .06166 

--

The activation energy in this case was found to b~ ?.'7 .3 Kmt1.s 

mole-1• 

(iii) Irradiated crystals. 

In some cases the Prout-Tompkins equation fitted the acceleratory 

periodo for irradiated crystals but for heavily dosed specimens an 

1explosion 1 often occurred over this region. Thus activation energies 

for this period are of little value and were not calculated. A 

fuller discussion of this is presented l ater. 

7.3 Decay Periods. 

The Prout-Tompkins equation was found to fit the decay periods 

for unirradia ted, 0 - 1 and pile-irradiated crystals . As the decay 

processec are probably similar irrespective of treatment, activation 

energies (E
3

) were determined f or various specimens . 

(i) Small unirradiated crystals. 

The rat e con::lklnts l<J were determined from the data of Tablo 17 

and are summarised below. 

TABLE 26 Overleaf. -77-/ ••••.•• 
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TABLE 26. 

Decompn. Temp. k3 mins-1 
r-

105°0 0.01459 
ll0°0 0. 02000 
115°0 0.03681 
120°0 0.05333 
125°0 0.09290 
131.5°0 0.15490 

The activation energy of decay was found to be 28.8 Kcals mole-1, 

aguin in good agreement with the value of 29.4 Kca1s mo1e-l obtained 

by Prout and Tompkins. 

(ii) Lar~~irradigted crystals. 

The r~te constants k3 tabulated below were obtained from the 

data of Table 18. 

TABLE 27· 

Decompn. Temp. k
3 

mins-1 

110°0 0.01563 
11500 0.02858 
120°0 0.042Cf7 
125°0 0.06561 
130°0 0.1127 

The ~ctivation energy of decay was found to be 29.5 Kcals mo1e-1• 

(iii) Small crystals, 15 hours BEPO. 

The rate constants k3' tabulated below, were obtained from the 

data of Table 19. 

TABLE 28. 

Decompn. Temp. k 3 mins-1 

100°0 0.03162 
103°0 0.04169 
108°0 0.09506 
110°0 0.08318 
115°0 0.1334 
120°0 0.2109 
124°0 0.2858 

The activation energy of decay was found to be 28.0 Kcals mole 
··1. 

(iv ) Small crystals. 6 hours(( -

The r ate constants k3 tabulated below were obtained from the 

-78-/ •••••• 
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data of Tnb1e 20. 

TABLE 22. 

Decompn. Temp. k
3 

mins -1 

100°C 0.01972 
1050C 0.04365 
110°C 0.05754 
113gc 0.1000 
115 c 0.1148 
120°C 0.1928 

The activation energy of decay was found to be 32.3 Kca1s ~a1e-1 • 
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8. X-·RAY WVESTIGATIO!!. 

A complemen~Lry study of the ther~~l decomposition of s ilver 

per~~ngn~~te and the effects produced by pre-irradi ntion waG under-

~~ken during a seven week period at the Nntio~~l Physica l Research 

Labora tory, Pretoria . This work can only be regarded ns a prelimi-

nnr y to further study. 

6 .1 EFFEC'IS OF GRINDING CRYSTAlS . 

Since grinding hns a marked effect on the rate of ther~~l de-

compos ition, diffrD.ctometer t ro.ces were made for t hree samples in 

or der to determine t he effects of grinding on the quality of the 

cryst.."11S. 

The samples investig.l.ted were: 

1. Small crystals (0.3 x 0.03 mm) 

2. S:m.:.ll cryst.1.l s light l y ground for two minutes. 

J. Srrnll crystals heavily ground in a mechanical mortar 
for one hour . 

Sample 1. showed a high degr ee of preferred orientation, and 

when this was r educed by using SClmpl e 2. there 1-.rer e mar ked change f.; 

in intensity, some peo..ks appearing :'..nd some disappenring. However, 

no pe~k broadening was not iceable. Sample J . s howed further slight 

intensity ch.:J.nges o.s well as a very slight amount of peJ.k broadening. 

There w~s no suggestion t~t even heavy grinding for one hour can de-

stroy t he crystallinity of the crystal. 

8.2 STUDY OF THE PROGRESS OF THE TBEID·1AL DECOMPOSITION . 

Laue photographs taken us ing unfi ltered Mo r~ di~tion (exposure 

1 hour at 45 kV and 20 rnA) proved to be tho most sensitive way of de-

tecting c~"1nges produced on heating. Photogr aphs of singl e unirrad­

i.:1.ted lo.r ge crystal s mounted about t he [100] ruds were t aken nfter 

vur ying times of decomposition at 115°C in vacuo . (Fig .11 Curve 7; 

Plr. t es B 1 C , D & E) The r esults ~re sum~~rised below: 

(o. ) Undccomposcd cryst~l: The s pots were shar p both i n the high 

Q.nd l ow ~ngle r egions . There wo.s ~lso some thermnl sc~ttering . 

-80-/ •••••••• 
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(b) After 25 minutes: Slightly more gener~l diffuse scattering 

w~s evident but the spots were still well defined, 

(c) After 50 minutes : Thermal scattering appeared to be more 

pronounced ~nd there was more gener~l diffuse scattering, but 

the spots were still well defined though slightly more diffuse 

in the high angle r egion. 

(d) After 68 minutes: The thermal spots were more prominJnt and 

the crystalline spots showed signs of crystal break-up. Sym-

metrical diffuse sc.J. ttering in the form of ::t circv.L.1.r ring in 

the region sin Q 

,).._ 
O.l8A-l was evident for the first t ime. 

(e) After 78 minutes: The intensity of the diffuse ring ~'d in-

creQ.sed and the number of crystalline spots in the high angle 

region had diminished. 

(f) After 105 minutes: The ring was more intenne and ~ second 

outer ring in the r egion sin ~ ~ 0.33A -l was now visible, 

There were no high anglo spots and ther~~l sc~ttering was less. 

(g) After 120 minutes: The two rings were now ver y distinct but 

the crystnlline spots were still present. 

(h) After 135 minutes: Tho crystalline spots \·rere noticeably re-

duced in number but were still definitely pr esent, as were the 

two diffuse rings . 

(i) After 145 minutes: The crystalline spots had disappear ed en-

tirely l eaving only t he rings remaining. 

(j) Completely decomposed: The position was unchanged f rom (i). 

Thus the L~ue photographs s how that the diffuse .rings increase 

in intensity approximately ~roportional to the amount of dccompocition. 

The o..ppe['..rG.nce of tho crystn.lline spots is considerably more variable 

possibly bGca.usc the effect of he~tine upon them depends very much 

on tho initial sta.te of the crystn.l. Consequently it would be re-

warding to rapeQ.t these experiments by he~ting a s ingle crystal in 

in situ in a camera and taking photographs at various stages of de-

composition. 

Oscillation and Weisenberg photographs wer e also t::tken us i ng Cu 

r adia tion but wer e too underexposed to show amorphous sca ttering . 
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PLATE B. 

UNIRRADIATED, 

UN DECOMPOSED. 

PLATE C. 
UNIRRAD., DECOMP. 

0 
FOR 78MINS.AT 115 C. 

PLATE D. ----
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PLAT E F. 
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0 

FOR 14MINS.AT JISC. 
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The beh~viour of the crysk~lline spots was in gener~l ~greement with 

the results from the Laue photographs. Briefly)the Weisenberg and 

oscill~tion photographs showed ~ general weakening of the crystalline 

pattern with incre~sed decomposition. There was some small broaden­

ing of the high angl e spots but even u.fter 78 minu.t oo tho CuI: , Cl.?(.2 

doublet rem~ined f~±rly well resolved in the high 2ngle region. 

There was no resolution on the 105 minute oscillu.tion photograph. In 

nddition ther e was no weakening of the high ancle reflections rel~tive 

to the low angle reflections. 

8.3 SURFACE Al'D VOLUME DECOMPOSITION . 

Surface and volume decomposition of l~rge unirrndiated crys~~ls 

were also examined. Crystals decomposed for only 5 minutes at 115°0 

were h'llller sed in water :flr 1 hour without the ::~.ppearanco of the charac-

teristic permang~nate colour. Undecom~osed crystals from the same 

....,reparation coloured the water within 10 seconds . The nartially de-

com~Josed cryst~.ls vlhen broken under water r.:cpidly coloured tho wnter 

frJm tho newl y exposed surfaces . Simil:-:.r results were obtained for 

cryst~ls decomposed for D minutes 0.nd 78 minutes , indic::-.ting in a ll 

cases a sheath of product round the crystal. Using Cu radiation, 

oscillation spots wer e visible on the X-ray photograph of material 

decom?osed for 78 minutes, indicating that the product sheath must be 

less than -v 0. 01 mm. thick. 

Laue photograph5 were then taken of two different int0.rior frng­

!aEmts of crystals decomposed for 78 minutes at 115°0 . These photo­

graphs showed two differences from the analogous photogr:tph of the 

unbro!wn crysml:-

(i) There was general unsymmetrical scattering in the low angle 

region for the photograph taken with white radiation, but when 

the photograph wc.s repeated uoing fil tered Mo Kd .. radiation a 

diffuse ring of the usual kind was obtained. The reason for 

the diffonmco is not understood at present, but the diffuse ring 

docs show th~t ~morphous materia l has been produced in the in­

terior of the crys tal us \.fell as on the surface . 

..J-8~-~ • ••• e e e I 
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( ii) There appeared to be extra reflections on the laue photo-

graphs of the fragments. These spots were quite different 

in appearance from the normal Lc..ue spots and 1vere very simi­

lar both in shnpe and position to first layer line spots 

found in oscillation photographs. 

is not cert":tin. 

8.4 IRRADIATION EFFECTS. 

The explanation for these 

L~ue and Weisenberg photographs were t aken of an undecomposed 

crystGl which ~~d been irradiated for 220 hours with 0'-rays. The 

Weisenberg photograph was identical with th~t of the unirradiated 

undecomposed crystal. The Laue photograph (Plate F) is similar to 

Plate B except t~~t there is more thermal and diffuse sca ttering in 

the former. 

A L~ue photograph of a crystal from the same ~~tch but decom­

posed for 6 minutes at 115°C (Fig.ll., Curve 1) was also taken. If 

~nything this was ~better photograph t~~n Plate F. 

just ~ better crystal. 

Possibly it w1.s 

Another Laue photograph of the same irradiated crystals decom­

posed for 14 minutes at 115°C (Fig.ll . , Curve 1; Pla te G) showed 

broken up spots, considerable asterism, and faint extra spots due to 

fragmentation of the crystal. On the other hand a Weisenberg photo-

graph of the same crystal was only generally weaker showing no drastic 

changes in the quality of the ralections. This is a striking example 

of how much more sensitive the laue method is for showing crystal 

fragmentation and distortion. 

Laue photographs of 6" -irradiated fully decomposed crystals were 

identi cal with Pla te E. 
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9, QISCUSSION. 

The results obtained with irradiated whole and ground crystals 

of silver permanganate are similar to those found for irradiated 

potassium permanganate (12). The p-t curves of whole crystals, 

irradiated for increasing times , are characterised by: 

(a ) A progressive shortening of the induction period, 

(b) An increase in the maximum velocity until a ~aturation velocity' 

i s reached, and 

(c) A lowering of t he point of inflexion after this point. 

A saturation effect was observed in the case of irradiated ground 

cryst:tln . 

Tho::;e effects have been interpreted for irradiated .IWmo4 in terms 

of t he production and annea ling of ca tion vacancy-interstitial (V-I) 

pairs. Prout ( 12) irradiated KtmO 
4 

crystals with 145 Mev protons, 
60 

thermal neutrons and 0 -rays from ·.· Co. The effective changes pro-

duced by the latter two r adiations were considered t o arise from the 

displ acement of K+ ions into interstitial positions as a result of 

collisions wit h Compton electrons generated by ~-rays. These 

((-rays are those of capt\U'e, l( -rays j_n the pile or those from 
60 

t he Co 'hot-spot 1 • Since collisions are heavi~ biased towards 

small energy transfer, the knocked-on atoms seldom have energies to 

produce secondaries and so the damage will consist of is~lated V-I 

pairs r andomly distributed in the crystal, t he separation of vacan-

cies from interstitials being about four or five interatomic distances. 

At the t emperature of decomposition there i s annealing or recom-

bination of vacancies a nd intorstitials with the r elease of the assoc-

iated Wigner onor gy. This energy may be quite cons ider abl e . As 

the cr ystal i s already at its decomposition t emperature, and since the 

mctterial in the r egion of r ecombination i s t emper ature sensitive, a 

centre of decomposed material will result • The presence of decompo-

. sition product will cause deformation of the KMn04 lattice and wil l 

result in n lower ing of the activation ener gy for vncnncy jump. There 

is thus pr eferenti al annealing around this region, which will increase 
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in size to form a 'decomposition spike'. 

During the induction period annealing taken plane and reoults 

i.n an increase in the number of th(lse decomposition centres. A 

steady accumulation of strain in the crystal will result and this 

is sufficient to produce physical fracture at the end of the in-

duction period . With moderate radiation doses the strain at var-

ious points wi thin the crystal will not reach the critical disruptive 

calue at e~}ctly the same time so that an extension of the fracturing 

,process into the acceleratory pc:riod is probable. With heavy doses, 

'nd consequent increase in density of defects, the times between the 

0-ttainment of critico.l strain will have decreo.sed and the fracturing 

-~,rocess should consist of the instantaneous break-up of the crystal. 

This ·,Jvu.ld ::tccount for the lowering of the inflexion point with in-

creased dosage, The shorting of the induction period with in~reacc~ 

dosage is attributed to the increased number of defects produced, so 

that t he time for critical strain to be produced is lessened, 

Grinding is considered to be similar to 'cold-working' in metals 

vlhich results in an increased number of ~.cancies (73). Consequently, 

s ince the r~te of recombilli~tion depends on these, the induction periods 

of ground crystals, irradiated for the same time and decomposed at the 

same temperature, will be shorter than those for whole crystals. 

Saturation effects are easily accounted for since with high dosages 

a point will be reD..ched quring irradiation where there will be almost 

instantaneous recovery of the displaced atoms owing to the presence 

of excess vacancies produced by grinding. 

The activation energies for the dec·ay periods of both irradiated 

and unirradiated were similar, and as the Prout-Tompldns equation was 

applicable to both, the processes occurring in the decay of irradiated 

crystals were considered to be the same as those previously suggested 

for unirradiated KMno
4 

(1). 

The mechanisms outlined above are based upon the annealing of 

point defects . As this standpoint will be adopted in applying these 

ideas to irradiated AgMno
4
, it is appropriate a t this juncture tore­

view various annealing processes which have been suggested. 
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In most cases irradiation of materi~ls produces changes in 

certain physical properties (optical, electrical etc.) (57). These 

properties usually revert to normal when the materials are warmed . 

In general this has been attributed to a recombination of vacancies 

and interstitials. 

Fletcher and Brown (74) have studied the annealing of electron 

irr~diated ger manium using resistance measurements. Annealing is 

considered to be a three stage process . Firstly those vacancy-in-

terstitial pairs having small initial ~e~~ration will recombine under 

the influence of short r ange forces. In the region of the inter-

stitial the lattice will be deformed and this lowers the potentia l 

barrier between an atom adjacent to a vacancy and between it and the 

i.nter·stitial. The nett r esult i s that the atom tends to jump into 

the vacanc:-;· or> ?..lternatively, the vacancy jumps towards the inter-

sti t.ial. The rate of recombination is then given by 

where N =number of close pairs/ cm3. 

"t) = frequency of movement. 

(9.1) 

7he second and third stages involve the movement of vacancies outside 

the deformed regions of their respective intcrstitials. These 

vacancies are considered to move according to a random walk process. 

Sonte will r eturn to the distorted regions of their own interstitials 

:1.r..d recombine in a b; molecular process who::o rate of recombination is 

glj -I N 2 
dt ex.. v 

(9.2). 

where Nv = density of vacancies after stage 1. is completed. 

'Ph~=> reJl'.aining vacancies will wander away and become annihilated at 

defects other than the ones of origin or become trapped at the sur-

fnce or at dislocations. This comprises stage 3. of the mechanism 

and the process i s intermediate between a uni- and bimolecular re-

actio;.1. 

WD. ite (75) has extended the work of Fletcher and Brown to em-

brace the aspect of diffusion. Vacancies and interstitials are con-

sidered to diffuse with a combined activation energy of ~ 1.35 ev. 
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The individual contributions to this process are not assessed but 

vacancy diffusion is cons i dered to predominate. A capture radius 

r 0 is defined and the average separation of a vacancy-interstitial 

pair is found to be ·v l. 5r0 • The first 65% of the annealing is 

due to the recombination of each interstitial with the vacancy from 

which it was produced. 

Overhauser (76) suggests th~t at low t emperatureA, annealing is 

due to recombination of vac~ncy-interstitial pairs , but at higher 

t emperatures is due to volume diffusion of vacancies and their anni-

hilation with interstitials. Lamer and Cottrell (77) consider the 

annealing of da~~ge in metals to be a two-stage process . During 

the first stage, defects become trapped (e .• g . on imr,lrity _toms). 

The unexpectedly large number of jumps in this stage is accounted 

for by postulating an i nterstitial mec~~nism which provides a random 

walk in only one dimension. During the second s~qge the defects 

evaporate from their traps and then recombine. 

In the anne~ling processes discussed above, a point of signi­

ficance is t hat both interstHials :tnd vr.tcancies can r:;.igr ate but that 

their respective activation energies are different . Thus the migra-

tion of one species often predominates over the migration of the other. 

It is therefore of interest to mention som'3 theoretical and experi­

mental values of the activation energies of migration of interstiti~ls 

and vacanci es in vnrious materials. These will provide a guide in 

assessing which occurs in the cnse of AgMno4. Huntington ( 78) bas 

calculated the activation energies of interstitial s and vacancies in 

copper to be ~ 0. 2 ev and ~ 0.9 ev respectively. The h~tter value 

is in good ~greement with the vulue of 1.0 ev obtained by Granato et 

~1 (79) using ultrasonic methods . Brinkman et al (80) suggest that 

the movement of interstitials in cu
3
Au occurs with an activation 

ener gy of 0 . 7 ev while the acti vation energy of vacancy migration is 

1.2 ev. The migra tion of vacancies in cold-worked molybdenum (63) 

~qs been associ~ted with an activation energy of rvl. 25 ev and the 

migration of inters~itial Ag+ ions in AgBr with an activation energy 

of 0.11 ev (81). 
-87-/ •••.• • •• • ' 
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At this stage it is of interest to consider the nature and 

m~gnitude of the Wigner energy release when vacancies and inter-

stitials are mutually annihilated. The energy of formation of the 

vacancy in copper has been calculated by Huntington (78) to be 

1.5 - 1.8 ev and that of an interstiti al to be 5.1- 6.1 ev. It 

has generally been accepted that the energy stored in a vacancy-

int.:;rst itial pair is rv 5 ev (56). This energy will be released 

in the form of lattice phonons and be degraded into heat on the 

annihilation of the pair (82). Kinchin (83) hac measured calori-

metrically the energy release when graphite, after a dose of 3 x 1020 

slow neutron/cm2, was annealed to 400°C. This was equivalent to a 

rise of temperature of the material of about 200°0! Similar r e-

sults were obtained by Austermann (84). 

Before attempting to apply the ideas discussed above to irrad-

iated AgMno4, it is necessary to consider whether the da~age produ­

ced is ..;:':_milar. -Reference to f i g . 9 indicn.too _that, a': with KHhEl
4

, 

':.ho offcctivo darr.a.gc iS duo to · "Q·-rayo -~ ·· Compurison \-lith I<MnG
4 

suggests that the damage is caused by displacement of Ag+ ions into 

interstitial positions. That t his is nossible will now be shown. 

Following the method of Seitz (59) and assuming that Ed for a 

silver ion in AgMno
4 

is 25 ev, the threshold ener~r for displacement 

of silver ions by electrons is 0.72 Mev. The maximum energy of a 

Compton electron produced by a photon of energy h t) is gi von by (85) 

E (max) = h V 2 (){., 
c l + 200 

where a( = h 
m c2 

0 

rest energy of the elec t ron . 

(9.3) 

For incident ()-rays of mean energy 1.25 Mev, Ec (max) is 1.04 Mev. 

Thus Compton electrons scattered through small angles will have 

energies in excess of threshold and can produce displacement. 

Kinchin and Pease ( 57) stat e that the most likely process for 

atoms of high atomic number i s di splacement by photoelectric recoil. 

Thi s i s expected to predomina t e here as the probability of absorp­

tion depends on z2
5 in this case (86 ) while that for Compton scat-
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tering is only proportional to z2. The photoelectrons themselves 

can produce further displ acements since the energy of a photoelectron 

(Ep) is given by 

Ep = hi) - w (9.4) 

where w = the binding energy of the el ectron. For an electron 

in tho 1~ shell, w is given by (87) 

(9. 5) 

~ 0.16 Mev for silver . 

1-~here RH = Rydberg constant ( r-v 13.5 ev) 

The energy of photoelectrons Produced by () -rays of energy 1.25 Mev 

is therefore 1.09 Mev, again in excess of the threshold for displace-

ment. The number of secondary displacements will not be greatly in 

excess of the number of photoelectrons as the lrnock-on a tomf.J will 

sel dom have sufficient energy to pr oduce secondaries. 

The analysis of the results for irradiated Agl<L"104 may be divided 

into throe sections which relate to the induction period, tho acceler-

atory period, and the decay respectively. 

During the induction period it is assumed, as before, that close 

V-I pairs anneal according to stage 1. of Fletcher and Brown 's theory. 

The energy released on recombination causes the formation of a centre 

of decomposed material, and this grows, due to the lowered energy for 

vacancy jump around it, to produce a 'decomposition spike'. It 

should again be stressed that the undecomposed mater ial is already at 

decoinpos i tion temr-:;ra ture when t.hc ~Tigner energy is r eleased . The 

'decom~osition spikes' will be formed preferentially along dislocation 

lines s ince their initial format ion is favoured in regions of deforma-

tion . Strain will thus be produced along dislocations and, it is 

important t o note, this will thus be interior strain as distinct from 

f_.Jrface strain for which there is some evidence in the unirradia ted 

crystals (see later) . Fr~cture will probably originate in these 

regions . This view is supported by the X-ray results (Plate G) which 

indicate distortion and fragmentation of the lattice at the end of the 

induction period . The strain produced in the irradiated cryntal must 

therefore be due to sol id product. It should be poi nted out that 
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though the product has been shown to the amorphous it will still have 

a 11 lattice 11 with short r ange order and this lattice will be different 

from that of the AgMno
4

. Moreover the density of the product bas 

been found to be lsss than that of tho undecomposcd crystal (88). 

The progressive shortening of the induction period with increasing 

dosage is due to an increase in the density of ~oint defects with a 

consequent decrease i n the time required for the strain to attain a 

critical value. The degree of disintegration at the end of the in-

duction period should increase with dosage since with the greater 

numbers of defects present a larger number of dislocation will con-

tri bute to the fracturing . 
I 

The activation energies (E1) obtained from the plot of log I.P 

against absolute temperature for fixed irradiation time may be given 

physical significance as follows . Fletcher and Brown consider that 

by comparing the times at which the same degree of annealing occurs 

for different temperatures, the barrier energy1 E, for vacancy jump, 

can be determined . The variation with temperature of the length 

of the induction period can therefore be assumed to reflect the aver-

age jump time of the moving defect . The average value of E1 (1.03 

ev) is in general agreement with the value obtained for KMno4 • 

Reference to the activation energies of migration of vacancies given 

previously would suggest that the above value is to be ~ssociated with 

the movement of vacancie~. 

The saturation effects observed for irradiated ground material are 

in agreement with those obtained for KMn04. They may again be ex-

plained in terms of the production of vacancies during grinding re-

sulting in almost instantaneous recovery of some of the displaced 

atoms during irradiation. The ohortening of the induction period 

with increased grinding and fixed r adiation dose may be explained in 

t erms of the increased number of vacancies. The increase in the max-

inum rate of reaction and in the degree of splintering i s explained 

b5r thor o being increased numbers of dislocations, produced as a re-

>ult of grinding . 

The nature of the processes occurring duri~g tho a.ccoleratory 
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period is complex. Because of fracture (which does not occur in 

the u.nirradiated case) two distinct proceoses n.re conr.idered to 

operate . The ·1roduction of fragments will result in the rapid 

spread of the r eaction over the new surfaces which ~re formed. 

This is followed by the inward progression of the re~c~~nt-product 

interface. In addition it is expected tlli{t reaction Qocurring by 

the previously su~gestcd mechanism for the unirradiated decomposi­

tion will a lso be occurring. In lightly dosed crystals the latter 

will predominate and the Prout-1'ompkins equation is still expected 

to apply, as was found to be the c~se (cf. Fig . 20, curve 1. ) As 

with KHn04, for liJ htly dosed samples, the stra in developed in 

vn.rious parts of the crystal will not reach a critical value simul­

taneously and the fracturing process and hence the acceleration will 

be time extended . With increased dosages the times for the attain­

ment of critical strain will be less so that almost instan~~neous 

break up of the crystal will occur. As is to be expected therefore, 

the Prout~Tompkins oquation fails in these cases . In view of the 

complicated nature of the processes occurring, tho determination of 

an activation energy for the acceleratory period is not possible. 

As has been mentioned previously, the accelerutory period is 

characterised with increasing dosage by an increasing velocity which 

reaches a maximum. This can be attributed to the increased surface 

a r ea of the solid as a result of increased dis integration. However, 

the latter will reach a maximum which is dependcmt on the density of 

crystal ci~locations . 

The lowering of the point of i.nfJ 8'lrion with increased dose may 

be explained as follows . Reaction during the period of fracture 

will involve in addition to the acceleratory surface reaction, the 

decay reaction of particles produced in the early stages . Irradia­

tion times greater than that first giving rise to the limiting velo­

city will cause a shortening of the period of fracture since with 

heavy doses and a consequent increase in the density of defects, the 

times bet\-men the attainment of the critical stra.in at various dis­

locations will have decreased. This will lower the pressure at the 
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end of the fracture . period since there will be a: decroa:s:~ in the 

extent of the decay reaction of the fragments formed during fracture. 

The decay period, as has been suggested above, is to be associa-

ted with the inward progression of the product-reactant i.nterface . 

The activ.:ttion energies (E
3

) for this process are similar to the un-

irradiated c::1se. As the Prout-Tompkins eqU1.tion ~:~.gain applies and 

the end product is the ~~ me, the mechanism for this progression is 

Pssumed to be the same as previously postul.c1.ted for KMnO 
4 

where equa­

tion (6.2) was valid. 

The interrupted runs (Fi;_· .13) suggest that tvTO differ.o.nt types 

of nuclei operate, in tho case of tho irradiated and unirradiated 

matertul. The onset of fl~~cturing 1-dth irradiated crystals always 

occurs at a pressure above that given by unirrad.ia.tod crys"k'1ls at the 

same time, indicating the formation of product molecules additional 

to those produced by the "normal decomposition". If the former are, 

as suggested, favourably placed for crystal fracture 1.rhereas the 

l atter aro not, it is likely tlli~t the initiation of fracturing i s up 

to a point independent of tho unirradiated decomposition. Reference 

to fig.lJ shows that this is the case. If curve 1. diverges after 

23 minutes, i t is t o be expected that curve 2. (which was interrupted 

after 25 minutes :tnd then givon the same dose) will diverge at t = 413 

minutes. In fact it diverges at t ~ 46 minutes . Then cgain, curve 

3., interrupted after 50 minutes decomposition, should diverge at 

t = 73 minutes. Actually it diverges at t = 68 minutes. LikmTise, 

curves 4 and 5 diverge at t =- 97 minutes ~nd t = 125 minutes respect-

ively, instead of at t = 103 minutes ~nd ~t 128 minutes. Interrupting 

the decomposition once the decay has bcgu.n, ::tnd then irr::.dt~ting, h:1.s 

no real effect. 'rhis is reasono.ble since the :.:tccolcr.:-..tory mechanism 

suggested above would not apply, due to tho decomposition of a l arge 

percentage of the :cen.ctant, with consequent destruction of dislocation 

lines. 

The preceding r osearch h.1.::: also provided a cle.::>.rcr picture of the 

unirradiuted decomposition. Solubility studies h~vc shown th~t 

initio.l r eaction consists of the rw.pid spro.J.cl of product over the sur-
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fi.'..ce, This occurs in five minutes ~t ll5°C. Ovor tho induction 

period, before t~e Prout-Tompkins equation becomes applicable, the 

p-t plot is almost linear. Thi s may bo expl~inod QS follows. Once 

the lnyor of product has been formed reaction will proceed at the 

product-reac~~nt interface. In the initia.l stager~ of decomposition, 

tho :trea of the intorf!:'..ce will be approximo.tely consto.nt, so that u 

lino3r r~te of decomposition will occur. (89). This s lm-.r decomnosi-

tion will result in a thic\:ening of the product ,$Jl:!;ratlt 0'1/f:::.r tho in-

duction ;:>eriod. The r esultant surface strain -vTill produce cracks 

.::'.long uhich reaction may proceed inwv.rdn in a mannor an:tlog01.w to 

tho.t for unirradiat0d KMno4 (1). 

mcncomcnt of the acceleration 

This will bo marked by the com-

. 
Now, if a surf2..ce reaction i:::; occurring over the induction per-

iod, it would seem that the Prout-Tompkins equation might be modified 

to take account of this. If Pr is tho proosuro dov8loped o.t time t i, 

(tho time at the end of tho induction period) then tho Prout-Tompkins 

equation may be rewritten in the form 

log P- Pr_ = k. t 
Pf - P 

+ c (9.6) 

Taking tr as 60 minutns, (the time when the Prout-Tompkins equation 

becomes inapplicable), equation (9.4) was plotted for small unirrad-

iated crys~~ls decomposed at l05°C. Rcforonco to fig.26 shows that 

the fit oquation (9.4) is good, and that moreover, only one value of 

tho constant k is necessary. 

That reaction is proceeding in the interior of tho crystal during 

tho acceleratory peri od d:Jas }.been definitely dstabl ishod. Laue photo-

gr~phs of interior fr~gments of crystals docomposGd for 78 minutes 

show the presence of amorphous product a G evidenced by the usual dif-

fuse ring. 

Throe broad possibilities for the structural changes occurring 

in tho crystal s when they arc docomposod may bo · ·cnvis ... ~ged from tho 

appearance of tho Laue photogra;1hs taken of crjstals after various 

stages of decomposition. Tho increQs ing diffuseness of the cryst-

allino spots su~gost th..,,t there in distortion ~..~nd break-up .of the 
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crystal. However, th8 fact that physical fracture is not observed 

nnd that th~ CuK o(l ~ 2 doublet rem-'.ins fairly \·TOll resolved in the 
regwn 

high a:ngle/\for a crystal decomposed for 78 minutes at 115oc, would 

seem to indicate that the distortion is not greGt. Wha. t dis tort ion 

there is, is probably associ o. ted with the form:.1.tion of cracks caused 

by the product, in the reactant surf~ce adjacent to the product. 

Ther J is also evidence for increased thermal vibrations as shown by 

the increo.sing··· nutnbors of •.thermal spots 1 with increased decomposition. 

However, the predominant process must be the conversion of crysutlline 

i nto amorphous material without marked reduction of the crystallinity 

of the unreacted material . This i s emphasised by the striking fact 

t~t even when c~Jsto.ls are 78% decomposed (p~,to D) the crystalline 

spots still remain. 

The exact nature of tho product of decomposition and its relation 

to the reactant are still not clear. HovTever, it ho.s been establish-

cd that, while reta ining the external morphology of the undecomposed 

crystals, the product is amorphous and is probably in the form of a 

glass. This· confirms the work of Hein (90) and of Grant and Katz (91) 

who also reported an amorphous product . In this respect AgMno4 dif-

fers from KNno4 where the products have been shown to be Kzmo4 and 

O -Mn02• (88) 

The foregoing account may be briefly summarised. The unirradia-

ted decomposition proceeds along the surface and along self-created 

plc>nes of reaction. X-rays show that this gives r i se to only slight 

distortion. The irradiatc0 decomposition occurs vlith the f ormation 

of additional r eaction centres near dislocations . These result in 

faster reaction and s train which cr.uses fragmentation a t the end of 

tho induction period . The decay mechanisms for both irradiated and 

unj_rradiated are essentially thG same and involve the interference 

of planes of product resulting .in a series of contracting interfaces . 

• 
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10. 'SUHMAEY . 

The ther rnnl decomposition of silver permanga~~te, pre-irradiated 

in BEPO and in a 
60

co (( •hot spot • has been investigated i n t he 

tempera. t ure range 100 - 125°C. The r esults are similar to those 

for irradiated KMn04 and the mechanism proposed for the latter is 

again suggested. The activation energy for the migration of point 

defects over the induction period is 1 . 03 Jv. The decompositions 

of unirradiated and i rradiated crystals differ in t~tt the latter 

undergo physice.l disintegr r.ti on over the accelera tory period . X-ray 

studies limnediately prior to disintegration show otrcin and fragmenta-

tion in the irradiated crystal. An explanation involving the anneal-

ing of point defects at dislocation~ is advanced to explain the changes 

produced in the p/t plots with increased dosage, and fixed decomposi-

tion tem?eraturc. 
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