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Phosphorescence an d  electron  tra p s  

L  T h e  study  o f tra p  d istribu tions

B y  J .  T . R a n d a l l  ( Warren Research Fellow) a n d  M. H . F . W i l k i n s  

Physics Department, The Birmingham

(Communicated by M. L . Oliphant, F.R.S.— Received 6 November 1 9 4 0 )

T h e  fu n d a m e n ta l c o n n e x io n  b e tw e e n  th e r m o lu m in e sc e n c e , p h o sp h o r 

e scen ce  a n d  e le c tr o n  tr a p s  in  so lid s  h a s  b e e n  in v e s t ig a te d . T h e r m o 

lu m in e sc e n c e  a n d  lo n g -p e r io d  p h o sp h o rescen ce  ar ise  fro m  th e  re le a se  o f  

e lec tro n s  fro m  m e ta s ta b le  le v e ls  or tr a p s . B y  s tu d y in g  th e  th e r m a l  

s ta b il i ty  o f  tr a p p e d  e le c tr o n s  a n d  th e  p r o b a b ility  o f  r e lea se  fro m  tr a p s  o f  

d ifferen t d e p th s , m e th o d s  h a v e  b e e n  d e v e lo p e d  fo r  fin d in g  th e  d e p th s  o f  

e le c tr o n  tr a p s  in  p h o sp h o rs . T h e  m a in  e x p e r im e n t  c o n s is ts  in  e x c it in g  th e  

p h o sp h o r  a t  lo w  te m p e r a tu r e s  u n t il  a ll  th e  tr a p s  are  f i l le d ; th e  p h o sp h o r  is  

th e n  w a rm ed  a t  a  s te a d y  r a te  a n d  th e  l ig h t  e m it te d  w h ile  w a r m in g  is  

m ea su red  a s  a  fu n c t io n  o f  th e  tem p e r a tu r e . T h e  r e su lts  sh o w  t h a t  th e  tr a p  

d is tr ib u tio n  in  im p u r ity  p h o sp h o rs  su c h  a s  w ille m ite  a n d  th e  a lk a lin e  e a r th  

su lp h id e s  are , in  gen era l, c o m p le x , a n d  e x te n d  o v e r  a  ra n g e  o f te n  a s  w id e  a s  

O 2- 1-0 eV . T h e  p r o b a b ility  o f  re le a se  o f  a n  e le c tr o n  fro m  a  tr a p  o f  d e p th  E  

a t  tem p e r a tu r e  T  is  o f  th e  form  se~ElkT, w h ere  s is  a  c o n s ta n t . V a lu e s  o f  s 

for  a lk a lin e  e a r th  a n d  z in c  su lp h id e s  are in  th e  n e ig h b o u r h o o d  o f  108:t:1 s e c .-1 .

I n t r o d u c t i o n

As a n  in tro d u c tio n  we shall g ive a n  o u tlin e  o f  th o se  ideas w h ich  a re  now  

g enerally  accep ted  concern ing  th e  n a tu re  o f  a  p h o sp h o r. T he  basis  o f  a  

p h o sp h o r is a  p u re  in su la tin g  c ry s ta l w h ich  is m ad e  lu m in escen t b y  th e  

ad d itio n  o f  a  sm all p ro p o rtio n  o f  im p u r ity  a to m s ; th e se  ad d itio n a l a to m s 

are  supposed  to  occupy  in te rs tit ia l  o r su b s titu tio n a l positions in  th e  m a tr ix  

la ttic e . T he  energy  s ta te s  o f  e lec trons in  th e  c ry s ta l m a y  be  considered , 

p a r tly , as bein g  deriv ed  from  s ta te s  w hich  ex is t in  th e  in d iv id u a l a to m s  o r 

ions w hich  com pose th e  c ry s ta l. T he  n a rro w  energy  levels w hich  ex is t in  

th e  ions in  free space are , in  th e  la ttic e , b ro ad en ed  in to  b an d s  (A a n d  B, 

figure 1) b y  th e  field due  to  su rro u n d in g  ions. T hese  b an d s  in  a n  in su la to r  

a re  f illed ; an d  a lth o u g h  th e  e lec trons in  th e se  b an d s  m a y  m ove fa irly  freely  

from  ion  to  ion , th e  to ta l  s ta te  o f  m o tio n  c an n o t be  a lte re d  b y  a n  e lectric  

field, a n d  e lec trica l conduction  c an n o t ta k e  p lace . Som e d is tan ce  above  th e  

filled b an d s  th e re  is a n  e m p ty  b a n d  C co rrespond ing  to  th e  s ta te s  o f  a n  

e lec tron  freed  from  a n  io n ; th is  b a n d  is called  th e  co n d u ctio n  b an d , because, 

i f  a n  e lec tron  is ra ised  from  B  to  C, th e  m o v em en t o f  th e  e lec tro n  in  C a n d

[ 3G6 ]
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Phosphorescence and electron traps 367

o f  th e  p o sitiv e  ho le  le f t in  B  can  give rise  to  a  cu rre n t. Im p u r ity  a to m s o r 

la ttic e  irreg u la ritie s  give  rise  to  localized e lec tron  s ta te s  (such  as D, E, a n d  

F) w ith  n a rro w  en erg y  levels w hich  m a y  occur be tw een  th e  en erg y  b an d s  

o f  th e  p u re  c ry s ta l. A n  e lec tro n  m a y  be ra ised  in to  th e  conduction  b a n d  

from  B, D, o r F  b y  lig h t a b s o rp tio n : th is  is th e  case o f  p h o to c o n d u c tio n ; 

b u t  i f  th e  e lec tro n  is n o t g iv en  sufficien t energy  i t  m a y  rem a in  b o u n d  to  its  

p o s itiv e  hole  in  a n  ex c ited  s ta te  a t  E, a n d  th e n  no  p h o to co n d u c tio n  is 

observed . I n  th e  case o f  sem i-conduction , th e  levels F  a re  on ly  a  sm all w ay  

below  th e  c o n d u c tio n  b a n d  a n d  e lec trons from  F  m a y  be ex c ited  b y  th e rm a l 

m o tio n  in to  th e  con d u ctio n  b a n d . I n  a  p h o sp h o r th e  exc ited  e lectrons 

re tu rn  to  th e  g ro u n d  s ta te  a t  lum inescence cen tres ; th e  e lec tron  d ropp ing

C

i .....■!< P

B

A

F i g u r e  1 . E n e r g y  le v e ls  in  a  p h o sp h o r .

first from  Cto  Ean d  th en  from  E  to  D ; th e  second tran s itio n  being 

assoc ia ted  w ith  th e  ra d ia tio n  o f lum in escen t ligh t. T he  levels F  a re  

no rm ally  em p ty , an d  are  called tra p s , a n d  m ay  cap tu re  e lectrons excited  

in to  C. T he  release, b y  th e rm a l ag ita tio n , o f e lectrons from  these  t ra p  levels 

gives rise  to  a  de layed  lum in escen t em ission called  phosphorescence. Also 

sh o rt period  phosphorescence (no t d e a lt w ith  in  th is  w ork) la sting  n o t 

longer th a n  a  few m illiseconds m ay  arise owing to  th e  finite  tim e  an  e lectron  

spends in  th e  ex c ita tio n  level E.

All non-m eta llic  solids ap p ea r to  co n ta in  som e e lec tron  tra p s  an d  m an y  

m ay  be m ade  to  phosphoresce to  som e e x te n t if  su itab ly  excited . In  th e  

case o f a lka li halides, th e  tra p s , called  colour cen tres, have  been s tu d ied  

in  g re a t d e ta il b y  P o h l an d  his school (Pohl 1937); an d  a  sa tisfac to ry  p ic tu re  

h as been  evo lved  o f th e ir  n a tu re  b y  M ott a n d  G urney  (1940), w ho believe

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0

2
2
 



3 68 J . T. R a n d a ll a n d  M. H . F . W ilk in s

t h a t  co lou r cen tre s  e x is t a t  p o in ts  in  th e  c ry s ta l  la t t ic e  w h e re  a  n e g a tiv e  

io n  is m issing . T ra p s  in  s ilv e r h a lid e s  p la y  a  ro le  in  p h o to g ra p h ic  p ro c e sse s ; 

a n d  h a v e  in  th is  co n n ex io n  b een  s tu d ie d  b y  sev e ra l w o rk e rs  (e.g. B erg  

1939). T h e  p resen ce  o f  lu m in escen ce  c en tre s  in  a  so lid  m ak es  p o ssib le  new  

m e th o d s  o f  s tu d y in g  tra p s . T h is  p a p e r  dea ls  w ith  th e  th e rm a l s ta b i l i ty  o f  

t r a p p e d  e lec tro n s  a n d  i ts  re la tio n  to  th e rm o lu m in esce n c e  a n d  w ith  m e th o d s  

o f  fin d ing  th e  d is tr ib u tio n  o f  th e  t r a p  levels a t  d iffe ren t d e p th s  below  th e  

co n d u ctio n  b a n d . A  second  p a p e r  re la te s  th is  w o rk  to  lo n g -p e rio d  p h o s 

pho rescence , a n d  p ro v id e s  a  q u a n t i ta t iv e  e x p la n a tio n  o f  p h o sp h o rescen ce  

in  te rm s  o f  th e  t r a p  d is tr ib u tio n . P re v io u s  w o rk  o n  p h o sp h o re scen ce  (e.g. 

L e n a rd , S ch m id t a n d  T o m asch ek  1928, Iv e s  a n d  L u ck e ish  1911, M u ld er 

1938) h as  b een  ex ten s iv e , b u t  h as  n o t  been  v e ry  su scep tib le  to  th e o re tic a l 

in te rp re ta tio n . A n  e x cep tio n  is th e  w o rk  o n  p h o sp h o re sc en t p o ta ss iu m  

ch lo rid e  (B iinger a n d  F lech sig  1931 a, b, S e itz  1938), w h ich  su b s ta n c e , 

how ever, d iffers in  sev e ra l re sp ec ts  fro m  th e  m o re  u su a l ty p e  o f  p h o sp h o r. 

T h e  chem ica l a n d  p h y s ica l n a tu re  o f  t r a p s  in  p h o sp h o rs  is n o t  y e t  k n o w n : 

fu r th e r  w o rk  is re q u ire d  in  th is  d irec tio n . I t  a p p e a rs  like ly , how ever, t h a t  

th e  t r a p s  a re  in d e p e n d e n t o f  th e  lu m in escen ce  c en tre s  a n d  e x is t in  th e  p u re  

m a tr ix  c ry s ta l like  co lou r c en tre s  in  a lk a li h a lid es .

T h e  s t u d y  o f  t h e r m o l u m i n e s c e n c e  g l o w  

The glow experiment

I t  is a  w e ll-know n fa c t  t h a t  i f  a  p h o sp h o r is e x c ited  w hile  cold  a n d  is th e n  

w arm ed , lig h t is e m itte d  w hile  w arm in g . S u ch  em ission  o f  lig h t h a s  a ll th e  

p ro p e rtie s  o f  th e rm o lu m in e sc e n c e ; th o u g h , in  th e  p a s t ,  th e  te rm  th e rm o 

lu m inescence  h a s  b een  u sed  o n ly  fo r lig h t e m it te d  w h en  a  so lid  is h e a te d  

ab o v e  ro o m  te m p e ra tu re . I n  th e  p re s e n t w o rk  th e rm o lu m in escen ce  

em ission  is re fe rred  to  b rie fly  as glow . T h e  g low  e x p e r im e n t co n sis ts  in  

m easu rin g  th e  lig h t em ission  w h en  a  th e rm o lu m in e sc e n t so lid  is w a rm e d  a t  

a  u n ifo rm  r a t e ; a n d  th e  cu rv e  o b ta in e d  o f  lig h t em ission  a g a in s t te m p e ra 

tu re  is re fe rre d  to  as th e  glow  cu rv e . I t  h a s  b een  g e n e ra lly  a ssu m e d  (e.g. 

J o h n so n  1939) t h a t  glow  is  d u e  to  re lease  o f  e lec tro n s  fro m  t r a p s ;  th e  

p ro b a b ility  o f  escape  fro m  a  t r a p  in c reas in g  w ith  te m p e ra tu re  a n d  th e  

shallow er t r a p s  b e ing  e m p tie d  a t  low er te m p e ra tu re s . W e h a v e  fo u n d  t h a t  

a  s tu d y  o f  th e  glow  cu rv e  p ro v id e s  a  m ean s  o f  show ing  how  th e  t r a p s  a re  

d is tr ib u te d  in  d e p th .

T h e  e x p e r im en ta l m e th o d  is now  d escrib ed . A  th in  la y e r  o f  th e  p o w d e red  

p h o sp h o r is sp re ad  o n  th e  su rface  o f  a  sm all co p p er box . A  su ita b le  p h o sp h o r

 D
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Phosphorescence and electron traps 369

lay e r is m ad e  b y  p u tt in g  a  s lig h t sm ear o f  glycerol on  th e  copper a n d  

shak ing  th e  pow der on. A  co p p er-co n stan tan  therm ocoup le  is so ldered  to  

th e  surface  o f  th e  box, a n d  a n  e lectric  h e a te r  coil is a rran g ed  inside. 

F ig u re  2 show s tw o ty p es  o f a p p a ra tu s  w hich have  been  used. A p p a ra tu s  1,

b '

A p p ara tu s 1

A y copper tu b e  0*2 m m . th ic k  

By germ an  s ilv er  tu b e  0-05 m m . th ic k  

C9 cop per fu n n el 0*04 m m . th ick  

Dy h ea ter  co il 5 i2 , 6 V  

Ey m ic a  d iscs 0*2 m m . th ic k  

Fy th erm ocou p le  le ad s 0-1 m m . d iam .

B'

2-4cm.

Y / / / / / / / / /^

A pp aratu s

A pparatus 2

A \  copper tu b e  3*2 m m . th ic k  

B \  germ an s ilv er  tu b e  0*2 m m . th ic k  

C'y copper tu b e  0-5 m m . th ic k  

D'y copper en d -p la tes  

E \  co iled  he lica l heater*

F \  th erm ocou ple  leads

* I n  E' th e  tu rn s are sepa rated  b y  th in  m ic a  a n d  in su la ted  from  D' b y  quartz  

tu b es an d  from  G' b y  a sb esto s. Coil resistan ce  100£?, 100 V .
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370 J . T . R a n d a ll an d  M. H . F . W ilk in s

in  w h ich  liq u id  a ir  is p o u re d  in to  th e  fu n n e l C, is v e ry  c o n v en ien t to  u s e ; 

b u t  th e  r a te  o f  w arm in g  v a rie s  co n sid e rab ly  w ith  th e  te m p e ra tu re . 

A p p a ra tu s  2 w as designed  so t h a t  h e a t  losses from  th e  su rface  o f  th e  b o x  

w ould  n o t  a ffect th e  r a te  o f  w arm in g , a n d  so t h a t  h ig h  te m p e ra tu re s  could 

be  reach ed . F o r  cooling, th e  w hole  sy s tem  is p laced  in  a  b e a k e r  fu ll o f  

liq u id  a ir .

t im e  in  se c s .

te m p e r a tu r e  ° K

F i g u r e  3. G lo w  c u r v e  fo r  Z nS -C u p h o sp h o r  n o . 2 .

W h en  th e  b o x  is cooled  w ith  liq u id  a ir, th e  p h o sp h o r is e x c ited  w ith  a  

m e rcu ry  a rc  u n ti l  a ll th e  t ra p s  a re  filled. T h e  a rc  is th e n  sw itch ed  off, a n d  

th e  a p p a ra tu s  is p laced  in  th e  d a rk  in  f ro n t o f  a n  e lec tro n  m u ltip lie r  ty p e  

o f  pho toce ll. T h e  c u rre n t in  th e  h e a te r  is th e n  sw itch ed  on  (in th e  case o f  

a p p a ra tu s  1 th is  is n o t  done  u n ti l  th e  liq u id  a ir  in  th e  fu n n e l C h a s  all bo iled  

aw ay). T h e  glow  p ro d u ced  d u rin g  th e  w arm in g  is o b serv ed  as  th e  deflex ion  

o f  a  g a lv an o m e te r  co n n ec ted  to  th e  m u ltip lie r .

T he  g a lv an o m ete r  lig h t sp o t is follow ed b y  a  p o in te r  co n n ec ted  to  a  p en  

w hich  w rite s  a  tra c e  on p a p e r  o n  a  ro ta tin g  d ru m . M arks a re  m ad e  o n  th e
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Phosphorescence and electron traps 371

tra c e  ev ery  10 sec., a n d  th e  th e rm o co u p le  c u rre n t is n o te d  a t  th e  sam e tim e. 

T h e  10 sec. tim es  a re  g iven  b y  an  electric  bell connected  to  a  clock. F o r  

a ccu ra te  w ork  tw o  observers a re  requ ired , one to  follow th e  glow  curv e a n d  

th e  o th e r  to  n o te  th e  the rm ocoup le  read in gs. I f  th e  speed o f  th e  d ru m  is 

c o n s ta n t th e  clock a n d  bell can  be d ispensed  w ith , an d  m ark s  m ad e  on  th e

t im e  in  s e c s .

tem p era tu re  ° K

F i g u r e  4. G low  cu rve for S rS -B i p ho sp ho r n o . 1.

trace  w hen  th e  therm ocoup le  cu rren t tak es  ce rta in  values. (To avoid  d is

p lacem en t o f tem p e ra tu re  read ings re la tiv e  to  th e  glow curve, i t  is best to  

use th e  sam e period  a n d  dam pin g  for b o th  th e  galv anom eters em ployed.)

Glow curves o f com m on phosphors  a re  show n in  figures 3 an d  4 . B efore 

we begin to  discuss th e  experim en tal resu lts  i t  is necessary  to  consider in 

m ore d e ta il th e  th e o ry  o f th e  form  of th e  glow curve an d  th e  th eo ry  o f som e 

o f th e  p ro p erties  o f tra p p e d  electrons.
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372 J . T . R a n d a ll a n d  M. H . F . W ilk in s

T h e o r y  o f  t h e  g l o w  c u r v e

I f  th e  en e rg y  leve l o f  a  tra p p e d  e lec tro n  is E  eV  below  th e  co n d u c tio n  

b a n d , th e  e lec tro n  m u s t  ab so rb  a t  le a s t en e rg y  E  befo re  i t  c an  escape  from  

th e  t r a p . B y  a n a lo g y  w ith  th e  case o f  a  g ra v ita tio n a l field a c tin g  on  a  ba ll 

in  a  ho le , E  is called  th e  t r a p  d e p th . T h e  e lec tro n s  in  th e  t r a p s  h a v e  a  

M axw ellian  d is tr ib u tio n  o f  th e rm a l e n e rg ie s ; hen ce  th e  p ro b a b ili ty  o f  a n  

e lec tro n  escap ing  fro m  a  t r a p  o f  d e p th  E  a t  te m p e ra tu re  is o f  th e  fo rm

p  =  se~E/kT} (1)

w here  k  is B o ltz m a n n ’s c o n s ta n t a n d  is a  c o n s ta n t w h ich  m ay , how ever, 

v a ry  slow ly  w ith  te m p e ra tu re .

I f  th e  t r a p  is re g a rd ed  as a  p o te n tia l  bo x , s w ill ex p ress  th e  p ro d u c t o f  

th e  freq u en cy  w ith  w h ich  th e  e lec tro n  s tr ik e s  th e  sides o f  th e  b o x  a n d  o f  th e  

reflex ion  coefficient (cf. M o tt a n d  G u rn ey  1940, p . 1 3 6 ). T h e re  is, th e re fo re , 

rea so n  fo r su p p o sin g  s to  b e  o f  a n  o rd e r r a th e r  less th a n  t h a t  o f  th e  

v ib ra tio n a l freq u en cy  o f  th e  c ry s ta l, ~  1012 sec .-1 . I n  fa c t  s is fo u n d  to  be  

~  108 sec.-1 in  th e  p h o sp h o rs  s tu d ie d .

A s w e h av e  sa id  ab o v e , th e  glow  e x p e r im e n t p ro v id e s  a  m e th o d  o f  find ing  

how  th e  t r a p s  in  a  p h o sp h o r a re  d is tr ib u te d  w ith  d e p th , s ince  t r a p s  o f  a  

g iven  d e p th  p ro v id e  a  glow  a t  a  g iv en  te m p e ra tu re . I n  o rd e r  t h a t  w e m a y  

find th e  re la tio n  b e tw een  th e  glow  te m p e ra tu re  a n d  th e  t r a p  d e p th , w e w ill 

ca lcu la te  th e  fo rm  o f  th e  glow  cu rv e  w h en  E  is  single v a lu e d  a n d  w h en  th e  

te m p e ra tu re  rises a t  a  c o n s ta n t r a te .

L e t  n  b e  th e  n u m b e r  o f  e lec tro n s  in  th e  t r a p s  a t  t im e  t, th e n  from  

e q u a tio n  (1),

dn/dt = —nse~ElkT (2 )

T his  assum es t h a t  th e re  is no  r e t r a p p in g : t h a t  is, i f  a n  e lec tro n  is l ib e ra te d  

from  a  t r a p  i t  a lw ays goes s tr a ig h t  to  a  lum in escence  cen tre  a n d  does n o t  

o n  th e  w ay  fa ll in to  a n o th e r  t r a p . W e sh a ll see in  P a p e r  I I  t h a t  th is  

a ssu m p tio n  o f  neg lig ib le  re tra p p in g  is la rg e ly  ju s tified . T h e  in te n s ity  o f  

glow  I  is p ro p o r tio n a l to  th e  r a te  o f  su p p ly  o f  e lec tro n s  to  th e  lum in escence  

cen tres ,

I  =  Cdn/dt =  -  (3 )

N ow  from  (2), dn/n — — se~E'kTd t;

th e n  w ritin g  dT  — ft dt, w here  /? is th e  r a te  o f  w arm in g , a n d  in te g ra tin g , 

w e h av e

log n/n0 = — j  1//?. se~ElkT dT,
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,  -  / 1 I B .

a n d  n  =  n0e J « ;

h en ce  I  = Cdnjdt — n0Ce /  l ^ ‘se dTse-EikT% (4)

T h is  e x p re ss io n  re p re se n ts  th e  glow  cu rv e  fo r a  p h o sp h o r  c o n ta in in g  t r a p s  

o f  one  d e p th . T h e  c u rv e  h a s  beeii c a lc u la te d  fo r s =  2-9  x  109 sec .-1 a n d  

E  — 0*67 eV , a n d  fo r tw o  d iffe ren t ra te s  o f  w a rm in g  (see figu re  5 ).

B eg in n in g  a t  low  te m p e ra tu re s , th e  cu rv e  rises e x p o n e n tia lly  acco rd in g  

to  th e  e x p o n e n tia l te rm  in  e q u a tio n  (3 ). W h e n  th e  lig h t em ission  h a s
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260 2 8 0  3 0 0  3 2 0  3 4 0  3 6 0  3 8 0  4 0 0

te m p e r a tu r e  ° K

F i g u r e  6 . T h e o r e t ic a l g lo w  c u r v e  for  a  s in g le  tr a p  d e p th  a n d  fo r  tw o  r a te s  o f  

w a r m in g , (a ) 2*5° p e r  s e c ., (6 ) 0 ’5° p er  se c . =  0*67 e V ; =  2*9 x  10® s e c .- 1 ; a t

35 6° K  th e  d e c a y  p e r io d  o f  th e  tr a p p e d  e le c tr o n s  is  1 s e c .

c o n tin u e d  fo r som e tim e  th e  n u m b e r  o f  t ra p p e d  e lec tro n s  (n in  e q u a tio n  

(3 )) becom es a p p re c ia b ly  d im in ish ed  a n d  th e  cu rve , a f te r  re ach in g  a  

m a x im u m , fa lls , a n d  w h en  a ll th e  t r a p s  h a v e  e m p tie d  reach es  zero . T h e  

m a x im u m  in te n s ity  o f  glow  occurs a t  a  te m p e ra tu re  so m ew h a t below  th e  

te m p e ra tu re  a t  w h ich  th e  p ro b a b ility  o f  a n  e lec tro n  escap in g  from  th e  t r a p  

is 1 p e r  sec. I n  figure 5  th e  p ro b a b ility  is 1 p e r  sec. a t  3 5 6 ° K ; h ence  w e 

m a y  w rite
(s, /?)} = =  J  ^

w here  TG is th e  te m p e ra tu re  o f  m ax im u m  glow  a n d  f(s , J3) h as  a  v a lu e  

sm all co m p ared  w ith  one.

H ence E = T a {l +f(s,  /?)} Jc log s. (5)
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374 J . T . R a n d a ll a n d  M. H . F . W ilk in s

T h e  te m p e ra tu re  o f  m a x im u m  glow  v a r ie s  o n ly  s lig h tly  w ith  th e  r a te  o f  

w arm in g . W e  w ill re fe r  to  th is  te m p e ra tu re  as  th e  te m p e ra tu re  w h ich  

co rre sp o n d s  to  th e  t r a p  d e p th . F ro m  e q u a tio n  (5 ) w e see t h a t  th e  t r a p  

d e p th  is p ro p o r tio n a l to  th e  co rre sp o n d in g  te m p e ra tu re ;  so i t  is possib le  

to  e s ta b lish  a  re la tio n  b e tw ee n  t r a p  d e p th  in  e le c tro n  v o lts  a n d  te m p e ra tu re  

o f  glow  in  ° K , a n d  th u s  to  c a lib ra te  th e  th e rm a l g low  s p e c tru m  in  u n its  o f  

t r a p  d e p th . T h e  a b o v e  c a lc u la tio n  show s t h a t  0*67 eV  c o rre sp o n d s  to  3 4 0 ° K  

a t  th e  ra te s  o f  w a rm in g  n o rm a lly  u sed . H e n ce  th e  re la tio n  is a p p ro x im a te ly  

t h a t  5 0 ° K  co rre sp o n d s  to  0* 1 eV  o r  t h a t  th e  t r a p  d e p th  is a p p ro x im a te ly  

25  k T .T h u s  th e  glow  n e a r  liq u id  a ir  te m p e ra tu re  (9 0 ° K ) c o rre sp o n d s  to  

t r a p  d e p th s  o f  0*2 eV . F ig u re  5  show s t h a t  th e  fo rm  o f  th e  g low  cu rv e  is 

a lte re d  l i t t le  b y  ch an g e  in  th e  r a te  o f  w a rm in g , b u t  t h a t  th e  cu rv e  is s lig h tly  

d isp laced  as a  w ho le  to w a rd s  lo w er te m p e ra tu re s  w h en  th e  r a te  o f  w a rm in g  

is d ec rea se d : th is  p o in t  h a s  b een  e x p e r im e n ta lly  confirm ed .

I n  p ra c tic e  th e  t r a p  d e p th  E  is n o t  sing le  v a lu e

ran g es, a n d  th e  g low  cu rv e  co n sis ts  o f  b ro a d  p e a k s  b u il t  u p  fro m  th e  

o v e rlap p in g  p e a k s  d u e  to  th e  v a rio u s  E  v a lu es  (see figures 3  a n d  4 ).

T h e  c o n n e x i o n  b e t w e e n  p h o s p h o r e s c e n c e

A N D  T H E R M O L U M IN E S C E N C E

P h o sp h o re scen ce  a n d  g low  a re  te rm s  u sed  to  d esc rib e  d iffe ren t fo rm s o f  

th e  sam e  p h en o m en o n . I n  th e  case o f  p h o sp h o rescen ce  th e  te m p e ra tu re  is 

k e p t  c o n s ta n t, b u t  w h en  g low  is p ro d u c e d  th e  te m p e ra tu re  is ris in g  ra p id ly . 

T h e re  is, h o w ev er, a  co rre sp o n d en ce  b e tw ee n  th e  p h o sp h o rescen ce  cu rv e  

a n d  th e  glow  c u rv e ; fo r i t  is th e  d eep  t r a p s  w h ich  c o n tr ib u te  b o th  to  th e  

p h o sp h o rescen ce  a f te r  long  tim e s  a n d  to  th e  th e rm a l glow  a t  h ig h  te m p e ra 

tu re s , a n d  s im ila rly  th e  sh a llo w  tr a p s  c o n tr ib u te  to  th e  s h o r t  t im e s  o f  

p h o sp h o rescen ce  d e ca y  a n d  to  th e  glow  a t  low  te m p e ra tu re s .

A  g iv en  te m p e ra tu re  o f  glow  co rre sp o n d s  to  a  g iv en  t r a p  d e p th , a n d  i f  

p h o sp h o rescen ce  ta k e s  p lace  a t  a  g iv en  te m p e ra tu re  i t  is p o ssib le  to  c a lc u 

la te  th e  m e an  tim e  a n  e lec tro n  s ta y s  in  th e  t r a p  o f  g iv en  d e p th .

F ro m  e q u a tio n  (4 ) w e h a v e  seen  t h a t  th e  t r a p  d e p th  E  co rre sp o n d s  to  a  

te m p e ra tu re  o f  glow  g iv en  b y  e q u a tio n  (5 ). I f  p h o sp h o rescen ce  ta k e s  p lace  

a t  a  c o n s ta n t te m p e ra tu re  T, th e  m e a n  tim e  t t h a t  a n  e lec tro n  sp en d s  in  

a  t r a p  is th e  re c ip ro ca l o f  i ts  p ro b a b ili ty  o f  re lease , a n d  is b y  e q u a tio n  (1):

t =  1/p = s~l eE kT.

H en ce log t =  E/lcT — log s,

 D
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Phosphorescence and electron traps 375

a n d  s u b s t i tu t in g  fo r  E  f ro m  e q u a tio n  (5 ),

log  I -  l o g .  y ’ W ,  (6)

w h e re  Ta is th e  g lo w  te m p e ra tu re .

T h is  e x p re ss io n  p ro v id e s  th e  re q u ire d  re la t io n  b e tw e e n  th e  t im e  o f  

p h o sp h o re scen ce  d e c a y  t a n d  th e  te m p e ra tu re  o f  g low . I t  a lso  sh o w s a t  

w h a t  r a te  d if fe re n t p a r t s  o f  th e  g lo w  c u rv e  w ill d e c a y  i f  th e  p h o s p h o r  is  

k e p t  a t  a  c o n s ta n t  te m p e ra tu re .

E x p e r i m e n t a l  r e s u l t s

1. Trajps in  some phosphors activated by manganese.

A ll th e  p o w d e rs  in  th is  g ro u p  w ere  e x c ite d  b y  s h o r t  w a v e -le n g th  u l t r a 

v io le t fro m  a  q u a r tz  m e rc u ry  a rc . T h e  p h o sp h o re sc e n t p ro p e r tie s  h a v e  b e en  

d e sc rib e d  b y  R a n d a lL a n d  W ilk in s  (1945).

T h e  w illem ite  p o w d e rs  (zinc s ilica te -M n ) g iv e  th e  b r ig h te s t  g lo w ; fig u re  

6e is ty p ic a l . T h e  v a r io u s  p e a k s  c an  b e  o b se rv ed  q u a li ta t iv e ly  in  a  v e ry  

c o n v e n ie n t w a y . T h e  p o w d e r is s p re a d  o n  a  p iece  o f  c o p p e r foil w h ich  is 

d ip p e d  in  liq u id  a ir  a n d  illu m in a te d  b y  u l tr a -v io le t  r a d ia t io n ;  th e  fo il is 

th e n  w ith d ra w n  a n d  a llo w ed  to  w a rm  in  th e  d a r k ;  th e  liq u id  a ir  h a n g in g  

o n  th e  b o tto m  edge  o f  th e  fo il causes a  te m p e ra tu re  g ra d ie n t  to  b e  fo rm ed  

in  th e  c o p p e r ; th e  glow  p e a k s  a re  o b se rv ed  as  b a n d s  o f  lig h t m o v in g  ra p id ly  

d o w n w ard s  acro ss  th e  foil. D iffe re n t p o w d e rs  c a n  b e  c o m p ared  b y  sp re a d in g  

th e m  side  b y  sid e  in  v e r tic a l  s tr ip s  o n  th e  foil.

A ll w illem ite s  g av e  p e a k s  a t  th e  sam e  te m p e ra tu re s ,  e x c e p t a  f lu o rescen t 

m in e ra l sp ec im en  w h ich  g av e  n o  v is ib le  glow  a t  a ll. T h e re  a re  tw o  c h a ra c 

te r is t ic  sm a ll p e ak s  a t  1 2 5 ° a n d  1 7 0 ° K ;  th e re  is  a lso  a  t r a c e  o f  a  p e a k  

n e a re r  liq u id  a ir  te m p e ra tu re , b u t  th is  p e a k  d ecay s  ra p id ly  a n d  g ives rise  

to  p h o sp h o re scen ce  a t  l iq u id  a ir  te m p e ra tu re . T h e re  is a  la rg e r  p e a k  w ith  a  

m a x im u m  w h ich  v a r ie s  in  p o s itio n  fro m  2 4 5 ° to  2 6 0 °; th e  h e ig h t o f  th is  

p e a k  also  v a rie s  c o n sid e rab ly . B y  a p p ly in g  e q u a tio n  (6), w e see t h a t  a t  

ro o m  te m p e ra tu re  th e  t r a p s  in  th e  te m p e ra tu re  ra n g e  o f  th e  la rg e  p e a k  g ive  

rise  to  p h o sp h o re scen ce  o f  p e rio d  ~  0-1 sec. T h is  is  th e  te m p e ra tu re  d e 

p e n d e n t p h o sp h o rescen ce  ta i l  o b se rv ed  b y  F o n d a  (1939). A t  te m p e ra tu re s  

m u c h  h ig h e r o r  lo w er th a n  ro o m  te m p e ra tu re  th is  p h o sp h o re scen ce  d is a p 

p ea rs . T h e  glow  p e a k  in  q u e s tio n  w as a lm o s t e n tire ly  a b s e n t in  sp ec im en  A  

(R a n d a ll a n d  W ilk in s  1945); a n d  th is  a c c o u n ts  fo r th e  ab sen ce  o f  a  

n o tic eab le  p h o sp h o rescen ce  ta i l  in  th is  spec im en . I f  th e  p e a k  e x te n d s  m u c h
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3 78 J . T . R a n d a ll  a n d  M. H . F . W ilk in s

a b o v e  ro o m  te m p e ra tu re  a  p h o sp h o re sc en c e  la s t in g  seco n d s  a n d  m in u te s  

m a y  b e  o b se rv ed .

T h e  z in c  b e ry lliu m  s ilic a te s  (f ig u re  6 h, i) a p p e a r  to  h a v e  a  t r a p  d is t r ib u 

t io n  s im ila r  to  t h a t  o f  th e  w illem ite s . T h e  p h o sp h o re sc en c e  is  s im ila r.

t im e  in  s e c s . t im e  in  s e c s .

50 40 30 20 10 50 40 30 20140 100

200 ISO 100350 300 250

te m p e r a tu r e  ° K
200 150 100

te m p e r a tu r e  ° K

F i g u r e  6 . T h e r m a l g lo w  c u r v e s  fo r  p h o sp h o r s  a c t iv a t e d  b y  m a n g a n e s e , a ,  C a d m iu m  

b o r a te , b, C a d m iu m  c h lo r o p h o s p h a te . c, Z in c  m e s o d is il ic a te . d, C a d m iu m  s il ic a te ,  

e , G reen  z in c  s i l ic a te  0 -5 %  M n. / ,  Z in c  s i l ic a te  1 %  M n . g, Z in c  s i l ic a te  0 -1 %  M n. 

h, Z in c  b e r y ll iu m  s il ic a te  M n . i ,  Z in c  b e r y ll iu m  s i l ic a te  2  °/Q M n.

C ad m iu m  b o ra te  (figure  6 a ) h a s  p ra c tic a lly  n o  ro o m  te m p e ra tu re  

p h o sp h o rescen ce , a s  th e re  a re  n o  t r a p s  o f  th e  d e p th  re q u ire d  to  p ro d u ce  

su ch  p h o sp h o rescen ce . T h e  p e a k  n e a r  liq u id  a ir  te m p e ra tu re  g iv es rise  

to  s tro n g  p h o sp h o rescen ce  a t  l iq u id  a ir  te m p e ra tu re . C ad m iu m  ch lo ro 

p h o sp h a te , z inc  m eso d isilica te , a n d  c ad m iu m  silica te  (figure 6), a ll h av e  

s lig h t ro o m  te m p e ra tu re  p h o sp h o rescen ce . N o n e  o f  th e  po w d ers  in  th is  

g ro u p  h a v e  m o re  th a n  a  t ra c e  o f  a  p h o sp h o rescen ce  ta i l  o f  p e rio d  ~  0* 1 sec.
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Phosphorescence and electron traps 3 7 7

N o  g e n e ra l s im i la r i ty 'i s  a p p a r e n t  in  th e  g low  s p e c tra  o f  th e  v a r io u s  p h o s 

p h o rs  a c t iv a te d  b y  m a n g a n e s e ; a n d  th e s e  e x p e r im e n ts  g iv e  n o  in d ic a tio n  

t h a t  th e  t r a p s  a re  a s s o c ia te d  w ith  th e  m a n g a n e se  im p u r i ty .

W h e n  s tu d y in g  th e  p h o to c o n d u c t iv i ty  o f  th e s e  p h o s p h o rs  (R a n d a ll  a n d  

W ilk in s  1945), i t  w a s  fo u n d  t h a t  sp ac e  c h a rg e s  w e re  p ro d u c e d  in  th e  p h o s 

p h o r  a f te r  th e  p h o to c o n d u c t iv i ty  c u r r e n t  h a d  flow ed  fo r  a  t im e . T h is  sp ace  

c h a rg e  d e c a y e d  a w a y  s lo w ly  in  th e  d a r k  w h e n  th e re  w a s  n o  a p p lie d  fie ld. 

T h e  m o s t  p ro b a b le  e x p la n a t io n  is  t h a t  th e  sp ac e  c h a rg e  is  p ro d u c e d  b y  

e le c tro n s  w h ic h  t r a v e l  th ro u g h  th e  c ry s ta l  so m e  d is ta n c e  a n d  a re  th e n  

t r a p p e d . I n  th e  d a r k  th e  e le c tro n s  a re  s lo w ly  re le a s e d  fro m  th e  t r a p s ,  th is  

p ro ce ss  c o rre sp o n d in g  to  p h o sp h o re sc en c e , a n d  th e  sp a c e  c h a rg e  is  d is 

p e rsed . T h e  m a g n itu d e  o f  th e  sp a c e  c h a rg e  sh o w s t h a t ,  a t  th e  lo w e s t l im it , 

th e re  a re  1012 e le c tro n s  t r a p p e d  p e r  c.c. o f  p h o s p h o r . T h e  sp a c e  c h a rg e  c a n  

b e  s to re d  in  b o th  p u re  z in c  s ilic a te  a n d  z in c  s ilic a te  a c t iv a te d  b y  m a n g a n e s e ; 

th is  in d ic a te s  t h a t  th e  t r a p s  in  th is  p h o s p h o r  a re  a  p r o p e r ty  o f  th e  c ry s ta l  

m a tr ix  a n d  n o t  o f  th e  m a n g a n e s e  im p u r i ty .  In f r a - r e d  l ig h t  h a s  l i t t l e  e ffec t 

in  d isp e rs in g  th e  s p a c e  c h a rg e  in  th e  p h o s p h o rs  o f  th e  g ro u p  w e a re  c o n 

s id e r in g  ; a n d  th is  a g rees  w ith  th e  o b s e rv a t io n  re fe r re d  to  in  th e  s e c tio n  o n  

th e  o p tic a l  p ro p e r t ie s  o f  t r a p p e d  e le c tro n s— t h a t  in f ra - re d  h a s  l i t t l e  e ffec t 

in  re le a s in g  th e  g low  fro m  th e s e  p h o sp h o rs .

A n  im p o r ta n t  o b s e rv a tio n  h a s  b e e n  m a d e  b y  H e rm a n  a n d  H o f s ta d te r  

(1940). A  z in c  s ilic a te -M n  w as  e x p o se d  a t  l iq u id  a i r  te m p e ra tu re  to  u l t r a 

v io le t  l ig h t  a n d  th e n  w a rm e d  in  th e  d a rk . A  s u d d e n  in c re a se  in  th e  d a rk  

c u r re n t  w a s  o b s e rv e d  a t  2 1 3 ° K . T h is  te m p e ra tu re  c o rre sp o n d s  to  t h a t  o f  

th e  la rg e  g lo w  p e a k  o b s e rv e d  in  o u r  e x p e r im e n ts , a n d  i t  is  a lm o s t c e r ta in  

t h a t  th e  e le c tro n s  w h ic h  c o n tr ib u te  to  th e  d a rk  c u r r e n t  a re  th e  sam e  

e le c tro n s  w h ic h  p ro d u c e  th e  th e rm a l  g low . T h u s  th e  o b s e rv a tio n  show s t h a t  

th e  e le c tro n s  d o  p a s s  th ro u g h  th e  c o n d u c tio n  b a n d  d u r in g  th e  p h o s 

p h o re scen ce  p ro cess . A n o th e r  in d ic a tio n  o f  th is  is  in  th e  o b s e rv a tio n  t h a t  

a  glow  is  p ro d u c e d  in  p h o s p h o re sc e n t z in c  s ilic a te  w h e n  a n  e lec tr ic  fie ld  is 

a p p lie d  to  th e  p h o s p h o r  in  th e  d a rk . T h e  e lec tr ic  fie ld  a p p a r e n t ly  a ss is ts  

th e  e le c tro n s  to  le a v e  th e  t r a p s  (cf. F re n k e l 1938).

T h e  o b s e rv a t io n  m a d e  o n  th e  d a rk  c u r re n t  o f  z in c  s ilic a te  su g g es ts  a  new  

k in d  o f  e x p e r im e n t in  w h ic h  th e  v a r ia t io n  o f  d a rk  c u r re n t  w ith  te m p e ra tu re  

is m e a s u re d  d u r in g  th e  g lo w  e x p e r im e n t. I n  th is  w a y  t r a p  d is tr ib u tio n s  

co u ld  b e  s tu d ie d  in  n o n -flu o re sc en t so lids. T h e  e x p e r im e n t co u ld  a lso  b e  

u sed  to  d is t in g u is h  b e tw e e n  sem i-co n d u c to rs  w h ich  c o n ta in  e q u a l n u m b e rs  

o f  e le c tro n s  a n d  se m i-co n d u c tio n  levels  a n d  th o s e  w h ic h  c o n ta in  less 

e lec tro n s  t h a n  levels . I n  th e  seco n d  ty p e  o f  s em i-co n d u c to r th e  t r a p  

d is t r ib u t io n  co u ld  b e  fo u n d  b y  th e  m e th o d , a n d  th is  w o u ld  su p p le m e n t th e
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378 J . T . R a n d a ll  a n d  M. H . F . W ilk in s

know ledge  a lre a d y  g a in e d  fro m  e x p e r im e n ts  in  w h ic h  th e  se m i-c o n d u c tio n  

c u r re n t is m e a su re d  u n d e r  e q u ilib r iu m  c o n d itio n s  a t  d if fe re n t te m p e ra tu re s .  

T h e  e x p e r im e n ts  w h ich  a re  d e sc rib e d  in  th is  p a p e r ,  o n  t r a p  d is tr ib u t io n s  

in  p h o sp h o rs , in d ic a te  t h a t  m o s t im p u r i ty  lev e ls  in  so lid s  a re  d is t r ib u te d  in  

d e p th . T h e  t r a p  levels  in  p h o sp h o rs  re sem b le  in  m a n y  w a y s  se m i-c o n d u c tio n  

lev e ls ; i t  is, th e re fo re , re a so n a b le  to  su p p o se  t h a t  th e  a p p a r e n t  v a r ia t io n  

w ith  te m p e ra tu re  o f  th e  a c t iv a t io n  e n e rg y  in  sem i-c o n d u c to rs  is  to  b e  

a t t r ib u te d  to  a  d is tr ib u t io n  w ith  d e p th  o f  th e  s e m i-c o n d u c tio n  leve ls .

2. The phosphorescence and thermal glow o f potassium  

chloride activated with thallium

T h e  p h o sp h o re scen ce  o f  K C 1-T 1 h a s  b e en  s tu d ie d  w ith  g re a t  th o ro u g h n e s s  

b y  B u n g e r  a n d  F lech sig  (1 9 3 1 a  a n d  6), a n d  a n  in te r p r e ta t io n  h a s  b e en  g iv en  

b y  S e itz  (1938) a n d  H ilsch  (1937). T h e  s tu d y  o f  th e  g low , h o w ev er, en ab le s  

som e fu r th e r  in fo rm a tio n  a b o u t  th e  p h o sp h o re scen ce  to  b e  o b ta in e d . A lso 

K C 1 is o f  sp ec ia l in te r e s t  in  t h a t  sp ec im en s  c a n  b e  o b ta in e d  w ith  a  s in g le  

t r a p  d e p th  E , w h ile  in  a ll o th e r  p h o sp h o rs  w e h a v e  e x a m in e d  th e re  

w ide  d is tr ib u t io n  o f  E  v a lu e s  in  a n y  one  sp ec im en . T h e  s ing le  v a lu e  o f  E  

sh o u ld  g iv e  rise  to  a  glow  p e a k  o f  th e  ty p e  c a lc u la te d  a b o v e  (figure  5 ); a n d  

h en ce , b y  u s in g  B u n g e r  a n d  F le c h s ig ’s v a lu e s  fo r  E  a n d  i t  is  p o ssib le  to  

check  th e  th e o ry  w e h a v e  g iv en  o f  th e  g low  c u rv e , o r  a l te rn a t iv e ly  to  

a ssu m e  th e  th e o ry  a n d  ch eck  B u n g e r  a n d  F le c h s ig ’s v a lu e s .

B u n g e r  a n d  F lech sig  fo u n d  t h a t  in  som e sp ec im en s  o f  K C 1-T 1 th e  p h o s 

p h o rescen ce  (w h ich  is a lm o s t e n tire ly  in  th e  u l tr a -v io le t)  d e ca y s  n e a r  ro o m  

te m p e ra tu re  a lm o s t e x a c t ly  a cc o rd in g  to  a n  e x p o n e n tia l  law . T h e  r a te  

o f  d e c a y  c h an g e d  ra p id ly  w ith  te m p e ra tu re  a n d  th e  d e c a y  la w  f i t te d  th e  

fo r m u la :

I  = I 0e x p  ( — se~E,kT),

w h ere  I  is th e  in te n s i ty  o f  p h o sp h o re scen ce , E  is  a n  a c t iv a t io n  e n e rg y  e q u a l 

to  0*67 eV  a n d  sis a  c o n s ta n t  2*9 x  109 sec .-1

T h e  sp ec im en  o f  K C 1-T 1 (k in d ly  g iv e n  u s  b y  P ro f . P o h l)  w h ic h  w e h a v e  

u sed  w as n o t  a  sp ec im en  w ith  a  s ing le  E  v a lu e ; b u t  i t  w as  fo u n d  t h a t  th e  

v a lu e  o f  E  w as  d is tr ib u te d  o n ly  o v e r  a  n a rro w  ra n g e , th e  E  v a lu e s  d iffe rin g  

b y  less th a n  1 % . T h is  sm all d is tr ib u t io n  o f  E  v a lu e s , h o w ev er, cau ses  th e  

p h o sp h o re scen ce  d e c a y  law  to  d iffe r c o n s id e ra b ly  fro m  a n  e x p o n e n tia l  fo rm . 

I t  m u s t  b e  p o in te d  o u t  t h a t  i t  is  n o t  im p o ss ib le  t h a t  th e  c o n s ta n t  s w ill v a ry  

as  w ell a s  E, b u t  e x p e r im e n ta lly  i t  is d ifficu lt to  d is tin g u is h  b e tw e e n  t r a p  

d is tr ib u tio n s  in  w h ich  E  v a r ie s  s l ig h tly  a n d  s is c o n s ta n t  a n d  th o s e  in  w h ich  

E  is  c o n s ta n t  a n d  s v a r ie s  s lig h tly . T h is  d is t in c tio n  is  n o t  o f  m u c h  p h y s ic a l

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0

2
2
 



im p o r ta n c e , a n d  fo r  co n v en ie n c e  o f  d iscu ss io n  w e  w ill a ssu m e  s is  c o n s ta n t  

a n d  E  v a ry in g .

F ig u re  7  sh o w s th e  d e c a y  c u rv e s  p lo t te d  o n  a  lo g a r ith m ic  sca le  fo r  

K C 1-T 1 a t  v a r io u s  t e m p e r a tu r e s : a  slice  o f  c ry s ta l  w a s  e x c ite d  b y  a  m e rc u ry  

a rc  a n d  th e  p h o s p h o re sc e n c e  c u rv e  re c o rd e d  b y  t h e  m u lt ip l ie r  a n d  ro ta t in g  

d ru m .

Phosphorescence and electron traps  3 7 9

0-5

t i m e  i n  s e c s .

F i g u r e  7 . P h o s p h o r e s c e n c e  d e c a y  c u r v e s  o f  KC1-T1 a t  d i f f e r e n t  t e m p e r a t u r e s .

T h e  e x c i t in g  l ig h t  u s e d  fo r  th e  2 8 °  C c u r v e  w a s  3*5 n o r m a l in t e n s i t y .

W e w ill n o w  co n s id e r w h a t  d is tr ib u t io n  o f  v a lu e s  w ill g iv e  rise  to  th e  

p h o sp h o re scen ce  o b se rv ed . .T h e  E  v a lu e  w ill n o t  b e  e x p re ssed  in  e le c tro n  

v o lts , b u t  a s  th e  co rre sp o n d in g  glow  te m p e ra tu re .

F o r  th e  r a t e  o f  w a rm in g  u se d  ( 1*3 ° p e r  sec .) e q u a tio n  (6) g iv es  th e  

fo llow ing  c o n n ex io n  b e tw e e n  p e r io d  t o f  p h o sp h o re sc e n t d e c a y  a t  te m p e ra 

tu r e  T  a n d  th e  g lo w  te m p e r a tu r e :

iog10* =  9-5  l*0 8 ^ T ) / 2\

ta k in g  s a s  109 5 sec .-1

Vol. 1 8 4 . A .
2 4
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3 80 J . T . R a n d a ll a n d  M. H . F . W ilk in s

T h e  re su lts  o f  figure 7 m a y  be  s ta te d  in  th e  fo llow ing  w ay , th e  te m p e ra 

tu re  o f  glow  co rre sp o n d in g  to  th e  p e rio d  o f  d e ca y  b e in g  c a lc u la te d  f ro m  th e  

fo rm u la  ab o v e .
G lo w  te m p e r a tu r e  

c o r r e sp o n d in g  to

T e m p e r a tu r e  o f  p e r io d  o f  p h o s -

p h osp h orese en .ee  C h a r a c te r is t ic s  o f  t h e  d e c a y  p h o r e sc e n c e  d e c a y

29 5° K  P r e d o m in a n t  p e r io d  o f  d e c a y  is  ~ 1 0 0  se c . 33 6 °  K

W ith  a  le sse r  p r o p o r t io n  o f  period. 31 0 °  K

~ 1 5  se c .
t

302 ° K  P r e d o m in a n t  p e r io d  is  ~  30  se c . 32 8 °  K

308 ° K  P r e d o m in a n t  p e r io d  is  —10 se c . 316° K

W ith  a  le sse r  p r o p o r t io n  o f  p e r io d  358° K

~ 2 0 0  se c .

T h e  glow  p e ak  sh o u ld  be b u il t  u p  fro m  c o m p o n en t glow  p e ak s  w h ich  

h av e  m a x im a  a t  d iffe ren t te m p e ra tu re s  co rre sp o n d in g  to  d iffe ren t v a lu es . 

T h e  m e an  te m p e ra tu re  o f  th e  p re d o m in a n t p e rio d  is, fro m  th e  ta b le , 3 2 7 ° K . 

H en ce  th e  p re d o m in a n t co m p o n en t o f  th e  glow  p e a k  sh o u ld  h a v e  i ts  

m a x im u m  a t  3 2 7 °; in  o th e r  w o rd s, th e  m a x im u m  o f  th e  E  d is tr ib u tio n  

sh o u ld  be  a t  3 2 7 °. T h e  E  d is tr ib u tio n  sh o u ld  on  th is  sca le  o f  co rre sp o n d in g  

te m p e ra tu re s  e x te n d  from  3 1 0 ° to  3 5 8 °.

T o  te s t  th e  co rrec tn ess  o f  th e se  id eas th e  glow  cu rv e  h a s  b een  s tu d ie d . 

P o w d e red  K C 1 w as u sed  on  th e  glow  a p p a ra tu s  ( ty p e  1). T h e  p o w d e r w as 

e x c ited  a t  room  te m p e ra tu re , a  d ro p  o f  liq u id  a ir  w as th e n  p la ce d  in  th e  

fu n n e l a n d  w arm in g  w as b eg u n  fro m  below  ro o m  te m p e ra tu re . T h e  p o w d e r 

phospho resces a t  a n  a p p rec iab le  r a te  w hile  a t  ro o m  te m p e ra tu re , a n d  i f  

th is  pho sp h o rescen ce  is a llo w ed  to  p ro ceed  fo r som e tim e  b efo re  th e  glow  

cu rv e  is reco rd ed , th e  re su ltin g  g low  p e a k  w ill be  m u c h  sm a lle r  th a n  th e  

u n d e ca y e d  p eak . F ig u re  8 show s th e  glow  cu rv e  a f te r  d iffe ren t t im e s  o f  

pho sp h o rescen ce  a t  room  te m p e ra tu re . I f  th e  p e a k  c o rre sp o n d ed  to  a  

sing le  v a lu e  o f  E, th e  p e ak  w o u ld  d e ca y  a s  a  whole a n d  i ts  m a x im u m  w o u ld  

re m a in  a t  a  fixed  te m p e ra tu re . In  fa c t  th e  m a x im u m  m o v es  to  h ig h e r 

te m p e ra tu re s  as th e  p e ak  d e c a y s ; w h ich  m ean s  t h a t  th e  co m p o n en ts  o f  th e  

p e a k  w ith  m a x im a  a t  low er te m p e ra tu re s  d e ca y  m o re  ra p id ly  th a n  th e  

h ig h e r te m p e ra tu re  co m p o n en ts . F ro m  th e  d a ta  o f  figure  8 th e  E  d is tr ib u 

t io n  can  be  d ed u ced . F o r , ro u g h ly , th e  h e ig h t o f  th e  E  d is tr ib u tio n  cu rv e  

a t  a  c e r ta in  te m p e ra tu re  is p ro p o r tio n a l to  th e  h e ig h t o f  th e  d eca y e d  p e ak  

w h ich  h a s  its  m a x im u m  a t  t h a t  te m p e ra tu re . T h e  d o t te d  c u rv e  in  figure 8 

show s th e  a p p ro x im a te  E  d is tr ib u tio n  cu rv e  d e d u ced  in  th is  w ay . T h e  

cu rv e  ag rees w ith  th e  ro u g h  e s tim a te s  o b ta in e d  fro m  th e  p h o sp h o rescen ce  

d a ta .
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Phosphorescence and electron traps 381

In. th e  a b o v e  w e h a v e  sh o w n  t h a t  th e  p h o sp h o rescen ce  d ecay  cu rv e  m a y  

be c o rre la te d  w ith  th e  g low  c u rv e  b y  a ssu m in g  th e  v a lu e  o f  s g iv en  b y  

B u n g er a n d  F lech sig . T h is  a m o u n ts  in  fa c t  to  a  c o n firm a tio n  o f  t h a t  v a lu e  

o f  s. I t  is  p ossib le  to  m a k e  a  m o re  p rec ise  check  o f  th e  E  a n d  s v a lu es  g iv en  

b y  B u n g e r a n d  F lech sig  (a n d  a lte rn a t iv e ly  to  te s t  th e  co rrec tn ess  o f  th e  

th e o ry  g iv en  ab o v e  o f  th e rm a l glow ) b y  co m p arin g  th e  e x p e r im e n ta l glow  

cu rv e  o f  figu re  8 w ith  t h a t  o f  figure  5  w h ich  h a s  b een  c a lc u la te d  b y  

a ssu m in g  th e  E  a n d  s v a lu es  o f  B u n g e r a n d  F lechsig . W h en  th e  d iffe ren t 

ra te s  o f  w a rm in g  fo r figu res 8 a n d  5  a re  ta k e n  in to  acc o u n t, th e  p o s itio n  

o f  th e  m a x im a  o f  th e  p eak s  is fo u n d  to  ag ree  to  2 % ;  a n d  th e  w id th  a n d  

sh ap e  o f  th e  p e a k  also  ag rees w ell.

t im e  in  s e c s .

0  10 20 '30 4 0  5 0  6 0  8 0  100

te m p e r a t u r e  ° K

F i g u r e  8 . G lo w  p e a k  o f  KC1-T1 a fte r  d e c a y  a t  287° K . T im e  o f  d e c a y :  (a) 10 se c ., 

(6 ) 7 m in ., (c) 33 m in . C urve d sh o w s th e  p ro b a b le  d is tr ib u tio n  o f  tra p s  a t  d if feren t  

d e p th s .

T h e  d iscussio n  so fa r  h as  re fe rred  on ly  to  one p a r t  o f  th e  E  d is tr ib u tio n , 

in  th e  reg ion  o f  0*7 eV  o r 3 3 0 ° K . T h e  curves in  figure 8 show  th a t  th e re  

a re  also t ra p s  in  th e  reg ion  o f  3 7 0 ° K . I t  is n o t  possib le  to  te ll from  th e  

glow  cu rve  a lo ne w h e th e r th e re  is a  sh a rp ly  defined E  level a t  3 7 0 °, o r 

w h e th e r th e  E  v a lu es  a re  sp read  o v e r a  reg ion  severa l degrees w id e ; to  use 

a n  o p tic a l an a lo g y , th e  reso lv in g  pow er o f  th e  glow  ex p e rim en t is n o t

24" ~
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382 J . T. R a n d a ll a n d  M. H . F . W ilk in s

su ffic ien tly  g re a t. T o  a n a ly se  th e  p e a k  a t  3 7 0 ° i t  w o u ld  b e  n e ce ssa ry  to  

m easu re  th e  p h o sp h o rescen ce  d e c a y  cu rv e  a t  a  s u ita b le  te m p e ra tu re  such  

as  3 4 0 °, o r  to  m easu re  th e  p e a k  a f te r  v a r io u s  tim e s  o f  d e ca y  a t  t h a t  

te m p e ra tu re .

T h e  w hole  g low  sp e c tru m  fro m  9 0 ° K  u p w a rd s  is  sh o w n  in  th e  low er 

cu rv es  o f  figure  9 . I n  a ll th e re  a re  fo u r p e ak s  in  th e  s p e c tru m . T h e  p e a k  

n e a r  200° K  w o u ld  co rre sp o n d  a t  ro o m  te m p e ra tu re  to  a  d e c a y  p e rio d  o f

20 10

te m p e r a tu r e  ° K

F i g u r e  9 . G lo w  o f  KC1-T1 w h e n  e x c i t e d  (a ) a t  9 0 °  K ,  (6 ) a t  2 8 6 °  K .  (c) is  th e  

p h o sp h o r e sc e n c e  c u r v e  a t  90° K  w h ic h  is  c o n t in u o u s  w it h  t h e  g lo w  c u r v e  (a ) . T h u s  

th e  te m p e r a tu r e  is  k e p t  c o n s ta n t  a t  90° K  fr o m  t o  a n d  s ta r t s  to  r ise  a t  th e  p o in t  

A .  T h e  m e a n  r a te  o f  w a r m in g  is  a b o u t  3° p e r  s e c .,  h e n c e  t h e  p o s it io n  o f  t h e  h ig h  

te m p e r a tu r e  p e a k s  is  s l ig h t ly  d iffe r e n t fr o m  th o s e  in  f ig u re  8 .

~  10~3 sec. B iin g e r a n d  F leeh sig  h a v e , in  fa c t , o b se rv ed  a  v e ry  s h o r t  d ecay  

p e rio d  w h ic h -th e y  su g g es ted  w as  0*5 x  10-4 sec. I t  m a y  w ell b e  t h a t  th is  

q u ick  d e ca y  is d u e  to  re lease  o f  e lec tro n s  fro m  th e  200° K  t r a p s .  T h e re  is  

also  a  glow  p e a k  n e a r  100° K  w h ich  causes in te n se  p h o sp h o re scen ce  a t  

9 0 ° K . T h e  d e ca y  cu rv e  o f  th is  p h o sp h o rescen ce  is  a lm o s t e x p o n e n tia l (see 

figure 9 c), h en ce  th e  E  lev e l is s h a rp ly  defin ed .

T h e  tw o  cu rv es, (a) a n d  (6), in  fig u re  9  i l lu s tra te  a  p h e n o m en o n  w h ic h  h a s  

n o t  b een  o b se rv ed  in  a n y  p h o sp h o r  o th e r  th a n  K C 1-T1. W h e n  th e  p h o sp h o r
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is s tro n g ly  ex c ited  a t  9 0 ° K , v e ry  l i t t le  en erg y  is su b se q u e n tly  re leased  in  

th e  glow  p eak s  b e tw een  3 0 0 ° a n d  4 0 0 °. I f  ex c ited  a t  ro o m  te m p e ra tu re , 

a b o u t te n  tim es  as m u c h  e n erg y  is re leased  from  th e se  p eak s. T o  e x p la in  

th is  p h en o m en o n  i t  m u s t be  rem em b ered  t h a t  K C 1-T1 is a n  e x cep tio n a l 

p h o sp h o r in  t h a t  i t  does n o t  p h o to c o n d u c t (H ilsch  1937), w hile  a ll th e  o th e r  

p h o sp h o rs  w e h a v e  u sed  a re  k n o w n  to  p h o to c o n d u c t (e.g. R a n d a ll a n d  

W ilk in s  1945)* A lso th e  t r a p  levels  in  K C 1 a re  m u ch  m ore  sh a rp ly  defined  

th a n  th o se  in  o th e r  p h o sp h o rs . I n  a n y  o rd in a ry  p h o sp h o r th e  t r a p s  a re  

a lm o st c e r ta in ly  se p a ra te  fro m  th e  lum in escence  cen tres , a n d  th e  e lec tro n  

w an d ers  a b o u t th e  c ry s ta l from  th e  fluo rescence cen tre  to  th e  t r a p . I n  

K C 1-T 1, S eitz  (1938) suggests  t h a t  th e  t r a p  consis ts  o f  a  m e ta s ta b le  level 

in  d ia to m ic  th a lliu m  m olecules w h ich  a re  also  th e  lum in escence cen tres . T h e  

ex c ited  e lec tro n s  do  n o t  a t  a n y  tim e  p ass  o u ts id e  th e ir  p a r tic u la r  cen tre . 

T h e  d iffe ren t t r a p  d e p th s  w e h a v e  o b serv ed  p ro b a b ly  co rrespond  to  d if

fe re n t levels in  th e  th a lliu m  m olecules. T h e  coex is tence o f  th e se  v a rio u s  

levels in  one cen tre  is also in d ic a te d  b y  th e  s tru c tu re  in  th e  in fra -red  

q uench ing  sp ec tru m  (B iinger a n d  F lechsig  1931 b). I n  a n  o rd in a ry  p h o sp h o r 

w h ich  p h o to co n d u c ts  th e re  a re , a p p a re n tly , a lw ays m ore  lum inescence 

cen tres  th a n  t r a p s ;  a n d  hence  a t  w h a te v e r te m p e ra tu re  th e  p h o sp h o r is 

ex c ited , a ll th e  t r a p s  co rrespond ing  to  h ig h er te m p e ra tu re s  a re  filled a n d  

th e  p h o sp h o r is  sa id  to  be  s a tu ra te d ;  th is  is show n b y  th e  fa c t t h a t  th e  

s a tu ra te d  glow  curve  is th e  sam e h e ig h t a t  w h a tev e r te m p e ra tu re  ex c ita tio n  

ta k e s  p lace . I n  K C 1-T1, how ever, fo r low  te m p e ra tu re  e x c ita tio n  each  

ex c ited  e lec tro n  en te rs  th e  shallow er t r a p  level in  its  p a r tic u la r  th a lliu m  

m olecule a n d  th e  deep er t r a p  levels a re  n o t a ll filled. W h en  ex c ited  a t  h ig h er 

te m p e ra tu re s  th e  e lec tro n s a re  n o t s tab le  in  th e  shallow er tra p s , a n d  th e  

e lec trons a ll fill th e  d eep er tra p s . T h is id ea  is su p p o rte d  b y  th e  o b serv a tio n  

t h a t  th e  to ta l  l ig h t en erg y  w hich  can  be s to red  (in phosphorescence a n d  

glow) a t  9 0 ° K  is a b o u t eq u a l to  t h a t  w hich  can  be s to red  w hen  ex c ita tio n  

ta k e s  p lace  a t  room  te m p e ra tu re . T h is to ta l  o f  energy  corresponds to  th e  

to ta l  n u m b e r o f  th a lliu m  m olecules in  th e  phosp h o r.
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The determination of the value of the constant s by 

measuring the decay of the glow curve

As h as  been  sa id  before, th e  em ission o f  energy  d u rin g  phosphorescence 

co rresponds to  a  d im in u tio n  in  th e  am o u n t o f  energy  s to red  in  th e  phosp h o r 

a n d  to  a  d im in u tio n  in  th e  h e ig h t o f  th e  glow  curve. I f  th e  ph o sp h o r is 

k e p t a t  a  fixed te m p e ra tu re  T  d u rin g  phosphorescence, th e  various p a r ts
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384 J . T . R a n d a ll a n d  M. H . F . W ilk in s

o f  th e  glow  cu rve , co rresp o n d in g  to  d iffe ren t t r a p  d e p th s , d e ca y  a t  ra te s  

g iven  b y  e q u a tio n  (6),

l o g . - . o g  . w y - g

w here  T0 is th e  glow  te m p e ra tu re  a n d  t is th e  p e rio d  o f  d ecay  o f  t h a t  p a r t  

o f  th e  glow  cu rve .

T hese d ecay  perio d s  can  be  fo u n d  b y  m e asu rin g  th e  glow  cu rv e  in  v a rio u s  

s tag es o f  d im in u tio n  a f te r  p h o sp h o rescen ce  h a s  ta k e n  p lace  fo r  v a rio u s  

tim es. Such  m e asu rem en ts  p ro v id e  a  m e th o d  fo r find ing  a  v a lu e  fo r th e  

c o n s ta n t s in  p h o sp h o rs  w h ich  c o n ta in  a  w id e d is tr ib u tio n  o f  t r a p  d e p th s . 

I t  m u s t be n o te d  t h a t  e q u a tio n  (6) is o n ly  a p p ro x im a te , a s  in  i ts  d e r iv a 

tio n  i t  is im p lic itly  a ssu m ed  t h a t  each  p a r t  o f  th e  glow  cu rv e  co rresp o n d s 

to  a  single E  v a lu e  a n d  to  a  single  p e rio d  o f  e x p o n e n tia l d ecay . I n  fa c t, th

glow  cu rve  is b u il t  u p  fro m  c o m p o n en t glow  p eak s  o f  fin ite  w id th , e ach  

p eak  co rrespond ing  to  a  single v a lu e  o f  E. H en ce , d u rin g  p hosp h o rescen ce , 

each  te m p e ra tu re  o f  th e  glow  p e ak  co rre sp o n d s  to  a  ran g e  o f  d ecay  p e rio d s  

th e  m ean  o f  w h ich  is g iv en  b y  e q u a tio n  (6). I t  h a s  b een  fo u n d  t h a t  th e  

m o st co n v en ien t w ay  o f  find ing  s— a n d  th e  w a y  w h ich  seem s le a s t  a ffec ted  

b y  th e  a p p ro x im a tio n  c o n ta in ed  in  e q u a tio n  (6)— is to  allow  th e  glow  cu rv e  

to  d ecay  fo r v a rio u s  tim es , a n d  to  fin d  th e  glow  te m p e ra tu re  a t  w h ich  th e  

glow cu rve  h as  fa llen  to  h a lf  i ts  u n d e ca y e d  v a lu e , a n d  to  p lo t  th e se  te m 

p e ra tu re s  a g a in s t th e  lo g a rith m  o f  th e  tim e  o f  decay .

F ro m  e q u a tio n  (6) i t  is seen  t h a t  th e  g ra p h  Ta a g a in s t log t w ill be  v e ry  

n ea r ly  a  s tra ig h t line  w h ich  m ak es  a n  in te rc e p t o n  th e  log t ax is , w h en  Ta 

is zero, w h ich  is eq u a l to  log s. A lso, th e  line  sh o u ld  c u t th e  te m p e ra tu re  

ax is, a t  a  p o in t Tx, below  th e  te m p e ra tu re  a t  w h ich  d ecay  to o k  p la

th is  te m p e ra tu re  Tx, log t is z e ro ; h ence  from  (6)

F ig u re  10 show s th e  e x p e r im en ta l re su lts  fo r a  Z nS -C u p h o sp h o r (no. 2). 

T he  d ecay  to o k  p lace  a t  room  te m p e ra tu re  a n d  th e  a p p a ra tu s  w as cooled 

slig h tly  befo re  th e  glow  cu rv e  w as reco rd ed . A t h ig h  te m p e ra tu re s  (n ear 

4 4 0 ° K ) th e  glow  cu rve  is n o t  a p p rec iab ly  decay ed , a n d  th e  v a rio u s  glow  

curv es overlap  a ccu ra te ly . T h e  u n d ecay ed  glow  cu rv e  w as o b ta in e d  b y  

ex c itin g  th e  pow d er a t  a  te m p e ra tu re  w ell below  room  te m p e ra tu re . T h e  

a m o u n t o f  s to re d  en erg y  (the  a re a  u n d e r  th e  glow  curv e) decreases  ra p id ly  

w ith  t im e ; hence  th e  phospho rescence  d ecay  o f  th is  ty p e  o f  p h o sp h o r is  

r a th e r  rap id .
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F ig u re  11 show s re p re s e n ta tiv e  d e c a y e d  g low  c u rv es  fo r  a  S rS -B i 

p h o s p h o r  (no . 1).

T h e  d e c a y  o f  th e  glow  cu rv e  o f  th e  S rS -B i p h o s p h o r  (no . 1) w h ile  

p h o sp h o re sc in g  a t  liq u id  a ir  te m p e ra tu re  is sh o w n  in  figu re  12. F ro s tin g  u p  

o f  th e  p o w d e r w h ile  th e  d e c a y  to o k  p lace  w as a v o id ed  b y  p lac in g  th e  

p o w d e r (on a p p a r a tu s  1) in  a  b o x  w ith  a  ce llo p h an e  w in d o w  w a rm e d  b y  a n  

a ir  b la s t  a t  a b o u t  100° C. F ig u re  12 show s t h a t  fo r lo n g  tim e s  o f  d e c a y  th e  

glow  cu rv e  d ecay s  in  a ll te m p e ra tu re  re g io n s ; th is  e ffect b e in g  su p e rim p o sed
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350 300

te m p e r a tu r e  ° K

F i g u r e  10. G lo w  c u r v e  fo r  Z n S-C u p h o sp h o r  a fte r  v a r io u s  t im e s  o f  p h o sp h o r e sc e n c e  

d e c a y  a t  ro o m  te m p e r a tu r e  290° K  m a r k e d  b y  th e  d o t te d  lin e . R a te  o f  w a r m in g  

2*2° p e r  se c . T im e  o f  d e c a y  (a) zero , (b) 25  se c ., (c) 140 se c ., (d) 20  m in .,  (e) 95  m in .

on  th e  d ecay  o f  th e  cu rve  on th e  low  te m p e ra tu re  side , as p re d ic te d  b y  

e q u a tio n  (6). T h is  p h e n o m en o n  is n o t genera l in  p h o sp h o rs  a n d  is p ro b a b ly  

caused  b y  a b so rp tio n  o f  in fra -red  ra d ia tio n  o f  w av e -len g th  2—3 //, w h ich  

m a y  be ra d ia te d  from  th e  b o x  a n d  th e  w a rm  w indow . I n  o rd e r t h a t  th e  

d ecay  p re d ic te d  b y  e q u a tio n  (6) m a y  be  s e p a ra te d  from  th e  genera l d ecay  

o f  th e  glow  cu rve , th e  d ecay ed  glow  cu rve  h as  b een  m u ltip lied  in  h e ig h t b y  

a  fa c to r  su ch  t h a t  th e  h e ig h t o f  th e  cu rve  a t  h ig h  te m p e ra tu re s  is th e  sam e 

as th e  h e ig h t o f  th e  u n d ecay ed  cu rve. T h e  te m p e ra tu re  a t  w h ich  th e  glow  

cu rve  h as  d ecay ed  to  h a lf  i ts  in itia l h e ig h t is m easu red  fro m  th e  cu rv e  

m u ltip lied  in  th is  w ay .

 D
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386  J . T . R a n d a ll a n d  M. H . F . W ilk in s

4 0 0

te m p e r a tu r e  ° K

F i g u r e  1 1 . G lo w  c u r v e  fo r  S r S -B i (n o . 1 ) p o w d e r  a fte r  v a r io u s  t im e s  o f  p h o sp h o r 

e s c e n c e  d e c a y  a t  ro o m  te m p e r a tu r e  2 9 3 °  K  m a r k e d  b y  t h e  d o t t e d  lin e . R a t e  o f  

w a r m in g  2*2° p e r  se c . T im e  o f  d e c a y  (a) z ero , (6 ) 35  s e c ., (c) 9 m in .,  (d ) 8 0  m in .

190 170 150

te m p e r a tu r e  ° K

F i g u r e  12. G lo w  c u r v e  o f  SrS  a fte r  p h o sp h o r e sc e n c e  h a s  p r o c e e d e d  fo r  v a r io u s  t im e s  

a t  l iq u id  o x y g e n  te m p e r a tu r e  90°  K . R a te  o f  w a r m in g  5° p er  se c . D o t t e d  c u r v e  

sh o w s  p r o b a b le  fo r m  o f  u n d e c a y e d  p e a k . [T h e  te m p e r a tu r e  sc a le  is  n o t  q u ite  c o r r e c t;  

10° o n  th e  sc a le  co rresp o n d  in  fa c t  to  11°.] T im e  o f  d e c a y  (a ) 5  s e c .,  (6 ) 2 5  se c .,  

(c) 140 s e c .,  (d ) 10*5 m in ., (e) 30  m in .

 D
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T h e  re su lts  o f  figu res 10, 11 a n d  12 a re  p lo t te d  g ra p h ic a lly  in  figu re  13  

to g e th e r  w ith  d a ta  o b ta in e d  fro m  o th e r  e x p e r im en ts . T h e  re su lts  ag ree  

w ith  th e o r y ; th e  p o in ts  o b ta in e d  b y  d e c a y  a t  9 0  a n d  2 9 0 ° K  b o th  lie  on

Phosphorescence and electron traps  387
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te m p e r a tu r e  ' K

F i g u r e  13. D e c a y  o f  g lo w  c u rv e . T h e  lo g  o f  th e  t im e  o f  p h o sp h o r e sc e n c e  d e c a y  is  

p lo t te d  a g a in s t  th e  te m p e r a tu r e  for  w h ic h  th e  g lo w  c u r v e  h a s  d e c a y e d  to  h a lf  it s  

o r ig in a l v a lu e . T h e  te m p e r a tu r e  a t  w h ic h  d e c a y  to o k  p la c e  w a s  a b o u t  90  a n d  290° K .  

T h e  s tr a ig h t l in e s  d ra w n  th r o u g h  th e  p o in ts  c u t  th e  lo g  t  a x is  a t  th e  v a lu e  —lo g  s.

T e m p , a t  w h ic h G lo w  c u rv es

d e c a y  to o k  p la c e  

° K

P h o sp h o r sh o w n  in

29 0 □  Z n S  (n o . 2 ) F ig . 10

293 ©  SrS (np . 1) F ig .  11

29 3 A  SrS (no . 3) —

90 ©  SrS (no . 1) F ig . 12

9 0 0  C adm iu m  b o ra te  M n —

90 A  C ad m iu m  ch lo ro p h o sp h a te  M n —

s tra ig h t lines w h ich  c u t th e  tim e  ax is  a t  th e  sam e p o in t, s ap p ea rs  to  be 

~  108±1 sec.-1 fo r b o th  zinc a n d  s tro n tiu m  su lph ides. T he  re su lts  fo r th e  

cadm ium  p h o sphors  a p p ea r h igher ( ~  1011 sec .-1 ), b u t  th e  ex p erim en ts  in  

th is  case w ere  n o t  m ad e  so carefu lly .
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388 J . T . R a n d a ll a n d  M. H . F . W ilk in s

O p t i c a l  p r o p e r t i e s  o f  t r a p p e d  e l e c t r o n s

E le c tro n s  in  t r a p s  in  a  p h o sp h o r sh o u ld  g iv e  rise  to  a n  a b so rp tio n  b a n d  

w h ich  w ill n o t  b e  p re s e n t in  th e  u n e x c ite d  p h o sp h o r. A b so rp tio n  o f  a  

q u a n tu m  o f  ra d ia tio n  o f  freq u e n cy  v w ill cause  th e  t r a p p e d  e lec tro n  to  be  

e jec ted  from  th e  t r a p  i f  hv > E ,where E  is th e  d e p th

a b so rp tio n  o f  su ch  ra d ia tio n  th e  p h o sp h o r is  w arm ed , th e  in te n s i ty  o f  th e  

glow  (w hich is p ro p o r tio n a l to  th e  n u m b e r  o f  t r a p p e d  e lec tro n s) w ill be 

red u ced  below  its  n o rm a l v a lu e , p ro v id e d  t h a t  th e  ra d ia tio n  is n o t  o f 

su ffic ien tly  sh o r t w av e -len g th  to  re -ex c ite  th e  p h o sp h o r. T h e  m in im u m  

freq u en cy  w h ich  w ill cause  th is  effect p ro v id e s  a  v a lu e  fo r E, since  

hvmln =  E. I t  is c lear, how ever, fro m  a rg u m e n ts  w h ich  n e ed  n o t  be  

re p e a te d  h e re  (ref. de  B o er a n d  v a n  G eel 1935, M o tt a n d  G u rn e y  1940, 

p . 1 6 0 ), t h a t  su ch  a  v a lu e  fo r E  w ill be  g re a te r  th a n  th e  v a lu e  o b ta in e d  

from  e x p e rim en ts  o n  th e  th e rm a l re lease  o f  e lec tro n s  from  tra p s .

P re lim in a ry  ex p e r im en ts  h a v e  b een  m ad e  to  find  v a lu es  o f  E  fo r d iffe ren t 

te m p e ra tu re s  o f  th e rm a l glow . T h e  m e th o d  u sed  w as a  c o m b in a tio n  o f  th e  

th e rm a l glow  e x p e r im e n t a n d  a  p h o to g ra p h ic  m e th o d  d u e  to  D a h m s  (1904). 

As ex p ec ted , E  w as ro u g h ly  p ro p o r tio n a l to  th e  te m p e ra tu re  o f  th e  g lo w ; 

th is  ap p lied  fo r d iffe ren t glow  p eak s  a n d  w ith in  single  p e ak s  covering  a  

w ide te m p e ra tu re  ran g e .

P h o sp h o rs  cooled b y  liq u id  a ir, o r liq u id  h y d ro g en , m ig h t b e  usefu l in  

p h o to g ra p h in g  th e  in fra -red  sp ec tru m  from  2—10 A  sh ee t o f  p h o sp h o r 

w ou ld  be  exposed  to  th e  in fra -red , th e n  p laced  o v e r a  p h o to g ra p h ic  p la te  

a n d  w a rm ed  a  few  degrees.

T a b l e  1. O p t i c a l  a n d  t h e r m a l  a c t i v a t i o n  e n e r g i e s

G lo w

te m p e r a tu r e

f o r  a  C aS rS -B i p h o s p h o r

E  (o p t ic a lly ) E  ( th e r m a lly )

0 K A m a x im u m e V e V

4 0 0 1-0/4 1-2 0 -7 5

2 5 0 1-4/4 0 -9 0 -5

1 3 0 2-0/4 0 -6 0 -3

T ab le  1 show s spec im en  re su lts  fo r a  C aS rS-B i p h o sp h o r. T h e  te m p e ra tu re s  

show n  co rresp o n d  to  th e  m a x im a  o f  th re e  la rg e  p eak s  in  th e  glow  sp ec tru m . 

N e a r  th e  m a x im u m  w av e-len g th  th e  effect o f  th e  ra d ia tio n  inc reases  ra p id ly  

w ith  d ecrease  o f  w av e-len g th . S ev era l z inc su lp h id e  p h o sp h o rs  g av e  s im ila r 

effects. Z inc s ilica te , z inc  m eso d isilica te  a n d  c ad m iu m  s ilica te  a n d  b o ra te  

w ere  m u ch  less sen s itiv e  to  th e  ra d ia tio n .

T h e re  w as in  no  case an  in d ic a tio n  t h a t  th e  effect ceased  fo r sh o r t w a v e 

len g th s  ; h en ce  i t  is re a so n ab le  to  suppose  t h a t  th e  ra d ia tio n  w h ich  ex c ites
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lum in escence  in  a  p h o sp h o r is a c tiv e  also (b u t in  g en era l to  a  lesser ex ten t)  

in  e jec tin g  e lec tro n s from  tra p s . L um in escence p ro d u ced  a f te r  tra p p in g  a n d  

e jec tio n  from  th e  t r a p  req u ires  th e  a b so rp tio n  o f  tw o  q u a n ta  to  p ro d u ce  

one  lum inescence q u a n tu m ; hence th e  efficiency w ill be low er th a n  u sual.

M o tt a n d  G u rn ey  (1938) h av e  suggested  t h a t  th e  decrease  in  a p p a re n t 

lum inescence efficiency o f  som e ph o sp h o rs  w ith  decreasing  te m p e ra tu re  

m a y  be d u e  to  red u c tio n  in  th e  a b so rp tio n  coefficient o f  th e  p h o sp h o r w hen  

m o st o f  th e  e lec trons from  th e  lu m inescence cen tres  a re  h e ld  in  tra p s . T h is  

effect is observed  fo r ZnS-M n a n d  C aS -B i a n d  S rS -B i p hospho rs. I f  th e  

e x p lan a tio n  is co rrec t, th 6 re  shou ld  be a  ra p id  rise  in  fluorescence a t  

te m p e ra tu re s  assoc ia ted  w ith  w ell-defined  p eak s  in  th e  th e rm a l glow  

s p e c tru m ; such  a n  effect is, how ever, n o t a p p a re n t. I t  m a y  be sign ifican t 

t h a t  th e  phospho rs  w hich  show  decrease  in  lum inescence a t  low  te m p e ra 

tu re s  a re  th o se  w hich  seem  to  h av e  e m p ty  lu m inescence cen tres  in  th e  

u n ex c ited  p h o sp h o r (see P a p e r  I I ) .

W e w ish to  th a n k  P ro fesso r M. L . O lip h an t, F .R .S ., fo r en co u rag em en t 

a n d  p ro v ision  o f  facilities fo r th is  w ork . W e are  also in d e b te d  to  P ro fesso r 

P e ierls  fo r m u ch  va luab le  d iscussion  an d  help  w ith  th e  th eo re tic a l aspects , 

a n d  to  P ro fesso r N . F . M o tt, F .R .S ., fo r d iscussion  o f  th e  ph y sica l processes 

invo lved . O ur th a n k s  a re  also due  to  th e  W a rre n  R esearch  F u n d  C om 

m itte e  o f  th e  R o y a l Socie ty  fo r a  g ra n t to  one o f  us (M. H . F . W .) a n d  to  

H . C. Cole, w ho h as g iv en  sk illed  assis tance  in  th e  m ak in g  o f  a p p a ra tu s  a n d  

m uch  v a lu ab le  help  in  th e  ta k in g  o f  observations.
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