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ABSTRACT 

Thermoluminescence i n  potassium dihydrogen phosphate (KDP) induced 

by cobalt-60 gamma i r r ad i a t i on  a t  l i qu id  nitrogen temperature (-196'~) 

has been invest igated.  Glow curves i n  the  temperature range -196'~ t o  

0 
0 C have been measured f o r  a s e r i e s  of gamma exposure dosages ranging 

4 6 from 10 roentgen t o  5 x 10 roentgen. The heating r a t e  used fo r  glow 

curve measurements was 12 C" per  minute. Twice r ec rys t a l l i z ed  Mallinckrodt 

reagent grade potassium dihydrogen phosphate, with a grain s i z e  between 

100 and 170 mesh, was used f o r  most samples. 

I n  t h e  casc of t h e  powc1.e~ samples, t he  glow curve f o r  a.n exposure 

4 
dose of 10 roentgen exhibi ted two peaks i n  t h i s  temperature range, one 

a t  approximately -78'~ and the other a t  approximately -146'~. The -78% 

peak s p l i t  i n t o  two d i s t i n c t  peaks with increasing dosage. A t  s t i l l  

0 higher doses an a d d i t i  ma1 pcak at, about -9 C becamc evident.  This 

peak may, however, be due t o  aluminum oxide. 

Calculation of t h e  t r a p  depth, E, and t he  frequency factor ,  s ,  

associa ted with t he  -78'~ peak, by the  approximate method of Grossweiner 1 

-1 y ie ld s  values of .485 eV and 9.97 x lo lo  sec f o r  E and s ,  respect ively .  

Calcula t ion of t h e  t r a p  depth corresponding t o  t h i s  glow peak was a l so  

made using t h e  method described by Bonf i g l i o l i ,  Brovetto, and Cortese . 2 

The value obtained was - 0.2 eV. Treatment, of the  -148'~ glow peak by 

- - - - - - -- - 

3.. . L. I .  Grossweiner, J. Appl. Phys., 24, 1306 (1953). 

'G. Bonfigl io l i ,  F. Brovetto, and C .  Cortese, Phys. Rev. -) 114 951 
( 1959 . 



t he  method of Bonfigl io l i ,  Brovetto, and Cortese gave values of -- 0 . 1  eV, 

-- 0.35 eV, and -- 0.2 eV fo r  glow curves r e su l t i ng  from exposure doses of 

4 5 6 10 , 10 , and 10 roentgens, respect ively .  

Glow curves were measured f o r  two KDP s ing le  c rys ta l s ,  each exposed 

4 5 6 t o  10 , 10 , and 10 roentgens with subsequent warming t o  room temperature 

between exposures. The temperatures a t  which core glow peaks fo r  ' a  given 

0 exposure dose occur agree within 5 C f o r  both samples. However, the  r e l a -  

t i v e  i n t ens i t y  of corresponding peaks var ies  r a the r  widely between samples. 

Flashes of l i g h t  of shor t  duration were observed during warming of 

many of the  i r r ad i a t ed  samples, both as  powders and s ing le  c ry s t a l s .  It 

i s  suggested t h a t  t h i s  may be some form of triboluminescence. No exact 

cor re la t ion  of t h i s  pa r t i cu l a r  phenomenon with dose was attempted but 

it was generally observed more of ten a t  higher doses and never a t  10 
4 

roentgens. 



I . INTRO DUCT.1 ON 

Thermoluminescence is a well-known phenomenon and has been extensively 

studied in many substances. Thermoluminescence is usually defined as the 

emission of light from a substance when it is warmed, preferably at a slower 

rate, after having been subjected to some type of exciting radiation at low 

temperature. Measurement of the light intensity of the emitted light as a 

function of temperature by substances treated in this manner yields what 

is commonly referred to as a "glow curve." 

Measurements of thermoluminescence were first reported by Urbach 3 

4 
and Wick and subsequently refined and theoretically analyzed by Randall 

6 5 7 and   ilki ins , Williams and Eyring , and Garlick and Gibson . For the most 

part earlier investigators studied thermoluminescence in the more or less 

well-known phosphors (impurity-activated sulfides and silicates and thal- 

lium-activated potassium chloride) excited by ultraviolet light. Later 

work'has dealt with thermoluminescence in a wide variety of substances 

induced by various types of ionizing radiation: gamma rays and x-rays as 

well as energetic electrons. Much of this later work has dealt with 

8 thermoluminescent phenomena in alkali halides. Ghormley and Levy , 

3 ~ .  Urbach, Wien. Ber. (I1 A) 139, 363 (1930). 
4 
F. G. Wick, Wien. Ber. (11 A) -9 139 497 (1930). 

'5. T. ~aidal and M. H. F. Wilkins, Proc. Roy. Soc. ~184, - 366 (1943). 
'F. E. Williams and H. ming, J. Chem. Phys. -)  15 289 (1947). 

7 ~ .  F. J. Garlick and A. F. Gibson, Proc. Phys. Soc. London @, 575 
( 1948) 

8 
J . A. Ghomley and H. A. Levy, J . Phys . Chem. -9 56 549 (1952) . 



Heckelsberg and Daniels,' and ~o~dl' have investigated thermoluminescence 

or various alkali halides subjected to ionizing radiation. 

Rieke and Daniels1' have studied thermoluminescence of aluminum 

oxide subjected to gamma radiation. Thermoluminescence of ice has been 

investigated by Grossweiner and ~atheson'' and by ~honole~.l3 ~ o o r e l ~  . 

has investigated gamma-ray-induced thermoluminscene in various sulfates, 

carbonates, and oxides. Lushchik15 and, Braner and ~ a l ~ e r i n l ~  have 'studied 

the thermal bleaching of x-ray-colored potassium chloride crystals and 

its correlation with thermoluminescence. 

Many of the earlier studies were directed principally toward formu- 

lating theoretically the phenomenon of thermoluminescence. Further, 

these studies were used as a tool for investigating the nature and energy 

distribution of the electron traps in "efficient" phosphors, in an effort 

to correlate the various luminescent phenomena: fluorescence, phosphores- 

cence, and thermoluminescence, exhibited by a given phosphor. In many of 

the later studies, and in this investigation, thermoluminescence is used 

as a tool in investigating possible radiation damage, as manifested by 

- - 

'L. F. Heckelsberg and F. Daniels, J. Phys. Chem. - 61, 414 (1957). 

'OC. A. Boyd, J. Chem. Phys. - 17, No. 12, 1221 (1949). 

ll~. K. Rieke and F. Daniels, J. Phys. Chem. 71, 629(1957). 
r) 

ILL. I. Grossweiner and M. S. Matheson, J. Chem. Phys. - 22, No. 9, 
1514 (19511.). 

'35. A. Ghormley, J. Chem. Phys. - 24, 1111 (1956). 

14L. F. Moore, J. Phys. Chern. - 61, 636 (1957). 

15ch. B. Lushchik, Sov. Phys. J.E.T.P. - 3, No. 3, 390 (1956). 

16~. A. Braner and A. Halperin, Phys. Rev. - 108, No. 4, 932 (195'7). 



t h e  exc i t a t i on  of luminescent phenomena by ioniz ing rad ia t ion  i n  sub- 

stances not normally c l a s s i f i e d  a s  "good" phosphors. 

I n  t h i s  paper a r e  presented t he  r e s u l t s  of a study of t h e  low- 

temperature thennoluminescence of potassium dihydrogen phosphate (KDP) 

induced by cobalt-60 gamma i r r a d i a t i o n  a t  l i q u i d  nitrogen temperature 

( -1 .96~~) .  Pa r t i cu l a r  a t t en t i on  has been d i rec ted  toward obtaining t he  

e f f e c t  of d i f f e r en t  t o t a l  exposure dose on the  glow curve. 

The i n t e r e s t  i n  t h i s  pa r t i cu l a r  substance l i e s  i n  t he  f a c t  t h a t  it 

i s  p iezoe lec t r i c .  As such, it possesses a number of proper t ies  (piezo- 
. . 

e l e c t r i c ,  mechanical, and d i e l e c t r i c  constants, e t c  . )  upon which the  

e f f e c t  of ioniz ing rad ia t ion  can be r e l a t i v e l y  e a s i l y  measured. Similar  

measurements have been carried. D I I ~  i.n t he  case of Rochelle sal t ,  another 

water soluble p iezoe lec t r i c  substance.17 It i s  hoped t h a t  fu tu re  s tud ies  

of t he  e f f e c t s  of ioniz ing rad ia t ion  on these  proper t ies  of KDP , w W i l l  pro- 

vide information which w i l l  co r re la te  with t h e  r e s u l t s  of t he  present 

study. 

17~ .  H .  H. Krueger, W.  R. Cook, Jr., H. J a f f e ,  and H. P. Yockey, 
p r iva te  communication. 



11. THEORY 

A. The In t e r ac t i on  of Gamma Radiation i n  Sol ids  

Gamma rays i n t e r a c t  with matter  p r i nc ipa l l y  by means of th ree  

mechanisms: t h e  pho toe lec t r i c  e f f ec t ,  the  Compton e f f ec t ,  and p a i r  

production. For gamma rays from cobalt-60, t he  Compton e f f e c t  i s  

predominant over t h e  o ther  two mechanisms, except f o r  very high 

18 atomic number mater ia ls .  A l l  t h ree  processes give r i s e  t o  primary 

e lec t rons  wi th  energies comparable t o  those  of t h e  o r i g i n a l  photons. 

Thus, i n  e f f e c t ,  gamma i r r a d i a t i o n  causes t he  i r r ad i a t ed  substance 

t o  be i n t e r n a l l y  bombarded by f a i r l y  energet ic  primary electrons.. 

Much of t h e  energy of these  primaries i s  d i s s ipa ted  i n  causing fu r t he r  

ionizat ion,  which thus represents an important end e f f e c t  of  a l l  th ree  

mechanisms . 
However, these  primary e lec t rons  niay occasionally d isplace  atoms 

by e l a s t i c  co l l i s i on ,  g iving r i s e  t o  l a t t i c e  vacancies and i n t e r -  

s t i t i a l ~ .  The mechanism involved i s  a threshold  process. According 

t o  S e i t z  and ~ o e h l e r l g  t he  energy which must be t rans fe r red  t o  an 

atom by an energe t i c  incident  p a r t i c l e  i n  order t o  d isplace  t he  atom 

permanently from a s t ab l e  l a t t i c e  s i t e  i s  probably of t he  order of 

18~. J. Dienes and G. B. Vineyard, ~DIATION EFFECTS I N  SOLIDS 
( ~ n t e r s c i e n c e  Publishers,  Inc . ,  New York, 1957), p. 47. 

19F. S e i t z  and J. S. Koehler, " ~ i s ~ l & c e m e n t  of Atoms During I r r ad i a -  
t i o n ,  " SOLID STATE PHYSICS, ADVANCES I N  RESEARCH AND APPLICATIONS, F. 
S e i t z  and.D. Turnbull,  Edi tors  (~cademic  Press, Inc . ,  New York, l956), 
Vol. 2, p. 311. 



25. eV. The maximum energy Tm which can be t r an s f e r r ed  t o  a p a r t i c l e  'of 

mass M i n  a c o l l i s i o n  with an .energe t i c  e lec t ron  of mass m and k i n e t i c  

energy E i s  given by Dienes a d .  vineyard2' as: 

The threshold  e lec t ron  energy f o r  t r an s f e r r i ng  an energy E a = 25 eV 
d 

( i . e . ,  d isplacing t h e  atom) t o  an atom i n  a l a t t i c e  s i t e  can be found 

from equation (1) by subs t i tu t ing  25 eV f o r  T and solving f o r  E. 
m 

Compton e lect rons  a r e  pr imar i ly  responsible f o r  atomic displacements 

i n  most substances subjected t o  gamma i r r ad i a t i on .  The photoelect r ic  

cross sec t ion  f o r  gamma rays of energies comparable t o  those emitted by 

cobalt-60 i s  low i n  a l l  but t he  higher  atomic number elements. Hence, 

very few atomic displacements caused by photoelectrons would be expected 

i n  most substances subjected t o  rad ia t ion  of t h i s  o r  a s imi la r  type.  On 

t he  other  hand, i n  some x i r r ad i a t i ons  t he  photoelect r ic  e f f e c t  may pre-  

dominate. However, atomic displacements would not be expected t o  any 

appreciable extent  s ince  i n  almost a l l  cases the  photoelectron energies 

would be below the  threshold  f o r  displacement production. 

In t h e  l i g h t  elements, t he  r e c o i l  energy imparted t o  t h e  parent  

atom i n  t h e  p a i r  production process may be enough t o  cause displacements. 

This i s  t rue ,  however, only f o r  t he  very l i g h t  elements, and here p a i r  

production by gamma rays of energy comparable t o  those  of co60 has a very 

low cross sect ion.  Thus displacement production by e l a s t i c  c o l l i s i o n  of 

atoms with energet ic  e lec t rons  i s  i n  almost a l l  cases a t t r i b u t a b l e  'Lo 

2 0 ~ .  J. Dienes and G. H. Vineyard, - op. G., p. 13. 

ZlIbid . ,  p. 48. 



Compton e lec t rons .  The process involved has been analyzed by Dienes 

and vineyardJp2 and t he  e f f ec t i ve  cross sect ion f o r  atomic displacement 

by gamma rays through t h e  Compton mechanism i n  severa l  elements has been 

computed. As an example, t he  calculated cross sec t ion  f o r  copper i s  

0.46 x cm2 f o r  1 MeV gammas and 1.40 x crn2 f o r  2 MeV gammas. 

By s imi l a r  methods an e f fec t ive  cross sec t ion  f o r  displacement produc- 

t i o n  by  gammas through t h e  photoeledtric .mechanism can be calcula ted,  

The values f o r  copper a r e  .005 x cm2 at  1 MeV and .013 x at 

2 MeV. Comparison of these  values f o r  t he  two processes fu r the r  ind i -  

ca tes  t h a t  t h e  photoelect r ic  mechanism does not appear t o  make an ap- 

preciable  contr ibut ion t o  displacement production i n  comprison t o  t he  

Compton process. 

Another poss ible  displacement mechanism, which appl ies  t o  substances 

with highly  i on i c  binding has been suggested by varley.23 Essen t ia l ly  

t h e  mechanism involves t h e  s t r ipp ing  of two o r  more e lect rons  from a neg- 

a t i v e  ion, leaving t h e  ion  temporarily with a posi t ive  charge. The ion  

thus  f inds  i t s e l f  i n  a highly unstable pos i t ion  s ince  it i s  surrounded 

by pos i t ive  ions.  This i n s t a b i l i t y  may lead t o  t he  e j ec t i on  of t he  ion 

t o  an i n t e r s t i t i a l  s i t e ,  leaving a vacancy which may capture an e lec t ron  

t o  become an F-center. I n  a l k a l i  hal ides ,  displacement cross sections 

about 30 times l a r g e r  than would be expected from the  d i r ec t  co l l i s i on  

of  an e l ec t ron  and an atom have been observed experimentally. 24  his 

could be  explained by t h i s  mechanism. 

2 3 ~ .  B. 0. Varley, J. Nuc. Eng. - 1, 130 (1954). 

2k. J. Dienes and G. H. Vineyard, op. G., 52. - 



B. Electron Traps 

The presence of vacancies and other  l a t t i c e  de fec t s  i n  a c r y s t a l  

may r e s u l t  i n  t he  c rea t ion  of loca l i zed  energy l eve l s  i n  t he  normally 

forbidden gap between t he  f i l l e d  band and t he  conduction band. 25 Some 

of these  l eve l s  w i l l  l i e  jus t  below the  bottom of t he  conduction band, 

and i n  many cases e lec t ron ic  t r an s i t i ons  from these  l eve l s  d i r e c t l y  t o  

a lower l e v e l  may be t o  a large  extent  forbidden. This i s ,  e l ec t rons  

res iding i n  these  loca l i zed  l eve l s  jus t  below t h e  bottom of t he  conduc- 

t i o n  band must make t r an s i t i ons  t o  lower l eve l s  e i t h e r  i n  o r  jus t  above 

t he  f i l l e d  band v i a  the  conduction band. Thus these  l eve l s  a c t  a s  e l e c -  

t r o n  t r ap s  and a r e  important i n  thermoluminescent and other  luminescent 

phenomena. According t o  t h i s  model, i n  order f o r  an e lec t ron  t o  e s -  

cape from a t rap ,  it must acquire an amount of energy of t he  order of 

t he  energy di f ference between t he  trapping l e v e l  and the  bottom of the  

conduct ion band. 

Localized energy l eve l s  i n  the  normally forbidden gap may a l s o  be 

created by the  inclus ion i n t o  t he  c r y s t a l  l a t t i c e  of c e r t a i n  impuri t ies  

known as ac t i va to r s .  These ac t i va to r s  give r i s e  t o  a perturbing i n f l u -  

ence on the  energy l eve l s  of t he  s~~.r rounding ions  i n  much t he  same man- 

ner  a s  vacancies. A de t a i l ed  discussion of t h i s  mechanism i n  zinc 

su l f i de  phosphors i s  given by Van der  Zie l .  26 

I n  some phosphors (e.g. ,  thal l ium-activated potassium chlor ide)  

2 5 ~ .  J. ~ e k k e r ,  SOLID STATE PHYSICS   renti ice-  all, Inc., Engle- 
wood C l i f f s ,  New Jersey,  1957), p. 413. 

26A. Van der  Ziel ,  SOLID STATE PHYSICAL ELECTRONICS  rentic ice- all, 
Englewood C l i f f s ,  N. J., 1957), 1). 420. 



the  t rapping l e v e l s  a re  through t o  be metastable l eve l s  of t he  a c t i -  

vator  ions t h e m s e l ~ e s . ~ 7  

There i s  a l s o  the  p o s s i b i l i t y  (provided the  temperature i s  suf- 

f i c i e n t l y  low) t h a t  an exci ted e lec t ron  may become self- trapped by 

polar iz ing i t s  surroundings. 28 

The co lora t ion  of most substances by i r r ad i a t i on ,  o r  by other 

means, i s  c lose ly  re la ted  t o  t he  production of e lec t ron  t r aps .  I n  'the 

present i n t e rp re t a t i on  of t h e  colorat ion of alkali.  halides,  it i s  as-  

sumed t h a t  an  e lec t ron  i s  captured by an anion vacancy t o  form an F- 

~ e n t e r . ~ 9 , 3 '  The e lec t ron  i s  probably captured i n  a local ized energy 

l e v e l  created i n  t h e  forbidden gap by t h e  perturbing influence of t he  

vacancy. Thus an F-center i s  a type of occupied e lec t ron  t rap .  Ex- 

perimental evidence of t h i s  i s  found i n  t he  works of Braner and H a l -  

peri n .3' 'They found s good cor re la t ion  be t  ween Llle charactet- lst ic 

temperature at  which maximum thermal bleaching of F-centers occurred 

and t h e  glow peak temperatures of glow curves i n  x-ray-col.nred KC1. 

Two models have been proposed t o  explain luminescent phenomena. 

One i s  t he  co l l ec t i ve  e lect ron,  o r  composite band theory model. An 

example of t h i s  type i s  given i n  Figure 1. Electrons may be excited 

i n t o  . the  conduction band e i t he r .  d i r e c t l y  from the  uppermost f i l l e d  

energy bands o r  from ground s t a t e s  of luminescent centers  formed 

2 7 ~ .  Van der  Zie l ,  2. G., 419. 

28J. A. Ghormley and H. A. Levy, 9. e., 549. 

2 g ~ .  Przibram, IRRADIATION COLOURS AND LUMINESCENCE   erga am on Press 
Limited, London, l g s ) ,  p. 64. 

3 0 ~ .  J. Dekker, - op. - c i t . ,  380. 

31~. A. Braner and A. Ralperin. - op. e., 934. 
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Fig.  1. Energy Level Diagram,., Composite Band Theory Model. 



e i t h e r  by ac t i va t i ng  impuri t ies  o r  cat ion vacancies. 32 Electrons 

exci ted i n t o  t he  conduction band may then e i t h e r  recombine with l u m i -  

nescent centers ,  giving r i s e  t o  pAotons, or ,  on t he  other  hand, f a l l  

i n to  e l ec t ron  t r aps .  Recombination may occur when a posi t ive  hole i s  

captured by a luminescent center  while an exci ted e lec t ron  i s  i n  the  

v i c i n i t y  of t h e  luminescent center.  A trapped e lec t ron  w i l l  remain 

trapped u n t i l  it receives an  amount of energy 'equivalent t o  t h e  trap 

depth and i s  re leased i n t o  t h e  cond.uction band. From there  it niay 

e i t h e r  undergo rad ia t ive  recombination with an empty luminescent cen- 

ter, o r  poss ibly  be retrapped. 

An example of the  second o r  configuration coordinate model, i s  

' . 
' given i n  Figure 2.33 Roughly speaking, t h e  configuration coordinate 

represents an interatomic dis tance between an ion  forming a luminescent 

center  and i t s  nearest  neighbors. There a r e  i n  general  t h r ee  types of 

s t a t e s :  t he  ground, the  emitt ing,  and t h e  t r app ing , s t a t e s ,  repre- 

- serfbed by t h e  contours on the dtagratn. Electrons i n  one s t a t e  tend 

t o  remain i n  t h a t  s t a t e  where t he  contours apparently cross.  Lumi- 

nescent t r a n s i t i o n s  from the  trapping s t a t e s  t o  t h e  ground s t a t e  a re  

forbidden. Electrons may. be exci ted d i r e c t l y  i n t o  t he  emitt ing s t a t e  

where they  w i l l  e i t h e r  r e tu rn  t o  t h e  ground s t a t e  v i a  route of t he  

diagram (1)  -with t h e  emission of photons o r  undergo rad ia t ion less  

t r a n s i t i o n s  t o  t h e  ground s t a t e  v ia  route of t he  diagram (2) .  On 

t h e  o ther  hand, e lect rons  may be exci ted i n t o  t he  trapping l e v e l  and, 

3 2 ~ .  J. Dekker, - op. - c i t . ,  376. 

3%. E. Williams, J. Op. Soc. Am. - 39, 648 (1949). 
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i f  t h e  temperature i s  su f f i c i en t l y  low, remain there f o r  r e l a t i ve ly  

long periods of time u n t i l  they acquire su f f i c i en t  energy t o  surmount 

t he  b a r r i e r  between the  trapping l e v e l  and -the emitt ing l e v e l  v i a  

route (3 ) .  From t h e  emitt ing l e v e l  t he  e lect rons  can f a l l  t o . t h e  ground 

s t a t e . w i t h  t h e  emission of photons. There i s  a l s o  t h e  p o s s i b i l i t y  t h a t  

e lect rons  may undergo rad ia t ion less  t r ans i t i ons  from t h e  trapping l e v e l  

t o  t h e  ground s t a t e  v i a  (4 ) .  . 

The applicabi..lity of each of these  two models has been discussed 

by Williams. 34 Brief ly ,  t he  band theory model i s  pa r t i cu l a r l y  su i tab le  

f o r  explaining luminescent phenomena involving e lect rons  t ranspor t  

through t he  c r y s t a l  l a t t i c e ,  including photoconductivity and exciton 

motion. It i s  appl icable  t o  phosphors. exhibi t ing bimolecular lumi-nea - 
cent phenomena. The pr inc ipa l  l imi ta t ion  of t h i s  model i s  t h a t  it, does 

not accouiiL f u r  alvrnic rearrangements which occur during luminescence. 

On t h e  o ther  hand, t h e  configuration coordinate model emphasizes 

atomic rearl-angernents and i s  c o n s i s t ~ n t  with t h e  Frank-Condon pr inc ip le  

It takes  i n t o  consideration rad ia t ion less  t r a n s i t i o n s  postulated i n  

explaining ce r t a in  aspects of t he  temperature dependence of luminescent 

efficiency35 amd t h e  dependence of t h e  t o t a l  thermoluminescent light 

sum on t he  heat ing ra te ,  36 exhibi ted by many phosphors. It i s  par-  

t i c u l a r l y  appl icable  where t h e  absorption and emission processes 

3 5 ~ .  Van der  Ziel ,  - op. - c i t . ,  417. 

3 6 ~ .  E. Williams, -- op. c i t . ,  652. 



involve t r an s i t i ons  between s t a t e s  of an a c t i v a t o r  ion  r a the r  than 

energy bands of the  c r y s t a l  l a t t i c e .  I t s  p r inc ipa l  l im i t a t i on  l i e s  

i n  t h e  f a c t  t h a t  it does not s a t i s f a c t o r i l y  account f o r  luminescent 

mechanisms involving charge t ranspor t  through t he  c r y s t a l  l a t t i c e .  

C. Thermoluminescence 

I f  a phosphor containing e lec t ron  t r a p s  i s  excited,  some of t he  

exci ted  e lec t rons  w i l l  f a l l  i n t o  t he  t r ap s .  I f  t he  temperature a t  

which exc i t a t i on  takes  place i s  s u f f i c i e n t l y  low, these '  trapped e l ec -  

t rons  w i l l  res ide  i n  t h e  t r ap s  f o r  a r e l a t i v e l y  long period of time 

a f t e r  t he  exc i t a t i on  has ceased,. 

Elec t rons ' i n  t r a p s  of a s ing le  energy depth w i l l  have a Maxwel- . 

l i a n  d i s t r i bu t i on  of thermal energies,  and the  p robab i l i ty  f o r  a t r a p -  

ped e lec t ron  t o  escape from a t r a p  of energy depth E a t  a temperature 

37 T i s  given by Randall and Wilkins a s  : 

Here K i s  t he  Boltzmann constant, T t h e  absolute temperature, and s i s  

a frequency fac to r ,  p r a c t i c a l l y  constant f o r  a given phosphor which may, 

however, vary slowly with temperature. Equation (2 )  shows t he  marked 

temperature dependence of p. For a given t r a p  of a given energy depth, 

the re  i s  a temperature s u f f i c i e n t l y  low such t h a t  t he  escape p robab i l i ty  

of a trapped e lec t ron  i s  e s s e n t i a l l y  negl ig ible .  The temperature a t  

which the  escape probab i l i ty  i s  negl ig ible  i s  dependent upon the  energy 

depth of t h e  t r ap ;  t he  shallower the  t r ap ,  t he  lower the  temperature 

required. I f  a phosphor i s  exci ted  a t  a temperature low enough t h a t  

37 
J. T. Randall and M. H. F. Wilkins, op. c i t . ,  - 372. 



the  escape probabi l i ty  is negl igible  and held a t  t h a t  temperature a f t e r  

the  source of exci ta t ion i s  removed, then e s sen t i a l l y  a l l  trapped e lec-  

trons w i l l  remain trapped f o r  long periods of time. I n  e f f ec t  the  t r ap -  

ped electrons t r i l l .  remain trapped e i the r  u n t i l  the phosphor i s  warmed 

or  u n t i l  t he  e lectrons a re  op t ica l ly  excited out of the  t raps .  

Upon warming the  phosphor, su f f i c i en t  thermal energy i s  acquired 

by the trapped electrons so tha t  they are able t o  surmount the poten- 

t i a l  b a r r i e r  of the  t r aps .  These electrons are  then f r ee  t o  f a l l  t o  

ground leve ls  i n  the  phosphor, giving r i s e  t o  thermoluminescence. 

The glow curve (luminescent in tens i ty  vs . temperature) of a phosphor 

t rea ted  i n  the  manner described above w i l l  i n  general exhibi t  one or more 

in t ens i ty  peaks. I n  the simplest case considered, each peak i s  associ-  

a ted with e lectron traps of a s ingle  energy depth. The mechanism may be 

described i n  a qua l i ta t ive  manner as  follows: As the phosphor. is  warmed, 

the  temperature approaches a region where the  escape probabili ty,  p, fo r  

traps f o r  a given depth increases very rapidly with temperature. . This 

r e su l t s  in. a r a the r  sharp increase i n  the thermoluminescent in tens i ty .  

A s  the e lectrons escape from the t raps ,  the t raps  become depleted and 

the  in t ens i ty  w i l l  reach a maximum. Upon fur ther  depletion of the  t raps ,  

the  i n t ens i ty  w i l l  f a l l  off  t o  a low level ,  resu l t ing  i n  an approximately 

bell-shaped peak i n  the glow curve. A phosphor may contain t raps  of 

several  d i f fe ren t  energy depths, and the glow curve w i l l  usually exhibit  

a peak corresponding t o  t raps  of each depth, provided the t r a p  depths 

a r e  su f f i c i en t ly  separated i n  energy t o  allow reasonable resolut ion by 

the  measuring apparatus. 

I n  t h e i r  ea r ly  theore t ica l  treatment of thermoluminescence Ran- 

d a l l  and ~ i l k i n s 3 ~  considered the case of a phosphor containing 

3 8 ~ .  T. Randall and M. 11. F.  Wilkins, up. - cit . . ,  - 366. 



e lec t ron  t r a p s  of a s ingle  energy depth. Their treatme,nt i s  out l ined 

b r i e f l y  below. From equation (2 )  : 

where n i s  t h e  number of trapped e lect rons  a t  time t. This assumes 

no retrapping; i . e . ,  i f  an e lec t ron  i s  released from a t r a p  it always 

goes s t r a igh t  t o  a luminescent center and does not on t he  way f a l l  i n -  

t o  another t r ap .  Impl ic i t  i n  t he  following der ivat ion i s  t he  assumption 

t h a t  rad ia t ive  t r ans i t i ons  "immediately" follow t h e  re lease  of trapped 

e lect rons ,  and t he  r a t e  of re lease  of e lect rons  from the  conduction band 

t o  t h e  luminescent centers i s  i n  no way dependent on t he  concentration 

of empty luminescent centers.  Essen t ia l ly  then, t he  model involves 

th ree  types of s t a t e s  : the  trapping, t he  emitt ing (conduction band), 

and t he  ground s t a t e s .  Under t he  assumption of no retrapping, t he  glow 

in tens i ty ,  I, i s  proportional  t o  t he  r a t e  of supply of e lect rons  t o  t he  

luminescent centers,  which i s  simply t he  r a t e  of re lease  of trapped e lec -  

t rons .  Thus: 

where C i s  a propor t ional i ty  constant. From Equation (3)  : 

Introducing the  warming ra te ,  B, 'by t he  re la t ionsh ip  aT.' = Bdt and 

in tegra t ing  gives : 



where, s t r i c t l y  speaking, no i s  the  number of trapped e lect rons  a t  

T = o°K. The equation can, however, generally be applied with good 

0 accuracy t o  a phosphor exci ted at some temperature g rea te r  than 0 K 

but  s u f f i c i e n t l y  below t h a t  at which the  maximum i n  t he  glow peak 

occurs.39 From Equation ( 6 ) :  
T 

Subs t i tu t ing  Equation (7) i n t o  Equation (4)  gives t he  expression 

representing t he  glow curve f o r  a phosphor containing e lec t ron  t r aps  

of cne depth, assuming no retrapping: 

An experimentally obtained glow curve may be analyzed t o  obtain 

accurate va lues 'o f  t he  t r a p  depth E and t he  frequency f ac to r  s provid- 

ed assumptions, made a s  t o  whether a monomolecular o r  a bimolecular pro- 

cess i s  involved, whether o r  not retrapping i s  i-nvolved, and, whether o r  

not rad ia t ion less  t rans i t ions ,  a r e  involved a r e  ac tua l l y  va l id  f o r  the  

phosphor i n  question. 

3 ra this i s  ' t rue  s ince  i f  t h e  exc i ta t ion  temperature i s  su f f i c i en t l y  be- 
low t h a t  at which t he  glow peak maximum occurs, then n "= n . This i s  fur-  
t h e r  i l l u s t r a t e d  i n  Table I, page 53 . A t  -112.2OC, 34. 3°~obelow the  glow 
peak maximum at -77.9'~, the  value of i n t e g r a l  i n  equation (7) : 

i s  0.00143. Thus a t  T = -112.2O~, n = noe -*0°143 = .9986 n z no. 
The lower t h e  temperature, t he  more va l id  t h e  approximation gecomes. 



.The simplest type of glow curve t o  analyze i s  t h a t  f o r  a phosphor 

i n  which' retrapping i s  negl ig ible ,  a single-valued t r a p  depth i s  i n -  

volved, r ad ia t ion less  t r a n s i t i o n s  a r e  negl ig ible ,  and a monomolecular 

process i s  involved. These assumptions a r e  possibly not r igorously 

va l i d  f o r  any r e a l  phosphor; however, under c e r t a i n  conditions they 

may be approximately ya l i d  f o r  some phosphors. 

~ r o s s w e i n e r ~ '  has presented a f a i r l y  simple method f o r  approxima- 

t i n g  t he  values of E and s f o r  a phosphor f o r  which the  glow peaks do 

not overlap and f o r  which the  above assumptions apply. He develops, 

using several  approximations and ce r t a i n~as sunp t i ons  involving t he  

experimental conditions, an e x p l i c i t  expression f o r  E i n  terms of T*, 

t he  temperature at  which t he  maximum i n  t he  glow peak occurs, and T", 

t he  temperature at which t he  glow curve reaches ha l f  i t s  peak value on 

t he  low temperature s ide  of t he  glow peak This expression i s  given 

as follows : 

E = 1.51 KT* T" 
(Tx - T") 

7 and i s  correct  t o  within 2 5 per cent  when E/KT > 20 and S/B > 10 . 
Further, Grossweiner gives a method of obtaining an est imate of t he  

value of s which leads t o  the  expression:  

The values of E a,n.d s thus  ca lcula ted may then  be used with Equation 

(7) t o  determine a t h e o r e t i c a l  glow curve f o r  comparison with t he  

experimental curve. 



Application of t h i s  method t o  a glow curve involving 0ver1app~n.g 

peaks would be r a the r  d i f f i c u l t ,  although t h i s  could conceivably be 

done provided succeeding glow peaks d id  not i n t e r f e r e  with o r  markedly 

modify t he  low temperature s ide  of t he  f i r s t  (lowest temperature) glow 

peak. One could then apply t h e  method t o  t h e  f i r s t  peak; ca lcu la te  a 

t h e o r e t i c a l  glow peak using t he  values of E and s thus obtained; and 

sub t rac t  t h i s  peak from t h e  experimental glow curve t o  obta in  t he  low 

temperature s i de  of t he  second glow peak. By successive appl ica t ion 

of t h i s  process, one might expect t o  ob ta in  a f a i r  est imate of t h e  t r a p  

depths involved. 

Williams and ~ ~ r i n g ~ l  have presented a method of graphical ly  ana- 

lyzing an experimental glow curve i n  terms of " p a r t i a l  l i g h t  sums" f o r  

a phosphor t o  which t he  following assumptions apply: the  t r a p  depth 

corresponding t o  each ind.ividua1 glow peak i~ single  valued, the thelmo- 

luminescent process involved i s  monomolecular, and both radiat3onless 

t r a n s i t i o n s  and, retrapping a r e  absent o r  negl ig ible .  The ~ne.Wiod essen- 

t i a l l y  involves a s e r i e s  of successive approximations and can be ap- 

p l i e d  t o  glow curves involving overlapping glow peaks. An i l l u s t r a t i o n  

of t he  method appl ied  t o  t h e  glow curve obtained from u l t r a v i o l e t  ex- 

c i t ed  ZnS:Cu i s  given i n  t h e  a r t i c l e .  

I n  an extension of t h e  work of Randall and W i l l i a r n ~ , ~ ~  Garl ick 4 3 

has discussed t he  e f f e c t  of retrapping on t he  luminescent process of 

41~. E. W i l l i a m s  and H. Eyring, - op. e., 289. 

4 2 ~ .  T. Randall and M. H. F. Williams, op. *. , 366. - 

4 3 ~ .  F. J. Garlick, "Some Studies  of Electron Traps i n  Phosphors," 
PREPARATION AND CHARACTERISTICS OF SOLID LUMINESCENT MATERIALS, G. R.  Fonda 
and F. Se i t z ,  Ed i to r s  ( ~ o h n  Wiley and Sons, Inc . ,  New York, 1948), p. 89. 



a phosphor containing e lec t ron  t r aps  of one depth only. It i s  assumed 

t h a t  t he  e lec t ron  capture cross sect ions  of empty luminescent centers 

and empty t r aps  a r e  equal. The luminescent mechanism involved i s  a 

bimolecular type process, and t h e  constant temperature phosphorescent 

decay associated with the  model i s  hyperbolic i n  form. This i s  i n  con- 

t r a s t  with t h a t  associated with t h e  model of Randall and Wilkins which 

assumes exponential decay. 

I f  a model i s  assumed i n  which retrapping i s  negl igible  but t h e  

r a t e  of recombination of excited e lect rons  with empty luminescent cen- 

t e r s  i s  dependent on t h e  concentrations of both t he  exci ted e lect rons  

and the  empty centers,  then a bimolecular type decay process r e su l t s .  44, 

4 5 ~  46 Williams and ~ ~ r i n ~ 4 7  b r i e f l y  discuss  t he  more general  case i n -  

volving a combination of both monomolecular and bimolecular processes. 

Certain charac te r i s t i cs  of t he  experimental glow curve enable one 

t o  make an "educated guess" a s  t o  whether a monomolecular o r  a bimolecu- 

l a r  luminescent process i s  involved. According t o  Williams and Eyring, 48 

glow peaks associated with a monomolecular decay mechanism a re  skewed 

toward high temperatures, whereas those associated with a bimolecular 

decay mechanism a re  skewed toward low temperatures. Grossweiner and 

Matheson, 49 i n  t h e i r  paper on f l uo~escence  and themoluminescence of ice,  

44 
A. J. Dekker, op. c i t . ,  404. - - 

4h. E Williams, op. c i t . ,  649. - - 

4 6 ~ .  E. Williams and H. E y r i ~ g ,  up.' c i t . ,  300. .. - - 
4 7 ~ b i d .  

48 F. E. Wi l l i am~ and H.Eyring, op. c i t . ,  289. - - 
4 9 ~ .  I ~ ros swe ine r  and M. S. Matheson, op. c i t . ,  1519. - - 



report  an e s s e n t i a l l y  constant glow peak temperature over a range of 

x-ray dosages from 7 x 1016 t o  2 x 1018 ev/gm. This, they a s se r t ,  i s  

good evidence .of t h e  v a l i d i t y  ,of an over-a l l  f i r s t  order (monomolecular) 

decay f o r  t h e  thermoluminescence . 
The presence of photoconductivity associated with luminescent phe- 

nomena i s  genera l ly  accepted a s  evidence of a bimolecular contribution 

since it implies e lec t ron  t ranspor t  through t he  conduction band. However, 

according t o  Williams and Eyring, 5' t he  presence of photoconductivity 

during thermoluminescence does not necessar i ly  imply t h a t  a bimolecular 

process i s  exclus ively  involved. I n  t h e i r  study of ZnS:Cu, they found 

t h a t  t h e  glow curve calcula ted assuming monomolecular k ine t ics  gave a 

b e t t e r  f i t  t o  t h e  experimental glow curve than t h a t  calculated assuming 

bimolecular k ine t i c s .  Thus they conclude t h a t  t he  process involved f o r  

t h i s  phosphor - i s  more than l i k e l y  predominately monomobecular, with a 

small bimolecular contr ibut ion indicated by t h e  presence of photoconduc- 

t i v i t y  during thermoluminescence . 
' 

I n  the  preceding discussion of t he  various thermoluminescent mech- 

anisms, it has been assumed, where more than one glow peak i s  involved, 

t h a t  each glow peak i s  associa ted with a d i f f e r en t  type e lect ron t r a p  

characterized 'by i t s  own ac t i va t i on  energy. I n  contras t  t o  t h i s  i s  the  

model appl ied by H i l l  and schwed51 i n  t h e i r  study of t h e  mechanism of 

thermoluminescence i n  i r r ad i a t ed  sodium chloride and by Bonfigl io l i ,  

Brovetto and Cortese, y2 i n  t h e i r  t heo re t i c a l  and experimental s tudies  

5'1". E. Williams and H. Eyring, - op. e., 289. 

5 l ~ .  J. H i l l  and P. Schwed, J. Chem. Phys. - 23, 652 (1955). 

5%. Bonfigl io l i ,  P. Brovetto, 'and C. Cortese, - op. z., 951. 



t 

of thermoluminescece associated with F-centers . I n  t h i s  model only 

one type of e lec t ron  t r a p  i s  involved (F-centers i n  t he  case of sodium 

chlor ide) ,  and t he  existence of more than one glow peak i s  a t t r i b u t e d  

t o  d i f f e r en t  types of luminescent centers ( L ~ ,  L2, . . . Li; local ized 

energy l eve l s  i n  t he  forbidden gap jus t  above the  top  of '  t h e  f i l l e d  

band), which a c t  a s  receptors f o r  e lect rons  exci ted from t h e  F-cen- 

t e r s . ,  I n  other  words, each glow peak i s  associa ted with a d i s t i n c t  . 

type of receptor center  ra ther  than with a d i s t i n c t  type of e lec t ron  

t r ap .  

The mechanism involved has been discussed by Bonf ig l io l i  e t  a l .  53 

and i s  outl ined b r i e f l y  below. As t he  te.mperature of t he  i r r ad i a t ed  

c r y s t a l  r i s e s ,  e lect rons  from the  F-centers a r e  exci ted i n t o  t he  con- 

duction band and a r e  successively captured by t h e  Li centers  t o  which 

correspond d i f f e r en t  capture p robabi l i t i e s ,  p l ,  p2, . . . pi. The cap- 

t u r e  p robabi l i t i e s  may vary by many orders of magnitude. The l u m i -  

nescent centers t o  which t he  l a rge s t  capture probabi l i ty  belongs begin 

t o  be f i l l e d ,  resu l t ing  i n  t he  r i s i n g  par t  of t he  f i r s t  (lowest temper- 

a tu r e )  glow peak. When these centers a r e  almost f i l l e d ,  t he  glow curve 

reaches a maximum and then begins t o  f a l l  o f f ,  giving t he  f i r s t .  glow 

peak. Since the  temperature i s  s t i l l  r i s ing ,  t he  concentration of 
. . 

elect rons  i n  t he  conduction band becomes very large ,  and capture .by 

t h e  luminescent centers with t h e  next l a rge s t  capture p robabi l i ty  en- 

sues, r esu l t ing  i n  t he  r i s i n g  par t  of t he  next glow peak, e t c .  



I f  t h i s  ty-pe of mechanism i s  involved, t h e  value of t he  t r a p  depth, 

E, can be determined from .a logarithmic p lo t  of t he  l i g h t  i n t ens i t y  vs. 

1 / ~  (see  Appendix 111) and a s ing le  value of E should be obtained f o r  

a l l  glow peaks. It i s  of i n t e r e s t  t o  note t h a t  i f  a mechanism of t h i s  

ty-pe i s  involved t h e  spec t r a l  d i s t r i bu t i on  of t he  l i g h t  associa ted 

with a. given glow peak should be d i f f e r en t  from t h a t  associated with 

other  glow peaks. This i s  t o  be expected since,  i n  general,  each 

' ' 
type Li cen te r  would l i e  a t  a d i f f e r en t  height above the  t op  of t he  

f i l l e d  band and hence a t  a d i f f e r en t  depth below the  bottom of t h e  

conduction band. This e f f e c t  i s  i n  contrast  t o  t h a t  which would be 

expected i n  a model involving one type receptor center  and severa l  

types of e lec t ron  t r aps  since,  i n  t h i s  case, the  luminescent t r a n s i -  

t i o n  i s  t he  same f o r  each glow peak, i . e . ,  from the  conduction band 

t o  t he  luminescent center, and the  s p e c t r a l  d i s t r i bu t i on  of t he  emit-, 

t e d  l i g h t  should be the  'same f o r  each glow peak. 
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111. APPARATUS 

A. General D e s c r i ~ t i o n  

The apparatus used f o r  measuring t he  glow curves w a s  r e l a t i v e l y  

simple and similar i n  many respects  t o  t h a t  used by other  invest iga-  

t o r s  f o r  t h i s  purpose. A v e r t i c a l  cross sec t ion  of the apparatus, 

exclusive of control  and recording devices, i s  shown i n  Figure 3. 

Figure 4 i s  a photograph of t h e  apparatus. 

Br ief ly ,  t h e  apparatus cons i s t s  o f :  a sample holder i n  which 

t h e  samples were both i r r ad i a t ed  and heated f o r  glow curve measurements, 

a hea te r  element, an RCA 1 ~ 2 8  photomult ipl ier  tube f o r  detect ing t h e  

thermoluminescence, a thermocouple f o r  measuring t he  sample temperature, 

and a support f o r  the  sample holder and,heater .  The t e f l o n  support 

rods were supported by clamps mounted on r i ng  stands.  I n  addit ion,  a 

g l a s s  dewar, supported by a laboratory  jack and containing l i q u i d  n i -  

troge,n, enveloped the.  lower pa r t  of t he  sample holder  and was used t o  

keep t h e  i r r ad i a t ed  samples cool u n t i l  t h e  glow curves were measured. 

The sample holder w a s  made of 2-S aluminum, c i r cu l a r  i n  cross sec-  

t i on ,  and had a 3/4-inch diameter hole which served a s  a receptacle f o r  

t he  ~ m g l e .  The t e f l o n  bushing on t h e  upper pa r t  of t he  sample holder 

served a s  a thermal i n su l a to r  when it was necessary t o  keep the  sample 

cold with only t he  lower pa r t  of t he  holder immersed i n  l i q u i d  n i t r o -  

gen. 
. .  . 

The photomult ipl ier  tube w a s  enclosed i n  a b rass  sh i e ld  f i t t e d  

with a t e f l o n  adaptor f o r  mounting on t he  sample holder.  A small, 

coiled,  copper tube with a blackened ins ide  surface w a s  s i lve r - so l -  

dered around a small hole i n  t he  tube sh ie ld .  This served as a 
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Fig. 4. Photograph of Apparatus for Thermoluminescence Measurements . 



l ight-tight vent, permitting the escape of gases expanding in  the sample 

holder as it was warmed up during a run. The socket for the photomulti- 

p l i e r  tube and the resistors forming the voltage divider were mounted in 

a small minibox attached by aluminum s t r ips  t o  the tube shield. Apiezon 

Q was packed between the minibox and the tube shield as a l ight  seal .  

The heater was constructed of nichrome wire, coiled, and then wound 

in a d.ouble helix around the inside of a threaded, cylindrical lavite 

form. Asbestos tape, cemented t o  the lavite form, was used t o  hold the 

co i l  i n  place and prevent inadvertent shorting between the co i l  and the 

sample holder. The terminals t o  which the ends of the heating co i l  were 

attached were mounted on the aluminum positioning plate. Electrical 

leads t o  the heater, which were subjected t o  liquid nitrogen tempera- 

ture, were insulated with ceramic beads. 

me s a p l ~  t.~rnpera%~lre was measured by a copper -cons tantan thexmo - 
couple junction arc -welded t o  the inside end of a small closed aluminum 

tube mounted i n  the aluminum base plate as shown in  Figure 3.  The hole 

i n  the sample holder, in  t o  which the tube ccntaining the thermocouple 

was inserted, was s l ight ly  shorter i n  length than the tube, so that the 

sample holder was actually supported on the end of the tube rather than 

on the base plate. This was done in order t o  give as much heat conduc- 

tion as possible between the sample and the thermocoqle. The t o t a l  

thickness of aluminum between the sample and the thermocouple was 3/32 

inch. The temperature measured by th i s  thermocouple was compared with 

that measured by a thermocouple inserted in  a crystal  sample warmed 

under experimental conditions. The results  obtained showed that  the 

temperature difference between the thermocouple in  the crystal  and that 

in the aluminum tube was never more than about + 3'~. - 



Aluminum-lined te f lon  caps were used with the sample holders du- 

ring i r rad ia t ion  of the samples. A 2-mil aluminum f o i l  spacer between 

the cap and the  sample holder provided a f a i r l y  good moisture-proof 

seal .  The sample holders were mounted i n  small l iquid-nitrogen-fil led 

dewars as shown i n  Figure 5 fo r  i r rad ia t ion  of the samples. After ir-  

radiation, the  sample, i n  the holder, was quickly t ransferred t o  an 

insulated metal can f i l l e d  with l iquid  nitrogen. There, without exposure 

t o  l igh t ,  the cap was removed and quickly replaced by the photomulti-. 

p l i e r  tube as  shown i n  Figure 6. Af'ter the "0" ring sea l  between the 

tube shield and the sample holder had become cooled by the cold holder, 

it f i t t e d  t i g h t l y  around the neck of the holder (see Figure 3) and pre- 

vented l igh t  leakage t o  the  photomultiplier tube. This "0" ring, how- 

ever, tended t o  g a l l  due t o  the low temperature t o  which it was subjected 

and had t o  be replaced every three o r  four runs. 

Scrupulous care was necessary i n  cleaning the sample holders m-q 
'h.4 

t o  i r rad ia t ion  of the  samples i n  order t o  prevent the emission ofl ther -  

moluminescence a t t r ibutable  e i the r  t o  foreign matter o r  some compound 

formed by chemical reaction with the  sample holder i t s e l f .  The cleaning 

procedure most successful i n  eliminating sample holder "background" con- 

s i s t ed  of rinsing the sample holders f o r  30 t o  60 seconds with a 10$ 

solution of sodium hydroxide, followed by thorough rinsing with t a p  

water. The holders were then polished with a f ine  abrasive, rinsed 

with t a p  water, cleaned several times with hot tap  water and a deter- 

gent, and f i m l l y  rinsed with d i s t i l l e d  water. The sample holders were 

then dried under a heat lamp. 



Fig. 5. A ~ a r a t a x s  for I s raaa t  ing Samples. 



Fig. 6. Assembly of Photomultiplier Tube and Sample Holder. 



B. Instrumentation 

A siniple schematic diagram of the  apparatus i s  given i n  Figure 7. 

An Atomic Instrument Company model 312 power supply provided high 

voltage f o r  the  photomultiplier. The output s ignal  of the  photomulti- 

p l i e r  tube was  measured with a Keithley model 410 micromicroammeter and 

recorded on a Honeywell Speedomax 6 mi l l ivol t  recording potentiometer. 

This recorder gave a plot  of thennoluminescent in t ens i ty  as  a function 

of time. 

The temperature of the  thermocouple used as a measure of the  sam- 

ple  temperature w a s  recorded on a Brown recording potentiometer modified 

and cal ibrated t o  read d i r ec t ly  the Z;mpers;ture of a copper-constantan 

junction i n  the  range from - 2 0 0 ~ ~  t o  t 1 0 0 ~ ~ .  This recorder gave a plot  

of sample temperature as  a function of time. 

BY syncronizing the two recorders a t  the  beginning of each run, 

t he  glow curves (thernolwninescent in tens i ty  vs, temperature) could be 

obtained. 

The current t o  the heater  was controlled by hand with a 5 ampere 

Variac. A re la t ive ly  constant heating ra te  of 1 2 ' ~  per minute over the 

greater  par t  of t h e  temperature range from -196'~ t o  O'C could be ob- 

tained f a i r l y  e a s i l y  and required l i t t l e  control during warmup. 

C. I r rad ia t ion  F a c i l i t i e s  

An 1100 curie  cobalt-60 source s imilar  t o  tha t  described by Ghorm- 

5 ley and ~ o c h a n a d e l ~ ~  was  used f o r  i r rad ia t ion  of 10 roentgens o r  l e s s .  

The exposure dose r a t e  inside the  sample holder from t h i s  source was  

about 55 , 000 r/hr . 

5 4 ~ .  A. Ghormley and C. J. Hochanadel, Rev. Sci. Ins t r .  22 -J No. 7, 473 
(1951) 
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For i r rad ia t ions  of lob roentgens and greater,  the  ORNL cobalt 

storage garden w a s  used. This f a c i l i t y  gave an exposure dose r a t e  of 

6 about 3.5 x 10 r/hr inside the sample holder. Figure 8 i s  a diagram 

of t h i s  f a c i l i t y .  
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IT. EXPERIMENTAL METHOD AND PROCEDURF: 

A. Powder Samples 

Powder samples were prepared by twice recrystal l iz ing Mallinckrodt 

reagent grade potassium dihydrogen phosphate from d i s t i l l e d  water. The 

crys ta l s  obtained were then ground i n  a porcelain mortar, sized, and 

stored i n  a dessicator.  Samples were chosen from par t ic les  tha t  passed 

100 mesh screen but were retained on 170 mesh screen. One gram samples 

(1.00 + . O 1  gram) were used f o r  i r radiat ion.  These were placed i n  the - 
sample holders and l i g h t l y  tamped. 

Samples were irracli%t,ed and t ransferred t o  the apparatus f o r  ther- 

moluminescence measurements as  described i n  Section 111. The cap on the  

sample holder was replaced by the photomultiplier tube and shield i n  the  

dark i n  order t o  minimize opt ica l  release of the trapped electrons i n  

the  i r rad ia ted  samples. I n  the t ransfer  process the sanples were un- 

doubtedly warmed somewhat, a t  l eas t  by a s l igh t  amount. However, since 

the  sample holders were f a i r l y  large and were i n  l iqu id  nitrogen except 

fo r  a period of about one second during the t ransfer  process, the  de- 

gree of warming w a s  probably not suff ic ient  t o  appreciably a l t e r  the 

glow peak at  -146'~. 

From three  t o  t e n  glow curves were measured at each t o t a l  exposure 

dose using the  powder samples. Individual samples were used only one 

time, then discarded. The resu l t s  given i n  Section V, Figures 9 and 10, 

a r e  representative glow curves of each dose group. Factors considered 

i n  choosing the representative glow curve from each dose group were 

"closeness" t o  the  group average and l inea r i ty  of the  sample heating 

rate .  



Reproducibility of t h e  glow curves f o r  powder samples exposed t o  

a given dose was good. For example, f o r  a group of f i ve  glow curves 

from samples exposed t o  lo4  roentgens, a l l  corresponding glow peaks 

were within 3 ' ~  of each other,  and t he  i n t ens i t y  of t h e  major peak ( t he  

-78'~ peak f o r  samples exposed t o  lo4 roentgens) a l l  varied i n  in ten-  

s i t y  by l e s s  than 1% between t he  most in tense  and t he  l e a s t  in tense  

major peak. 

B. Single Crystal  Samples 

The s ing le  c ry s t a l  samples used were obtained from the  Clevite 

Corporation. These c rys ta l s  were i n  t he  form of disks,  s l i g h t l y  l e s s  

than 314 inch i n  diameter and approximately 1/16 inch th ick .  

The sample i r r ad i a t i on  and glow curve measurement procedures f o r  

t h e  s ingle  c ry s t a l  samples were i den t i ca l  t o  those described f o r . t h e  

powder samples. However, only two s ingle  c r y s t a l  samples were used. 

Each was f i r s t  exposed t o  a dose of l o4  roentgens, followed by keasure- 

ment of the  glow curve. The two samples were then both exposed t o  doses 

6 of 105 and 10 roentgens and t he  glow curves measured subsequent t o  each 

exposure. 



V. EXPERIMENTAL RESULTS AND CONCLUSIONS 

A. Powder Samples 

Glow curves f o r  KDP powder samples i r r ad i a t ed  t o  various t o t a l  ex- 

posure doses from 104 roentgens t o  5 x lo6 roentgens a r e  given i n  Fig- 

u r e s  9 and 10. Thermolwninescent i n t ens i t y  i s  given i n  a r b i t r a r y  uni ts ,  

bu t  t h e  i n t e n s i t i e s  of a l l  glow curves a r e  t o  t h e  same r e l a t i ve  scale .  

0 The heat ing r a t e  used f o r  a l l  glow curve measurements w a s  12 C, p=?r min- 

u te .  Each curve i s  f o r  a s ing le  sanrple, ' typical of those obtained f o r  

s eve ra l  samples run at  each pa r t i cu l a r  dose. 

A t  t he  lower doses t h e  glow curve consis ts  of two predominant peaks, 

one at-. about -146'~ and t h e  other  at about. -78'~. With increasing dose 

t h e  -78'~ peak begins t o  exh ib i t  a shoulder on t he  low. temperature side,  

and a t  s t i l l  higher doses t h i s  peak s p l i t s  i n t o  two separate peaks. 

This behavior. may possibly be a t t r i bu t ed  ( i f  one assumes t ha t ,  s ingle  

valued e lec t ron  t r aps .  correspond t o  individual  glow peaks) t o  e lec t ron  

t r a p s  of two d i f f e r en t  depths where, f o r  some reason, t h e - t r a p s  associ-  

a t ed  with t h e  lower temperature glow peak e i t h e r  a r e  not present o r  are 

not f i l l e d  i n  samples exposed t o  t he  lower d.oses. The pos s ib i l i t y ,  how- 

ever, t h a t  t h e  e f f e c t  may be associated with some impurity, e i t h e r  i n  

t h e  sample i t s e l f  o r  i n  some other  par t  of t he  system, should not be 

overlooked. The dose dependence of t he  i n t ens i t y  of t he  lower temper- 

a tu r e  peak might then  be explained by assuming a quant i ty  of impurity 

s u f f i c i e n t l y  low such t h a t  glow due t o  t h e  impurity i s  detectable  only 

a t  the  higher doses. 

It i s  of i n t e r e s t  t o  note t h a t  with increasing dose t he  -78Oc peak 

s h i f t s  s l i g h t l y  toward lower temperature. A s imi la r  s h i f t  of t he  - 1 4 6 O ~  
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Fig.  9. Glow Curves f o r  KDP Powder Samples, 10 and 10 Roentgen. 
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6 peak i s  evident for samples exposed t o  10 roentgens and greater. In 

the case of the -14.6'~ peak, th is  may be a dose ra te  effect,  since sam- 

5 ples exposed t o  10 roentgens and less, irradiated a t  one dose ra te  

(-55,000 r/hr), had a constant glow peak temperature; while those ex- 

6 posed t o  doses of 10 roentgens and greater, irradiated a t  a s ignif i -  

6 cantly higher dose ra te  (3.5 x 10 r/hr) , had a s l ight ly  lower constant 

glow peak temperature. I n  the case of the -78'~ peak, th i s  s l ight  sh i f t  

may be due t o  a canbination of th i s  effect and interaction with the 

6 lower temperature (--107~~ a t  5 x 10 r )  peak. 

6 ' A t  doses of 10 roentgens and greater, an additional peak, around 

-g°C!, increasing in intensity with increasing dose, became apparent. 

This peak may, however, be due t o  the thermoluminescence of small a- 

mounts of aluminum oxide, possibly formed on the  sample holders. 

Both the -78'~ peak and the -14.6~~ peak reach a maximum in inten- 

s i t y  with increasing dose and then decrease i n  intensity as the dose 

further increases. This effect has been reported in  other substances. 55 

Short duration flashes of light,  which may be some form of tribo- 

lumine~cence, were observed during the warmbg of many of the samples. 

Although no exact currelation of th i s  phenomenon with t o t a l  dose was 

attempted, it was generally observed more often a t  higher doses and 

occurred primarily in the region of the -146'~ peak. The phenomenon i s  

i l lustrated by Figure 11, a photograph of the trace of the recording 

6 apparatus for  a typical powder sample exposed t o  10 roentgens. 

5 5 ~ .  F. Heckelsberg and F . Daniels, J. Phys . Chem. 414 (1957) . 
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Due t o  t h e  possible in terference of t h e  various glow peaks with 

each other,  l i t t l e  can be deduced from t h e i r  shape a s  t o  whether a 

bimolecular o r  a monomolecular thermoluminescent process i s  involved. 

The -146O~ peak seems t o  be skewed toward low temperatures, indicat ing 

at  l e a s t  some bimolecular contribution.  However, t h i s  could be caused 

by in te rac t ion  with a s t i l l  lower temperature, not read i ly  detectable,  

glow peak. On t h e  other  hand, t he  f a c t  t h a t  t he  temperature of each 

peak i s  constant, with the  exception of t h e  s l i gh t ,  apparently r a t e  

dependent s h i f t  previously noted, over a f a i r l y  wide range of t o t a l  

dose i s  good evidence t h a t  a monomolecular process i s  primarily i n -  

volved. % 

I f  one assumes t he  v a l i d i t y  of a monomolecular glow process, the  

t r a p  depth E, and the  frequency f ac to r  s, f o r  a given peak, can be cal -  

culated from the  approximations of Grossweiner: equations 9 and 10. 

This has been done f o r  the  -78'~ peak from the  glow curve obtained at 

4 10 roentgens (see Appendix I ) .  It has been assumed i n  t he  calcula t ion 

that, t he  -107'~ peals,. evident at higher doses, does not influence t h e  

-78'~ peak a t  t h i s  low dose. The values calculated a r e  .485 eV and 

-1 ' 

9 . 9 7 ~  lolOsec f o r E a n d  s, respectively.  

A t heo re t i c a l  glow curve calculated from equation (8) using these  

values i s  given i n  Figure 12, with t h e  experimental glow peak shown f o r  

comparison. Calculation of t he  t heo re t i c a l  glow curve. i s  given i n  Ap- 

pendix 11. Agreement between the  theore. t ica1 and experimental curves 

i s  f a i r l y  good on t he  low temperature s ide  of t h e  peak although the r e  

i s  some deviation on t he  high temperature s ide .  The f ac t  t h a t  t he  

$L. I. ~ i o s s w e i n e r  and M. S. Matheson, - op. G., 1514. 
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Sample Exposed t o  10 Roentgen. 



decending branch of t h e  experimental curve i s  wider than t h a t  f o r  the  

t heo re t i c a l  curve calculated assuming a monomolecular process would 

seem t o  indicate  t h a t  the  glow process i s  not e n t i r e l y  monomolecular 

and t h a t  a small bimolecular contribution may be involved. 

The value of E f o r  t he  -78Oc glow peak was a l s o  calculated using 

t he  method described by Bonfigl io l i  e t  a l .  57 with t he  glow curve re -  

4 su l t i ng  from an exposure dose of 10 roentgens. (see Appendix 111. ) 

The same method was a l s o  employed t o  est imate t he  value of E using t h e  

-146'~ glow peak from glow curves obtained at various exposure doses. 

A value of E of-0 .3  eV was obtained from the  - 7 8 O c  peak and values 

of -0.1 eV, -0.35 eV and 0.2 eV were obtained from the  -14.6'~ peak. 

4 using glow curves resu l t ing  from exposure doses of 10 , 105 and 10 6 

roerltgens, respectively.  It i s  assumed t h a t  t he  glow peak at - -107OC, 

6 
evident at  10 roentgens, does not a f f ec t  t he  -78'~ glow peak 'a t  t h e  

4 
r e l a t i ve ly  low dose of 10 roentgens. 

Assuming t he  app l i cab i l i t y  of t he  Bonfigl io l i  modelto KDP, t he  

e r r o r  j-nvolved i n  calcula t ing t h e  value of E using t he  -146'~ peak i s  

thought t o  be r e l a t i v e l y  large  and a r i ~ e s  pr incipal ly  from two sources : 

(1) the  r e l a t i ve ly  low peak i n t ens i t y  a t  low doses and (2)  possible 

in terference from e:i.ther lowcr temperature glow peaks o r  high back- 

ground a t  t he  higher doses. Thus it i s  not known whether these  d i f -  

fe ren t  values of E a r e  s ign i f ican t .  As a consequence, even though'the 

r e su l t s  obtained using t he  method described by Bonfigl io l i  give roughly 

equivalent values of E f o r  these two glow peaks, it i s  s t i l l  impossi- 

b l e  t o  conclude de f in i t e ly  t h a t  both peaks a r e  associa ted with the  same 

5 7 ~ .  Bonfigl io l i ,  P. Brovetto, and C. Cortese, 2. ,- c i t . ,  951. 



ty-pe e lec t ron  t r a p .  As pointed out previously, measurement of t he  spec- 

t r a l  d i s t r i bu t i on  of the  l i g h t  associated with each glow peak sho1.1.I-d 

resolve t h i s  question.  This, however, was not undertaken i n  t h i s  study, 

bu t  r a the r  t h e  app l i cab i l i t y  of t he  pa r t i cu l a r  model t o  KDP was assumed 

i n  ca lcu la t ing  E by t he  two d i f f e r en t  methods ( ~ o n f i g l i o l i  method and 

Grossweiner method) .. 

B. .Single Crys t a l  Samples 

Results  of glow curve measurements fo r  two KDP s i n g l e  c ry s t a l s  are  

given i n  Figures 13  and 14. These r e s u l t s  may be somewhat influenced by 

the f a c t  t h a t  each c r y s t a l  was used i n  th ree  i r r ad i a t i ons .  

The temperature a t  which corresponding .glow peaks fo r  a given ex.- 

posure dose occur agrees within 5°C f o r  both samples. However, the  r e l a -  

t i v e  i n t e n s i t y  of corresponding peaks var ies  r a the r  widely between samples. 

This may be due t o  diSferences in rgflect.i,vit,y of t he  sample holders or 

poss ibly  some dif ference i n  the  samples themselves. 

Comparison of t he  s5.ngle c r y s t a l  glow curves may he made with 

those obtained using powder samples. Glow curves obtained from both 

ty-pe sa.mp1.e~ a l l  exh ib i t  glow peaks around -146'~ f o r  a l l  exposure 

0 doses..  Both s i ng l e  c ry s t a l s  exhibited peaks a t  about -70 C a t  doses 

4 5 of 10 and 10 roentgens. This peak may or may not corresporld t o  the  

6 - -78'~ peak exhibi ted by t he  powder samples. A t  10 roentgens t h i s  

peak e i t h e r  s h i f t s  t o  about -50°C or  is diminished i n  in tens i ty ,  and 

the  -50'~ peak i s  due t o  other  e lec t ron  t raps .  The peak at  -12o0c, 

shown most c l e a r l y  i n  samples exposed t o  lo5 roentgens, may be due t o  

ice  inadver tent ly  formed i n  the  cold holder during sample i r r ad i a t i on .  

As noted i n  t h e  case of t h e  powder samples, the  peak i n  the  -15Oc t o  
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OOC region may be due t o  aluminum oxide. It i s  d i f f i c u l t  t o  draw pre- 

c i se  conclusions on the  basis  of only two samples, and the glow curves 

given f o r  the  single c rys ta l  samples are  intended t o  be no more than 

rather  rough investigations of a preliminary nature. 

Other Studies 

Several KDP samples were i r rad ia ted  a t  l iqu id  nitrogen temperature 

and were observed visual ly  during warmup. The glow was very f a in t  but 

could be seen with the unaided eye. It was pale blue i n  color. 

Figure 15 i s  a photograph obtained by allowing a polycrystall ine 

6 KDP sample exposed t o  about 6 x 10 roentgens a t  l iqu id  nitrogen tem- 

perature t o  warm up t o  room temperature while rest ing on a photographic 

plate .  The sample was  prepared by recrystal l iz ing Mallinckrodt reagent 

grade KDP from d i s t i l l e d  water. 



Fig. 15. Photograph of Glow from Polycrystalline KDP Sample 

6 Exposed t o  -- 6 x 10 Roentgen a t  -196'~. 



APPENDIX I 

Calculation of E and s f o r  t h e  -780~  Peak 
bv t he  Method of Grossweiner 

The calcula t ion of E and s f o r  the  -78'~ using t h e  approximations 

of Grossweiner: 

and 

The values of E and s obtained using glow curves from powder samples 

exposed t o  lo4  roentgens a re :  

and 

2 (195. ~ O K )  (195.1 - 1 8 5 . 4 ) ' ~  

10 . -1 
s = 9-97 x 10 sec 



APPENDIX I1 

Calcula t ion of t h e  Theoret ica l  Glow Peak ( - 7 8 O ~ )  

The t h e o r e t i c a l  glow peak can be calcula ted using the  values of E 

0 
and s est imated i n  Appendix I f o r  t h e  -78 C peak with equation (8). 

I 

Equation (8)  i s  : m 

I = Cnos exp [ j ;  e"'"~' dT1] e - ~ / m  

I = Cn o s exp [- dTl] e -~ / l f l  

I11 order  t o  evaluate  the  i n t e g r a l  ' dT1 i n  equation (b) ,  coa- 
J o  

s i d e r  t h e  exponential  funct ion E2 ( u )  defined by: 

Let 

Then 

and 

Hence' 



Now consider the  i n t e g r a l  S e - ~ / m ' d ~ ' ,  i n  t he  equation (b )  and l e t  

0 

Y = E/K~" (h )  

Then 

From (h) ,  when T'  = 0, y =a, and when T' has any value o ther  than 0, 

then y = E/KT ' . Thus 

T 

Now by equation (g )  above 

E When E/ICC > 25, t he  exponential function E ~ ( ~ )  may be approximated 

with l e s s  than 10  per cent e r r o r  by t he  re la t ionsh ip  

Subs t i tu t ion  of (m) i n t o  (b )  gives 

I = Cn s exp' E 
o [ - { % E P ( ~ )  + c)] KT 

Thus by use of t he  approximation (n ) ,  equation ( 0 )  can be evaluated at  

various values of T and the  t h e o r e t i c a l  glow peak can be calcula ted.  



s ince  t h e  values. of t he  constants C and no a r e  not known, t he  values 

of I obtained a r e  r e l a t i v e  r a the r  than absolute and must be normalized 

f o r  comparison with th'e experimental curve. This i s  done by equating 

t h e  t h e o r e t i c a l  value of I obtained at the.glow peak maximum t o  t h e  ex- 

perimental value of I at t h e  maximum. Normalized t heo re t i c a l  values 

of I a t  o ther  temperatures a r e  then obtained by simple proportion. A 

sample ca lcu la t ion  of t he  normalized t h e o r e t i c a l  value of I i's given 

below f o r  T = -72.9'~. 

E/KT = .485 eV = 28.13112 (y )  
(8.616 x 10-5 ~ v / O K )  (200. 1°K) 

e 
-E/KT 

- e -28.13112 
E 2 ( E / ~ )  = - = 2.1558 x (q) 

E x l o l o  sec 
-1 

(200.1 K) ('2.1558 x 1 0 ~ ~ 4 ) )  

''?!heor& i c a l  
= (7.8038 x lo-14) ( 6.90 1 = 4.g3 

1.0926 x 10-13 
(t) 

(normalized) 

The calcula t ions  a r e  summarized i n  Table I. 

*See Table I. 
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APPENDIX I11 

Calculation of E by t he  Method of Bonfigl io l i ,  
Brovetto, and Cortese 

Figure 16 i s  a p l o t  of t h e  na tura l  logarithm of t h e  l i g h t  in tens i ty ,  

I (I i n  a r b i t r a r y  u n i t s )  vs. ( ' O K - ~ )  for the  r i s i n g  pa r t  of t he  -78'~ 
T 

glow peak. The slope of t he  resu l t ing  s t r a igh t  l i n e  i s  - ( K  i s  t he  
K 

Boltzmann cons tan t ) .  From t h i s  t he  value of E i s  calculated as "0.3 eV. 

Figures 17, 18, and 19 a r e  s imi la r  p lo t s  f o r  t he  - 1 4 6 O ~  glow peak a t  various 

exposure doses. The values of E obtained from t h i s  glow peak a r e  ~ 0 . 1  eV, 

h. 0.35 eV, and - 0.2 eV, corresponding t o  exposure doses of l o 4 ,  lo5, and 

6. 1 0  roentgens,,. respect ively  



4 
Fig. 16. Ln I vs. 1 x lo3; - 78 '~  Glow Peak, 10 Roentgen. 

T 



1 4 
Fig. 17. Ln I vs . - x lo3; -146'~ Glow Peak, 10 Roentgen. T 
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5 Fig. 18. Ln I vs . x 'lo3; -146'~ Glow Peak, 10 Roentgen. 
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6 Fig. 19. Ln I vs . x lo3; -146'~ Glow Peak, 10 Roentgen. 
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