
It is c lear  f rom (12) and (13) that for a given element and a fixed 3d electron density, we only have to 
calculate the quantity which occurs  in the b races  under the summation sign. We denote these quantities by 

Vat and Vcr 

~ca 21/3.(2 lr~- 1). ~ t l) (16) 1~, ' (  '~  + ~1,'(~.',-- l)l. Vat :  t~nl - -  

'or = '~M/a q-2-"3"(~,t = an),I3 -- (2,'3 -- 1). [t~2,. (to,~t -- I) + to2,. (o,& -- l)l, (17) 

where ~n = 2w~/ - Wrd i s  the number of uncompensated spins. We shall u se  this quantity to charac te r ize  the 
e lec t ron  configuration. It is obvious that the smal le r  Vat or Vcr, the more  stable the configuration. 

Table 1 l ists the resul ts  of the analysis  for the different values of An. 

The data show that in an atom (as would be expected) the state with maximum muItiplicity is the one 
which occurs .  In c rys ta l s ,  on the other hand, this is only true for Fe, Co, and Ni. It is therefore probable 
that in these elements, localized spin polarization will occur  more  easily. 

The express ions  which we have obtained for the exchange energy density will be used to calculate the 
physical proper t ies  of the 3d metals .  This work is current ly  being ca r r i ed  out. 

In conclusion, we may note that since Hund's rule is obeyed for an atom but not for a metal,  this might 
mean that new additions to the energy might occur  in a crys ta l .  These te rms  would be of an exchange - c o r r e -  
lation nature and would not be descr ibed  by the normal  expressions from the theory of a quasiuniform electron 
gas. 
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using geometr ic  pa ramete r s  of the TSL and TSC peaks such as the maximum tempera ture  Tm and the half- 
level  t empera tu re  T '  and T ~ of the initial and final segments  of the curve.  

Antonov-Romanovski i  [4] proposed a method for process ing  TSL curves  based on analysis of the form 
of the entire thermosclnt l l la t lon curve by compar ing the experimental  curve with the most  s imi la r  theoret ical  
curve.  This method Is the most  Informative one, since it permits  determinat ion of recombinat ion kinetics,  
t rap  depth, and frequency factor .  A shor tcoming of the method Is the necessi ty of express ing the luminescence 
ltzteuslty in absolute units,  which Is often quite difficult In prac t ice .  

An original  and effective method of TSL curve analysis was proposed by De Muor [5]. The basic kinetic 
equations are  considered for a sys tem of one t rap  and one recombinat ion center .  If the TSL curve Is complex 
and Is produced by recombinat ion of e lect rons  f reed f rom severa l  t raps ,  It is necessa ry  to divide the curve 
Into e lementary  peaks and study each peak Individually. 

The sys t em of equations is wri t ten as follows [5]: 

[ dn  c n = - - - - ~ ( N - -  n) nr 
dt  x 

n (1) dn  = n ( N - -  n)  nc -- - -  , 

n + nc ----- p; 
t 

J = ~[~pnc. (2) 

The following notation is used: N and n, the concentrat ion of t raps and of e lect rons  within t raps ;  p, the 
hole concentrat ion at recombinat ion centers ;  a and •, the capture and recombinat ion coefficients;  n e, the 
e lec t ron  concentra t ion In conduction zone; J, the Intensity of luminescence;  7/, the quantum output; l / r ,  the 
probabil i ty of the rmal  re lease  of an e lec t ron f rom a t rap.  

a = S . v ,  ~ = I ' . v ,  (3) 

where S and I" a re  capture and recombinat ion sect ions;  v is the thermal  velocity of charge c a r r i e r s .  

Solving sys tem (1) with the simplifying assumptions nc << n, dac/dt  = 0, the authors  obtained for  the 
l inear  heating case  (T = ut, where u Is the heating rate) the following formulas  for  the f i rs t  [Eq. (4) 1 and 

second [Eq. (5)1 o rde r  kinet ics :  

In 1 ---- In u J ( T )  "/-g 

�9 c l. j d  T 

In--I = I n  u ~ J ( T )  

T 

(4) 

(5) 

where  T and T 2 are  the cu r ren t  and final values of TSL tempera ture .  

F o r  I/v the express ion  

1 _  1 exp(  - E )  
x0 ~ (6) 

iS valid, where 1/T 0 is the frequency factor, and E is the trap depth. 

The quantities on the right slde of Eqs. (4) and (5) are determined experimentally, so that In I/v may be 
constructed as a function of I/T, and the slope of the linear portion of the curve may be used to determine trap 
depth E. In principle, It is sufficient to use only curve (4), since In the region of initial growth, with sufficient 
filling of traps, TSL does not depend on the character of luminescence kinetics. 

Assuming heavy filling of traps (n ~ N) from the extension of the straight portion of curve (4) to its 
intersection with the ordinate axis, we may determine the frequency factor i / r  0, and with its aid, the electron 
capture sect ion S in a trap.  Using the deviation of the rea l  curve  (4) or  (5) f rom the theoret ical  s traight  line, 

we may also determine the recombinat ion sect ion F. 

The authors  applied the i r  method to thermoluminescence  of ZnO and obtained sa t i s f ac to ryconf i rma t ionof  
the theory.  However,  it may occur  that TSL is accompanied by TSC, in which case the original simplification 

dnc/dt  = 0 ts no longer  true. 
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The preset / t  study wilt obtain a fo rmuta  for  p rocess ing  of TSL curves  in which the assumpt ion  of s m a l l -  
hess  of dnc/dt  Is t/ot used.  

w e  take the s y s t e m  of equations (1). 
with c0nstderattoia of Eq. (2), 

Combining the f i r s t  and second equations of the sys t em,  we obtain, 

j = = . q d p  
a--7 (7) 

and a f t e r  I•tegratton 

where  h is tile morfi6nt of TSL te rmina t ion .  

fs 

l ! '  JdT, 

t 

F r o m  the second equatloh of s y s t e m  (1) for  the case  of f i r s t - o r d e r  k ine t i cs ,  we ha;ee 

d n  n 

d t  = 

Solving this equi~tion wtth the lni t lat  condition n(O} = N, we obtain 

in N n 

(8) 

(9) 
n 

At the init ial  moment  of TSL growth,  Eq. (9) is valid for  any kinet ics  In view of the sma l lnes s  of the 
quantity a(N - n)nc. 

T r a n s f o r m i n g  f rom t ime to t e m p e r a t u r e ,  we obtain f rom Eq. (9) an express ion  for  1 / r  
N 

tt lrl - . -  
1 n . ( l O )  

". T 

We canno~ de t e rmine  the quantity n, but, us ing the third equation of s y s t e m  (I),  for  the ascending branch 
of the TSL curve  we may  take n = p - nc ~ p. Then,  with cons idera t ion  of Eq. (6 ) ,wecan  obtain an express ion  

N 
u ig 

P 1 E 
lg = l g  -L-' - - , M  

MT -% h~T 

for  de te rmlna t lon  of E and l / r 0 :  

and N and p a r e  defined by 

(11) 

(12) 

where  M = toge, 
T2 , ~s 

j ' t  N = l J d s  p J d T ,  
u ~ t t ~  

T t T 

where  T t and T 2 a re  the t e m p e r a t u r e s  of  beginning and end of TSL. 

Equation (11) is a solution of s y s t e m  (1) for  the case  of f i r s t - o r d e r  k inet ics  with the single assumpt ion  
n ~ p a n d  is valid for  the init ial  por t ion of TSL for  any kinet ics .  F r o m  Eq. (11) we can de t e rmine  the ac t iva -  
tion energy  and f requency fac tor ,  and with the aid of the la t t e r ,  the capture  sect ion.  However ,  the r ecombfna -  
t lon sect ion cannot yet  be de te rmined .  

in pr inciple ,  for  weak photoconductors TSL p rocess ing  by Eqs.  (4), (5), and (I1) should gtve identical 
r e su l t s ,  but in p rac t i ce ,  d i f fe rences  can be obse rved  In the value of the frequency fac tor  due to the a s s u m p -  
tions made in der iv ing  the var ious  equations.  

Simultaneous m e a s u r e m e n t  of TSL and TSC may be used to obtain fu r the r  informat ion on the ra t io  la/~. 
In fact ,  the photocurren t  I is de te rmined  by the express ion  

I =. A e ~ E n c ,  (13) 

where  A is the c r y s t a l  c r o s s  sect ion;  e is the charge  of an e lec t ron;  U Is the mobil i ty;  E is the e lec t r ic  field 
intensi ty .  
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Fig.  1. a )TSL curves  of ZnS :Ag, AI (1) and ZnS:Cu  (2) c rys t a l s ;  b ) s t ra igh t  
line for  determinat ion of recombinat ion f rom TSL peak at -120~ (2). 

Fig.  2. Single c rys ta l  TSC curves ;  specimen No. next to curve,  r ight-hand 
scale  for  curve  2. 

F r o m  Eqs. (2) and (13) we obtain 

where Q = coast ,  independent of n, nc, and p. 

] 
P = Q - '7'  (14) 

Q = A e E  ~ (A.c). (15) 

On the other hand, Q may be determined exper imental ly  
7, 

S Jar 
Q = - -  (16} 

The value of Q Is a function of temperature. If ~(T) is known from independent measurements, then 
/3('1") may be determined. If the absolute value of ~ is also known, then the absolute value of .8 may also be 
determined. In the general case 77 also depends on temperature. 

R E S U L T S  

Single c r y s t a l s  of ZnS :Ag, Al and ZnS :Cu grown f rom a melt at the Scient i f ic-Research Institute of 
Single Crys ta l s  (Kharkov) with an act ivator  content of ~ 10 -4 at. % were studied. Specimens were studied by 
photoexcitation of the 313 and 365 nm lines by a type PRK-4 mercu ry  lamp and by cathode excitation with an 
acce lera t ing  voltage of 4 kV. 

The luminescence spec t rum of specimen No. 1 had a maximum at 475 nm, while that of No. 2 showed a 
maximum at 520 rim. In the spec t ra  of both c rys ta l s  blue and green bands were present ,  with the ra t io  between 
these co lors  varying with form of excitation. 

TSL and TSC were  studied In both specimens with photo- and cathode-exci tat ion for various excitation 
t imes and with use of f ract ional  annealing [6]. Such measurements  allow determination of all monoenergetic  
t raps  and permi t  resolut ion of the TSL curve into e lementary  peaks when necessa ry  [5]. 

F igure  1 shows TSL curves  of both specimens for photoexcitation (X = 365 nm), while Fig. 2 gives c o r -  
responding TSC curves .  The TSC and TSL curves  were taken simultaneously under l inear heating at a rate of 
5 deg/min.  It should be noted that use of high heating ra tes  is undesirable,  since it leads to a high t e m p e r a -  
ture gradient  over  specimen thickness.  The specimen No. 1 TSL curve was taken in the blue region (X = 470 
nm); that of spec imen No. 2, in the green  (X = 540 am). The No. 1 TSL In the green region was identical to 

776 



" " l Y ~ \ X  
y x~ $ "xx \ 

"f I ' - ~ .  

I" Nh, \ i \ ' ,  I i , 

5 6 7 8 r 4 5 r 7 ~ t/r'~ 

Fig. 3 Fig. 4 

Fig. 3. Tempera tu re  dependence of ZnS=Ag, AI c rys ta l  TSL peak at 
-115~ 1) ~.=313 am; 2) k = 3 6 5 a m .  

Fig. 4. Tempera tu re  dependence of c rys ta l  TSL peak: 1)peak at -120~ 
p rocessed  by Eq. (4); 2, 3) peaks at -120~ and 25~ processed  by Eq. 
(11}, scale II for curve 3. 

that in the blue, while for specimen No. 2 in the blue region the peak at 25 ~ was absent, and the low- tempera-  
ture TSL peak coincided with the peak in the green region. 

Compar ison of the TSL and TSC curves  shows that in the ZoS :Ag, AI single c rys ta l  the thermoscint i l la-  
tion peak at -115~ is accompanied by s t rong TSC, while in the ZnS :Cu single c rys ta l  in this regina there is 
only a TSL peak, TSC being absent.  This makes it possible to use these specimens for verif ication of the 
applicability of Eqs. (4), (5), and (11) for trap pa rame te r  determination.  Measurement  of fractional TSL and 
TSC revealed that the peak at -115~ in specimen No. 1 was not e lementary  - its high tempera ture  decay over -  
laps with the TSL peak at -65~ The dashed lines of Fig. 1 indicate e lementary  TSL bands. The TSL peak 
at -120~ in specimen No. 2 is e lementary ,  since only at 0~ is there insignificant overlapping with the TSL 
peak at 25~ Figure  3 shows the tempera ture  dependence of the TSL pe~k at -115~ in the coordinates 

N 
u l g - -  / 1 \  

y :  'g P - - f [ -~ - .} .  
MT \ 1 /  

As is evident f r o m t h e  curve ,  process ing  of the TSL curve at X = 313 and 365 nm gives good agreement  of r e -  
sults.  The trap depth, obtained f rom the slope of the s t ra ight  segment,  compr i ses  0.28-0.3 eV, and the f re -  
quency factor  1/v 0 ~ 5- 10 ~ sec - l .  The activation energy,  determined by a different method f rom the initial 
growth of TSL [1], compr i ses  0.28-0.34 eV, which agrees  well with the values obtained. Construction of the 
corresponding curve  f rom Eqs. (4) and (5} gives a value of E = 0.12 eV and 1/T 0 = 3 �9 103 sec -l .  We see that 
neglect of dnc/dt  leads to reduced values of activation energy and frequency factor.  

Figure  4 shows an analogous TSL curve for specimen No. 2 for  the peak at -120~ and Its temperature  
dependence, calculated with Eq. (4) 

. J ( r )  = r  -:/); y = l g  r, . . 

.S J IT )  clT 

where y has dimensions of rain -~. 

Fo r  this spec imen use of the two TSL curves  p rocess ing  methods gives an identical value of activation 
energy,  but there  Is a divergence in the frequency factor  value. The 1/v 0 values cata differ by a factor  of 10- 
20, due to the simplif ications used in deriving Eqs.  (4), (5), and (11). The pa ramete r s  of this t rap in ZoS : Cu 
are  the same as those in the ZnS :Ag, At single crys ta l .  The same figure shows the processed  curve for the 
TSL peak at 25~ calculated with Eq. (11). For  this t rap secondary  capture is low, and the TSL peak pro-  
cess ing  curve coincides with a s t ra ight  line over pract ical ly  its entire length. The depth of this t rap is 0.55 + 
0.03 eV, arid the frequency factor  is ~10  T see - i .  

As was indicated above, knowing l/T0, we may determine the trap capture with the formula [5] 

= 2=rn* (~T):1/67~' , (iO) 
% S h s 
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F o r  a t e m p e r a t u r e  T = 300~ at  1 / T  0 = 5 . 1 0  e sec  -I we obt2.in for  the l o w - t e m p e r a t u r e  t r a p  In both s p e c i -  
mens S = l0 -is cm 2. 

Using the De Muor method, one can also determine the recombination section. To do this, we use the 
leviation of the experimental curve, constructed from Eq. (4) or (5), from Its rectilinear extension. For 

r0 

J a r  

monomoleeuta r  r e c o m b i n a t i o n  (Fig .  4, cu rve  1) we eomstruet  y = r, as  a function of the p a r a m e t e r  e X, 
7s 

l Jar 
where X is  the d i f fe rence  be tween the o rd ina te  of the r e c t i l i n e a r  ex tens ion  and the expe r imen ta l  curve .  This  
~unctlon must be a straight line In accordance wlth the formula 

y = e x p X -  ~ -  + I. (17) 

r h e  tangent  of the s lope  of this  l ine d e t e r m i n e s  the r a t i o  r / s .  F i g u r e  lb  shows the co r r e spond ing  graph,  
cons t ruc ted  for  curve  2 of F ig .  l a .  It is  evident  f rom the graph that the e x p e r i m e n t a l  points fit  the s t r a igh t  

line wel l .  

The r a t i o  I ' / S  = 0.2, whence we find F = 2 . 1 0  -2o em 2. F o r  s p e c i m e n  No. 1 the F was not de t e rmined ,  

s ince the De Muor method Is inapp l icab le  in this ca se .  

F o r  the r ema in ing  t r aps  which a p p e a r  weakly  in TSL, the energy  depth may be de t e r m i ne d  by us ing 
Urbach ' s  e m p i r i c a l  f o r m u l a  [8] E = T m / L ,  where  L is  some constant ;  L can be de t e r m i ne d  by us ing the 
energy and t e m p e r a t u r e  max imum of the l o w - t e m p e r a t u r e  t rap .  Urbach gives  a value of L = 500, while for  
the s p e c i m e n s  s tudied  L = 545. The ac t iva t ion  energy  of the h i g h e s t - t e m p e r a t u r e  t r ap ,  which appea r s  only in 
TSC, was d e t e r m i n e d  by the in i t i a l  growth of TSC, which mus t  be exponent ia l .  

In o r d e r  to avoid supe rpos i t i on  of TSL f rom f ine r  t r a p s ,  the l a t t e r  were  e l imina ted  by f r ac t iona l  annea l -  
ing to T = 130~ The E value obtained c o r r e s p o n d s  to the second constant  in the Urbach formula  (L -- 465), 
which shows i ts  d i f fe rence  f rom the p a r a m e t e r s  of t r a p  1. This  is not s u r p r i s i n g ,  s ince  the fo rm of the TSC 
curve ind ica tes  a p redominan t ly  monomo[ecu la r  mechan i sm of c a r r i e r  recombina t ion ,  and t r ap  1 is c h a r a c -  
t e r i z e d  by s t r o n g  seconda ry  cap tu re .  Tab le  1 p r e s e n t s  t e m p e r a t u r e  maxima  and ac t iva t ion  e n e r g i e s  of a l l  

t r aps .  

The following may be sa id  r e l a t i v e  to the nature  of the t r a p s .  Despi te  the coincidence  of i ts p a r a m e t e r s ,  
t r ap  1 is of a d i f ferent  nature  in the two spec imens .  In spec imen  No. 1 i t  is  produced by the p re sence  of AI 
ac t ing  as  a coac t iva to r .  Measu remen t s  were  made of TSL in a ZnS :At  s ingle  c r y s t a l ,  and the same  type of 
t he rmo tuminescence  peak was o b s e r v e d  as  in s p e c i m e n  No. 1. In F ig .  1 the dots show the TSL curve  of the 
ZnS :AI  s ingle  c r y s t a l .  The s m a l l  shift  (~10  ~ of this  peak r e l a t i v e  to the TSL of the ZnS :Ag, AI s ingle c r y s -  
t a l  may be expla ined  by the influence of the d i f fer ing  defect  sur roundings  in the two s ingle  c r y s t a l s .  
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In the ZnS:Cu single c rys ta l  the copper was introduced into the original melt  in the form of Cu2S, i .e . ,  
without a coact ivator ,  so that charge compensation must be accomplished by intrinsic defects in the ZnS lat-  
t ice.  These defects may be ei ther  interst i t ia l  zinc Zni, or  sulfur vacancies V s. It was shown in [9] that 
Zn i produces a TSL peak at l l0~d,  while for V s the temperature  is 160~K. The TSL peak in specimen No. 1 
is located at 153~ so that it is reasonable  to ass ign it to sulfur vacancies .  

Of the other t raps  , that of greates t  in teres t  is the deep trap at 418~ in specimen No. 2 (Fig. 2). Nothing 
is knownof its nature. In its proper t ies  it is close to the repulsive traps in CdS descr ibed by t3ube ~0]. Aside 
f rom the depth of 0.90 eV, the low- tempera ture  drop gives an additional depth of 0.33 eV, and the emptying 
p rocess  is of a mul t lmolecular  charac te r ,  as in repulsive traps.  On the other hand, this t rap is filled at all 
t empera tu res ,  and a repulsive t rap should be filled only at t empera tures  above 210~ More comprehensive 
s'tudies will be requt red  to clar i fy the nature and charac te r  of this t rap in ZnS :Cu. 
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P R O D U C T I O N  O F  e + e  - P A I R S  F R O M  A V A C U U M  BY A F R E E  

E L E C T R O M A G N E T I C  F I E L D  O F  S P E C I A L  C O N F I G U R A T I O N  

V. M. S h a k h m a t o v  a n d  Sh .  M. S h v a r t s m a u  UDC 539.12:530.145 

This paper considers  the production of e+e - pairs f rom a vacuum by a free e lectromagnet ic  field 
which Is In the form of a superposi t ion of traveling e lec t r ic  and magnetic fields and a plane wave, 
all propagating in the same direction.  Express ions  are  obtained for the average and total number 
of pairs  produced. 

There  have recent ly  been many papers which calculate the probabilit ies of e+e - pair  production from a 
vacuum by external  e lect romagnet ic  fields [1-61. The most  interest ing fields are those which satisfy the free 
Maxwell equations. This is a resul t  of the prevail ing Idea that no mat te r  existed in the initial stages of the 
evolution of the Universe and that par t ic les  are generated f rom a vacuum by free e lectromagnet ic  and gravi ta-  
tional fields [7-81. 

In this paper,  we consider  the generat ion of e+e - pairs by a f ree e lectromagnet ic  field which is In the 
form of a superposi t lon of e lect r ic  and magnetic fields traveling along the z axis and a plane wave field propa-  
gating In the same direction.  A special  feature of this configuration is that the field which generates  the pairs 
depends only on ct - z. 

A method of calculating the probabilit ies for the production of e+e - pairs by this type of field has been 
suggested in [9}; the method fs based on the use of the zero-p lane  formal ism [10, 11]. The role of time in this 
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