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A theoretical model for the x-ray luminescence of a phosphor screen is presented. The model 
takes into account the granular structure of the screen and the random deposition of the 
phosphor grains on the screen substrate. Results based on this model are in very good 
agreement with the experimental data already known for the x-ray luminescence of the 
various phosphor screens. 

1. INTRODUCTION 

All theoretical calculations and predictions concerning 
the efficiency and resolution of fluorescent screens have 
been based until now on the Hamaker-Ludwig model,lV2 
according to which a phosphor screen is assumed to be a 
homogeneous and uniform layer of phosphor material. As 
a result the model is suitable for the nongranular screens 
like the ones prepared by evaporation, but it is generally 
unsuitable for the granular screens like the ones prepared 
by sedimentation. In a previous paper3 we have studied the 
case of a low-thickness granular phosphor screen excited 
by an electron beam; in this paper we complete that study 
considering the case of granular screens excited by x rays. 

II. DESCRIPTION OF THE MODEL 

The vast majority of phosphor screens used in the 
x-ray applications are prepared by sedimentation. As a re- 
sult the structure of the screen is as shown in Fig. 1 (a); the 
transparent screen substrate is covered by randomly depos- 
ited phosphor grains of irregular shape, but of approxi- 
mately the same size. It is generally expected that some 
regions of the screen will not be covered by the phosphor 
grains, some regions will be singly covered, some others 
doubly covered, etc. One expects, as the number of the 
phosphor grains is increased (which is equivalent to an 
increase of the screen’s thickness) the size of the low- 
coverage regions to be reduced. 

In the model proposed3 the phosphor grains are simu- 
lated by particles rectangular in shape and equal to each 
other, which can overlap and are randomly distributed 
over the substrate, as shown in Fig. 1 (b). It has already 
been proved3 that, if we designate the mean area of the 
covered regions of the substrate by DiN,“‘, where N is the 
number of particles on the screen and k = 0,1,2,... ,N de- 
notes the order of coverage of the substrate region under 
consideration, then 

Dj,N’/A=(Nk)c&l -a)N-k, (1) 

with a = S/A, where S is the cross section of a particle and 
A is the area of the screen’s substrate. 

In the following we derive a formula concerning the 
most important quantity of an x-ray phosphor screen, its 
efficiency n and the dependence of it on the various screens’ 
and phosphor’s parameters (e.g., x-ray and light absorp- 
tion coefficients, thickness, etc. ). 

Let us consider that such a screen of N particles is 
excited to luminescence by a monochromatic x-ray beam. 
A monochromatic x-ray beam passing through a phosphor 
layer of thickness d suffers an attenuation given by the 
relation 

I=lo exp( - pd), Ii2) 

where p is the x-ray-absorption coefficient of the phosphor 
material. The above relation can be simplified to 

I=lo( 1 - /.&, (3) 

if ,ud<l; the latter is always true when considering the 
thickness of only one particle (phosphor grain), since the 
mean grain size of the phosphor materials used in x-ray 
screens in 4-15 pm. 

If the fluorescent screen consists of N grain layers the 
attenuation is obviously given by 

I=&( 1 - +W. (4) 

According to this relation the x-ray beam power I,,(i) 
absorbed by the ith particle layer in a region having an 
order of coverage k will be given by 

~di)=~h(i) - Iout 

=I()(1 -@)“-‘-Ze(1 -/&-if’, 

lab(i)=l&(l -/.&W-i. (5) 

As it is well known4 the light flux created in each 
phosphor layer is proportional to the x-ray beam power 
absorbed in it; so we can write for the light flux pi created 
in the ith layer the expression 

+iEtl&Ci), (6) 

where t is the intrinsic efficiency of the phosphor material 
under consideration (a proportionality factor for the con- 
version of the x-ray photon power to light power). 
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FIG. 1. Cross sections of a phosphor screen: (a) real structure and (b) 
modeled structure. 

J 

If we consider for the propagation of the light in the 
screen’s mass a one-dimensional model (as it is also the 
Hamaker-Ludwig one) the light flux pi is divided into two 
equal parts propagating towards opposite directions and 
giving rise to the two basic modes of screen observation; 
the transmission mode and the reflection mode.5 

In order to estimate the total light flux emitted from 
the screen towards each of the two directions we have to 
calculate the light flux emitted from every region of it hav- 
ing a different order of coverage and sum all these flux 
amounts. For the calculation of the total light flux emitted 
from a region of order of coverage k we calculate at first 
the flux coming out the screen from the ith phosphor layer 
(where i runs from 0 to k) and then we sum all the cor- 
responding results. 

The light created in every phosphor layer in its way 
out of the screen suffers attenuation due to absorption and 
scattering. Referring to Fig. 2 we build a recursion relation 
for the calculation of the light flux coming out from the 
screen in transmission (and also in reflection) mode obser- 
vation due to the light created in the ith layer. Let n be the 
number of phosphor grain layers between the ith layer and 
the transmission mode observation side of the screen and 
m the number of phosphor grain layers between the ith 
layer and the reflection mode observation side of it; let also 
+it(n,m) and $i,(n,m) be the light fluxes coming out from 
the screen in transmission and in reflection mode observa- 
tion, respectively, due to the light created in the ith layer. 
Then for the corresponding 4ir(n + l,m), 4it(n,m 
+ l), #+(n + l,m), and 4,(n,m + 1) fluxes the follow- 

ing relations hold: 

1 I 1 

(n,m+l) (n.m) (n+l, m) 

FIG. 2. Cross section of a part of a phosphor screen (for the development 
of the recursion relation for the light fluxes emitted from it). 

4iAn+ l,m)=&(n,m)(l --SIC1 -ad), (7) 

4irtn + h)=4irhm) + 4iAwn) 

Xs(1 -ad)m+n+‘, (8) 

4b(n,m + 1)=4it(%m) + +iJ&m) 

s(1 -ad)m+n+‘, (9) 

4%(&m + l)=+i,(n,m)(l -S)(l -4, (10) 

where a and s are the light-absorption and scattering coef- 
ficients of the phosphor material, respectively. It is obvious 
that Q,(O,O) = di,(O,O) = 4i/2. Relations (7)-( 10) are, 
of course, accurate only when adgl, a condition which is 
always true as a consequence of the very low thickness of 
the phosphor grains. 

It is interesting to notice here that in the case of ab- 
sence of scattering phenomena (S = 0), which is the case of 
a homogeneous and uniform screen, the above relations are 
reduced to 

4it(n + l,m)=4ir(n,m)(1 -ad), (11) 

+ir(n + Lm)=4bhm), (12) 

4it(n,m + 1)=&(&m), 

h(n,m + 1) =Mn,m) (1 - ad), 

and lead to the relations 

(13) 

(14) 

+il(n,m) =(pi/2( 1 - ad)“z4/2 exp( - and), (15) 

4i,(n,m) =+i/2( 1 - ad)“=:4;/2 exp( - amd), (16) 

which are the well-known relations for attenuation of light 
passing through a uniform absorbing layer of thickness nd 
or md, respectively. 

According to relation (1) and relations (7)-( 10) the 
total light flux coming out from a region of the screen 
having a degree of coverage k in transmission and in re- 
flection mode observation is given by 

DiN’/A, (17) 
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FIG. 3. Calculated x-ray luminescence efficiency vs screen’s thickness FIG. 4. Calculated x-ray luminescence efficiency vs screen’s thickness 
(number of phosphor grains on the screen’s substrate) for three different (number of phosphor grains on the screen’s substrate) for three different 
x-ray-absorption coefficients. light-absorption coefficients. 

h(k)= ii0 4iAi,k - i) i 1 DiN’/A. (18) 

As a result the total light flux emitted from the whole 
screen will be given by the relations 

Aot,l= j, A(k), 

4tot,r= ki, h(k), 

(19) 

(20) 

respectively, where v is the highest order of coverage on the 
screen. In practice we have not taken into account layers 
having an area less than 1% of the total screen area. 

As already mentioned the interesting parameter for the 
screen is not the light emitted from it, but its efficiency n, 
which is defined as the ratio of the light flux emitted to the 
x-ray beam power exciting the screen. Hence we have 

nt= rpt,tJ~o (21) 

and 

nr= Aot.brO. (22) 

III. RESULTS AND DISCUSSION 

Using relations (2 1) and (22) we have calculated the 
efficiency of a phosphor screen as a function of its thickness 
(number of phosphor grains N) for a number of cases. In 
Figs. 3-5 we present the results of our calculations and we 
demonstrate the effect of the various parameters (x-ray- 
absorption coefficient, light-absorption coefficient, light- 
scattering coefficient, etc.) on the shape of the N=f(N) 
curves. All the results presented in these figures concern 
the efficiency of the screens in the transmission mode ob- 
servation, because the effect of the various parameters is 
more obvious in this case than in the case of the reflection 
mode observation. We observe in all these three groups of 
curves the same typical shape, already known from the 

8 I I I I- 

S- 

a = 50cm-’ 

a = 500cm-’ 

0 100 20 

experiment;6’7 an initial almost linear increase followed by 
a more or less well-expressed peak and a slower decrease 
thereafter. 

In Fig. 3 we show the effect of the x-ray-absorption 
coefficient on the shape of the curves. It is clear that as this 
coefficient increases the efficiency peak moves towards 
lower thicknesses. This is well expected from a physical 
point of view, since a high x-ray-absorption coefficient 
means increased stopping power for the low-thickness 
screens, which suffer a smaller efficiency attenuation due to 
light absorption and scattering in their mass; that explains 
also the increased efficiency values as the x-ray-absorption 
coefficient increases. 

In Fig. 4 we illustrate the effect of the light-absorption 
coefficient on the shape of the curves. It is obvious that as 
this coefficient increases the peak of the curves moves to- 
wards smaller grain numbers (lower thicknesses) and the 
overall efficiency decreases. This behavior is quite reason- 
able. Increasing the light-absorption coefficient means an 
increased attenuation for the light created in the screen 
before coming out from it, which causes the overall reduc- 
tion of the efficiency; on the other hand the peak in the 
efficiency curves being the result of a balance between the 
increase of the light emitted due to x-rays absorption (that 
increases with the screen’s thickness) and its reduction due 
to the light absorption within the phosphor mass (that also 
increases with the screen’s thickness) moves towards 
smaller grain numbers as the light-absorption coefficient 
increases. 

In Fig. 5 we show finally the effect of the light- 
scattering coefficient on the shape of the curves. It is inter- 
esting to notice that the scattering coefficient generally has 
a small effect on the shape (the peak position moves slowly 
towards lower thicknesses as this coefficient increases) and 
on the corresponding values (variations of the order of 
10%) of the curves. Figure 6 shows that the dependence of 
the efficiency on the scattering coefficient is not monotonic, 
but shows initially a slow decrease (in the range s = O.O- 
0.3) and an almost linear increase thereafter. This increase 
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FIG. 5. Calculated x-ray luminescence efficiency vs screen’s thickness 
(number of phosphor grains on the screen’s substrate) for three different 
light-scattering coefficients. 

of efficiency as the scattering phenomena are increased (in 
the range s = 0.3-1.0) is due to the increase of the light 
“reflected” from the higher-order grain layers towards the 
transmission mode observation side. 

To investigate the reliability of the model we compared 
for a number of cases the n=f( w) model curves to the 
experimental ones. In Fig. 7 we present the results of these 
comparisons. The phosphor material is ZnCdS:Ag. The 
experimental data for the transmission mode curve were 
available from a previous work,6 while the data for the 
reflection mode curve come from measurements carried 
out specifically for the needs of this comparison. Concern- 
ing the various parameters in Eqs. (21) and (22) we have 
used p = 4.4 mg/cm2 for the specific density,* t = 0.22 for 
the intrinsic efficiency’ and ,U = 30 cm - ’ for the x-ray- 
absorption coefficient.“‘” The light and scattering coeffi- 
cients have been obtained by a x2 fit and the resulting 
values u = 60 cm - t and s = 0.3 are in accord with esti- 
mates suggested by an earlier work.12 As can be seen from 

I I # I I I 
0.0 0.2 0.4 0.6 0.8 1.0 

s - 

FIG. 6. Calculated x-ray luminescence efficiency (peak values) of a phos- 
phor screen vs the light-scattering coefficient. 
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FIG. 7. Calculated and experimental x-ray luminescence efficiency vs 
screen’s thickness for 2nCdS:Ag screens in transmission and in reflection 
mode observation. Dots: experimental data; lines: theoretical results. 

Fig. 7 the agreement between the theoretical results and 
the experimental data is almost excellent. 

We would like to make one more comment related to 
the shape of the efficiency versus thickness curve in reflec- 
tion mode observation. This curve-and all others con- 
cerning this mode of observation-does not show any 
peak, but a continuous increase with thickness towards a 
saturation value. This is well known from previous exper- 
imental studies5 and well expected from a physical point of 
view, because, as already mentioned, in reflection mode 
observation the light emitted from the screen is observed 
from the very same side the screen is excited by the x-rays; 
as a result the addition of more phosphor grains (increase 
of the screen’s thickness) simply results to an increase of 
the light reflected towards the observation side, which in- 
crease is smaller and smaller, but of course can never re- 
duce the overall efficiency. 
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