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An experimental method to determine the effective
luminescence efficiency of scintillator-photodetector
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Abstract. The scintillator effective luminescence efficiency, which may be defined in terms of the
scintillator’s X-ray luminescence efficiency and the scintillator—photodetector spectral matching
and geometrical configuration, was studied for various X-ray imaging applications. Four scintillator
materials Gd,0,S:Tb, Y,0,S:Tb, ZnSCdS:Ag and Csl:Na were used to prepare test screens. They
were evaluated in relation to various photodetectors used in X-ray imaging, such as radiographic
films, photocathodes, and photodiodes. Effective luminescence efficiency was determined for a
range of X-ray tube voltages (50—140 kVp) by measuring the light flux emitted per unit of incident
exposure rate and the spectra of the light emitted by the four scintillators. Scintillator—photodetector
combinations resulting in higher image brightness level were determined for different X-ray imaging
systems. Findings indicate that CsI:Na is very efficient with orthochromatic radiographic films,
Gd,0,S:Tb could be useful in conventional or digital fluoroscopy and in CT and ZnSCdS:Ag

could be employed in some medium to low voltage digital radiography applications.

Most X-ray imaging systems use scintillators,
often in the form of fluorescent screens, in combi-
nation with photodetectors. Examples of such com-
binations are intensifying screens combined with
films in radiographic cassettes [ 1, 27; input phos-
phor screens coupled to photocathodes in image
intensifiers for conventional fluoroscopy, digital
radiography, and digital fluoroscopy; phosphor
screens connected to charge coupled device (CCD)
arrays in digital radiography [3]; scintillator—
photodiode combinations in CT solid state detec-
tors [4]. Image brightness depends strongly on
the light producing ability of the scintillator mate-
rial, on its spectral compatibility with the photo-
detector as well as on the geometry of the scintil-
lator—photodetector system. Light producing
ability may be assessed by the absolute X-ray
luminescence efficiency, defined as the light energy
flux emitted by a scintillator towards the photode-
tector per unit of incident X-ray energy flux or
exposure rate [5—7]. The latter is related to the
patient dose burden during X-ray examinations.
Spectral compatibility expresses the ability of the
photodetector to capture the specific light wave-
lengths emitted by the scintillator. It depends on
the spectral sensitivity distribution of the photode-
tector [8]. An experimental method to predict in
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an accurate and systematic manner the most
efficient scintillator—photodetector combination at
various X-ray energies and for different X-ray
imaging systems needs to be determined.

In the present study, the effective X-ray lumi-
nescence efficiency was defined to take into account
the light producing ability of the scintillator, the
spectral compatibility effects between the scintil-
lator and the photodetector, and the light losses
due to the geometry of the scintillator—photodetec-
tor system. Effective luminescence efficiency was
studied at various X-ray tube voltages and for
various scintillator—photodetector combinations
that are used or could be used in medical X-ray
imaging. Combinations giving highest output light
flux corresponding to minimum radiation dose
burden to the patient were determined for various
X-ray imaging applications.

Material and methods
Theory: the effective luminescence efficiency

The light energy flux (¥.) emitted by an
irradiated fluorescent screen depends on the
following:

(1) the incident X-ray energy flux (¥);

(2) the X-ray quantum detection efficiency (QDE),
which is the ratio (yq) of the detected to the
incident X-ray photons;
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(3) the intrinsic X-ray to light conversion efficiency
(nc) giving the fraction of absorbed X-ray
energy flux converted into light within the
scintillator material;

(4) the light transmission efficiency (G ) expressing
the fraction of light produced within the screen
that is transmitted to the screen emitting
surface.

Hence, the emitted light flux may be expressed
as:

Py =Yx(E)Mo(E, t)ncGy(a,s, E, t) (1)

where, E is the energy of the incident X-ray pho-
tons, t is the thickness of the fluorescent screen, a
and s are the light absorption and light scattering
coefficients depending on the scintillator material,
the screen structure (granular or non-granular),
and the wavelength of the emitted light. However,
only a fraction of ¥; may be captured and utilized
by the photodetector due to: (1) the spectral com-
patibility imperfections between the emitted light
wavelengths and the photodetector’s spectral sensi-
tivity, and (2) the geometrical arrangement of the
scintillator—photodetector combination. This frac-
tion of ¥, is defined as the effective light energy
flux ¥, ., which is the diagnostically useful signal
given by:

P Lere=CspCoLPL (2)

where, cgp is the spectral compatibility coefficient,
describing the efficiency with which the photo-
detector can capture the spectral wavelengths emit-
ted by the screen. cg, is the geometric light collec-
tion efficiency (GCE), describing light losses due
to system geometry such as the distance between
the screen and the photodetector, the area of the
screen covered by the photodetector, intervening
fibre optics or optical lenses etc. [3].

In defining cgp, the spectral sensitivity (Sp(4)),
giving the variation of the photodetector’s sensi-
tivity as function of light wavelength (1) has to be
considered. If Sy (4) is divided by the total detector
sensitivity Sy, obtained by summing up all Sy(4)
contributions from all light wavelengths corre-
sponding to non-zero Sp(4) values, then the relative
spectral sensitivity Sg(4) of the detector at wave-
length 4 may be defined as:

Sy(4
Sy = ) (3)

J Sp(2)dA

A

If Sp(4) is the function describing the shape of the
light spectrum emitted by the scintillator nor-
malized to unity, then the product Sp(1)Sg(4) gives
the relative contribution of the light of wavelength
A to the total optical signal captured by the photo-
detector. The spectral compatibility coefficient cgp
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may then be defined as the total relative signal
captured, obtained by summing up the relative
contributions from all emitted light wavelengths A:

Csp= JSP(},)SR(},)d)» (4a)
Thus, from relations (1), (2) and (4a) the total
optical signal captured by the photodetector, rep-
resented by the effective light energy flux ¥4 in
(2), is given by:

Vretr= Px(E)no(E, t)ncGy(a, s, E, t)

X [JSP(A)SR(A)M} CoL (4b)

A
Then the effective luminescence efficiency 7gee can
be defined as the ratio of the total optical signal

captured (¥p.4) over the incident X-ray energy
flux (Px):

VY etr
N@oer = v, =NeClspCoL (5)

where 14 is the absolute X-ray luminescence
efficiency of a fluorescent screen given by:

b4
o= 5. =Ho(E:0ncGulas. B0 (6)

X

To represent experimental conditions, where the
exposure rate rather than the X-ray energy flux is
measured, the effective luminescence efficiency in
(5) and (6) must be defined in a way that the
quantity Py is converted into exposure rate using

the appropriate conversion factor [9]:

_ X _[Ha] e )
= yIX a P _lair VVair

where, [Uen/plair 15 the mass energy absorption
coefficient of air, e is the electron charge and W;,
is the average energy required to produce an ion
pair in air.

Finally, since polyenergetic X-ray beams are
used in diagnostic radiology, the effective lumi-
nescence efficiency must be averaged over the
X-ray energy spectrum [ 3, 6, 7, 10].

For a number of X-ray imaging systems the
geometric light collection efficiency cg, in relations
(2), (4b) and (5) is close to unity since the photo-
detector is either in very good contact with the
scintillator as in radiographic screen—film systems
or it is directly deposited on the scintillator as in
image intensifiers [3], phosphor coated CCDs
[11]. However, in digital radiography detectors
that employ optical lenses or fibre optics between
the screen and the CCD array [3] as well as in
CT detectors [4], cgy, 1s significantly reduced [3,
12, 13]. This affects the corresponding effective
luminescence efficiency. For an optical lens cg
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may be expressed [3, 12] as:

T
S 1y

where, 7 is the optical transmission factor of the
lens, f is the ratio of the lens focal length to the
aperture diameter (“f~-number”), and m is a factor
accounting for the image demagnification from the
scintillator to the photodetector. Values of the
order of 0.1% have been reported [3, 127 for ¢gy..
For a fibre optic taper cg; has been expressed as

(8)

A 2
CgL= L‘zm 9)
m

where, Aqp is the fraction of the taper input surface
corresponding to the core glass of the fibre optics,
n is the numerical aperture of the untapered fibre,
and 7 and m are defined in relation (8). c¢g. has
been determined [3] to be of the order of 0.7%.
For CT detectors, ¢g;. depends on the refractive
index of the transparent layer intervening between
the scintillator and the photodiode as well as on
the detector element width. cg; values ranging
between 0.42 and 0.80 have been reported [14].
Although the value of c5;, may slightly depend on
the emitted light wavelength, for the scintillators
employed in this work cg; was considered approxi-
mately constant. The reason for this is that cg,
depends either on purely geometrical or optical
transmission factors. Both factors were considered
to remain practically constant for the wavelengths
included in the spectra of the scintillators employed
in this study.

Deciding on best scintillator—photodetector
combination, considerations should be made con-
cerning image quality, such as spatial resolution
and quantum noise. Spatial resolution is degraded
with screen thickness, since in thick screens light
spread due to isotropic light propagation and
optical scattering effects is augmented. However,
in some non-granular screens, such as CsI:Na,
scattering is minimized and light propagation is
highly directional due to screen internal structure
causing a reduction in light spread.

The impact of quantum noise may be assessed
by the signal-to-noise ratio (SNR). SNR increases
with quantum detection efficiency (1) of the scin-
tillating screen but it is also related to the number
of light photons emitted per X-ray at screen output
[37; the number of light photons is associated with
the X-ray to light conversion efficiency (1), the
light transmission efficiency (G ), and hence the
X-ray luminescence efficiency (11q).

Experimental method

The scintillator materials employed for prepar-
ing fluorescent screens were Gd,0,S:Tb,
Y,0,S:Tb, ZnSCdS:Ag and CsI:Na. These
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materials have been commercially used in the
phosphor screens of radiographic cassettes, in
the input screens of image intensifiers, and in
the detectors of digital imaging systems.

Scintillators were supplied in powder form
(Derby Luminescents Ltd, Derby, UK) with grains
of around 7 um in diameter. Fluorescent screens
with coating weights of approximately 75 mg cm 2
and 110 mg cm ~2 were prepared in our laboratory.
Gd,0,S:Tb, Y,0,S:Tb, ZnSCdS:Ag screens were
produced by sedimentation on fused silica sub-
strates employing a mixture of 21 of de-ionized
water, 25 ml Na,SiO5; aqueous solution (binding
material between the powder grains), and the
appropriate amount of powder for the desired
screen coating weight. CsI:Na screens were formed
by evaporation, employing a quantity of pure Csl
and Nal for the activator (Na). Screens prepared
by sedimentation were of granular form with pack-
ing density of about 50% in scintillator grains and
50% in binding material. Screens prepared by
evaporation consisted of pure scintillator material
with over 90% packing density.

The effective luminescence efficiency was deter-
mined in accordance with relation (5). At first, the
absolute luminescence efficiency was found by mea-
suring the light flux, emitted by the irradiated
screens, and the incident exposure rate. Screens
were X-rayed by a Siemens Stabilipan machine
with tube voltages ranging from 50kVp to
140 kVp. A 20mm Al filter was employed to
simulate X-ray attenuation by human tissue [6].
The light flux (¥;) and the exposure rate (X) were
measured by an EMI 9558 QB photomultiplier,
coupled to a Cary 401 electrometer, and by a PTW
dosemeter (ionization chamber type No. 23333),
respectively. Light flux was measured on the side
opposite to the irradiated screen surface [ 6]. Next,
the spectral compatibility coefficient (cgp) was
determined according to relations (3) and (4); the
spectrum of the emitted light (Sp(4)) was measured
by an Oriel 7240 Grating monochromator, and
the spectral sensitivities (Sp(4)) of the photodetec-
tors were obtained from manufacturers’ data.

Results and discussion

Figure 1 shows the absolute X-ray luminescence
efficiency variation with X-ray tube voltage for
Gd,0,S:Tb, Y,0,S:Tb, ZnSCdS:Ag, Csl:Na
screens of 75mgcm~? coating weight. Highest
efficiency values were obtained for the Gd,0,S:Tb
screen (51 EU, where 1 EU=3.875J/C kg ! m?in
SI units) in the range 120-140 kVp. This result is
very interesting for CT, since relatively high volt-
ages are used. However, for the range below
100 kVp, which is very useful for many radio-
graphic and fluoroscopic techniques, the Csl:Na
screen was clearly better than the Gd,0,S:Tb,
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Figure 1. Absolute X-ray luminescence efficiency vari-
ation with X-ray tube voltage for Gd,0,S:Tb, Y,0,S:Tb,
ZnSCdS:Ag, CsI:Na screens with approximately
75 mg cm ™~ 2 coating weight. (EU, efficiency unit, | EU=
1 uW m~2/mR s~ ! or3.875J/C kg~ ! m? SI units.) Points
represent experimental data.

attaining its highest values (41-43 EU) in the
range 80—100 kVp. It is interesting to notice that
the ZnSCdS:Ag screen was found to be more
efficient than the Gd,O,S:Tb and CsI:Na screens
for tube voltages lower than 75 kVp and 60 kVp,
respectively. It must be also noted that the tem-
poral responses of the scintillators considered here
(0.4 ms for Gd,0,S:Tb and ZnSCdS:Ag, 0.5 ms for
Y,0,S:Tb, and 0.6 ps for CsI:Na [ 1]) are adequate
for both fluoroscopy and CT applications. Finally,
the Y,0,S:Tb screen was found to be better than
the Gd,0,S:Tb and CsI:Na screens for the ranges
below 67 and 53 kVp, respectively, and better than
ZnSCdS:Ag for voltages higher than 90 kVp.
ZnSCdS:Ag and Y,0,S:Tb highest values were 36
EU and 33 EU, respectively, both obtained at
70 kVp. Regarding the 110 mg cm ~ 2 screens shown
in Figure 2, Csl:Na was found superior to
Gd,0,S:Tb for tube voltages between 54 and

Absolute efficiency (E.U.) 110 mg/cm’

70

Gd,0,8:Tb
60

Csk:Na

50 i !
40
ZnSCdS:Ag
30

50 60 70 80 90 100 110 120 130 140
x-ray tube voltage (kVp)

Figure 2. Absolute X-ray luminescence efficiency vari-
ation with X-ray tube voltage for Gd,0,S:Tb, Y,0,S:Tb,
ZnSCdS:Ag, CsI:Na screens with approximately
110 mgcm~2 coating weight. (EU, efficiency unit, 1
EU=1puW m~2/mR s~ ! or 3.875 J/C kg~ ! m? SI units.)
Points represent experimental data.
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87 kVp. Comparing Figures 1 and 2 it can be
observed that the 110 mg cm 2 Gd,0,S:Tb scintil-
lator is superior to the other materials within a
wider range of X-ray tube voltages. It is also worth
noting that the 110 mg cm™? Gd,0,S:Tb screen
seems to give very good results in the low volt-
age region as well; at 50kVp the efficiency
of Gd,0,S:Tb was measured to be higher than
the corresponding efficiencies of CsI:Na and
ZnSCdS:Ag.

Differences in absolute efficiency among the four
scintillators may be explained by considering the
following parameters: (1) the atomic numbers (Z)
and densities (p) of the materials that determine
the X-ray absorption coefficients, which in turn
determine the quantum detection efficiency, 5, in
relations (1) and (6). Gd,0,S:Tb screens having
high Z and p values exhibit the highest absorption
coefficients in a wide range of X-ray energies
followed by CsI:Na and ZnSCdS:Ag screens. These
absorption coefficients have been calculated from
published data [15]. (2) The intrinsic X-ray to
light conversion efficiency (1), which is very high
for Gd,0,S:Tb, ZnSCdS:Ag, and Y,0,S:Tb, of the
order of 0.15-0.20 [ 1, 2, 6, 7], but attains medium
values for CsI:Na (7-=0.10) [ 1, 2]. (3) The optical
scattering effects that affect the light transmission
efficiency (G ) in relations (1) and (6). Scattering
effects must be more pronounced in Gd,0,S:Tb,
Y,0,S:Tb and ZnSCdS:Ag, since in these screens
the scintillator is in the form of grains that increase
the amount of optical scattering. On the other
hand, CsI:Na screens are of almost compact form,
which minimizes scattering and, thus, decreases
optical photon losses during light transmission.
The decreased scattering in CsI:Na ameliorates
luminescence efficiency values, compared with
ZnSCdS:Ag and Y,0,S:Tb, despite the fact that
the intrinsic conversion efficiency of ZnSCdS:Ag
and Y,0,S:Tb is double that of CsI:Na.

Figure 3 shows the measured spectra of the light
emitted by the Gd,0,S:Tb, Csl:Na, ZnSCdS:Ag,
and Y,0,S:Tb screens together with spectral sensi-
tivity curves of some of the photodetectors
employed. The detectors studied were the S9, S11,
and the extended sensitivity E/S20 photocathodes,
used in image intensifiers or in photomultipliers
(e.g. in gamma cameras), the Si photodiode, used
in CCD arrays of digital radiography systems and
in solid state CT detectors, the Agfa Curix Ortho
GS, Kodak X-omatic GR and Fuji UM-NH ortho-
chromatic radiographic films. Although three films
were used to determine the spectral compatibility
coefficient only one is shown, because the corre-
sponding curves were very similar. Similar reason-
ing applies to photocathodes used in this work.
Spectral sensitivity curves were obtained from
manufacturers’ data (EMI, RCA, Hamamatsu,
ITL, Rofin, Kodak, Fuji, Agfa).
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Figure 3. Scintillator measured emis-
sion spectra and photodetector spec-

Figure 4 compares the effective efficiencies of the
75 mg cm 2 fluorescent screens combined with the
E/S20 photocathode. In the range 55-115 kVp, the
dominant combination is the CsI:Na-E/S20 giving
maximum values (38-40 EU) between 80 and
110 kVp. Thus, fluoroscopic image intensifiers
equipped with the E/S20 photocathode coupled to
a Csl:Na screen should form imaging devices with
the lowest dose burden to the patient for a desired
image brightness level. Additionally, by employing
Csl:Na screens, both spatial resolution and SNR
should improve due to (1) the absence of high
scattering powder grains and the presence of tiny
needle like columns formed in the intrinsic struc-
ture of CsI:Na that restrict lateral spread and
improve resolution, and (2) the relatively high
effective atomic number that increases QDE and
hence SNR. However, for voltages lower than
55 kVp, the ZnSCdS:Ag—E/S20 combination seems
to give better results. Nevertheless, spatial reso-
lution employing ZnSCdS:Ag screens should be

Effective efficiency (EU) 75 mg/cm’

[Es720]

50

50 60 70 80 90 100 10 120 130 140
x-ray tube voltage (kVp)

Figure 4. Effective luminescence efficiencies of the
75 mg cm 2 Gd,0,S:Tb, Y,0,S:Tb, ZnSCdS:Ag, CsI:Na
screens combined with the extended sensitivity E/S20
photocathode. (EU, efficiency wunit, 1 EU=
1 pW m~2/mR s™! or 3.875J/C kg~ ! m? SI units.) Points
represent experimental data.
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tral sensitivities normalized to unity.

lower compared with CsI:Na due to the presence
of scattering grains in ZnSCdS:Ag. Results on S9
and S11 photocathodes are not shown being
slightly inferior to E/S20.

In the case of the Si photodiode (Figure 5) the
most efficient combination is with the Gd,0,S:Tb
screen for voltages higher than 77 kVp while at
lower energies the ZnSCdS:Ag-Si combination
proved superior. Hence, these two scintillators
(Gd,0,S:Tb and ZnSCdS:Ag) could be used in
digital imaging systems employing Si photodetec-
tors. ZnSCdS:Ag could be suitable for digital radi-
ography employing medium to low tube potential
settings while Gd,0,S:Tb could be appropriate for
CT detectors as well as for digital radiography
employing X-rays with tube potential settings
higher than 75kVp. However, systems with
Gd,0,S:Tb will be of higher resolution than sys-
tems with ZnSCdS:Ag in the whole tube potential
range. This is due to the high density of Gd,O,S:Tb
resulting in thinner screens for equal coating
weight. Additionally, SNR of Gd,0,S:Tb will be

75 mg/cm2
: L

Gd,0,5:Tb

Effective efficiency (E.U.)

30

25

201 7 hscds:Ag

10

50 60 70 80 90 100 10 120 130 140
x-ray tube voltage (kVp)

Figure 5. Effective luminescence efficiencies of the
75 mg cm ™~ 2 Gd,0,S:Tb, Y,0,S:Tb, ZnSCdS:Ag, CsI:Na
screens combined with the Si photodiode. (EU, efficiency
unit, | EU=1puW m~?/mR s~ ! or 3.875 J/C kg ! m? SI
units.) Points represent experimental data.
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75 mg/cm2

Effective efficiency (E.U.)

radiographic filﬂ

50

ZnSCdS:Ag

0 Il 1 ! 1 1 1 | 1
50 60 70 80 90 100 10 120 130 140
x-ray tube voltage (kVp)

Figure 6. Effective luminescence efficiencies of the
75 mg cm 2 Gd,0,S:Tb, Y,0,S:Tb, ZnSCdS:Ag, CsI:Na
screens combined with the green sensitive orthochrom-
atic film. (EU, efficiency unit, | EU=1pW m~?/mR s !
or 3.875 J/C kg~ ' m? SI units.) Points represent exper-
imental data.

better due to its higher effective atomic number
resulting in higher quantum detection efficiency.
Results in Figure 5 were obtained by considering
GCE =1.0. For digital imaging systems incorporat-
ing fibre optics, lenses, transparent layers etc., cg,
in relation (5) is considerably reduced, thus affect-
ing in a similar way the values of effective efficiency
for all scintillators.

The Csl:Na screen coupled to one orthochrom-
atic film (Figure 6) is the most efficient 75 mg cm 2
screen—film combination in the entire voltage range
from 50 kVp up to 140 kVp, attaining maximum
values (38—40 EU) in the 80-120kVp range.
Considering also the high resolution exhibited by
Csl:Na screens, this combination could be an
excellent image receptor for conventional radiogra-
phy cassettes, provided the problems imposed by
the hygroscopic properties of Csl:Na are properly
solved by using light transparent protective covers.

Results found but not shown on the effective
efficiencies of the 110 mgcem ™2 screens revealed
that the Gd,0,S:Tb screen had better effective
efficiencies than the other scintillators in a wider
range of tube voltages as compared to data
obtained for the 75 mg cm ™2 screens. Also, it was
found that the effective efficiency increases with
coating weight, mainly due to the higher detection
efficiency, 5 of thicker screens. However, the light
transmission efficiency G, causes an inverse effect,
because it is more difficult for light photons pro-
duced within the scintillator to penetrate thicker
screens. Thus, the increase in effective efficiency
with screen coating weight sometimes may be
minimized.

In conclusion, Csl:Na screens could provide a
very good combination with the orthochromatic
radiographic films, which are regularly used with
the terbium activated scintillators Gd,0,S:Tb and
Y,0,S:Th, provided that hygroscopy problems are
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solved. Gd,0,S:Tb could also be used not only in
conventional or digital radiographic receptors but
in conventional or digital fluoroscopy as well,
especially at rather high tube voltages and high
screen coating weights. Additionally, Gd,0,S:Tb
may be appropriate for use in CT solid state
detectors. The ZnSCdS:Ag scintillator could be
proved useful in some digital radiography appli-
cations, especially at rather low tube voltages and
screen coating weights.
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