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Abstract. The quality of a medical image depends, among
other parameters, on quantum noise. Quantum noise is af-
fected by the fluctuations in the number of optical quanta
produced within the phosphor, per absorbed X-ray (i.e. phos-
phor intrinsic-gain fluctuations). This effect is considered by
means of a factor, called in this study intrinsic-gain noise
factor, IGNF(E). In existing theoretical models of quantum
noise, the corresponding factor is taken to be equal to one. In
this paper, an expression that accounts for the coefficient of
variation of the phosphor intrinsic gain is introduced. This ex-
pression takes into account the process of electron—hole pair
conversion to optical photons and the frequency distribution
function of the emitted optical photon energy. Subsequently
IGNF(E) is expressed in terms of this coefficient of varia-
tion. IGNF(E) has been calculated for several phosphors and
for various energies. For all medical X-ray energies studied,
phosphors that exhibit a high relative fluctuation of emitted
optical photon energy, IGNF(E) exceeds by 2% to over 17%
the corresponding factor of the existing theoretical models of
quantum noise.

PACS: 78.65; 42.80

Phosphors doped with various activators (Eu, Tb, Ag, etc.)
are widely used in medical imaging as X-ray-to-light con-
verters in conjunction with optical detectors (films, photodi-
odes, etc.) [1-3]. The quality of a medical image depends,
among other parameters, on quantum noise. Quantum noise
is affected by the number of optical quanta, produced within
the phosphor, per absorbed X-ray of energy E (i.e. phos-
phor intrinsic gain) [4,5]. Phosphor intrinsic gain is subject
to statistical fluctuations. Thus for equal X-ray energy absorp-
tion, unequal number of optical quanta are produced [4—7].
Quantum noise is proportional to the variation of the intrinsic
phosphor gain, which reflects the statistical fluctuations in the
production of optical quanta produced by the activator ma-
terial within the phosphor. Experimental methods have been
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reported to determine the fluctuation of the optical quanta
emitted by the phosphor per absorbed X-ray [8—10]. How-
ever, to the best of our knowledge, no experimental method
has been introduced, to measure the fluctuation of intrinsic
phosphor gain. In addition, the contribution to quantum noise,
called in this study intrinsic-gain noise factor (IGNF(E)), in
existing theoretical models, of the fluctuation of phosphor
intrinsic gain, is unity, as the gain procedure is assumed to
follow Poisson distribution [2,4-6, 11].

In this paper, an alternative expression of phosphor
intrinsic-gain fluctuation is presented, which can contribute
to quantum-noise modeling. This expression takes into ac-
count the process of electron—hole pair conversion to optical
photons and the frequency distribution function of the emit-
ted optical photon energy. IGNF(E) incorporating the above
expression has been calculated for several phosphor mate-
rials and for various energies, based on X-ray conversion
efficiency and optical emission spectral data.

1 Method and materials

Quantum noise has been found to be proportional to a factor
accounting for the fluctuation in the number of optical quanta
produced per absorbed X-ray within the phosphor. This fac-
tor which will be called hereafter intrinsic-gain noise factor,
IGNF(E), equals [2,4-6, 11]:
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where m,(E) is the mean phosphor intrinsic gain and
SD[m,(E)] is its standard deviation [5, 6]. When the gain pro-
cedure follows Poisson distribution, S2[n,(E)] = no(E) and
therefore IGNF(E) = 1.

The intrinsic gain of the phosphor material has been pre-
viously reported to be equal to [2, 6]:

E
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where E is the absorbed X-ray energy, E; is the energy of the
optical photons and n¢ is the intrinsic conversion efficiency
of the phosphor expressing the fraction of the absorbed X-ray
energy converted to light [12—14].

When an X-ray quantum interacts with the phosphor and
deposits its energy E, within the lattice of the phosphor,
electron—hole pairs are created. The average energy required
to create an electron—hole pair of energy E, (fundamental
electronic band gap of the host material) equals BE,. B is
a constant that characterize the excess energy above E, that
should be absorbed, in order for an electron—hole pair to be
created [12, 14—16]. Therefore the total number of electron—
holes created equals E/BE,. The theoretical value of B is
1.5 [15], but in several cases its value has been experimentally
determined to be higher [12, 14, 16].

A fraction, R, of the created electron—holes, will reach
the luminescent center and subsequently a fraction g will
be absorbed in the activator [12, 14, 17]. From the absorbed
electron-hole pairs only a fraction B’ will actually con-
tribute to optical photon creation. Therefore the number of
the electron—holes that actually contribute to optical photon
emission, X, is

x=-1 Rp 3)
= IBqu .

The product gRf’ is the fraction of the generated electron—
holes that actually yield optical photons.

The energy carried by these electron—hole pairs equals
XE,. If E, is the optical photon energy, then the number of
optical photons that will be produced is:

XE,
Ny(E) = E “)

Phosphor intrinsic gain, m,(E), is defined as the number
of optical photons produced per absorbed X-ray of energy
E[1,2,11].

By taking into account the above definition of phosphor
intrinsic gain and (4), m,(E) can also be expressed as:

X
mo(E) = Ny (E) = aEg. )

The process of yielding optical photons from electron—hole
pairs in the activator can be considered random. Furthermore
the energy of an optical photon is not predetermined, as the
activator could have one or more energy levels and each level
is characterized by a random broadening mechanism of the
corresponding emission line [17, 18]. Therefore m,(E), Ej;,
and X in (2) and (5) could be treated by means of their cor-
responding expected values, m1,(E), E;, and X respectively.
As a consequence each one of m,(FE), X, and E, randomly
fluctuates about its mean value.

An expression of the fluctuations of the gain can be given
by means of its mean-square error [16, 19, 20]. However for
such an expression to be valid the following conditions should
be met: (i) X and E, should be uncorrelated, (ii) X and E;,
are randomly distributed and their corresponding variances
S(X) and S(E;) are known. Condition (i) is valid since the
number of electron—hole pairs absorbed and inducing optical
photons is a function of absorbed energy E, while the energy

distribution of the optical photons is a function of the acti-
vator [16—18]. Condition (ii) is valid since the process of an
electron—hole pair to yield optical photons can be assumed to
follow a binomial distribution. This is so since one electron—
hole pair may either yield optical photons or not, and each
event can be considered independent.

For the case of optical photon energy, data describing the
frequency distribution function, P(E;), of the optical pho-
tons per wavelength were obtained. The emission spectrum
was measured with an Oriel 7240 grating monochromator.
These data were corrected for the optical response of the
monochromator and the background, in order to diminish any
systematic errors in E; calculations.

The expected mean-square error in the gain of the phos-
phor equals [16, 19,20]:

2 2
ﬁmamﬁ{g@%@&&ﬁ+(%@ﬁ@am>,

0E 0X
(6)
where 0 stands for the partial derivative.
Subsequently:
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where the partial derivatives are evaluated at the mean opti-
cal photon energy E) and the mean number of electron-hole
pairs X [16,20].

Since the frequency distribution function of E;, P(E}), is
available then the fluctuations of the optical photon energy
with respect to the mean value can be derived straightfor-
wardly as [16, 19, 20]:
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where E;; and E;, are the minimum and maximum energies
of the optical photons.
Meanwhile, E; equals to:
Ey
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In medical X-ray imaging energies, the number of electron—
holes generated in the phosphor, E/BEg, is large. Further-
more as mentioned above, since the process of yielding op-
tical photons from electron—hole pairs is assumed to follow
a binomial distribution, the term gRB’ can be assumed as the
probability of an electron—hole to yield optical photons. Fur-
thermore by comparing (2) and (5) we obtain gRS’ = ncp.
Therefore for the binomial distribution, the fluctuation in the
number of electron—hole pairs equals to [16, 19, 20]:

S2(X) = —neB(1 — nep) (10)
= ,BEg C nc .

Hence due to (5), (6), (7), and (10):
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Equation (11) expresses the gain fluctuations of an activator
in the phosphor when energy E is absorbed. Furthermore, due
to (2), (Encp)/(BE,) is the mean value of the gain. There-
fore, the ratio of the standard error to the mean value is simply
derived by the following formula:
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This ratio takes into account the fluctuations of the gain with
respect to its mean value (coefficient of variation). The first
factor in the sum under the square root accounts for the square
of the relative fluctuation of the emitted optical photon en-
ergy. The second factor accounts for the square of the relative
fluctuation of the number of the electron—hole pairs contribut-
ing to light emission in the luminescent center, for an ab-
sorbed X-ray photon of energy E.
By substituting (12) in (1) it is obtained that:

S2(E;)  Eg1—ncp 1
IGNF(E) = —& - 1. @3
(E) [ fi +Z e mO(E)+ (13)

Following, IGNF(E) was determined for various phosphor
materials. Phosphor samples were supplied in powder form
by Derby Luminescent Ltd. (Code No.1510) and by Riedel de
Haen-Lumilux Ltd. (Code No. 54009). The frequency distri-
bution of E,, P(E,), of the phosphor was obtained as previ-
ously described. The intrinsic conversion efficiency, nc, was
taken from literature [17,21-26].

2 Results and discussion

In Fig. 1 the normalized spectra, P(E}), of various phos-
phors are presented. It can be seen that YVO4:Eu®* and
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Table 1. The intrinsic conversion efficiency (nc), energy gap (Ey), relative
fluctuation of the emitted optical photon energy, S(E;)/E; and the mean
optical photon energy (E}), of the phosphors used in this study

Phosphor Efficiency (nc) Eg/eV S(E;) /E)L E, / eV
Y,03:Eu’t 0.095 5.6 0.045 2.02
YVOy4:Eut 0.070 8.0 0.020 2.00
Lay0,S:Tb 0.180 44 0.056 2.26
Y,0,S:Tb 0.180 4.6 0.154 2.66
Gd0,S:Tb 0.190 4.5 0.142 2.46
CsI:Na 0.110 6.4 0.416 2.94

Y,05:Eu*t emit a narrow line around 620 nm. On the other
hand CsI:Na has a broad emission spectrum ranging from
300nm to 620nm. The other phosphors emit with sev-
eral peaks. The relative probability of emission of their
secondary peaks, with respect to their major peak is ei-
ther high (for example Y,0,S:Tb), or low (for example
LazostTb).

In Table 1 the intrinsic conversion efficiency, nc, the en-
ergy gap energy, E,, as well as the relative fluctuation of the
emitted optical photon energy, (S(E3))/E}, and the mean op-
tical photon energy E, are listed. (S(E,))/E; and E, were
calculated by using (8) and (9). E, and E,, were determined
from the corresponding spectrum (Fig. 1). The values for nc
and E, were obtained from the literature [3, 12].

In Table 2, (S(mo(E)))/(mo(E)) values are presented for
various energies E (5, 15, 45, and 60 keV). The values on
the left in each cell of the table correspond to 8 = 1.5 [15],
whereas the values on the right to 8 = 2.8, which is experi-
mentally determined [12].

It can be seen that (S(m,(E)))/(mo(E)) varies with en-
ergy, for energies up to 15keV for all phosphors. Above
15 keV the corresponding changes are minimal for Y,0,S:Tb,
Gd,0,S:Tb and Csl:Na phosphors. This is expected, since
(12) is affected by the relative fluctuation in the emitted
light photon energy, as well as by the relative fluctuation
in the number of electron—hole pairs absorbed in the lumi-
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Fig. 1. The frequency distribution func-
tion of the emitted optical photon en-
ergy for Csl:Na, Y,0,S:Tb, Cd,0,S:Tb,
La,0,S:Tb, YVO4:Eu’, and Y,03:Eu**

wavelength (nm) phosphors
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Table2. The coefficient of variation of

phOSphOI‘ intrinsic gajn,(S(mo(E)))/ﬁo(E), Phosphor Y2033EuSJr YVO4ZEu3+ LaZOZS:Tb Y20252Tb Gd2OQSZTb Csl:Na

for various phosphors and energies. Values Energy /keV

to the left correspond to B = 1.5, whereas

values to the right correspond to = 2.8 5 0.110, 0.103  0.144, 0.137  0.085, 0.078  0.167, 0.163  0.153, 0.150 0.431, 0.427
15 0.073, 0.070  0.085, 0.081  0.069, 0.066  0.159, 0.158  0.146, 0.145 0.424, 0.423
45 0.056, 0.054  0.052, 0.049 0.063, 0.062 0.156, 0.156  0.143, 0.143  0.422, 0.422
60 0.053, 0.052  0.046, 0.044  0.062, 0.062 0.156, 0.156  0.143, 0.143  0.422, 0.422

nescent center and yield light photons. For low energies,
fewer electron-hole pairs are created, characterized by in-
creased relative fluctuation of X. (S(mo(E)))/(mo(E)) is
more affected by these fluctuations than the corresponding
fluctuations on the optical photon energy, especially for phos-
phors characterized by a narrow spectrum.

In the case of absorbed X-ray energies above 15keV,
the number of electron—hole pairs contributing to light emis-
sion per absorbed X-ray is large. This accounts for decreased
relative fluctuations in X. Therefore the relative contribu-
tion of the fluctuations in the optical photon energy, Ej, in
(12) is relatively increased, as the fluctuation in the num-
ber of electron—hole pairs is decreased with increasing X-ray
energy.

It can be seen from Tables 1 and 2, that phosphors
that are characterized by a broad spectrum, P(E;) and
high (S(E,))/E, value (i.e. Csl:Na), present high
(S(mo(E)))/(mo(E)) in all energies. Furthermore phos-
phor materials with optical spectra containing three or four
main, with high relative frequency, characteristic peaks
(for example Y,0,S:Tb and Gd>O,S:Tb) also exhibit high
(S(E;))/E, values and subsequently (S(m,(E)))/(mo(E))
high for all energies. The two Eu’* activated phosphors
studied in this work, YVO4:Eu?* and Y,05:Eu?*, are char-
acterized by narrow-band optical spectra and may well be
considered “monochromatic”. As they are characterized by
lower (S(E)))/E; than other phosphors (see Table 1), they
exhibit lower (S(mo(E)))/(mo,(E)) values for all energies.
However for low energies these phosphors are more af-
fected by the relative fluctuations of X, which can explain
the higher value of (S(mo(E)))/(mo(E)) as compared to
LazostTb.

In Table 3, IGNF(E) values are presented for various en-
ergies E (5, 15, 45, and 60keV). The values on the left in
each cell of the table correspond to § = 1.5 [15], whereas the
values the right correspond to 8 = 2.8, which is experimen-
tally determined [12].

IGNF(E) values for the narrow-band-emitting phosphors
(Y203:Eu’t and YVO4:Eu’"), are very close to unity, for all
the energies considered, due to their low (S(E;))/E, values.
The same holds for LayO,S:Tb, which is also character-
ized by low (S(E3))/E). Gd20,S:Tb and Y,0,S:Tb, which
both have higher (S(E,))/E, values, are characterized by
higher IGNF(E), ranging from 1.025 to 1.020. CsI:Na, which

has a broad frequency distribution function and a higher
(S(E,))/E, value, has an IGNF(E) value ranging from 1.18
to 1.177, which is the highest obtained in this study. The
calculated IGNF(E) values for Gd,0,S:Tb, Y,0,S:Tb and
Csl:Na phosphors exceeds by 2% to over 17% the corres-
ponding factors of the existing theoretical models of quantum
noise where, IGNF(E) = 1. The observed differences can be
attributed more to the frequency distribution function of the
emitted optical photon energy and less to the absorbed X-ray
energy.

By comparing Tables 2 and 3 it may be observed
that (S(mo(E)))/(mo(E)) values are more dependent on
the absorbed X-ray energy, for all phosphors, except for
Gd;0,S:Tb, Y,0,S:Tb, and Csl:Na for high energies. Thus
(12) could be used in addition to IGNF(E) to characterize
IGNF(E) dependence on absorbed X-ray energy.

3 Conclusion

An alternative expression of the intrinsic-gain fluctuation of
phosphor materials excited by medical X-rays, which takes
into account the process of electron—hole pair conversion
to optical photons and the frequency distribution function
of the emitted optical photon energy has been presented.
This expression, which is the coefficient of variation of the
phosphor intrinsic gain, accounts for the relative fluctuations
of the gain with respect to its mean value. Subsequently,
the influence of the gain fluctuations on quantum noise, by
means of IGNF(E), was expressed in terms of this coeffi-
cient of variation and was calculated for several phosphors.
For all medical X-ray energies, phosphors having a low
value corresponding to their relative fluctuation of the emit-
ted optical photon energy, (S(E3))/E,, were found to have
an IGNF(E) approximately equal to 1. On the other hand,
in phosphors with high (S(E,))/E, values, IGNF(E) was
found to exceed by 2% to over 17% the corresponding fac-
tors of the existing theoretical models of quantum noise,
where IGNF(E) = 1.

Acknowledgements. This study is dedicated to the memory of Prof. G.E. Gi-
akoumakis, leading member of our team, whose work on phosphor materi-
als has inspired us to continue.

Table 3. Intrinsic-gain noise factor, IGNF(E),

for various phosphors and energies. Phosphor  Y,03:Eut  YVO4Euw’t  Lay0:S:Tb  Gdy058:Tb  Y,0,S:Tb Csl:Na

Values to the left correspond to 8 = 1.5, Energy /keV

whereas values to the right correspond to

B=28 5 1.008, 1.006  1.015, 1.013  1.005, 1.004 1.021, 1.020  1.025, 1.024  1.181, 1.179
15 1.004, 1.003  1.005, 1.005 1.004, 1.004  1.020, 1.020 1.024, 1.024  1.178, 1.177
45 1.003, 1.003  1.002, 1.002  1.004, 1.004  1.020, 1.020  1.024, 1.024  1.177, 1.177
60 1.003, 1.003  1.002, 1.002  1.004, 1.004 1.020, 1.020  1.024, 1.024  1.177, 1.177
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