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= Abstract=

A scanning slot digital mammography system using a plastic scintillating fiber screen (SFS) is cur-
rently being developed. To improve the x-ray interaction efficiency and absorption efficiency of an
SFS, high Z elements can be added into the scintillating fiber core. In this paper, we investigated
theoretically the zero spatial frequency detective quantum efficiency, DQE(0), and modulation transfer
function, MTF(f), of three 2 cm thick SFSs made of polystyrene, polystyrene loaded with 5% by
weight of lead, and polystyrene loaded with 10% by weight of tin scintillating fibers. X-ray interaction
efficiency, scintillating light intensity distributions and line spread functions were generated using Monte
Carlo simulation. DQE(0) and MTF(f) were computed for x-ray energies ranging from 15 to 50 keV.
Loading high Z elements into the SFS markedly increased the DQE(0). For x-ray energies used for
mammography, DQE(0Q) values of both high Z element loaded SFSs are about a factor of three higher
than the DQE(0Q) of an Min-R screen. At mammographic x-ray energies, MTF(f) values of all three
SFSs are greater than 50% at 25 Ip/mm spatial frequency, and were found to be dominated by the 20
pm individual scintillating fiber diameter used. The results show that both high DQE(0) and spatial
resolution can be achieved with the high Z element loaded SFSs, which make these SFSs attractive for
use in a scanning slot detector for digital mammography.
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Modulation transfer function.

INTRODUCTION

Current designs of scanning slot detectors for digi-
tal mammography use Gd;0.S : Tb rare earth phos-
phor screen optically coupled to charge-coupled devic-
es (CCD)Y" 2, The two main limitations of these de-
tectors stem from the use of this phosphor screen.
. First, using a phosphor screen coupled to CCDs will
inevitably reduce the spatial resolution compared to
the modern mammography screen-film combination,
for which a single emulsion film is used in combina-
tion with a single back-intensifying screen. Second,
the afterglow «(slow scintillation decaying component)
Gd,0,S : Tb phosphor reduces these

scanning slot detectors’ modulation transfer function,

nature of the

MTF(f), where f is the spatial frequency.

A possible approach is to use a plastic scintillating
fiber screen (SFS) as the x-ray-to-light converter in
a scanning slot detector for mammography. An SFS
is composed of individual plastic scintillating fibers
fused together with their axes aligned to the direction
of the incident x-ray beam. Because the scintillation
light dispersion is limited to the individual fiber diam-
eter, a relatively thick SFS can be used to increase
its x-ray interaction efficiency without degrading spa-
tial resolution. The scintiliation decay time of a plas-
tic scintillator is only a few nanoseconds which guar-
antees no loss of MTF(f) when an SFS is used in a
scanning detector. In this paper, we investigated the

effect of loading high Z elements including tin and
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lead on the zero spatial frequency detective quantum
efficiency, DQE(0), and MTF(f) of the plastic SFSs.

THEORY

1. Zero spatial frequency detective quantum effi-
ciency

Noise due to the x-ray conversion processes within
an x-ray detector based on the phosphor screens has
been characterized by the Swank factor, A¢”. Calcula-
tion of Ags can be performed from the phosphor
screen scintillation light output intensity distribution
when x-rays of monoenergetic energy incident on the
phosphor screen” ™. In an SFS, emitted scintillation
light is collected and transmitted to the SFS output
due to the total reflection principle. The number of
light photons exiting the SFS is proportional to the
total number, N, of light photons emitted per
absorbed x-ray, and is independent on the depth of
x-ray Interaction within the SFS. In this study, the
emitted light intensity distribution, P(N), was there-
fore used to obtain the Swank factor as given by".

2

As:‘—‘L (1)

mym,
where the 7th moment of P(N) is defined as

N

max

m, = % P(N)N' (2)

For monoenergetic incident x-ray energy, it has
been shown that the zero spatial frequency detective
quantum efficiency, DQE(0), of a phosphor screen is

4).6)

given by
DQE(O) = 77‘As (3)

where 7 is the x-ray interaction efficiency, which
is the fraction of incident x-rays which interact with-

in the phosphor screen.
2. Modulation transfer function

Two stages In the image formation using an SFS
determine the screen spatial resolution. First, x-ray
interactions with the SFS include Compton scattering,
coherent scattering, and photoelectric effect. An inci-

dent x-ray undergoes single or multiple interactions

A 2%, 1996

before being totally absorbed or scattered out of the
SFS. This leads to the spread of incident x-ray ener-
gy deposition from the primary interaction site. Sec-
ond, the emitted light is collected by the scintillating
fibers and transmitted to the SFS output side. The
MTF(f) of an SFS, MTF(f), is therefore given by

MTFs(f) = MTFe(f) -MTFo( ) (4)

where, MTF:(f) 1s the spatial resolution of the in-
cident x-ray energy spread, and MTF(f), optical
MTF, is the spatial resolution of the scintillation light
spread. For an SFS made of uniformly packed scintil-
lating fibers of same diameter, d, MTF,(f) is given
by

sin{z:f-d)

MTF(f) = 250

(5)

METHODS

1. Plastic scintillating fiber screens

A schematic of a slot shaped plastic scintillating
fiber screen (SFS) designed for mammography is
shown in Figure 1. Plastic scintillators have much
lower x-ray interaction cross sections than phosphor
screens used for mammography. In order to produce
a high x-ray interaction efficiency, the thickness of a
plastic SFS should be maximized. To take account of
the parallax effect as a result of this relatively larger
thickness, the fiber axes are arranged to be parallel
to the direction of the incident x-rays, as shown in
Figure 1.

At mammographic x-ray energy range, adding a
small amount of high Z element into the plastic scin-
tillating fiber core material not only improves the
SFS x-ray interaction efficiency, but also increases
the SFS photoelectric effect cross section. However,
addition of the high Z elements in the plastic scintilla-
tor also leads to a decreased scintillation light output
(or quenching). In this study, the imaging properties
of two high Z element loaded SFSs were compared to
that of a pure polystyrene (PS) based plastic SFS,
SFS:PS. One SFSs contains 10% by weight of tin el-
ement in its scintillating fiber core material, SFS:Sn.
The other is loaded with 5% by weight of lead, SFS:
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Fig. 1. A parallax corrected, slot shaped plastic scintilat-
ing fiber screen (SFS)

Pb. The energy conversion efficiency, g, of all three
SFSs is 4.5%. There is an 15% light loss (L) due to
the reabsorption of the scintillating dye in each SFS.
The fraction, q, of the scintillation light lost due to
quenching is 20% for both high Z element loaded
SFS¢™#. All three slot shaped SFSs investigated were
2cm in thickness, 0.8cm wide and 20cm long. The di-
ameter, ¢, of the scintillating fibers used was 20 m.

2. Monte Carlo simulations

In all simulations, monoenergetic x-rays from a
point source were normally incident on the SFS.
Three x-ray interaction processes with the SFSs were
included : Compton scattering, coherent scattering, and
photoelectric effect. Scattered x-rays can either inter-
act again in a remote location within the SFS, or es-
cape without being absorbed. For tin and lead loaded
SFSs, characteristic x-rays could be emitted following
photoelectric interactions. The Compton recoil elec-
trons, photoelectrons and Auger electrons were as-
sumed to deposit their energies in the x-ray interac-
tion sites. X-ray Interaction efficiency, 7, was com-
puted as the ratio of the number of incident x-rays
interacted within the SFS to the total number of inci-
dent x-rays (history) used for each simulation.

In the Swank factor analysis, total x-ray energy
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Fig. 2. X-ray interaction efficiency for three SFSs and for
a Kodak Min-R screen

deposited, Ed, from each interacted incident x-ray
was generated. Ed varies due to the variation In the
x-ray absorption processes. For each Ed, the average
number of light photons emitted, N, is given by

N=e (1-L)- (1-0) - 5oy O

We took the wavelength of all emitted light pho-
tons to be 530 nm (2.34 eV). The conversion from
Ed to the number, N, of light photons emitted is also
a random process which is described by a Poisson
distribution with mean equals to N. In the simulation,
for each N computed using equation (6), N was gen-
erated using the rejection sampling method”. The
resultant emitted light intensity distribution, P(N),
was used to calculate the Swank factor using equa-
tions (1) and (2).

The point spread functions, PSFy, of the spread of
x-ray energy deposition were generated for monoen-
ergetic x-ray energies from 15 to 50 keV. The SFS
was divided into a two dimensional array composed
of squares of 5 size. Total energy deposition, E, |,
inside a square centered at (x, y,) from the normally
incident pencil beam of x-rays was calculated. By
definition, we have PSF. = E,,. The line spread func-
tion, LSF, of this deposited energy spread was calcu-

lated by integrating the point spread function in one
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Fig. 3. Emitted light intensity distributions for three SFSs at (a) 20 and (b) 50 keV x-ray energies

dimension. LSF, is therefore given by

LSF, = SV E., )
MTF, was obtained from the modulus of the Fou-

rier transform of the LSFi.
RESULTS AND DISCUSSION

1. Zero spatial frequency DQE

1) X-ray interaction efficiency

The x-ray interaction efficiency is shown in Figure
2 as a function of Incident x-ray energy for the
three SFSs and a Kodak Min-R screen.!” Loading
high Z elements into a plastic SFS significantly im-

proved its x-ray interaction efficiency. X-ray interac-

tion efficiency of SFS:Sn or SFS:Pb was higher
than the x-ray interaction efficiency of the Kodak
Min-R screen.

2) Swank factor

Figures 3(a) and 3(b) show the emitted light inten-
sity distributions, P(N), for the SFSs at 20 and 50
keV x-ray energies. P(N)s of the SFS:PS are
always composed of a photopeak and a Compton con-
tinuum. P(N)’s of the high Z element loaded SFSs
are dominated by the photopeak. The photopeaks of
the high Z element loaded SFSs shift to a smaller N
value than that of the SFS:PS photopeak. This is
due to the quenching of scintillation light by the
addition of high Z elements in the SFS.

Figure 4 shows the calculated Ag of the SFSs as a

function of incident x-ray energy. The measured Ag
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Fig. 4. Swank factor, A, as a function of incident x-ray
energy for three SFSs and an Min-R screen

MTF ()
<
o

0.65 [

0.60 - e

0.55

55 - 3
L ]

0.50 SN L : [P T E—" L _,._;A_J
2

0 5 10 15 20

Spatial Frequency. f (Ip/mm)

Fig. 6. MTF,(f) for an SFS with individual fiber diameter
of 20um

of an Min-R screen'” is also shown in Figure 4. Ag
of the SFS : PS decreases quickly as x-ray energy in-
creases which is due to the reduced photoelectric in-
teraction cross section with increasing incident x-ray
energy. Because P(N)’s of SFS:Pb are dominated
by the photopeak, Ag of the SFS:Pb is close to
unity from 15 to 50 keV. At x-ray energies below
the tin K-edge (29.2 keV), Ag of the SFS:Sn is
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Fig. 5. DQE(0) plotted as a function of incident x-ray
energy for three SFSs and an Min-R screen

also close to unity. Although it drops abruptly just
above the tin K-edge, As of SFS: Sn increases as
x-ray energy increases further. The results show that
Swank factors of both the SFS : Pb and SFS : Sn are
significantly higher than that of an Min-R screen.

3) Zero spatial frequency DQE

Figure 5 shows the DQE(0) as a function of inci-
dent x-ray energy for the three SFSs. The DQE(0)
of an Min-R screen is also shown in Figure 5. Load-
ing high Z elements significantly improves the DQE
(0) of the plastic SFS. DQE(0) of the SFS : Pb rang-
es from about 99% to 62% from 15 to 50 keV, and
is primarily determined by its x-ray interaction effi-
ciency. DQE(0Q) of the SFS : Sn is greater than 80%.
In the 20 to 30 keV x-ray energy range, DQE(Q) of
the high Z element loaded SFSs is a factor of three
higher than the DQE(0) of the Min—-R screen.

2. Modulation transfer functions

1) Optical MTF

Figure 6 shows the MTFy(f) for an SFS made of
scintillating fibers of 20zan diameter. MTF,(f) values
are 0.98, 0.93, 0.85 and 0.75 at 5, 10, 15 and 20 lp/
mm, respectively.

2) Energy deposition line spread function

Figure 7 shows the calculated LSF curves at 20,
35, and 50 keV incident x-ray. The major difference

—169—



Gad el

L

LSF

0

-10

Distance in units of 5 um

3)A A 174, A 23, 1996

100 grryrr
SFS:Sn I

TTTTTT T T

10

SRR mREAL b

Distance in units of 5 pm

—— 20 keV

—— 35keV |

L 50 keV :

Fig. 7. LSF, curves plotted for three SFSs at 20, 35 and 50 keV incident x-ray energies

in the LSF; curves of the three SFSs is shown in the
tails of these curves. LSF. of the SFS : PS shows lit-
tle dependence on the incident x-ray energy, and has
the smallest spread among the three SFSs. The rea-
son is that scattered x-rays carry most of the inci-
dent x-ray energy and has the highest probability to
escape in"the SFS : PS. For SFS : Pb, the tall in its
LSF:. curve becomes smaller as the x-ray energy in-
creases. This is mainly due to the increased energy
transfer to the photoelectrons which deposit their en-
ergies at the primary interaction site. LSFy of SFS :
Sn at 20 keV is better than the LSFy; of SFS: Pb at
all incident x-ray energies. However, the reabsorption
in the
resultant LSF; at 35 keV x-ray energy. Similar to
the SFS : Pb, the tail in the LSF; of the SFS: Sn at
50 keV is smaller than at 35 keV.

It was noted that the assumption of electrons de-

of tin K x-rays causes large degradation

positing their energies in the x-ray interaction sites is
reasonable for Compton recoil electrons (less than 9
keV electron energy) and Auger electrons. However,
the energy of the photoelectron increases with in-
creasing x-ray energy at incident x-ray energies
greater than the K- or L-edge of the high Z ele

ments. A 15 keV photoelectron from a 20 keV x-ray
interaction can travel a distance of about 5 g#m be-
fore its energy being completely absorbed. Thus, for
mammographic x-ray energles, the photoelectron
range only has a small effect on the calculated LSF
curves shown in Figure 7.

3) Scintillating fiber screen MTF

Figure 8 shows the MTFs(f) curves of the three
SFSs at 20, 35 and 50 keV incident x-ray energies.
For each SFS, MTFs(f) drops quickly in the range
from 0 to 2 lp/mm due to the spread of x-ray ener-
gy deposition from the primary
Nevertheless, the MTF(f) values of all SFSs remain
high (> 50%) beyond 25 lp/mm and are dominated
by the 20 g#m scintillating fiber diameter used. Table
1 summarizes the MTF(f) values of all SFSs at 5,

10, 15 and 20 lp/mm spatial frequencies at 20 keV

interaction site.

x-ray energy. However, at x-ray energies significant-
ly higher than the K-or L-edges of the high Z ele-
the

high spatial frequency due to the increasing trans-

ments, MTFs(f) values were overestimated at

verse range of the photoelectrons. This effect will be

taken into account in the near future.
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Fig. 8. MTF4(f) curves of the three SFSs made of individual scintillating fibers of 20um diameter at 20, 35, and 50 keV in-

cident x-ray energies

Table 1. MTF4(f) values at 20 keV incident x-ray energy

MTES(f)
f (o/mm) SFS 1 PS 8FS 1 Pb SFS T 8n
5 0.94 0.85 0.93
10 0.90 0.81 0.89
15 0.82 0.74 0.81
20 0.73 0.65 0.72
CONCLUSION
We have investigated theoretically the effect of

loading high Z element, lead and tin, on the zero spa-
tial frequency detective quantum efficiency and modu-
lation transfer function of a slot shaped plastic scintil-
lating fiber screen in mammography. Loading high Z
elements markedly improved the DQE(0Q) of the plas-
tic SFS. DQE (0) of SFS : Pb is primarily determined
by the SFS x-ray interaction efficiency, and is great-
er than 90% for a 2cm thick SFS at x-ray energies
lower than 30 keV. For SFS: Sn, the DQE(0) is
greater than 80% from 15 to 50 keV. The DQE(0)
of a high Z element loaded SFS was found to be

about a factor of three higher than the DQE(0) of
an Min-R screen for mammography. At mammogra-
phic x-ray energies, MTF(f) values of all three SFSs
are greater than 50% at 25 lp/mm spatial frequency,
and dominated by the 20zm scintillating fiber diame-
ter used in this analysis. The addition of high Z ele-
ments in the SFS showed little effect on the comput-
ed MTF(f) compared to the pure plastic SFS at
x-ray energies used in mammography. The use of a
high Z element loaded SFS in a scanning slot detec-
tor has the potential to provide a digital mammogra-
phy system with both high detective quantum efficien-

cy and excellent spatial resolution.
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