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Efficiency in the use of detectors with threshold energy discrimination of radiation (“threshold detectors™) for
improvement of contrast in X-ray images in quasimonochromatic X-rays is considered. The threshold detectors would
allow to eliminate registration of X-rays with energy below of the energy of incident monochromatic X-ray beam.
Therefore, incoherent scattered photons will not be registered and contrast will be increased and/or total dose may be

reduced.
PACS: 95.55 Ka; 41.50+h; 41.60-m

1. INTRODUCTION

In X-ray imaging, one of the topical problems is the
improvement of image contrast. A high-contrast X-ray
image can be obtained by excluding from the image a part
of photons scattered by the irradiated object, which
represent an interfering background in the formation of
the image and necessitate an increase in the radiation
dose.

One of the possible ways of decreasing the portion of
scattered photons in X-ray imaging lies in the use of
detectors with threshold energy discrimination of
radiation (“threshold detectors™). This possibility stems
from the fact that the photon incoherently scattered by
free electrons gives a part of its energy to the electron.
Therefore, if the initial quantum beam is monochromatic,
then the incoherently scattered photons arriving at the
detector will have the energy lower than the energy of
ballistic (unscattered) photons, and the part of these
scattered photons will be cut off by the threshold detector.
A certain part of incoherently scattered photons will also
be cut off through energy discrimination in the case,
where the primary X-ray beam is quasimonochromatic.
These quasimonochromatic X-ray beams may be
produced, for example, by using the parametric X-ray
radiation (PXR) or the coherent bremsstrahlung (CB).

Below we give the estimated percentage of X-ray
quanta scattered in the irradiated sample that may be
eliminated from the X-ray image owing to their energy
discrimination. Numerical calculations were performed
for different initial X-ray beam energies as functions of
quantum energy spread in the initial beam, and also, of
the accuracy of energy discrimination (energy resolution
of the detector).

2. ESTIMATION OF THE NUMBER OF
INCOHERENTLY SCATTERED PHOTONS
ELIMINATED FROM THE X-RAY IMAGE

The cross section for incoherent scattering of
photons by atomic electrons is generally presented as a
product of two multipliers [1]. As a first multiplier, we
use the Klein-Nishina cross section. The second
multiplier is called the incoherent scattering function

S =1-exp(=5v) [1, 2]. Take into account value of v [1],

the differential cross section of incoherent scattering by
the atomic electron can be approximately estimated by the
formula:

KN

do, do. I a 0
£ xS —exp| —456 Y4—— Yin— L (1)
dQ  dQ z 2| B

If the photon is scattered through the angle 6 from the
initial direction, then its energy varies by the following
value:

AEV=Ey[1—1/[l+a(l—cost9)]]. ()

The ratio of the number of primary photons scattered
through the range of angles 6s < 8 < 90° to the total
number of photons incoherently scattered to the forward
semisphere will equal the ratio of the corresponding

integral cross sections:
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If the energy resolution of the threshold detector
(accuracy of energy discrimination) permits the separation

between photons of energy £, and photons of energy £

y-OE , then formula (3) with the lower limit of
integration s equal to

6 = arccos I—AE‘-Pn@c2 /[Ey k-(Ey —AE)]] , @

will determine the percentage of incoherently scattered
photons having the initial (monochromatic) energy E,,
which will be cut off from the X-ray image by the
threshold detector having the energy resolution 4E.

We now consider how the energy spread in the X-ray
beam influences the scattered-photon cutoff efficiency by
the threshold detector. Let the X-ray beam not be
monochromatic, while the quantum energy distribution in

the beam is uniform from the minimum energy £ ymin tO

the maximum energy £ =E

y max y min
threshold of the X-ray detector is tuned to the energy
E,=E
the detector.

Let us denote the number of quanta incoherently
scattered to the forward semisphere and having the energy

E <E, by N/ (ES<E
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photons incoherently scattered to the forward semisphere
by N,,.(0 < 90") . The ratio of these values
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B,=N,(E, <E, )/N 6<90) (5)

determines the percentage of incoherently scattered
photons excluded from X-ray imaging by the threshold
detector having the energy resolution AE, when the
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primary X-ray beam has the energy spread from £, to
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The B, values can be calculated by
integrating the numerator and the denominator in formula

(3) over Ey with a variable limit of integration &5 (4).

The results of numerical calculations of
B, (AE,AEV,Eymin) for three values of the initial X-ray
beam quantum energy (25.5, 50 and 120 keV) and for
different beam energy widths AE y are shown in Fig. 1. In

our calculations we have used Z=8 in formula (4), this
corresponding to the basic weighting factor in different

tissues, blood and cerebrum of man [3].
1

‘aE

S 195 kev
- 150 keV
- 125keV
- 10 kev
- 075 keV

8 a) Emn =25.5keV
0.8f.>7

- 050 keV
- 030 keV
- 015 keV
- OkeV -

0{oE aF B )
o
[=2]
(&)
N WNE
i

E
9 b) E =50 keV A5

0.8 ¥7

0.6

Dt(AE’ AEV' Evmin)
5

04> 3

/
/

0.2
0

o
[$2]
[N
=
a1

2 2.5 3 35 4
AE, keV
1

9 C)E =120keV v
0.8[

0B AE B )

0452 .

1
2
3
4
0.6 .5 5 -
6
7
8
9

/
W
i
/
I

e —
2 4 6 8 10 12 14 16
AE, keV

Fig. 1. The relative number of incoherently scattered photons
cut off from the X-ray image versus the energy resolution AE of
the detector. The plots are given for different energy spread
values in the initial X-ray beam AE,: a) E,u, = 25.5. keV,

b) Eynin= 50 keV, ¢) Eyuin= 120 keV

0.2
0

The analysis of data presented in the figure shows the
application of threshold detectors for X-ray imaging to be
most efficient in the case of using the X-ray radiation
beams of energies higher than 50 keV. The detector that
forms the X-ray image must have the energy threshold
close to the initial photon beam energy. For example, in
the digital radiography with the application of CCD
matrices it appears possible to image only with the use of
those photons registered, whose energy exceeds a certain
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threshold value. For threshold detectors with the 2.5 keV
energy resolution and for X-ray beams with an energy
spread of + 1 keV, about 85% of background (Compton)
photons will be rejected from the image.

One of the interesting variants of threshold detector is
a common X-ray film. It is just the radiation absorbed in
silver halide (AgBr) that mainly forms the X-ray image.
The X-ray quanta of energy slightly higher than the K-
edge (13.470 keV for Br and 25.5165 keV for Ag) are
absorbed nearly 2.5 times more intensively than the
photons having the energy slightly lower than the K-edge.
In other words, if we use a monochromatic initial X-ray
beam of energy equal, e.g., to 25.52 keV, we shall
automatically obtain the image on the film, where the
scattered photons will be essentially suppressed.

In fact, the X-ray film is a threshold detector with an
accuracy of discrimination AE = 8.6 eV (full width at half
height of K-line of silver). Therefore, if the primary X-ray
beam (e.g., PXR) has the energy spread, e.g., from 25.52
to 25.82 keV, then ~ 90% of photons incoherently
scattered in the sample will fall into the region of a lower
absorption of photons in the photoemulsion (see Fig. 1).
Considering that these 90% of photons will be absorbed
in the photoemulsion by a factor of 2 worse than the
remaining 10%, the percentage of incoherently scattered
photons eliminated from the X-ray image is estimated to
be ~ 45%.

Thus, by using quasimonochromatic X-ray quantum
beams of energy slightly higher than the absorption K-edge
in silver (25.52 keV) it is possible to increase the image
contrast of a common X-ray film.

3. CONSIDERATION OF COHERENTLY
SCATTERED QUANTA

It has been demonstrated above that the application of
threshold detectors may cut off 45 to 85% (and more) of
photons incoherently scattered in the sample under
irradiation. However, the incoherently scattered photons
make up only a part of the total number of scattered
(coherently and incoherently) photons that deteriorate the
X-ray image contrast. In the coherent interaction of the
photon with the atom of substance it is only the direction
of photon motion that changes, but the photon energy
remains unchanged. Therefore, these scattered photons
cannot be cut off by the threshold detector.

The B, ratio of the number of incoherently
scattered photons eliminated from the image to the total

number of scattered (coherently and incoherently)
photons is equal to
Bu BN, AN, +N) | Q)

where N, N

inc 3 c

denote, respectively, the number of
photons scattered incoherently and coherently to the
forward semisphere (falling on the detector), B is the

percentage of incoherently scattered photons excluded by
the threshold detector from X-ray imaging.

Taking into account that more than three fourths of
coherent scattering acts occur at angles smaller than the

characteristic angle 6, = 2arcsin’ 0.0262" 3(mc2 / Ey)]



([1]) and that no less than a half of incoherently scattered
photons is scattered to the forward semisphere, for the

lower limit of the N, / (N, +N,) ratio we shall have
Ninc /(Ninc + Nc) = a-im‘ /(O-inc + 20-L) > (7)

where O, ,
incoherent and coherent scattering, respectively, for the
given substance and given energy of the initial X-ray

beam.

o, are the total effective cross sections for

To calculate the N, / (N, +N.) ratio, we have used
the database and approximation algorithms of the XCOM
program [4]. Figure 2 shows the N, / (N, +N.) values
versus the X-ray beam energy. The calculation was
performed for different irradiated objects such as water,
skeletal muscles and mamma of man, quartz, stainless
steel and gold. The stoichiometric composition of skeletal
muscles, the mammary gland and cortical bone adult
was taken from ref. [3].
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Fig. 2. The ratio of the number of photons scattered
incoherently to the forward semisphere to the total number of
photons scattered to the forward semisphere versus the energy
of X-ray beam: 1 — water, 2 — mammary gland, 3 — skeletal
muscles, 4 - cortical bone adult, 5 — stainless steel, 6 — gold
From the data presented in the figure 2 it can be seen that
at a photon energy of the primary X-ray beam higher than 70
keV, more than 90% of the photons coming to the detector,
which were scattered from such objects as water, skeletal
muscles, or the mamma, are the incoherently scattered
photons. These photons can be cut off by means of a
threshold detector. For example, if the mamma is X-rayed
with the X-ray beam of energy of ~ 120 keV and with an

energy spread of + 1 keV, then up to 85% of incoherent
photons can be cut off from the image, if a threshold detector
with the 2.5 keV accuracy of energy discrimination is used
for image registration. This will make about 80% of the total
number of non-ballistic photons. This result makes it
possible to improve considerably the image contrast, and, as
a consequence, to reduce the radiation dose for the patient.
Similar estimates hold for any irradiated objects, whose main
composition by weight is made up by light elements. The use
of threshold detectors for imaging from substances, whose
main composition by weight is determined by heavy
elements, will not be so effective because of a substantial
part of coherently scattered photons.

4. CONCLUSION

The use of detectors with an energy threshold
discrimination of the radiation registered may substantially
improve the contrast of X-ray image due to the cutoff of a part
of incoherently scattered photons. The number of incoherently
scattered photons eliminated from the image is determined by
the energy resolution of the detector and by the characteristics
of the initial X-ray beam (energy and energy resolution), and
may make up to 80% of the total number of non-ballistic
photons in the case of imaging from the samples, whose main
composition by weight is determined by light elements. The
image contrast of a common X-ray film may also be improved
by applying quasimonochromatic X-ray quantum beams of
energy slightly higher than the absorption K-edge in silver
(25.52 keV). PXR- and CB-based sources may be used as
energy-readjustable quasimonochromatic X-ray beams [5].
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INPUMEHEHME ITIOPOI'OBBIX JETEKTOPOB JIJISA YBEJINYEHUSA KOHTPACTHOCTHU
PEHTTEHOBCKHX U30BPAKEHUI
B.B. Comnukos, B.A. Bopouko, A.B. Illlazun, B.M. Canun
PaccmarpuBaetcst 3p(heKTUBHOCTb MIPUMEHEHUSI JETEKTOPOB C MOPOrOBON NUCKPUMMHALUEH PETHCTPUPYEMbIX U3ITydEHUI
(“IOpPOroBBIX AETEKTOPOB”) [UIS YBEJIUYEHHS KOHTPACTHOCTU PEHTITEHOBCKUX WU300paKeHUH, MOIY4aeMbIX C IIOMOLIbIO
KBAa3UMOHOXPOMAaTHYECKHX PEHTTCHOBCKUX IIy4KOB. IlOpOroBble NETEKTOPHl IMO3BOJIAIOT OTCeYb U3  (HOPMHUPYEMOTO
PEHTI€HOBCKOT0 U300pa’KeHUs] HEKOT€PEHTHO paccesiHHbIe (OTOHBL, M TEM CaMbIM YBEJIUYUTh KOHTPACTHOCTh U300paXKeHUS
W/WIHA YMEHBIIUTD 03y 00JTy4eHusl.
3ACTOCYBAHHA I'PAHUYHUX JETEKTOPIB JJ1A 35VIBIIEHHA KOHTPACTHOCTI
PEHTTEHIBCBKUX 30BPAKEHD
B.B. Comnukos, B.O. Bopouko, A.B. Ill]azun, B.M. Canin
Po3rnsanaerbcst eeKTUBHICTh 3aCTOCYBaHHA IETEKTOPIB i3 I'PaHMYHOK NUCKPHMIHALIEI0 BUIPOMiHIOBaHb (“TpaHUYHUX
JNETeKTOpiB”) Uil 30UIbIICHHS  KOHTPACTHOCTI  PEHTTCHIBCHKUX  300pa)KeHb, OJICPXKYBaHHX 3a  JIOTIOMOTOIO
KBAa3UMOHOXPOMAaTUYHUX PEHITCHIBCBKUX IMydkiB. ['paHudYHi JETEKTOpH MAO3BOJIAIOTH BiMITHYTH 3 (OPMOBAHOTO
PEHTIEHIBCHKOI'O 300pa)K€HHSI HEKOTE€PEeHTHO PO3CisfHI ()OTOHM, i TUM caMuUM 30LIBLUINTH KOHTPACTHICTH 300paxkeHHs i/a00
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3MEHILINUTH 7103y OIPOMiHEHHS.
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