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Abstract—Conditions for enhancing image contrast by the digital subtraction of X-ray projections registered
at different spectrum distributions in the energy range of 5-25 keV are considered. An experimental scheme for
recording digital projections based on a 1300 x 1030 detecting array with a pixel size of 6.7 um is described.
It is shown that, when an object isirradiated by polychromatic radiation, the use of aNi filter and aNiCl, con-
trast solution provides results that were previously obtained by subtracting images on monochromatic spectral
lines near the K jump in the absorption of the contrast substance. Schemes for recording color X-ray imagesin
a dynamic mode using semitransparent X-ray monochromators are proposed.

INTRODUCTION

When recording two-dimensional X-ray projections
of inhomogeneous objects, the problem of detecting
low-contrast elements against the background of a
complex image structure usualy arises. An efficient
method for solving this problem is enhancing the con-
trast of the object’s internal elements using a substance
with alinear extinction factor p that significantly differs
from the corresponding parameter of the environment.
This technique is widely used in medicine, where con-
trasting is usually provided with the help of compounds
of heavy elements with atomic numbers Z > 50: |, Ba,
Ta, and Xe [1-4]. In some cases, air or other gases can
be pumped into the cavity [1, 2]. When the volume of
the object under study or an adjacent region between
organsisfilled with agas, theincreasein their volumes
additionally contributes to the improvement of the con-
trast.

Combining the methods of contrasting and subtract-
ing images, which were obtained, for example, before
and after the introduction of a contrast substance[5], is
away to develop this diagnostic technique. This makes
it possible to largely reduce the effect of the superposi-
tion of images of various interna organs and to selec-
tively distinguish contrast structures. The selective dis-
crimination of the structural details being studies is
especially efficient when narrow spectral bands are
used, which are positioned on both sides of the K jump
in the photoabsorption spectrum of the contrast element
[6, 7]. When two detecting systems are used, the projec-
tion schemes [6, 7] dso alow dynamic difference
images to be obtained. The procedure of the dynamic
subtraction of images becametechnically efficient after

putting into practice digital methods for data registra-
tion, image-field discretization, and describing the field
in the form of a matrix. Each element of this matrix
characterizes alocal value of the radiation flux density
transmitted through the object.

However, the methods of recording difference
images with the selection of specified spectral bands
are not widely practiced. Thisis due to the necessity of
using synchrotron sources whose technical parameters
exclude their application in clinical conditions for the
time being [§].

This work shows that the methods developed by us
of the selection of spectral lines using semitransparent
X-ray monochromators (SXMs) [9-12] can be applied
to solving the problem of the dynamic visualization of
difference X-ray images. The practical capabilities of
the difference method will be demonstrated with a pro-
jection scheme based on selective filters and a standard
X-ray tube, which qualitatively imitates the spectrum
transformations obtained using SXMs. In conclusion,
we will compare the difference method to the phase
contrast method.

SEMITRANSPARENT MONOCHROMATORS

A semitransparent X-ray monochromator is a crys-
tal or an artificial periodic structure [9, 10] satisfying
the following requirements: (1) when an SXM is set on
the spectral line A, at the Bragg diffraction angle, the
condition T(A,) =2 0.5, where T(A,) is the transmittance
at the spectral line A,, should be valid and (2) AA < |A,-
Ay <€ Ay, where AM is the spectral band of the SXM-
reflected radiation.
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Fig. 1. Diagrams of systems for spectrum conversion using
semitransparent monochromators by (a) selecting and (b)
mixing spectral lines A, A,, and A5: (S S—S;) sources of
polychromatic radiation; (D) detecting array; (D—D3) pho-
todetectors; (M;—M3) semitransparent monochromators,
and (O) object under study.

As was shown in [13], these requirements can also
be met with the use of a nontransparent crystal plate or
a multilayer structure on a substrate, if the crystal or
substrate have through dlits oriented in a special man-
ner. From the practical point of view, the SXMs meet-
ing the condition

QA1 A) =RA) +T(Ay) > 1 1)

are of greatest interest. Here, R(A,) is the maximum
(peak) monochromator reflection coefficient at the
Bragg angle for theline of A,.

For an SXM made of pyroalitic graphite 4060 um
thick, Q(A;, A,) = 1.1-1.2 was obtained using the
CuK,(0.154 nm) and CuKg (0.139 nm) spectral lines
[9]. In this case, the half-height angular width, caused
by mottling, Aw of the rocking curves was 0.4°-0.6° at
afixed detector position. A further increasein Q(A, A,)
is possible in principle, because, in agreement with the
dynamic theory of X-ray diffraction [14, 15], thereflec-
tion coefficient Rin perfect crystalswith athicknessd ~
10 ymisR~ 1. Then, for A, < 0.1 nm, Q — 2 within
narrow spectral and angular ranges, since the absorp-
tion in monochromators based on Si and other light ele-
ments can be neglected for such avalue of d. However,
the narrowing of the spectral and angular bands|eadsto
a significant decrease in the light-gathering power of
the X-ray optical system, which cannot be justified
from a practical viewpoint in most cases.
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Satisfying condition (1) for two or more SXMs pro-
videsthe possibility of selecting specified spectral lines
from a polychromatic beam using the scheme shownin
Fig. la If the spectrum of a directed polychromatic
beam contains spectral lines A, A,, and A5, then, if the
semitransparent monochromators M,—M, are set at the
corresponding Bragg angles 6,, 8,, and 65, these lines
are directed to detectors D,—D;. The sets of spectral
lineswith wavelengths A,/n, A,/n, and A;/n (n=1, 2, 3,
...) corresponding to different orders of reflection gen-
erally satisfy the Bragg conditions. When the spectra
bands of the second or higher orders of reflection rep-
resent the bremsstrahlung part of the X-ray tube spec-
trum, their intensity can be neglected.

If the SXMs are positioned in arow, the intensity of
the radiation selected from the primary spectrum by the
kth monochromator, which is adjusted to the line A, is

i=k-1

LA = To(A)Re(Ay) |_| Ti(A), ()

wherely(A,) istheintensity of theline A, in the forward
beam.

SCHEMES FOR RECORDING DIFFERENCE
IMAGES

Assume that the detectors D,—D; in the aligned sys-
tem (Fig. 1a) are replaced by sources of polychromatic
radiation S,—S; and the source Sis replaced by a detec-
tor D. Then, if the spectrum of the sources S-S, con-
tains spectra lines A, A,, and A;, after the reflection
from the SXMs M,-M; tuned to the corresponding
Bragg angles 8,, 6,, and 6,, the radiation containing the
aforementioned spectral lines propagates in the direc-
tion of D (Fig. 1b).

Such an approach lying in the reversal of X-ray
beams can be used for creating a projection device for
the dynamic visualization of difference X-ray images
and obtaining color X-ray images.

The practical implementation of the device using the
scheme shown in Fig. 1b requires that the specified
spectral lines be sequentially transmitted through the
object and the projections be registered by a two-
dimensional photodetector based, for example, on a
solid-state detecting matrix. The object isirradiated at
a given spectral line by aternately switching the
sources S—S; on and off. The moments that the data-
acquisition starts and ends are synchronized by a con-
trol computer. If the angular widths of the beams
selected by the monochromators M,—M; are the same,
then the images in different spectral ranges completely
coincide during theregistration of projections. The sub-
traction of the projections obtained at the selected pair
of spectral lines is performed after the digital data are
transferred to the computer.
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In the technically simpler second version, only one
X-ray tube operating in a cw mode is used (Fig. 2).
Therefore, when using pure-metal anodes, only one
pair of the most intense characteristic lines of the K
series can be selected: K, and Kg. The sequential trans-
mission of the specified spectra lines through the
object is then accomplished by alternately shifting an
absorbing screen 2 set up between the source and
monochromators, of which only the monochromator 4
must be semitransparent.

To obtain additional spectral lines, the tube anode
can be coated with a thin film of specified chemical
composition or made compounded from different mate-
rials. If a system of control electrodes, which shifts of
the focus position over the anode plane, is built in the
tube, the absorbing screen becomes unnecessary.

To optimize the noise level, theirradiation durations
At, and At, at the spectral lines A, and A, are selected
from the condition Aty/At, = I'(A))/I'(A,), where I'(A,)
and I'(\,) arethe averageradiation intensitiesat lines A,
and A, after the transmission through the object under
study. The time of obtaining a complete frame of an
image is now limited by the response speed of the pho-
todetector and amounts to 102-10"! s for detectors
based on CCD arrayswith ~10° pixels (seebelow). This
limitation is connected with the procedure of sequen-
tially reading the charges of the CCD array and digitiz-
ing the data. A further increase in the image-frame
readout rate is achieved using detecting matrices based
on metal—oxide—semiconductor complementary struc-
tures. Their prototypes were manufactured by several
companies [16].

When X-ray sources are used, the irradiation time
can be made arbitrarily short if the pulse power is suffi-
ciently high to ensure a specified signal-to-noise ratio
in the recorded image. The minimum pulse duration
obtained experimentally ist, <1 ps under excitation by
femtosecond lasers and using laser—electron sources
[17, 18]. In commercial pulsed X-ray tubes, t, = 10—
100 ns [19]. When pulses from different sources are
synchronized, the spectrum switching time can be ~t,,
which is obviously shorter than the time the photode-
tector takes to read a single frame.

The practical implementation of the schemes con-
sidered above requires homogeneous SXMs with a
comparatively large area. For example, when using a
pyrographite-based SXM, obtaining a beam of asquare
cross section with an area of 1 cm? at the CuK, line
requires amonochromator measuring 1 x 4 cm?. SXMs
with larger areas can be assembled from severa ele-
ments. In order to exclude image blurring, the average
rotation angle [Awlof mosaic blocks must satisfy the
condition

DAwd,<r,, 3)
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Fig. 2. Diagram of the system for recording difference
X-ray images in the dynamic mode with a common source:
(1) X-ray tube; (2) shutter; (3) massive monochromator; (4)
semitransparent monochromator; (5) object under study;
and (6) detecting array.

whereristhe spatial resolution of the detecting system
and |, is the maximum distance from the object’s ele-
ment to the detecting element of the photodetector.

Pyrolitic graphite monochromators were manufac-
tured in the form of films with areas of 4 and 12 cm?
(Optigraph, Moscow) for studies of the local distribu-
tions R(x, y) and Awx(X, y). The average film thickness
was46 and 5 um. The 46-um-thick film wasfixed by its
edges in a U-shaped holder, and the other film was
placed on an optically polished glass plate. The glass
plate was only a mechanical support preventing a
pyrographite warping. Therefore, in practice, the condi-
tion T(A) = 0.5 for an SXM can befulfilled by substitut-
ing beryllium for the glass.

The local characteristics were measured by linearly
scanning the beam 50 um in diameter and rocking the
sample at a stationary position of the photodetector, in
front of which areception slit 1 mm wide was located.
The CuK,, spectral line was selected by a Si(111) sin-
glecrystal.

Figure 3a shows changes in the local value of the
reflectivity R(y, Xo) during linear scanning in the direc-
tion normal to the diffraction plane for an SXM 46 pm
thick (X, isafixed coordinate). The angular dependence
R(w) was measured at fixed y values marked as A, B, C,
and D in Fig. 3aby rocking a sample around the w axis
normal to the diffraction plane. The results of this mea-
surement and numerical processing are presented in
Fig. 3b, where I1* are the normalized values of the inte-
gral sumsunder curves R(w) at positions A, B, C, and D.
Figure 3c shows the angular dependences of the radia-
tion intensity IR(w) reflected by the 5-um-thick film for
three arbitrarily chosen areas. The minimum half-width
Aw of its rocking curves decreases to 4.2' compared to
23.4' for the 46-um-thick film. The angular shifts of the
peaks of the curves R(w) are2.4' and 13.9' for the thin
and thick curves, respectively.
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Fig. 3. Characteristics of SXMs of pyrolitic graphite 46 um thick: (a) local distribution of the reflectivity during linear scanning
with adiaphragm 50 um in diameter; (b) angular dependences of the reflectivity (w-rocking of a sample) under the local irradiation
of regions A, B, C, and D; and (c) angular dependences of the reflectivity (w-rocking of samples) for three parts of a pyrographite
film 5 pum thick.
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These data show that the local changes in R(y) in
Fig. 3aare primarily determined by a shift of the center
of gravity of the reflection curves R(w), since the
dependence R(y) is recorded at afixed angle wy= 65 is
the Bragg diffraction angle for the (0002) graphite
reflection at the CuK,, line. At the maximum and mini-
mum R values at points A and C, respectively, in
Fig. 33, therelative vaue of the difference 12(C) — I%(A)
is 3.5%. This indicates that the main cause of local R
changes is the warping of the pyrographite film during
the manufacture of the SXM. As the film thickness
grows, the turns of mosaic blocks increases in the bulk
of the film. This means that homogeneous SXMs,
which are necessary for obtaining images, can be
obtained by transferring pyrographite onto a thin opti-
cally polished substrate made of a weakly absorbing
material, such as beryllium. The reflectivity can be
increased by using a structure containing several
reflecting layers.

Anincrease in the X-ray flux density, which is nec-
essary for shortening the time required to obtain an
image exposure, can be attained with the help of poly-
capillary half-lenses placed between the radiation
source and the SXM [20, 21].

Hence, the data presented allow us to conclude that
there is currently a technological base for designing
practical schemes for visualizing X-ray images based
on SXMs. The schemesdepictedin Figs. 1band 2 allow
us (@) to combine the images recorded in different
bands of the X-ray spectrum so that they coincide and
(b) to switch the spectrum in a time much shorter than
the characteristic times of periodic processesin biolog-
ical objects (~1 sfor cardiac contractions and 2—4 sfor
an inhalation—exhal ation cycle). This suffices for solv-
ing the formulated problem of recording difference
dynamic images.

Note that the procedure of recording projections
using the schemes in Fig. 1b is formally eguivalent to
the obtainment of color images in the optical band.
Therefore, the color coding algorithms considered, for
example, in [5] can be used for constructing color X-

ray images.

PROJECTION SCHEME WITH REPLACEABLE
FILTERS

The scheme for obtaining difference imagesused in
this study is shown in Fig. 4. The radiation source was
al-kW X-ray tube with a copper anode. Radiation with
an energy <5 keV was filtered due to its attenuation in
air. The spectrum of X raysincident on the sample was
modified by using a Ni (15 pum), Al (40 um), or Cu
(20 pum) foil and also by changing the high voltage at
the X-ray tubein steps between 11 and 25 kV. Introduc-
ing filters provided an attenuation of the hard portion of
the spectrum with an energy exceeding the K edge of
the photoabsorption jump.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES Vol. 46

525

Fig. 4. Experimental system for recording X-ray projections
based on selective filters and a detecting array: (1) X-ray
source; (2) collimator; (3) set of filters; (4) object; (5) Be
window; (6) scintillator; (7) phocon; (8) CCD array; (9)
Peltier elements; and (10) electronic unit.

The two-dimensional (2D) distribution of the radia-
tion flux density was registered by an FDI detector
(Photonic Science, Great Britain). The basic detector
elements are a CCD array with 1300 x 1030 photosen-
sitive cells, afiber-optic cable of variable cross section,
and ascintillator layer deposited on the cableend. A Gd
oxysulfide polycrystal with a surface density of 10—
15 mg/cm? is used as the scintillator. A two-stage cool-
ing system based on Peltier elements reduces the tem-
perature of the array by >40°C compared to the envi-
ronment. Recording 16 exposures/sin a dynamic range
of 10 bit isensured at an interrogation ratef = 20 MHz.
All of the results presented in this work were obtained
at f = 10 MHz. In this case, adynamic range of ~12 bits
is attained. In units of the elementary charge e, the
dynamic range amountsto 22 ke~. The average zero sig-
nal level is shifted by =5 bits.

The possibility of a stepwise (100 steps) change in
the gain of the primary signal of the CCD array in the
range of 1: 6 isprovided. The setting of the conditions
for dataacquisition and the processing of 12-bit images
were executed using the PhotoLight software package.
The diameter of the detector entrance window is
19 mm, and the effective working area of the detector is
a rectangle with dimensions of 8.7 x 6.9 mm?. The
0.25-mm-thick protective membrane is made of pol-
ished Be. The image element (pixel) on the detector
entrance window has dimensions of 8.7/1300 =
6.9/1030 = 6.7 um. Sequences containing 1300 and
1030 pixels are considered rows and columns, respec-
tively. The characteristics of the detector obtained
experimentally are presented below.

TESTS OF THE SYSTEM

Conversion Relation

The relation between the flux of X-ray quanta P
incident on the detector entrance window and its valid
output signal Sis of practical interest. The signal Sis
expressed in quantization units of the anal og-to-digital
converter (ADC) after the CCD array signals are digi-
tized. This relation can be expressed through a dimen-
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Table
5 Parameter
o RMS background signal
’g bﬂ%r?fnd deviation of the 2 2
S— value [§,0 bgpgr?ar\log:d Shin Sax
With cooling, N = 10° pixels, T=20s
1 33.030 1.280 27 54
2 33.023 1.272 28 49
3 33.024 1.272 28 47
4 33.029 1.272 28 49
5 33.019 1.277 28 47
6 33.015 1.281 28 47
7 33.026 1.271 28 49
8 33.021 1.275 27 47
9 33.018 1.275 28 48
10 33.009 1.2580 28 51
With cooling, N = 10° pixels, T=100 s
11 331 2.1 26 387
12 32.8 14 27 93
13 32.8 14 27 81
14 335 2.0 28 453
Without cooling, N = 10° pixels, T=100s
15 87.1 225 65 2914
16 85.1 12.6 65 1360
17 85.2 12.2 66 1077
18 89.9 23.1 69 2870

siona coefficient, which is a function of the radiation
energy:

P=SK(E) =K(E)[ZZS; - Z55)], 4

where § and s; are the signals from image elements of
the CCb array registered with the X-ray source
switched on and off; i and j are the numbers of columns
and rows of the detecting array, respectively.

The summation is performed over the rectangle
bounded by a contour, within which the irradiated zone
lies on the entrance window of the detector.

In order to determine K(E) at the standard CuKy,
line (E = 8.050 keV), a BJIC-6 scintillation detector
with known detection efficiency was used. The X-ray
beam was monochromatized using a Si(111) crystal.
The monochromatic beam was sequentially directed to
the scintillation and studied detectors through mutually
perpendicular dits 0.5 and 1 mm wide. The signal
recording time was 100 s.

When the gain step number was set at 5 (see above),
the measured value of K(E) was 2.9 X-ray quanta per
ADC quantization level. Taking into account the afore-
mentioned parameters of the detecting array, to obtain
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animageint =1 son the working detector areawith an
average signal level S= 800, the flux of quanta trans-
mitted through the object must be equal to P,= 3.9 x 10°
S=3.1 x 10° quanta/s. Note that, in practice, the possi-
bility of reducing P, by increasing the time is restricted
by the value 3 x 10°-10% s, since a dark signal rapidly
rises at certain pixels of the array.

Characteristics of Dark Sgnals

Thetableliststhe main characteristics of dark detec-
tor signals. The data of exposures 1-10 were statisti-
cally processed over the rectangular field at the center
of the CCD array. The signal storagetimewasT=20s.
The selected area contained N = 10° pixels, which was
7.5% of the total detector area. Rows 1-9 present the
results of successive measurements performed at inter-
vals of ~1 min. Row 10 corresponds to the measure-
ments performed 1 h later under identical conditionsfor
data acquisition.

Rows 11-18 list the characteristics of dark signals
of the detecting array obtained with and without cool-
ing. The signal storage time is T = 100 s. Four areas
containing 10° pixels were processed: the first oneis at
the center of the dark-image field (rows 11 and 15), and
the otherslieat its corners (rows 12-14 and 16-18).

Asfollows from the tabulated data (rows 1-10), the
basic characteristics of the dark signals of the CCD
array remain virtually constant during the measurement
period. When the cooling is switched off, the average
level of the dark signal [$,(Jand g, increase by factors
of 2.6 and 10, respectively. The values of local surges
Snax Substantially depend on the position of the ana-
lyzed area of the array field.

The elements of the CCD array can be convention-
aly divided into two groups with low and high dark
currents. Thisisillustrated by the distribution s; over a
fragment of an array row (Fig. 5) obtained at T 20s.
Dark-signal surges on two pixels on the |eft side of the
plot (curve 1) are caused by the presence of channels
for the flow of charge into the potential wells of the cor-
responding photosensitive elements of the CCD array.
The procedure of the numerical subtraction of dark sig-
nals obtained in the same row in the next s; measure-
ment for the same storage time ensures a multiple
reduction of surges (curve 2).

The procedure of subtracting two sequential random

noise distributions should increase o by afactor of /2
[22]. Inredlity, o rises by asmaller value in the region
without surges. Thisisdueto the fact that s; values con-
tain systematic A;; and random &; components, and the
difference of the systematic deviations tends to zero.
The o values calculated over al of the experimental
points (N =400) and for theright part of the distribution
without sharp surges (N = 200) are shown in Fig. 5.
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Fig. 5. Distribution of the levels of dark signals over afragment of arow of the detecting array; the signal storagetimeisT=20s:
(2) theinitial signal and (2) the difference dark signal at sequential exposures at intervals of 1 min.
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Fig. 6. (a) Dark image of the central zone of the detecting array (N = 250 x 250 pixelsand T = 60 s); (b) distributions of levels of

the total dark signals from the central zone of the detecting array (T = 60 s): (1) summing over the columns; (2) summing over the

rows; and (3) difference of the sums over the columns for two successive measurementsat T = 60 s.

Periodic Oscillations of Dark Signals

When weak one-dimensional or quasi-one-dimen-
sional distributions of the X-ray flux density are mea-
sured, the signal must be integrated over the rows or
columns of the detecting array. In this case, one should
know whether this procedure can lead to the appear-
ance of its own systematic signal generated by the
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CCD-array readout device. Figure 6a presents a dark
image of the central rectangular zone containing 250 x
250 pixels and obtained for a storage time of 20 s. Fig-
ure 6b shows the results of summing the dark signals
over the columns (curve 1) and rows (curve 2) versus
the numbers of the corresponding columnsand rowsfor
a part of this zone. These data show that clearly pro-
nounced oscillations of the dark-field level with a
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Fig. 7. Images of the test object in the form of a Ni—Cr grid with a pitch of 100 pm: (a) field of 3 x 4 mm and (b) field of

350 x 350 pm.

period of 4 pixels and atotal amplitude of =250 ADC
unitsor L ADC unit per pixel are observed for the sum-
mation over the columns. When the difference of two
sequential dark images obtained during equa time
intervals is taken, periodical oscillations disappear
(Fig. 6b, curve 3). However, this effect is not observed
in some tests, which is evidently associated with aran-
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Fig. 8. Modulation of the signd intensity along the (curve 1)
row and (curve 2) column of the detecting array on a frag-
ment of the image of the grid (Fig. 7b).
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dom shift of the phase of a spatial harmonic on the
image field.

Effect of the Size of the Source Focus

A schemewith apoint X-ray focusisan optimal one
for recording projection images. In practice, the projec-
tion of the tube focus onto the image plane has finite
dimensionsthat are usually much larger than the spatial
resolution of the X-ray detector. Thisis dictated by the
reguirements as to the source power and the generated
flux density. Let us consider the possibility of obtaining
projections in the system with alinear focus (Fig. 4). If
the geometrical parameters are known, such an orienta-
tion of the focus alows us to estimate the distance
between the detector entrance window and the scintil-
lator layer at the end of the phocon. To solve this prob-
lem, it is necessary to minimize the distance between
the X-ray-sensitive layer and the detector entrance win-
dow and to place thetest object directly on thiswindow.

According to our technical requirement specified for
the manufacturer of the detector, the distance d between
the Be window and the Gd oxysulfide layer must be
0.5-1.0 mm. The sizes of the projection of the focus of
the X-ray tube used in experiments were F; = 0.04 mm
and F, = 8 mm in the horizontal and vertical planes,
respectively. The image of a point object, which is
placed on the detector entrance window, in the plane
coinciding with the X-ray-sensitive layer represents a
projection of the focus reduced by afactor of L/(d + t),
wheret isthethickness of the Belayer and L isthedistance
fromthefocusto the detector window. If d=0.75mm, then,
for L = 580 mm and thicknesst = 0.25 mm, the image
dimensionsaref, = 0.069 um and f, = 14 um. The value
of f, is approximately equal to the spatial resolution of
the array. According to the measured intensity differ-
ence at the edge of the absorbing screen, this resolution
isequal totwo pixelsof thearray (13.4 um). Therefore,
despite an obvious astigmatism inherent in the projec-
tion schemewith alinear focus, it can be expected that,
with the given experimental geometry, no significant
image distortions will be observed for d < 0.75 mm.
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This is confirmed by the image of a Ni-Cr wire grid
with a pitch of 100 um positioned at the detector
entrance window (Fig. 7a). A more detailed graphical
comparison of the intensity modulations along an arbi-
trarily chosen row and column in afragment of the grid
image (Fig. 7b) shows a dlight decrease in the signal
amplitude along the column caused by the shape of the
focus (Fig. 8).

As was noted above, the beam divergence in the
diffraction plane can be caused by the turn of crystal
SXM blocks. Therefore, if Aw< (d+t)/L=1.7 mrad
(5.8, replacing the selective filters by SXMs will
not impair the spatial resolution in the exposure
geometry considered.

CONTRAST OF THE PROJECTION DIFFERENCE

In order to explain the features of the perception of
the contrast of the image obtained as the difference of
two projections, let us emphasize the chief differences
between the images recorded in the analog and digital
forms and some features of perceiving images in the
visible range. Analyzing the contrast, we assume that
the relative statistical fluctuations over the image ele-
ment sel ected can be neglected compared to the relative
change in the signal level quantized in the form of
brightness gradations.

As arule, the contrast of an individual detail C, of
an image and the contrast over the entireimage field C
are analyzed [23-27]. When analog methods for
recording the primary radiation image are used, the fol-
lowing relations are most frequently used to numeri-
cally characterize C; and C:

Cy= A, )
C = (I max — Imin)/lmaxv (6)

where Al isasmall increment of theanalog signal of the
photodetector created by this detail with respect to the
level of the background signal | surrounding the detail.

If | OL, where L is, for example, the screen glow
brightness or the film blackening density, relations (5)
and (6) also characterize the optical image of the illu-
minated object. In practice, when displaying the pri-
mary radiation image on a monitor screen, it is neces-
sary to take into account the Weber—Fechner law [28]
and perform anonlinear conversion of theradiation sig-
nal. Therefore, the radiation and optical images usually
have different contrast characteristics. As a measure of
the quality of a radiation image, relation (6) becomes
meaningless during digital recording. In fact, since,
before displaying a digital image on a screen, it is pos-
sible to determine the |,,;, value using a program and
subtract it from the elements of the data matrix, accord-
ing to (6), any digital image after this procedure can
formally have the maximum contrast value C = 1.

Under favorable visualization conditions (the image
brightness is ~100 cd/m? and the angular size of the
detail is no less than 0.3°), the minimum visualy dis-
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cerned contrast value is C,;, = 0.02 [25]. The range of
the brightness ratio within which the eye can almost
uniformly distinguish the contrast gradations produced
by image details does not exceed L, /Lin = 35 [29].
According to the Weber—Fechner law, we have the fol-
lowing estimate of the number contrast gradations G,
within this range:

_ (Ianax_Ianin)~
G = e~ 180 )

Hence, for discretely varying black-and-white gra-
dations of the brightness L, it is sufficient to introduce
an 8-bit brightness scale providing 256 gradations. Itis
precisely this scale on which modern graphics editors
operating with black-and-white images are based [30].
Scales with wider ranges, such as 12 or 16 bits, are
actually used for storing and numerically processing
the data array.

In practice, due to the presence of external lighting,
the impossibility of alengthy eye adaptation, an angu-
lar dependence of the reflectivity, and other factors, the
actually distinguishable range of gradations G, is no
larger than 67 bits. Therefore, in order to visuaﬁy rep-
resent any projection containing digital datain therange
of quantization levels of G, > G, the projection must be
transformed by dividing the data array elements by the
raio G,/G,. This leads to a loss of data. An dternative
approach isto view the image in parts in awindow con-
taining the gradation range (G;, G, + G;), where G; isthe
lower signa level selected by the observer.

During the digital image recording, the range of mea-
sured signal levelsisusually much larger than the range of
gradations perceived by the eye. For example, in compu-
tational tomography, the range of registered gradations of
thelinear extinction factor in theform of Hownsfield units
usualy amounts to at least 10 bit, and the technicaly
ensured rangeis>12 hit [31]. For thisreason, theimageis
represented within a certain window of gradations
selected automatically or by an operator. In this case, the
image-fidd areas lying outside of the sdlected visuaiza
tion window are represented by ablack or whitefield.

Thus, as applied to adigital image, it is expedient to
speak about an optimal contrast at which the number of
obtained contrast gradations correspond to the number
of visually perceived signal gradations over the entire
imagefield. In this case, the main details of the object’s
internal structure must be preserved and the data array
obtained must be suitable for calculating the parame-
ters of the illuminated object.

When we change to the difference image obtained
by subtracting the data array recorded at energies E,
and E,, expression (5) for the detail contrast is trans-
formed and takes the form

CZ = |A|1—A|2|/||1—|2|- (8)
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Fig. 9. Angular spectrum of an X-ray tube with a Cu anode at a voltage across the tube of (curve 1) 15 kV and (curve 2) 25 kV; the
average angle of radiation emission with respect to the anode planeis 5.5°.

Fig. 10. Triptych of projections of atest object in the form of polyethylene tubes filled with water, a 15% NiCl, solution, and air:
(A) 15kV, 5mA, and 15 s; and (C) 15 kV, 15 mA, 13 s, and a Ni filter.

Fig. 11. Triptych of projections of aleaf of Laurus nohilis: (A) 15kV, 15 mA, 10 s, and a Ni filter; and (C) 25kV, 15 mA, and 6 s.
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A
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Fig. 13. Triptych of projections of a Tanychtys albonubes aguarium fish: (A) 15 kV, 15 mA, 11 s, and a Ni filter; and (C) 20 kV,

15mA,and 6s.

Let us now assume for definitiveness that the ele-
ment examined isadisk with athickness Ax whose axis
is parallel to the incident beam. This element liesin a
layer of the substance whose composition and density
differsfrom the element substance. The relative change
in the signal produced by the element is small com-
pared to the signal recorded upon passage of X rays
through the object: Al, <1, and Al, < |,. Let usassume
that E, <E, and |, # |,. Expanding the exponential
function, which describes the extinction of monochro-
matic radiation in the substance, into apower seriesand
rejecting the terms with a power exceeding one, after
transformations, we abtain the following expression for
the difference contrast:

Ax|(Ky =Y )|
1-yl

where |, and |, are the linear extinction factors for
radiation with the energiesE, and E,, andy = 1,/1,.

The subtraction procedure is of practical impor-
tance, if it enhancesthe contrast, i.e., thefollowing con-
ditions are met:

Ca(Ey, Ep) = )

Cy(E) < CZ (E1, By and Cy(Ey) < CZ (E;, BEy).
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Using expressions (5) and (9), these conditions can
be written in the form

%J )]
11—yl
(10)
SJ [(Hy —YHL)|
2SIy
Let usanalyze expressions (10). AtE, = E, (I, # 1)),

the linear extinction factors are equal to each other and
system (10) results in identical equalities. This means
that linear combinations of the data measured at an
unaltered spectral composition of radiation do not pro-
vide an increase in the difference contrast.

At energies E > E,_, the energy dependence of the

mass radiation extinction factor in amaterial is satisfac-
torily described by the function W(E) = (Eo/E)*U(Ey)
[19], where Ey_ isthe maximum energy of the edge of
the K jump of photoabsorption for the chemical ele-
ments incorporated in the object and E, is an arbi-
trarily chosen reference radiation energy vaue (E, >

L For heavy elements, it is also necessary to consider the energies
of L jumps of photoabsorption.
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A B=A-C C

Fig. 14. Triptych of projections of atablet of orthophene: (A) 15kV, 15mA, and 10's; and (C) 15kV, 15mA, and 120 s, and a Ni filter.

Ek, ). Since E,> E;, |, > W,. Therefore, to enhance the

contrast, it is enough to fulfill the first inequality in
(10), which, after the substitution of the appropriate
expressions for H(E), istransformed into the form

1< [(A-y(EVEY))
1-vi

It isobviousthat, for y < 1, condition (11) is always
met if E, > E,. Thus, the contrast of the difference
image can be enhanced with an appropriate sel ection of
the radiation parameters without using contrast sub-
stances.

If the energies E; and E, lie on opposite sides of Ex
(E;< Ex <E,), where E, is the energy of the K edge of
photoabsorption in the object’'s element, then, as is
shown below, the Y, value increases jumpwise. There-
fore, an abrupt contrast increase must be observed at
1-y|< 1l

The possibilities of obtaining difference images
using special contrast substances and varying the spec-
trum will be demonstrated for several biological
objects.

an

CONTRASTING OF OBJECTS

The average photon energies of the doublet of the
CuK, spectral line and the CuK; line and the energy
E«(Ni) of the K edge of photoabsorption in Ni are
8.041, 8.905, and 8.332 keV, respectively [32]. Thus,
the condition E((Ni) < E(CuKp) is satisfied for the
CuKg line, and the ionization of the K shell makes the
chieg3 contribution to the photoabsorption cross section
for X-ray quanta [33]. Therefore, when changing from
the Cu-K, to CuKg line, the mass extinction factor py, in
Ni increases jumpwise from 48.5 to 282 cm?/g [32].
This means that, if spectral lines of Cu and substances
containing Ni are used, we can expect an increased con-
trast of the Ni-containing object’s elements in differ-
ence images. When polychromatic radiation is modi-
fied with selective filtersin the system shown in Fig. 4,
the effect of the photoabsorption jump in Ni isretained.
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Figure 9 shows the tube spectrum after its conver-
sion into an angular intensity distribution using a dia-
mond prism [34]. This spectrum can be conventionally
divided into hard { E > E«(Ni)} and soft { E < Ex(Ni)}
parts. Therefore, the sequential recording of projections
with and without a filter is qualitatively equivalent to
simultaneous measurements at two and one spectral
lines. If radiation fluxes in the soft and hard spectral
regions are of the same order of magnitude, then an
enhanced contrast of the Ni-containing element and the
leveling of signals from the neighboring noncontrast
object’s parts can be expected in difference images.
This is confirmed by the comparison of ordinary pro-
jection images of a test object in the form of plastic
tubes 1 mm in diameter filled (from the top to the bot-
tom) with water, a 15% solution of NiCl,, and air
(Figs. 10 A, 10 C) and the difference image (Fig. 10 B).
In the differenceimage, the contrast of the volume with
the Ni solution increases and the image of the other
tubes, which are clearly seen in the upper and bottom
parts of Figs. 10 A and 10 C, virtually disappears.

The object’s elements can be contrasted by selec-
tively depositing the NiCl, salt on the surface or diffus-
ing through the object’s surface. Figure 11 showsapro-
jection triptych of aleaf from aGrecian laureal (Laurus
nobilis [ital]) after its treatment in a 20% NiCl, solu-
tion. This procedure included boiling for 10 min and
subsequent holding for 7 days at room temperature. As
the comparison shows, the differenceimageB=A-C
has a pronounced stereoeffect.

A similar result was obtained on a cut of a manda-
rine peel ~1 mmthick (Fig. 12). The cut was kept in the
20% NiCl, solution for 7 days at room temperature.
Due to the stereo effect, the difference image authenti-
cally reproduces the morphology of the object’s sur-
face. In particular, poresareeasily identifiedin Fig. 12 B.
The boundaries of structures of the difference image
are sharp and contain many small details without a
combination of pairs of black and white spots, whichis
characteristic of a linear displacement of the object.
This points to an absorption origin of the stereo image.
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We aso contrasted fragments of biological tissues
of rats by injecting an aqueous solution of NiCl, with a
concentration of 10-30% into the vascular system. The
interval between the preparation of the rat and the
X-ray investigation was ~10 h. As follows from the
experiments, the NiCl, solution interacts with the tissue
of vessels and diffuses through their walls into the sur-
rounding volume. Therefore, thistime interval between
the preparation and measurement did not allow us to
attain a pronounced selective contrast.

CONTRAST ENHANCEMENT
AS A RESULT OF SPECTRUM VARIATION

Earlier, we analyzed the conditions for enhancing
the contrast in difference images without using a con-
trast substance by selecting an energy of spectral bands.
Figures 13 and 14 show projection triptychs of an
aquarium fish Tanychthys albonudes and a tablet of
orthophene, respectively, obtained only by varying the
spectrum of radiation incident on the sample. These
images confirm the possibility of observing a similar
effect also in polychromatic radiation. A slight blurring
of the difference image in the bottom part of Fig. 13 B
is caused by the shrinkage of the object dried out in air.

COMPARISON WITH PHASE CONTRAST
METHOD

The images presented above were obtained using
wide polychromatic-radiation bands in the range of
5-25 keV. For monochromatic radiation in the same
energy range, images of biological objects were
obtained using the refraction or phase contrast method
[3541]. Therefractive index of biological tissuein the
hard X-ray rangeis usualy written intheformn=1 -
0, where 0 is the decrement of the refractive index. If
E > 10 keV, then d(E) < 10°°. If we have an extended
plane interface, X rays with an energy E are deflected
near its edge by an angle

AB(E) = /2/34(E) - 8,(E),

with respect to the initial direction. Here, d4(E) and
0g(E) are the refractive indices of the detail and the
environment [34].

(12)

At the interface where the X rays enter a less opti-
cally dense medium, a specular reflection with a maxi-
mum deflection angle26.(E), where 8, (E) isthecritical
angle of total externa reflection, can be observed.
Then, values of the angles AB(E) ~ 1 mrad can be for-
mally obtained for the case considered. This is easily
registered in experiments. However, interfaces in bio-
logical tissues have a continuously changing radius of
curvature and, due to the cellular structure of tissues,
the latter are not smooth, making it impossible to
observe an appreciable contribution of the effects con-
sidered to the X-ray scattering pattern.
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It isknown that biological tissues contain structures
in the form of cylinders (blood capillaries, bronchioles,
etc.). Such abjects can beregarded as cylindrical lenses
with afocal length R/28(E), where Ristheradius of the
cylinder [42]. Therefore, to observe the phase contrast,
it is necessary to register deflections of the wave front
in monochromatic radiation by angles AB =28(E) (i.e.,
~1 prad). In experiments with an X-ray interferometer
[36, 37], aphase incursion kAnl in the direction of the
primary wave can be registered. Here, k is the wave
vector, An is the difference between the refractive indi-
ces of the object’sdetail and the surrounding substance,
and | isthe size of the detail. However, due to stringent
requirements as to the thermal stabilization and limita-
tions due to its overall dimensions, the interferometer
can beused only inthelaboratory for objectswith asize
of ~1 cm. In experiments with a phase contrast, at |east
two monochromators are usually used. They are posi-
tioned in front of and behind the object under study
along the X-ray path [38-41]. Aswasshownin[35], the
crystal—analyzer can be replaced by a multilayer struc-
ture with a narrow resonance-absorption band. At dif-
fraction angles 65 ~10°, a deflection of radiation by an
angle A¢ in the plane normal to the diffraction plane
results in a change in the diffraction angle by a value

~(Dd).
Sincethe condition AB = (Ad)? must be satisfied, the

quantity AQ = AB./AB = 10~ sr can be taken as the
maximum acceptabl e solid angle within which the radi-
ation incident on apoint detail of theilluminated object
may propagate. It was shown above that the satisfactory
quality of projection images of atest object in the form
of a grid was obtained at an angular beam divergence
AB = 1.7 mrad in the vertical plane. A similar angular
divergence is also acceptable in the horizontal plane.
Therefore, in difference measurements under the afore-
mentioned conditions, we obtain the corresponding
value AQ = 3 x 107 sr. This implies that, first, the
phase-contrast images can be obtained in a time suit-
able from the viewpoint of practical diagnostics only
using high-power directed X-ray sources. Second,
since AB < A¢ in most cases, small angular deflections
of the X-ray beam in a direction perpendicular to the
diffraction plane are not detected in schemes for the
observation of the phase contrast and, hence, have no
effect on the contrast of details of the image.

CONCLUSIONS

Theresults presented allow usto makethefollowing
conclusions.

(1) Under the experimental conditions considered
above, the procedure of the subtraction of the projec-
tions obtained at different spectral compositions of
radiation ensures an increased contrast of the image
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displayed on the screen and emphasi zes the boundaries
between the structural details.

(2) An efficient scheme for subtracting projections
inthe energy range ~10 keV can beimplemented on the
base of a standard X-ray tube with selective filters.

(3) An enhancement of the difference-image con-
trast is explained by the matching of the range of the
signal variation over the difference-image field to the
dynamic range of screen-brightness gradations per-
ceived by the observer.

(4) Optimal conditions for obtaining difference
images can be achieved using the proposed recording
schemes with an X-ray spectrum controlled by semi-
transparent monochromators. These schemes ensure (a)
the compl ete coincidence of elements of the imagesin
different spectral ranges for the subsequent color cod-
ing and (b) the recording of dynamic difference images
in vivo without motion artifacts.
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