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Abstract ; X-ray source is usually considered as a monochromatic point source, regardless of whose
size effect. However, in clinical practical applications, an X-ray tube is a polychromatic source
with a finite focal spot. The incident X-ray source was supposed as the average intensity
distribution of a qusi-monochromatic light circular source in the beginning, and then it was
extended to the polychromatic case. Based on Fresnel-Kirchhoff diffraction theory, taking the
spatial coherence into account, the new in-line X-ray Phase-contrast imaging formula was derived
by Fourier transform. The absorption contrast transmission function ¥, and phase contrast
transmission function ¥, 2xAR,u’/M were obtained from the new formula, which represented
absorption effect and phase effect, respectively. The curves of the above functions for different
radiuses were given by software Matlab and the optimal positions for different source radiuses
were also calculated. The theoretical analysis results are as follows: 1) the spatial coherence
effect should be considered when source radius is bigger enough, and decreasing the source radius
would increase phase effect; 2) there is the definitive relationship between the radius and the
optimal imaging position, which has been presented in a special case;3) the effect of source size
on phase effect is not infinite, which could be ignored when the size is equal to a suitable value.
The suitable radius is given in a special case; 4) decreasing incident X-ray photon energies would
strengthen PE obviously, and the variation of photon energies has no effect on the optimal
imaging position; as a result, the new formula could be extended to the polychromatic case. In
order to verify the theoretical results, the micro-focus X-ray phase-contrast imaging experiments
for the breakage surface of optical glass detection were carried out. Some experimental results are
in good agreement with theoretical analysis, while some do not meet our expectations. The
related explanations were also presented.
Key words: Phase-contrast imaging; Absorption contrast transmission function; Phase contrast
transmission function
CLCN:R319; R445.9; 0O434.1 Document Code: A

doi:10. 3788/gzxb20114004. 0627

0 Introduction

It is well known that conventional X-ray
imaging has been used in diagnostic imaging since
the X-ray was discovered by Roentgen in 1895.
The X-ray was always based on the biological

tissue's different X-ray attenuation in the object
caused by its varying composition, thickness or
density. However, owing to the unapparent
differences in X-ray absorption for soft tissues,
conventional X-ray imaging would be out of use

obviously. In fact, X-rays, as electromagnetic
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wave, X-ray-tissue interaction causes phase change
as well when the beam passes through material
such as soft tissue. As a new area of X-ray study,
based on the phase change effect on the X-ray
intensity image', X-ray phase contrast imaging
(X-PCD involves a major conceptual and practical
advance in the use of X-ray imaging.

Several research groups have been hammering
at exploring ways of X-PCI in the world since the
90s in the 20 these
approaches fall into three categories on principles:
=) diffractometry™™), and in-line

09131 Since the

century. Generally,
interferometry
phase-contrast imaging in-line
phase-contrast imaging is comparatively simple and
easier to be carried out, it has great potential for
clinical imaging application.

In clinical applications, an X-ray tube is a
polychromatic source with a finite focal spot. In
order to simplify discussion, the incident X-ray
source in this paper is supposed as qusi-
monochromatic light in the beginning, and it is
going to be extended to the case of polychromatic
in the end. Moreover, the size of the focal spot
discussed in this paper is very small (about 0.5~
50 pm). Hence, it is assumed that the intensity of
the incident X-ray source is approximately circular
and uniformly distributed. On the basis of these
hypotheses, the analysis of the effect of spatial
coherence on clinical X-ray in-line phase-contrast
imaging is presented in detail. According to the
results of the analysis, the conclusion gained are as
follows: 1) the spatial coherence should be
considered, and decreasing the source radius would
increase phase effect (PE); 2) there is the
definitive relationship between the radius and the
optimal imaging position, which is presented; 3)
the effect of source size on PE is not infinite,
which could be ignored when the size is small
enough. The suitable radius is also given in a
special case; 4) the variation of photon energies
has no effect on the optimal imaging position, as a
result, the new formula could be extended to the

polychromatic case.

1 Theorectical formulas

The amount of the phase change is determined
by biological tissue dielectric susceptibility, or

equivalently, by the refractive index of the

tissuet™. The refractive index n for an X-ray is

complex and equal to '+

n=1—0-+ip ¢h)

where ¢ is the refractive index decrements, and is

responsible for X-ray phase shift and g is

responsible for X-ray attenuation. The § is given

by references[ 15 ] and[ 16 ]

o= (SN2

where r., A, N,, Z, and f; are the classical

electron radius, vacuum wavelength of incident
light, atomic density, atomic number and real part
of the anomalous atomic scattering factor of the
element k, respectively. When the incident X-ray
photon energy is away from binding energy, the
above formula could be reduced to"”

02=4.49X10 “A*N, (2)
where N, is the electron density. It is found out
that for infiltrating ductal carcinoma (IDC) in
breast, the cancer tissue's (107 °~10"%) is about
1000 times greater than B(10 " ~10"") for X-ray
at 10~100 keV ranget*!,

In terms of & , the amount of X-ray phase
change from biological tissue can be calculated

ast™
. 27[[
@-*7_‘8(5')(15 (3

where the integral is over the ray path.

In reference[ 1], Pogany, Gao, and Winkins
(PGW) modeled the phase shift and attenuation
effects of a piece of biological tissue as a two-
dimensional transmission function T (5, &) at a
location (7,&) on the object plan perpendicular to

the X-ray projection direction (z axis)
T(3.8 =exp Lip(.8) -lﬂz’i)] =

Ay, Oer? (4)
where ¢ (9, &) and x(7,&) are the = projection of
object phase and linear attenuation coefficients. In
Eq. (4), A (9, &) represents the X-ray amplitude
transmission. The concrete expressions of ¢(7,&)

and p(p,&) are
e &)= [oCy.6.2)dz,

and
p(p ) ="F18 Gpugio)de (5)

respectively.

Here for calculation convenience but without
loss of generality, T (3, &) is considered as 1-
dimension form T (3), which is the same as
reference [ 1 ]. Applying the paraxial Fresnel
diffraction theory to the point source geometry,
the diffracted spherical X-ray wave field function
arriving at a location (x,y) on the detector plane is

written ast'’
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E(x,y) :.ﬂexp (in
VAR, (R, +R,)

] {exp [i%(%+47—( ;Z‘T)ZHT(V)}dq (6)

—oo

2(R, +R2)2+y2> i
AR +R)

where R, denotes the distance from the source to
the object plane and R, denotes the distance from
the object plane to the detector plane. According
to the relationship between the wave field function
and the intensity image, the X-ray intensity image
I(x) on the detector plane is

I

I(x)=FE(x,y) * E (fyy):m )

[ (77]_]%4)2_(772_]\%[)2 .
ARZ
Ty T Gp)dydy, (7
where I, denotes the incident X-ray intensity on
the object plane at R, and the geometric
magnification factor M = (R, + R, )/R,.
Obviously, Eq. (7) is hard to be carried out.

itM

However, trying to utilize the Fourier Transform
(FT) to Eq. (6) to see how the spatial frequency
information of object attenuation and phase are
transferred to the detector plane is necessary. The

FT of the intensity is written as
[Go= [ [exp G2m i) IOWGD  (®)

Substituting Eq. (7) into Eq. (8), after a tedious

calculation

}(u):%cxp (M%){FT[AZ(W)]JF
27AR, f AR, u
= SFTLA*(eGp I+ FFTLAG
dAGp+ . ARu dA(p
dy ]—2i M FTLAGp dn (1} (9

Eq. (8) is a generalized imaging formula with
respect to spatial resolution wu. It has been
established that the amplitude approximation and
moderate variation condition for phase can be
applied to the clinical imaging in references[ 9],
[12] and [ 13 ].
conditions into account, Eq. (9) could be simplified

aS’IZ 13]

Therefore, taking the above

I, AR, u?
A COoS ( M
27AR, u?
M
However, the applicability of the formula

(W)=

MFTLA® (o) ]+

FT[A* () () ]} (10)

above is very limited. It is valid only for the X-ray
spot light, viz. the value of spatial coherence
equals to 1. Actually, the X-ray source in clinical
imaging should not be regarded as a spot, whose

size effect on the imaging could not be ignored.

For an X-ray tube with a focal aperture of radius a,
the diffraction waves generated by tissue from
individual spherical waves emitted by different
points of the focal spot should destruct the
interference effects and the diffraction patterns

could blur each othert'"

. Consequently, the effect
of spatial coherence is necessary to be taken into
account for factual X-ray source in clinical imaging
application.

In X-ray diagnostic imaging, the energy of X-
ray photons ranges from 10 keV tol50 keV, and
the corresponding X-ray wavelength varies from 0.
124 nm to 0. 008 3 nm. The distance from object to
detector is less than Im in general and the
maximum spatial resolution needed should be
about 20 Ip/mm™. As a result, mizu?<<1, hence

cos(mAzu’)=~1,Eq. (10) becomes

= I 5 2 AR_] z
I(u)%ﬁ{FT[AZ(x)]TLKTM-
FT[A* () p(2) ]} (11)

Based on the properties of linear imaging

system™ 20 the reduced complex coherence
degree utilized to represent the partial coherence is
brought into the imaging formula.

The complex coherence degree (CCD) y can
be written as the following form according to Van

Citter-Zernike theorem-'"'*

TI(X.,Y)exp (—ik(pX+qY))dXdY .
11X, y)dXdy
exp (ip) (12)

which describes the correlation of light vibration

y(P,,P,)=

between point P, Cps &) and point P, (:+&) on
the object plane. As well known, the van Citter-
Zernike theorem states that the spatial coherence
function is determined by Fourier transform of the
source intensity distribution over the source-point
positions”'™. Here X and Y represents the
coordinates on the source plane, %k denotes wave
vector, and p= (p — ) /Ris g= (& —&)/R,.
Note that ¢ is the phase difference between P, and
Py, and o=k[ (i +&) — (G +E)]1/2R,.

As mentioned above, it has been made

assumption that the intensity I (X,Y) on source

plane is approximately circular and evenly
distributed. Hence, it can be obtained
2], (V .
y(ry.r) = ]1‘(/ )exp (i) (13)

where V. =ka p*+q*,
the X-ray source, and J,; (V) denotes the one order
Bessel function of the fist kind. According to the

a denotes the radius of

upper assumption, the object plane has been
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considered as 1-dimension case in order to facilitate
the calculation. Hence, V = ka | Gp =) /Ry |.

The relation that \7]]—772 = AR,u/M had been
deduced in references[ 13] and[197]. Substituting
the relation to Eq. (13), the reduced complex
coherence degree(RCCD)can be obtained

2]1(27mRzu)

R/M
2raR,u
R, M

which represents the strength of the X-ray source

)/re(u’Rl’RZ ’(l): (14)

coherence, and 0 < y,.<< 1.
Therefore, taking the

coherence into account, the clinical X-ray imaging

effect of spatial

formula can be written as

b I 2mAR, u?
TG~y {7 FTLA® () 4y o
FT[A* (1) g(2)]) (15)

In Eq. (15), the first term and the second
term are defined as the attenuation term and the
phase term respectively. Correspondingly, 7. can
be named as Absorption Contrast Transmission
Function ( ACTF), and 7. 2rxAR,u*/M can be
named as Phase Contrast Transmission Function
(PCTF). ACTF and PCTF represent attenuation
effect AE and PE, respectively. Obviously, the
more values of ACTF and PCTF are, the more the
effect ( AE) and PE
manifests. Enhancing the strength of PE as much

strength of absorption

as possible is an important goal in the clinical X-
PCL
While PCTF with respect to R, reaches the

maximum, the relation can be obtained
immediately
OPCTF(u,sR, sR> sa)
=0 16
3R, (e

If the parameters of u, R,, and a are set, the
value of R, (Viz. the optimal imaging position R,)
could be figured out. For the convenience in the
following expression, the optimal imaging position

R, for the maximal PCTF is written as Rpcre.

2 Effects of source radius on AE and
PE
The curves of ACTF and PCTF for different

radiuses a would be provided in the section. In
mammography the average X-ray photon energy is
about 20 keV;
(SDD) be 0.4m, hence, R, could be written as the
relation with respect to R, , viz. R,=0.4—R,, and

let the source-detector distance

the spatial resolution u of the detector is 20 lp/mm.

With the above given parameters, the curves
of ACTF and PCTF with regard to R, for the
different source radiuses (a=0.5,1,20,50 ym) are

drawn in Fig. 1 and Fig. 2, respectively.

1.0 p o o o
09
0.8 -
= 0.7
3
< 0.6 | —ae a=0.5um
0.5  -o-a=1.0pm
—a— g=20pum
(2 a=50pm
0'3 1 1 1 1
0 0.1 0.2 0.3 0.4
R,/m
Fig. 1 The curves of attenuation-contrast transmission
function for the different source radiuses
0.007
0.006 |-
0.005
w 0.004 |
F
Q
&~ 0.003 | —a— a=0.5um
0.002 D
—a— g=20pum
0.001 | —v— a=50pum
0 2 1 1
0 0.1 0.2 0.3 0.4
R,/m

Fig. 2 The curves of phase-contrast transmission function
for the different source radiuses

In Fig. 2, Rperr approaches to the half of SDD
(Viz.
enough, and, it will be no more than SDD/2.
Hence, 2naR,u/R,M = 2naR,u < n (the maximal

calculated radius, viz. a =50 pm). According to

0. 2m) when the source radius is small

Bessel function regularities of distribution, it can

2], 2raR,u/R, M)
2raR,u/R, M
Therefore, the formula used to figure Rpcrr out can
be obtained from Eq. (14) , Eq. (15) and Eq. (16)
Aul{J, QCrauRpere) —2mau(0. 4 — Rperp ) ®

]1 (2rauRpcre) } =0

be obtained that > 0.

or
J1 Q2rauRpere) —mau(0. 4 —Rperp)

[ Jo2rauRpcre) — J» 2rauRpers) =0 (17)
Where J, and J, represent zero and two-order
When u = 20 Ip/
different

Bessel function. respectively.

mm, the values of Rperr for source
radiuses are shown in Table 1. For a=1 pm, Rpcrp
~0.199 9 m~SDD/2, which is in agreement with

the conclusion in reference[ 127].
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Table 1 The data sheet of Rycry s R, and M for the different source radiuses
a/pm 0.05 0.5 1 2 20 30 40 50
Rpere/m) 0,200 000 0.200 000 0.199 984 0.199 937 0.193 823 0.186 525 0.177 145 0.166 494
R,/m 0.200 000 0.200 000 0.200 016 0.200 063 0.206 177 0.213 475 0.222 855 0.233 506
M 2 2 1.999 84 1.999 37 1.94008 1.873 76 1.79489 1.71302
From Fig. 1 it can be easily seen that ACTF unboundedly but should be a right value. From the
(viz. AE) generally decreases as R, increases. above calculated results in Table 1, when a =2

Furthermore, the less the radius is, the less the
decrescent extent of ACTF vs R, is. For example,
as a=1 pm, the difference between the maximal
ACTF at R, =0 and the minimal ACTF at R,=0.4
m is almost equal to zero, which shows that the
variation of AE vs R, could be neglected when the
size of X-ray source is small enough. When R, =0,
it could be obtained that the
Eq. (15) is going to be zero. In that case, PE is

second term in

zero and only AE left, which is in agreement with
the actual case. Obviously, the value of ACTF for
the smaller X-ray source is more than the one for
the bigger source at the same R,, which means
that decreasing the size of X-ray source will
strengthen AE. Therefore, reducing the size of X-
ray source will strengthen spatial coherence and
strengthen AE as well at the same time. The above
analysis results show that the size for X-PCI need
not to be reduced unboundedly but to be a right
value, about which will be made further discussion
in the following part .

From both Fig. 2 and Table. 1, it could be
seen that as the size of the X-ray source increases,
Rycre the PE decreases, which
indicates that X-PCI position for
different source radius is different, which could be
calculated by Eq. (17). the

thickness of human body must be considered. not

for maximal

the optimal
In clinical case,
as a plane. As a result, the optimal X-PCI position
is not a value but a range. With a=20 pm and the

body thickness of 0. 1m, X-PCI
position range from Fig. 2 is 0. 15~0. 25 m, which

the optimal

should be useful for the experiment designation
and clinical application. Moreover, as the radius
decreases, the X-ray source size contribution to PE
is less and less, obviously. It is easy to be found
that there is nearly no difference of the curves of
PCTF when a=1 pm and ¢ =0.5 pm in Fig. 2,
which means that the variation of X-ray source size
effect on PE could be ignored when the size
approaches to a right value. As is well known,

reducing the size of source is very hard in

techniques, fortunately, the foregoing conclusion

tells us that the size is not necessarily reduced

pm, the radius need not be reduced any more in the
case of R, +R,=0.4 m.

3 The effects of
energy on PE

incident photon

With the parameters of a =1 pm, Ry +R, =
0.4 m, and « = 20 lp/mm, the curves of PCTF
for different photon energies (E = 10, 20, 40,
150 keV) are calculated for the investigation of the
effect of incident photon energy on PE in Fig. 3.

0.012 -
—u— F=10keV
—e— £=20keV
0.008 | —4— E=40keV
—v— E=150keV

PCTF

0.004

0.4

R,/m

Fig. 3 The curves of phase-contrast transmission function

for the different X-ray incident photon energies

It is necessary to stress that since the soft X-
ray photon energies do more harm to the body, the
X-ray incident photon energies discussed in this
paper are all in hard X-ray rang (10 ~150 keV).
it can be seen that the less the
energy the the
contribution to PE it makes. Taking E =10 keV
and E =150 keV for comparison, the peak value
for E=10 keV is about 0. 012, whereas the one for
E=150 keV is about 0. 001. Analyzing the curves
in Fig. 3 further, when E increases from 10keV to

From Fig. 3,

incident photon 1s, more

20 keV, correspondingly, the peak value decreases
from 0.012 to 0. 006, namely APCTF= 0. 006; for
another case, when E increases from 40 keV to
150 keV, the peak value decreases from 0. 003 to
0.001, APCTF= 0. 002. For easier explanation,
an expression APCTF/AE which represents the
variation speed of PE with to E is
introduced. Hence, the variation speed of PE with
E for two cases could be written as 0. 006/10 and
0. 002/110; and then dividing the former by the
latter, the result is 33, which indicates that the

respect
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effect of incident X-ray photon energies in the
range from 10 keV to 20 keV manifests more
sensitively than in the other range. From Eq. (2),
it is fortunately found that increasing A will both
raise PCTF and the refractive index decrement ¢,
namely PE will be increased by two aspects.
Moreover, when the source radius is set, it is
easy to obtain that from Fig. 3 there are the same
value of the optimal imaging position R, (where the
PCTF is equal to peak value) for different incident
different
Eq. (16) s

monochromatic case and the polychromatic one.

X-ray photon energies, therefore,

suitable for both the qusi-

4 Experimental results

The experimental apparatus used for recording
phase-contrast images is produced by YXLON
International X-ray GmbH. The microfocus X-ray
tube range from 10 kVp to 160 kVp, which has
three modes, namely nanofocus mode (¢ =0.5 pm),
microfocus mode (a=1 pm) and high power mode
(a>>1 pm and still in micrometer range). In high
power mode, the radius of the X-ray source is
larger than the other two modes due to elimination
of heat. The minimal detail detectability of the
detector is less than 1 pm. The distance from
source to detector is 0.4 m.

The experimental sample is a natural breakage
of colourless optical glass, whose material is SiO,
(6> in the case of E>10 keV"'*). The damaged
surface consists of many small anomalous steps.
The minimal thickness of the step is about 0. 5
mm. Due to 8>3, PE is larger than AE for optical
glass, and AE should be very small. Hence, the
variation of received light intensity by detector is
mainly determined by phase and the glass thickness
change will have a direct impact on the phase
change.

As is known, digital images can be expressed
as I1(i,7), where I(i,j) denotes the received light
intensity by detector at the pixel location (i, j).
For convenience, a method of edge detection is
introduced. In the edge region, as there is a
sudden change for the thickness, the light intensity
will change greatly. The variable complexity of
intensity gradient reflects the value of PE, and the
more complex intensity gradient varies, the greater
PE is. For these reasons, intensity gradient
represents light intensity variation in edge region,
which should be an important value for edge

detection. The intensity gradient formula for

digital images could be written as

|V IG, ) | ={[IG,j+D—IG,j—D]+

[IGH1.)—T1G—1.) ] (18)

The experimental results are shown in Fig. 4 ~
Fig. 8. Among them, the results for different light
radiuses are shown from Fig. 4 to Fig. 6, the ones
gained by only changing the imaging position R, are
shown in Fig. 7, and the ones obtained by only
changing the value tube voltage to gain the variation of
incident light energy are also shown in Fig. 8.
4.1 Effects of light source radius on PE

It is obvious that the thickness change greatly
at the edge of steps. where the phase also varies
greatly. The steps could be seen clearly in the
elliptic region of Fig. 4 (a) and Fig. 4(b). While,
the steps in Fig. 5(a) and Fig. 5(b) could not be
seen clearly like in Fig. 4 (a) and Fig. 4(b). The
reason should be that the light source radius for
nanofocus mode is half of the one for the
microfocus mode, and the source area is 1/4.
Therefore, the optics flux reduction caused by the
diminution of light source area is visible. By
comparing Fig. 4 (¢) with Fig. 5(c¢), the variation
of intensity gradient in Fig. 5(c) is as complex as

the one in Fig. 4(c), but the differences of adjacent

(a) Original image

(b) Gradient image
12 v T - . -

Intensity gradient

0 50 100 150 200 250
Pixles
(c) Gradient scanning curve

Fig. 4 (a) CCD image of damage of optical glass taken with
a=1 pm and Rpcrr = 0. 200 000 m and with the X-
ray tube operating at 65 kVp and 31 pAj; (b)
Intensity gradient map of (a); (c) A vertical
intensity gradient curve of a scanning line in the

elliptic region of (b)



4 3

XIA Tian, et al:Effect of Spatial Coherence and in Incident X-ray Photon Energies on
Clinical X-ray In-line Phase-contrast Imaging

633

Intensity gradient

Fig. 5

Intensity gradient

Fig. 6

(a) Original image (b) Gradient image

12 T T T T T

il

\
A
0 50 100 150 200

Pixles
(c) Gradient scanning curve

250

(a) CCD image of damage of optical glass taken with
a=0.5 pm and Rperr =0. 200 000 m and with the X-
ray tube operating at 65 kVp and 31 pAj; (b)
Intensity gradient map of (a); (c¢) A vertical
intensity gradient curve of a scanning line in the

elliptic region of (b)

(a) Original image (b) Gradient image

T T T T T

200

0
0 50 100 150
Pixles
(c) Gradient scanning curve

250

(a) CCD image of damage of optical glass taken with
high power mode and R, =0. 200 000 m and with the
X-ray tube operating at 65 kVp and 31pA; (b)
Intensity gradient map of (a); (c) A vertical
intensity gradient curve of a scanning line in the

elliptic region of (b)

intensity gradient in Fig. 5(¢) are almost less than
the ones in Fig. 4(c), which results in the imaging
blurring in Fig. 5(c).

For high power mode, the source radius is
bigger than the other two modes and the optics
flux is large enough. However, the steps could not
be seen clearly in Fig. 6 (a) and there is no sharp
edge in Fig. 6 (b) like Fig. 4 (b), which indicates
that as the source size increases, the PE decreases,
which agrees with the theoretical calculation.

According to the theoretical calculation and
experiments, the diminution of source size could
enhance PE in response, but, as the source size
decrease, optics flux also weakens at the same
time. As a result, the size is not necessarily
reduced unboundedly but should be a right value,
where PE and optics flux are both suitable. It
needs further investigations of how to fix the
suitable value.

4.2 Effects of Rpcir on PE

In Fig. 7 (a) and Fig. 7 (b), the steps still
could be but
resolution in comparison with Fig. 4(a) and Fig. 7
(a). Furthermore, from Fig. 4(c) and Fig. 7(c¢), it
to be that the
complexity of intensity gradient in Fig.7(c) is

resolved, they are low image

is obvious obtained variable

#ra
S o A

(a) Original image (b) Gradient imag
2.5 g T ; -
2.0
5
T 15t
5h
z
2 10
g
=
0.5
0 i
0 50 100 150 200 250
Pixles
(c) Gradient scanning curve
Fig. 7 (a) CCD image of damage of optical glass taken with

a=1 pym and R, =0. 100 000 m and with the X-ray
tube operating at 65 kVp and 31 pA; (b) Intensity
gradient map of (a); (c) A vertical intensity
gradient curve of a scanning line in the elliptic region

of (b)
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lower than the one in Fig. 4(c), which means that
the variation of intensity caused by the change of
detected
Moreover, the maximum of intensity gradient (less
than 2.5) in Fig. 7(c) is less than the one (about
10) in Fig. 4(c). As a result, the PE will become

weak when R, deviated from its optimal imaging

glass  thickness s incompletely.

position Rperr, which is very consistent with the
theoretical calculation.
4.3 Effects of tube voltage on PE

As is known, the smaller tube voltage is, the
greater short-wave limit is. Meanwhile, reducing
tube voltage will increase the average wavelength.
According to the above theoretical calculation,
increasing average wavelength will enhance PE.

By comparing Fig. 8(a) with Fig. 4(a), there
is no visible improvement for resolution. The
complexity of variation of intensity gradient in Fig.
8(c¢) is not diminished in comparison with Fig. 4
(¢), and moreover, the maximum of intensity
gradient is slightly more than the one in Fig. 4(c¢),
but the differences of adjacent intensity gradient is
significantly less than the ones in Fig. 4(c). These
mean that reducing the tube voltage does not
improve the resolution as we expected. The reason

lies in that , reducing the voltage would make
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Fig. 8 (a) CCD image of damage of optical glass taken with
a=1pm and R, =0. 200 000 m and with the X-ray
tube operating at 50 kVp and 31 pAj; (b) Intensity
gradient map of (a); (c) A vertical intensity
gradient curve of a scanning line in the elliptic region

of (b)

optics flux decrease at the same time. The incident
light flux is not enough to let us recognize the

variation of intensity.

5 Conclusion

The polychromatic X-ray source could be used
for phase contrast imaging, which gives us hope
for clinical. Polychromatic light imaging system is
quite complex. A variety of factors should be
considered, such as source size, tube voltage,
optimal position, optics flux, which are not
independent of each other. When the factors are
adjusted to the suitable value, the satisfactory
image could be gained. In this paper, the
relationships among these factors are discussed in
depth and have been given preliminary results.
Further research on phase-contrast imaging will
continue.
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