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The edge method is used to measure the source spot-size. In this paper, the measuring principle and applying

range are discussed. It is shown that the method can directly be used to measure the spot-size of either light source, or

low-energy x-ray source, or x-ray source with an energy higher than 250 keV.
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1. Introduction

It is appropriate to use transfer functions to char-
acterize sources in optics. For example, the pinhole
method is used to measure the source point spread
function (PSF), the slit method can measure the
source linear spread function, and the edge method
can find the source linear spread function (LSF) from
the edge spread function measured with the edge
method.[!=3! The pinhole or slit cell is made of high-
Z material with the thickness of a millimetre or less.
These methods are the same as the measurements of
the source spot size of x-ray with low energy.

The penetrability of high-energy x-ray is better
than low-energy x-ray. For the high-energy x-ray, the
results from the pinhole method and slit method are
not in agreement with PSF and LSF of the source, so
that these methods cannot directly measure the spot
size of x-ray source with energy higher than 250 keV.
But the edge method still can be used to measure the
source spot size for the high-energy x-ray case. For a
light, the edge cell is made of very thin screening ma-
terials. For the high-energy x-ray, it is made of high-
Z material with thickness, h, of a few centimetres, so
the image obtained shows clear contrast. The end side
is parallel to the system axis. The x-rays across the
end side will decay, and the exposure on the project-
ing zone of the end side of the edge cell will reduce.
This paper mainly studies the effect of the thickness
h on edge spread function (ESF) and LSF, and de-

cides whether the edge method can directly measure
the spot size of the high-energy x-ray source.

2. Theory

In cumulation emission of the axisymmetric x-ray
source, the energy, transported from the source ele-
ment d€dn to unit area at point (z,y) on the imaging
plane, is dI;(z,y) = Is(&, n)d{“dndf), where I(&,n) is
the normalized brightness distribution over the source
area. So, the image intensity distribution is given by
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where (z,y), (§,7), and (u,v) are the corresponding
transverse coordinates of the image plane, the source
plane, and the middle plane of the edge cell, respec-
tively. When the end side is on the system axis, the
source point (&y(x), no(y)) and the image point (x,y)
are conjugated about the centre of end side of the edge
cell, with

x=-M&(x), y=—Mno(y). (2)

In Eq.(1), T(u,v) is the transmission function,
and in Eq.(2) M is the magnification of the system.
For the light and low-energy x-rays, the transmission
function of the edge cell on the space u < 0 is ex-
pressed as the Heaviside unit function

T(u,v) = H(u). (3)
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For the high-energy x-ray, the edge cell transmission
function is expressed as follows:

T(u,v) ~ exp(—ﬂf(m,f)), (4)

where £(z, ) is the path length of x-ray in the edge
cell, and [z is the efficient linear attenuation coefficient
of the edge cell. The length is approximately indepen-
dent of the pixel coordinate y, when the radiographic
distance d is larger enough than the thickness h and
the geometric magnification M is not far from 1. The
distances from the middle plane of the edge cell to the
source plane and image plane are expressed by respec-
tively parameters Ly and Lo. So, M = Lo/L4.

When the edge cell transmission function is the
d-function, T(u,v) = §(u), the LSF of the source is
written as

1 m

Y (&o(x)), (5)

where m = M + 1 and Y (€) is the linear distribution
function given by

n(§)
y () = / o Leman (6)

For the axisymmetric source,

n(&o(x)) = |/ R§ — &5 (),

where Ry is the effective radius of the source.

3. The light case

From Eqs.(1) and (3), we obtain the ESF as

e | w([ " Lenan)ag

n(§)

ESF(z) =
1 m [

= ormat [, YOk ™

The LSF is the derivate of the ESF

d(ESF(z))

T~ LSF(a). (8)

For the source with Kapchiskij—Vladimirskij (K —
V) distribution, Is(z,y) = 1/(wR3). Let the new vari-
able be t = 2:/(M Ry), the equations of the LSF(z) and
the ESF(x) are predigested and given by Egs.(9) and
(10), respectively. Figure 1 shows the curves of ESF(t)

and LSF(¢) when Ry = 2 mm.
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Fig.1. ESF and LSF curves of K — V source.
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LSF = /1 —¢2. (10)

4. The high-energy x-ray case

For the high-energy x-rays, the end side of the
edge cell attenuates the x-rays which project on the
corresponding zone. In order to examine the effect of
cell thickness h on ESF and LSF, a few parameters
are introduced (see Fig.2). These parameters are the
effective source radius Ry, z-coordinates of the pixels
x1 and z9, the path lengths of the x-rays across the
end side of the cell ¢1(z, ) and £2(x, &), the conjuga-
tion source coordinates &1 () and &(z) of a pixel at
x about the front corner and the back corner respec-
Obviously, x1 = M1 Ry, xo = MsRy. Note
that the path length, in the edge cell, of the x-rays

tively.

emitted from the source with & < 0 to the pixel with
x > 01is la(x,€), and the path length, in the edge cell,
of the x-rays emitted from the source with £ > 0 to
the pixel with z < 0 is ¢1(z,£). The following equa-
tions are useful to obtain the ESF and LSF; because
of Ry << h and h << d, the largest path length of
x-rays in the edge cell is h approximately:

_ L2+h/2 _ Lg—h/2
Ml—Ll_h/27 2_L1+h/27 (11)
h d
b &~ L+ g - (12)
tole,e)~ I 0 (13)
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§i(x) = —x/My,  &(x) = —x/Mo,. (14)

From Fig.2, it can be seen that the central line of
the image can be divided into six zones, x > x1 > 0,
1 21 >2220 20,20 22 2>20,02=>2x 2> —x9,
—x9 > x > —x1, and 0 > —x1 > x. Obviously, the x-

Source plane Image plane

x1
Rof—_. —
R - - x2
T — e
Rl — 2
—1 .
-1

| | | |
——Li—h/2-——h————L2—h/2-—

rays incident on the zone of x > x1 > 0 is not decayed
by the edge cell, but the transmissivity of any x-rays
hitting at the zone of 0 > —z1 > x is about exp(—jih).
The x-rays arriving at other four zones will suffer more
or less attenuation.

z >0

<0

Fig.2. Geometry of the system.
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e ) ¢ ,
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O7 r < —To.

According to Egs.(1) and (4), the ESF(z) and the
LSF(x) in the case of high-energy x-rays are given by

Egs.(15) and (16) respectively. The linear distribu-
tion function, Y (£), of the x-ray sources with K — V
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distribution is

2
Y(§) = w—R(%V R§ — &%

and for Gaussian (GS) case cut at no, Y (§) is ex-

(17)

pressed as
1
Y =
© = Vool el n2/2))
n2 2 2
X erf< =5~ %)exp(—%). (18)

Here o is the variance of the GS distribution, erf(z) is
the error function.

Figure 3(a) indicates the ESF profiles for the
K —V case, on the assumption of M=1, d=400 cm and
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Rp=2 mm, for the edge cell with different edge thick-
ness (h). Figure 3(b) is the LSF distributions at dif-
ferent edge thicknesses of 2, 10 and 20 cm. The curve
shift direction, when h increases, is shown with ar-
rows. In Fig.3(a), with increasing h, the curve moves
to the right with the centre point fixed. When the edge
thickness increases, the added material of the cell near
the image or the source makes x-rays further attenu-
ated, so that the exposure on the detector reduces and
the corresponding upper and lower parts of ESF curve
(these parts marked with arrows in Fig.3(a) ) all move

towards the right direction.
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Fig.3. The curves of ESF (a) and LSF (b) in K — V case for various h.

The LSF curve is interrupted at the projection
0) of the end side of the edge cell and
the interrupted argument A becomes larger as h in-
With increasing h, the left part of the LSF
curve becomes sharper and the right part wider. But,
the width of the bottom of the LSF curve is almost the
same for the case that the thickness is below 20 cm.

point (z =

creases.

Figure 4(a) shows the numerical integration re-
sults of Eq.(16) for the GS case with the effective linear
attenuation coefficient of 0.5 cm~!. Figure 4(b) is the
Monte Carlo simulation results with bremsstrahlung
x-ray spectrum using the same parameters. Figure 4
shows that the results of Eq.(16) are in agreement with
the Monte Carlo simulated results, and thus Eq.(16)
is correct and reliable.

From the GS curve, it is shown that the trend of
the effect of thickness h on the LSF curve is the same
as that on the K — V curve. It can be seen that the

interrupted arguments are the same when the radio-
graphic systems have the same edge thickness and are
independent of the source intensity distribution and
the sport size of the x-ray source. When the edge cell
becomes thinner, for example h < 6 cm, the shape
of LSF of the uniform intensity source is the elliptic
style, and the shape of LSF of the source in the Gaus-
sian case is the Gaussian style. To analyse the data
of the LSF curve, it is found that the FWHM of LSF
curve is equal to the FWHM of the intensity distribu-
tion of the x-ray source, and the relative error is less
than 7%.

The interrupted argument A is defined as A =
LSF(x — 0_) — LSF(z — 04). From Eq.(16), the ex-
pression is

A2 pdY (0)e M2t l2 (B () —
Ei(z1))],

Ey(22))

+e T (B (22) — (19)
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where both of Ej(z) and Ej(z) are exponential inte-

gral functions(*?]

oo —t
Ei(x):—/ ert

—X

o] e—t

(z > 0),

(z > 0),

and the arguments z; and 29 are dependent on the
radiographic layout and the effective attenuation co-
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In Eq.(19), E1(z) is a descending function, F;(x)
is an ascending function, and zo > zi.
we have A > 0. So LSF of the x-ray source of high
0 with
an interrupted argument A, and LSF (z — 0_) >
LSF(x — 04).

Obviously,

energy is a discontinuous function at x =
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(b) Monte Carlo simulation results

Fig.4. The curves of LSF for different edge thicknesses (a): K —V, (b): GS.

5. Monte Carlo simulation for the

mismatching case

There are two mismatching cases, one is the cell
end side being off the system axis, with a gentle shift
in the z-direction (z.#), another is the end side tilted
from the axis, with a small tilt angle (6,%). For the
edge cell thickness of 10 cm, the radiographic images
in both cases are simulated with the Monte Carlo
method. The main purpose is to examine the effect of
the two mismatching cases on the LSF curve and its
FWHM.

For the shift case, the four systems with the shift
from 0 to 3 millimetres by 1 millimetre increment are
simulated. Figure 5 shows the resultant LSF curves,
where the interrupted argument is decreased with in-
creasing shift zog, and it shows that these LSF curves
are similar in shape and size. For the tilt case, the
four systems with the tilt angle ranging from 0 to 1.5
mrads by 0.5 mrad increment are simulated. Figure

6 shows the LSF curves, where the interrupted argu-
ment is fixed when the tilt angle 6,g increases. Figure
6 also shows that there are little effects of small tilt
angle on the shape and size of LSF curve.
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Fig.5. LSF curves with various shift zg.

The above results indicate that, for the less
severely mismatching case, such as zog < 3 mm or
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O < 3 mrad, the edge method is valid for measuring
the spot size of the light source or the x-ray source.
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Fig.6. LSF curves with various tilt f,g.

6. Conclusion

The edge method can be used directly to mea-
sure the spot size of the light source or the x-ray
source with low or high energy. The basic procedure

includes taking radiography with the edge cell, mea-
suring ESF from the resultant image, obtaining the
gradient curve LSF from the ESF curve, performing
the Fourier transformation to present the modulation
transfer function (MTF),% finding the frequency f; /2
at MTF = 0.5, and finally providing the effective ra-
dius Ry of x-ray source.

There is an interrupted argument A in the LSF
curve of an x-ray source obtained with edge method at
x = 0. The argument, A, given by Eq.(19), is propor-
tional to the thickness of edge cell and is independent
of the source intensity distribution and the sport size
When the edge cell is thinner
than 6 cm, the interrupted argument can be ignored.

of the x-ray source.

In experiment, it is appropriate to use the edge cell
with a thickness of 6 cm.

In the mismatching case, where the cell end side
is off the system axis or/and tilted from the axis, if
mismatching extent is not serious, the edge method is
valid for measuring the spot size of light source or the

X-ray source.
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