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A simple model for the spatial resolution of phase-contrast images obtained by X-ray microscopy is pro-
posed. In principle, the model is based on Fresnel’s diffraction of a point phase object and applied to interpret
the X-ray microscopic images of an ant and a bee taken under different experimental conditions.

The source sizes of the X-rays were estimated by Monte Carlo calculation. Using the sizes of the X-ray
sources, the spatial resolutions of the phase-contrast images were also estimated according to the proposed
model. The results indicate that the present simple model has expressed the high spatial resolution achieved by
X-ray microscopy with considerable success, shedding a closer insight into a new world of phase-contrast X-

ray microscopy.

1.Introduction

The X-ray microscope has recently been drawing renewed
attention for its wider applicability to 3-dimensional tomog-
raphy, especially for biomedical studies, and commercial prod-
ucts have been under development by manufacturers. Since
von Ardenne [1] proposed the use of an electron micro-
probe for obtaining a small-size X-ray source in the early
1940s, it had long been believed that the spatial resolution
of X-ray microscopy is wholly limited by the spot size of X-
ray source. In an X-ray microscope, therefore, an electron
microprobe of high current density was used to bombard a
thin film target so as to make electron diffusion in the target
as small as possible.

However, Wilkins et al. [2] revealed that a phase-contrast
image observed under an X-ray microscope could attain a
higher spatial resolution than does a conventional ampli-
tude-contrast (absorption) image. Although they pointed
out the potential of phase-contrast images for higher spatial
resolution, a more concrete expression of the spatial resolu-
tion attained by a phase-contrast X-ray microscope is yet to

be explained.

Copyright (c) 2006 by The Surface Analysis Society of Japan

This paper aims at deriving a simple expression for
evaluating an effective spatial resolution of the phase-con-
trast image in X-ray microscopy, enabling realization of an
experimental condition for higher spatial resolution. For this,
the effective spot size of the X-ray source was evaluated for
various experimental conditions by a Monte Carlo (MC) simu-
lation approach, the source program of which we recently
wrote in C++ for wider practical use. By applying the ap-
proach to X-ray microscopic observations of an ant and a
bee under different experimental conditions, it has been con-
firmed that the present approach achieves the desired ex-
perimental results with considerable success.

2.Monte Carlo simulation model
2.1 Scattering processes

The present MC simulation model is based on the uses of
the screened Rutherford scattering formula and Bethe’s stop-
ping power equation to describe the elastic and inelastic
scattering processes of a penetrating electron in a target,

respectively. The scattering angle of elastic scattering is
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calculated from [3]
do—Ruthe;ffbrd _ 4’,’1022264
do - h4(q2 +a—2 2 M

where m, is the rest mass of the electron, Z the atomic number
of the target atom, e the electron charge, and ¢ the scattering

vector, g = |¢|, related to the scattering angle, 6, as

where k is the wavenumber of the penetrating electron. The

screening distance a_ is expressed as

_ 0885a0 , (3)

ascr - Z1/3

where a, is the Bohr radius.
The energy loss of a penetrating electron along its

trajectory is calculated by [4]

dE 27N ,e'*pZ myv>E ——
= In 0 —(24/1—
ds  mp’4, { 21°(1- %) ( p

~1+ ) In2+1-p° +%(1—1/1—ﬂ2)2}

@

where v is the velocity of the electron, E the kinetic energy of
the electron, N, Avogadro’s number, p the density of the
target material, 4, the atomic weight, / the mean excitation

energy given as [5],
1=9.76Z+58.527"" [eV], )

and /S is the relativistic factor.

2.2 Generation of continuous X-rays

The continuous X-rays of photon energy / vgenerated by
a penetrating electron are calculated using the Kirkpatrick-
Wiedmann-Statham analytical expression, in which the
double differential bremsstrahlung cross section with the

relativistic correction is expressed as
d*c o= cos’ @) + o,(+ cos’ @)
d(hv)dQ (1- Bcos @)

©)

In eq. (6), the x-axis is defined as the velocity vector of the
moving electron, ¢is the emission angle of an X-ray photon
with regard to the x-axis, o, and o, are the x- and y-compo-
nents of the differential cross section, respectively. X-ray
emissions in the y-z plane (i.e., the plane normal to the
velocity of the moving electrons) are isotropic. The x-com-
ponent of the bremsstrahlung cross section is given by
Kirkpatrick-Wiedmann as [6]

. _0252+a(Q-0.135) - h(Q0.135)’
* Uhv

(7
[1.509x10** cm?sr™" keV™],

where Q = hv/E and U = V/Z2 ; Vis the accelerating
voltage in esu. Coefficients a and b are

a=147B-0.5074-0.833,
b=1.70B-1.0904 - 0.627,

A = exp(—0.2230U) — exp(=57.00), )
B = exp(—0.0828U) — exp(~84.9U).

The y-component, o, is given as

_=¢+n/(@+e)
! Uhv ©))
[1.509%x107** cm®sr™" keV™],

(o}

where

{=(+28)y,-2(1+&)y;,
n=01+&)y;+),
~—0214y, +1.21y, - y,
143y, -2.43y, + y,
y, = 0.22[1-0.39exp(~26.9U)],
y, = 0.067+0.023/(U +0.75),
y; = —0.00259+0.0076/(U +0.116).

(10)

For U< 0.0604, the expressions modified by Statham [7]

o, =exp(a,)/hv
[1.509x102 em?sr™ keV™], (1
o, =exp(a,)/hv

[1.509x10** cm® sr™ keV™'], (12)
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are employed, where

a, = (~1.019040+0.14601400 — 0.0501077Q*) In U
—1.483110+ 0.94748400 - 0.3500140°,
a, = (~0.882129+0.03669340 — 0.3396460) In U

-1.04088 - 1.86355Q — 0.7230680Q".

(13)
The above analytical expressions are adopted in the range
02<Q<1.For0<0.2, 0 and o, are multiplied by the factors

f.and f} , respectively, which are given as

£, =1-0.567exp(~200)
(fU > 0.0604)

1
/s = {1—(—0.55+4.83U) exp(~200) (otherwisd.

(14)

The double differential bremsstrahlung cross section
given by eq. (6) is depicted in Fig. 1 for X-rays of different
photon energies under the condition that 10 kV electrons
impinge on a Au atom. It can clearly be seen that the angular
distribution of emitted X-rays is no longer homogeneous
but is becoming an increasingly specified shape for higher

photon energies.

e 33keV_

10 keV electron

Fig. 1 Angular distributions of continuous X-rays of different
photon energies emitted by interaction between a Au atom and 10
kV electrons.

2.3 Generation of characteristic X-rays

With respect to the generation of characteristic X-rays,
the formula of Casnati [8] is used to calculate the ionization
cross section of the K shell,

2
R IJ InU
o =nga, Rl = | wp——
£ KO[EK U -

where n, is the number of electrons in the K shell, a is the Bohr
radius, E, is the binding energy of the K shell, U = E| / Ey
is the ratio of the electron kinetic energies £'and £, and / is

(15)

the Rydberg constant.
The factor R is given by

r_(1+27 YU+IY
U+2J N\ 1+J

3

[ arowsana+ay ) (16)
JA+2D)+UU +20)1+0)* )’
where J, using the rest mass m, is
szocz/EK, (17)
where c is the light velocity. Factors yand ¢ are
) E_K (dy+dy [U+d, [U?)
4 1, 5 (18)
b b
= b, exp| —+—= |,

where d =-0.0318,d,=0.316,d,=-0.1135,b,=10.57,
b,=-0.736,and b,= 0.317.
Because the formula of Casnati is only applicable for the
K shell, the ionization cross section of the L shell given by the
conventional formula of Gryzinski [9] has been used. The
ionization cross section of the L shell is obtained as
—g(U)

L

o,=n, (20)

where 7, is the number of electrons in the L shell, g, and g(U)

arc

o, =6.51x10"*[eV’cm’], 21)

_1(u-nys
g(U)_U(UH]

X 1+g I—Ll 2.7+ U—I% 22
(-
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with E, the binding energy of the L shelland U = E/E, the
ratio of £, to the electron kinetic energies E.
The method of calculation of the present Monte Carlo

simulation has been described in detail elsewhere [10].

3. Effective resolution of phase-contrastimage

In an X-ray microscope, a fine-focused electron beam
bombards a thin film target to generate X-rays in the target
to form an X-ray source of small size. The X-rays emitted
from the X-ray source penetrate a sample placed beneath
the target to project a shadow image onto a detector, e.g.,
film as schematically illustrated in Fig. 2.

The shadow image formed by absorption of the X-rays in
the sample corresponds to the amplitude-contrast image in
electron microscopy and should be distinguished from the
phase-contrast image, which will be addressed below. As
can easily be seen from the geometry, the spatial resolution

d of the amplitude-contrast image is simply expressed by [11]
d,=d (M-1), (23)

where d_is a source size and M the magnification
[= (a+b)/a].Eq.(23) clearly indicates that the resolution
is wholly limited by the size of the X-ray source. With re-
spect to the resolution of the phase-contrast image, we pro-
pose a simple model based on Fresnel diffraction for a point
phase object, as described below.

Figure 3 is a schematic diagram of image formation in which
we consider two paths of the X-rays emitted from a point
source (S). One is the path of the X-rays diffracted by the
point phase object at point (O) during penetration to attain
the observation point (P); the other is the path of the X-rays
that directly attain the point (P). The difference Al between
the two paths of the X-rays is given by

Al = (SO + OP) - SP
—a+b +x —\/(a+b)2+x2

2 2
= a+b[1+x—2J— (a+b){1+x—2}
2b 2(a+b) (24)

a

ba+b)

2
X
2

The first zero point (x,) of the diffracted X-rays on the
screen is simply attained for A/ = 1/ 2 as

detector or film

X-ray source

Fig.2 Optics of X-ray radiography. a: distance between X-ray
source and sample. b: distance between sample and film.

sample plane screen Intensity
>

+———— a8 ————Pie—— h —>
P : 1st Zero point (x;)

g fx | <

- - B Center Peak

S / -
point source 4
point phase object ?

Fig. 3 Formation of Fresnel diffraction image of point phase
object.

b
Xy = ﬂ|:— (a+ b)} =+ AbM, 25)
a
where M = (a+b)/a is magnification of an object pro-
jected onto the screen by the point source.
Taking 2x, as the diameter of the center peak of the Fresnel
zone plate, the spatial resolution on the screen, Ad is

given by
(26)

Ad,. =2\VAbM.

Converting the Ad_back to the object plane, one can

get
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2 ab
Ad =—ANAM =2,| 1 ——, 27
sample M Cl+b ( )
by dividing Ad_ = with M.
It is this Ac{mmﬂe that basically determines the spatial
resolution of X-ray phase-contrast microscopy. Dividing
. oon DY b gives AB, which is the angle of observing the

center peak from the point phase object,

A9 = M :2\//1M _, [ ath
b b ab
44 (28)
Adsample

Thus far, we have presumed a point source as an X-ray
source and a practical source size has not been considered.
Therefore, we will now try to extend the approach mentioned
above to an X-ray source of finite size. Denoting the source
size as d , the angle A&, which sees the source from the point

phase object, is given by
AO . =d /a. (29)

This angle is presumed to cause blurring of the Fresnel

diffraction, leading to the ultimate blurred diffraction angle,

AO, =|AG> +AO>.

Hence, A@) leads the diameter of the center peak converted

(30)

to the object plane to

A6
=Ad, 2%
sample A 9

=Ad (A0, /A6) +1.

sample

Ad!

sample

G

Consequently, the d_deteriorates the resolution Ad

sample

for the point source by /(A6, / A0)2 +1 times larger.

4. Results
4.1 X-ray microscopic observations

To explain the resolution of a phase-contrast image
observed under an X-ray microscope, we studied two differ-
ent observations. One was the X-ray microscopic image of
an ant observed by one of authors (S. T.) in 1973 under
irradiation of continuous X-rays from a Au film target 2 um
thick. The X-rays were generated in a Au (2 um)/Mylar (2
pm)-film target by bombarding it with an electron beam of

spot size ~2 um in diameter at 10 kV and 0.38 pA. These
arrangements were primarily aimed at making the source of
the X-ray as small as possible. For this, a Au film target was
selected for reducing the diffusion of incident electrons in
the target, to make the X-ray source as small as possible.
This also led us to use a low accelerating voltage such as 10
kV.

Figure 4 shows an X-ray microscopic image of an ant taken
with Fuji FG film for electron microscopy at an exposure time
of 30 min. The distances from the X-ray source to the object
and from the object to the film were 5 mm and 50 mm, respec-
tively.

The other image was of a bee observed by T. Kikuchi, also
one of the authors, five years ago under irradiation of Cu-K«a
X-rays, generated in a Cu (20 pm) film target bombarded with
an electron beam of 3 pm in diameter at 50 kV and 3 pA.

As described in Section 3, the spatial resolution of the
phase-contrast image is restricted not only by the effective
spot size of the X-ray source but also by the wavelength. In
this case, it was aimed at using Cu-K « X-rays from a Cu foil
target 20 pwm thick. An electron beam of a higher accelerating
voltage such as 50 kV was used to ensure an electron beam
having a smaller spot size and high current intensity.

Figure 5 is the X-ray microscopic image of a bee taken with

Fuji FG film at an exposure time of 20 min.

4.2 X-ray source sizes in film targets

The Monte Carlo simulation approach described in the
preceding section was applied to evaluate the effective
source sizes in the Au and Cu film targets under bombard-
ment of 10 kV and 50 kV electrons, respectively.

The results are shown in Figs. 6 and 7. Figure 6 shows (a)
the trajectories of 1000 incident electrons and (b) the spatial
distribution of continuous X-rays generated in the Au (2
pum) film target under bombardment of 10 kV electrons at
normal incidence, which simulates the X-ray microscopic
observation of the ant shown in Fig. 4. Similarly, Fig. 7 shows
(a) the trajectories of 1000 incident electrons and (b) the
spatial distribution of Cu-K o X-rays generated in the Cu (20
pum) film target, under bombardment of 50 kV electrons at
normal incidence, which simulates the other X-ray micro-
scopic observation of the bee shown in Fig. 5.

From these results, effective source sizes of signal X-rays
were evaluated by plotting the lateral distribution of X-ray
intensity, as seen in Fig. 8. The Monte Carlo calculations

were performed for an electron beam of a definite spot size

- 227 -



Journal of Surface Analysis Vol.13 No. 3 (2006) pp. 223 - 233
Y. Yamaguchi et al. Effective Resolution of Phase-contrast Images in X-ray Microscopy

Fig. 4 X-ray microscopic image of an ant. X-ray power, 10 kV x 0.38 pA; electron beam spot, 2 pm in diameter; exposure time, 30 min
with Fuji FG film for transmission electron microscopy; X-ray source (Au film target 2 pm thick) to sample, 5 mm; sample to film, 50
mm.
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Fig. 5 X-ray microscopic image of a bee. X-ray power, 50 kV x 3 pA; electron beam spot, 3 pm in diameter; exposure time, 20 min with
Fuji FG film. X-ray source (Cu film target 50 um thick) to sample, 100 mm; sample to film, 200 mm.
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according to the experiment, namely, a 10-kV electron beam
of 2 pmin diameter for the Au film target and a 50-kV electron
beam of 3 um in diameter for the Cu foil target.

The lateral distribution of the X-ray intensity in the Au film
target is plotted in Fig. 8 for X-rays of photon energies higher
than 5 keV because a major part of the X-rays of photon
energies below 5 keV is absorbed in the target, as seen in Fig.
9. As is clearly shown in Fig. 8, the effective source of the X-
rays in the Au target is fully determined by the electron
beam size, i.e., ~2 um in diameter in this case.

The other lateral distribution of Cu-K« X-ray intensity in
the Cu (20 um) film target is plotted in Fig. 10. The effective
source size in the Cu foil target becomes considerably larger
than the spot size of the electron beam owing to the diffusion
of the incident electrons in the target. The X-ray source size
in the Au target is almost the same as the spot size of the
electron beam. Here, the diffusion of 10 kV electrons in the
Au target is one order of magnitude smaller than the spot

size of the electron beam.

10 keV electrons

(b)

Fig. 6 (a) Trajectories of incident 10 kV electrons in Au target and
(b) spatial distribution of X-rays of different photon energies
generated in the Au target. Purple, 0-2 keV ; blue, 2-4 keV ;
green, 4-6 keV ; yellow, 6-8 keV ; and red, 8-10 keV.

50 keV electrons

(b)

Fig. 7 (a) Trajectories of incident 50 kV electrons in Cu-target,
demonstrating the deceleration process by color : Red, 50-40 keV ;
yellow, 40-30 keV ; green, 30-20 keV ; blue, 20-10 keV ; purple,
10-0 keV. (b) Spacial distribution of Cu-K«a X-rays generated in
the Cu-target. The colored area represent those of different photon
densities [photons/(um? * electron)]of Cu-Ka X-rays : Red, > 1.0
X 1073; yellow, > 0.8 X 107 ; green, > 0.6 X 107 ; blue, > 0.4 X
107 ; purple, > 0.2 X 107,

25 T T T T T

L / ]
20 / \

Intensity of continuous X-rays (x1 0® photons p,m'1 electron'w)

-1 0 1
Lateral distance (um)

Fig. 8 Lateral distribution of continuous X-rays of photon energies
higher than 5 keV generated in Au target under bombardment of 10-
kV electron beam of 2 pm diameter at normal incidence.
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Fig. 9 Spectrum of continuous X-rays emitted from Au target
under bombardment of 10-kV electrons at normal incidence.
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Fig. 10 Lateral distribution of Cu-K« X-rays in Cu target under
bombardment of 50-kV electron beam 3 pm in diameter at normal
incidence.

5. Discussion
5.1 Phase-contrast image of an ant

Let us examine the spatial resolution of the image shown
in Fig. 4. In this case, the distances from the X-ray source to
the object (ant) and the object to the film (screen) are 5 mm
and 50 mm, respectively, thatis, a=5 mm and =50 mm. Thus,

the magnification is calculated as
M =(a+b)/a=11.

According to the X-ray spectrum emitted from the Au
target shown in Fig. 9, in this case we presumed ; =1.8 A as
an average wavelength of the continuous X-rays. First, for

the point source of X-rays we get

Ad.,,. =2\ AbM =20 um,

Ad&c’reen ~
Admmple = T =138 pm,

A6?=21//Ta+b =4.0x107* rad.
ab

With respect to the definite source size of the X-rays,

and

taking the effective source size, d,, in the present case, as d.

=2 um, we get
2 um o
AO, =——=4x10"" rad,
© S5mm
A6, AP +AO” L
A6 A0 T
Therefore, the ultimate resolution Ad’,, . , is given by
Ad;amp,g = Admmp,e x1.4=2.6 um,
and
Ad‘;creen = Adscregn X 14 = 28 “,m

This value of Ad’

screen

should be larger than the resolving
power of the detector, Ad,. This requirement is satisfied in
this case because the resolving power of the Fuji FG film is
regarded as Ad, =15 pm.

A careful examination of Fig. 4 reveals that the resolution
attains 2~3 um, agreeing well with the evaluation mentioned
above.

It is worth noting that the ultimate resolution of the phase-

contrast image comes very close to the source size of the X-
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rays, much higher than the resolution of the amplitude-
contrast (absorption) image which is, according to eq. (23),
estimated as d, = 20 um.

Another point of practical importance is that a dark line is
associated with an adjacent bright line or vice versa. This is
a feature of the diffraction pattern often observed in Kossel
and Kikuchi patterns. This line pair of bright and dark lines
leads to the effect of emphasizing line and edge contrasts
just as in differentiated image processing, which is com-
monly used for emphasizing image contrast.

Consequently, the phase-contrast images observed in X-
ray microscopy increase not only higher spatial resolution

but also higher contrast.

5.2 Phase-contrast image of a bee
Applying the same approach as mentioned in Section 5.1
to the phase-contrast image of a bee, shown in Fig. 5, we
have obtained the ultimate effective resolution as follows:
First, taking 2= 100 mm, =200 mm, and A= 1.542 A (Cu-
Ka X-rays), we get

Ad,.., = 2NAbM =19 pm,

dscreen ~
Adsamplg = T =64 pHm,

AO = 2‘//1“”’ ~9.6x10" rad.
ab

Presuming that the effective source size d = 3.9 um, we get

and

0 = 3.9 um
* 100 mm

AG, =AO* + AO =10x107° rad.

Therefore, the effective resolution is given by

=3.9x107 rad,

=Ad AG = 6.9 um.

sample A 9

Ad'

sample

In this case, the reason why the resolution of the phase-
contrast image becomes almost twice as large as the X-ray
source size is mostly due to the experimental setup, namely

the smaller value of M, as suggested by

Adsamp/e =2 V M/M

If one had chosen, for instance, = 10 mm and 5 =200 mm,

one would have obtained a much higher resolution as

Ad!

sample

=4.4 um,

which is much better than the resolution obtained in the
experiment. Furthermore, also note that the ultimate resolu-
tion Ad.,,.. again comes very close to the source size whereas
the resolution of the amplitude-contrast image is predicted

from eq. (23) to be twice as large as the source size.

6.Summary
The present paper has proposed a simple equation (eq.

(31)) to evaluate the effective resolution of phase-contrast

images observed under an X-ray microscope and demon-

strated its usefulness by applying it to two X-ray micro-
scopic observations. The results are summarized as follows:

(1) Particular attention was drawn to the two features of
phase-contrast images: One is that much higher spatial
resolution is attainable than that of the conventional
amplitude-contrast (absorption) image. The other is line-
pair contrast, in which a dark line is always associated
with an adjacent bright line or vice versa. This line-pair
contrast leads to the effect of emphasizing line and edge
contrast just as does differentiated image processing,
which is commonly used for emphasizing image con-
trast.

(2) The effective source sizes of X-rays are evaluated by
applying Monte Carlo simulation, the source program
of which has recently been rewritten in C++ for more
practical use.

(3) Monte Carlo calculations provided the effective X-ray
sources, 2 pm in diameter for Au (2 pm) / Mylar (2 pm)-
film target under bombardment of an electron beam ~2
pmin diameter, 10keV, and 0.38 pA.

(4) Similarly, the effective source size of Cu-Ka X-rays was
evaluated to be ~3.9 um in diameter in a Cu foil (20 pm)
target under bombardment of an electron beam of ~3 um
in diameter, 50 keV, and 3pA.

(5) Eq. (31) predicted that the resolutions of the two phase
contrast images (shown in Figs. 4 and 5) attain ~2.6 pm
for Fig. 4 and ~6.9 um for Fig. 5, which describe the
observations with considerable success.

(6) Eq. (31) also suggests that the resolution in Fig. 5 should
be greatly improved by a different setup of the experi-
ment, such as setting a = 10 mm in place of =100 mm in
the original observation. This new setup is predicted to
provide the ultimate resolution of ~4.4 pm, much better

than ~6.9 pm in the original observation.
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