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Abstract. A synchrotron light source dedicated to medical applica-
tions has been designed at National Institute of Radiological Sciences.
The storage ring, with circumference of 80 m, is designed for accel-
eration of 2.3 GeV and a stored current of 420 mA. It is equipped with
two multipole wigglers to produce sufficient photon flux in a hard
x-ray region required for medical applications. The purposes of the
synchrotron light source are clinical performance of medical diag-
noses clinically and research and development relating with medical
applications. One of the most interesting applications for us is dual-
energy x-ray computed tomography (CT). It gives the information
about electron density of human tissue. The information plays an im-
portant role in advancing heavy-ion radiotherapy of cancers. Electron
density can be derived from attenuation coefficients measured by dif-
ferent energy x rays. In this paper, a practical method of the dual-
energy x-ray CT with synchrotron radiation is proposed with the
theoretical consideration. The primitive experiment using monochro-
matic x rays emitted from radioisotopes proved the procedure of
analysis mentioned here effective to derive electron densities from
linear attenuation coefficients for two x rays of a different energy. The
beamline dedicated to dual-energy x-ray CT is also proposed. It has a
multipole wiggler as a light source and it mainly consists of a dual
crystal monochromator and a rotating filter for attenuating photon flux
of x rays and two-dimensional detector. © 2001 Society of Photo-Optical In-
strumentation Engineers. [DOI: 10.1117/1.1383062]
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1 Introduction
Synchrotron radiation~SR! has great advantages for advanc-
ing x-ray imaging and medical diagnoses. We have a plan t
construct a compact synchrotron light source dedicated t
medical applications at the National Institute of Radiological
Sciences~NIRS!. The final goal of our plan is:~1! construc-
tion of the compact light source based on a hospital and~2!
clinical uses of advanced medical diagnoses with SR. A typi
cal medical application of synchrotron radiation is intrave-
nous coronary angiography~CAG!.1 It has been clinically ap-
plied to examinees as a noninvasive diagnostic method fo
discovering coronary heart disease.2–4 In addition, there are
many other applications of synchrotron radiation, such as
monochromatic x-ray computed tomography, fluorescen
x-ray imaging, noninvasive bronchography, phase contras
imaging, refraction contrast imaging, and so forth. These help
discover diseases at an early stage and determine optimu
treatments for the diseases.

Our plan is motivated by heavy-ion radiotherapy, which
has been performed with carbon beams at the NIRS sinc
1994.5,6 More precise heavy-ion irradiation can be achieved
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t

with the help of computed tomography~CT! with monochro-
matic x rays. CT with monochromatic x rays provides info
mation about electron density of human tissue without am
guity due to the beam hardening effect. The informati
makes the planning of the treatment of heavy-ion radiother
more accurate. Electron density is also expected to introd
new information into medical diagnosis. In order to meas
electron density of human tissue, study of dual-energy x-
CT was begun using conventional CT scanners in the 1977

Dilmanian et al. have been developing dual-energy x-ray
with SR to separate the concentration of low-Z elements
that of intermediate-Z elements. The latter concentration p
vides the information on important elements for human t
sues such as Potassium.8

We designed the synchrotron light source dedicated
medical applications. One of the beamlines of the synchrot
light source is designed for performing dual-energy x-ray
clinically for patients with lesions in their brains. In this pa
per, we focus on a basic concept of dual-energy x-ray CT
design of the beamline as well. The design of the synchrot
light source is also introduced briefly.
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2 Dual-Energy X-Ray CT
2.1 Basic Concept
Employing a formula proposed by Jackson and Hawkes,9 a
linear attenuation coefficient of a matter for an x-ray of an
energyE is described as follows:

m5
rNA

A F4&Z5a4S mc2

E D 3.5

f0(
nll 8

f nll 81Zes
KN

1~12Zb21!S Z

Z8D
2

scoh~Z8,E8!G , ~1!

wherer, NA , A, and Z are density, Avogadro’s number, an
atomic mass, and an atomic number, respectively. The firs
term in a parenthesis is an atomic cross section of photoele
tric absorption. Description for the photoelectric absorption
cross section involvesL-shell electrons as well asK-shell
electrons. An incoherent cross section for an atom withZ is
described by the sum of a Klein–Nishina cross section mul
tiplied by Z and a correction term, which is described by a
coherent cross section multiplied by minusZb21. A coherent
cross section can be related to the coherent cross section fo
standard elementZ8. Here, we used the element withZ8
58, oxygen, as the standard element. Equation~1! can be
simplified as follows for convenience:

m5re@Z4F~E,Z!1G~E,Z!#, ~2!

wherere5(rNA /A)Z is electron density, and the first term
and the second term in the parenthesis denote a photoelect
absorption term and a photon scattering term, respectively
There are two unknown variables:re andZ.

Using a light source with an energy spectrum in which
discrete two peaks of energyE1 and E2 exist, transmitted
lights through an object are simply described as follows:

I A5I 1A expS 2E m~E1 ,x!dxD
1I 2A expS 2E m~E2 ,x!dxD ,

~3!

I B5I 1B expS 2E m~E1 ,x!dxD
1I 2B expS 2E m~E2 ,x!dxD ,

where indicesA andB denote different energy spectra.I 1 and
I 2 are incident x-ray intensities of energyE1 andE2 , respec-
tively. The incident x-ray intensities can be easily measured in
combination of dosimetry and pulse-height analysis. Solving
the simultaneous equations derives exponential functions o
integration of a linear attenuation coefficient. In CT recon-
struction algorithms, numeric values ofm(E1) andm(E2) for
each pixel can be obtained. Then, using Eq.~2!, we obtain
other simultaneous equations with respect to the linear attenu
ation coefficients as follows:

m15re@Z4F~E1 ,Z!1G~E1 ,Z!#,
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m25re@Z4F~E2 ,Z!1G~E2 ,Z!#.

The linear attenuation coefficient for elements of human
sue is approximately proportional toZ4. In order to obtainZ,
we can solve the simultaneous equations with respect toZ4 as
follows:

Z45
m~E2!G~E1 ,Z!2m~E2!G~E1 ,Z!

m~E1 ,Z!F~E2 ,Z!2m~E2 ,Z!F~E1 ,Z!
. ~4!

Iterative calculation results in a unique solution ofZ. We call
the Z an effective atomic number. Then we can easily obt
electron density with the following equation using the effe
tive atomic numberZ:

re5
m~E1!F~E2 ,Z!2m~E2!F~E1 ,Z!

F~E2 ,Z!G~E1 ,Z!2F~E1 ,Z!G~E2 ,Z!
. ~5!

Two-dimensional~2D! mapping of linear attenuation coeffi
cients of an object or CT numbers is reconstructed as a
image in a conventional x-ray CT. In the dual-energy x-r
CT, 2D mapping ofre or Z of an object is obtained. Experi
ments using monochromatic x rays emitted from radiois
topes partially proved the effectiveness of Eqs.~4! and ~5!,
and those results were presented in Sec. 2.4.

As shown in the simultaneous equations~3!, there are two
types of x-ray beams. One type of x-ray beam contains
x-ray of energyE1 and that ofE2 with a flux ratio ofI 1A :I 2A .
The other type contains both the x-ray beams with ratio
I 1B :I 2B . These beams are easily produced with a combi
tion of a monochromator and filters of two kinds as mention
in the next subsection.

2.2 Design of Beamline for Dual-Energy X-ray CT
We propose the beamline dedicated to the dual-energy x
CT for clinical uses. Figure 1 shows the beamline schem
cally. The light source of the beamline is a multipole wiggl
mentioned later. The beamline length from the center of
light source to a detector is about 15 m. Main components
the beamline are a monochromator, a rotating filter, collim
tors, a beam shutter, dose meters, a beam stopper, an
forth. The components except for the first two are genera
used in a synchrotron radiation beamline. The monochrom
consists of dual silicon crystal with~220! surface. The Si~220!
crystal plane reflects the second order harmonic wave p
sitically as well as the first order harmonic wave. Since
wiggler provides us with sufficient photon flux of the high
energy region than about 80 keV, which is shown in Figure
we can use the first and second order harmonic waves sim
taneously as the dual-energy x ray. Then, energyE2 in Eq. ~3!
is twice as large asE1 . Using only different filters gives a
change in the ratio of photon flux of the first order harmon
wave to that of the second one; that isI 1A /I 2AÞI 1B /I 2B ,
where the indices ofA andB denote the different filters. Fo
each projection in CT scanning, two transmission images
taken by inserting both the filters one after the other into
beamline. Figure 2 shows it schematically. Both the filters
combined in the rotating filter shown in the figure. A part
the rotating filter is made of metal such as copper, and ano
part is made of a lighter material such as graphite. The ro
ing filter is located upstream of the monochromator so tha
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Fig. 1 A schematic drawing of the beamline used for the dual-energy x-ray CT. In this design, the target is limited to a head of an examinee. The
examinee is rotated in a rate of 180°/20–30 s when being exposed to x rays. Rotating two different filters alternatively changes relative amounts of
the first and second order harmonic waves.
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receives the white light and decreases the heat load in th
monochromator. The heavier part of the filter strongly attenu
ates a low energy part of the synchrotron radiation, and th
lighter part does not modify the energy spectrum very much
but reduces the intensity of the photon flux.

The second crystal located downstream of the first one ha
an asymmetry reflection surface to expand the x-ray beam
vertically10 in order to make the irradiation field ofV50 mm
3H300 mmat the examinee’s position. The magnification of
the vertical size is given by the following equation:

M5
sin~uB1a!

sin~uB2a!
'

uB1a

uB2a
, ~6!

whereM is the magnification,uB is a Bragg angle for the first
order harmonic wave, and an asymmetry anglea is the angle
between the~220! plane and the surface of the crystal. The
incident angle of an x ray onto the crystal surface isuB2a.
The small incident angle ofuB2a makes the longitudinal
size of the second crystal larger than that of the first crystal in
order to cover the whole vertical size of the SR beam with a
fan shape.

For CT scan with SR, an examinee is put into rotation
instead of an x-ray source. Since the beam of SR is parallel,
rotation of from 0° to only 180° is sufficient for a scan.11
Considering about 800 projections are taken in a conventio
CT scan over 360°, 400 projections are supposed to be s
cient for reconstruction of a tomographic image. It is nec
sary to rotate an examinee in a slow rate such as from 20 t
s for 180° so as to prevent the examinee from moving fr
one’s original position. Even the slight motion may cause
tifacts in reconstruction images. Even though the rotation
slow, it is required that the exposure time to take each tra
mission image and an interval time between those expos
for a projection be as short as from a few milliseconds to te
of milliseconds so as to make a reconstruction image f
from artifact due to the rotation.

Use of a two-dimensional detector can take transmiss
images for multislices simultaneously so that it shortens
total scanning time. Recently a flat-panel detector has b
used for computed radiography~CR!.12 The important condi-
tion required for the detector for our purpose is a higher fra
rate than a video rate of 30 frame/s. Nakagawa and his
leagues have been developing complimentary metal–oxi
semiconductor~C-MOS! arrays to realize real time imaging.13

A C-MOS device can transfer in principle a larger elect
charge than usually used with devices such as a cha
coupled device. Therefore a large area C-MOS sensor ca
produced. It is suitable from a standpoint of radiation saf
Fig. 2 A schematic drawing to explain the concept of the dual-energy x-ray CT.
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 373
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Table 1 Photon flux estimation for dual-energy x-ray CT.

40 keV 80 keV

Total photon flux in front of a
filter (ph/sec)a

1.8831014 4.9231013

Specification of filter Graphite (13 g/cm2) Copper (1.8 g/cm2)

40 keV 80 keV 40 keV 80 keV

Photon flux in front of an
object (photons/sec)

1.2731013 5.4431012 3.4031010 1.2831013

Ratio of photon flux of 40
keV to that of 80 keV

2.34 0.003

Radiation dose (mGy)
[Surface dose (mSv)b]

10
[14]

Photon flux per pixelc in
absence of an object

6.053106 4.263106

Photon flux per pixel in
presence of an objectd

8.783103 1.733104

a A radiation field size is assumed to be 5 cm330 cm.
b Conversion coefficients for skin dose of AP were quoted from ICRP Publication 51, 1987.
c Pixel size is 1 mm310 mm.
d An object is assumed to have a water equivalent length of 30 cm.
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that a pixel size is1 mm310 mm, which is the same as that
used in a conventional CT scanner. Besides, since a C-MO
device can make faster switching than an amorphous device,
C-MOS device could achieve a higher frame rate. Characte
istics of a C-MOS device are in agreement with the condition
required for the detector applied to the dual-energy x-ray CT
It is one of the hopeful candidates.

2.3 Design Parameters of Beamline
In a conventional x-ray CT scanner, the average energy of th
x ray is about from 70 to 80 keV. Therefore, it seems reason
able to consider the dual-energy x-ray CT using a 80 keV x
ray as the higher energy x ray. It means the energy of the firs
order harmonic wave is 40 keV. The light source of the beam
line is assumed to be the wiggler. The wiggler operated in a
maximum magnetic field of 7 T with a 420 mA electron beam
of 2.3 GeV produces the flux densities of3.48
31014(photon/s/mrad2/0.1% bw) for a 40 keV x ray and
1.2731014 for a 80 keV x ray. The photon emitted horizon-
tally within 610 mrad is used to make the irradiation field of
300 mm wide. Since an SR beam has a sharp vertical distr
bution, the photon emitted vertically within only60.09 mrad
is used to keep the flatness less than612.5%. Then, a 2.7 mm
high x-ray beam is provided at the monochromator that is
located 15 m from the light source. In order to make the
irradiation field of 50 mm high, it is necessary to magnify the
vertical size 18.5 times. According to Eq.~6!, theuB of 4.63°
for the 40 keV x ray requires the asymmetry anglea to be
4.15° in order to obtainM518.5.

The photon flux of an x ray should be determined accord
ing to quality of images and radiation safety. The conven-
medical Optics d July 2001 d Vol. 6 No. 3
a
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t
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tional x-ray CT technique empirically tells us that in order
obtain good quality of images and keep radiation dose wit
allowance, at least2.53106 photons per pixel are necessa
in the absence of an object. We designed the filter thickn
and a way of exposures to roughly keep the empirical ru
Table 1 shows the photon flux and the surface dose in a t
cal case. The filter consists of~a! a graphite plate with thick-
ness of 13 g/cm2 and ~b! a copper plate of 1.8 g/cm2. In this
calculation, the light source of the beamline is the wigg
with nine poles of 7 T, which is operated in 2.3 GeV 420 m
electron beams. In this case, the exposure time to the x
for taking a transmission image is assumed to be 0.5 ms e
with an interval of 5 ms between both the exposures. T
surface dose is much less than 50 mGy, which is an up
limit of an entrance surface dose of a head by x-ray CT sc
ning recommended by IAEA Basic Safety Standard of 199614

2.4 Experimental Results on Derivation of re and
Effective Z
The primitive experiment of measurement of attenuation
efficients proved Eqs.~4! and ~5! to be effective in deriving
electron density and an effective atomic number. The exp
ment was carried out by using monochromatic x rays of th
kinds emitted from radioisotopes of133Ba and241Am. Alumi-
num and four phantoms were used as objects. Three of
phantoms are equivalent to fat, soft tissue and a mixture
muscle and fat, and the remaining phantom is equivalent
compact bone. The x rays of 32.2 and 81.0 keV are emi
from 133Ba and the x ray of 59.5 keV is emitted from241Am.
We measured x rays in pulse-height-analysis with an NaI~Tl!
crystal scintillator. The detector was well collimated and
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Table 2 Attenuation coefficients measured by monochromatic x rays and derived electron densities and effective atomic numbers. (Note: Electron
densities and effective atomic numbers except aluminum target were derived using pairs of data of 32.2 and 81 keV. Those values of aluminum
were derived from a pair of data of 32.2 and 59.5 keV.)

Energy (keV)

Attenuation coefficients (1/cm)

SZ-202a SZ-207b SZ-49c BETd Aluminum

32.2 0.359 0.340 0.263 1.990 2.444

59.5 0.213 0.211 0.193 0.528 0.734

81 0.192 0.182 0.173 0.378

re(1023/cm3) 3.488 3.319 3.233 5.211 7.629

Exp./Theory 1.038 0.958 0.988 0.968 0.974

Effective Z 7.58 7.56 6.14 13.96 13.08

Exp./Theory 1.06 1.08 1.01 1.06 1.01

a SZ-202: Phantom equivalent to mixture of a muscle and fat.
b SZ-207: Phantom equivalent to soft tissue.
c SZ-49: Phantom equivalent to fat.
d BET: Phantom equivalent to compact bone.
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solid angle was about231023 strad.Table 2 shows attenua-
tion coefficients of the objects for every energy x ray, effec-
tive atomic numbers, and electron densities derived from us
ing Eqs. ~4! and ~5!. The electron densities and effective
atomic numbers of the objects except aluminum were derive
from using data of 32.3 and 81 keV. For the aluminum object
data of 32.3 and 59.5 keV were used. Discrepancies betwee
the measured values and the theoretical values are less th
5%. Combination of data of 32.3 and 59.5 keV or those of
59.5 and 81 keV, however, leads the discrepancy to bein
larger than the values shown in Table 2.

3 Design of the Synchrotron Light Source and
its Layout
The synchrotron light source shown in Figure 3 was designe
to be compact so as to install all the facilities in a limited area
such as a hospital. In order to use the light source for clinica
purposes, it is necessary to produce sufficient photon flux in
hard x-ray region. Since intravenous CAG in theK-edge sub-
traction technique1 requires rather high photon flux of 33 keV
x ray among other applications, it is expected that the syn
chrotron light source optimized for the CAG may be appli-
cable to other medical applications, except for the applica
tions using the fluorescent x rays.15 Therefore, the synchrotron
light source proposed here was designed for the CAG.

Electrons are accelerated up to 300 MeV by a linear acce
erator at first, then they are injected into a storage ring. Th
storage ring with a circumference of 80 m stores the electron
with a current of 420 mA or more and accelerates them up to
2.3 GeV. For charged particle beam optical design of the stor
age ring, a double bend achromat lattice is adaptive in order t
set dispersion free at straight sections. There are four straig
sections, and two of them are equipped with multipole wig-
glers. The wiggler has nine poles with spacing of 200 mm and
generates a maximum magnetic field of 7 T, which is excited
n
n

t

by superconducting coils. One of the wigglers is a light sou
of the beamline for dual-energy x-ray CT. Another wiggler
used for the beamline designed for the CAG.16 Energy spectra
of the photon radiated from the wiggler and bending magn
are shown in Figure 4. Critical energies of the wiggler op
ated at 7 T and that of the bending magnet operated at 1
are 24.6 and 5.3 keV, respectively. As shown in the figure,
wiggler can provide sufficient photon flux for a dual-ener
x-ray CT scan in the high energy region. The beam emitta
is 3.831027 mradduring the operation of both the wigglers
Although this value of beam emittance is rather large, it
convenient for making a large irradiation field in a sho
beamline. The maximum beam size at the straight section
estimated at2.4 mm30.8 mm. Both the beamlines are de
signed to be about 15 m long from the light sources in or
to make the facilities as compact as possible.

4 Discussion
There are many causes such as noise and bad detector
make a reconstruction image deteriorate. We focus on thre
them:~1! rotation in CT scanning,~2! a light source size, and
~3! the reflection effect; they seem to relate specifically to
system for the dual-energy x-ray CT.

1. Rotation of an object while taking transmission imag
makes the spatial resolution poor. As mentioned in Sec.
two exposures and the interval between them take about 6
During the period, a point in the object rotates about 1 m
in a rotation rate of 180° per 20 s. This slight rotation mak
the point projected on the detector move at most 0.1 m
horizontally. This is much smaller than the horizontal size o
pixel of 1 mm.

2. Since the beamline is short as 15 m, the light source
the beamline cannot be regarded as a point source. In the
power operation mode of the wiggler, the source separ
two point sources about 7 mm apart in a deflection plane
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 375
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Fig. 3 A layout of the compact synchrotron light source for the medical application is shown. Electrons are injected in the storage ring with 300
MeV from the linear accelerators, and are accelerated up to 2.3 GeV with 420 mA. The storage ring consists of eight bending magnets. There are
two superconducting multipole wigglers. Two beamlines of the wigglers are used for diagnoses and a few beamlines of the bending magnets are
used for basic research and development of diagnostic techniques.
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the electrons in the wiggler magnetic field. The angle betwee
two lines connecting a point of the object and both the source
is 0.5 mrad at maximum. When an object-to-detector distanc
is 500 mm, each source makes a projected image on the d
tector. Both the images are 0.2 mm apart, and it is also muc
shorter than the horizontal size of the pixel.
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3. Although an effect of refraction, which enhances
boundary of materials with different refractive indices m
improve contrast of the image,17 it could cause us to observ
incorrect electron density. Since deflection of a hard x ray i
material is as small as tens of microradians, a short objec
detector distance enables us to eliminate the enhanceme
the image. Besides, the beam emittance of the synchro
light source designed here is so large that refraction-enhan
images are difficult to make even at a long object-to-detec
distance.

Eventually, the effects of 1 and 2 blur the image, but t
extent of the deterioration is not so serious: the spatial re
lution deteriorates only about 3% in total. The effect of 3
expected not to affect the image.

Equations~4! and~5! tell us that as the interval betweenE1

and E2 become larger, the resultantre and Z become more
accurate. It has also been shown in the experimental res
In this design, we tookE1 to be 40 keV andE2 to be 80 keV.
From the point of view of photon flux, radiation dose, an
energy interval, the selection of the x-ray energy seems to
reasonable.

The design parameters of the filter are key among ot
parameters. They adjust radiation dose and the ratio of ph
flux of the 40 keV x ray to that of the 80 keV x ray. There a
only two conditions to select the parameters;~1! radiation
dose within allowance, and~2! suitable photon flux ratios. It is
easily seen that there is great freedom to select a combina
Fig. 4 Spectra of the photon flux produced by the 7 T and nine-pole
multipole wiggler and the bending magnet in a mode of 2.3 GeV and
420 mA operation are shown. In the figure, the photon number of 33
keV x ray required for CAG is indicated by a circle. The photon num-
bers of 40 and 80 keV x rays required for the dual-energy x-ray CT are
also indicated by thick bars. The photon numbers required for the CT
change according to the filters.
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Design of Synchrotron Light Source . . .
of materials of the filters and the thickness of them. Different
parameters from those mentioned in Sec. 2.3 can decrease t
necessary photon flux produced by the light source of the
beamline. Then, it affects the design of the light source a
well as the design of the beamline. In this sense, the set o
parameters mentioned in this paper is only one example
There should be options.

5 Summary
The synchrotron radiation has great potential for medical di
agnoses as well as for elemental research and industrial app
cations. In this paper, we proposed the beamline for the dua
energy x-ray CT as well as the compact synchrotron ligh
source dedicated to the medical applications.

Also, we proposed a method to derive electron density an
an effective atomic number from the linear attenuation coef
ficients measured for two energy x rays. We experimentally
proved that the method was effective even for heavy elemen
such as a bone. Discrepancies of the measured electron de
sity and effective atomic number from the theoretical values
are about 5% or less.

The key components of the beamline proposed here are th
double crystal monochromator and the rotating filter. They
can easily provide two different type x-ray beams one afte
the other. The beams have the first order harmonic wave an
the second order harmonic wave one with a different ratio
Use of the two types of x-ray beams is equivalent to use o
two monochromatic x-ray beams with different energies.
Combination of the beamline and the iterative method for
analyzing the electron density and the effective atomic num
ber can open an avenue to clinical performance of the dua
energy x-ray CT using SR.

The synchrotron light source designed here mainly consist
of a compact electron storage ring and two multipole wigglers
and beamlines. This design focused on compactness of th
total system dedicated to the medical applications such as th
energy subtraction CAG and the dual-energy x-ray CT with
SR. Since the CAG requires the highest photon flux among
the medical applications except for some special application
such as fluorescent x-ray CT,15 the storage ring and the wig-
gler were optimized for production of sufficient photon flux
for the CAG. Therefore, the facility should be widely appli-
cable to many other diagnoses that need a large amount
photon flux. However, the electron beam emittance is so larg
e

f
.

i-
-

n-

e

d

e
e

f

that performance of the advanced imaging such as refract
enhanced imaging and phase-contrast imaging is difficult.
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