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Monochromatic imaging can provide better contrast and resolution than conventional broadband
radiography. In broadband systems, low energy photons do not contribute to the image, but are
merely absorbed, while high energy photons produce scattering that degrades the image. By tuning
to the optimal energy, one can eliminate undesirable lower and higher energies. Monochromatiza-
tion is achieved by diffraction from a single crystal. A crystal oriented to diffract at a particular
energy, in this case the characteristic line energy, diffracts only those photons within a narrow range
of angles. The resultant beam from a divergent source is nearly parallel, but not very intense. To
increase the intensity, collimation was performed with polycapillary x-ray optics, which can collect
radiation from a divergent source and redirect it into a quasi parallel beam. Contrast and resolution
measurements were performed with diffracting crystals with both high and low angular acceptance.
Testing was first done at 8 keV with an intense copper rotating anode x-ray source, then 17.5 keV
measurements were made with a low power molybdenum source. At 8 keV, subject contrast was a
factor of five higher than for the polychromatic case. At 17.5 keV, monochromatic contrast was two
times greater than the conventional polychromatic contrast. The subject contrasts measured at both
energies were in good agreement with theory. An additional factor of two increase in contrast, for
a total gain of four, is expected at 17.5 keV from the removal of scatter. Scatter might be simply
removed using an air gap, which does not degrade resolution with a parallel beam. ©2004
American Association of Physicists in Medicine. [DOI: 10.1118/1.1809779]
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I. INTRODUCTION

Mammographic imaging has proven to be the most effe
way to detect and diagnose early stages of tumor in bre
which is vital to reducing mortality. Because early diagn
is the key to reducing mortality, it is essential to provide
clearest possible image and minimize the rate of false
ings.

Conventional imaging has been hampered by the
spectrum of radiation emitted by x-ray tubes. Soft x r
only increase patient dosage. On the other end of the
trum, high energies produce less subject contrast and
rise to scattered radiation. This reduces visibility of st
tures within the tissues. Monochromatic beams give m
mum intensity at the optimum energy1 and increase the di
ference between linear attenuation coefficients of diffe
tissues compared to the usual average values over a
energy range.2,3 Contrast between carcinoma and breast
renchyma that is usually indistinguishable due to small
ferences in linear attenuation coefficient can be significa
enhanced by the use of monochromatic beams.4–7 Monochro-
matizing the beam would also, by removing the soft x r
reduce patient dose.

A major problem with monochromatic imaging, and

reason it has been traditionally limited to research source
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such as synchrotrons, which are expensive for mam
graphic screening, is that of obtaining sufficient beam in
sity.

Monochromatization is achieved by diffracting an x-
beam from a crystal. Diffraction only occurs for that par
the x-ray beam that is incident at the correct angle for
selected energy according to Bragg’s law8

l =
hc

E
= 2d sinu, s1d

whered is the crystal plane spacing,u is the angle betwee
the x-ray beam and the crystal surface, andE is the x-ray
energy. The diffracted intensity from divergent source
low because only a small fraction of the incident beam
the right energy and the right angle. However, high diffra
beam intensity can be achieved by first collimating the d
gent beam from conventional sources by using polycap
optics.9,10 A collimating optic collects a large solid ang
from an x-ray source and redirects the photons into a pa
beam directed towards the crystal, thereby making mor
ficient use of the x-ray source.

Polycapillary collimating optics are bundles of holl
glass tubes shaped to collect and redirect the x-ray em

sinto a parallel beam. These optics guide x rays in a manner

328812)/3288/10/$22.00 © 2004 Am. Assoc. Phys. Med.
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analogous to the way fiber optics guide light.11,12 X rays are
deflected by total external reflection from the capillary
faces at very small angles.13 The reflection of x rays, whic
bounces them down the length of the capillary, is gove
by the critical angle, which is energy dependent. For b
silicate glass, the critical angle is approximately

uc <
30

EskeVd
mrad. s2d

For 8 keV photons, the critical angle is approximatel
mrad or 0.23°.

X rays can be transmitted down a curved fiber as lon
the fiber is small enough and bent gently enough to kee
angles of incidence less than the critical angle. The req
ment that the incident angles remain less than the cr
angle necessitates the use of very small tube diameters.
ever, mechanical limitations prohibit the manufacture of
capillary fibers with outer diameters smaller than 300µm.
For this reason, polycapillary fibers, as shown in Fig. 1,
employed.

Thousands of these fibers are strung through lithogra
cally produced metal grids to produce a multi-fiber op
which is shaped into a collimating optic, shown in Fig. 2
addition to making more efficient use of the source to
vide higher diffracted intensity, the resultant parallel be
would eliminate the variations in resolution from the diff

FIG. 1. Cross-sectional SEM photograph of a polycapillary fiber with 10µm
diameter channels.

FIG. 2. Multifiber collimating lens with 20320 mm output, 8.0
38.07 mm input, focal length(optimal distance to source) of 250 mm,

length 127 mm, and transmission efficiency of 37% at 17.5 keV.

Medical Physics, Vol. 31, No. 12, December 2004
e
-
l
-

-

ent apparent source sizes viewed from different parts o
x-ray field when a conventional line source is used. Im
distortion arising from the different magnification of the
jects on the entry and exit side of the patient would als
eliminated. Importantly, scatter could be virtually elimina
by the larger air gap made possible by the more pa
beam. A parallel beam would also relax geometrical
straints that have affected system design. After collima
changes in optic-to-patient distances would not affect m
nification or resolution. In addition, because the beam w
pass through the polycapillary optic/crystal combination
fore reaching the patient, the patient would not be expos
radiation lost in the process of monochromatizing the b
and so the dose would not increase(and would actually b
reduced due to the resultant higher subject contrast).

Diffracted beam intensity depends on the angular d
gence of the incident beam, hence the need for collima
and also on the angular acceptance bandwidth of the cr
The choice of crystal is a trade-off between intensity
resolution. Crystals with large bandwidth accept a la
fraction of the incident beam, but the higher angular di
gence results in larger geometrical blur. Small bandw
crystals such as silicon(0.02 mrad) give high resolution bu
low intensity. On the other hand, large bandwidth crys
such as graphite(42.5 mrad) yield good intensity, but insu
ficient resolution. Mica, which has a bandwidth of 0.4–
mrad, is a good middle ground between silicon and grap

A collimating optic/crystal combination is essential to c
ate an x-ray beam with intensity sufficient for rapid imag
Both the optic and crystal when used alone are problem
An essential difficulty in using a collimating optic by its
(aside from the lack of monochromaticity) lies in the outpu
divergence of each polycapillary channel. The output d

TABLE I. Optic parameters. The second optic has a shorter focal dis
appropriate for use with a compact source.

Optic A076-H9 Optic 1201-01

Length (mm) 127 40.8
Input Areasmm2d 8.0738.07=65.12 p s2.84/2d2=6.33
Source to Optic Distance(mm) 250 48.4
Input Capture Angle 64.6 mrad 116.9 mrad
Transmission 40% at 8 keV 6% at 17.5 keV
Output Areasmm2d 10310=100 p s4.0/2d2=12.57
Output Angular Divergence 4 mrad at 8 keV 2.4 mrad at 17.5

FIG. 3. Monochromatic imaging setup.
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gence of the optic is approximately 1.5*uc. For a 50 mm
thick breast tissue sample, the geometrical blur at 20
would be 100µm, or a resolution of 5 line-pairs/mm. This
insufficient resolution for imaging; therefore, a diffract
crystal must be incorporated with the optic to reduce ang
divergence. The major problem in using a crystal alon
monochromatize a conventional source is obtaining s
cient beam intensity.

Since the optic/crystal technology could be applied
conventional x-ray sources in mammographic units, it c
be used in low-cost screening systems. Monochromatiz
conventional x-ray source would allow routine screen
mammography to take advantage of the higher contras
viously only available with synchrotron and other resea
sources. The availability of a parallel monochromatic so
will also allow the use of other techniques such as refra
index contrast imaging using conventional sources.14,15

II. METHODS AND ANALYSES

The basic setup of the measurements employing an
source, an optic, a crystal, a phantom and a Fuji plate d
tor is shown in Fig. 3. The first measurements used a
intensity Rigaku copper rotating anode source to produc
8 keV beam. Later a low power(20 W) molybdenum 501
Ultrabright XRM series Oxford source was used for m
surements at 17.5 keV. Two different optics were emplo
Geometrical and performance parameters for the optic
listed in Table I. The primary difference between the optic
that optic A076 H9 was designed for the rotating an
source, which has a longer distance between the x-ray a

TABLE II. Crystals used for monochromatizing the
parallel to the surface) and the spacing,d, between t
compute the Bragg angleu which is different for diff
Bragg angle is computed for the 4th(2nd) order diff
order diffractions is zero due to destructive interfe
Pella, Inc. and the pyrolytic graphite, graded ZY

Crystal Orientation
Plane spacing,

d,nm C

Silicon (Si) (100) 0.137(400)
Mica (muscovite,

K2O 3Al2O3 6SiO2
2H2Od

(0010) 0.199

Graphite(C) (001) 0.168(002)

FIG. 4. Experimental setup for polychromatic imaging, without an opti
crystal. The 5.56 mm thick aluminum filters were placed before the pha
to avoid over-exposing the Fuji image plate. The exposure time for
source with the aluminum filter was about 30 s, which was about the
mum required for this source to come up to full voltage(this source is

normally used in continuous, not pulsed, operation).
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and the vacuum window, so the minimum source to o
distance is larger. The second optic was designed for a
compact source and has a smaller input focal distance, w
gives it a larger capture angle despite its smaller size.

The detector was a computed radiography plate,
Imaging Analyzer BAS-1800 manufactured by Fuji Ph
Film Co., Ltd. The phantoms were a Rose block, Lu
blocks with holes of varying depth, and polypropylene
polyvinyl chloride step phantoms. Contrast of these p
toms was measured with a polycapillary collimating op
without the optic, and with an optic/crystal combinati
Silicon, mica, and graphite crystals were used for monoc
matization. The crystals are listed in Table II. The prim
difference between the crystals is their acceptance b
width, which range from very narrow for silicon to ve
broad for graphite.

Using this setup, the phantom contrast was measure
compared to theoretical values. Finally, the spatial resol
of the system was tested with a knife-edge and compar
theoretical values.

A. Contrast at 8 keV

Testing was begun with a copper rotating anode at 8
because it was the most intense source available. X ray
keV would be absorbed by a 50 mm thick patient, so

m, with their orientation(which set of crystal planes are
tomic planes(Refs. 22 and 23). Equation(1) is used to
wavelengths(energies). For silicon(and graphite) the

d beam, since the theoretical intensity from the lower
eef. 24). The mica was supplied by XOS, Inc. and Ted
Advanced Ceramics Corporation.

g angle
s8 keVd

Bragg angle
Mo Ka s17.4 keVd

Bragg angle
Mo Kb s19.5 keVd

4.44° 15.25° 13.55°
2.93° 10.33° 9.19°

3.36° 6.11° 5.45°

FIG. 5. The construction of the 8 keV step phantoms. In the beam vie
bea
he a
erent
racte
renc(R

H, by

Brag
u Ka

3
2

1

x-ray beam is coming straight out of the paper.
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source could only be used for preliminary testing. Mam
graphic imaging would be at higher energies. The setu
monochromatic imaging and for polychromatic, conv
tional imaging are shown in Figs. 3 and 4, respectively.

The primary benefit of the monochromatization is
creased image contrast. Contrast was defined as the log
mic expression

C = lnS I1

I2
D , s3d

whereI1 is the intensity through the area of interest, andI2 is
the adjacent intensity. A phantom to be used at 8 keV h
be relatively thin, about 1.5–15.5 mm. The phantoms w
made of polypropylene plastic(recyclable plastic contain
type k5l) and polyvinyl chloride plastic(container typek3l).
Because the useable phantoms are quite thin and the
from the small test optics was quite narrow, less than 12,
the phantoms were too small to create significant scatter
the theoretical contrast was taken as the ideal contrast
out any reduction for scatter fraction.

The construction of the phantom is shown in Fig. 5.
step-height is the difference between the thicknesses o
upper and lower part. A hole was pierced in the plasti
Medical Physics, Vol. 31, No. 12, December 2004
r
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calibrate the direct beam gray scale for different ima
Phantom images were taken without the optic(polychro-
matic, conventional) and with optic/crystal combinatio
(monochromatic).

The theoretical contrast for polypropylene plastic(C3H6,
mass attenuation coefficientm /r of 3.67 and densityr of
0.9 g/cm3) was calculated from Eq.(3) using attenuatio
values available in published tables.16 For the polychromati
case, the transmission was binned for each energy from
19 keV with a bin size of 1 keV. Then all 13 bins we
weighted and averaged according to the experimental c
spectrum shown in Fig. 6. Contrast was also compare
tween the polypropylene and polyvinyl chloride, C2H3Cl,
with m /r of 62.76 andr of 1.4 g/cm3 using the mass a
sorption coefficient given in the NIST database.17

To confirm the contrast enhancement was solely du
monochromatizing and not to beam collimation, meas
ments were done with the optic alone, without the crysta
were compared to measurements without the collimating
tic.

B. Contrast at 17.5 keV

Mammographic imaging applications should be
formed at about 20 keV. A molybdenum tube was cho

FIG. 6. Copper rotating anode spectrum taken wi
NaI detector through a 5.65 mm aluminum filter an
small pinhole.

FIG. 7. Output of the x-rays off th
crystal in two dimensions. The ang
between the surface and the optic a
is set touo. The angle of a particula
plane to the crystal surface isb. The
angle of the x-ray to the optic axis
w. The angle of the x-ray to the pla
is thenuB=w+uo−b. The angle of th
reflected x-ray to the crystal surface
uout=uo+w−2b=uo+Du.
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because the Ka and Kb peaks are at 17.5 and 19.5 keV. T
molybdenum source with tube voltage of 25 kV was use
measure contrast in 45 mm thick Lucite Rose phantoms
different hole depths. The holes were 3 mm in diam
Contrast at each depth without the optic was compared
the contrast using the optic and crystal. The theoretical
trast for the polychromatic case was computed as befor
now for the range of 8–25 keV. Although the phantoms
thicker than at 8 keV the demonstration optic output for th
measurements was very small, less than 0.1 cm2, so the
phantoms were still too small to create scatter. Again
theoretical contrast was taken as the ideal contrast wi
any reduction for scatter fraction.

C. Resolution at 8 keV

The motivation for examining resolution in the system
that the angular divergence of the x-ray beam causes blu
in the image of small features at the entrance side of a
phantom. Because the output beam of the optic is not
pletely parallel, the resolution is affected; therefore, the
gular divergence must be controlled. The output diverg
is an important parameter especially for low energy x

TABLE III. Comparison of contrast for step phantoms using 8 keV mon
matic contrast of conventional imaging, taken without crystals or the o
widest crystal angular bandwidth gives an energy spread of only 1.4 k
optic to phantom distance. Collimation does not affect the contrast.

C

Step-height(mm)

Polychromatic

Data

no optic optic 0 cm optic 43 cm

1.5 0.2±0.1 0.1±0.2 0.2±0.2
2.0 0.2±0.1 0.4±0.3 0.4±0.2
6.6 0.4±0.1 0.5±0.1 0.5±0.2
10.6 0.8±0.1 0.8±0.1 0.8±0.2
15.5 1.2±0.1 1.3±0.2 1.1±0.3

FIG. 8. Image plate data from five different polypropylene step phantom
with a monochromatic beam. Columns a/b is the phantom with a step h
10.6 mm, and columns i/j with 15.5 mm. Notice that contrast is alread
Medical Physics, Vol. 31, No. 12, December 2004
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because the critical angle and thus the divergence of the
at lower energy is greater than at higher energy. High r
lution is needed at relatively low energy for mammogra
compared to other radiographic applications. Exit angle
vergences from the capillary optics were measured by r
ing a high quality crystal in the beam and measuring
angular width of the diffracted peak. Imaging measurem
were then done with a variety of crystals. Each of th
crystals was tuned to the Bragg angle for the coppera
peak.

To measure the resolution of the system, a knife-edge
placed after the monochromatic parallel beam, taking
place of the contrast phantom in Fig. 4, in between the
tal and the detector. An image plate was placed 300 mm
the knife-edge to achieve a measurement resolution of
mrad with the 50µm pixels of the Fuji radiography pla
detector. For a perfect crystal and parallel monochrom
input beam, with a perfect detector, the knife-edge im
would be ideally sharp.

To predict the actual resolution, a calculation was de
oped. Differentiating Eq.(2) gives the relation between an
and energy spreads, Ka

omatic beams obtained with silicon, mica, and graphite crystals to the
The monochromatic contrast is independent of the crystal used, becaeven the
he polychromatic contrast is independent of whether or not an optic isthe

st
Monochromatic

Theory

Data

TheorySilicon Mica Graphite

0.2 0.6±0.4 0.7±0.1 0.7±0.3 0.6
0.2 0.7±0.3 0.9±0.2 1.0±0.2 0.7
0.4 2.2±0.5 1.8±0.3 2.1±0.2 2.2
0.8 4.3±0.5 3.8±0.2 4.2±0.3 3.8
1.2 5.3±0.4 5.2±0.2 5.1±0.5 5.2

he top row was taken without the optic(conventional), the bottom row was take
t of 1.5 mm, columns c/d with 2.0 mm, columns e/f with 6.6 mm, colum
ible in the monochromatic case even for the lowest step height.
ochr
ptic.
eV. T

ontra
s. T
eigh
y vis
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Du ; tanuo
DE

E
. s4d

This implies that the 4 eV energy width of the Ka2 emission
line at 8027.83 eV produces an angular spread ofsE

=0.34 mrad.18,19

Combining the effects of the crystal, optic divergence,
energy spread, the angular distribution of intensity off
crystal should be roughly given by

IsDud =E E IswdIsEsbddpsbddsDu − w + 2bddwdE, s5d

whereDu is the deviation of the output angle from the n
mal Bragg angle,Iswd is the angular distribution from th
optic, assumed to be a Gaussian of widthsoptic, IsEd is the
spectral distribution of the Ka2 line, also assumed Gaussi
of width sKa=4 eV. Figure 7 shows the relationship betw
the different angles. The relationship between the angle
the energy from Bragg’s law is

Esbd =
hc

2d sinuB
=

hc

2d sinsuo + w − bd

< EKa
S1 −

sw − bd
tanuo

D . s6d

The probability distributionpsbd of planes at an angleb
from the surface of the crystal is assumed to be Gaussi
width a, wherea is the crystal bandwidth.

Making the appropriate substitutions, the integral in
(5) becomes

IsDud <
1

psopticsE
E exp−

w2

soptic
2 exp−

sw + Dud2

4sE
2

3exp−
sw − Dud2

4a2 dw. s7d

Solving the integral analytically

IsDud = Cexp−
Du2

s2 , s8d

TABLE IV. Contrast enhancement, monochromatic contrast divided b
polychromatic contrast, for the step phantoms at 8 keV using the s
crystal.

Contrast ratio
Step-height(mm) Data Theory

1.5 3.0±2.6 3.0
2.0 4.1±2.5 3.5
6.6 5.4±2.5 5.7
10.6 5.3±1.1 4.8
15.5 4.4±0.6 4.3
and the output width is

Medical Physics, Vol. 31, No. 12, December 2004
d

f

s =Î4sE
2 · a2 + sE

2 · soptic2 + soptic2 · a2

a2 + soptic2 + sE
2 . s9d

Equation(9) is used for calculating the theoretical angu
resolution. A more detailed three-dimensional calculatio
underway.20

D. Resolution at 17.5 and 19.5 keV

Mammography is typically performed with a molybd
num x-ray source. The resolutions measured at 8 keV
very promising. Therefore, this study was continued for
Ka and Kb peaks of molybdenum. These measurem
were performed with optic 1201-01 with a knife-edge to
tector distance of 400 mm.

III. RESULTS AND DISCUSSIONS

A. Contrast at 8 keV

Monchromatic and polychromatic images for the five
height phantoms are shown in Fig. 8. An optic to phan
distance of 43 cm was chosen because at that distanc
fiber structure is sufficiently blurred not to be observabl
the images. This is further discussed in the resolution
tion. The contrast data and calculation results are show
Table III. The contrast is much higher for the monochrom
case, in agreement with the theoretical calculations. The
ferent bandwidth crystals yielded similar contrast val
This is because the energy width given by Eq.(4) for even
the widest bandwidth crystal, graphite, is only 1.4 keV.
resulting contrast enhancement, the monochromatic co
over the polychromatic value, shown in Table IV, is ab
fivefold.

TABLE V. Contrast between polypropylene and polyvinyl chloride pla
were compared for the 8 keV monochromatic and polychromatic bea

Contrast Contrast ratio

Data Theory Data Theory

Polychromatic 0.5±0.1 0.5
Monochromatic silicon 3.0±0.3 2.9 6.4±2.2 6.0

mica 3.0±0.4 6.4±2.5
graphite 2.6±0.2 5.5±1.9

TABLE VI. Contrast at 17.5 keV with 45 mm lucite phantom.

Contrast

RatioPolychromatic Monochromatic

Depth
(mm) Data Theory Data Theory Data Theo

35 1.3±0.1 1.3 2.4±0.3 2.9 1.8±0.6 2.2
30 1.2±0.1 1.0 2.1±0.3 2.5 1.8±0.4 2.5
20 0.8±0.1 0.6 1.4±0.4 1.7 2.2±0.9 2.8
15 0.4±0.1 0.5 0.7±0.4 0.8 1.5±0.9 1.6
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To verify that collimation alone was not affecting the c
trast without the monochromatization, contrast meas
ments were performed without the crystal, with the phan
close to the collimating optic and 43 cm away from the op
That distance was selected to be equal to the total dis
from optic to crystal to the detector for the monochrom
case. As shown in Table III, in all cases, the contrasts
identical within the experimental error to the no optic ca
Collimation did not affect the contrast.

In mammography, tissue typology must be distinguis
on the image. Therefore, different types of plastic with
same thickness of 1.5 mm, but different composition
density were compared. Table V shows the contrast bet
the polypropylene and polyvinylchloride for the polych
matic case and for the monochromatic case with the
different diffracting crystals. The contrast ratio is six, wh
was very promising, so work was continued at higher e
gies.

B. Contrast at 17.5 keV

Contrast images of the 45 mm poly(methylmethacrylate)
(PMMA) phantom with different hole depths were measu
with a silicon crystal rotated to diffract the molybdenum Ka2

line. The contrast values are summarized in Table VI. C
trast enhancement of more than two was found, which a
well with theoretical calculations.

Although the phantoms employed in this experiment w
too small to create significant scatter fractions, larger be
in a practical clinical system would generate scatter.
would reduce the contrast for both the polychromatic
monochromatic cases. However, the parallel beam resu
from monochromatization simplifies scatter removal. As
been previously demonstrated using polycapillary optic
anti-scatter grids, efficient removal of scatter increases
system contrast by a factor of two.21 This is independent o
the increase in subject contrast due to the monochrom
tion. Therefore the combined effect of monochromatiza
and efficient scatter removal would be a factor of four
crease in contrast compared to the conventional case.

Production of images even with a very low power, 20
source indicates that monochromatization at mammogra

energies with conventional sources is feasible.

Medical Physics, Vol. 31, No. 12, December 2004
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C. Resolution at 8 keV

The placement of the crystal for measuring the diverg
and for monochromatic imaging is the same, and is show
Fig. 9. The output divergence of the optic, in addition
affecting resolution, blurred the effect of the fiber structu
of the optic. Images of the x-ray field immediately after
optic, 17 cm from the optic, and after the crystals are sh
in Fig. 9. After the crystal, the fiber structure is much
apparent.

Since the angular bandwidth of graphite is wide, the
age from the graphite crystal in Fig. 9 was wide and blur
The image of the optic after the silicon crystal is narrow,
had an extra “shadow” on the left hand side expanded in
10. The width of this shadow was 1.12 mm. The shado
due to the separation of the copper Ka1 and Ka2 lines, which
is about 20 eV, corresponding to an angle of 3.7 mrad
distance on the image plate of 0.5 mm. The additional bl
0.6 mm was due to the optic divergence of 4 mrad, a
optic to detector distance of 150 mm.

Because the optic has a slightly divergent output,
each crystal has a finite acceptance width, the crystals c
rocked slightly off the Bragg angle and still diffract so
beam. The rocking curves for the Ka copper line measure
with each of the three crystals are shown in Fig. 11. Fo

FIG. 9. Set-up for monochromatic imaging. The dou
dotted lines correspond to the image locations(a)–(c)
displayed below the setup. The fiber structure of
optic is clearly visible in(a). Location of(b) is 17 cm
after the optic. The divergence has blurred the fi
structure. Post crystal images are labeled for sil
(c1), for mica (c2), and for graphite(c3). Aluminum
filters of varied thickness were used for(a) through(c)
except for imaging with silicon and mica crystals.

FIG. 10. A magnified picture after the silicon crystal clearly indicates

extra shadow of the Ka doublet separation.



with FWHM 42.5 mrad. Note the change in scale for graphite rocking curve.
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TABLE VII. Rocking curves and resolution measurements using three different crystals. The rocking curve
widths are due to the combined effects of the angular bandwidth of the crystal and the 4 mrad output divergence
of the optic. The effect of the detector has been subtracted. The angular resolution calculations are given by Eq.
(9). The energy width for graphite is taken to include the whole Ka doublet.

Crystals

Manufacturer
specification for

a smradd

Measured rocking
curve width(mrad)

at Cu Ka2

Measured angular
width of knife-edge

image(mrad)
Theory angular width,

s smradd

Silicon 0.02 4.0±0.1 0.51±0.20 0.57
Mica 0.4–0.6 4.4±0.2 0.76±0.20 0.53–0.69

Graphite 35–87 42.5±1.1 6.5±0.5 4.5
FIG. 11. Rocking curves of three crystals: Silicon(a) with full width at half maximum(FWHM) 4.0 mrad, mica(b) with FWHM 4.4 mrad, and graphite(c)
es

a
to
FIG. 12. Knife-edge resolution profil
obtained with silicon(a), mica (b) and
graphite(c) crystals. The edge shows
double step for silicon and mica due
the Ka doublet separation.
Medical Physics, Vol. 31, No. 12, December 2004
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narrowest bandwidth crystal, silicon, the entire rocking cu
width is due to the optic divergence, so that width is take
soptic. For mica, the width is a combination of the diverge
and the crystal width. For graphite, the crystal domina
The widths of the curves are given in Table VII.

With the crystals returned to the Bragg angle, knife e
images were made. The intensity profiles obtained from
images made with silicon, mica, and graphite crystals
shown in Fig. 12. The derivative of the intensity profile w
calculated for the step corresponding to the Ka2 emission
line. The experimental angular resolutions were taken a
widths of the derivatives of the knife-edge profiles. The
gular width contributed by the detector was subtracte
quadrature from the measured value

s = Îsmeasured
2 − s0.17 mradd2. s10d

The results are shown in Table VII. The values agree f
well with the calculated resolutions from Eq.(9), which sug-
gested that it would be promising to progress to the mo
denum measurements.

D. Resolution at 17.5 and 19.5 keV

The expected resolution at the molybdenum Ka and Kb
peaks can be calculated using the same procedure a
keV. Assuming the individual Ka and Kb peaks have
width of 7.7 eV,18 the theoretical resolution was compu
using Eq.(9). The rocking curve width for optic 1201 me
sured with the silicon crystal was 2.36 mrad at the 17.5
energy of the Ka peak, so that value were taken as the ou
divergence of the optic. At the Kb peak at 19.5 keV it wa
2.28 mrad. The optic divergence is energy dependen
cause it is limited by twice the critical angle. The experim
tal and theoretical resolutions using silicon, mica, and gr
ite are given in Table VIII. The data agreed with
calculated values. The last column in the table shows
corresponding angular resolution for a 50 mm thick phan
in lp/mm. At mammographic energies, monochromatic
aging shows a resolution of 20 lp/mm or better with sili

TABLE VIII. The angular resolution obtained for th
measured angular width of the knife edge imag
computed from Eq.(9). The resolution is comput
patient with an ideal detector.

Crystal

at Mo Ka2

Angular width (mrad)

Measured Theory
Res
slp

Silicon 0.17±0.02 0.12
Mica 0.59±0.06 0.40–0.59
Graphite 2.42±0.21 2.36
and mica crystals.
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IV. CONCLUSION

These measurements have shown promise in prod
high contrast high resolution monochromatic images w
conventional divergent source. A conventional diverg
x-ray source needs collimating optics to produce
enough intensity for use in monochromatic x-ray imag
Contrast of step height phantoms was enhanced by five
keV relative to the conventional polychromatic case. C
trast enhancement for a phantom of varying composition
six. All contrast measurements were in good agreement
theory. The measured angular resolution with a silicon c
tal was 0.5 mrad at 8 keV, in agreement with the descr
calculation technique. The contrast improvement facto
five at 8 keV and two at 17.5 keV suggests that monoc
matic imaging may be promising when used in clinical
tings with conventional sources. The resolution at 17.5
19.5 keV shows 20 lp/mm with mica crystals. Mica crys
are a good middle ground between high resolution ve
high intensity. These results at 8, 17.5, and 19.5 keV su
the technique could be applicable using a variety of ene
where imaging is practiced in clinical settings.
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