Beam collimation with polycapillary x-ray optics for high contrast high
resolution monochromatic imaging
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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 be&0040
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I. INTRODUCTION such as synchrotrons, which are expensive for mammo-
graphic screening, is that of obtaining sufficient beam inten-

Mammographic imaging has proven to be the most effectivesity.
way to detect and diagnose early stages of tumor in breasts, Monochromatization is achieved by diffracting an x-ray
which is vital to reducing mortality. Because early diagnosisheam from a crystal. Diffraction only occurs for that part of
is the key to reducing mortality, it is essential to provide thethe x-ray beam that is incident at the correct angle for the
clearest possible image and minimize the rate of false readelected energy according to Bragg'’s faw
ings.

Conventional imaging has been hampered by the wide hc .
spectrum of radiation emitted by x-ray tubes. Soft x rays A:E =2dsind, @)
only increase patient dosage. On the other end of the spec-
trum, high energies produce less subject contrast and giv@hered is the crystal plane spacing,is the angle between
rise to scattered radiation. This reduces visibility of struc-the x-ray beam and the crystal surface, &hds the x-ray
tures within the tissues. Monochromatic beams give maxienergy. The diffracted intensity from divergent sources is
mum intensity at the optimum ener]gynd increase the dif- low because only a small fraction of the incident beam is at
ference between linear attenuation coefficients of differenthe right energy and the right angle. However, high diffracted
tissues compared to the usual average values over a widgam intensity can be achieved by first collimating the diver-
energy rangé'.3 Contrast between carcinoma and breast pagent beam from conventional sources by using polycapillary
renchyma that is usually indistinguishable due to small dif-optics'?"lo A collimating optic collects a large solid angle
ferences in linear attenuation coefficient can be significanthfrom an x-ray source and redirects the photons into a parallel
enhanced by the use of monochromatic beariblonochro-  beam directed towards the crystal, thereby making more ef-
matizing the beam would also, by removing the soft x raysficient use of the x-ray source.
reduce patient dose. Polycapillary collimating optics are bundles of hollow

A major problem with monochromatic imaging, and the glass tubes shaped to collect and redirect the x-ray emission
reason it has been traditionally limited to research sourcemto a parallel beam. These optics guide x rays in a manner
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Fie. 1. Cross-sectional SEM photograph of a polycapillary fiber withit0  ent apparent source sizes viewed from different parts of the
diameter channets. x-ray field when a conventional line source is used. Image
y

distortion arising from the different magnification of the ob-

jects on the entry and exit side of the patient would also be
analogous to the way fiber optics guide light” X rays are  efiminated. Importantly, scatter could be virtually eliminated
deflected by total external reflection from the capillary SUr-py the larger air gap made possible by the more parallel
faces at very small angléS.The reflection of x rays, which peam. A parallel beam would also relax geometrical con-
bounces them down the length of the capillary, is governedyraints that have affected system design. After collimation,
by the critical angle, which is energy dependent. For borozhanges in optic-to-patient distances would not affect mag-

silicate glass, the critical angle is approximately nification or resolution. In addition, because the beam would
30 pass through the polycapillary optic/crystal combination be-
b = E(kev)mrad' (2)  fore reaching the patient, the patient would not be exposed to

radiation lost in the process of monochromatizing the beam
For 8 keV photons, the critical angle is approximately 4and so the dose would not increassd would actually be
mrad or 0.23°. reduced due to the resultant higher subject contrast

X rays can be transmitted down a curved fiber as long as Diffracted beam intensity depends on the angular diver-
the fiber is small enough and bent gently enough to keep thgence of the incident beam, hence the need for collimation,
angles of incidence less than the critical angle. The requireand also on the angular acceptance bandwidth of the crystal.
ment that the incident angles remain less than the criticalhe choice of crystal is a trade-off between intensity and
angle necessitates the use of very small tube diameters. Howesolution. Crystals with large bandwidth accept a larger
ever, mechanical limitations prohibit the manufacture of thefraction of the incident beam, but the higher angular diver-
capillary fibers with outer diameters smaller than 300.  gence results in larger geometrical blur. Small bandwidth
For this reason, polycapillary fibers, as shown in Fig. 1, arecrystals such as silicof0.02 mrag give high resolution but
employed. low intensity. On the other hand, large bandwidth crystals

Thousands of these fibers are strung through lithographisuch as graphité42.5 mrad yield good intensity, but insuf-
cally produced metal grids to produce a multi-fiber optic,ficient resolution. Mica, which has a bandwidth of 0.4-0.6
which is shaped into a collimating optic, shown in Fig. 2. In mrad, is a good middle ground between silicon and graphite.
addition to making more efficient use of the source to pro- A collimating optic/crystal combination is essential to cre-
vide higher diffracted intensity, the resultant parallel beamate an x-ray beam with intensity sufficient for rapid imaging.
would eliminate the variations in resolution from the differ- Both the optic and crystal when used alone are problematic.
An essential difficulty in using a collimating optic by itself
(aside from the lack of monochromaticjtiies in the output
divergence of each polycapillary channel. The output diver-

TaBLE |. Optic parameters. The second optic has a shorter focal distance

Zg appropriate for use with a compact source.

—

' Optic A076-H9 Optic 1201-01

——

B

E——— Length(mm) 127 40.8
Input Area(mn?) 8.07x8.07=65.12 7 (2.84/2%=6.33
Source to Optic Distancenm) 250 48.4
Input Capture Angle 64.6 mrad 116.9 mrad
Transmission 40% at 8 keV 6% at 17.5 keV

Fic. 2. Multifiber collimating lens with 2620 mm output, 8.07  Output Area(mm?) 10xX10=100 7 (4.0/22=12.57

X 8.07 mm input, focal lengtioptimal distance to sourgeof 250 mm,  Qutput Angular Divergence 4 mrad at 8 keV 2.4 mrad at 17.5 keV
length 127 mm, and transmission efficiency of 37% at 17.5 keV.
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TasLE Il. Crystals used for monochromatizing the beam, with their orientatidrich set of crystal planes are
parallel to the surfageand the spacing], between the atomic planéRefs. 22 and 28 Equation(1) is used to
compute the Bragg angkewhich is different for different wavelengtlienergies For silicon(and graphitgthe
Bragg angle is computed for the 4tBnd) order diffracted beam, since the theoretical intensity from the lower
order diffractions is zero due to destructive interferefiRef. 24. The mica was supplied by XOS, Inc. and Ted
Pella, Inc. and the pyrolytic graphite, graded ZYH, by Advanced Ceramics Corporation.

Plane spacing, Bragg angle Bragg angle Bragg angle
Crystal Orientation d,nm Cu Ka (8 keV) Mo Ka (17.4 keV) Mo KB (19.5 keVj
Silicon (Si) (100 0.137(400 34.44° 15.25° 13.55°
Mica (muscovite, (0010 0.199 22.93° 10.33° 9.19°
K20 3AI203 6Si02
2H20)
Graphite(C) (003 0.168(002 13.36° 6.11° 5.45°

gence of the optic is approximately 1.8¢. For a 50 mm and the vacuum window, so the minimum source to optic
thick breast tissue sample, the geometrical blur at 20 ke\distance is larger. The second optic was designed for a more
would be 10Qum, or a resolution of 5 line-pairs/mm. This is compact source and has a smaller input focal distance, which
insufficient resolution for imaging; therefore, a diffracting gives it a larger capture angle despite its smaller size.
crystal must be incorporated with the optic to reduce angular The detector was a computed radiography plate, Bio-
divergence. The major problem in using a crystal alone tdmaging Analyzer BAS-1800 manufactured by Fuji Photo
monochromatize a conventional source is obtaining suffiFilm Co., Ltd. The phantoms were a Rose block, Lucite
cient beam intensity. blocks with holes of varying depth, and polypropylene and

Since the optic/crystal technology could be applied topolyvinyl chloride step phantoms. Contrast of these phan-
conventional x-ray sources in mammographic units, it couldoms was measured with a polycapillary collimating optic,
be used in low-cost screening systems. Monochromatizing without the optic, and with an optic/crystal combination.
conventional x-ray source would allow routine screeningSilicon, mica, and graphite crystals were used for monochro-
mammography to take advantage of the higher contrast prenatization. The crystals are listed in Table Il. The primary
viously only available with synchrotron and other researchdifference between the crystals is their acceptance band-
sources. The availability of a parallel monochromatic sourcevidth, which range from very narrow for silicon to very
will also allow the use of other techniques such as refractivdroad for graphite.

index contrast imaging using conventional sourtes. Using this setup, the phantom contrast was measured and
compared to theoretical values. Finally, the spatial resolution
1. METHODS AND ANALYSES of the system was tested with a knife-edge and compared to

The basic setup of the measurements employing an X_rat)peoretmal values.

source, an optic, a crystal, a phantom and a Fuji plate detec-
tor is shown in Fig. 3. The first measurements used a high. Contrast at 8 keV

intensity Rigaku copper rotating anode source to produce an Testing was begun with a copper rotating anode at 8 keV,
8 keV beam. Later a low pow&20 W) molybdenum 5011  hocqse it was the most intense source available. X rays at 8

Ultrabright XRM series Oxford source was used for mea- o\ would be absorbed by a 50 mm thick patient, so the
surements at 17.5 keV. Two different optics were employed. '

Geometrical and performance parameters for the optics are
listed in Table I. The primary difference between the optics is Side view X-ray beam view
that optic AO76 H9 was designed for the rotating anode

source, which has a longer distance between the x-ray anod Hole

% o,
Phantom Step height »
X rays

<

Source >
X Rays
Aluminum P
filter Fuji plate

Fic. 4. Experimental setup for polychromatic imaging, without an optic or <

crystal. The 5.56 mm thick aluminum filters were placed before the phantom _—

to avoid over-exposing the Fuji image plate. The exposure time for this Thickness

source with the aluminum filter was about 30 s, which was about the mini-

mum required for this source to come up to full voltagkis source is  Fic. 5. The construction of the 8 keV step phantoms. In the beam view the
normally used in continuous, not pulsed, operation x-ray beam is coming straight out of the paper.
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source could only be used for preliminary testing. Mammao-calibrate the direct beam gray scale for different images.
graphic imaging would be at higher energies. The setup foPhantom images were taken without the opfolychro-
monochromatic imaging and for polychromatic, conven-matic, conventional and with optic/crystal combination
tional imaging are shown in Figs. 3 and 4, respectively.  (monochromatig

The primary benefit of the monochromatization is in- The theoretical contrast for polypropylene plast@zHs,
creased image contrast. Contrast was defined as the logarittmass attenuation coefficient/p of 3.67 and densityp of

mic expression 0.9 g/cn¥) was calculated from Eq(3) using attenuation
values available in published tabis-or the polychromatic
| case, the transmission was binned for each energy from 7 to
C=In(|—1>, 3) 19 keV with a bin size of 1 keV. Then all 13 bins were
2

weighted and averaged according to the experimental copper
spectrum shown in Fig. 6. Contrast was also compared be-
wherel is the intensity through the area of interest, &1  tween the polypropylene and polyvinyl chloride HGCI,
the adjacent intensity. A phantom to be used at 8 keV has t@ith u/p of 62.76 andp of 1.4 g/cn? using the mass ab-
be relatively thin, about 1.5-15.5 mm. The phantoms wereorption coefficient given in the NIST databage.
made of polypropylene plastigecyclable plastic container ~ To confirm the contrast enhancement was solely due to
type(5)) and polyvinyl chloride plasti¢container typg3)).  monochromatizing and not to beam collimation, measure-
Because the useable phantoms are quite thin and the beanents were done with the optic alone, without the crystal and
from the small test optics was quite narrow, less than % cm were compared to measurements without the collimating op-
the phantoms were too small to create significant scatter, anit.
the theoretical contrast was taken as the ideal contrast with-
out any reduction for scatter fraction.

The construction of the phantom is shown in Fig. 5. TheB' Contrast at 17.5 kev
step-height is the difference between the thicknesses of the Mammographic imaging applications should be per-
upper and lower part. A hole was pierced in the plastic toformed at about 20 keV. A molybdenum tube was chosen

Mosaic plane

Fic. 7. Output of the x-rays off the
i crystal in two dimensions. The angle
o "B A between the surface and the optic axis

Crystal .- 4 — ==—_] is set tof,. The angle of a particular

surface / 6o X/ \‘*\j\ 8o T Bou plane to the crystal surface & The

/ /.,/' ~O T N angle of the x-ray to the optic axis is

/ Ed "\..\A ¢. The angle of the x-ray to the plane
- e ~. is thenfz=¢+ 6,— B. The angle of the
7 0 ~. reflected x-ray to the crystal surface is

A are ‘ - Oou= 0o+ @=2B=0,+ A 6.

~—
~—
—~—
~—
~——
~—
~—
~
~

Optic axis
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(a) (c) (e) (g) (i)

(b) (d) 0 (h) ()

Fic. 8. Image plate data from five different polypropylene step phantoms. The top row was taken without tieoopeationa), the bottom row was taken
with a monochromatic beam. Columns a/b is the phantom with a step height of 1.5 mm, columns c/d with 2.0 mm, columns e/f with 6.6 mm, columns g/f with
10.6 mm, and columns i/j with 15.5 mm. Notice that contrast is already visible in the monochromatic case even for the lowest step height.

because the K and KB peaks are at 17.5 and 19.5 keV. The because the critical angle and thus the divergence of the optic
molybdenum source with tube voltage of 25 kV was used taat lower energy is greater than at higher energy. High reso-
measure contrast in 45 mm thick Lucite Rose phantoms witlution is needed at relatively low energy for mammography
different hole depths. The holes were 3 mm in diametercompared to other radiographic applications. Exit angle di-
Contrast at each depth without the optic was compared withergences from the capillary optics were measured by rotat-
the contrast using the optic and crystal. The theoretical conng a high quality crystal in the beam and measuring the
trast for the polychromatic case was computed as before bighgular width of the diffracted peak. Imaging measurements
now for the range of 8-25 keV. Although the phantoms areyere then done with a variety of crystals. Each of these
thicker than at 8 keV the demonstration optic output forthesq;rystms was tuned to the Bragg angle for the copper K
measurements was very small, less than 0.1 0 the eak.
phantoms were still too small to crea_te scatter. Agair_1 the 19 measure the resolution of the system, a knife-edge was
theoretlcal.contrast was taken as the ideal contrast W'thOLBIaced after the monochromatic parallel beam, taking the
any reduction for scatter fraction. place of the contrast phantom in Fig. 4, in between the crys-
tal and the detector. An image plate was placed 300 mm from
the knife-edge to achieve a measurement resolution of 0.17
The motivation for examining resolution in the system ismrad with the 50um pixels of the Fuji radiography plate
that the angular divergence of the x-ray beam causes blurringetector. For a perfect crystal and parallel monochromatic
in the image of small features at the entrance side of a thickiput beam, with a perfect detector, the knife-edge image
phantom. Because the output beam of the optic is not conwould be ideally sharp.
pletely parallel, the resolution is affected; therefore, the an- To predict the actual resolution, a calculation was devel-
gular divergence must be controlled. The output divergenceped. Differentiating Eq(2) gives the relation between angle
is an important parameter especially for low energy x raysand energy spreads,dK

C. Resolution at 8 keV

TasLE Ill. Comparison of contrast for step phantoms using 8 keVV monochromatic beams obtained with silicon, mica, and graphite crystals to the polychro-
matic contrast of conventional imaging, taken without crystals or the optic. The monochromatic contrast is independent of the crystal usexidrettaise
widest crystal angular bandwidth gives an energy spread of only 1.4 keV. The polychromatic contrast is independent of whether or not an optithis used or
optic to phantom distance. Collimation does not affect the contrast.

Contrast
Polychromatic Monochromatic
Data Data
Step-heigh{mm) no optic optic 0 cm optic 43 cm Theory Silicon Mica Graphite Theory
15 0.2+0.1 0.1+0.2 0.2+0.2 0.2 0.6+0.4 0.7+0.1 0.7+0.3 0.6
2.0 0.2+0.1 0.4+0.3 0.4+0.2 0.2 0.7+0.3 0.9+0.2 1.0+0.2 0.7
6.6 0.4+0.1 0.5+0.1 0.5%0.2 0.4 2.2+0.5 1.8+0.3 2.1+0.2 2.2
10.6 0.8+0.1 0.8+0.1 0.8+0.2 0.8 4.3+0.5 3.8+0.2 4.2+0.3 3.8
155 1.2+0.1 1.3+0.2 1.1+0.3 1.2 5.3+x0.4 5.2+0.2 5.1+0.5 5.2
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TaBLE IV. Contrast enhancement, monochromatic contrast divided by theTasLE V. Contrast between polypropylene and polyvinyl chloride plastics
polychromatic contrast, for the step phantoms at 8 keV using the silicorwere compared for the 8 keV monochromatic and polychromatic beams.
crystal.

Contrast Contrast ratio

Contrast ratio
Data Theory Data Theory

Step-heigh{mm) Data Theory
15 30+2.6 30 Polychromatic 0.5+0.1 0.5
20 41425 35 Monochromatic  silicon 3.0£0.3 2.9 6.4+2.2 6.0
6.6 54425 57 mica 3.0+£0.4 6.4+2.5
10.6 53411 48 graphite 2.6+0.2 5.5+1.9
15.5 4.4+0.6 4.3
402 - o+ o - ooptic + ooptic® - o?
o= > - > . (9)
AE a”+ O'Optlc2 +oE
Af=tanf,—. (4) . : . :
E Equation(9) is used for calculating the theoretical angular

resolution. A more detailed three-dimensional calculation is
This implies that the 4 eV energy width of thed{emission underwaﬁ0
line at 8027.83 eV produces an angular spread ogf
— 8,19
=0.34 mfaql- o D. Resolution at 17.5 and 19.5 keV
Combining the effects of the crystal, optic divergence, and

energy spread, the angular distribution of intensity off the Mammography is typically performed with a molybde-
crystal should be roughly given by num x-ray source. The resolutions measured at 8 keV were

very promising. Therefore, this study was continued for the
Ka and KB peaks of molybdenum. These measurements
1(A0) = f J (@IEB)P(B)SAO- ¢+ 2B)dedE,  (5)  were performed with optic 1201-01 with a knife-edge to de-

tector distance of 400 mm.

whereA# is the deviation of the output angle from the nor-

mal Bragg angle](¢) is the angular distribution from the |||. RESULTS AND DISCUSSIONS

optic, assumed to be a Gaussian of widfc, |(E) is the

spectral distribution of the K, line, also assumed Gaussian, A. Contrast at 8 keV

of width o« ,=4 eV. Figure 7 shows the relationship between Monchromatic and polychromatic images for the five step

the different angles. The relationship between the angles argeight phantoms are shown in Fig. 8. An optic to phantom

the energy from Bragg’s law is distance of 43 cm was chosen because at that distance the
fiber structure is sufficiently blurred not to be observable in
E(B) = h_C - he the images. This is further discussed in the resolution sec-
2dsindg 2dsin(6,+ ¢ — B) tion. The contrast data and calculation results are shown in
(0-B) Table Ill. The contrast is much higher for the monochromatic
~ Ex (1 - (P—ﬁ). (6) case, in agreement with the theoretical calculations. The dif-
‘ tand, ferent bandwidth crystals yielded similar contrast values.

This is because the energy width given by E4). for even

the widest bandwidth crystal, graphite, is only 1.4 keV. The
resulting contrast enhancement, the monochromatic contrast
over the polychromatic value, shown in Table IV, is about

The probability distributionp(8) of planes at an angl@
from the surface of the crystal is assumed to be Gaussian
width «, where« is the crystal bandwidth.

Making the appropriate substitutions, the integral in Eq

o=

‘fivefold.
(5) becomes
1 @? (o +A6)? . .
(A ~ ——— f exp———exp- 5 TaBLE VI. Contrast at 17.5 keV with 45 mm lucite phantom.
TOoptic0E O optic 4og
( A )2 Contrast
¢—A6
xXexp 402 de. (7) Polychromatic Monochromatic Ratio
Depth
Solving the integral analytically (mm) Data  Theory Data  Theory Data  Theory
AP 35 1.320.1 1.3 2.4%x0.3 2.9 1.8+£0.6 2.2
|(A0) = Cexp—?, (8) 30 1.2+0.1 1.0 2.1+0.3 2.5 1.8+04 2.5
20 0.8+0.1 0.6 1.4+04 1.7 2.2+x0.9 2.8

o 15  0.4%0.1 05 0.7+0.4 0.8 1.5£0.9 1.6
and the output width is
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Fic. 9. Set-up for monochromatic imaging. The double
dotted lines correspond to the image locatigas-c)
displayed below the setup. The fiber structure of the
optic is clearly visible in(a). Location of(b) is 17 cm
@ (b) after the optic. The divergence has blurred the fiber
structure. Post crystal images are labeled for silicon
(cl), for mica (c2), and for graphite(c3). Aluminum
filters of varied thickness were used f@) through(c)
except for imaging with silicon and mica crystals.

(a) (b) (cl) (c2) (c3)

To verify that collimation alone was not affecting the con- C. Resolution at 8 keV
trast without the monoghromatlzat|0n, contrast measure- - rpe placement of the crystal for measuring the divergence
ments were performed without the crystal, with the phantomé1

| o th limati i 443 ¢ h " nd for monochromatic imaging is the same, and is shown in
close fo the collimating optic an cm away from the op IC'Fig. 9. The output divergence of the optic, in addition to

f e t tal 1o the detector for th h " Caef'fecting resolution, blurred the effect of the fiber structures
rom optc to crystal to the detector Tor the monochromatic ¢ optic. Images of the x-ray field immediately after the

case. As shown in Table Ill, in all cases, the contrasts Wergi. 17 ¢ from the optic, and after the crystals are shown
identical within the experimental error to the no optic case;, Fig. 9. After the crystal, the fiber structure is much less
Collimation did not affect the contrast. pparént' ’

In mammography, tissue typology must be distinguisheda Since the angular bandwidth of graphite is wide, the im-

on the image. Therefore, different types of plastic with the ge from the graphite crystal in Fig. 9 was wide and blurred.

same thickness of 1.5 mm, but different composition an he image of the optic after the silicon crystal is narrow, but

density were compared. Tablg \ shovys the contrast betwee, | - ovira “shadow” on the left hand side expanded in Fig.
the polypropylene and polyvinylchloride for the polychro- ;g rtpe wigith of this shadow was 1.12 mm. The shadow is

matic case and for the monochromatic case with the threaue to the separation of the coppesfand Ka, lines, which

different diffracFir?g crystals. The contrqst ratio is _six, which is about 20 eV, corresponding to an angle of 3.7’ mrad or a

was very promising, so work was continued at higher ENelyistance on the image plate of 0.5 mm. The additional blur of

gies. 0.6 mm was due to the optic divergence of 4 mrad, at an
optic to detector distance of 150 mm.

B. Contrast at 17.5 keV Because the optic has a slightly divergent output, and

Contrast images of the 45 mm p@igethylmethacrylate ~ €ach crystal has a finite acceptance width, the crystals can be
(PMMA) phantom with different hole depths were measuredocked slightly off the Bragg angle and still diffract some
with a silicon crystal rotated to diffract the molybdenurak b€am. The rocking curves for theaKcopper line measured
line. The contrast values are summarized in Table VI. ConWith each of the three crystals are shown in Fig. 11. For the
trast enhancement of more than two was found, which agrees
well with theoretical calculations.

Although the phantoms employed in this experiment were
too small to create significant scatter fractions, larger beams
in a practical clinical system would generate scatter. This
would reduce the contrast for both the polychromatic and
monochromatic cases. However, the parallel beam resulting
from monochromatization simplifies scatter removal. As has
been previously demonstrated using polycapillary optics as
anti-scatter grids, efficient removal of scatter increases the
system contrast by a factor of tbThis is independent of
the increase in subject contrast due to the monochromatiza-

tion. Therefore the combined effect of monochromatization \
and efficient scatter removal would be a factor of four in-
crease in contrast compared to the conventional case. The extra shadow of width
Production of images even with a very low power, 20 W 1.12 mm.
source indicates that monochromatization at mammographigs. 10. A magnified picture after the silicon crystal clearly indicates the
energies with conventional sources is feasible. extra shadow of the K doublet separation.
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Fic. 11. Rocking curves of three crystals: Silica with full width at half maximum(FWHM) 4.0 mrad, micab) with FWHM 4.4 mrad, and graphite)
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 doublet.

N

Manufacturer Measured rocking Measured angular
specification for  curve width(mrad width of knife-edge  Theory angular width,
Crystals a (mrad at Cu Ka, image(mrad o (mrad
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 35-87 425+1.1 6.5+0.5 4.5
1.0 .-J— ) 1.01 . g
. £ 08 : £ 08 gt
3 . 3 "
: 3 06 : G 06 -
. o I o s Fic. 12. Knife-edge resolution profiles
. N 04 - L obtained with silicon(a), mica(b) and
£ 02 ; g 02 ;." graphite(c) crystals. The edge shows a
. S : S double step for silicon and mica due to
! Z 00| m—t Z 00 the Ka doublet separation.
40 1 2 2 4 0 1 2 4 0 1 2
Knife-edge (mm) Knife-edge (mm) Knife-edge (mm)
() (b) ©

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



3296 Sugiro, Li, and MacDonald: Beam collimation x-ray optics contrast resolution monochromatic imaging 3296

TasLE VIII. The angular resolution obtained for the molybdenumkand KB peaks. The first column is the
measured angular width of the knife edge image, after subtracting the detector contribution. The theory is
computed from Eq(9). The resolution is computed given the theoretical angular width, for a 50 mm thick
patient with an ideal detector.

at Mo Ka, at Mo KB
Angular width(mrad Angular width(mrad
Resolution Resolution
Crystal Measured Theory (Ip/mm) Measured Theory (Ip/mm)
Silicon 0.17+£0.02 0.12 83 0.25+0.06 0.10 100
Mica 0.59+0.06 0.40-0.59 20 0.77+0.17 0.40-0.58 20
Graphite 2.42+0.21 2.36 4 2.74+0.13 2.28 4

narrowest bandwidth crystal, silicon, the entire rocking curvelV. CONCLUSION

width is due to the optic divergence, so that width is taken as  These measurements have shown promise in producing
optic FOr mica, the width is a combination of the divergencepgh contrast high resolution monochromatic images with a
and the crystal width. For graphite, the crystal dominatesgqnyentional divergent source. A conventional divergent
The widths of the curves are given in Table VII. - x-ray source needs collimating optics to produce high

_ With the crystals returned to the Bragg angle, knife €d9&4,gh intensity for use in monochromatic x-ray imaging.
images were made. The intensity profiles obtained from thesgnrast of step height phantoms was enhanced by five at 8
images made with silicon, mica, and graphite crystals arggy rejative to the conventional polychromatic case. Con-
shown in Fig. 12. The derivative of the intensity profile was st enhancement for a phantom of varying composition was
calculated for the step corresponding to the,kemission gy Al contrast measurements were in good agreement with
line. The experimental angular resolutions were taken as thﬁ’]eory. The measured angular resolution with a silicon crys-
widths of the derivatives of the knife-edge profiles. The an-5| \was 0.5 mrad at 8 keV, in agreement with the described
gular width contributed by the detector was subtracted igicyation technique. The contrast improvement factor of

quadrature from the measured value five at 8 keV and two at 17.5 keV suggests that monochro-
matic imaging may be promising when used in clinical set-
o= \,/a%easure; (0.17 mrag?. (10)  tings with conventional sources. The resolution at 17.5 and

19.5 keV shows 20 Ip/mm with mica crystals. Mica crystals
The results are shown in Table VII. The values agree fairlyare a good middle ground between high resolution versus
well with the calculated resolutions from E@), which sug-  high intensity. These results at 8, 17.5, and 19.5 keV suggest
gested that it would be promising to progress to the molybthe technique could be applicable using a variety of energies

denum measurements. where imaging is practiced in clinical settings.
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