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A three-layer detector prototype, obtained by stacking three edge-on single photon counting silicon
microstrip detectors, has been developed and widely tested. This was done in the framework of the
Synchrotron Radiation for Medical Physics/Frontier Radiolog®YRMEP/FRONTRAD
collaboration activities, whose aim is to improve the quality of mammographic examinations
operating both on the source and on the detector side. The active surface of the device has been fully
characterized making use of an edge-scanning techniqgue and of a well-collimated laminar
synchrotron radiation beam. The obtained datéerlayer distances, channel correspondence), etc.
have then been used to combine information coming from each detector layer, without causing any
loss in spatial and contrast resolution of the device. Contrast and spatial resolution have also been
separately evaluated for each detector layer. Moreover, imaging technigphase contrast,
refraction, and scatter imagipgesulting in an increased visibility of low absorbing details, have
been implemented, and their effectiveness has been tested on a biological sample. Finally, the
possibility of simultaneously acquiring different kind of images with the different detector layers is
discussed. This would result in maximizing the information extracted from the sample, while at the
same time the high absorption efficiency of the detector device would allow a low dose delivery.
© 2003 American Institute of PhysicgDOI: 10.1063/1.1582390

I. INTRODUCTION impinging on one of the thin sides of the silicon chip, instead
of striking one of the large surfaces as occurs—for
The Synchrotron Radiation for Medical Physics/Frontierinstance—in high energy physics experiments. In this way,
Radiology (SYRMEP/FRONTRAD collaboration has been the whole depth of the chip is made available for photon
active for years in the field of digital radiology with synchro- conversion, and thus an extremely high absorption efficiency
tron radiation(SR). The main goal of the collaboration is to is provided. This parameter is of primary importance in di-
optimize the quality of radiological examinatioammog-  agnostic radiology, since it results in the possibility of reduc-
raphy being the first targgtoperating both on the source and ing the delivered dose. Moreover, the active surface of the
on the detector side. device is, by construction, subdivided into pixels, whose di-
On the source side, SR is used in substitution of convenmensions are determined by the strip pitch in the horizontal
tional x-ray tubes. A SR beamlirté,specifically dedicated to direction and by the chip thickness in the vertical one. The
mammography, has been built and is currently operated bghree-layer detector layout is sketched in Fig. 1, and will be
the collaboration at ELETTRA, the Trieste SR Facility. Com-further discussed below. Each single pixel is read out by its
pared with a conventional source, SR provides much higheswn independent electronic chain, operating in single photon
fluxes on a wide range of energies, with the consequent pogounting mode. This means that in principle image quality is
sibility of monochromatizing the beam while preserving alimited only by the intrinsic quantum fluctuations of x-ray
sufficient flux. Moreover, the beam is laminar and extremelyemission and absorptiofPoisson statistigsi.e., the infor-
well collimated, and the radiation source is—to a goodmation extracted from the x-ray beam is maximized.
extent—coherent, which opens the way to a wide range of Due to the well-known advantages of digital imaging,
innovative imaging techniquesee below. digital radiology is rapidly becoming the new standard in
On the detector side, the collaboration has developed afearly all fields*® in particular, flat panel detectdrs? are
innovative digital detectot;® which should replace conven- undergoing a widespread diffusion in the field of mammog-
tional screen—film systems. This device consists of a siliconaphy. Nearly all these digital devices, however, are read out
microstrip detector used in edge-on geometry, with radiatiorpy charge integrating electronics, while further relevant im-
provements can be achieved by counting every single pho-

aAuthor to whom correspondence should be addressed; electronic maifon. In _addition to the early research carried O_Ut by our col-
olivo@trieste.infn.it laboration, recently further research on single photon
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"Full" tested by the collaboratioli:** The knowledge achieved by
structure _

developing this prototype has then been used to design an-
other three-layer detector, with a minimized interlayer dis-
tance.

In the present article the performance evaluation of this
device is described, and the possible simultaneous acquisi-
tion of several images obtained with different techniques is
discussed.

"Half"
structure /7

E Il. MATERIALS AND METHODS

A. The beamline

All the herein described measurements were carried out
at the SYRMEP beamline. The radiation beam is originated
by one of the bending magnets of the ELETTRA storage

SENERRNARER NN NN NRRARE rlng, and the Sma” Source dlmenSlOfﬁabOUt 014(11
mn?), together with a source to sample distance of about 23
m, result in a high degree of spatial coherence. Two berillium
windows located along the beam pipe allow the transporta-
X-rays tion of the beam itself from the storage ring ultrahigh
vacuum to the experimental room, in air. The beam is mono-
FIG. 1. Schematic layout of the SYRMEP/FRONTRAD three-layer detec-chromatized by means of a channel cut($j1,1) crystal,
tor assembly. allowing a 0.2% resolution in the energy range 8—35 keV. At
the entrance of the experimental room, a micrometric preci-
counting read-out electronics has been carried out by othefion tungsten slit system is used to shape the monochromatic
groups;>~** and, furthermore, single photon counting sys-beam. The maximum beam cross section is equal to 100
tems have been produced by Sectra, SWEnd by (width)x4 [height, full width half maximum (FWHM)]
XCounter, SWE mn?. By means of the slit system mentioned above, any

Together with detector and read-out electronics developpeam dimensions ranging from a fewn? to the maximum
ment, new imaging modalities have been deeply investigatedeam cross section are thus made available in the experimen-
due to their high potentials in radiological applications. Thetal hutch. Downstream of the slit system, and immediately
most relevant example is probably given by phase contrasipstream from the sample, a large area, nitrogen-fluxed,
imaging which, based on the phase shifts suffered by theustom-built ionization chamber read out by a Keithley am-
x-ray wavefield when crossing an object, provides the possiperometer is used to monitor the incoming beam and thus to
bility of imaging details with the same absorption propertiesevaluate the dose delivered to the samples.
of the surrounding background. After pioneering
experiment$8-2°the possibility of applying this technique to
diagnostic radiology, and in particular to mammography, was  Typically, the beam is shaped in such a way that its cross
investigated!22 section equals the detector active a(8@x0.3 or 1000.3

Another application to diagnostic radiology of phase im-mn? for single layer detectors, about 8@ mn¥ for the
aging, called diffraction enhanced or diffraction imagfig?  three-layer prototype, as described belo@nce the beam
has also been investigated. This technique consists of usingoss section and detector active surface have been matched,
an analyzer crystal placed between the radiographed sampiee beam and the detector are kept stationary and the two
and the detector, while with “phase contrast” one usuallydimensional images are obtained by vertically scanning the
refers to free Fresnel propagation of the x-ray wavefield besamples through the laminar beam. The above beam to de-
tween the sample and the detector. tector matching is obtained by means of a three-axis micro-

Finally, scatter imaging and scatter tomography are curmetric precision scanning device lodging the detector; a sec-
rently taken into account by several authttg®and the fact ond, remotely controlled, micrometric precision vertical
that healthy and malignant breast tissue can be distinguishexiage is used for scanning the sample through the beam.
by means of their scattering signatures has been widely With this image acquisition setup, small air gapsfew
demonstrated®3! cm) allow an almost complete removal of the scattered ra-

One of the main lines of research of our collaborationdiation from the acquired imag&s* This setup described
regards the implementation of all these techniques by mearabove is used to acquire transmission images, based only on
of the in-house developed silicon microstrip detector, sincgéhe absorption properties of the imaged object; slight
this would result in combining all the advantages brought bychanges in this setup allow the implementation of different
these imaging modalities with the ones of the SYRMEP/phase imaging techniques.

FRONTRAD detector, namely the very high efficiency re- First of all, the sample-to-detector distance has to be
sulting in a low delivered dose and the single photon countincreased to about 2 m, to convert the small angular devia-
ing capability allowing the detection of the smallest signalstions of the photons due to phase shift effects into signals

A three-layer prototype has already been developed andompatible with the detector aperture. Then, pixel size reduc-

B. The image acquisition setup
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tion by means of a slit system allows phase contrast imaging, A “contrast-detail(CD) phantom”(i.e., a Plexiglas slab
since the detection of interference patterns connected witbontaining disks of different thickness and diamgteras
phase contrast imaging requires a small pixel size. Partialsed for contrast resolution evaluation.

illumination of the detector active surface allows refraction Finally, a small fish was used to check the image quality
imaging®® a technique providing imaging results similar to obtainable with the different techniques on a biological
the ones given by diffraction imagirfwithout requiring an  sample.

analyzer crystal. Finally, shifting the detector active surface

out of the primary beam opens the way to extremely small

angle scatter imaging. All these techniques are described in

detail in Refs. 29 and 35, and some examples of applicatiof) RESULTS AND DISCUSSION

will be given at the end of Sec. Ill. ) o
A. Active surface characterization

C. The detector After shaping the beam and aligning it with respect to
. _ . . the detector active surface, a sharp full absorbing edge was
An in-house developed acquisition software, writtel€in . : A
. . . ._scanned in front of the detector in order to characterize its
and running on a Pentium 200 PC with a LINUX operating _ . : .
. - . active surface. By horizontally scanning the edge, the corre-
system, reads out the detector while synchronizing this op- .
: ) . spondence between channels of different layers was checked,
eration with the sample scanning. The detector layout has’, . . . .
. . . .While a vertical scan of the edge provides an estimate of the
already been sketched above and is described in detail N erlaver distance
Refs. 3—6 and 32-34. Y '

In order to build the three-layer prototype, two “full”
structures, featuring 256 channels each one having a width
equal to 200um, and two “half” structures with 126 chan- 1. Horizontal characterization: Channel
nels were built and stacked together as shown in Fig. 1. Theorrespondence
“half” structures feature 126 instead of 128 channels be-
cause a guard ring was present in the outer (vath respect
to Fig. 1) of these “half” devices, in order to avoid dramatic
increases in the reverse dark current.

With this assembling scheme, the peculiar trapezoidap
shape of the fan-out region allows a safe and simple wire” > | o th ¢ I chi
bonding of each structure, without requiring any increase oﬁtr'pl implant was _nOt er>]<acty|t efsgfrpe or Ia chips. As a
the interlayer distance: the bonding regions of the upper anExes;J L Icorrespl)ond_lng channels of different layers were not
central layer are completely free, while above the same rel€ectly overlapping.

gion of the lower layer a clearance equal to the thickness of N the assembly of the herein discussed second proto-
one detector layef300 um) plus two interlayer distances type, the first implanted strips of every layer were aligned
(about 50um each, see belowis present one with respect to the other. Furthermore, when assembling

Hence, the three-layer assembly technique follows th he central layer, the distance between the last strip of one

same maiﬁ lines discussed in Refs. 32 and 33; particul alf structure and the first strip of the other one was kept

care, however, was taken in the minimization of the inter-equal to two detector channe600 um). I_n this way, in the
middle of the central layer a dead region corresponding to

layer distance. 5@um thick kapton foils, with circular holes .
for glue dripping, were used as spacers; this allowed a subwo detector channels was present, but the alignment of the

stantial reduction of the interlayer distance with respect td €Main'ng cr:jannels with respect to the other layers was not
the previous prototype. Furthermore, the kapton spacers arﬁ&)mprrlomlfsfe ; ¢ thi h db

the siliconic glue prevent any electrical contact between the The effectiveness of this approach was tested by means
detector layers. The final assembly was realized b)Pf the synchrotron beam. The beam energy was set equal to

MIPOT3 a series of tests carried out on detector-shaped 3080 K€V- The counts of each channel were registered while a
um thick pieces of glass allowed the realization of the finaiS"aP €dge was hor-lz_onta.IIy scanned with A steps in
assembly with an interlayer distance practically equal to thd™ont Of the detector: in this way, athorizonta) edge re-

; 37,38 ;
kapton spacers, without causing any damage to the detectgPO"s€ fuchor(ERF) _was acquired for every channel.
components. By numerically differentiating the ERF for every channel,

the correspondent horizontal line spread functib&F) (i.e.,
the curve obtained by integrating the PSF along one direc-
tion) is achieved. By fitting these LSFs the centroid of each
A bar pattern test objedl lead mask in which several curve, which gives a good estimate of the channel position,
line patterns with different micrometric spacing have beens obtained. In this way, the above discussed alignment was
carved, BPTO in the followingwas used for spatial resolu- checked with a precision of about 10%. This study provided
tion evaluation. A sharp edge of the same mask was used far “correspondence map” between channels belonging to dif-
point spread functioiPSH evaluation, as well as for detec- ferent layers, used in the following to combine the informa-
tor active surface characterization and interlayer distance esion on the same sample coming from the different detector
timation (see below. layers.

When the first three-layer prototy{fé”® was assembled,
the physical edges of the silicon chips were laterally aligned.
This procedure gave unsatisfactory results, since, due to the
resence of a guard ring on the outer side of the chips, the
istance between the physical edge of the chip and the first

D. The samples
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FIG. 2. Vertical LSF of three corresponding pixels belonging to the threeFIG. 3. Images of a bar pattern test object, obtained by scanning the sample

detector layers. Error bars, not reported on the graph, are of about 1%. With a step(20 um) smaller than the pixel siz€800 um): (a) the processed
image featuring a spatial resolution increa@d®,the raw image.

2. Vertical characterization: Interlayer distance o ) ) .
three curves shown in Fig. 2 are not identical: the FWHM is

The same technique was used to measure the interlaygrqual to 3110, 315-10, and 29610 um for the upper

distance. In this case, th? full ab;orbmg edge was scanned {Re central, and the lower layer, respectively. The above dis-
front of the detector vertically, with a scanning step equal to repancy is probably due to a physical difference in the

?hﬂtn; Th(ihr'eductlon n thetst%annlntg StIeIE)SIIS: d;j?hto ;h? f?C hickness of the three silicon chifhe two “half structures”
that from this measurement the vertica ot the detec 0|E0rming the central layer were obtained from the same sili-
is obtained, and this function will be used to increase the

; . . con wafej. By Fourier transforming the LSF, the intrinsic
spatial resolution of the devidsee below. Thus, we wanted . . 37.38 L )
to know this quantity with a maximum error of " After modulation transfer functioTF) of the device is ob

obtaining the vertical ERFs for all channels, the numericaltained' On the other hand, the MTF can also be directly
A . . ' i f BPTO i pin f MTF luation f
derivative provides the vertical LSFs. The LSFs of three cor-Obtallned rom O images; in fact, evaluation from

. : : raw-data images like the one shown in Figb)3and from
responding channels belonging to different detector layers %ourier transformation of the LSF leads to the same redlts
a function of the scanning stdpe., of the vertical position '

A ; . On the other hand, processed images like the one shown in
are shown in Fig. 2. By evaluating the position of the cen P 9

. . . . Fig. 3(a) allow the estimation of the enhanced MTF, and its
troids of each curve, one can estimate the interlayer dis- g. 33

. . increase with respect to the intrinsic one can be evaluated.
tances. The obtained results aretd® um for the distance P

bet th d wral | 450 for th Figure 4 shows the intrinsic MTF evaluated from the
etween he upper and central layer, an pm for the unprocessed BPTO image. The MTF values extracted from
one between the central and lower layer.

The procedure has been repeated for several triplet ch layer are reported, and the small discrepancies among
procedu S P several plets of o) are consistent with the above discussed differences in
corresponding channels all along the detector active surfaciahe LSFs. Another BPTO image has been acquired at about
and the same results were always obtained. This proves th '

the interlayer distance is held constant throughout the entirg}]e third of the statisticg-3300 photons per pixel per ac-

. . uisition step instead of 10 0§Gand an image with a statis-
detector active surface, i.e., the detector layers are parall%l b 0 9

ith t o the oth ithin th ; tal ¢ of about 10000 photons per pixel has then been recon-
?;;ﬁt;v' respect 1o the other within the experimental Uncelgycted by summing up the information provided by each

layer, taking into account the interlayer distances evaluated
_ . as discussed above. The MTF values extracted from this re-
B. Spatial resolution constructed image are also reported on the graph: as it can be
The spatial resolution has been intensively studied alon§een, these values always lie in the range of the values ex-
the vertical direction, i.e., the direction of the scanning of thefracted from the single layer images. This demonstrates that
Samp|es through the beam. When images are acquired kfy) Spatlal resolution is lost when information obtained from
means of a scanning system, it is in fact possible to achieve
an enhanced spatial resolution with respect to the intrinsic

—a

=

one along the scanning direction: this is obtained by scan- 3 slower laye:

. - . - g 08 ocenual layer
ning the samples with a step smaller than the pixel size. In & . Qupper layer
this way, a convolution between the image and the pixel LSF £ 06 ] @ reconstructed image
is acquired, and an off-line filtered deconvolution procedure E 04
can provide an image in which the spatial resolution is de- £
termined by the scanning step rather than by the pixel®ize. 'é 02 N e .

An example is given in Fig. 3, where a part of the BPTO =, 8 * ® 'Y

has been acquired with a scanning step ofu20. The pro- 0 2 4 6 8 10

cessed imagégFig. 3@)] is compared to the raw daf#ig. spatial frequency (Ip/mm)

3(b)]; as it can be seen, also the smallest details are resolved o _

when the deconvolution algorithm is applied. FIG. 4. Intrinsic MTF of the three detector !ayers, together with the MTF
S . . . . evaluated from an image obtained by combining the data collected by each

The intrinsic resolution of the device is fully described getector layer(*reconstructed imagel. Error bars, not reported on the

by the functions shown in Fig. 2. It has to be noted that theyraph, are of about 10%.
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FIG. 7. Contrast values evaluated for each of the disks shown in Fig. 6.
FIG. 5. Enhanced MTF of the three detector layers, obtained by means dkhombs, squares, and triangles represent the values extracted separately
the filtered deconvolution procedure. The MTF evaluated from an imagerom each detector layer, while circles stand for the values evaluated from
obtained by combining the data collected by each detector Iidyecon- the “reconstructed image,” obtained by combining the information coming
structed imagey is also shown. Error bars, not reported on the graph, are offrom each layer.
about 10%.

The contrast values measured for each disk shown in
the three detector layers is combined, while providing at thq:ig_ 6 are reported in Fig. 7 for each detector layer. As it was
same time a crosscheck on the reliability of the interlayefeypected, the evaluated contrast values are the same within
distance evaluation. the experimental uncertainty for the three detector layers.

The same procedure has been applied to the processed As already done when the spatial resolution was evalu-
image[a part of which is shown in Fig.(@], and the results  ated, an image was acquired with one third of the statistics
are shown in Fig. 5. As it can be seen, the MTF values are—_3300 photons/pixel/acquisition step instead of 10)000
much higher than the ones shown in Fig. 4, and they closelyng an image with a statistic of about 10000 photons per
approach the theoretical MTF of a pixel having dimensionsyixe| was then reconstructed by summing up the information
equal to 20um.* coming from each layer. The contrast of each disk was also

The only exception regards the points where the intrinsicayajuated in the reconstructed image, and the obtained re-
MTF values are very close to zero. For a “perfect” 30 gy|ts are reported in the graph of Fig. 7. As it can be seen, the
pixel, i.e., a pixel the LSF of which is a 300m wide box  ¢ontrast values measured from the reconstructed image al-
function, these zero values would be at 3.33 and 6.66 Ip/mmNays lay within the values of the single layer images, which
and it would be impossible to restore these spatialneans that no contrast resolution is lost when the informa-

frequencies? For a real pixel, where the ideal “box” shape tjon coming from each detector layer is combined to form a
of the LSF is rounded off, the MTF at the above frequency issingle image.

very small but not equal to zero, so a partial restoration of
those frequencies is possible in the processed image. This .
explains why the MTF shown in Fig. 5 has local minima atD' Imaging results
the above frequencies. Finally, the imaging capabilities of the system have been

The MTF has also been evaluated from an image obtested on a biological sampla small fish, length~4 cm);
tained by summing up images taken from each layer at onsome examples of the acquired images are shown in Fig. 8.
third of the statistics, and again the reconstructed imag€&igure 8a) shows the absorption image: one of the 3080
MTF always lies within the single layer values. Hence, nothick silicon layers was fully illuminated by the incoming
resolution loss occurs when information collected by thebeam, and the fish was vertically scanned in front of the
three layers is combined, even when the spatial resolutiodetector, with a sample-to-detector distance of a few cm. As
enhancement procedure is applied. a result, a low-dose, high-contrast digital image is obtained.

Figure 8b) shows an image obtained with a sample to
detector distance of about 2 m, and with the vertical dimen-
sion of the pixel reduced down to about 1@t by means of

As mentioned above, the single photon counting capabila slit carved in a copper slab. As a result of the increased
ity of the readout electronics maximizes the contrast resolusample to detector distance and of the reduced pixel dimen-
tion. For contrast resolution evaluation, several images of gjons, phase contrast effects are detected, superimposed to
CD phantom(see Sec. Il D have been taken; one of these the absorption image. Due to the presence of these phase
images(taken at 20 keYis shown in Fig. 6. The thinnest effects, the contrast of all details is strongly increased in the
disk, on the right hand side of the image, has a contrast dmage. This is apparent in the head of the fish, which is more
about 0.5%, while with conventional screen—film systemssiructured than the rest of the body; nearly all the ribs are
the minimum detectable contrast ranges from 2%-3%.  visible and the overall image quality is clearly increased both
in terms of contrast and of detail visibility.

Figure 8c) shows an image obtained with a sample to
detector distance of about 2 m, without the copper slit, but

FIG. 6. Image of the contrast-detail phantom, used for contrast resolutioflUminating _Only a part(close to the physical edge of the
evaluation. detector active surface.

C. Contrast resolution
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with a three-layer detector one could acquire three compli-
mentary images with a single scan of the sample through the
beam. This would be done by illuminating the entire central

layer and only a part of one of the outer layers, leaving the
third layer completely out of the primary beam.
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