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Abstract

For viewing micro-calci"cations smaller than 100lm investigation of image formation in mammography shows that
a signi"cant dose to the patient is imperative. We propose a novel one-dimensional Multi-electrode Ionisation Chamber
(MIC), with high spatial resolution, and lowered doses. In this work, "rst results from a prototype are presented. High
spatial resolution is demonstrated working with Xe mixture at high pressure. An addition of a Gas Electron Multiplier
(GEM) allowed an improvement in sensitivity up to almost single-photon level. ( 2000 Elsevier Science B.V. All rights
reserved.

1. Introduction

Radiography of mamma gland (mammography)
is still one of the most often used examinations for
diagnostics. In order to see some limitations of this
method we consider basic features of image forma-
tion in mammography.

The mamma gland is compressed down to
&5 cm thickness. It is combined of soft tissues with
some "bre-like and node-like structures, with size
down to 1 mm and contrast in 20 keV X-rays down
to &1%. The most di$cult objects to view are
micro-calci"cations that are composed of
Ca

5
(PO

4
)
3
OH with the size down to 0.1mm and

less. If we assume no intrinsic noise in the detector,
the noise at the image will be proportional to the

square root of X-ray #ux passing through the ob-
ject. In Fig. 1 the image signal-to-noise ratio is
shown as a function of X-ray energy. Here, we took
the contrast of micro-calci"cation inside 4, 5 and
6 cm of soft tissue as a signal and the square root of
#ux after the object, as noise. From the "gure we
can see that the optimal energy to view such an
object is &20 keV. In Fig. 2 a contrast of 0.1mm
size calci"cation introduced into 5 cm of soft tissue
(1}1 mixture of muscle and fat) is shown as a func-
tion of X-ray energy. The contrast at 20 keV is
equal to &10%. If a pixel size is less than 100 lm,
in order to view the object, pixel noise has to be less
than the contrast by a certain factor [1]. It means
that the detector has to accumulate several hun-
dred photons per pixel in this region.

Following the simple assumption about quan-
tum-limited noise at the image, one can "nd that in
order to view a micro-calci"cation, the #ux at the
surface of an object has to be reversed proportional
to the size of micro-calci"cation to the power 4 (see
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Fig. 1. Signal-to-noise ratio versus X-ray energy for di!erent
thickness of the object.

Fig. 2. Image contrast of 0.1 mm calci"cation in 5 cm thick soft
tissue as a function of X-ray energy.

Fig. 3. Dose needed to view a micro-calci"cation as a function
of size of this micro-calci"cation.

Appendix A). In Fig. 3 we show the result of calcu-
lations of the object surface dose which is necessary
to view a micro-calci"cation as a function of the
size of this micro-calci"cation. From the "gure we
can see that in order to view a micro-calci"cation
below 0.1mm the surface dose has to be compara-
ble or higher than 1R (&0.01Gy).

Limitation on the dose level becomes even stron-
ger if a one-dimensional detector is used in scan-
ning mode. In this case the tube load becomes higher

than in case of a true two-dimensional detector by
a factor that is equal to the ratio of total exposure
time over exposure time of one line. This number
represents the number of lines in an image. Assum-
ing that we can get a mammography tube with
a maximum load capacity of 600mAs [2] and using
data from Ref. [3] to convert tube load into the
dose at a distance of 50 cm, we get the maximum
dose that can be delivered to the surface of an
object is &10mR (1000 lines in the image). This
limit is marked with a dashed line in Fig. 3. From
the "gure we see that in this case, a minimum size of
calci"cation which can be viewed is about 0.2mm
(for 5 cm thick soft tissue).

In this paper we propose to build a detector for
digital mammography based on one-dimensional
multi-electrode ionisation chamber (MIC). The
chamber works without any ampli"cation or with
small ampli"cation (&10) provided with Gas Elec-
tron Multiplier (GEM). The "rst results obtained
with the prototype of such detector are presented.

2. Detector description and results from the
prototype

Ionisation chambers have been used for X-ray
imaging in angiography with synchrotron radi-
ation [4] and for whole-body radiography [5]. This
detector is simple in construction, robust and can
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Fig. 4. Cross-section of the MIC for mammography. 1 } Alumi-
nium high-pressure box; 2 } gas volume; 3 } carbon "bre inlet
window; 4 } PC board with multi-strip structure; 5 } drift
electrode; 6 } read-out electronics.

Fig. 5. Channel response function of the MIC prototype for
2 and 5 atm of Xe#CO

2
gas mixture.

provide necessary e$ciency, rate capability and
spatial resolution.

We have designed a multi-electrode ionisation
chamber for mammography that consists of
a multi-strip plane made on printed circuit board
(PCB) together with the front-end electronics. The
strips are directed to the source of radiation placed
at a distance of 50 cm. The pitch of the structure at
the wide side is 125lm. Each strip is connected to
the input of integrator array chip RL0128MB pro-
duced by EG&G Reticon [6]. The integrator chip
contains 128 channels of low-noise integrators with
analog bu!er and multiplexer. The output of each
chip is connected to ADC which converts signals to
digital form synchronously with the readout of the
chip. Information from the output of ADC is stored
in 128-word bu!er. Complete detector contains 12
cells with integrator chip, ADC and memory bu!er.
The total number of channels is 1536. All memory
bu!ers will be read out through Ethernet link to
Pentium PC. The PCB with electronics and multi-
strip structure is put into a cylindrical high-pres-
sure box made of aluminium alloy with the
entrance window of 1mm thick carbon "bre. High-
voltage electrode that pushes ionisation down to
the multi-strip structure is placed 2mm above the
PCB (Fig. 4).

Tests of the front-end electronics and main para-
meters of the detector have been performed. The

prototype consists of a multi-strip structure with
200lm pitch bonded to 64-channel version of the
integrator chip with its output connected to the
electronic cell described above. The high-pressure
box with the PCB and drift electrode has been "lled
with Xe}CO

2
(80}20) gas mixture up to 5 atm. An

X-ray tube with Mo anode has been used with
maximum intensity at 18 keV.

Spatial resolution of the prototype has been
tested with the help of a 30lm slit. The chamber
was irradiated through the slit and channel re-
sponse has been measured as a function of slit
position. The result of the measurement is shown in
Fig. 5 for 2 and 5 atm. Channel response curve for
2 atm has a halo that is suppressed at 5 atm. This
halo is caused by higher-energy photoelectrons
with long range.

Detective quantum e$ciency (DQE) has been
measured as a function of photon #ux through
a single channel. Exposure time was tuned to 3ms.
The detector performed 100 exposures and readout
cycles. RMS of the signal in each channel was
calculated as well as the average value of the signal.
Input #ux was calculated according to the calib-
ration of X-ray tube current performed before. Ac-
cording to the de"nition

DQE"(s/n)2
065

/(s/n)2
*/

(1)

where the notation s/n means signal-to-noise ratio.
If N

/
is the number of photons equal to noise rms
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Fig. 6. DQE as a function of photon #ux per channel for two
di!erent pressures of the gas mixture. Fig. 7. Signal as a function of GEM voltage.

of a single channel and e is the fraction of input #ux
absorbed in the sensitive volume, then

DQE"e/(1#N2
/
/eN). (2)

Here, N is average input photon #ux through
a single channel within exposure time. From Eq. (2)
we can see that at high #ux DQE is constant and
equal to e, and at low #ux it drops due to the
intrinsic noise of the detector. Results of the
measurements are shown in Fig. 6 for 2 and 5 atm.
The values of DQE at high #ux agree very well with
the calculation of the absorption of 18 keV X-rays
in 30mm layer of gas mixture with 3mm dead zone.
However, the DQE drops at around 1600 photons
per channel that corresponds to &40 photons
noise rms. According to the speci"cations of the
integrator chip its noise is equal to 1500 electrons
or approximately to two 18 keV photons. The chip
does not contain any ampli"er at the output of the
multiplexer. Signal from one 18 keV photon give at
the output (15 pF feedback capacitor) &7 lV. One
bin of 14-bit ADC with 5V range corresponds to
&300lV. Hence, 1 ADC bin is equal to about 40
photons and therefore the ADC noise determines
total noise of electronic chain rather than the integ-
rator noise.

In order to solve this problem and improve DQE
we had to introduce some ampli"cation either to
the electronic chain or into the detector itself. The
Gas Electron Multiplier (GEM) was used to intro-
duce uniform gas ampli"cation between the

conversion region and multi-strip structure. GEM
is made from thin kapton foil double clad with
copper. Narrow holes are etched through the ma-
terial. Gas ampli"cation starts in the holes when
high voltage is applied between two sides of the
structure. Detailed description of GEM and its
properties can be found in Ref. [7]. The possibility
of GEM operation at high pressure was studied in
Ref. [8].

A 50lm thick GEM with 80 lm and 140 lm
diameter and pitch of holes respectively has been
inserted 1 mm above the multi-strip plane. Perfor-
mance of the detector with GEM was tested at
2 atm. In Fig. 7 the dependence of signal versus
GEM voltage is shown. Ampli"cation of more than
30 can be reached before the structure started to
discharge. This ampli"cation allowed improvement
of the sensitivity to almost single photon per ADC
bin. GEM ampli"cation has improved the DQE
at lower #uxes that can be observed in Fig. 8. Here
we can see the comparison of DQE versus #ux
performance with and without GEM. With GEM,
DQE is stable in the range between 300 and 6000
photons/channel. In case without GEM, DQE was
dropping at &2000 photons/channel already.
Lower value of DQE with GEM can be explained
by some misalignment of the foil that partly
shadowed the beam. There is some drop of DQE at
higher rates that can be explained by limited rate
capability of GEM (note that 10 000 photons per
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Fig. 8. DQE as a function of #ux per channel with GEM
ampli"cation and without it.

channel corresponds to &107 mm~2 s~1 #ux
density).

3. Conclusions

A simple analysis of image formation in mam-
mography shows that micro-calci"cations smaller
than 100lm cannot be viewed without signi"cant
dose delivered to a patient. We also showed that
a scanning technique is possible with one-dimen-
sional position sensitive detector and a powerful
enough X-ray tube.

A prototype of the one-dimensional Multi-elec-
trode Ionisation Chamber (MIC) was tested, with
the proposed electronic chain and low-noise integ-
rator array chip. High spatial resolution with 5 atm
Xe mixture was demonstrated. However, the DQE
dropped at rather high X-ray #ux, explained by the
low sensitivity of the electronic chain.

Additional ampli"cation has been introduced
with Gas Electron Multiplier that has provided
multiplication of &30 at 2 atm. The DQE mea-
sured with GEM has been stable down to &100
photons/channel.

Stable performance of the detector with GEM
still has to be tested at higher pressures. We
plan that the "nal system will include ampli"-
cation stages in the electronic chain that will allow
to use GEM at higher pressures with lower
multiplication.

Appendix A. Calculation of the surface dose
necessary to view a micro-calci5cation

We will de"ne the following notations used in the
equations below.

J
0
#ux density at the surface of the object

J #ux density after the object with calci"cation
*J di!erence between #ux density after the object

without calci"cation and with calci"cation
L thickness of the object
a size of calci"cation (with cubic shape)
k linear absorption coe$cient in a calci"cation;
k
0

linear absorption coe$cient of the tissue
around calci"cation.

Flux behind the object with calci"cation is equal
to

J"J
0

exp[!(¸!a)k
0
!ak]

&J
0

exp[!k
0
¸](1!a*k). (A.1)

The di!erence between the #ux behind the object
with calci"cation and without is approximately
equal to

*J&J
0

exp[!k
0
¸]!J

0
exp[!k

0
¸](1!a*k)

"J
0
a*k exp[!k

0
¸].

(A.2)

Total #ux through the calci"cation is

*N&J
0
a3*k exp[!k

0
¸]. (A.3)

In order to see the di!erence between the #ux
behind calci"cation and behind soft tissue, the dif-
ference between the total #ux through the calci"ca-
tion and through the similar region nearby has to
be larger than noise rms by a certain factor [1].
This factor is di!erent for di!erent observer but
normally it is about or larger than 5. Thus

*N/JN"5 (A.4)

where N is total #ux through the region of back-
ground area equal to the calci"cation in size. From
Eqs. (A.1) and (A.2) we obtain

*ka2JJ
0

exp[!k
0
¸]&5 (A.5)

or

J
0
"25(*k)~2a~4 exp[k

0
¸]. (A.6)
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If factor K
D

is the conversion between the #ux
density and dose, then the surface dose is equal to
D"K

D
25(*k)~2a~4 exp[k

0
¸]. (A.7)
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