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A fast low noise line scan detector (NIKUS) for digital radiography has
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I. INTRODUCTION

In wodern digital radicgraphy, detectors with large dynamic range are
required. This is especially true for non-invasive procedures employing
digital subtraction ungiography (DSA), as the small subtracted signals are
very sensitive to noise [1}. In addition, for fast moying objects like the
beart the exposure time must be of the order of a few milliseconds. Using
the recently developed method of DSA in energy subtraction gwode [2,3,4] for
the imaging of coronary arteries, the detector should offer a dynamic range
of 1:10000 and an jwuge or line acquisition rate of 1 klls corresponding to

an integration tiwe of lws.

In clinical practise of cardiac imaging the most common x-ray detectors
are x-ray iwmagu converter/1¥-camera tubes. They typically consist of an
electrostatically fucussing intensitier tube with integrated x-ray phosphor
input-screen (x-ray 1image converter) and a vidicon tube goupled either by

lenses or by fiber-optics. These image converters are area detectors and

their output signal allows for dymamic cine-mode imaging with 26 or 50 Hs.

The performance of Lhese detectors is adequate for most clinical applica-
tions. Recent repurts, however, indicate that detectora based on solid state
devices might offer the potential of significant improyement of inage
quality [1,5,6]). Sowe limitations of current image-converter/TV-camera tubes
are:

- limited tempural resolution

- limited dynamic range

- large scalter-Lo-primary beam ratio,

For operation up to 60 Hz the modulation trunsfer funclion (MTF) can be
as high as 0.9 [7]. For faster image acquisition rales, however, the MTF
drops sharply. Most image converters are equipped with a P20 output phosphor
screen that has an NTF (1kliz} of about 0.3 {7]. It way Le even lower if the
image converter is equipped with a slow TV caamcra.

The TV camera can also limit the dynamic range with values ranging from

1:120 [8] to 1:1500 [f), whereas image converters offer dynamic ranges in

excess of 8-103 {6}.

When imaging smaller objects like blood vessels the imaga contrast is
strongly reduced by the background of scattered radiation which for cardiac
imaging can make up more than 80% of Lh; detected signal {10]. This in-
herently limits the performance of any area detecltor. Scatter suppression
dovices like anti-scatter-grids smay provide some impruvement but they alsa
partially absorb the primary radiation {11,12}.

Factors such as low tempora} rasolution, swmall dynamic range and a
large scatter-to-primary ratio limit image quality, particularly in cardiac
imaging because of the fast woving coronary arteries and the vicinity of the
lungs. Therefore, we developed a detector to be used with the NIKDS-system
of non- invasive coronary angiography that employs syochrotron radiation as
x-ray source (*NIKOS® - Nicht-invasive Koronarangiographie ait
Synchrotronstrahlung). NIKOS is based on a dual encrgy (K-edge) DSAlapproauh
for imaging of human coronary arteries with intravencous administration of

the contrast material {13,14].

* DSA: Digital Sublraction Angiography



We report on the design of the NIKOS solid state detsctor which is part
of that system but could also be used soparately for other x-ray detection
applications. Data are presented on its current performance and an outline

of the upgrades that are currently under way is provided.

II. DETECTOR DESIGN

Due to the high scatter contribution to the image in area detectors we
ioplementad a line scan system whera the scattered radiation can be easily
reduced to very low luvels without diminishing the primary signal.

The modular detector system consists of five components:

- input x-ray phosphor screen,

- fiber optic 1,

- image intensifier,

- fiber optic 2,

- photodiade arruy including electronic readout.

Bach could be wnodified individually to mest the requirements of differant
applications. The design of these components is described in the following
sections.

For our application, we ares attempting to achieve the following
specifications:

- 1 lpfom spatial resolution,

- 1 ws temporal resolution,

- a dynamic range of 1:10000,

- a suppression of scatter to the percent level,

- two parallel input lines with a width of 125um, a height of 0.5mm and

a spacing of 1.5nm.

Figure 1 shows a schematic of the averall design of the protaotype

detector (NIKOS I). The width of the input lines of NIKUS I is 63.5um.

A. Input x-ray phosphor screen

In the phosphor screen the incident x-rays are converted to visible
light. Phosphors are available as powders or as single crystals. Powders
have to be settled on top of a substrate or an optical fiber by means of
sodimentation techniques whereas single crystals can be coupled Ly optical
resiny. Criteria for selection of optimal phospliors for a given photon
energy to be detectad ara:

- tcmporal resolution

- sensitivity

~ absorption characteristics

- spatial resclution
The chemical composition of the phosphor mainly influcnces the first threa
properties, whereas the crystalline structure and the preparation technique
have an impact on the last three items.

The current version of the detector (NIKUS 1) usus a Gd2028:Tb phosphor

powder that was settled on top of tha fiber optics to a thickmess of about

600un, a size comparable to the desired spatial resolution. Gdzﬂzssz was



chosen because it offers a relutively high sensitivity (13% {15}) and it can

be handled easily (nou-hygroscopic).

B. Fiber optic 1§

The first fiber optic couples the phosphor screen{s) to the imags
intensifier. The information of each picture element (pixel) is guided
separately in a randowly packed fiber bundle. There are two reasons for the
use of this fiber oplLic configuration:

- matching a larger phosphor line to a given image intensifier input

face, .
- minimizing the crosstalk in the intensifier by spreading the pixels
over the input face in an optimal manner.
It the latter aspect can be neglectad and the input phasphof has a swaller
sise than the image intensifier the fiber optic can be opitted.

The numerical aperture of the glass fibers should be as large as pos-
sible to collect as wmany light photons as possible frow the phosphor screen.
8ince the number of pholons in front of the image intensifier strongly
affects the mnoise of the final signal it is algo important to winimize
transmission losses and to pack the individual fibers of g bundle as tight
as possible or to use one large single fiber.

The NIKOS I detector has two phosphor lines that are coupled to the

image intensifier by weans of 2 ¢ 127 glasa fiber bundles of 0.5 ¢ 0.5 mm2

crosa section. Each bundle consists of 26 - 27 indjvidual tibers (85um

diameter, numerical aperture 0.50). Whereas at the entrance face the 2 * 127

bundles are regularly packed side by side to forw two parallel lines of
63.5om length (Fig. 2a), at the image intepsifier side they are evenly
spread in a hexagonal structure over the image jutensifier’s input area of
25sm diaueter (Fig. 2b). By means of this arrangewent we obtain a center-to-
center spacing between the bundles of about 1.3uw. AL Lhe exit each bundle
has a diaceter of about O.7mm. The fiber length of appruximately 13cm yields
a smooth bending and negligible transmission losses (11% at A=548nm, the

wavelength of maximum emission of 362028:Tb).

The flexibility of the design is demonstruted by the possibility of
easily feeding in two additional monitar signals which originate from a
small phosphor screen in front of the patient to weasure the incident x-ray
flux. They are transmitted by two commercially availuble light guides that

are plugged in the fibar optic 1.

G. Image Intensifier

The incorporation of an image intensifier is advautageous if the maxi-
pus incideat signal intensity is pot sufficient to saturate the photodiodes.
The fiber geometry of the exit face of fiber optic 1 is identical to the
fiber geometry of the entrance face of fiber optic 2. Therefore, it is
essential to prevent distortion of the image in the intensifier. Other
selection criteria are temporal and spatial resviution.

For NIKOS I, a proximity focussing image intensifier ( Proxitronic
Proxifier BV 25633 MX 35 ) with a fast X3 output phosphor (decay time 100ns)

was chosen. This compact device (diameter 6%wwm, overall length 37um for the



single stage version, 25 YV DC power supply) can be arranged in a multi-stage
sotup. Whereas gains of about a factor of 10 W/W can be achiaved routinely
with & single stage and the fast X3 phosphor, 2 and 3 stage devices offer
amplification of light iatensity by factors of 100 W/W and 1000 W/W, respec-

tively. Our 2-stage device showed a gain of 123 W/W. Background noise is low

(squivalent background irradiation of lOﬁdLux). The limiting resolution is
17 lp/mm (at MTF=14%) for 2 stages. By baving indiyidual pixels spaced by
1.3em, practically no iuter-pixel cross-talk occurs. The imput and output
faces consist of fiber-optic faceplates with an indiyidual fiber-diameter of
6um. Hence, the image intensifier does not limit the spatial resolution of

the detector.

D. Fiber optic 2

The second fiber uptic couples the output face of the image intensifier
to the photodiode array(s). At its exit face the geometrical arrangemeant of
the fiber buundles and their cross section is adapted to the phatodiode
arrangement and size, respectively. )

In the NIKOS I dJetector the individual fibers of pacﬁ of the 256 fiber
bundles are rearranged from a circular cross section of 0.7 ma diameter to a
rectangular cross section of 100pm ¢ 2.5mm. Precisely packed side by side,
all fiber bundles result in am output cross section that exactly matches the
input face of the photodiodes: 25.6mm ¢ 2.5wm (Fig. 2c). Hence, by means of

this special fiber optic geometry two lines of 63.5mm ¢ 0.5mm of x-ray

phosphor plus two monitor fiber bundles are exactly coupled to a single

photodiode chip.

E. Photodiode array and electronic readout

In the photodiode array the visible light is couverted to an electrical
charge and stored on the chip. The following resdoul clectrouics serially
scan the photodiodes, amplify and digitize the signals. Hence, the detector
collects integrated signals. By adjusting the guin of the image intensifier
it can be adapted to a wide range of photon intensities.

The photodiode array of the NIKOS I detector is a single Reticon (EG &
G Reticaon, Sunnyvale, CA) RL 1024 8F integrated circuit (IC). It comprises
1024 photodiodes of 26pm * 2.6mm cross section, resulting in an active input
area of 25.6am * 2.5 oa. Hence, for our application, four photodiodes cover
the area of one pixel. In order to minimize cross talk between adjacent
pixals, the analog signal of 3 out of 4 plotodicdes is integrated by a
specially wodified evaluation circuit. The 4th dicde thus only serves as
spacing element baetween pixels. The phatodiodes are cuvered by a fibsroptic
faceplate (Bum fibers), which facilitates coupling of fiber optic 2.

Beticon supplies a standard evaluation readout circuit (BC 1024 8),
which, however, does not exploit the full pateatial of the photodiodes. In
particular, the minimum sequential sampling period for the photodiodes is
0.2ps/photodiode, corresponding to 0.2ms/line of 1024 diodes (this will be
called the integration time), whereas the RC 1024 8 is limited to an in-

tegration time of 3.3ms. Hence, the photodiode TG is well suited for our
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application but Llie cvaluabion circuit had ta be modified. Ap of version
NIKOS X the electranic modifications comprise:
- miniwun integration time of 2ms,
- readout clocked by external trigger,
~ separation of the photodiode IC and the preamplifiers from the
main evaluution board thus achieving flexibility in itls position-
ing.
~ The modificd electronic evaluation circuit yields an output signal
up ta 4.5V at saturation level. This signal ia digitized by a 12
bit, 0.5 Miz ADC (type Datel B17) with a maximum input of 5 V.

Rence tha saturation level corresponds to 3850 greylevels.
III. DETECTOR PERFORMANCE

A. Temporal resoluticn

We tested the afterglow of the different phospho;s and the temporal
response of the leticou in the millisecond-regime. The afterglow of the
image intensifier (decay from 0% to 10% within 100ns) was not measured but
Luken from the dula sheet because it is several orders of magnitude
lowar than that of the other componeats.

Figure 3 shows the principal setup for afterglow measurements on dif-
ferent phosphor screens. The probing x-ray beam (photon emergy 33.17 keV,
bandwidth appr. 160 ¢V ) was collimated to about 0.2em * 0.2am and was
chopped by a rotating disk of 100ma diameter. A small oé;ning of S5um cross-

section allowed the beam to pass for a short period of lme with a repstition
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rate of the disk’s frequency of rotation of 27.3 ll:. The screen emitted
visible light which was picked up by glass fibers, then guided to the
photomultiplier tube (8-20), which was mounted outside the x-ray area in
order to minimize background radiation.

The photomultiplier signal was fed into u wultichannel analyzer
(Canberra MCA 35plus), working in the multichaunel-scaling-mode. At least
5000 sweeps, triggered by the position of the chopper disk were integrated
in 1024 channels with 10ps time increment. The setup was adjusted by means

of a Cd\'lﬂ4 phosphor with very short afterglow (0.005% after 3ms [18]). The

emitted light intensity was measured up to Bms aftcr the end of the x-ray

pulse. Figure 4 shows the response of a CdW04 crystal, thia pattern repre-

senting the closest approximation of a 1 ms rectangular response curve that
was achievable with our experimental setup.

Figure 5 shows response curves of four commcrcially available phosphor
powders along with results of two sisgle crystal phosphors. The pulse height
does not represent a measure of sensitivity since the number of collected x-
ray pulses varied.

Afterglow intensity expressed as a percentage of the los primary light
signal level is presented in table I. 8ince a photodiode detector collects
the signal over a period of (integration-)time (2ms for the NIKOS-I detec-
tor, lms for its final version) not only the aftergluw after 1,2,3,4 ws is

given but alsc the integrated signal SI of the 1.,2.,3.,4. subsequent

readout period of lms. Based on the formula

12
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the modulation trunsfer function (MTF) of aa spproximately rectangularly

shaped pulse was estiumated { usually the MTF is determined for periodic

sinusoidal signals ).

The results dewonstrate that all of the three single crystal phosphors
show afterglow of well below 0.1% after one millisecond, corresponding to a
MTF(1kHz) = 1. 0f all the tested powder phosphors only (Zr,Cd)S:Ag,Ni with
an MTP (1kHz) of 0.81 would be suited for our application. With the excep-
tion of ZnS:Ag all tested powder phosphors decayed approximately
exponentially whercus ZnS:Ag showed a second time constant that resulted in
multi-millisecond afterglow on the perceat level.

Tewporal response maasurements of the Reticon to nancsecond LED light
flashes yielded a wcan lag of 4.56% in the first and a mean lag of 0.2% in
the sescond subsequent readout after a signal of about 00% saturation had

been applied to the photodiades. The integration time was 2.7 ms.

B. Sensitivity

The sensitivity of the NIKOS I detector version was measured with a
monochromatized beaw at 33 ke¥, which was collimnted down to a cross-
sectional area of 0.25un . The size wag measured by uxﬁosing a high
resolution x-ray filw. The intensity of the monochromatic beam was deter-

mined by a Nal detector of known absorption characteristic. By careful
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adjustment of lead shielding around the Nal detecior the background radia-
tion was reduced to balow 2.5%.

For the following calculations we define the 'standard signal’ to be
40000 counts per pixel {cpp). This standard signal was found te correspond

to an average reading of 200 greylevels. Saturation of the detector occurs

at 730 000 cpp of 33 keV phatons, which is equivalenl to & * 1o'°c/kg

ionizatiun dose.

C. Noise

Experimental ruesults of nolse measurements have only been obtained for
the Beticon photodiode array. Noise figures for all otlher components are
based on wanufacturer's specifications and a theoretical model of noise
statistics.

The noig; characteristics of the phosphor screen have been modeled
based on an extension of the theory of Hamaker [17]. This theory accounts
for both x-ray absorption and light selfabsorption. For the x-ray energy
range of 27 to 44 keV the predicted emitted light intensity has been shown
to correspond well with experimental results (+10-20%, depending on phosphor
material and screen weight [18,19]).

Based on optical properties such as numcrical aperture and transmission
losses and manufacturer’s specifications the iwpact of the fiber optica and
the image intensifier on the noise characteristics of Lhe detector was found

to be less than 6% [4].
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For ths Reticou, noise measurements were carried out with the wodified
svalution circuit. The photodiodes wera illuminated by means of an LED which
was positioned in such a way that the variation of illumination did not
exceed the sensitivity variation of the individual diodes which is up to
410%. A data set far a given illumination level contained 128 cycles with an
integration time of 2us. To avoid the above mentioned ‘'afterglow’ effects
several 'dummy’ cycles preceeded the measurement.

For 9 diffcrent diodes ﬁean and standard deviation og the data set were
computed. By adjusting the current of the LED, the measurement was repeated
at B different levels of light intensity, ranging from 5% to 80% saturatiom.
The noise level given as the average standard deviatiom of the output of
those 9 photodicdes is shown in Fig. B.

The measurement was repeated after adding am electronic integrator to
the evaluation circuit. This time the integrator sigoal, representing the
total output of four adjacent photodiodes, was recordad for eight different
photodiode-quadrupels. The statistical analysis was pgrtofned in the sawme
way as for the individual photodiods measurement. Por the single-dicde-
reading the noise level increases approximately linearly with the signal
amplitude (from 1 greylevel at sero light amplitude to about 4 greylevels at
saturation); it appears to be independent of light smplitude for the in-
tegrated signal (at less than 1 greylevel). The result is also shown in Fig.
8.

To discriminate uoise originating in the Reticon photodiode chip from
noise Bources in the electronic evaluation circuit, the photodiode IC was

replaced by a ‘dumny photodiode ICG’ that allowed for generation of all
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clocking pulses at conatant zero preamplifier input sigual level. This noise
component was found to be 0.29 greylevels. This corresponds to the theorsti-
cal digitization error of 1/V12 greylevels {20]. llence, at low light levels,
the modified evaluation circuit does not contribute measureably to the
detector noisa.

Using the results of fig. 8, we determined the signal/noise ratio (SNR)
of the diode array and the modified evalwation bourd including the in-
tegrator. At saturation of 3650 greylevels a SNR of approx. 6200:1 at 2ms
integration time was calculated. The standard signal of 200 greylevels would
bave an SNB of 284:1. Inclusion of all other noise socurces of the detector
reduces the SNR of the standard signal to about 120:1 [4], corresponding to
a DQE of 0.35. Since noise does not increuse linearly with signal flux the
DQE increases with increasing flux. For a sigual of 100000 cpp the DQE would
be about 0.45 [4].

Since all data were calculated from the digitized data, they include a

digitization error component of 1/V12 greylevels.

IV. DISCUSSION

The design of the NIK0S detector was wmotivated by the demand for a fast
low noise line scan detector. Our application is imaging of coropary ar-
teries and for this purpose we are attewpting to develop a detectar with 1

lp/an (0.5mm pixalsisze) spatial resolution, a MIF (ikHz) of >0.9 and a SNR

18



of 200:1., This is necessary to achieve a SNR of 3:1 in the subtracted image
assuming a 3% differcace in the images to be subtracted, This 3% difference
corresponds to the swallest vessel to be detected [21].

The spatial resolution of 0.5z& was achieved and fouhd to be sufficient
for the imsging of lum thick vessels. Because of radiation dose considera-
tions this resolulicn should not be increased.

Por the current version of our detector (NIKOS I) the temporal response

has been shown to be limited by the Gdznzs:Tb screen (MIF (0.65kHz) = 0.6)

that had been chosen because of its relatively high seasitivity. For the
Reticon and the image intensifier the corresponding MTF was determined to be
0.9 and 1, respectively. Results of afterglow measurements, however, showed

that with single crystal x-ray phosphors such as OdUQ‘, BGO and GanzEu an

MTF of approx. 1 is achievable. Consequently, the upcoming yersion NIKOS II

[22) will incorporate a Cd¥D, or OaF,:Bu x-ray phosphor and an image inten-

sifier of higler gain. With respect to afterglow, we expect the Reticon
photodiode array to be the limiting component because of the observed lag in
subsequent readouts. Since the signal of the 1024 photddiodes is read out
sequentially, any influence of time constants of the readout electronics can
be disregarded. We considered the reset signal insufficient to completely
recharge the photediodes during the available 260ns reset period. However,
even a reduction of the time constant of the reset signal to 2as (by incor-
poration of a (MOS bLuffer and a DMOS BSD 214 switch)} left the lag of 4.5%

unchanged.
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For our application a lag of this magnitude muy be tolerable. The
readout fregquency can ba doubled by reading the even and odd photodiodes in
parallel. By this we would achieve the required integration time of lus
without increasing the lag.

In comparison to data of similar detectors, Lhe achieved 2uws integra-
tion time of the NIKOS T detector compares favarably. The original Reticon
readout device is limited to 3.3 ms. The MTF of current image converters
that incorporate a P20 output phosphor is limited by its afterglow of 16%
after las to about 0.3. If not equipped with fast video cameras, tha af-
terglow may last even longer, e.g. 650% after 100ms for the HIVICON tube, or
15% after 60ms for the SATICON tube [4].

For the complete NIKOS I detector, the DL depends strongly on the flux
of the input signal, with a range of 0.18 at 10000 cpp to 0.45 at 100000
cpp. A SNR of 200:1 is reached at 90000 cpp curresponding to a DQE = 0.44,
whereas Lhe standard signal of 40000 cpp has SHI = 120 with DQE = 0.35, The
loss of DJE towards smaller input values is mainly due to the relatively low
gain of the image intensifier, which amplifies the 40000 cpp input signal to
a photodiode voltage of only 5.6%8 saturation. Even this sensitivity of 10%
saturation level per 1.0xR entrance dose represents an 8-fold improvement
over previous veports [23]. By enhancing the iwage intensifier gain (or
reducing losses in the glass fibers) by a factor of 2 the 40000 cpp input
signal would yield a 10% saturation output signul. For our application this
would represent the optimum sensitivity { 10% saturatiom per 1 sR) since it
allows for a satisfactory DQE at standard signal levels and for detection of

signals of up to 10-fold flux, For coronary imaging such a high flux can be

18



expected in areas where the blood vessels are partially overlayed by luug

tissue.

Due to its lower scnsitivity, incorporation of the Gd'ﬂ‘ phosphor would

require a higher image intensifier gain which could be achieved with a 3-
stage version of the Proxifier. For this version, we expect a DQE (1kHz) of
about 0.8 - 0.7 depending on the performance of the upgraded lus evaluation

circuit,

V. BUMMARY

Wo bhave developed a fast low noise line scan detector that in its current

version can be operuled at up to 2ms integration tiwe. Usipg a GdQGZS:Th x-

ray ioput phosphor an afterglow of 25% in tha first subsequent readout was
observed. The DQE for typical signal levels ranged from 0.18 to 0.4. The
sensitivity was 10% saturation per 1.9oR entrance dose. We are currently
modifying the detector to a version of 12.6cm line width that incorporates a

Gc.’l'l)4 phosphor screen, a 3-stage image intensifier and mn upgraded evalua-

tion circuit that promises performance specificatiops of MIF (lkHz) = 0.9-
1.0, “DQB (1kHz) = 0.6-0.7 and a =Eensitivity of 10% saturation at 1 aR
entrance dose. The modular design of the NIKOS detector allows for in-
dividual selection of each component to optimige performance for a given

application.
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TABLES

Table I: Afterglow of x-ray phosphors following lms irradialicn

8ignal [%] after Integrated signal [%] betw.| MTF  MTF
Phosphor lns 2us 3as dps | O-lms 1-2as  2-3us  3-4ms int
cdill‘ 0.1 - - - <0.1 - ~ 2y =1
BGO <0.1 - - - <0.1 - =1 1
GIPZ:E'.I 0.1 - - - <0.1 - ~ =1 21
(%n,Cd)S:AgNi{ 1.4 0.6 0.1 <0.1 10,8 1.1 0.5 <O. 0.97 0.81
ZnS:Ag 8.9 4.5 3.0 2.4 25.2 5.7 3.4 2. 0.84 0.80
Y2028:Eu 7.2 1.3 0.1 0.1 31.2 3.7 0.8 0. 0.87 0.52
Gd2028:'l'b 14.2 2.2 0.4 <0.1 44.2 7.2 1.2 0. 0.75 0.39

24



FIGURE CAPTIONS (upper curve) and after passing an analog iutegrator which integrates
over 4 diodes (lower curve).

Fig.1: Schematic drawing of the NIKOS I detector version.

Fig.2: Arrangement of fiber bundles in the NIKOS I detector. Sectional views
at
a) the input phosphor,
b) the in- and output faces of the image intensifier,
c) the photodiodes.

All dimensions given in millimeter.

Fig.3: Scheme of the experimental setup for measuring the temporal resolu-

tion of various phosphor materials.

Fig.4: Time spectrum of Cdlll‘ luminescence emission after illumination with

* an x-ray pulse of 1 ws duration. Because of the very fast decay of

c.m‘ this spectrums closely reflects the shape of the input pulse.

Fig.b: Time respouse of various phosphors to a x-ray pulse as shown in
Fig.4. (a)- (d) powders: a) Gdzozﬂ:'l'b, b) vzozsmn, c) ZnS:Ag, d)

(Zn,Cd)S:Ag,Ni; (e)-(f) single crystals: e) BGO, f) 0:?2:3“.

Fig.8: Noise measurcment at the output of the modified evaluation board of
the Reticon IC with direct illumination of diodes by visible light
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