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Abstract

An X-ray imaging detector made of an X-ray image intensi"er coupled to a non-integrating logarithmic CMOS
camera is evaluated. Linearly scaled X-ray images over six decades of dynamic range are obtained after calibration of the
detector response, representing a gain of more than one order of magnitude compared with state-of-the-art CCD-based
X-ray detectors. The system provides images which are free of smearing or blooming at maximum exposure without
mechanical shuttering. Other characteristics are a sensitive area of 123]61mm, a pixel size of 240lm, a noise-limited
detection threshold of 25 photons/pixels/s at 18 keV. In X-ray di!raction images the e!ective measuring range is better
than 104 for neighbouring di!raction spots, whereas the full 106 range is available for remote spots. At reduced dynamic
range a frame rate of 60 images/s can be achieved. The performed evaluation demonstrates the interest of this detector
concept as a possible alternative to CCD-based detectors for various applications at synchrotron sources requiring an
extended dynamic range and subsecond duty cycle requirements. ( 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

CCD-based X-ray detectors are widely used in
scienti"c applications such as X-ray di!raction
[1}5] owing to remarkable linearity, dark signal
and read noise performances that make it suitable
for quantitative acquisition, detection of low sig-
nals, long integration times. However, their dy-
namic range of less than "ve decades and their
sensitivity to overexposure may become severe limi-
tations when dealing with very large in-frame inten-

sity ranges as may occur when detecting the output
signal of a sample probed by an intense synchro-
tron X-ray source. Furthermore, they o!er limited
frame rate capabilities due to the need for mechan-
ical shuttering.

CMOS active pixel sensors with logarithmic re-
sponse (referred to in the following as logCMOS
APS) aimed at the capture of time-varying scenes
with very strong contrasts, achieve input dynamic
ranges in excess of six decades [6,7] together with
pixel readout rates up to 8MHz.1 Moreover, par-
tial sensor readout is possible due to direct pixel
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Fig. 1. Detector layout. The XRII has 230mm diameter, 500lm
thick Be input window (TH49427 HX, Thomson TTE) and
25mm diameter output window. The collimating lens is a
Rodenstock 1:1.8/112mm, the camera lens is a Rodenstock
1:2/83mm. The camera is the HDRC4PC system (IMS chips).

2Thomson Tubes Electroniques, XRII products technical
data sheets.

addressing, enabling to track local intensity chan-
ges with high time resolution. Thus, logCMOS
APS were found as an attractive way to circumvent
dynamic range and frame rate limitations of CCD
sensors for X-ray imaging. Therefore, an X-ray area
detector mock-up implementing a logCMOS APS
camera was built and evaluated, in order to assess
the achievable X-ray imaging performance as well
as to address potential issues raised by logarithmic
detection. This paper depicts the detector setup and
calibration as well as tests carried out at the BM5
beamline of the European Synchrotron Radiation
Facility (ESRF).

2. Detector system

The system consists in an X-ray image intensi"er
that converts the incident X-ray image into a visible
light image, a tandem lens coupling that relays this
image onto the image sensor, and the logCMOS
camera (Fig. 1)

2.1. X-ray converter stage, coupling optics, detection
geometry

The X-ray Image Intensi"er (XRII) used as the
X-ray converter allows to reach a large detective
area together with an enhanced sensitivity. Such

layout is currently used at the ESRF together with
scienti"c-grade CCD cameras in X-ray di!raction
experiments [4]. The used XRII o!ers the advant-
age of a linear range of 2.5]106 2 and therefore is
not a limiting element to an overall detector range
of 106. Cumulated magni"cations result in an input
detection area of 123]61mm and an input pixel of
240lm.

2.2. CMOS sensor and camera

The camera is the HDRC4PC system implement-
ing the HDRC4 logarithmic CMOS image sensor
from IMS chips (Stuttgart, Germany) with
512]256 square pixels of 21lm pitch. Logarithmic
sensor response results from the use of a MOS
transistor in subthreshold mode in the active pixel
cell [7].1 The camera sequentially samples the in-
stantaneous pixel signals at 8MHz pixel rate result-
ing in a frame readout time of 16ms and a possible
frame rate of 60 images/s. Among the available
logarithmic CMOS cameras, the HDRC4PC was
found particularly suitable for the foreseen evalu-
ation owing to large pixel size, low detection
threshold, on-chip pixel o!sets compensation and
user-adjustable ADC settings.

3. Logarithmic detection and other sensor features

Detailed discussions about logarithmic imaging
can be found for example in Ref. [7].1 A few points
are worth being outlined, in relation with the pres-
ent evaluation.

Encoding precision: The HDRC4 sensor has an
input range of more than 106. Its output range,
de"ned as the ratio of saturation output voltage to
output rms noise is about 220 thus can be encoded
using a fast-rate 8-bit Analog-to-Digital Converter
(ADC). Assuming appropriate ADC setting, each
ADC bit represents a constant relative variation of
the input signal dI/I"Ln106/255"5.4%, thus
allowing for moderate precision quantitative
imaging.
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Fig. 2. Detector block diagram.

Pixel response uniformity: The on-chip pixel o!set
compensation feature of the HDRC4 sensor1 is
essential in order not to compromise the possibility
for quantitative imaging nor introduce excess spa-
tial image noise, since any o!set variation at the
logarithmic output results in a gain variation after
linear rescaling. However, it must be checked that
this correction is also stable in time.

Non-integrating sensor: As a consequence the
built detector is sensitive to the instantaneous X-
ray #ux, however equivalence with a conventional
integrating system can be established as will be seen
later.

Time-resolution: Sequential readout of the instan-
taneous pixel signals results in image frames with
non-synchronous pixels: at worst a 16ms gap sepa-
rates the "rst and the last sampled pixels in one full
frame, which must be accounted for in time-re-
solved applications.

4. Detector calibration and data correction

4.1. Calibration model

The block diagram of Fig. 2 leads to a system
transfer function, i.e. a relation between a raw pixel
value, N

3!8
, and the corresponding instantaneous

input #ux in X-ray photons/pixel/s, U
4
, of the form

N
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is the input X-ray #ux equivalent of the sensor

dark photocurrent I
$

It must be noted that a simple logarithmic model
of the form N

3!8
"A#B Ln(U

4
) would restrict the

accurate calibration range to high signal levels
where dark signal can be neglected. In taking the
sensor dark current into account, the model of
expression (1) extends the calibration range down
to the weakest detectable signals.

Inverting expression (1) gives the input #ux U
4
as

a function of the pixel value N
3!8

:
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The calibration then consists in estimating model
constants A, B, U

$
by non-linear "tting of

expression (2) to a series of calibration points.

4.2. Calibration procedure

An Mo anode sealed tube is used as the X-ray
source. The average pixel level in a homogeneously
illuminated image region is recorded against the
corresponding X-ray photon #ux measured with
a counting detector (NaI scintillator). Beam inten-
sity is varied with metal attenuator foils and gener-
ator mA settings. Special precautions are taken in
order to ensure accurate calibration over a wide
range: a quasi-monochromatic 18 keV beam is pro-
duced using moderate anode voltage (25 kVp) and
K-edge "ltration (100lm Zr) so as to avoid beam
hardening through the attenuators, and the count-
ing detector is used at moderate count rate. Non-
linear "tting of expression (2) to the calibration
data is performed using Origint software and
yields model coe$cients A, B, U

$
. The general

goodness of "t validates both the calibration model
and calibration procedure (Fig. 3).
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Fig. 3. Detector calibration. Non-linear "tting of detector
model >"C* exp((X!A)/B!1) gives A"51.4 ADU (con-
strained, dark level), B"239.3 ADU, C"935.9 X-ray/pixel/s.

4.3. Image linearization

The linearly rescaled image N
#03

(i, j) representing
the local input X-ray #ux at pixel (i, j) is obtained by
applying expression (2) to all pixels of the raw
image N

3!8
(i, j),

N
#03

(i, j)"U
4
(i, j)"U

$ Aexp
N

3!8
(i, j)!A

B
!1B (3)

thereby demonstrating the feasibility of linear im-
age scale restoration over the entire detector range.
Image correction is performed with IDLt software
(Research Systems Inc.).

5. Imaging characterization

All results refer to linearly rescaled images and
18 keV photon energy:

5.1. Dark noise, dark current

Read noise measured in a subtracted dark image
in order to eliminate FPN is p

4
"24 photons/

pixel/s rms, i.e. about 450keV/pixel/s. Noise in
a single dark image, thus including FPN, is p

$
"30

photons/pixel/s rms. Read noise and FPN
being uncorrelated the FPN can be estimated as
p
FPN

"(302!242/2)1@2&25 photons/pixel/s, sug-

gesting improvable correction of the pixel-to-pixel
o!set variation. The calibration yields an input-
equivalent dark current U

$
&1000 photons/

pixel/s, re#ecting the high intrinsic dark current of
the CMOS sensor of 100 fA/pixel at 253C1 i.e.
20 nA/cm2; in comparison Multi-Pinned-Phased
(MPP) CCD chips have typically 1000 times less
dark signal. One may remark that X-ray signal
detection is possible below the X-ray equivalent
dark signal level.

5.2. Conversion ratio

Comparison between the speci"ed 100 fA/
pixel dark current and the measured 1000 photons/
pixel/s equivalent dark signal leads to a conversion
ratio estimate of 35 photoelectrons/incoming
keV, which is quite consistent with the "gures
obtained on XRII/front-illuminated-CCD systems
[8].

5.3. Signal-to-noise ratio, DQE

Image signal-to-noise ratio (SNR) in homo-
geneously illuminated regions is recorded at vari-
ous X-ray intensities and compared with the
theoretical SNR of an ideal quantum-limited CCD-
based detector with same spatial resolution: in the
medium X-ray #ux range the logCMOS detector
is found to be noise-equivalent to a quantum-
limited integrating detector with 10}30ms exposure
time (Fig. 4).

The deviation from the ideal quantum-limited
behaviour (Fig. 4) can be better evidenced by plot-
ting the normalized ratio SNR2

065
/U of the squared

image SNR to the input photon #ux (Fig. 5). This
quantity merely represents the relative variation of
the system's Detective Quantum E$ciency (DQE)
as a function of input #ux, since the DQE is de"ned
as DQE"SNR2

065
/SNR2

*/
with SNR2

*/
varying as

the input photon #ux because of Poissonian statis-
tics of the incoming signal. Such DQE versus dose
representation allows to compare the detective per-
formance of X-ray imaging systems [5,9]. Logarith-
mic detection inherently reduces the DQE at high
level, since in that case the quantization noise varies
proportionally with the input signal thereby domi-
nating the input signal Poissonnian noise at high
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Fig. 4. Image signal-to-noise ratio. The plain line represents the
measured image SNR. Dotted lines represent the theoretical
image SNR of an ideal, shot-noise limited integrating XRII-
based detector, and is estimated as follows:

SNR2
065

"DQESNR2
*/
"DQEN

*/
/k2"DQEU

*/
¹/k2.

where SNR
065

is the image signal-to-noise ratio, DQE the detec-
tive quantum e$ciency (phosphor absorption-limited
DQE"0.8 is assumed) SNR

*/
the signal-to-noise ratio at the

XRII input assuming Poissonian statistics, N
*/

the integrated
number of incoming photons/pixel, k the coe$cient resulting
from the "ltering e!ect of the detector MTF on the input
statistical noise (in shot-noise limited conditions 0.4(k(0.6
based on detector characterization practice at the ESRF. Here
k"0.5 is chosen). U

*/
the X-ray #ux in photons/pixel/s and

T the exposure time in s.

Fig. 5. Relative DQE as a function of incoming #ux, obtained
by normalizing the squared SNR data of Fig. 4 above with
respect to incoming photon #ux.

#ux. Pixel Response Non-Uniformity (PRNU)
may also contribute to poor DQE at high #ux,
but can be alleviated by #at-"eld calibration. At
low level, the DQE is impaired by dark image
noise, which may be partially reduced by sensor
cooling.

5.4. Frame rate, time-resolution

With a pixel sampling period of about 0.125ls
(8MHz pixel rate) one expects a noise-equivalent
integration time of at best the same value. Instead,
an equivalent exposure time of 10}20 ms is found
(Fig. 4), indicating time averaging of the pixel signal
with at least the same time constant. This is be-
lieved to originate from time response character-
istics of the pixel cell, which in the case of
logCMOS APS is reported to be slow at low light
level [6]. Time lag of the XRII phosphor layers

(CsI:Na at input, P46 i.e. YAG:Ce at output) is
thought to have minor contribution to signal time
averaging since involved time constants for both
materials are less than a few ms at 0.1% afterglow
[10]. More detailed investigation is suitable here
because pixel signal time lag, regardless of its cause,
becomes a more acute issue as the available dy-
namic range increases. Finally, time averaging of
the pixel signal is bene"cial to detection of low
X-ray #uxes but reduces the allowable frame rate
for fully time-uncorrelated frames below the intrin-
sic sensor frame rate.

6. Tests with a synchrotron beam

The limited X-ray generator output did not allow
exploring the expected 5 or 6 decades of the dy-
namic range, so further tests were carried out with
an intense synchrotron X-ray source as depicted in
this section.

6.1. Detector recalibration

The camera ADC settings are rescaled to the
higher X-ray intensity range of ESRF BM5 beam-
line and the detector is recalibrated using a similar
procedure as above. The beam is set to 18 keV
energy and collimated to 0.5mm. Beam intensity is
varied with attenuators and monitored with

274 C. Ponchut / Nuclear Instruments and Methods in Physics Research A 457 (2001) 270}278



Fig. 6. (a) Di!raction image. The sample is a 100lm thick
aluminium foil placed 5 cm in front of the XRII window. A small
Pb foil 1mm thick at the centre of the XRII window masks the
transmitted beam. Beam energy is 18 keV, intensity measured
with a Si photodiode is 3]109 X-rays/s. The linearized image is
displayed in log scale so that both weak and strong patterns are
visible. (b) Horizontal slice across the centre of the ring pattern
in image of Fig. 5a.

a calibrated Si photodiode. Calibration errors due
to residual high-order beam harmonics or to pos-
sible photodiode non-linearity are alleviated by
limiting the calibration range to 3}4 decades below
the maximum calibration signal (about 4]108
photons/s) plus one calibration point at zero input
signal. Fitting the detector model validated earlier
to this calibration set allows interpolating the de-
tector response in the low-level range. Linearized
pixels are encoded in single precision #oat format
and scaled so that background noise rms is
10ADU.

6.2. Diwraction image

The X-ray scattering pattern from an aluminium
sample placed in the direct beam is observed with
the detector. The incident beam intensity is 3]109
photons/s. The linearized image shows intense dif-
fraction spots together with weak ring portions as
well as faint di!use scattering in the near-axis re-
gion revealed by shadowing of the protecting lead
foil (Fig. 6a). The range of the measurable inten-
sities in a horizontal image slice extends over more
than 105 between the strongest isolated spots and
the faintest features (Fig. 6b). It was checked that
the theoretical Gaussian pro"le of the di!raction
spots is conserved through the acquisition and data
linearization steps, thereby con"rming the absence
of sensor saturation as well as of non-linearity that
might result from calibration errors. To be noted is
the complete absence of smearing or blooming ef-
fects around the strong spots despite the absence of
shutter.

6.3. Dynamic range, point spread of an intense spot

The beam attenuated with Al blocks is directly
observed with the detector. In a horizontal cross-
section of a linearized, dark-subtracted image of the
beam, the e!ective dynamic range de"ned as the
ratio of maximum image level without saturation
to image noise background exceeds 106 (Fig. 7).
The PSF FWHM of 2 pixels i.e. 0.48mm represents
the slit opening. The PSF at 0.1% of maximum is
5.9 pixels i.e. 1.4mm, just as what was obtained
earlier with a similar XRII-based layout implemen-
ting a CCD camera [11].

Having checked that the point spread response is
isotropic, a point spread pro"le with enhanced SNR
at large radial distance is calculated by circular
averaging of the pixel values, using Fit2D software
[12]. Point spread analysis is now possible below
10~6 relative level (Fig. 8) showing perfect Loren-
tzian behaviour up to more than 15mm radial
range. Fig. 8 also shows virtually no residual bias in
the dark-subtracted image, thereby demonstrating
the time stability of the raw image background,
which is a necessary condition for quantitative
imaging.

6.3.1. Discussion
The long-range Lorentzian point spread is

known to arise from light scatter and back-
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Fig. 7. Horizontal slice across the beam centre in the image of
the attenuated direct beam. The spot width is 2 pixels FWHM
i.e. &0.5mm corresponding to slit opening, and 5.9 pixels FW
0.1% M.

Fig. 8. Ring integration pro"le of the image of the attenuated
direct beam. The graph represents the averaged pixel intensities
over a ring of radius R centered on the beam centre, as a function
of R.

Fig. 9. Comparison between the point spread response of the
XRII/CMOS system with that obtained using a 16-bit slow-scan
CCD with the same detector layout. The pro"le with the log-
CMOS camera is that of Fig. 6. The maximum spot amplitude
with the CCD camera is set just below saturation. Image scale
is identical in both cases (240lm pixels), allowing direct
comparison.

re#exions in the optical path [13] as well as from
scattering processes within the XRII. In our case
(Fig. 8) the maximum peak amplitude lies between
104 and 105 above the Lorentzian scatter tails, thus
limiting the useful measuring range for two neigh-
bouring spots to approximately the same value.
This result is better than the generally admitted
ranges of 2000}5000 for small spot imaging with
lens-coupled systems [11,13] due to a specially
optimized light path: use of high-quality multi-

coated lenses, absence of window in front of the
logCMOS sensor, thick antire#ection XRII output
window. Further reducing the long-range point
spread is desirable in order to better exploit the
available dynamic range by improving image data
precision at low levels. For that purpose image
deconvolution techniques may be attempted using
the present PSF characterization, under the as-
sumption of linear and space-invariant PSF. This
has been successfully applied to X-ray di!raction
images [14] and is presumably more e$cient than
attempting to further reduce light scattering which
would be di$cult given the low level of scattering
which is already attained.

6.4. Point spread response: direct comparison
with CCD

On the XRII detector layout a slow-scan 16-bit
CCD camera (Princeton TE/CCD 1242) is moun-
ted in place of the logCMOS camera, leading to
identical spatial resolutions and input pixel sizes.
The image of a 0.5mm X-ray spot is acquired with
the spot amplitude set at the CCD saturation limit.
Comparison of spot pro"les obtained with both
cameras con"rms a di!erence in dynamic range of
more than one order of magnitude in favour of the
logCMOS system (Fig. 9).
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Table 1
Comparison of XRII/logCMOS test detector with an XRII/CCD detector system of same spatial resolution. The CCD camera is the
ESRF fast readout, high dynamic range camera. Characteristics of the XRII/CCD assume an exposure time of 20ms for consistency with
the noise-equivalent exposure time of the XRII/logCMOS, and a conversion gain of 1 X-ray photon/ADU

XRII#HDRC4
Continuous readout

XRII#ESRF fast readout high
dynamic range CCD camera
20ms exposure time

Pixel size at input 240lm 240lm
Image size 512]256 pixels 1024]1024 pixels
Sensitive area 123]61mm limited by sensor size 210mm diameter limited by

XRII aperture
Background noise rms

(10 keV photons equivalent)
50 ph/pixel/s 1 ph/pixel/frame, i.e.: 50 ph/pixel/s

Saturation &108ph/pixel/s &7.5 105ph/pixel/s
Dark current

(10 keV photons equivalents)
2000ph/pixel/s &5 ph/pixel/s

Dynamic range
(saturation/background noise)

106 1.5]104 (&14 bit)

Minimum relative image noise
(1/SNR

.!9
)

5}10% (1%

Practical frame rate A few Hz to avoid any signal lag 5}10Hz } limited by shutter speed
Maximum frame rate 60Hz } limited by pixel rate 30Hz } limited by pixel rate

7. Summary

7.1. Summary of characteristics, comparison with
a XRII/CCD system

Summarized characteristics of the XRII/log-
CMOS detector are compared to those of
a XRII/CCD system with identical spatial resolu-
tion (Table 1). The CCD camera is the fast readout
high dynamic range camera developed by the
ESRF [15]; comparison with a slow-scan CCD
detector would not be relevant since noise levels
and frame rates would be too di!erent. The com-
parison assumes 20ms exposure time for consis-
tency with the noise-equivalent exposure time of
the logCMOS system, and a conversion gain of
1 X-ray photon/ADU. Both systems are found to
have comparable image background noise thus de-
tection threshold in terms of equivalent instan-
taneous X-ray photon #ux.

7.2. Possible applications

Having in mind the identi"ed limitations, name-
ly: a modest image SNR, a residual long-range PSF,

a small image size, the evaluated detector concept
may be considered relevant when

f an image dynamic range of more than 105 is
needed,

f the minimum X-ray #ux to be detected is
500 keV/pixel/s or higher,

f an acquisition cycle time of a few frames/s
is suitable,

f a data precision better than 5}10% is not
needed.

This makes it suitable for the use with intense
X-ray sources like synchrotron beams owing to
the high detection threshold, with possible applica-
tions in

f X-ray beam pro"le analysis or monitoring,
f small-angle X-ray scattering,
f X-ray transmission measurements over a large

attenuation range.

At that point one may also outline the particular
interest of logarithmic detection for reconstructed
transmission tomography, since it naturally yields
the X-ray absorption path, ll, rather than the X-ray
absorption, exp(!ll).
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8. Conclusions

Potential application of logarithmic CMOS
cameras in the "eld of X-ray imaging has been
investigated on a XRII/logCMOS detector test
setup. It is con"rmed that linearly rescaled X-ray
images over a range of more than six decades can
be obtained after calibration, and that image back-
ground is stable enough, thus opening the way to
quantitative X-ray imaging. As regards DQE char-
acteristics at medium exposure levels the tested
layout can be compared with a quantum-limited
integrating detector with 10}30ms exposure time.
Major obstacles to accurate quantitative imaging
over the entire dynamic range are mainly the resid-
ual long-range point spread and the pixel response
non-uniformity, however several ways to alleviate
these problems are indicated. Time correlation of
the pixel signal may reduce the allowable frame rate
thus the e!ective time resolution, further investiga-
tion on this problem is desirable. Side-by-side com-
parison with a scienti"c-grade CCD-based system
con"rms the superior image level range of the
XRII/logCMOS system. Finally, the potential in-
terest of logarithmic, non-integrating CMOS image
sensors for various X-ray imaging applications
using intense X-ray sources such as synchrotron
beams is demonstrated.
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