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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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1 Introduction

The selection of an image detection system for x-ray microscopy is oriented at the
following criteria: 3

o high sensitivity corhbined with low system noise
e high dynamic range

e good linearity and known quantum efficiency (for radiometric measurements)

spatial resolution and image field matched to a given x-ray microscope

radiation hardness

o practicability (e.g. on-line data acquisition, display and processing)

Thinned, back illuminated CCD cameras promise to meet most of these require-
ments. We installed such a CCD camera at the Gottingen x-ray microscope, which
is operating at the electron storage ring BESSY in Berlin [1]. From the first results
we concluded that this thinned, back illuminated CCD seems to be an ideal detector
for x-ray microscopy [2]. Subsequently we installed a similar system at the Gottmgen

“x-ray microscope, which uses a pulsed plasma source [3,7].

2 The CCD Camera System

- The CCD camera is a commercxa,lly bulld camera that has been mechamca.lly

adapted to the x-ray microscope. Normally the CCD sensor is covered with an
antireflective coating. This coating was omitted from the CCDs used for x-ray mi-

- croscopy. The CCD camera system consists of the following parts:



e Photometrics slow scan CCD camera AT200L
Readout 16Bit ADC, 40kHz
Peltier cooling to —45°C

o Tektronix TI1024AB thinned, back iHumina.téd CCD chip
1024 x 1024 pixel, each 24um x 24um
full well capacity = 5 - 10%¢™, limited to Sy, & 4 - 10%~ by ADC

e Host computer (80486) for camera éohtrolling and data acquisition
The slow scan readout reduces the readout noise to a few electrons at the cost of

an increased data acquisition time (= 26s for 10242 Pixel). Cooling the CCD chip
reduces the dark current. '

3 Characterization of the CCD Camera

3.1 Quantum Yield

We measured the quantum yield of the CCD camera system, defined as the ratio

of detected quanta (here: electrons stored.in the potential well) per incident quanta
(x-ray photons) using the SX-700 radiometric beamline of the PTB-lab at BESSY
[4] in the photon energy range from 60eV — 800¢V. Fig. la represents the data.
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Fig.la: Quantum yield of the thinned, Fig.1b: Quantum efficiency of the

back illuminated CCD. At A = 2.4nm, thinned, back illuminated CCD. The

the value for the QY is 90¢™ [photon Sip,-edge and the N -edge can eas-
: ily be seen.

A linear function of the qantum yield can be observed, interrupted at the Si,, y1rr
absorption edge at 99¢V and at the Ni-edge at 400eV The quantum yield is
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90e~ /photon at 2.4nm(517eV), the wavelength the Gottingen x-ray microscopes
are working with. The average energy necessary for creating an electron-hole pair is
3.7¢V [5]. The average number of electrons per photon detected in an ideal detector
is therefore npae = b+ v/3.7eV. It is now useful to define an energy related quantum
efficiency as the number of detected electrons per 1nc1dent photon ny dlvxded by the
maximum number Ny,qz: :

ng _ ng- 3.7eV

Nmaz h-v

QE =

Fig. 1b shows the results for the quantum efficiency QF of the CCD as a function
of the photon energy & - v in the range from 60eV to 800eV. In this energy range,
the QF is between 0.56 and 0.72. The accuracy of the measurement is =~ 10%,
determined mainly by the stability of the low intensity photon beam used for our
measurements. ' '

3.2 Readout Noise and Dark Current Noise

The readout noise of the CCD can be measured by acquiring a dark image with
exposure time Os. When the exposure time of the dark image is increased to finite
values, the CCD collects electrons thermally created by the dark current, giving
an exposure time dependent contribution to the total signal and also to the total
system noise of the CCD camera. The average dark signal itself can be measured and
subtracted from the image data in order to obtain only the photon induced signal.
The dark current is a function of the temperature. At —45°C the dark current was
found to be 2.9¢™ /(pizel - s). Fig. 2 represents the system noise without irradation
as a function of exposure time. For integration times less then 30s, the readout noise
of 10e~ dominates the total noise of the CCD camera. The signal generated by one
photon of 517¢V is.also indicated in fig. 2, showing that for exposure times up to
250s the camera noise is less than the signal from one photon. Exposure times in -
the Gottingen x-ray microscope are a few seconds, so that the camera noise can be-
neglected in this application.

‘3.3 Linearity and i)yna‘mic Range

The linearity was measured at A = 2.4nm (517eV); the CCD camera was used in its
standard configuration in the x-ray microscope at BESSY without specimen. Fig. 3
shows the quantum yield as a function of the exposure in photons/pizel. Exposures
were varied using a shutter and attenuation filters. The absolute value was taken
from the measurements at the SX-700. The accuracy of the measurement is 2%,

~ given by the slight move of the BESSY source during the measurements. From the

plot the CCD response is linear within these limits until the ADC comes to satura-
tion at an exposure of ~ 4400photons/pizel. At very low exposures, the stochastic
character of the photon -absorption leads to an increased deviation from the mean.



Aécording to the high quantum yield of the CCD it is convenient to define the dy-
namic range as the maximum detectable number of x-ray photons:

Smaz 4 ¢ 1056— ’ ‘
DRyhoton = = =4.4-10° A=24
RPholon QY ' goe_ ( nm)
This is a good value for a dynamic range.
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Fig.2: CCD system noise without irra-  Fig.3: Linearity of the thinned, back il-
diation at T = —45°C. luminated CCD at A = 2.4nm.

3.4 Radiation Damage

The effect of radiation damage can be observed as an increased dark current (and
slightly decreased full well capacity). After = 2400 x-ray microscope images and

nearly the same amount of test images taken with the CCD operating at BESSY

(the total number of absorbed x-ray photons in the CCD up to now is = 10'?), the
dark current was found to be :

Iy = 2.9¢" [(pizel - s) unexposed pixels (chip corner)
J4e = 4.0~ [(pizel - 5) after 2400 x-ray exposures (central region)

No influence of the radiation damage on the x-ray microscope images could be

observed, and even if the dark noise increases further with the same rate, the CCD
will be usable without a remarkable effect on the image quality for several years.

4 Conclusions

The thinned, back illuminated CCD chip in combination with a cooled slow scan
CCD camera seems to be the best suited image detector for x-ray microscopy with
soft x-radiation available today. It offers high sensitivity, the possibility of making

-
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radiometric measurements and the advantages of digital detection systems like on-
line image acquisition, display and processing. Especially the investigation of wet
biological specimen in the Géttingen x-ray microscope at BESSY [6] benefits from
the advantages of the thinned, back illuminated CCD. With the Gottingen x-ray
microscope with the pulsed plasma source, images exposed with only one pulse are
now possible [7].
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