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Abstract—An experiment was performed to measure the current related damage rate of silicon soon after a 10 MeV proton
C, in a condition in which the effect of
irradiation at
the leakage current annealing is negligible. This measurement
is fundamental to predict the spectroscopic performance of the
macropixel detectors which will be mounted on the Simbol-X
and BepiColombo space missions. Macropixel detectors consist
on matrices of Silicon Drift Detectors with an integrated DEPFET
readout node on each pixel and offer an optimal solution when
a large pixel area is needed but the noise should be kept at
levels allowing X-ray spectroscopy. The most critical aspect of the
operation of these detectors, in particular of the one which will be
used in the BepiColombo mission, is whether the leakage current
increase due to the proton irradiation would still allow the
required energy resolution. This leakage current increase cannot
be predicted with the available models because, during the whole
mission, the sensor will be kept at temperatures below
C,
and the existing empirical parameterizations are valid only at
higher annealing temperatures. A too high leakage current may
require, for the first time in a space experiment, an annealing
procedure to reduce it.
The irradiation was performed with diodes at the tandem
accelerator of the Meier-Leibnitz Laboratorium in Garching
protons/cm , the
with 10-MeV protons and fluences below
important range for the missions. The diodes were cooled at
a temperature of
C during the experiment and biased
and read out with a charge sensitive preamplifier to perform
a dosimetry based on proton counting. The leakage current
was measured at the end of every exposure, before warming
up and replacing the samples. Its time evolution after several
C was then studied in the laboratory
steps of annealing at
to check the agreement with the NIEL hypothesis predictions
and thus, to validate the experiment. The experimental setup,
C
the measurements of current induced damage rate at
and its annealing are discussed in detail. The consequences on
the Simbol-X and BepiColombo experiments are also examined.
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novel detector concept, the macropixel detector [1], was
developed in the Semiconductor Laboratory of the Max
Planck Institut. In this type of detector, a pixel is made out of a
drift chamber [2] with an integrated Depleted P-channel Field
Effect Transistor (DEPFET) [3] readout node at the center of
it. The input capacitance of a single channel is determined only
by the DEPFET equivalent input capacitance: for a standard
XEUS-type DEPFET, like the one integrated in these matrices,
it is of the order of
fF [4]. This capacitance, which is
responsible for the thermal and
noise, is independent from
the size of the sensitive area, and for this reason, these devices
are optimal in applications where the requirements of a large
pixel area and a low noise should be combined.
The first macropixel detectors will be used in the SimbolX [5] and BepiColombo [6] missions. Simbol-X will be an
m focal length. One of
orbiting X-Ray telescope with a
the instruments which will be installed in this satellite is a
Low Energy Detector Array (LEDA), which will be used for
low-energy photon detection and there will be a macropixel
detector in its focal plane. BepiColombo will be a planetary
exploration mission to Mercury: in order to perform the Xray Fluorescence Analysis (XRF) of the Mercury crust and
measure its elemental abundance, a dedicated instrument, the
Mercury Imaging X-ray Spectrometer (MIXS) was designed.
This instrument will be mounted on the Mercury Planet Orbiter
(MPO) and it will contain two units, a telescope (MIXS-T)
and a collimator (MIXS-C). Both units will have macropixel
detectors as focal plane arrays. More details about the focal
plane arrays of the LEDA and MIX-S instruments can be found
in [7], and the informations which are relevant for this work
are summarized in Table I.
One of the most critical aspects of the operation of the MIXS
sensors is related to the silicon bulk radiation damage due to
the Solar wind’s protons during the five years of journey to
Mercury and the one or two years of operation in its orbit.
A consequence of this exposure will be the leakage current
increase and the degradation in the energy resolution. The
equivalent proton doses are also reported in Table I for the
two missions.
In addition, during the travel and the operation, the sensors will
be kept for most of the time at temperatures below
C:
at these low temperatures, the annealing processes responsible
for the leakage current reduction will be inhibited, and in a
good approximation, they will not occur at all. The knowledge
of the leakage current in these conditions is very important
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TABLE I
R ELEVANT INFORMATIONS ABOUT THE S IMBOL -X AND B EPI C OLOMBO
MISSIONS AND THE CORRESPONDING MACROPIXEL SENSORS .
Simbol-X
(LEDA)
2014
5

Year of launch
Duration of the mission
(years)
Operating Temperature ( C)
pixel size ( m)
array dimension (pixels)
sensitive area (cm )
number of drift rings
wafer thickness ( m)
integration time ( s)
energy range (keV)
electronic noise (e  ENC)
required resolution (eV)
(FWHM)
expected radiation dose
(1 MeV n/cm )
(10 MeV p/cm )
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450



150
(at 6 keV)

200
(at 1 keV)
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II. D EFINITIONS
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The fluence normalization to 1 MeV equivalent neutrons is
performed assuming the non-ionizing energy loss (NIEL) scaling hypothesis, according to which, the induced displacement
damage scales linearly with
the non ionizing energy loss in the
:\-C G
, related to an irradiation with
material [8]. The fluence
R
particles of a type ] and an energy : E,<+> is proportional to the
1 MeV neutron fluence equivalent
through an hardness
factor ^ :

where
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and a
and acb 1 MeV are the induced displacement
R
damage (defined in [8]) for a given proton with an energy
and a 1 MeV neutron. The hardness factor used in these
R
studies are tabulated in [9].
A decrease with time of the current related damage rate is due
to the annealing of various defects with different time constants, contributing to the total current. Its temporal behaviour
is expressed in the following empirical parameterization:
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where the constants values and their dependence on the
annealing temperature are reported in [10]. The current related
C
damage rate observed after 80 minutes of annealing at /
is always quoted as a referenceC value and the
average
obtained
G
! uvw%+x A/cm. The
by the RD 48 collaboration is -, sVsZt u,
parameterization of Eq. 5 is valid at annealing temperatures
higher than )
C and, although alternative expressions are
also available, none of them applies to temperature as low as
0
C.
f
The time
constant j of Eq. 5 depends the annealing temperEwy
ature
according to the relation:
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The leakage current increase due to radiation damage is
proportional to the fluence according to the relationship:
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in order to predict the expected energy resolution and, if
needed, plan possible strategies to achieve the target detector
performance. In the Simbol-X experiment, the effect will be
less remarkable: the pixel leakage current collection volume
will be larger due to the larger pixel area, but the proton dose
will be almost two orders of magnitude lower and the devices
will be operated at a lower temperature.
In order to predict quantitatively the radiation damage effects,
a diode irradiation campaign was performed in Garching at
the tandem accelerator of the Maier-Leibnitz-Laboratorium
(MLL) of the Technical University and the Ludwig MaxiMeV protons. Protons
milian University of Munich with
fluences between "! $# and &%'% protons/cm ( ( )"! $%+* and
%.% 1 MeV equivalent neutrons/cm ( ) were delivered.
-,!
This dose range includes the dose which will be received by
the BepiColombo MIXS detectors. The diodes leakage current
was measured soon after the exposure to protons and the
current related damage rate was then extracted.
This paper is organized as follows: a summary of the necessary formulas about the radiation damage phenomenology
is provided in the second section, while the effects on the
spectroscopic performance are examined in the third section.
In the fourth section, the module assembly and the experimental setup are described. The measurement procedures at the
accelerator and in laboratory, as well as the hardness factor
computation, are described in the fifth section. The results are
shown in the sixth section: the extraction of fluence corrections
is first discussed, then the evolution of the damage rate as a
function of the annealing time at /
C and its value at 0
C
are shown. In the last two sections, the consequences on the
missions are examined and concluding remarks are given.
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being the current relate damage rate,
the increase:Bof
<+>
leakage current normalized at )
C per unit of volume,
the fluence in 1 MeV equivalent neutrons/cm ( .
Due to its exponential dependence on the temperature, the
leakage current is always expressed at the reference temperC. This normalization is obtained through the
ature of )
relationship:
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where
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R
an example, according to this formula, the speed of annealing
at
C is V times slower than at )
C.

!"#

#

 '&)(

III. E NERGY RESOLUTION
The energy resolution of an X-ray spectroscopic detector
can be expressed by the formula:
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where   b is the Fano
noise, 
is the noise due to the
4
readout electronics,  
is the shot noise due to the detector
1

6

)P, XX

leakage current and 2.355 is a conversion factor obtain the Full
Width at Half Maximum (FWHM) of a gaussian distribution
starting from its variance . The noise terms are defined by
the relationships:
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where
-, V/ eV is the energy required to create an
6
electron-hole pair,
is
-, ) is the Fano factor,
R
the photon 5 energy,
is
the
equivalent
noise
charge
in
< y
h
electrons,
is the leakage current, the electron charge
d
and b is the integration time. In these macropixel devices,
the signals of the pixels of the same row are processed
in parallel and the whole matrices is read out in a rolling
shutter mode, i.e. the information of a given pixel is processed
again only after the whole column is read out. Therefore, the
integration time is determined by the sum of the times needed
to readout all other pixels of the same column. The foreseen
integration times of the Simbol-X and BepiColombo detectors
are reported in Table I.
Combining Eq.1 with Eq.7, and using the data of Table I, it is
possible to extract the maximum current related damage rate
allowing the target resolution. This value is shown in Fig. 1 for
the two missions as a function of the operating temperature.
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IV. E XPERIMENTAL S ETUP
A. Accelerator facility
As already mentioned, this diodes irradiation was performed
at the tandem accelerator of the MLL facility. The main
advantage of this accelerator is the availability of a
MeV
proton beam with an energy spread of the order of ) keV.
A monochromatic beam is crucial at these energies since
the hardness factor ^ has a remarkable dependence on the
proton energy. Another important feature of this facility is the
possibility to perform irradiation with a relatively low proton
rate, which allow a very precisely control of the dose. The
parameters of the accelerator were tuned to achieve a beam
spread illuminating as uniformly as possible the die, and with
X, MHz, which allowed a proton
a proton rate below
counting based dosimetry.
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B. Test diodes

int

 +(

m thick
Diodes were obtained from three different $
wafers produced in the Semiconductor Laboratory of the Max
Planck Institut in Munich, with the same technology used
in the Simbol-X and BepiColombo matrices. Diodes were
available in l!
mm ( dies, each one including three
-,)! -,) mm ( squared diodes with guard ring and a squared
capacitor, which was not used in these studies. An { ring
was also implanted around the die to provide the common
bias voltage to deplete the bulk. Each diode was characterized
before irradiation. Current-voltage characteristics were measured up to a bias voltage of 200 V. When the guard ring was
connected to ground, the leakage current was below
pA at
a temperature of )
C, with no hints of breakdown. For these
wafers, the pre-irradiation depletion voltage was of the order
V.
of )
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Fig. 1. Maximum current related damage rate allowing the target energy
resolution for the Simbol-X and BepiColombo missions as a function of the
operating temperature. The integration time (
) related to the curves is
reported.
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For the BepiColombo mission, the maximum allowed current
C are
related damage rate at an operating temperature of
P, "!
Pvw%+x A/cm and u, /"!
Pvw%+x A/cm for integration times
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of )
s and sX) s respectively, which are already smaller
than values already measured at room temperature before the
annealing cycles (of the order of s-, ! uvz%x A/cm [10]).
This is already a hint that some actions need to be taken,
but in order to have a quantify the effect, the results of
this experiment are important. A shorter integration time or
lower operating temperature would be a solution, but the
modification of these parameters is not straightforward due
to the implications on the overall spacecraft and electronics
design. An annealing procedure would be in this case the most
convenient solution.
In the Simbol-X case, the maximum current related damage rate at an operation temperature of $ C is u, !
vz% A/cm, and it is more than three times higher than
the available measurements with room temperature annealing.
However, in order to demonstrate the feasibility of the experiment, it is still necessary to prove that the contribution of
defects which would not anneal at $ C is not remarkable.
For this purpose, the the measurement of this work is fundamental.
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C. Module assembly
Every die was mounted in a module in order to allow
thermal control and biasing and handling during irradiation

and annealing tests. A picture of a module is shown in Fig. 2.

Fig. 2. Picture of a diode module. The main components are also indicated.

 

Each module was assembled on a squared ) ! ) mm ( goldplated mechanical support. At the center of the structure, a
Peltier module was glued from its warm side. The back side
of the die was glued on the top of the cold side of the Peltier.
In order to provide the electrical connections with the diodes
contacts, five metallic rods were foreseen at each of the four
sides of the module (for a total of 20) and perpendicularly to
the module’s surface. One of the extremities of these rods was
micro-bonded to the contacts of the die. The support had also
a gold-plated screw on the side opposite to the die in order
to connect mechanically and thermally the whole module to a
cold finger.
The Peltier module was of a 2-stages type, allowing a maximum temperature difference of
C with a X, A current. A
PT100 module was glued on the top of the capacitor in order
to monitor the temperature of the diodes. The two terminals of
the Peltier module as well as the four terminals of the PT100
were also connected via the gold-plated metallic rods.

$#



D. System assembly and environmental control



In order to place the diodes along the beamline, a / cm
long cylindric vacuum chamber was designed. A scheme of it
is shown in Fig. 3, while a view of the experimental area with
the setup installed is shown Fig. 4.

Fig. 4. A view of the experimental area as it was during the experiment. The
cylinder was connected to the the accelerator vacuum pipe and the electronics,
cooling and vacuum pump are inserted.

screwed on a cold finger attached to the flange. The cold finger
was cooled with an external chiller in order to keep the warm
side of the Peltier at a constant temperature of
C during
the operation.
The modules rods extremities which were not bonded to the
die, were connected to an internal board. A hole on this
board allowed to screw the module on the cold-finger. A SubD feedthrough was located on the flange: the connections
between the feedthrough and the internal board were achieved
with coaxial cables, while externally, a second board was
plugged onto the flange.
The preamplification circuits, sketched in Fig. 5, were included
in this external board. The same board could also be used to
measure the leakage current at the end of every exposition: by
moving a jumper of this board, it was possible to disconnect
the p+ contact of a diode from its preamplifier, ground it
through the a Keithley 487 picoamperemeter (also shown
in Fig. 5) and measure the leakage current for every diode
without opening the chamber.

#

Preamplifier
R3

Flange
Vacuum
pump
to the
Chiller

Fig. 3.

R2

Cold finger

     
External
board

 



C2
C1
a)

Module

Protons
b)
R1

Amptek A250F

Venting
valve
Internal
board

Shutter

Accelerator
pipe

Scheme of the vacuum cylinder and the flange.

On one side, the cylinder was interfaced with the main vacuum
pipe. A manual shutter was placed along the cylinder in order
to decouple it from the main pipe and allow the opening of it
to replace the modules. Additional openings were introduced
for vacuum pumping and venting. On the opposite side, the
cylindrical chamber was closed with a flange. The module was

Diodes
module

Keithley 487
picoamperemeter

Fig. 5. Scheme of the biasing and preamplifying circuit. When the p+ contact
of a diode is connected to the amplification chain according to the modality
a) in the figure, the proton counting dosimetry can be performed, while when
it is connected to the picoamperemeter in the modality b), the leakage current
can be measured.

E. Readout System
A scheme of the overall system used to perform dosimetry
is shown in Fig. 6.

Control
room PC

Oscilloscope

As soon as the exposure finished, the leakage current
was measured and the module replaced with another one.
Irradiated modules were stored in a fridge with
C until
C until the
the end of the irradiation and then stored at
annealing behavior was not studied.

!  #
!  #

Ethernet
Preamplifier
GPIB

Spectroscopy
amplifier

Digital
counters

Experimental
area PC

Diodes Module

Fig. 6.

The diodes were depleted during the irradiation applying a
positive bias voltage of  V to the common n+ contact. The
diodes guard rings were directly grounded and each diodes
p+ contact was biased to ground potential through
M
resistors (R1 in Fig. 5) and connected to the charge-sensitive
preamplifier. The Amptek A250F circuits were used in this
preamplification stage. An additional amplification stage was
performed using an ORTEC model 450 spectroscopy amplifier
to provide further amplification and reduce the noise through
an RC-CR shaper included in the same ORTEC module. At
the end of the chain, the overall duration of the pulses was of
ns. A precise measurement of the dead time
the order of
is described in subsection VI-A.
In order to measure the proton rate, two individual twochannels HP53131A digital counters were used. The thresholds were chosen in order to suppress the dark rate without
affecting the measured proton rate. The dark rate due to pickup, measured closing the shutter, was of the order of ) Hz,
negligible with respect to the proton rates during the irradiation
(between )
kHz and MHz).
The digital counters were connected through GPIB with a
PC and controlled by a software interface. Through a remote
ethernet connection, it was possible from the control room to
start and stop the proton counting in correspondence of the
opening and closing of a beam shutter placed upstream the
beamline. The proton counts were read serially for the three
channel and, after every cycle, the three values were stored
in a file, together with the updated value of the total number
of protons. It was possible to monitor this number online and
stop the main beam shutter as soon as the target dose was
achieved.











V. E XPERIMENTAL
A. Irradiation



PROCEDURES



The irradiation campaign took place in November 2007
between the 26 and the 28 . The first day was dedicated
to the mounting and commissioning of the system.
A test diode of the same type of the ones used in the
irradiation was used to test the setup and adjust the beam
positioning. The width of the beam spot on target was of the
mm ( . The beam intensity was also adjusted in
order of "!
order to achieve the target doses with a reasonable exposure
duration. The temperature was stable at around 0
C
during the irradiation.

&



The annealing behaviour was studied in the Semiconductor
Laboratory of the Max Planck Institut in Munich. Annealing
steps were performed at a nominal /
C inside an oven. The
temperature has been monitored with the PT100 temperature
sensors in all the phases of the experiment in order to normalize the time interval to a reference temperature ( /
C) through
Eq. 6. The diodes were fully characterized at temperatures
between )X) C and )V C at the end of each annealing cycle.

$#

Scheme of the DAQ system used for dosimetry.

 

B. Annealing
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C. Computation of the hardness factor

 (

At a proton energy of 10 MeV, the protons range in silicon
is
m, which is larger but comparable with the sensors
thickness. After having crossed the whole sensor thickness,
the final energy of the protons is around 5.5 MeV and the
increase of the induced displaced damage as a function of the
depth is remarkable in this energy range.
The effective hardness factor of 10 MeV protons through a
m thick silicon layer was computed with the formula:
$
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 is an infinitesimal segment
where
of the trajectory of the
C G
is
the
particle kinetic energy
particle in the material,
\
C GR 
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the corresponding proton induced
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displacement damage, and the total track length.
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In order to evaluate the hardness factor numerically, a simulation with GEANT4[11] (version 4.9.1) was performed: protons
were generated with a 10 MeV energy and an initial direction
track propagation
perpendicular to
the silicon and at each
1
step of\-length
,
the
corresponding
induced
displaced damG
C
age a
was obtained interpolating the values tabulated
R
in [9]. The integral of Eq. 10 was finally
replaced by a discrete
[< \
:
sum over the number of steps
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According to this method, the
volume correction
factor and
6
6
the hardness
factor
are:
^ V^
V,)V t -, Xs , ^
u, wt -, ,
6
*
where ^
u,
is the hardness factor in an infinitesimally
*
thin layer approximation.
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VI. R ESULTS
A. Dead time measurement and fluence correction
A precise measurement of the fluence is mandatory in order
to extract the current related damage rate. Since the proton
counting system used in this experiment has a paralizable
behaviour, the dependence of the average measured proton
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rate (
) on the corresponding true rate (
), in the
presence of a pulse-width imposed dead time j , is expressed
by the relation [12]:
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This function is linear
for rates much< y smaller
than C[h j G , has
G 6
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C
j
j
j
a maximum at
, and 
corresponds to the saturation rate. Once the dead time is known,
the formula can be inverted in order to extract numerically the
true rate corresponding to the measured one.
It is possible to extract both the dead time that the damage
constant from the same fit. According to Eq. 1, the leakage
current per unit of volume is related to the true proton flux
through the relationship:
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is the true
fluence expressed in MeV equivwhere
:_\  `<
alent neutrons/cm ( ,
is the fluence of
MeV
protons/cm ( and ^ is the already defined hardness
factor.
From
  < can related to
Eq. 1, Eq. 13 and the definition of rate,
the absolute diode leakage current  through the relationship:
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being
constants and
and
(and thus and ) the unknown
parameters of the function. The uncorrected measured rate for
the diodes used in the
annealing studies is shown in Fig. 7 as a
d  
function of the 
after
minutes
of annealing at /
C.
8
A fit was performed to extract and j and the curve which
was obtained is superimposed in the figure.d  At
rates
 ismeasured
below u, MHz, its dependence on 
quasi-linear,
while at higher rates the non linearity becomes remarkable
and a hint of saturation is visible is visible aboveC MHz. G The
dead time measured according to this method is $) wt
ns.

  

4

Diode current/irradiation duration (A/s)

J

H

2

Fig. 7.
Measured proton rate without corrections as a function of the
ratio between diode leakage current and irradiations duration (
). The
experimental measurements are superimposed to the fit with the function of
Eq. 15.
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600

is the diode surface,
is the duration of the
where
irradiation and  is the thickness of the diode. According to
this d equations,
the measured proton rate can be related to
   according to the relationship:
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C.

Damage rate as a function of the annealing time at performed at

! # C
The diode current measured at ! $
 # C, and normalized to
# C, is shown in Fig. 9 as a function of the corrected fluence.

C. Damage constant measurement at 0
0

)

A linear fit was performed and, after dividing the slope by the
diode volume, the corresponding damage rate obtained is:

  d   , the

B. Damage constant dependence on the annealing time
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According to the fit of 
with respect to 
value of the damage constant after 80 minutes at /
8
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ThisC value is V, G standard deviations below the RD 48 average
of -, sVs t u,
!
Pvw%+x A/cm, having a sigma level of
-,) ! Pvz%x A/cm [10]: such a disagreement is not remarkable
enough to invalidate the experiment. The dependence of the
C is shown in
damage rate on the annealing time at /
Fig. 8: with approximately 180 minutes of annealing at this
temperature, it was possible to achieve a damage rate as low
as -, ! -vz%x A/cm.
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The average annealing time at 0
C before the current
measurement was
s (!
min) and it was mainly due
to the irradiation duration. The C damage constant
prediction
G
from the Eq. 5 extrapolation is V, t ) ! uvz%x A/cm,
and it is compatible within one standard deviation with the
value obtained in this experiment. This agreement suggests
the absence or irrelevance of very fast annealing defects which
C and to which the already existing
would be present at 0
measurements would have been insensitive.
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As predicted by the model of Section III, the target Simbol-X
resolution can be obtained alsoE with
the
irradiated sensor, since
6
y
0
the measured damage rate at b@b
C obtained from
these studies is a factor six smaller than the maximum allowed
one at this temperature ( /-, ! -vw%+ A/cm, from Fig. 1).

×10
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Diode current (A)

0.24
0.22
0.2
0.16
0.14

VIII. C ONCLUSION

0.12
0.1
0.08

An experiment to measure the current related damage rate
in the BepiColombo an Simbol-X operation conditions was
successfully completed. The values obtained after 80 minutes
of annealing at /
C and at 0
C without annealing
are summarized in Table II, together with the relative
measurement and prediction from the RD 48 collaboration.
The agreement with this model suggests the absence of new
low temperature effects which would complicate the detector
operation.
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Fig. 9. The diode current measured at
C (and normalized at 
C)
equivalent
as a function of the corrected fluence expressed in 
neutrons/cm . The fit is superimposed to the experimental measurement.
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TABLE II
S UMMARY OF

VII. C ONSEQUENCES

FOR THE

M ISSIONS

According to the results shown in this paper, an annealing
procedure would be mandatory in the BepiColombo mission
in order to achieve the target resolution at an operation temperature of
C, and with an integration time not shorter than
)
s. The required annealing time needed was computed inverting Eq. 5 (with the parameters values computed according
to the annealing temperature) and it is shown in Fig. 10 as
a function of the annealing temperature. Different scenarios
are possible according to the highest available annealing
temperature: for example, with an annealing temperature of
C, the required annealing duration would be of 9 minutes.
/
With a duration of the annealing procedure longer than the
minimal required, arbitrary safety margins can be obtained.
This computation was also repeated for an integration time
of As$)
s: the target resolution can still be achieved and
the corresponding minimal annealing duration needed with a
temperature of /
C would be of 151 minutes.

!"#

 '& (

#

(

Minimum annealing time (min)



#

o
o

T= -40 C
o
T= -42 C

102

10

10

20

30

40

50

60

70

RD 48
this experiment



 




min
C
 at 
7 
A/cm

  
  

 
   




 



 
C
min at
7 
A/cm

  
 (extrapolated)

  







These results provide very important hints to define the experimental procedures to operate the instruments. In particular,
the most important consequence of this measurement is that it
will still be possible to achieve the required Simbol-X energy
resolution at the project temperature and integration time. In
the BepiColombo experiment, annealing will be required to
achieve the target resolution.
In order to obtain a more complete insight of the detector
performance, matrices, electronics components and modules
will be irradiated in the next future.
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THE CURRENT RELATED DAMAGE RATE OBTAINED WITH
THIS EXPERIMENT. F OR COMPARISON , THE MEASUREMENT OF THE RD 48
COLLABORATION ARE SHOWN .
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Fig. 10. Minimum annealing time required at different operation temperatures
as a function of the temperature of annealing and at an integration time of
  s.
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