Lawrence Berkeley National Laboratory
Recent Work

Title
X-Ray and Charged Particle Detection with Csl(Tl) Layer Coupled to a-Si:H Photodiode
Layers

Permalink

https://escholarship.org/uc/item/399401kp

Authors

Fujieda, I.
Cho, G.
Drewery, J.

Publication Date
1990-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/39g401kp
https://escholarship.org/uc/item/39g401kp#author
https://escholarship.org
http://www.cdlib.org/

LC. - ek

LBL-29477

Lawrence Berkeley Laboratory

E UNIVERSITY OF CALIFORNIA
é

R Physics Division

Presented at the IEEE Symposium on Nuclear Science,
Washington, DC, October 19-23, 1990, and to be
published in the Proceedings

X-Ray and Charged Particle Detection with CsI(TI) Layer
Coupled to a-Si:H Photodiode Layers

I. Fujieda, G. Cho, J. Drewery, T. Gee, T. Jing, S.N. Kaplan,

V. Perez-Mendez, D. Wildermuth, and R.A. Street e

October 1990 For Reference

L Not to be taken from this room

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.

2z}
ot
0.
jiu]
n
=

-
r~ !
- -
o0 i
=] X
& O 2
I R
< N
LIy ~J



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.



N, ",

LBL-29477

X-ray and Charged Particle Detection with CsI(T1) Layer
Coupled to a-Si:H Photodiode Layers

I. Fujieda, G. Cho, J. Drewery, T. Gee, T. Jing, S.N. Kaplan, V. Perez-Mendez, D. Wildermuth
Lawrence Berkeley Laboratory, 1 Cyclotron Rd. Berkeley, CA 94720
R.A. Street
Xerox Palo Alto Research Center, 3333 Coyote Hill Rd. Palo Alto, CA 94304

Abstract

A compact real-time X-ray and charged particle imager with
digitized position output can be built either by coupling a fast
scintillator to a photodiode array or by forming one on a
photodiode array directly. CsI(TI) layers 100-1000 um thick
were evaporated on glass substrates from a crystal CsI(TI).
When coupled to a crystalline Si or amorphous silicon (a-
Si:H) photodiode and exposed to calibrated X-ray pulses, their
light yields and speed were found to be comparable to those of
a crystal CsI(Tl).  Single B particle detection was
demonstrated with this combination. The light spread inside
evaporated CsI(TI) was suppressed by its columnar structure.
Scintillation detection gives much larger signals than direct X-
ray detection due to the increased energy deposition in the
detector material.  Fabrication of monolithic type X-ray
sensors consisting of CsI + a-Si:H photodiodes is discussed.

I. INTRODUCTION

a-Si:H has been investigated as a possible alternative for
radiation detector material for high energy physics
experiments, medical imaging, material and life science studies
(1,2,3]. Early efforts to make X-ray detectors with a-Si:H by
Wei et al. [4] used a phosphor such as CdWO4 and ZnS(Ni).
Mochiki et al. [5] used a facsimile head to detect X-ray
fluences with a good spatial resolution. Recently, Ito et al.
fabricated a monolithic type X-ray sensor by depositing a-Si:H
layers directly on a ceramic scintillator Gd202S:Pr:Ce:F and
reported that the light yield of their ceramic scintillator is
comparable to CsI(T1) and that its scintillation decays to 1/10
of the initial level in S us [6]. Street et al. obtained X-ray
images with a two-dimensional a-Si:H photodiode array
coupled to a Lanex (Kodak) intensifying screen for X-ray films
(Gd202S:Tb) [7]. a-Si:H photodiodes 1-2 um thick coupled
to Lanex have been shown to give a 100-330 times larger
signal size for detecting X-rays used in medical imaging
compared to the a-Si:H diode alone [7,8].

This work was supported by the Director, Office of Energy
Research, Office of High Energy and Nuclear Physics, Division
of High Energy Physics, and Office of Health and
Environmental Research, Division of Physics and Technological
Research of the U.S. Department of Energy under contract No.
DE-AC03-76SF00098.

Choice of a scintillator is dependent on specific
requirements for each detector application, namely, the type of
radiation, speed requirement and spatial resolution in case of
imaging applications. = For most imaging applications,
however, a fast bright scintillator with some built-in light
guiding structure is desirable since the light spread inside a
scintillator degrades the spatial resolution of a position-
sensitive detector. Vacuum evaporated Csl forms columns
parallel to the evaporation direction, confining the light to
produce a sharper image output [9,10]. CsI(Na) is used for
image intensifier application due to its good emission
spectrum matching to the photocathode sensitivity. For
coupling to photodiodes, CsI(T1) has the following advantages
over CsI(Na); (a) better emission spectrum matching to a
photodiode quantum efficiency [11], (b) larger light yield [12]
and (c) better stability in air. It has the disadvantage of a
slightly slower scintillation decay. Emission spectra are
shown in Fig.1 for CsI(Na) and CsI(T1) together with quantum

_ efficiencies of an a-Si:H photodiode [6] and S-11 photocathode

(Sb-Cs) [13].
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Fig.1

The evaporation process and measurements on properties of
evaporated CsI(TI) layers such as signal yield, speed, light
spread and radiation damage are described in the next section.
Detection of X-ray pulses and single B particles with an
evaporated CslI layer coupled to a photodiode is demonstrated.



A monolithic detector construction and its use to detect X-ray
pulses is discussed in the following sections.

1. CSI EVAPORATION AND LIGHT YIELD
OPTIMIZATION

A. Csl evaporation

The vacuum evaporation setup used at LBL is shown
schematically in Fig.2. The important parameters are the
substrate temperature and the boat temperature. The higher
substrate temperature tends to give larger fiber structure and
better adhesion to smooth glass surfaces. Lower substrate
temperature tends to give finer columnar structure. The boat
temperature determines the evaporation rate. The glass surface
should be roughened to improve CsI adhesion when used as a
low temperature substrate (£~300°C).

Heater (Halogen Lamp)

Thermocouple #1 O Cublock

substrate /
\

Rate Monitor =
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0.6"hole

| 0.5" hole
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crystalline CsI(T1)

Thermocouple #2
Fig.2 The vacuum evaporation setup for CsI faceplate
fabrication.

CsI(T1) layers 100-1000 um thick were evaporated from
single crystal CsI(T1) chips supplied by Engelhard Corp. The
glass substrate was initially heated at 100 °*C but its
temperature increases up to 140 °C at the end of a run due to
radiation hcating from the Ta boat. The evaporation rates
were varied to improve the light yield.

B. Csl signal yield

Evaporated CsI(TI) layers and single crystal CsI(T!)
samples were exposed to calibrated 1-2 ps 50 kVp X-ray
pulses through a 1.25 mm-diameter hole. A crystalline
silicon photodiode with 1x1 cm? area (Hamamatsu $1723-04)
[13] was coupled to these evaporated CsI(T1) layers as well as
to encapsulated crystal CsI(T1) in Al housings made by Bicron.
The Hamamatsu photodiode has been used extensively because
its quantum efficiency is well characterized by the manufacturer
although that of an a-Si:H photodiode can be made equally
good or better. A thin Al sheet covered the top surface of the
evaporated layers to reflect back the scintillation light. A

charge-sensitive preamplifier (Tennelec TC170) and a quasi-
Gaussian shaping amplifier with 9 us peaking time were used
to measure the charge produced in the photodiode. The signal
was expressed in terms of number of electron-hole pairs
produced when absorbing X-ray energy equivalent to 1 MeV.
The results are summarized in Fig.3.
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CsI(TI) samples with Al reflector

Fig. 3 Signal yields from a number of evaporated CsI(TI)
layers (their ID #'s are also production dates in most
cases) as well as three crystal CsI(T1) samples.

The first three (AI-409, DEMO, 2R.197) are all crystal
CsI(T1) made by Bicron. AI409 is a S mm thick 5 mm
diameter cylinder of CsI(T1). 2R.197 is a 5 mm thick 5 cm
diameter disk of CsI(T1). DEMO has the same dimensions as
2R.197 but its S mm thick CsI(T1) disk was cut by a wire-saw
into 2 mm x 2 mm columns and the gaps between columns
were filled with reflector materials. It is possible that the
lateral light spread inside the crystal resulted in the smaller
signal size for DEMO and 2R.197. Among the evaporated
CsI(T1) layers, the first twelve samples were evaporated at a
rate faster than 15 um/min. The last sixteen samples were
evaporated at a well-controlled constant rate (about 2.5-15
um/min). Samples labeled as "A" were centered against the
boat and were two to three times thicker than the ones labeled
as "B", which were off-centered. The evaporation rate was
calculated from the evaporation time and the thickness of the
"A" sample. The signal size for these layers was increased by
as much as about 50% by putting a thin aluminanized mylar
sheet as a reflector on top of the CsI(T1) layers.

C. Csl signal yield optimization

The light yield of CsI(TI) is sensitive to the evaporation
conditions, especially the boat temperature which determines
the evaporation rate. CsI(T1) layers 230-460 pum thick were
evaporated at different boat temperature, and hence different
evaporation rates and signal yields were obtained with the
50kVp X-ray. The resuits are shown in Fig.4. With the
optimum preparation, the light yield of evaporated CsI(TI)
layers can be made close to a single crystal CsI(TI) as
demonstrated by samples made at later time.



The TI1 concentration is known to affect the signal yield in
crystalline CsI(T1) coupled to a photodiode [14]. The TI
concentrations in our evaporated layers were evaluated by X-ray
Reflection Fluorescence analysis (XRF) [15] and plotted
against their signal yields from the 50 kVp X-ray measured
before. The results are shown in Fig.5. The same behavior
is seen for our evaporated layers and the crystalline CsI(T1) in
ref.[14]. Itis confirmed that the layers evaporated at a slower
rate contains more T1 than those made at a faster rate. The
XRF measurements showed that the evaporated layer had TI
concentration up to 20-30% less than the source CsI(TI)
crystal.
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Fig. 4 Signal yields from CsI(T1) evaporated at different rates.
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concentrations as measured by XRF.

III. CHARACTERISTICS OF EVAPORATED
CsI(TI)

A. speed and signal yield

The decay constant of a scintillator can be obtained by
analyzing the charge-sensitive preamplifier output when the
scintillator coupled to a photodiode is irradiated by a short X-
ray pulse. The following experiment and analysis were
conducted to compare the speed and signal yields of our
evaporated CsI(TI) layers to those of Gd2O3S screens.

Various scintillators (the Gd2O7S:PrCeF supplied by
Hitachi Metal, Lanex made by Kodak and a CsI(Tl) layer
evaporated at LBL) were placed on top of the Hamamatsu
photodiode (S1723-04) and were exposed to 1.4 us wide 50
kVp X-ray pulses. The charge-sensitive preamplifier outputs
was fed directly into a digital storage oscilloscope (Tektronix
2430) and the digitized wave forms were analyzed by a
computer. A detailed analysis is given in the Appendix.

First, the Hitachi scintillator 1.1 mm thick and our
evaporated CsI(TI) 461 pum thick were compared as shown in
Fig.6 together with the signal from the crystalline Si diode
(S1723-04) alone. Both scintillators absorbed all the X-ray
energy. The linear portion of the c-Si signal extends about
1.2 ps, confirming the duration of a constant X-ray intensity.
The asymptotic levels for these scintillators agree roughly and
are equivalent to 2.5x10% electrons/MeV. The analysis in the
Appendix on our measurements shows that the decay constants
of these scintillators are 1.1 ps for the CsI(T1) and 3.5 ps for
the Hitachi layer.
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Fig.6 Preamplifier output for the CsI(TI) layer and the Hitachi
screen.

Second, Lanex and our CsI(TI) layer were compared. The
Lanex screen was about 300 pm thick and mounted on a thin
plastic plate. The CsI(Tl) was 315 pum thick and was
evaporated on 1 mm thick glass. Unless a scintillator absorbs
all the X-ray energy, the signal contains a contribution from
direct electron-hole pair creation in the photodiode by the
penetrating X-rays. This is the case for the 300 um thick
Lanex screen and the direct signal contribution was measured
by placing a thin opaque sheet between a scintillator and
S1723-04. The resultant wave forms were subtracted from the
wave forms observed without the opaque sheet. The average
energy of the X-ray was 30 keV and the direct contribution was
about 20% of the total charge collected by the photodiode in



the case of the Lanex screen and 10% for the CsI(TI) layer.
The wave forms after subtraction of the direct contributions are
shown in Fig.7. The RC decay constant is about 1.06 ms
The Lanex signal shows a peak and then decays more slowly
than the Csl signal. The analysis in the Appendix shows that
the decay constant of Lanex is 0.48 ms and that the total
signal yield is comparable to that of the CsI(T1) layer.
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Fig.7 Preamplifier output for the CsI(T1) layer and Lanex.
Both curves were normalized against the peak value of
the Lanex data.

B. Spatial resolution

The columnar structure of the evaporated CsI(TI) layers was
confirmed by a Scanning Electron Micrograph (SEM). A
small piece of evaporated layer material was cut by a razor
blade and the cracked surfaces were observed by a SEM. The
two SEM photographs shown in Fig.8 clearly show the
columnar structure. The substrate temperature during the
evaporation was 100 °C for Fig.8(a) and 200 °C for Fig.8(b).
The evaporation rate for the 100 °C layer was the optimum
ones (< 4 pm/min) in terms of light yield. Only the
substrate temperature was raised to 200 °C for the layer shown
in Fig.8(b). The columnar diameter of the 100 °C layer is
about 10 pm whereas that of the 200 °C layer is about 15-20
um. The light yield of the 200 °C layer was almost the same
as the 100 °C layer.

Next, the light spread inside evaporated CsI(T]) layers as
well as the Hitachi scintillator (Gd202S:PrCeF) and the Lanex
screen (Gd207S:Tb) were characterized using a narrow beam of
He-Ne Laser light (633 nm) and a facsimile head as a position
sensitive light detector. The facsimile head module made by
SEIKO-EPSON (a linear a-Si:H photodiode array with a TFT
attached to each photodiode) had 400 dpi (dots-per-inch)
resolution [16]. The external circuit was the standard readout
electronics designed for the facsimile application and it gave a
sequence of voltage pulses, each pulse height corresponding to
a charge produced by each photodiode element. This pulse
sequence was digitized and stored by a Tektronix 2430
oscilloscope and data were transfered to a computer for

) XBB 907-5502

Fig.8 SEM photograph of cracked surfaces of CsI(TI) layers
evaporated at substrate temperature of 100 °C (a) and
200 °C (b).

analysis. First, the photodiode array was exposed to a parallel
light beam from the Laser through a narrow slit without a
scintillator between the slit and the array. The slit opening
was set to 50 um so that only one pixel of the 1D-photodiode
array gave a signal. The position of the array was adjusted
such that the signal was maximum. Second, a scintillator
(either a 425 um or 894 um thick evaporated CsI(TI) layer or
one of the two Gdy02S compounds) was placed on the
photodiode array and the same light beam was used to expose
the scintillator. A line spread function for each scintillator
was obtained from the pulse sequence when the time was
converted into position. The 425 pm and 894 pm thick
CsI(TI) layer used in this experiment were evaporated on



b

e

roughened glass substrates with the optimized parameters and
were peeled from the substrates. The Hitachi scintillator
(Gd202S:PrCeF) was 1.1 mm thick and the Lanex screen
(Gd07S:Tb) was 300 um thick.

The line spread function normalized for each scintillator is
shown in Fig.9 and Fig.10. Spatial resolution is often
expressed in terms of a full width at half maximum (FWHM)
of a line spread function. The resolution of both of the 425
um and 894 um thick evaporated CsI(TI) layers is = 200 ptm
FWHM, whereas those of the Gd20O2S compounds are = 400
um for the 300 pm thick Lanex screen and = 1 mm for the 1.1
mm thick Hitachi scintillator. This is not a clean quantitative
comparison because the thickness of each scintillator is not the
same, but it indicates that the light spread inside the evaporated
CsI)TI) layer is suppressed by its columnar structure.
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Fig.9 Line spread functions for CsI(TI) layers obtained with
the Laser light beam.
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Fig.10

A similar experiment was conducted with X-ray beam
instead of the laser. The 425 um thick CsI(T1) layer coupled
to the linear a-Si:H photodiode array was exposed to 50 kVp
X-ray (DC) through a 75 um tungsten slit. Due to the small

X-ray signal size compared with the ripples of output pulses
from the readout electronics designed for facsimile, the output
pulse sequence without the X-ray exposure was recorded
separately and was subtracted from the X-ray output pulse
sequence to obtain a line spread function shown in Fig.11.
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Fig.11 Line spread functions for the CsI(T1) obtained with X-
ray. For detail, see the text.

The discrepancy between the Laser measurements and the
X-ray measurement is due to the fact that the scintillation light
is emitted isotropically. Total reflection occurs on the
colymnar surface if the incident angle of the light is larger than
the critical angle. This is calculated to be 34° for the CsI and
air boundary [17]. Some of the scintillation light is trapped
inside the scintillator by internal reflection. Most of the light
(83%) [17] come out from the CsI layer by successive
reflection but the directions of these light at the end of the
columns can be as much as 34° apart from the column
direction of the CsI layer. On the other hand, the Laser light
is incident on the scintillator normally and a large angle
scattering on the columnar surface is unlikely, leading to a
narrower light spread.

C. Radiation damage

An evaporated CsI(T1) layer 125 um thick was exposed to
¥ rays from a Co-60 source at the irradiation facility at LBL.
The nominal activity of the Co-60 source was 6000 Ci. The
CsI(TI) sample was placed at 10-30 cm away from the source
and left for various time periods as required for the total dose.
The signal size was measured with and without a reflector after
each exposure and plotted in Fig.12. Also shown in the
figure are the data for 1 cm thick crystal CsI(T]) taken from
ref.[18]. Each signal amplitude is normalized against its zero
dose level.

The dose required to reduce the signal size by a factor of 2
for the thin evaporated layer is about 50 times larger than that
for the 1 cm crystal sample. The signal loss is systematically
larger when the light collection is improved by the reflector.
This suggests that the radiation damage changed transmission



properties of the scintillator, in agreement with more detailed
studies on crystal CsI(T1) [18].
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Fig.12 Light yield decrease due to radiation damage for a thin
CsI(TI) layer. :

IV. X-RAY AND B PARTICLE DETECTION
A. X-ray detection

The detection of X-ray pulses was demonstrated with a 10
pum a-Si:H p-i-n diode and a 233 um thick CsI(TI) layer. The
open circles in Fig.13 show the pulse height spectrum for
direct X-ray dctection when a 10 pm thick, 3 x 3 mm2 area a-
Si:H p-i-n diode was reverse-biased at 100 V and exposed to
the 50 kVp X-ray pulses directly. The structure of the diode
was 0.8 mm glass / SnO2 / 30 nm-p+ / 10 pum-i / 30 nm-n+ /
Cr. Next the glass side of this diode was coupled to the glass
substrate of a 233 um thick CsI(TI) layer. The pulse height
spectrum of the signal for the same X-ray exposure is shown
by solid circles in Fig.13.
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2 us X-ray pulse
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Fig.13 Detection of X-ray by a 10-um thick a-Si:H diode
with and without a 233 um thick CsI(T1).

The direct signal size of about 1.2x10%4 electrons is
consistent to what we expect from W (the average energy to

create an electron-hole pair) of = 5 eV [1]. As for the
scintillation signal size, it is about 25 % of what is expected
from the layer used. This loss is accounted mostly by the
inadequate light collection by the a-Si:H diode.

B. Bparticle detection

Evaporated CsI(T1) layers 315 um, 461 um and 894 um
thick were coupled to the Hamamatsu photodiode S1723-04.
This photodiode was used since its small capacitance reduces
the noise level from the charge-sensitive amplifier. A thin Al
reflector was put on the scintillator for better light collection.
This assembly was exposed to B particles from a Bi-207
source. The output of the photodiode was amplified by the
charge-sensitive preamplifier and shaped by a quasi-Gaussian
shaping amplifier (6.4 us peaking time). The resultant pulse
height spectrum is shown in Fig.14. The solid and open
circles and solid triangles in Fig.14 show the spectra obtained
with a 315 pm, 461 pm and 894 um thick Csi(TI),
respectively. The open triangles show the spectrum when the
source was out.
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Fig.14 Detection of B particles from a Bi-207 source by an
evaporated CsI(T1) layer coupled to a photodiode.

The monoenergetic B particles from the Bi-207 source
create a peak only with the thicker CsI(T!) layers and there is a
significant amount of counts in low energy tail for the both
scintillators.  This suggests that the a large number of
electrons escape from the scintillator. 'When the layer
thickness is comparable to the range of electron, some
electrons deposit their full energy, creating a peak in a pulse
height spectrum [19]. Nevertheless, single B particles can be
detected by this detector assemble well above the noise. High
energy minimum ionizing particles will produce = 10,000 e-h
pairs for a 500 pm thick CsI(TI) layer coupled to a 70%
quantum efficiency photodiode and the signal to noise ratio
will be larger than 10.

V. MONOLITHIC CHARGED PARTICLE AND X-
RAY DETECTOR

~1



The scintillator materials were coupled to a photodiode
through a glass or a transparent plastic plate in all the cases
discussed so far. However, it is advantageous to have Csl
evaporated directly on an a-Si:H photodiode for better optical
coupling between the two [20]. The structure of the
monolithic X-ray sensor is shown schematically in Fig.15.
The purpose of the polyimide layer is to improve CsI adhesion
to the transparent conductive layer ITO.

rTTTTTITTT 300 um CsI(T1)

1-2 pm polyimide
= ITO (lecmx 1cm)

00 A p+ a-Si:H
2 um i a-Si:H
500 A n+ a-Si:H
500 A Cr
Glass (Corning 7059)

Fig.15 Monolithic X-ray sensor consisting of CsI(T1) and a-
Si:H photodiode.

A prototype for this structure was fabricated and exposed to
the calibrated X-ray pulse. The pulse height analysis is
shown in Fig.16. Due to the large area and hence the large
capacitance of this a-Si:H photodiode (= 5,000 pF), the noise
was about 50,000 electrons (FWHM), which is the expected
value for the charge-sensitive preamplifier.
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Fig.16 X-ray pulse height analysis for the monolithic X-ray
sensor consisting of CsI(T1) and a-Si:H photodiode.

VI. CONCLUSION

CsI(TI) layers 100-900 pum thick were evaporated from
crystal CsI(TI) chips on glass substrates as well as on a-Si:H
layers. They were found to give light yields and speed
comparable to crystal CsI(T1). Concentration of T1 atoms in
the evaporated layers was measured and correlated with the
light yield. The light spread inside the scintillator was
suppressed by the columnar structure of the evaporated CsI(TT)
layers. This type of CsI(T1) X-ray converter layer makes it
possible to make digital radiography detectors with a spatial
resolution = 350 pm FWHM when coupled to the matrix a-

Si:H photodiode arrays made at Xerox PARC [7]. A
monolithic type X-ray sensor consisting of CsI(T1) and a-Si:H
photodiodes was fabricated. Further improvement in signal
amplitude for this device is possible by optimizing the
photodiode performance as well as the optical collection
efficiency.
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APPENDIX ANALYSIS OF PREAMPLIFIER
OUTPUT FOR SCINTILLATION LIGHT DETECTION

A scintillator may have multiple scintillation components
with different decay constants, each of which corresponds to a
particular carrier transition between energy levels. It is often
sufficient, however, to treat the scintillation yield as a function
of time as a single exponential decay with a characteristic time
T, namely, Y(t) = Yo exp (-t/tr). We expect that the decay
constants of CsI(T1) and the Hitachi scintillator are comparable
with the minimum setting of our X-ray pulse (T, = 1-2 us),
whereas, the RC decay constant of our charge-sensitive
preamplifier (RC = 1 ms) is comparable to the decay constant
of Lanex. Since different assumptions will be made in the
analysis, these are treated separately.

A. t=T, << RC (CsI(Tl) and the Hitachi
scintillator)

The RC discharge of the charge stored in the feedback
capacitor of a charge-sensitive preamplifier can be neglected for

8

4

T << RC. But the X-ray generation cannot be regarded as

instantaneous.
X-ray pulse of duration Aty att=t, (0 St <T,) yields

scintillation light expressed as

Lo
Yo exp ( . )Ato (A1)

This light creates charge in the external circuit AQ(t,tg) given
by,

t
AQ(tto) = Af Yoexp (+52) dtAte

fto _ (A2)
where, A is the factor involving the light collection and
quantum efficiencies.

The total charge created by the X-ray pulse of duration T is
expressed as,

t
Q) = J AQ(tto) dto

0 for0<t<T, (A3)
To

Q) = f AQ(t,to) dto
] for To<t (A4)

These integrals are performed to give the following results.
=Y. t2 (L. L
Q) =Yot {,t 1+ exp( t)} (AS)

(A6)
The total charge observed at infinite time is given by,
Qo=YotTo (A7
Dimensionless expression for the preamplifier output is
obtained by dividing Q(t) by Qo

for0<t< T,
=Y. 12 Lo _ exp(t: Io) . 1)
A =Yor (2 - exp(Dlexe €311 g 1<t

B.T, << 7=RC (Lanex)

In this case, the X-ray generation is assumed as
instantaneous but the RC decay of the charge stored in the
feedback capacitor cannot be neglected. The preamplifier
output is given by the scintillation decay function
Y(t)=Y,exp(-t/t) convolved by the response function of the
charge-sensitive preamplifier exp(-t/RC), namely,

t
=] Yoexp (-l Sy g
Q) j exp ( t)exv( RC) to

0 (AB)
Therefore,
=Yg _L -e s
Q1) =Yt [exp ( RC ) XP'(I)] (A9)
where,
1.1 1
T T RC (A10)

It should be noted that eq.(A9) becomes a simple exponential
form with a decay constant RC in the limit of t << RC.
This is the case for the CsI(T1) layer with T =1 us and RC
approximately 1 ms.

C. Curve fitting of the measured output

First, the wave forms in Fig.5 were normalized against
their asymptotic values to give dimensionless output forms
and their initial portions during the X-ray pulse (0<t<T,) were

-



X

fitted with the theoretical expression. The decay constant 1 is
the only fitting parameter used and results with three different
7 are plotted in the Fig.Al for the two scintillators. The best
fit is given by t=1.1 ps for the CsI(T1) and t=3.5 ps for the
Hitachi scintillator, respectively. These values agree well

with published data.
.g o Csl (measured)
-% 0.4 | Cl fit (1.1ps) 7
,_g o GdOS (measured)
‘3’_ 0.3 GdOS fit (3.5us) }
§ 0.2 .
&
3
E 0.1 -

0 : llllllllll .' ’ |

0 0.5 1 1.5
Time (us)

Fig.Al1 Dimensionless preamplifier output fitted with the
theoretical expression.

Second, the Lanex data were analyzed.  Fitting the
exponential tail of the CsI(Tl) signal gives the RC decay

constant of 1.06 ms. The Lanex signal in Fig.6 can be fit by -

eq.(A9) using 1 as the only fitting parameter as shown in
Fig.A2.

Since the wave form is well described by eq.(A9), the peak
value (tmax. Qmax) can be used to calculate © for Lanex. The

expression for these are given by, |

= Imax
1= RC exp ( - ) (A11)
= T il
Qmax =YoT (3 7 )RC (A12)
From the peak value tpax of 0.700 ms for Lanex, the decay
constant of 0.48 ms is obtained by solving eq.(All)
graphically.
The total light yield is given by

J Yoexp(-—t-)dt =Yo7

0 * (A13)
The ratio of the total light yield of CsI(TI) to that of Lanex is
calculated by eq.(A12) and eq.(A13) from the peak values

Q max of both wave forms. This ratio is
1.19.
1.2 T T T T T
g L i}
S
£ 08 .
% 0.6 N i
3 N \\ .
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% BN Y S 0.50 msec
g 0.2 ~ ~ ~0.45 msec
5 ' — - =0.40 msec
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0 0.0005 0.001 0.0015 0.002 0.0025 0.003
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Fig.A2 Fitting the Lanex signal by the analytical expression
for the preamplifier output.
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