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Abstract

The stability of CsI, CsI(Tl), Gd
�
O

�
S(Tb), Gd

�
O

�
S(Eu), Y

�
O

�
S(Eu) and Y

�
O

�
(Eu) thin "lms under bombardment by

9}18 keV X-rays is described. Both external photocurrent and scintillation light yield were measured as functions of
accumulated dose at radiation #uxes of 10�}10� photons s�� mm�� on Beamline 2.2 of the Daresbury Synchrotron
Radiation Source (SRS). All of the samples studied showed changes of several percent (both reductions and increases) in
photocurrent and scintillation light yield of several percent for accumulated doses of up to 5�10��photonsmm��. No
signi"cant dependence of the "lm response on the angle of X-ray incidence was observed for angles up to 453 from the
normal. It was found that the accumulated dose is not the only parameter determining the degradation of photoconverter
performance; the #ux rate has also to be taken into account. Scanning Electron Microscope studies of the irradiated
samples did not reveal any signi"cant surface modi"cation. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The radiation hardness of thin "lm scintillators
such as CsI and GdO

�
S
�

(Gadox) is of concern for
several detector applications involving high X-ray
#uxes, e.g. synchrotron-based protein crystallogra-
phy (PX) [1] and non-destructive evaluation [2]. In
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the case of scintillator-coupled Charge Coupled
Devices (CCDs) used in PX, a change in detector
sensitivity of only a few percent in an intensively
illuminated area will a!ect the determination of
relative Bragg peak intensities and hence may com-
promise the accuracy of a crystal structure deter-
mination. In other "elds, such as Cherenkov light
imaging [3] and e-beam production using laser-
driven sources [4] radiation damage in CsI and
similar photocathodes is equally important. Radi-
ation damage in photoconverters in general has
therefore been the subject of a number of recent
studies [5}8]; UV-induced radiation damage in
alkali halide photocathodes has been studied in
particular detail [9}11]. Previous reports from our
laboratory [12,13] have described the decay (and
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recovery when bombardment is interrupted) of the
external photoyield from CsI, CsI(Tl) and KBr under
exposure to 0.1}3 keV X-rays at grazing incidence.

In the present paper we describe a systematic
experimental study of the changes induced by
X-rays in the energy band 9}18 keV in both the
photocurrent (Section 3.1) and scintillation light
yield (Section 3.2) of several widely used photocon-
verters: CsI, CsI(Tl), Gadox(Tb), Gadox(Eu),
Y

�
O

�
S(Eu) and Y

�
O

�
(Eu). The photoconverters

were in the form of thin "lms. The 9}18keV energy
band is that commonly used in synchrotron-based
PX experiments. We considered the in#uence of
X-ray intensity, as well as that of accumulated dose,
on the processes taking place in the photoconver-
ters (Section 3.3). Finally, the results of a Scanning
Electron Microscope (SEM) study of the irradiated
"lms are presented in Section 3.4.

2. Measurements

Measurements were made on Beamline 2.2 of the
Daresbury Synchrotron Radiation Source (SRS)
(UK). Each experiment consisted of the simulta-
neous monitoring of the replacement current and
the light yield from a sample illuminated with
monochromatic radiation of energies 9, 12, 15 or
18 keV. The nominal beam pro"le at the sample
was 1�4mm�.

2.1. Sample preparation

The CsI and CsI(Tl) photocathodes were ther-
mally evaporated in vacuum onto 28�12mm�

stainless-steel substrates at Leicester. The coating
rate was 20}40As s��; during deposition the sub-
strates were maintained at a nominal temperature
of 1003C. A value of 14 000As was chosen based on
previous experience with CsI photocathodes depos-
ited on microchannel plate (MCP) X-ray detectors.
All samples of a given material were prepared
simultaneously in order to eliminate any possible
di!erences in the photocathode performance due to
the di!erences between particular deposition runs.
After coating, the samples were stored in a dry
nitrogen atmosphere in a desiccator until required
at the synchrotron.

The Gadox(Tb) (Gd
�
O

�
S(Tb) or P43) samples

were prepared by Applied Scintillation Techno-
logies Ltd. (formerly Levy Hill Laboratories)
[14] with a coating weight of 10mg cm��. The
Gadox(Eu), Y

�
O

�
S(Eu) and Y

�
O

�
(Eu) scintillators

of the same coating weight were provided by
Photonic Science Ltd. [15]. The same stainless-
steel substrates were used for all samples.

Since the external X-ray photocurrent from insu-
lators is dominated by low-energy (&eV) secondar-
ies originating in a surface layer a few hundred
Angstroms thick, all our thin "lms are `asymp-
totically thicka with respect to measurements of
photocurrent. Our rare earth phosphor layer thick-
nesses are typical of those used in PX applications
while the vacuum-evaporated CsI and CsI(Tl)
layers, viewed as scintillators, are rather thin (&0.6
versus &10mg/cm� in a working detector).

2.2. Beamline and calibration chamber

The sample substrates were attached, four at a
time, to demountable angled plates "xed on a
mounting arm. The angled plates de"ned the angles
of X-ray incidence to the samples: 903 (normal
incidence), 753, 603 or 453 relative to the photo-
cathode surface. Using a linear drive with a 50mm
travel, we could illuminate any of the four samples
without breaking vacuum.

The calibration vacuum chamber had a 200 �m
thick Al entrance window with a calculated trans-
mission shown in Table 1. The transmission at
6 keV was very low (only 0.24%) and considering
the degree of harmonic contamination from the
monochromator at 6 keV, we chose our lowest
operating energy to be 9 keV.

The light yield from the samples was monitored
by a Hamamatsu H5784-04 photomultiplier
(PMT), which was mounted next to the sapphire
window of the calibration chamber and shielded
from ambient light by a light cover. The replace-
ment photocurrent into the sample substrates was
measured by a Keithley electrometer.

2.3. Beam intensity calibration

Beam intensity was monitored by an air-"lled
ion chamber positioned before the calibration
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Table 1
Calculated transmission of the chamber entrance window.

Beam energy (keV) 6 9 12 15 18
Window transmis-
sion (%)

0.24 15.8 45.8 67.3 79.7

Table 2
Linear absorption coe$cient � for 1 bar air [16]

E (keV) 9 12 15 18
�(10�� cm��) 9.14 3.54 1.69 0.93

Table 3
Estimated beam intensities

E (keV) 9 12 15 18
N�

��
(10�photons s��mm��) 7.2 7.4 2 0.47

chamber and intended primarily to calibrate the
decay of the X-ray #ux, rather than, as below, to
measure the absolute beam intensity. The ion
chamber current represents the number of electron}
ion pairs produced in the gas per second (N

���
). The

X-ray energy absorbed in the ion chamber per
second, I

���
, can be calculated as follows:

I
���

"I
�	�


(1!exp(!�¸))

"N
��

E(1!exp(!�¸)) (1)

where ¸ is the ion chamber length (&2 cm), N
��

is
the beam #ux in photons per second and E is the
X-ray energy. We assumed that production of each
ion}electron pair required an energy ="25 eV,
allowing Eq. (1) to be rewritten as follows:

=N
���

"N
��

E(1!exp(!�¸)). (2)

The actual photon #ux at the sample N�
��

can be
calculated from the following equation:

N�
��

"CN
��

exp(!�¸) (3)

where C is the transmission of the chamber en-
trance window (Table 1). Substituting N

��
from

Eq. (2), the desired N�
��

at the sample is given by

N�
��

"C[=N
���

]/[E(exp(�¸)!1)]. (4)

Values for the linear absorption coe$cient � at the
relevant energies were taken from Ref. [16] and are
shown in Table 2.

Table 3 indicates typical values of the beam
intensity per unit illuminated area at normal inci-
dence.

2.4. Measurement sequences

Samples were irradiated for standard periods of
60 or 120min and the relative variation of photo-

current and light yield measured as functions of
X-ray dose. Absolute values of photocathode quan-
tum e$ciency and of the light yield of scintillators
have been reported elsewhere [2,17,18]. A fresh
sample was used for each test. To check repeatabil-
ity, a number of repeat measurements on di!erent
samples of some types were performed. In order to
sample rapid initial changes, the replacement cur-
rent and PMT signal were recorded in 1 s bins for
the "rst 5min, 5 s bins for the following 15minutes,
and 10 s bins for the remaining 40 or 100 min. The
study of photoconverter recovery [12,13] after an
interruption of the X-ray irradiation was not pos-
sible on Beamline 2.2. The investigation of recovery
phenomena requires that the #ux be the same be-
fore and after the gap in irradiation. In the absence
of a sample shutter, closure of the beamline stop,
placed before the monochromator, was the only
method of interrupting the #ux on the sample. After
opening the stop, the #ux measured by the ion
chamber was unstable for at least 30 s, presumably
due to thermal stabilisation e!ects in the mono-
chromator.

3. Results and discussion

3.1. Photocurrent variation

Figs. 1}6 illustrate the relative variation with
X-ray dose of the photocurrent from CsI,
CsI(Tl), Gadox(Tb), Gadox(Eu), Y

�
O

�
S(Eu) and
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Fig. 1. Normalised photocurrent from CsI thin "lms as a func-
tion of accumulated X-ray dose for di!erent X-ray energies;
normal incidence.

Fig. 2. As Fig. 1, except CsI(Tl) photocathodes.

Fig. 3. Normalised photocurrent from CsI(Tl) thin "lms as
a function of accumulated 9 keV X-ray dose for di!erent photon
incidence angles (relative to the photocathode surface).

Fig. 4. As Fig. 1, except Gadox(Tb) photocathodes; normal
incidence unless otherwise stated.

Y
�
O

�
(Eu), respectively, measured for our four

chosen beam energies and at speci"ed angles of
incidence.

The pure CsI photocathodes (Fig. 1) showed
a relatively fast increase in the quantum e$ciency
at the beginning of each measurement cycle, fol-
lowed by a gradual decay of the photocurrent.
CsI(Tl), by contrast, showed no initial increase of
the photocurrent, which decayed monotonically
(Fig. 2) at approximately the same rate as that
observed for pure CsI. We also investigated the

photocurrent decay of CsI(Tl) samples irradiated at
9 keV at di!erent incidence angles, as shown in
Fig. 3. X-rays with larger incidence angles are
absorbed closer to the photocathode surface. One
might therefore expect to observe faster degrada-
tion rates for larger incidence angles relative to the
normal if the processes contributing to radiation
damage had an important surface component.
Fig. 3 o!ers no support for this hypothesis; the rate
of decay is not simply correlated with angle of
incidence.
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Fig. 5. As Fig. 1, except Gadox(Eu) photocathodes.

Fig. 6. As Fig. 1, except Y
�
O

�
S(Eu) and Y

�
O

�
(Eu) thin "lms.

Fig. 7. Normalised light yield from CsI thin "lms as a function
of accumulated X-ray dose for di!erent X-ray energies; normal
incidence.

The photocurrent}dose curves for Gadox(Tb)
shown in Fig. 4 have a di!erent form from those of
either CsI or CsI(Tl). A fast initial decrease in
photocurrent to about 90% of its initial value at
doses of 1.25�10��photonsmm�� is followed by
a gradual recovery of the photoelectron emission
e$ciency. This behaviour is not present in the lim-
ited Gadox(Eu) data of Fig. 5. Both Y

�
O

�
S(Eu)

and Y
�
O

�
(Eu) samples (Fig. 6) had a sharp

10}15% photocurrent decrease at doses of&2.5�
10�photonsmm�� followed by a very slow photo-
current decay. The data of Figs. 4}6 are noisy

compared to those for pure and doped CsI because
the absolute values of the photocurrent from
Gadox, Y

�
O

�
S and Y

�
O

�
samples were relatively

small.

3.2. Variation in light yield

Both CsI and CsI(Tl) scintillator layers exhibited
a two-component increase in light yield with accu-
mulated dose, for all energies investigated: a fast
increase up to doses of &10��photonsmm��,
followed by a relatively slow increase in the light
output of several percent per 2�10��photonsmm��

(see Figs. 7}10). As with photocurrent, we did not
observe a simple dependence of the light output on
the angle of incidence.

For terbium-doped Gadox scintillators (Fig. 11),
we observed an essentially monotonic increase of
the photoyield of the "lm with radiation dose (an
increase of about 6% per 10�� photonsmm��). For
Gadox(Eu), we noted a small decrease in scintilla-
tion light with dose (Fig. 12), although further stud-
ies are necessary for this material to extend the
accumulated dose. Both Y

�
O

�
S(Eu) and Y

�
O

�
(Eu)

scintillators (Fig. 13) appeared to be relatively
stable under X-ray exposure; their light yields in-
creased only by 2}3% after 2�10��photonsmm��

irradiation.
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Fig. 8. Normalised light yield from CsI thin "lms as a function
of accumulated 9 keV X-ray dose for di!erent photon incidence
angles (relative to the photocathode surface).

Fig. 9. As Fig. 7, except CsI(Tl) thin scintillator "lms.

Fig. 10. As Fig. 8, except CsI(Tl) thin scintillator "lms.

Fig. 11. Normalised light yield from Gadox(Tb) thin "lms as
a function of accumulated X-ray radiation dose for di!erent
energies; normal incidence if not otherwise stated.

3.3. The dependence of radiation damage on yux rate

In this section, we describe our investigations of
the importance of the absolute value of radiation
#ux. Some of the samples were exposed to synchro-
tron white beam (full spectra) radiation on SRS
Beamline 8.4 for several seconds, prior to study of
their response on Beamline 2.2. We estimate that
this `pre-exposurea involved a photon dose of
10��}10�	 photonsmm�� for a continuum spec-
trum between 1 and 25keV. Exposure of a standard
microscope slide to the same dose resulted in a
strong colouration of the exposed glass area.

Measurements of the response of pre-exposed
samples for an X-ray energy of 9 keV are shown in
Figs. 2}13. Despite the large energy dose su!ered
by the pre-irradiated samples, the subsequent
photocurrent and photoyield variation with radi-
ation dose is similar to that of the fresh samples,
except for CsI(Tl). The photocurrent of pre-irra-
diated CsI(Tl) (Fig. 2) dropped by 6.2% at a dose
of 1.25�10�� photonsmm��. The corresponding
drop for a fresh sample was 3.4%. The light yield of
pre-irradiated CsI(Tl) (Fig. 9) did not exhibit any
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Fig. 12. As Fig. 7, except Gadox(Eu) thin scintillator "lms.

Fig. 13. As Fig. 7, except Y
�
O

�
S(Eu) and Y

�
O

�
(Eu) thin scintil-

lator "lms.

increase with dose, unlike the fresh "lm. Due to the
absolute #ux calibration restraints we could not
study in detail the decrease in the absolute values of
the photocurrent and light yield after white beam
exposure. However, the accuracy of our measure-
ments is su$cient to rule out any order of magni-
tude decrease in either photocurrent or light yield.

3.4. SEM studies

We used a Scanning Electron Microscope (Medi-
cal Sciences, University of Leicester) to study

possible surface changes after the samples were
irradiated. The images of fresh CsI and CsI(Tl)
samples (Figs. 14a and 15a) were recorded for com-
parison with those of "lms exposed at 9 keV (about
10��photonsmm��) and also to white beam illu-
mination, as described in Section 3.3. No evidence
for surface modi"cation in either material was
observed, in contrast to the results of previous
studies (see Ref. [12] and references therein). Both
irradiated and fresh samples had been stored in
a desiccator for several days before the SEM
images were taken. Ideally, SEM images should
have been acquired immediately following X-ray
exposure, given that the surface metallisation of CsI
"lms [12,19,20] following X-ray bombardment
may conceivably be reversible on air exposure.

4. Conclusions

The photocurrent and photoyield from six com-
monly used thin "lm photoconverters change by
several percent for accumulated 9}18 keV X-ray
doses of up to 5�10�� photonsmm��. The form of
the decay curve varies from material to material
and between photocurrent and scintillation light
yield for a given material. Our data set should
prove useful, for example, in the design of detectors
for applications such as synchrotron protein crys-
tallography; the remarkable (linear) increase in
light yield with dose for terbium-doped Gadox
(Fig. 11) does not appear to have been previously
discussed in the literature.

At a more fundamental level, a photoconverter
model is required which simultaneously accounts
for the variation in photocurrent (including the
recoveries reported in other studies [12,13]) and
the variation in light yield in a given material at
a given X-ray energy, with the rate of X-ray absorp-
tion as a signi"cant parameter (at least for CsI(Tl)).
Previously, a yield-dose function of the form

�(D)"a
�
#a

�
exp(!c

�
D)#a

�
exp(!c

�
D) (4)

has been used to account for the electron-induced
decrease in UV quantum e$ciency of CsI [21] and
the soft X-ray-induced reduction in photocurrent
from CsI and KBr [13]. Such a representation
is clearly inadequate for the present Gadox(Tb)
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Fig. 14. Scanning electron microscope (SEM) images of fresh (a) and irradiated (b) CsI thin "lm samples. The irradiated sample was
exposed to 10��photonsmm�� at #ux rate of 7�10�photons s��mm�� and then to &10�	 photons at #ux rate of 10�� photo-
ns s��mm��. Scale indicated by tick marks.

Fig. 15. Scanning electron microscope images of fresh (a) and irradiated (b) CsI(Tl) thin "lm samples. The irradiated sample was exposed
to 10��photonsmm�� at #ux rate of 7�10�photons s��mm�� and then to &10�	 photons at #ux rate of 10��photons s��mm��.
Scale indicated by tick marks.

photocurrent data and for most of our scintillation
light measurements.

The construction of a physical model for the
kinetics of X-ray radiation damage in a photocon-
verter such as CsI must take into account such
bombardment rate-dependent processes as F- and
H-type colour centre formation, the di!usion and
recombination of these centres in the bulk of the
layer, the formation of alkali metal colloids as well
as ion and neutral emission from the surface. One

of us [13] has adapted the models of Jain and
Lidiard [22] and Soppe [23] to produce a system
of sti! ordinary di!erential equations representing
the creation and decay of colour centres; the decay
in photocurrent with X-ray dose may then be cal-
culated from the reciprocal addition of the electron
escape length in undamaged material and the elec-
tron mean free path due to F-centres. This work
will be described in a later contribution; unfortu-
nately, values for the required rate constants and
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cross-sections are unknown for all the photocon-
verters described in this paper so an ab initio calcu-
lation of decay curves is not presently possible.
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