Imaging Plates as Detectors for X-ray Diffraction
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Introduction

X-ray detectors based on imaging plate technology have become very popular for the
home laboratory in the past decade. The imaging plate (IP) is a reusable two-
dimensional X-ray recording film. It consists of a photostimulable phosphor powder in an
organic binder with a thickness between 25 and 150 mm deposited on a flexible polymer
support film of about 250 mm thickness. The IP is exposed to the x-ray source and
stores the impinging x-rays as a latent image in the phosphor. This image is recovered
by scanning a laser beam across the IP, causing photostimulated luminescence (PSL).
This PSL is recorded by a photomuliplier that is scanned across the IP at the same time
as the laser. The resultant signal is digitized and stored in a file for data processing.

The family of compounds comprising BaFX:Eu®* (X = Cl, Br) have been known to
have high luminescence efficiency for X-ray excitation for over thirty years. The first
studies of the lifetime of the phosphorescence of BaFCIl were performed in 1964 [1]. In
the early 1970s, BaFCl:Eu®*" was used in fluorescence sensitizing screens [2,3]. This
seminal research led to the development of imaging plates by the Fuji Photo Film Co. in
the first half of the 1980s as a device to replace film for x-ray radiography using
BaFX:Eu?* (X is Cl, Br, and 1) [4,5].

Other luminescence materials, Zn,SiO4:Mn [6], SrS:Ce,Sm [7], RbBr:TI [8], for ex-
ample, were studied for use in X-ray computed automated tomography. These materials
do not have the properties required for large area imaging: the ability to be formed into
large films, suitable luminescence lifetimes, etc.

Imaging plates are sensitive not only to X-rays, but other types of radiation as well:
gamma radiation, alpha and beta particles, neutrons and electron beams, and serve as
the primary radiation detector in many fields [9,10]. Although the IP is used for many
applications in fields such as radiography and non-destructive testing, this manuscript
will focus on the use of IPs for X-ray diffraction.

The properties of the IP that make it so useful in the x-ray diffraction experiment are
high sensitivity, low noise, wide dynamic range, good linearity, good-to-high spatial



resolution, no image distortion and large x-ray aperture. In the range of wavelengths
suitable for x-ray diffraction the sensitivity is high as a result of the large absorption co-
efficients for barium, iodine and bromine, and the high conversion efficiency of the
phosphor formulation. The dynamic range extends to nearly six orders of magnitude
and is limited by the electronic circuitry used to extract the stored image, not the imag-
ing plate itself. The linearity is better than 1% in modern instruments across the entire
dynamic range. The IP is not subject to chemical fog, which is a problem for film, or dark
current, which can be a problem for detectors using silicon (CCDs for example). Imag-
ing plates provide spatial resolution in the range of 50 mm to 200 nm, which is well
suited to the x-ray diffraction experiment. Imaging plates do not need corrections for
spatial distortion or nonuniformity of response, which simplifies the detector system. Fi-
nally, the large apertures obtainable, 400 mm x 400 mm in an automatic system and
400 mm x 800 mm in a manual system, allow for many orders of Bragg reflections to be
collected concurrently.

It was obvious the properties of imaging plates were well matched to the needs of
structural biologists at synchrotron sources who needed to collect data quickly and ac-
curately [11,12]. The first imaging plate detectors were manual devices. Shortly thereaf-
ter, automated systems were developed for use at synchrotrons [11,13,14]. These sys-
tems were capable of collecting data sets of more than 100 images unattended.

Once the imaging plate detectors were proven suitable for x-ray diffraction, several
manufacturers began offering commercial versions suitable for use in the home x-ray
laboratory [15,16]. This helped to fuel the explosion of structural biology in the early
1990s.

The physics of imaging plates
The process of x-ray exposure of an IP resulting in a latent image, readout, and erasure
is shown in Figure 1.
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Figure 1. The process of recording an x-ray radiation image on an imaging
plate, and subsequent read-out and erasure.

Step 1. Exposure to x-rays and creation of the latent image

An x-ray photon is absorbed by the phosphor matrix and the energy is transferred to
a number of Eu®* sites. Eu®* is oxidized to Eu®*" and a photoelectron is ejected into the
conduction band. The photoelectron becomes trapped in a lattice defect created by the
absence of a halogen (F or X) counter ion. These vacancies are created during the
manufacturing process and are called F-centers or color centers. The F-centers are me-
tastable, and thermally activated spontaneous recombination of the trapped electron
and the Eu®" can occur [3,17,18]. This is called fading and is described by a compli-
cated exponential function [12,17].
Step 2. Recovery of the latent image

Originally, HeNe laser light (I = 632nm) was used to irradiate the IP to generate the
photostimulated luminescence. More recently, laser diodes have become available in
wavelengths (I = 658 nm) and power levels (> 20 mW) well-suited for use for reading
out IPs. The visible light photons excite the trapped photoelectron in the F-center into
the conduction band where it recombines with the Eu®" in less than 0.8 nseconds, re-



leasing a visible light photon at | = 400 nm. This wavelength is sufficiently different from
the excitation energy, Figure 2, that the two can be readily separated with interference
filters or dichroic mirrors. The wavelength of the luminescence is well matched to the
detection capabilities of bi-alkali photo-multiplier tubes (PMTSs), which have a sensitivity

range of about 300 nm to 600 nm.
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Figure 2. Photostimulated luminescence (PSL) spectra and stimulation spectra of
BaFBr:Eu?* and BaFl:Eu2".
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Figure 3. An example of an imaging plate system with three imaging
plates. At any point during the diffraction experiment one imaging plate
isin the expose position, another isin the read position and the last isin

the erase position.



The readout process removes 80% to 90% of the stored image. In order to prepare
the IP for reuse all the F-centers must be depopulated. This is accomplished by bleach-
ing the IP with visible light whose spectrum has been adjusted to enhance this depopu-
lation.

An example of a machine designed specifically for x-ray diffraction experiments at
synchrotrons is shown in Figure 3. In this particular instrument, exposure, readout and
erasure are performed on the three independent imaging plates simultaneously, maxi-
mizing data collection throughput.

In the example, shown the laser beam passes through the center of the read head
and is deflected by a dichroic mirror into a condensing lens. The lens focuses the laser
beam on the IP. The PSL is collected by the same lens and reflected away from the in-
coming laser beam by the dichroic mirror. A second mirror divides the PSL between two
photo-multiplier tubes. This dual PMT system is designed to register both weak and
strong signals and convert the PSL to an analog electrical signal with a dynamic range
of 10°. A high-speed analog-to-digital converter digitizes the data stream into an image.
Modern detectors can extract a latent image as large as 400 mm x 400mm with 100 nm
resolution in 50 seconds. After the image is read out, the IP is transferred to a position
where it is erased and prepared for another exposure.

Advancesin Imaging Plate Design

Diagnostic imaging dominates the use of imaging plates. Evaluation of these prod-
ucts in the context of performance for medical imaging is an active field [19]. The major
manufacturers of imaging plates are Agfa, Fuji, Kodak, and Konica. Imaging plates pro-
duced by Fuji Photo Film IP have been found to be the most suitable for x-ray diffraction
experiments.

Until 1989 the standard imaging plate was the BAS-II (HR-Il) with the composition
BaFBr:Eu®". In 1989, one of the authors received a batch of imaging plates that were
found to be significantly more sensitive than previous batches. X-ray fluorescence
analysis showed that approximately 15% of the bromine had been replaced by iodine
[20], thus, the improved sensitivity was the result of increased absorption by the iodine.
This serendipitous formulation of BaFBrogslo1s:Eu?* became the standard. In conjunc-
tion with reduction of the particle size to 5 mm, this new formulation allowed the thick-
ness of the phosphor layer to be reduced to 100 mm while increasing the sensitivity by
50% for 8 KeV X-rays [21] providing the BAS-IIl imaging plate.

There is a second type of IP commonly referred to as the "blue IP" and is designated
by Fuji as BAS-UR. This imaging plate provides much higher spatial resolution than the
BAS-III. This IP gets its name from the bluish tint caused by a dye which is mixed in with
the BaFBroagslo.15:Eu®" phosphor. The dye is used to absorb stray laser light reducing the
spread of the photostimulated luminescence. In addition to the blue dye, the phosphor
particle size is 5 mm further reducing the point spread function. If the BAS-UR imaging
plate is used in conjunction with a 50 mm raster, a spatial resolution of 25 nm is possible
with 8 KeV x-rays. The sensitivity to 8KeV X-rays for the BAS-UR IP is about 50% of
that of the BAS-III IP.

The Use of Imaging Plates X-ray Diffraction

There are many examples of protein crystal structure analysis performed using data
collected with imaging plates in the literature. Imaging plates have also found use in the



measurement of x-ray diffraction from fibers and polymers as well as x-ray topography
of semiconductor materials.

Imaging plates can be used in-time resolved X-ray diffraction experiments. Such ex-
periments are performed by taking an exposure, quickly displacing the IP a distance
appropriate to the experiment, and repeating the exposure. In this way several data sets
can be collected in rapid succession, tracking the time evolution of the changes in the
sample [12,22].

An example of such an experiment is shown in Figure 4. The change in x-ray diffrac-
tion for a liquid crystal as a function of temperature is shown. As the temperature of the

sample is cooled from 140° C, the structure changes from the isotropic phase to the
smectic phase as evidenced by the formation of new powder rings [23].
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Figure 4. An example of atime resolved measurement with imaging plates. Observed
is the structural change during cooling process of a high molecular weight polymer lig-
uid-crystal sample.



Characteristics of Image Plates

Imaging plates are an integrating detector and the detector itself is the storage me-
dium. They cannot be used for energy discrimination or in experiments requiring very
fast readout.

Imaging plates can provide seamless apertures up to 400 mm x 600 mm.

Imaging plates are flexible. They can be exposed while curved in the Weissenberg
geometry allowing for collection of data to very high resolution. The flexibility also allows
them to be exposed in a flat position and read out in an efficient cylindrical format.

Imaging plates provide better than 2% error in spatial distortion or nonuniformity
without correction. This is comparable to CCD based detectors with corrections.

Imaging plates have a dynamic range of up to six orders of magnitude giving them
the capability to record very strong and very weak x-ray events concurrently and in
close spatial proximity.

Imaging plates do not have significant signal accumulation (dark current) as a func-
tion of time. This means they can be used for long exposures. Imaging plates do accu-
mulate cosmic ray events, but at a much lower rate than CCD detectors because the
large mass of glass found in the taper used in CCD based detectors is absent. Multiple
exposures to correct for these cosmic ray events are not necessary with imaging plates.
Imaging plates have been shown to be less efficient for very short exposure times at
very low exposure levels [24].

Imaging plates have a longer readout time as compared to CCD based detectors.
However, imaging plate detectors are capable of concurrent expose and readout, or
concurrent exposure, readout and erasure, making the duty cycle limited by the speed
of the transport of the imaging plate from one position to the next. This makes imaging
plate detectors very efficient in experimental regimes where the exposure time is tens-
to-hundreds of seconds.
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