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An imaging detector with good energy resolution and reasonable spatial accuracy
has been designed for biomedical applications. It is based on a scintillating proportional
gas chamber. The energy resolution is typically 5.4% (FWHM) at 27 keV and the
spatial resolution is 2.7 mm (FWHM) for 22-keV x-rays. The physical processes
involved in this detector are discussed along with its main limitations and merits.
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Most of the instruments used for determination
of the spatial distribution of gamma photons are at
present based on the location of the conversion
points in scintillators, usually Nal crystals (/).

Multiwire proportional chambers and drift cham-
bers of various geometries are being actively inves-
tigated as alternative detectors (2,3). They are find-
ing prospective applications mostly in fields where
low-energy photons (< 100 keV) are required and
where high-pressure gaseous filling, consisting
mainly of xenon, should provide acceptable effi-
ciency.

Some of the properties of these detectors are
advantageous compared with the scintillation cam-
era: better spatial accuracy, good energy resolution
below ~ 50 keV, and much higher rate capability.

Some examples of applications making use of
these specific properties have recently been re-
ported—for instance, in the measurement of the
mineral content in bones, where sources of 42-keV
x-rays emitted by Gd-153 are well suited to absorp-
tiometry measurements (4,5). Moreover, this en-
ergy range is well suited to small-animal imaging,
either with radionuclides or with fluorescence in-
duced by x-rays.
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The scintillation proportional chamber (6), a new-
comer among gaseous detectors, offers substantial
advantages over wire-type proportional chambers.
In the former, two main regions are considered. In
the first—the detection, conversion, or drift re-
gion—the radiation is absorbed, ion pairs are pro-
duced, and the electrons are drifted in a region of
low electric field such that recombination effects
are absent and there is no excitation of the medium.
The type of interaction associated with the detec-
tion of the radiation and the statistics of ion-pair
production are determined by the properties of the
radiation and the detecting medium.

The electrons drift toward a second region—the
so-called light-emitting or secondary light-produc-
tion space—where there is a strong electric field
such that the drift of the electrons in the region
gives rise to excitation of the medium but not to its
ionization.

The properties mainly responsible for the favor-
able spatial and energy resolutions of this system,
together with its tolerance of high counting rates,
are the generous light output derived from the de-
excitation of the medium, the absence of charge
multiplication, and the emission of light from the
drift of the electrons in only a small region (typically
a few millimeters) whose dimensions are control-
lable simply by the configuration of the electric
field.
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To take full advantage of the intrinsic properties
of the gas-scintillation proportional counter, the gas
must be pure and the system clean (impurities are
strong quenchers of its light emission), and one
must provide for good light transmission out of the
chamber to the light-detecting devices, usually pho-
tomultipliers.

When the energetic electrons drift into the light-
emitting space, they excite the gas atoms along their
paths and ultraviolet photons are emitted following
the decay of the dimers associated with the de-
excitation of those atoms. In general the uv light is
emitted in a range of wavelengths too far from the
region of good sensitivity of the photomultipliers to
be detected efficiently. So, either one uses a win-
dow that is transparent to the far uv range (Ca F,,
Mg F,, LiF, etc.) and a suitable wavelength shifter
is deposited on the external surface of the window;
or a wavelength shifter is deposited on the inside
of the container, in contact with the gas, and the
container wall must transmit the re-emitted light.
Large-diameter windows transparent to the far uv
are very expensive, so the latter solution is gener-
ally adopted. Of course, this solution has the dis-
advantage that the layer of the wavelength shifter
is a source of impurities that poison the pure gas
and reduce its light output. The filling gas can be
continuously purified by circulating it through a
suitable purifier, for example, calcium turnings at
about 400°C.
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The properties of these detectors that have
aroused considerable interest for some applications
are the following.

1. The amount of light that can be collected after
absorption of ionizing radiation is about 100 times
greater, per keV deposited, than with a Nal scin-
tillator (6).

2. The energy resolution is much better than with
any other proportional chamber. At 6 keV, resolu-
tions of 8.5% (FWHM) are obtained (6-8). In gen-
eral the energy resolution is about a factor of two
better than with wire chambers.

3. Only the solid-state detectors are superior in
energy resolution, but they do not permit large sur-
faces of detection at low cost.

4. The counting rate is not limited by any space-
charge effect characteristic of amplification around
wires, and rates of 3 million/sec per mm? have been
reported, without saturation effects (9).

5. Pure xenon or other noble gases are being used
without the addition of quenching agents. These
agents, which are essential in high-gain wire cham-
bers, are decomposed by the amplification process
and their renewal is difficult with a gas-tight sealed
detector.

We report here a study concerning applications
where good energy and spatial resolutions are
needed together with relatively high counting rates
and reasonable detection efficiencies. The filling
gas was xenon at 1 atm.
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FIG. 1. (A) Detector of energy-sensitive x-ray camera using gas scintillator. (B) Photons absorbed in xenon in drift space
produce photoelectrons that drift into light-producing space. Ultraviolet light is converted into visible light by wavelength
shifter deposited on quartz window. Five photomultipliers view the scintillations. On-line computing based on micropro-
cessor gives position of centroid of spatial position of light-emitting track.
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A SCINTILLATION PROPORTIONAL COUNTER WITH IMAGING
PROPERTIES

Experimental system and main functions. Figure 1A
shows the arrangement of the chamber and photo-
multiplier assembly, and a cutaway drawing is
shown in Fig. 1B. The useful diameter of the win-
dow is 110 mm. The drift space, where the incident
x-rays interact and the dislodged electrons drift
without excitation, lies between the grids G, and
G,, a distance of 50 mm. This is the low-field re-
gion, typically about 500 V/cm. Grids G, and G,
define the light-emitting space, 6 mm thick, where
the electron drift gives rise to light emission without
charge multiplication. Typical fields used were ~
3.5 kV/cm. Another region, lying between grid G,
and the quartz window, a distance of 16 mm, is
simply an electron trap; although most of the elec-
trons in the gap G, - G; are collected by G;, some
may leak through, and these could, if no space were
present, impinge on the quartz window producing
luminescence and building up a charge. The optical
transparency of each grid used is ~ 90%.

This structure is viewed by an assembly of five
photomultipliers (EMI 9750 QR), 2 in. in diameter,
through a quartz window whose inside surface is
covered with a layer of p-terphenyl 1 mg/cm? thick
(10). 1t is deposited by vacuum evaporation, with
continuous rotation of the quartz disc to encourage
uniform deposition. The uv light from the xenon
scintillations has wavelengths in the 150-to-190 nm
range (8), but the p-terphenyl re-emits at around
350 nm, a wavelength for which the phototubes
provide good sensitivity. Moreover, the quartz win-
dows of the chamber and the phototubes are highly
transparent to this radiation. Good efficiency of
light transmission to the outside of the chamber—
essential for both energy and spatial resolution is
thus obtained, but the need for continuous purifi-
cation arises. The purifier is simply a vertical stain-
less steel cylinder, containing about 300 g of me-
tallic calcium and heated to about 400°C. It is
directly connected at top and bottom to an inlet and
an outlet on the gas chamber, and the convection
current eliminates the need for forced circulation.
Initially, the system is pumped down to 10~ torr
during several hours, with the calcium purifier kept
at about 600°C, to clean up the chamber. The tem-
perature is then reduced to 440° and one atm of
xenon is let in. During the first three hours there is
a continuous improvement in light output and re-
solution, but the detector remains very stable there-
after. The system has been tested and has remained
stable over 4 months of continuous operation.

The five photomultipliers are disposed in an array
with one at the center and the other four symmet-
rically distributed around it, forming a square
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whose diagonal is 12 cm. This is by no means an
ideal arrangement for the provision of energy and
spatial resolution, which demand many samplings
and minimum light loss. (Currently only half of the
light coming through the quartz window is put to
use.) Ideally there should be many photomulti-
pliers, such that the centroid of the sampling signals
corresponds as nearly as possible to the X and Y
coordinates of the interaction point.

Although the pulses from the phototubes could
be handled better by standard gamma-camera elec-
tronics from the point of view of data storage and
processing, we have used a low-cost microproces-
sor-based version, tolerating the decreased count-
ing-rate performance for on-line processing.

Full use should be made of the total light output,
and a good measurement calls for signal integration
during a time at least equal to the duration of the
light signal. Since light is emitted during the elec-
tron drift in the light-emitting space, the drift ve-
locity of about 2 usec/cm (which occurs in xenon
at 1 atm with a field of 3.5 kV/cm) implies an inte-
gration time of 1.2 usec. Another effect, diffusion
of the initial electron cluster during its drift through
the detection region, intensifies the light signal. An
integration time of 2 usec was therefore used in the
experiments reported. This process imposes an in-
trinsic counting-rate limitation on the particular de-
tector used, a function of its geometry, the applied
voltages, and the nature of the contained gas.

EXPERIMENTAL RESULTS AND DISCUSSION

Spatial resolution and linearity. If reasonable pa-
rameters are taken for the light output from the
chamber, its spatial distribution as affected by the
wavelength-shifter, and the resolutions of the pho-
tomultipliers, one would expect that an energy dep-
osition of about 15 keV at a point would yield a
FWHM spatial resolution of about 2.5 mm. This
gives an indication of the intrinsic capabilities of
the device. Careful attention should be given, how-
ever, to the several steps in the interaction of the
x-ray with the detecting medium, particularly how
well localized the x-ray energy deposition in it will
be. No details will be considered here, since a com-
plete analysis of this process has been made by J.
E. Bateman et al. (//), for xenon filling and for the
range of x-ray energies for which the chamber
under study has useful efficiencies. For particular
lengths associated with x-ray emission from the in-
teracting atoms set limits on the spatial resolution
that have nothing to do with the intrinsic spatial
resolution of the chamber; they are a natural limit
in any gaseous device.

Based on these initial considerations, we can re-
port now the experimental results. Referring to Fig.
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FIG. 2. Spatial linearity measured with collimated Cd-109
source along line joining centers of photomultipliers, S, and
S,.

2, the coordinates x and y were derived from

weighted differences of signals S; from diametri-
cally situated photomultipliers:

x= 81_83 . = Sz—S4
S, +S,+S;°° S, +S,+8S,;

Curve A of Fig. 2 plots the real position against
the chamber reading for x, determined by moving
a collimated beam of x-rays (~ 22 keV) from a Cd-
109 source along the X axis. The nonlinearity is
less than 10%, except near the edge region—as one
would expect owing to the effect of the chamber
wall and the simplified expressions used for X and
Y. The simpler approximations usually used—X =
S, —SyS, + Ssand Y = S; — SJ/S; + S—sgive
good linearity only for events close to the center,
as can be seen from curve B of Fig. 2. It is clear
that without increasing the chamber size, the use of
information from the center photomultiplier im-
proves the overall linearity of the chamber.

The spatial resolution was tested with an x-ray
generator, operating at 25 kV and filtered with 20
pm of copper foil, placed 20 cm above a lead mask
containing a set of five holes disposed in a line at
regular intervals. The line of holes coincides with
the X direction (Fig. 2), the first hole being placed
at the chamber center and the direction defined by
the third hole. The x-ray source is parallel to the
electric field in the chamber. Figure 3A shows the
display obtained from holes 1 mm in diameter and
spaced 10 mm apart. The corresponding intensity
distribution along the central line of these holes is
shown in Fig. 3B. A resolution of 2.7 mm (FWHM)
is obtained even for the second hole, including all
effects such as hole size, parallax, finite source-to-
mask distance and finite source size (~ 1 mm). The
parallax effect is clearly observable in both Figs.
3A and B.
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Energy resolution, linearity, and spatial uniform-
ity. The detailed physical tests of the detector’s
energy resolution and energy linearity have been
reported elsewhere (/12). We summarize the main
features here. The energy linearity and resolution
of the system are shown in Fig. 4A, where the
several x-ray energies are derived either from ra-
dioactive sources or from fluorescence induced by
the 60-keV x-rays from Am-241. The energy reso-
lution, which is ~5.4% (FWHM) at 30 keV, varies
as (1 + 22/ / E (keV)%, an expression that simply
summarizes the experimental data obtained. The
energy resolution of the detector for x-rays of bio-
logic interest is shown in Fig. 4B.

The response uniformity in terms of signal am-
plitudes as well as energy resolution was experi-
mentally measured and is shown in Fig. 5. The
signal amplitudes are normalized to one at the center
of the chamber and the energy resolutions corre-
sponding to a value of 6%, also at the center. Sev-
eral effects account for the nonuniformity seen,
wall effects of course, but also the nonuniformity

10mm
———

X-ray source aligned on this hole

detector center

FIG. 3. Spatial resolution: holes 1 mm in diameter, 10 mm
apart, in a lead mask; x-ray generator at 25 keV, 20 cm above
mask. (A) Image obtained in 2 min. (B) Projection along line
of holes showing spatial resolution of 2.7 mm (FWHM) at
second hole.
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in the thickness of the p-terpheryl layer and the
small number of photomultipliers used.

Sensitivity and counting rate. As mentioned earlier,
the light pulses were integrated over 2 usec, and
this sets the intrinsic counting-rate limitation of the
chamber. A rate of about 10® events per second
should not spoil the characteristics of the detector
considered in Sections A and B of this discussion.
The overall background rate arising from noise,
cosmic rays and, microdischarges in the gas is of
the order of 1 count/min-cm? for a rather broad
energy window to account for the amplitude reduc-
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FIG. 4. (A) Energy resolution and linearity of detector ob-
served with radioactive sources and fluorescence spectra
induced by 60-keV radiation from Am-241. (B) Energy resol-
ution of camera. Spectrum of x-rays emitted at 130° relative
to 60-keV beam emitted by Am-241, impinging on a 3% so-
lution of KI in water. Shown are K, and K, lines of iodine
(27.5 and 31.0 keV) with a resolution of 5.4%. Lower-energy
peaks are K, xenon escape peaks from the Compton radia-
tion scattered at 130°.
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amplitude

FIG. 5. Spatial response uniformity. Pulse amplitude vs dis-
tance along X direction, measured with Ag x-rays (22 keV)
from Cd-109 source.

tion at the edge of the detector. Depending on the
required contrast, this figure allows for the sensi-
tivity determination.

Imaging properties. The quality of the detector has
been tested with phantoms and animals. A thyroid
phantom filled with 30 uCi of I-125 and placed
against a multihole silver collimator gives a good
image including proper display of the 4-mm hy-
poactive region (Fig. 6).

Figure 7 shows a thyroid image obtained in 2 min
from an unanesthetized rabbit, 24 hr after injection
of 100 uCi of I-125. This image was obtained with
this instrument in a program of research on animals
currently in progress at the Faculte de Medecine
Bordeaux II.

CONCLUSION

Our results show that among detectors, the scin-
tillating proportional counter is quite appropriate
for imaging purposes similar to those used with
solid scintillators. It is at present the best detector
for applications where good energy resolution com-
bined with a large surface is required in the x-ray
energy range around or below 50 keV. For higher
energies, higher pressures are required for reasons
of both efficiency and spatial accuracy.

Throughout this paper we have pointed out that
the conditions we used were far from optimal con-
sidering the intrinsic capabilities of the device.
Probably the main handicap was that about half of
the light transmitted through the quartz window of
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FIG. 6. Image of thyroid phantom (Picker No. 3602) filled
with 30 uCi of I-125. Collimator has 1-mm holes, septa 0.1
mm, length 20 mm, transmission 1.24 x 107% Acquisition
time 3 min.

FIG. 7. Thyroid image from unanesthetized rabbit with 100
nCi of I-125 injected 24 hr before observation. Acquisition
time 2 min.

the chamber was lost, mainly because of the small
number of photomultipliers used. Both energy and
spatial resolutions, as well as uniformity of re-
sponse, were thus constrained. Moreover, the
counting-rate efficiency was less than optimal,
since a decrease in the thickness of the light-emit-
ting space could improve the maximum counting
rate that can be handled usefully.

The chamber is versatile in the sense that other
and cheaper scintillators could be used, such as
krypton. Work at high pressures will provide for an
increase of detection efficiency, and if one permit-
ted a small charge multiplication with proper elec-
tronic circuitry, an improvement of the spatial re-
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solution of the device could be achieved, with no
loss of energy resolution or rate performance.

We are continuing our investigations in these di-
rections. Preliminary measurements show that de-
tectors applying this principle at high pressure
could be useful tools in various fields.
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