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Abstract 

The project objective was to determine the feasibility of the gas 
proportional scintillator detector (GPSD) technology to sensitively 
and selectively detect the decay products of the metastable xenon 
isotopes as a means of treaty verification for the CTBT. During the 
course of the project, the investigation involved both computer 
simulations and laboratory measurements with a GPSD. During the 
fourth quarter we have further investigated the dedicated GPSD 
response to x-rays and conversion electrons from '@Cd and 57C0 
radioactive sources, comparing simulated and experimental results. 
The response of a customized high pressure GPSD was also simulated 
to the higher energy conversion electrons itom xenon radioisotopes. 
An alternative hybrid detector system is proposed showing excellent 
prospects for xenon radioisotope detection. 
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I. Introduction 

During the course of this one-year project we evaluated the feasibility of the gas 
proportional scintillator detector technology to sensitively and selectively detect the decay 
products of the metastable xenon isotopes as a means of treaty verification for the CTBT. 

Initial calculations indicated that a GPSD, pressurized to approximately ten atmospheres, 
would be necessary to provide an efficient and compact detector for the detection of conversion 
electron energies emitted by the xenon metastable isotopes (129, 159 and 163 keV for 131mXe, 
45, 75 and 80 keV for '33Xe, 199, 228 and 232 keV for 133mXe, and 214 keV for 135Xe). 
However, the design and fabrication of a high-pressure GPSD was beyond the scope and 
resources of the project. To circumvent this, a customized one-atmosphere GPSD exposed to 
appropriately lower energy conversion electrons was developed and tested. Two radioactive 
sources were selected, '"Cd and 57C0 with six electron conversion energies in the 7- to 129-keV 
range. 

For both radioactive sources, pulse signature analysis, including amplitude versus pulse 
duration analysis, was performed using digital processing of experimental data and full Monte- 
Carlo simulation of the experimental conditions. 

The good agreement of the simulation results with the experimental measurements lead us to 
model a new detector, a xenon GPSD 10 litre in volume and at a pressure of 10 atmosphere, for 
the detection of the conversion electron events from the xenon radioisotopes. 

Further work was performed on identifymg the possible contaminant sources that could 
interfere with the xenon radioisotopes measurement. Thereby the most frequent kind of events 
competing with the ones to be measured was found to be beta events. This lead us to propose an 
hybrid detector that allows to efficiently identify the xenon radioisotopes and reduce the 
interference of beta events and other background sources by a coincidence/anti-coincidence 
scheme. 

II . Project Administration 

The University of Coimbra Principal Investigator for the overall execution of the contract 
was Professor Carlos A. N. Conde, head of the Atomic and Nuclear Instrumentation Group. This 
final report i k  submitted as fulfilment of Deliverable 4.3 summarizing all effort and documenting 
the problems encountered in performing the tasks during the one-year period of the project. 
During this period approximately 13 full-time-equivalent (FTE) months of student effort and 9 
FTE months of senior staff effort were spent in the administration and execution of the project. 
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ID. Experimental Development 

The experimental measurements task is under the supervision of Dr. JoaqUim M. F. dos 
Santos of the Atomic and Nuclear Instrumentation Group. 

A. Dedicated GPSD prototype characteristics 

Initial calculations indicated that a GPSD, pressurized to approximately ten atmospheres, 
would be necessary to provide an efficient and compact detector for the conversion electron 
energies emitted by the xenon metastable isotopes. However, the design and fabrication of a 
high-pressure GPSD was beyond the scope and resources of the project. This way, a customized 
one-atmosphere GPSD was developed and tested being afierwards exposed to appropriately 
lower energy conversion electrons. The GPSD designed for this project is schematically shown 
in Fig. 1. This design is similar to the ones described in references 1 and 2: a 10-cm inner 
diameter, 4-cm thick absorptioddrift region and a l-cm thick scintillation region. A 5.1-cm 
diameter quartz-window EMI D676QB (a customized eight-dynode version of the 9266QB 
model) photomultiplier tube, PMT, is used to detect the scintillation pulses. The detector 
enclosure is made of non-magnetic stainless steel with a top radiation window with a 2.5-cm 
diameter, 50 micron thick Kapton film aluminized on the inner side to ensure an uniform drift 
electric field in this region. The first grid G1, made of 80 micron diameter stainless steel wire 
with a 900 micron spacing, is supported by a multi-perforated stainless steel cylinder. This 
cylinder is fixed to the Macor insulator on the detector lower part with screws, one of those being 
used as a feedthrough to G1. The second grid G2 is a chromium vacuum evaporated grid onto 
the PMT window, 100 micron line width and 1000 micron spacing. The lateral surface of the 
PMT has also a chromium film vacuum deposited, which also is used as G2 feed-through. This 
chromium film together with the G1 cylinder support assure a well behaved electric field in the 
scintillation region. Vacuum tight assembling of the Macor insulator, PMT and radiation 
window is made with very low outgassing epoxy. The fact that the scintillation region is in 
direct contact with the PMT window eliminates the need for an extra vacuum ultraviolet window, 
maximizing the light collected in the PMT and reducing solid angle dependence [3,4]. 

The primary electron cloud produced by electrons and x-rays drifts under the influence of a 
low electric field into the scintillation region where a higher field produces scintillation in xenon. 
PMT pulses resulting from the scintillation are fed through a charge pre-amplifier and a main 
linear amplifier to a digital pulse height analyzer developed in our group [5,6]. To determine the 
pulse amplitude, digital sampling (20MHz, 8-bit) was performed on the pulses obtained, 
followed by numerical integration of the digitized samples. Since an amplifier shaping time of 50 
ns is used, the pulse shape closely resembles the scintillation light burst, thus allowing for better 
pulse-shape discrimination. 

The GPSD was filled with high purity xenon (345) at atmospheric pressure through a SAES 
Model 150 gas purifier. The detector gas is continuously purified by SAES ST707/washer/S33 
getters, and is maintained in circulation by convection. 

Typical values for polarizing voltages, at 1000 Torr xenon pressure, are: 1500V on G1, 
5500 V on G2 and on the PMT photocathode, and 6200 V on the PMT anode. 

The detector performance characteristics were found to be similar to the other GPSDs made 
in our group. Its energy linearity and energy resolution, spatial uniformity, and detector response 
as a function of the x-ray energy can be found in detail in several publications [ 1-3,7421. In Fig. 
2 we present the pulse height distribution for three different x-ray sources Fe (chromium 
filtered), lWCd and =lAm. The obtained energy resolutions are about 8.5, 5 and 5% for the 5.9, 
22.1 and 59.6 keV x-rays, respectively. 
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Fig. 1 - The GPSD prototype. 
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Fig.2 - Pulse height distribution for three different x-ray sources 55Fe, "%d and "'Am, measured with the 
present GPSD . 
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B. Conversion electron measurements 

In order to study the GPSD performance on conversion electron measurement, two 
radioactive sources were selected, '"Cd and 57C0 comprising six electron conversion energies in 
the 7- to 129-keV range. 

The GPSD experimental measurements were obtained with the non-collimated lo9Cd or 57C0 
source placed within the active volume of the detector, at the top of the drift region. In order to 
fully absorb the most energetic conversion electrons (CE) in the 4-cm deep active volume of the 
GPSD, the xenon filling pressure was 1000 Torr for the '%d source and 1500 Torr for the 57C0 
source. 

1. Measurements with '"Cd 

Each '"Cd decay may involve the ejection of a CE (k = 62.5 keV or 4. = 84.6 keV) 
accompanied by the simultaneous emission of an Ag fluorescence x-ray photon (K, = 22.1 keV, 
Kp = 25.0 keV, La = 2.9 keV, Lp = 3.3 keV) or Auger electrons. 

In Fig. 3, curve a, represents the pulse-height distribution obtained from the non-collimated 
'"Cd radioactive source placed inside the detector active volume. The real count rate is about 
2 k s-'. The Ag K-fluorescence lines and the eK and eL CE peaks can be distinguished. The low 
energy tail associated to each peak results from solid angle effects and primary electron loss to 
the detector walls, since the radioactive source is not collimated. Using pulse-duration 
discrimination the background under the 22.1 keV .x-ray line is efficiently reduced: curve b of 
Fig. 3 is the pulse-height distribution obtained when only the 3.6 to 4.0 ps pulses are counted. 

If we consider that each peak of the pulse height distribution is composed by a low energy 
tail superimposed on a gaussian peak, the energy resolutions obtained are 7.1, 6.7, and 8.7% for 
the Ag &-line and for the 62.5 and 84.6 keV electron conversion lines, respectively. The 
relative peak areas are in accordance with the decay channels relative intensities for the Ag K, 
events and for the the 62.5 and 84.6 keV electron conversion events (145:45:48), taking in 
account that the Ag & x-rays detection efficiency is about 50%, and that some of the K, x-rays 
will be detected simultaneously with a 62.5 keV conversion electron leading to a single 84.6 keV 
pulse. 

One of the '"Cd decay channels permits to implement a gated-GPSC [13,14] technique 
allowing for a more selective identification of the CE event. The K-vacancy left by the emission 
of a eK = 62.5 keV CE decays through the emission of either a K-fluorescence x-ray (83% of eK 
events) or an Auger electron (17% of eK events). The first decay channel allows to identify the 
62.5 keV CE, since an unique pulse signature is produced whenever the electron clouds of the 
22.1 keV &-fluorescence emission and of the 62.5 keV CE reach the scintillation region at 
different instants. When the electron clouds of both events reach the scintillation region 
simultaneously a single pulse results, which cannot be distinguished fi-om the 84.6 keV CE 
pulses. 
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Fig. 3 - Pulse-height distribution obtained fiom a non-collimated lo9Cd radioactive source placed inside the 
detector active volume. Curve a shows the distribution obtained without pulse-duration discrimination. 
Curve b is obtained aRer pulses outside the range &om 3.6 to 4 ps are rejected. To the pulse-height 
distribution shown in curve c contribute only the pulses that appear within a 20 p time interval after a 
trigger-pulse with area correspondent to the 22.1 keV &-peak and time-duration in the range 3.6 to 4 ps. 
Curve c is represented with a vertical scale multiplied by a factor of 100. 
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Fig. 4 - Experimental digitized pulses triggered by a 22.1 keV Ag &-fluorescence x-ray fiom a "'Cd 
radioactive source. Each color represents an event where the initial feature is the K, trigger-pulse 
followed by a pulse appearing within the 20 ps timewindow. 
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The gated-GPSC measurements presented in curve c of Fig. 3 represent the pulse-height 
distribution obtained when only the frrst pulse following a trigger-pulse, within a 20 ps 
time-window interval, is considered (Fig. 4). The pulses selected for triggering are those with an 
area corresponding to 22.1 keV and a 3.6 to 4.0 ps time-duration. As it is shown, the 62.5 keV 
CE peak is the only prominent feature on the pulse-height distribution. Its energy resolution and 
peak-to-background ratio improves relatively to the non-triggered pulse-height distribution from 
11.6 to 9.7% and from 2 to 6, respectively, thus improving the detector sensitivity to the 
62.5 keV CE. The detection efficiency is reduced by about two orders of magnitude, though, due 
mainly to the Ag K-fluorescence yield, to the Ag &/Kp relative emission probability, to the 
detector efficiency for the absorption of the 22.1 keV x-rays and to the probability that the 
electron clouds of CE and &-fluorescence events lead to a single pulse. 

2. Measurements with 57C0 

The 57C0 decay channels involve the ejection of CEs with energies close to the 129 keV l3IrnXe 
radioisotope CEs. From the four more intense CE energies, 7-, 14-, 115-, and 129-keVY the two 
lower energy CEs lose most of its energy inside the source, thus they are not effectively detected. 
The most intense y-rays emitted have energies of 14, 122 and 136 keV. All the events are 
accompanied by the simultaneous emission of one or two Fe fluorescence x-ray photon 
(K, = 6.4 keV, Kp = 7.1 keV, La = 0.70 keV, Lp = 0.71 keV). 

Figures 5 a) and b) depict the pulse-height distribution obtained from the non-collimated 57C0 
radioactive source placed inside the detector active volume. The count rate was about 500 s-'. 
In Fig. 5 a) the 6.4 keV K, -peak and the 14.4 keV y-peak are clearly distinguished. Two sum 
peaks are also significant, a more intense peak at 12.8 keV resulting from two 6.4 keV K, x-rays 
and a 20.8 keV peak originated by a 6.4 keV K, x-ray plus a 14.4 keV y-ray. 
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Fig. 5 - Curves a) and b) depict the pulse-height distribution obtained fkom the non-collimated 57C0 
radioactive source placed inside the detector active volume. 

The 115 and 129 keV CE features are assigned in Fig. 5 b). In their vicinity the 122 and 136 keV 
y-rays are also contributing for a large peak. Escape-peaks at 88, 92, 103 and 107 keV - 
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associated with y-ray absorption events where the Xe K-fluorescence (&=29.7, Kp= 33.8 keV) 
escapes detection - also contribute to the features visible in the pulse-height distribution. 

The estimated values for the absolute intensities are 2.9, 0.2, 0.7, 1.4, 0.9 and 0.1% for the 92, 
107, 115, 122, 129 and 136 keV features described above, respectively. The estimated values are 
in agreement with the areas beneath the two higher energy peaks visible in Fig. 5 b). 

IV. Computer Modeling 

The computer modeling task is under the supervision of Dr? Teresa M.H.V.T. Dias of the 
Atomic and Nuclear Instrumentation Group. 

A. Description 

In the course of this project Monte Carlo simulations of x-ray absorption and electron 
conversion electron events are performed in conditions matching the experimental measurements 
with the GPSC. Fig 6 depicts the geometry adopted for the calculations. Essentially, this 
geometry differs from the real experimental set-up in that the electric field applied in the drift- 
and scintillation-regions is considered Uniform in both volumes. 

Xe 

fluorescence X-ray photon 

conversion electron 

- .  

Scintillation region 
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@ - enclosure 
@ - electron conversion source 
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Fig. 6 - Geometry adopted for the Monte Carlo simulations. 
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The simulation includes the electron impact ionization of the Xe atoms, the photoionization 
of the Xe atoms by x-raysly-rays, and the complex vacancy cascade-decay of the residual Xe ions 
to multi-charged ground states. This process involves the emission of AugedCoster-Kronig and 
shake-off electrons as well as Xe fluorescence x-rays. All electrons are followed individually 
through their multiple elastic and inelastic (excitation and ionization) electron collisions in Xe, 
down to sub-ionization energies, i.e., until the primary electron cloud is fully developed. The 
production of bremsstrahlung was neglected, since, for the electron energies involved, radiative 
losses represent less than 2% of the total energy degradation. Once the primary electron cloud is 
formed, the time and position characteristics of the electrons in the cloud until they reach the first 
grid of the detector are determined from the diffusion equation. After the electrons enter the 
scintillation region diffusion is neglected, i.e. electrons follow a straight path towards the second 
grid. Along this region, it is assumed that electrons produce VUV photons isotropically and at a 
constant rate, which is the scintillation yield characteristic of the applied reduced electric field 
obtained in previous Monte Carlo studies [ 151. 

A significant sensitivity to the choice of electron impact cross-sections was found. For the 
relevant electron energies we tested the Monte Carlo calculated electron ranges against data in 
the literature [ 161, and refined the cross sections accordingly. 

The response of the ideal detector represented in Fig. 6 to 62.5 and 84.6 keV CEs and 22.1 
K, x-rays fi-om lo9Cd and to 115 and 129 keV CEs hom 57C0 was investigated. The xenon filling 
was considered to be at 1100 Torr for the case of the lo9Cd source and 1500 Torr for the case of 
the 57C0 source. The results of these calculations are discussed and compared with the 
experimental measurements in section B. Finally, considering a xenon pressurized detector at 10 
atmospheres, we simulated the energy spectrum that would be obtained for a 133mXe doped xenon 
filling, and the results are presented in section C. 

B. Conversion electron results 

1. '09Cd source 

The energy spectrum obtained by Monte Carlo simulation for 62.5 and 84.6 keV conversion 
electrons and for 22.1 K, x-rays from an hypothetical lo9Cd source is shown in Fig.7. The 
detector geometry is represented in Fig.6, and xenon filling at 1100 Torr was considered for the 
calculations. 

The calculated energy spectrum reproduces quite well the experimental pulse-height 
distribution obtained for a lo9Cd source, represented in Fig.3, except for the absence of the 
Ag &-peak, since the corresponding events were not included in the simulation. The low-energy 
tails of each peak are caused essentially by electron losses to the detector walls before they reach 
the first grid, and additionally by solid angle effects affecting the collection of the VUV photons 
produced in the scintillation region. The energy resolutions of the 22.1,62.5 and 84.6 keV peaks 
are 6.4,4.8 and 7.2% respectively. The decrease of the first two values is slower than UdE, and 
the same happens with the experimental results. This effect, which is known to occur for 
increasing energy of ionizing radiation, is under investigation [17]. The 84.6 keV peak 
accumulates two equivalent-energy but different-nature events, which thus contribute 
distinctively to the total peak, causing in part the observed broadening and deterioration of 
energy resolution. 
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Fig. 7 - Monte Carlo energy spectrum for the absorption of 62.5 keV and 84.6 keV conversion electrons 
fiom '%d together with Ag 22.1 keV K, -fluorescence x-rays. 

If we compare the present calculated spectrum with an earlier one shown in the 2nd report, 
we observe that the agreement with the experimental distribution is now substantially improved, 
and the broadening of the peaks is now clearly reproduced. This is due to the inclusion of solid 
angle effects in the simulation. In fact, the collection of the VUV photons is now restricted to 
the central photosensor, while in the earlier calculations it was considered that every electron 
contributed to the output pulse with the same number of VUV photons, regardless of the position 
where it reached the first grid. Moreover, the present calculations have taken into account the 
quartz-window transmission as a function of the incident VUV photon angle. 

2. 57c0 source 

Having in mind the decay of the Xe isotopes, which produce higher energy CEs, the energy 
spectrum for the 11 5 and 129 keV conversion electrons &om 57C0 was calculated by Monte 
Carlo simulation. This spectrum is shown in Fig.8, and the peaks corresponding to the two 
electron energies are well defined. The detector geometry is represented in Fig.6, and xenon 
filling at 1500 Torr was considered in this case. 

The calculated distribution is not directly comparable to the experimental results obtained 
for 57C0 shown in Fig. 5 ,  since only two energies were included in the simulation. In the 
experimental spectrum, the presence of the 121.9 keV y-events smears the distinction between 
the 115 and 129 keV CE peaks. In the intermediate energy region, the broad feature visible in the 
Monte Carlo spectrum was found to be related to lateral events and to events that penetrate in the 
scintillation region of the GPSC. The presence of this broad peak is not so clear in the 
experimental results due to the presence of the escape peaks belonging to the 122 and 136 keV y- 
events (y-events were not included in the calculations, and the probability for K-shell electron 
impact ionization is low). 
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Fig. 8 - Monte Carlo calculated energy spectrum for the absorption of 114.8 and 129.2 keV conversion 
electrons fiom s7c~. 

C. 133mXe 

Initial calculations have indicated that for a xenon filled GPSD, a pressure of ten 
atmospheres would be enough to fully absorb w i t h  a range of 2 cm the higher energy CEs from 
the xenon metastable isotopes (129, 159 and 163 keV for l3lrnXe, 45, 75 and 80 keV for ‘33Xe, 
199, 228 and 232 keV for 133mXe, and 214 keV for ‘35Xe). A 20-cm diameter and 20-cm thick 
absorption region would guarantee a minimum of 90% of CE events that are absorbed within the 
detector’s active volume. 

In this section we present Monte Carlo results obtained for such a hypothetical detector with 
a 10-atmosphere xenon filling doped with 133mXe atoms. The positions of the lSsmXe atoms are 
chosen randomly within the detector volume. The decay of the 133mXe metastables involves either 
the emission of 233 keV y-rays (-20%) or the emission of a K or L conversion electrons (the 
emission of CEs fi-om outer shells was neglected in the simulation). 
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To help the interpretation of the energy spectrum that is obtained, we first represent in 
Fig. 9 (a) the calculated partial distributions when only CE events (-) and when only y-ray 
events (..-.) were counted, for 25000 events in each case. In Fig.9 (b), the calculated total energy 
spectrum is shown. 

It is observed that the two distributions in Fig. 9 (a) are very similar - only the areas of the 
individual peaks differ - showing that y-ray events cannot be distinguished from CE events in 
terms of energy. In fact, because the metastable isotope and the detector medium are both xenon, 
the residual photoionized-ion and emitted photoelectronproduced by a 133mXe pray event are just 
identical to the residual ion and emitted conversion electron bornfiom a '33mXe CE event, when 
the same initial atomic vacancy is involved. However, for a given Xe shell, the probability for 
photoionization by the y-rays is not the same as for CE emission, and this affects the areas of the 
peaks. Moreover, CE events are much more localized than y-ray events, since y-rays can interact 
far from the parent metastable atom. Therefore y-rays are more frequently related to near-wall 
events, so larger energy losses are involved for y-rays. This contributes to dislocate a number of 
events from the intermediate peaks to the tail in the low-energy region, when we compare the 
CE- with the y-ray-distribution. 

In Fig. 9 (a), the peak at higher energy counts full-energy (233 keV) absorption events (eK 
and eL CE events, -, and y-ray events, -). In these events, the CE/photoelectron and all Auger 
electrons and fluorescence x-rays resulting from the decay of the initial vacancy in the residual 
ion are totally absorbed in the gas. The next peak counts Xe Ka- and KP-fluorescence escape 
events, i.e. events where, after a K-vacancy occurs (via Q-CE emission, -, or K- 
photoionization, --), the first step in the vacancy decay is the emission of Ka- or KP- 
fluorescence, which escapes from the detector. This is roughly equivalent to detecting only the 
eK=199 keV CE (-) or the 199 keV K-photoelectron (--). This peak counts as well K-vacancy 
events associated with K a  and KP emission where the full-energy is absorbed, but where the 
primary electron cloud fathered by the 199 keV electron is distinct in space and arrival time from 
the cloud produced by the associated Ka- or KP-fluorescence. In these circumstances the K a  or 
KP events originate the two well-defined peaks at lower energy. 

The total energy spectrum shown in Fig. 9 (b) was obtained directly for a total of 25000 
events, sampling the rate of occurrence of y-ray and CE events according to their real proportion 
(20% to 80%). However, the total distribution is lower than the weighted sum of the continuous 
and dotted curves in Fig. 9 (a), since the efficiency f for absorption of the y-rays within the 
detector is only -10%. 

The observation of this energy spectrum and the analysis we have made show that 133mXe 
CE events cannot be distinguished from lssrnXe y-ray events if the detecting medium is xenon, 
and the same obviously applies for back-ground y-rays of similar energy. The distinction is in 
principle possible, though, if a noble gas different from xenon is used, such as krypton or argon. 
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Fig. 9 
Monte Carlo calculated energy spectra for a 10 atm xenon GPSD doped with 133mXe atoms 

(a) Partial energy spectra counting 25000 y-ray events (--) and 25000 CE events ( - ), 
(b) Total energy spectrum, corresponding to 25000 lssmXe decay events (80% CE + fx20% y-ray , 

FO. 1). 

13 



V. Conclusions 

Experimental results have shown that it is possible to selectively identify CE events 
whenever they are associated with a characteristic x-ray event. This can be achieved by gating 
the GPSD using those x-rays. However, those characteristic x-rays should be produced only 
associated with the CE events. Thereby, to identify CE events from xenon metastable isotopes 
the GPSD filling gas should be other than xenon. Otherwise xenon K x-rays will be produced 
not only associated with CE events but also with other absorption events such as gamma rays, x- 
rays and cosmic rays interacting with the xenon K shell. 

Thus we conclude that a GPSD to univocally detect the CE events from xenon metastable 
isotopes should use argon (krypton would not be advisable due to the "Kr radioactivity) as the 
filling gas, with an appropriate pressure and detector dimensions. Using argon implies the use of 
higher pressure or bigger dimension detector than when xenon is used. 

1- We have shown that it is possible to use GPSC techniques for identification of xenon 

i) there is a need for very high purification of the noble gas filling (the 10 litre detector volume 
at 10 atmosphere corresponds to 100 litre STP). The atmospheric xenon sample to be mixed 
with this large volume must also to be very pure. 

radioisotopes. However, we have found two main problems: 

ii) the pulse shape signature for the different conversion electrons followed by Xe and Cs x- 
rays allows a very clear identification of the different isotopes, but it is relatively sensitive 
to background due, amongst other factors, to the large volumes and pressures required. 

2- However, we have found that a system with quite good prospects as far as Xe radioisotopes 
identification and sensitivity is concerned can be developed, see the following section. This 
system fulfils the requirements for room temperature operation, does not need cryogenic 
techniques, consumes low power, can operate unattended for periods larger than one year, is 
self calibrating, has high reliability and uses small amounts of consumables (only a few cc of 
P-10 gas to mix each time with the atmospheric Xe sample). The system is based on a 
proportional counter, two room temperature surface barrier Si detectors, two GPSCs, a 
beryllium absorber and eventually NaI(T1) gamma ray detectors. Since these detectors work 
in multiple coincidence and anti-coincidence levels with energy discrimination, a very good 
xenon radioisotopes identification capability at very low activity levels can be achieved, with 
little dependence on background whether fiom cosmic rays or fiom other radioisotopes in the 
sample. 
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VI. Proposed hybrid detector 

A. Basic concepts 

133 The xenon radioisotopes to be detected are '35Xe, 133mXe, Xe and 13'"Xe. The last three 
radioisotopes have well defined electron conversion energies in the range of 199-232 keV for 
133mXe, 45-81 keV for '33Xe and 129-163 keV for l3lrnXe, all in coincidence with K x-rays fiom 
either Cs (K, 30.9 keV, Kp 35.1 keV) or Xe (K, 29.7 keV, Kp 33.8 keV). This means that if a 
detection system can detect separately, with good efficiency, the K x-rays and the conversion 
electrons with reasonable energy resolution (about 1.5 keV for the x-rays and 25 keV for the 
conversion electrons) and put them in coincidence, those three radioisotopes can be readily and 
easily identified even in the presence of background fiom other radiation's. 

Although the '35Xe isotope produces 214 keV conversion electrons with an intensity of 6% 
and so it can compete with 133mXe, it is possible to distinguish them by measuring the time 
dependence of the conversion electron spectra as a function of time, since their half-lives are 9.1 
hour and 2.3 days, respectively. Alternatively, since '35Xe produces 250 keV gamma rays in 
coincidence with beta rays with an intensity of 90%, this isotope can be identified by putting in 
coincidence these gammas detected in a NaI(T1) detector with the beta-rays (Em,=920 keV) 
detected by the detectors used for the conversion electrons, with a discrimination level set for 
energies above about 250 keV, so detecting a significant part of the beta rays. 

B. The proposed detection system 

In Fig. 10, 11 and 12 we present the schematic of the detection system to implement the 
above concept. It consists of two twin xenon gas proportional scintillation counters(GPSCs) to 
detect the Cs and Xe K x-rays having in a central position a small cylindrical gas cell where the 
Xe sample is placed. The gas cell has on both ends two Si surface barrier detectors with T-type 
blind mount (like EG&G ORTEC model U-016-450-300), 2.4 cm in diameter and 300 micron 
thick, each, separated by about 0.5 cm. The Si detectors are epoxied to a quartz tube about 2.5 cm 
in diameter and 1 mm thick, which makes the outside wall of the gas cell. The quartz tube has a 
small gas inlet/outlet pipe for gas filling purposes. Also, in the quartz tube there is a gold plated 
tungsten wire, typically 25 micron in diameter, that allows the gas cell, when filled with the Xe 
sample mixed with a small amount of methane, to work as a standard proportional counter. 
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Fig. 10 - Proposed hybrid detector schematic. 
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Fig. 11 - Detector schematic showing gas cell in detail. 

16 



12.5 cm diameter 

1 
1.6 1 total volume 

........................... ............... 
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totally depleted Si detector 

Fig. 12 - Detector dimensions. 

This gas cell can detect the full energy of the conversion electrons produced by the xenon 
radioisotopes if we add up the normalised pulses from the proportional counter and the two Si 
detectors, even in the case where conversion electrons are back-scattered from one detector to the 
other and in the case where there is a reasonable large amount of energy dissipated by the 
conversion electrons in the gas sample. The thickness of the Si detectors was calculated so to 
fully absorb electrons with energies up to about 250 keV. 

Such gas cell is quite transparent to the K x-rays (about 30 keV) emitted together with the 
conversion electrons. These x-rays are later detected by only one of the two GPSCs. 

However, since there are energetic beta rays either from the xenon radioisotopes or from 
impurities in the gas cell we propose to enclose the gas cell with 0.5 cm thick Be wall. This wall 
absorbs almost fully beta rays up to 1.7 MeV and at the same time is almost fully transparent to 
the K x-rays. Therefore common beta ray emitting impurities like I4C, 3H, *'Kr and alpha particle 
emitting 222Rn do not produce radiation that can be detected by any of the two GPSCs. 

There has been recent work with interesting results concerning the replacement of the 
photomultiplier in the GPSC by another photosensor within the enclosure volume of the xenon 
gas. Two research lines are being considered: one by using X W  silicon photodiodes, another by 
using microstrip gas detectors and grid electron multipliers (GEM) covered with a CsI 
photocathode. Only results concerning microstrip and GEM devices have been published. If 
further work is successful a more compact and reliable GPSC can be developed for the Xe 
radioisotope system. 

C. Cosmic ray background 

Assuming a cosmic ray flux of 1 cm-2 strad-' min-' a counting rate of about 25 events per 
minute is expected for the gas cell detectors. However, unlike the xenon radioisotopes events 
which produce a single x-ray to be detected in only one of the GPSCs, these cosmic ray events 
are expected to produce a signal in both GPSCs. So, cosmic ray events can be rejected by 
coincidence/anti-coincidence techniques with pulse amplitude windows set for signals outside 
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the energy range for the Xe radioisotopes, i.e. 25 to 37 keV for the x-ray detecting GPSCs and 30 
to 250 keV for the three conversion electron detecting gas cell detectors. A minimum ionizing 
cosmic ray will have a stopping power of about 1 MeV cm2 g-' which means that it will dissipate 
0.43 MeV cm-' in Si and about 12 keV in each Si detector which is below the conversion electron 
energy window. 

The cosmic rays counting rate for the GPSC, which has a cross section of about 120 cm2, is 
expected to be about 10 s-' and the energy dissipated in the filling gas about 600 keV. However, 
only 1 out of 30 of these events can also trigger the gas cell detectors. Even so, the energies 
dissipated both in GSPC and the gas cell detectors lie outside the energy windows for the xenon 
radioisotopes. 

D. Computer simulation of the system efficiency 

The detection efficiency of the gas cell detectors (the proportional counter together with the 
two Si detectors) for the conversion electrons was calculated by the Monte Carlo method 
assuming that the gas cell is uniformly filled with a 10 cc Xe sample, and has the geometry 
shown in Fig. 12. Those conversion electrons that escape through the lateral walls of the gas cell 
are assumed to be lost. The others are assumed to be detected with an efficiency of 100%. The 
calculated efficiency for conversion electrons was then found to be about 70%. 

The next step for computer simulation was to find out the percentage of 30 keV x-rays that 
are emitted by the 10 cc sample (at a pressure of 4.3 atmosphere) and are detected in any one of 
the GPSCs. X-rays are absorbed either in the proportional counter, the Si detectors, the quartz 
tube gas cell wall, the Be shield, the GPSC counters or else escape to the outside through the 
GPSCs. 

For a thin quartz tube wall 10% of the 30 keV x-rays are absorbed inside the proportional 
counter, 10% in the Si detectors and only 1.3% are absorbed in the Be shield. The remaining 
79% are either absorbed in the GPSCs or escape to the outside. For a xenon pressure of 10 
atmosphere 74% of the 30 keV x-rays are absorbed in the GPSCs, while for 5 atmosphere this 
value decreases to 59% and for 2 atmosphere decreases to 34%. Since the K shell fluorescence 
yield for Xe is 89% and for Cs 89.5% then we estimate the system detection efficiency to be 46% 
for 10 atmosphere in the GPSCs, 37% at 5 atmosphere, dropping down to 21% at 2 atmospheres. 

E. Calibration 

The Si conversion electron detectors only need a one time calibration. The gas cell 
proportional counter needs to be calibrated each time a new xenon sample is introduced in the 
cell. This can be done with a small radioactive source of 55Fe which has a half-life of 2.6 years 
and produces 5.9 keV x-rays. The GPSCs can also be calibrated with a 55Fe source to account 
mainly for the drift in the gain of the photomultiplier. 

F. Minimum detectable activity 

It is difficult at the present time to put a figure concerning the minimum detectable activity. 
However, since the system is basically composed of 4n detectors for both conversion electrons 
and K x-rays having a reasonable good energy resolution and multiple coincidence/anti- 
coincidence potentialities, it must have, in principle, a high efficiency and low sensitivity to 
radioactive impurities and background. Actually Lamaze (Nucl. Inst. Meth. A 385 (1997) 285- 
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289) describes a system which has a minimum detectable activity of 0.015 Bq for ‘33Xe and 
0.003 Bq for l3IrnXe which is less efficient and has less energy resolution for x-rays than the 
proposed one. 

In principle Xe K x-rays can be produced by beta rays and conversion electrons exciting the 
xenon sample in the gas cell, lea- to events that can be mistaken by xenon radioisotopes 
events, thus limiting the minimum detectable activity. However, as the cross section for K-shell 
ionisation is 4 or 5 orders of magnitude than that for the outer shells these events will be very 
rare. 

The proposed system if fit with an external NaI(T1) scintillation counter will be capable of 
identifying ‘35Xe, besides lssrnXe , 133 Xe and 13’Xe, a capability that cannot be achieved by any 
other system described in the literature. 

VII. Integrated photo-sensors development 

While not being part of the project, several solutions have been studied in order to find an 
alternative to the delicate and fragile photomultiplier used as the standard scintillation light 
readout of GPSCs. Those alternatives, using microstrip detectors or grid electron multiplier 
(GEM) techniques, would reduce greatly the GPSC power consumption and make it more 
roughed and compact allowing for a better performance operation at several atmospheres filling 
pressure. 

The work done on this field has been reported on several publications and scientific meeting 
proceedings. Listed below are the more relevant papers. 

“A Microstrip Gas Chamber as a VUV Photosensor for a Xenon Gas Proportional Scintillation 
Counter”, J F C A Veloso, J A M Lopes, J M F dos Santos, and C A N Conde, IEEE 
Transactions on Nuclear Science, Vol. 43, n 4(1996)1232-1236. 

“The Application of a Microstrip Gas Counter to Energy-Dispersive X-ray Fluorescence 
Analysis”, J.F.C.A.Veloso, J.M.F.dos Santos, C.A.N.Conde and R.E.Morgado. X-Ray 
Spectrometry, Vo1.26 (1997), pag.237-243. 

“An Integrated Photosensor Readout for Gas Proportional Scintillation Counters”, J.A.M.Lopes, 
J.M.F. dos Santos, C.A.N.Conde and R.E. Morgado, IEEE Trans. Nucl. Sci., 44 (1997) 517. 

“A Novel Integrated W Photosensor for Gas Proportional Scintillation Counters Based on the 
Design of a Field Emission Graphics Display Device”, J.A.M. Lopes, J.M.F. dos Santos, C.A.N. 
Conde and R.E. Morgado, EEE 1997 Nuclear Science Symposium, Albuquerque, New Mexico, 
USA, 9-15 November, 1997. 

“A New Integrated Photosensor for Gas Proportional Scintillation Counters Based on the 
Electron Sieve”, J.A.M. Lopes, J.M.F. dos Santos, C.A.N. Conde and R.E. Morgado, IEEE 1997 
Nuclear Science Symposium, Albuquerque, New Mexico, USA, 9- 15 November, 1997. 
Submitted for publication to Nucl. Instr. Meth. A. 
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"Performance Characteristics of a Gas Proportional Scintillation Counter coupled to a Microstrip 
Gas Chamber Photosensor", J.F.C.A.Veloso, J.M.F.dos Santos and C.A.N.Conde. Accepted for 
publication in Nucl. Instrum. Meth. in Physics Research A (1998). 

VIII.Publications and communications 

The work performed under this one-year contract resulted on two communications on 
international scientific meetings listed below and a paper is being prepared to submit for 
publication to a refereed journal. 

"The Response of a Gas Proportional Scintillation Counter to Conversion Electrons: Simulation 
and Experimental Results", T.H.V.T.Dias, P.J.B.M.Rachinhas, J.A.M.Lopes, P.C.P.S. SimGes, 
R.E. Morgado, J.M.F. dos Santos, F.P.Santos, A.D.Stauffer and C.A.N.Conde, Cod. Rec. of 
IEEE 1997 Nuclear Science Symposium (Albuquerque, New Mexico, USA, 9-15 November), pp. 
444- 

"Conversion electron detection with gas proportional scintillation counters", P. J.B.M.Rachinhas, 
P.C.P.S.SimGes, J.A.M.Lopes, T.H.V.T.Dias, R.E.Morgado, J.M.F. dos Santos, F.P. Santos, A.D. 
Stauffer and C.A.N. Conde, 1998 Symposium on Radiation Measurements and Applications, 12- 
14 May, Ann Arbor, Michigan, USA. 
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