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ABSTRACT 

A new and innovative technique for concentrating heavy noble gases from the atmosphere and 
subsequently measuring the radioactive xenon isotopes has recently been developed at Argonne 
National Laboratory. The concentration technique is based on the discovery of a phenomenon 
where certain organic fluids absorb heavy noble gases with very high efficiency at room 
temperature and release the noble gases when slightly warmed (about 60 "C). Research has been 
conducted to study the application of this technology to the design of an ultra sensitive 
radioxenon measurement system. Such a system could be used to monitor or sample the 
atmosphere for noble gas fission products (133Xe, Xe, and 13'Xe) generated by nuclear testing. 
A system that utilizes this fluid-based technology provides a simpler, more portable, less- 
expensive means of concentrating xenon than current cryogenic techniques and avoids some of 
the complications associated with charcoal-based systems. Preliminary experiments to 
demonstrate the feasibility of utilizing this fluid-based technology in the design of an atmospheric 
radioxenon measurement have been very promising and research is continuing toward applying 
this technology to monitoring activities which support the Comprehensive Test Ban Treaty 
(CTBT). 
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OBJECTIVE 

Radionuclide monitoring technologies have become increasingly important for ensuring 
compliance with the Comprehensive Test Ban Treaty (CTBT). In a nuclear test, many different 
radionuclides are produced that are unique to the fission process. Detection of these 
radionuclides can positively confirm a nuclear detonation. Underground nuclear testing, however, 
prevents most fission products from getting into the atmosphere. In the event of an underground 
nuclear test, noble gas fission products emanating from the ground may be the most significant 
source for radionuclide monitoring. Among the noble gas radionuclides, xenon is the most 
abundant a few days after detonation [1,2]. By measuring the atmospheric activities of different 
xenon radioisotopes (133Xe, Xe, and 13'Xe) as a function of time, a nuclear detonation can be 
confumed based on the ratio of these radioxenons exceeding normal ambient values. Ambient 
levels of radioxenon in the atmosphere are the result of nearby nuclear reactor operations. The 
radioxenon ratios from nuclear testing are expected to be orders of magnitude higher than ambient 
levels from nuclear reactors [3,4]. 

Significant efforts have been undertaken to design detector systems capable of monitoring 
airborne radioxenon [l-41. Detection of very small quantities (or activities) requires large 
atmospheric samples be processed with the xenon being separated and concentrated so detection 
of the radioxenon using gamma-ray and X-ray spectroscopy is possible. Current technology 
requires using activated charcoal which has been cooled to temperatures below -70 "C to separate 
the xenon from the atmospheric samples. Heating of the charcoal then releases the xenon gas, 
thus providing a means for concentrating the xenon for isotopic analysis. This procedure requires 
both cryogenic and heating equipment to concentrate xenon, as well as measurement 
instrumentation for analysis of the radioxenon. While this technique can be very effective in a 
laboratory or for a stationary monitoring system, it can be costly, bulky, and difficult to use in the 
field. 

A new technique for concentrating heavy noble gases (radon and xenon) from the 
atmosphere has recently been developed at Argonne National Laboratory (ANL). This 
concentration technique is based on a phenomenon where certain organic fluids have a high 
affinity for absorbing heavy noble gases at room temperature. These same fluids also release the 
trapped noble gases when slightly warmed (=60 "C) or agitated. Efforts to apply this technology 
in the design of an ultra sensitive radioxenon detection system have been investigated 
collaboratively by Argonne National Laboratory and the University of Cincinnati. 
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RESEARCH ACCOMPLISHED 

The focus of this research has been to study the phenomenon of heavy noble gas 
absorptioddesorption within a specific biologically benign organic fluid and to design a 
measurement system that integrates xenon concentration and subsequent analysis of the 
radioactive xenon isotopes (radioxenon). Herein, this organic fluid will be referred to as the 
working fluid. Public release of the specific working fluid chosen for this research is pending 
patent applications associated with this fluid-based technology. Applying this technology to a 
noble gas (xenon) measurement system offers several advantages. First, such a system has the 
advantage of eliminating the costly cryogenic charcoal methods for xenon concentration. In 



addition, the working fluid acts only as a transfer medium, not a retention medium as in a charcoal 
system. Thus, the working fluid can be cycled through both absorption and degassing sections, 
continuously concentrating the radioxenon and providing true real time analysis. Consequently, 
the ability to build a low cost, compact, field deployable radioxenon measurement system using 
this fluid-based technology provides significant promise. 

Scientific Concept 
On a molecular level, the mechanism responsible for the strongly temperature-dependent 

noble gas absorptioddesorption phenomenon in certain organic fluids is not fully understood. It 
is postulated that there may be a clathrate effect, wherein the heavy monatomic noble-gas atoms 
are being trapped in the interstitial spaces of the much larger fluid molecules. This effect is 
consistent with ANL’s observations that the mechanism works only with the heavy noble gases 
(Rn, Xe, Kr) and not the lighter noble gases (He, Ne, Ar). Clathrates are known to trap only 
those atoms and other molecules with a range of sizes that “fit snugly” into the host’s interstices. 
An alternative hypothesis is that there is an unknown temperature-dependent solubility 
phenomenon that fortuitously absorbs and releases these noble gases between the convenient 
temperatures of 20 and 60 “C. 

Design of a Measurement System 
Incorporating this fluid-based technology into an atmospheric radioxenon measurement 

system is currently being studied. A proposed monitoring system would involve three integrated 
sections; 1) an absorption section for atmospheric sampling; 2) a degassing section for 
concentrating the xenon; and 3) a radionuclide detector for radioxenon quantification. A possible 
measurement system which has b esigned during the course of this investigation and which 
uses this fluid-based technolog forra oxenon measurement is illustrated in Fig.1. 

Atmospheric air is filtered for particulates and then enters the bottom of the tower flowing up 
across structured packing material. This structured packing material is designed to optimize the 
surface to volume ratio of the fluidgas flow and increase the absorption efficiency of xenon into 
the working fluid. The sampled air is then vented at the top of the absorption tower back into the 
atmosphere. The working fluid flows in a reverse direction to that of the sampled air, entering the 
top of the tower, and down the packing material into a small reservoir. From the tower reservoir, 
the working fluid flows into the degassing section. The fluid, with trapped xenon, is preheated 
and pumped into a degassing unit. The degassing unit continues to heat and agitate the fluid 
allowing trapped xenon to vent into the detector loop. The working fluid exits the degasser and 
then is circulated through a cooling radiator (or heat exchanger) before flowing back into the top 
of the absorption tower. 

The vented off-gas from the degassing section in Fig. 1 enters a closed detector loop 
designed to filter and quantlfy the concentrated radioxenon. Gas in the detector loop is 
continually circulated through a sub-micron filter and then through a betdphoton coincidence 
detector for radioxenon measurement. The filter removes any fluid vapors from the degassing 
section as well as removing daughter products resulting from radon being concentrated in the 
detector loop. The radioxenon detector continuously measures and quantifies the radioxenon 
flowing through the detector loop. A detailed description of the radioxenon detector is given 
below. 

The absorption section a ig. 1 consists of a counter-current flow absorption tower. 



Absorption Experiments 
A series of experiments has been conducted to test the absorption of xenon in the working 

fluid. The basic experimental arrangement for the absorption experiments is shown in Fig. 2. In 
these experiments, a 20 liter double lined saran bag was filled with standard air along with a 
known activity of radioactive '33Xe. The '33Xe/air mixture flowed into the bottom of the 
absorption tower, that consisted of a 7 cm diameter by 35 cm long cylindrical tube filled with 0.64 
cm Raschig rings. The air was vented near the top of the tower into the detector. The detector 
consisted of a flow-through chamber with a windowed gas-filled proportional counter on one side 
of the flow-through chamber. The calibrated proportional counter was used to monitor the 133Xe 
activity in the flow-through chamber. 

After starting the flow of the 133Xe/air mixture through the tower, the count rate in the 
detector was allowed to stabilize. The working fluid was then introduced, flowing at a constant 
rate through the tower until the count rate in the detector stabilized after a few minutes. The 
reduction in '33Xe activity at the tower outlet indicated the removal efficiency for that specific 
experiment. Several experiments were performed using this method with both different '33Xe 
activities and different flow rates. A removal factor as much as a 57% was measured during these 
tests. The packing material height (35 cm) in the absorption tower was constrained by the height 
of the charcoal-filtered hood where these experiments were conducted. Using either a taller bed 
of packing material or multiple absorption towers should result in significantly better absorption 
efficiencies. This assumption is substantiated by previous experimental results by Steinberg and 
Manowitz where a 100 cm tall column was used for xenon absorption with over 99% of xenon 
being absorbed in one pass [5],[6]. Additional absorption experiments with the 35 cm tower are 
planned by replacing the 0.64 cm Raschig rings with a commercially manufactured structured 
packing material. This structured packing material is designed to optimize gas-to-liquid 
absorption in typical applications. 

Similar experiments to those mentioned above have been accomplished to study radon 
absorption in the same working fluid [7]. These absorption tests with radon have included the 
study of introducing two contaminant gases (CO2 and water moisture) and the associated effects 
on the absorption process. The presence of these additional gases was a concern for competing 
with the noble gas absorption phenomenon or decreasing the noble gas absorption capacity of the 
working fluid. However, it was found that CO, has no affect upon the radon removal capacity. 
These tests also showed only a very slight decrease in the noble gas concentration factor in the 
working fluid when the inlet air stream had a relative humidity of 100% [7]. Similar results are 
expected when the noble gas absorbed by the working fluid is xenon. These excellent findings are 
in sharp contrast to the behavior of conventional cryogenic charcoal concentration systems, which 
can be plugged and rendered inoperable by small humidity levels. 

Degassing Section 
When the working fluid is heated above 60 O C ,  it has a significantly reduced affinity for 

noble gas absorption and eventually releases most of the trapped xenon. This degassing effect is 
further promoted by agitation of the working fluid. In the proposed degassing loop, shown in 
Fig. 1, the working fluid from the absorption tower is first preheated. From the preheater, the 
fluid is directed into the degassing unit where it is further heated and agitated, resulting in the 
previously trapped gas (xenon) being vented and concentrated in the detector loop. After leaving 



the degassing unit, the working fluid is directed through a passive cooling radiator (or a heat 
exchanger with the incoming fluid when minimal energy utilization is a primary functional 
requirement) before being recycled back into the absorption tower. 

A commercially-available flow cell and sonicator (ultrasonic transducer and amplifier 
horn) is among other methods currently being investigated for the removal of xenon trapped in the 
working fluid. In this apparatus, the working fluid is forced across the tip of a 1/2 inch vibrating 
sonicator probe. The large amplitudes of the sonicator (120 pm) produce cavitation in the 
working fluid allowing the trapped gases to coalesce and rise to the surface. The use of both heat 
and sonication has been demonstrated to remove xenon at a faster rate than heating alone. 
Another potential method to be examined for heating and degassing involves the use of 
microwaves. 

The study of the degassing phenomenon in the working fluid is ongoing. One concern in 
the degassing stage of this system is radon (and daughter) buildup in the detector loop. It has 
been shown that this fluid-based technology also effectively absorbs radon [7]. Since ambient 
levels of radon can exceed 10 mBq/l, buildup of radon may cause excessive background in the 
radioxenon detector, lowering its sensitivity to radioxenon. However, available data on the 
temperature-dependent solubility coefficients for radon and xenon differ for similar fluids [8]. 
This characteristic may be utilized to degas the majority of one constituent at a lower temperature 
without sigdicantly degassing the other constituent. This procedure is called fractionation. 
Studies of the requirements and possible fractionation schemes are currently being evaluated for 
mitigating the effects of radon in the detector loop. 

Radioxenon Detector 
Several detector technologies are being considered for quantifying the radioxenon 

concentrated in the detector loop. Currently, a measurement system that utilizes both a gas-filled 
proportional counter and a NaI(T1) scintillator is being investigated. This detector system, as 
shown in Fig. 3, consists of a flow through chamber centered between two gas-filled proportional 
counters and surrounded by two NaI(T1) scintillators. The off-gas from the degasser is 
continuously filtered and cycled through the flow-through chamber. Signals from both the gas- 
filled proportional counters and NaI(T1) scintillators are analyzed using coincidence electronics 
resulting in a bedphoton coincidence detector that is described in more detail below. 

Xe, and 13'Xe, decay by either beta particle 
emission or internal electron conversion. There are also finite probabilities that each decay 
involves the emission of one or more photons (gamma ray or X ray) with the emitted electron. It 
is the energy of these photons that most effectively determines which xenon isotope was involved 
in the decay. Detection of these phqtons is accomplished by using the NaI(T1) scintillators. 
However, the background associated With typical NaI(Tl) scintillators can easily obscure the valid 
photon data from radioxenon at very low concentrations. Therefore, it is desirable to record only 
those photon events in the scintillator when the associated energetic electron is also detected. 
Most of the scintillator backgro an be eliminated by using coincidence mode detection, thus 
permitting the ability to quanti a ad' xenon at much lower activities. 

To detect the energetic electrons emitted by the xenon and to provide the required 
coincidence timing signal, gas-filled proportional counters were used. For this study, a single gas- 
filled proportional counter was placed on one side of the flow-through chamber. Using this 
configuration, detection efficiencies of 35% for '33Xe were measured. Therefore, a system with 
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two counters should result in total detection efficiency of 70%. In addition, the proportional 
counter provides information on the energy deposited in the gas filled chamber. This energy 
information is useful for discriminating against other radionuclides that decay by emitting alpha 
particles. This discrimination capability may be important for minimizing the influence of radon in 
detector loop. 

Using the signal from the proportional counter to trigger (or gate) the NaI(T1) scintillator, 
results in photon interactions in the NaI(T1) scintillator being recorded only when a valid signal is 
simultaneously recorded by the counter. This method of gating the NaI(Tl) scintillator eliminates 
most of the background associated with the detector. As much as four orders of magnitude 
reduction in scintillator background can be achieved with this technique. This reduction was 
demonstrated by using half of the system shown in Fig. 3 @e., one flow through chamber, one 
proportional counter, and one NaI(T1) scintillator). Fig. 4 shows the pulse height spectra 
recorded from the NaI(T1) detector when it was both gated by the gas-filled proportional counter 
and ungated. The spectra in Fig. 4 were recorded over the same time period (12 hrs). As can be 
seen in the ungated NaI(Tl) spectrum, the 81 keV gamma rays emitted by the decay of Xe-133 are 
unresolvable. However, when the scintillator is gated by the gas-filled proportional counter, both 
the 8 1 keV gamma ray and 31 keV X ray peaks are very distinct and quantifiable. 

While this detector system is still being evaluated for optimal geometry and size, it is 
estimated that concentrations in air of 0.005 Bqkter may be measurable. Assuming a xenon 
concentration factor of 1000, as compared to atmospherics levels, then airborne radioxenon 
concentrations down to 5 pBqA should be measurable with a fluid-based measurement system. 

CONCLUSIONS 

Initial experiments and feasibility studies of this fluid-based technology for radioxenon 
measurement have been promising and research of this technology is continuing. Plans to design 
and test a prototype system are being pursued at Argonne National Laboratory and the University 
of Cincinnati. Three patents by ANL (one jointly with the University of Cincinnati) have been 
submitted based on this technology. A fluid-based measurement system, incorporating 
absorption, degassing, and concentration sections, integrated with a sensitive gamma-ray and X- 
ray spectroscopy detector should permit the real-time atmospheric measurement of 133Xe, 133mXe, 
and 135Xe. As described in previous publications [3],[4], measuring elevated ratios of these xenon 
isotopes in the atmosphere can confirm the occurrence of a nuclear test where other methods may 
be inconclusive. 

The fluid-based system avoids some of the limitations associated with charcoal-based 
systems and offers additional advantages. The simplicity and size of such a system may offer the 
most attractive advantages in monitoring applications which support the CTBT. As the 
absorption and degassing research progresses, larger concentration factors will likely be achieved, 
thus improving the minimum sensitivity. While experiments using proportional counter and 
scintillator technology for the measurement of radioxenon have been very successful, other 
detector types are also being considered. An optimal detection scheme will likely further reduce 
the minimum sensitivity. Consequently, the fluid-based technology holds much promise for 
providing a cost-effective radioxenon measurement system for CTBT applications. 
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Fig. 1. Diagram showing an airborne radioxenon measurement system utilizing fluid-based noble 
gas absorption technology. 
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Proportional Detector 

Flow-Through Chamber 

Fig. 2. Experimental apparatus used to test the absorption of xenon in a fluid-based system. 
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Fig. 3. Radioxenon spectroscopy detector utilizing gas-filled proportional counters, NaI(T1) 
scintillators, and coincidence electronics. 
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Fig. 4. Photon spectra from a NaI(Tl) scintillator with 133Xe. The upper (ungated) spectrum was 
recorded without using the coincidence signals from the proportional counter. The lower 
spectrum was recorded using the proportional detector to gate the NaI(Tl) scintillator. 


