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Abstract:   

The Idaho National Laboratory has recently developed a detector system based on the principle of a 
Wilson cloud chamber that gives the original energy and direction to a gamma ray source.  This detector 
has continuous energy resolution and the direction to the source can be resolved to desired fidelity.  
Furthermore, the detector has low power requirements, is durable, operates in widely varying 
environments, and is relatively inexpensive to produce.  This detector is expected, however, to require 
significant measurement time.   Advantageously, because of the use of compressed air, the detector is 
expected to scale to very large sizes with a linear increase in cost.  The proof of principle detector has an 
active region of 100,000 cm3.  Applications of this detector are described in the context of nuclear 
material monitoring. 

Introduction 

Safeguards and treaty monitoring show some similarities in requirements for detectors—robust, low 
cost, and quantification/identification of nuclear materials.  Idaho National Laboratory (INL) has recently 
initiated an internal research project that developed a radiation sensor suitable for the harsh 
environment of hot cell fuel monitoring.  This sensor is based on the Wilson cloud chamber invented in 
1895.  Yet, a revolution in materials, imaging, and processing has occurred since the 1960s when cloud 
chambers were abandoned in favor of solid state detectors. 

Many radiation detectors have tremendous capability in laboratory conditions that do not translate 
well into a more general environment, such as safeguards.  For example, high purity germanium 
detectors have excellent energy resolution for gamma rays, but require either liquid nitrogen or 
complex/power intensive cooling systems.  Other detectors, such as CZT or NaI, have other excellent 
attributes but are insufficient to determine source type, intensity, and location.  Furthermore, nearly all 
of these solid state designs have significant costs associated with scaling to large volumes. 

INL is in the process of demonstrating that a cloud chamber can accurately describe radioactive 
sources in terms of the isotope, absolute intensity, and location (direction and distance) of unknown 
sources.  This result is accomplished by a combination of a new inverse spectroscopy method based on 
evidential theory and innovative mechanical/digital design of the cloud chamber. 



Proof of Principle Cloud Chamber Design 

The cloud chamber detector represents an alternative method of detecting radiation.  The invention 
of the cloud chamber is attributed to the Scottish scientist Charles Thomas Rees Wilson who was 
studying how to recreate clouds in a laboratory setting early in the 20th century. The cloud chamber 
itself is a sealed container filled with a supersaturated liquid/gas. Often this is water or alcohol vapor. It 
was soon discovered that cloud chambers were also a useful means of visualizing the paths traveled by 
radiation. As radiation particles, such as  or  particles travel through the vapor, they ionize the 
surrounding atoms. Gas molecules then condense around these ions, thus forming streaks of mist 
(Figure 1). The size, width and length of these streaks are indicative of the type of radiation particle and 
its energy [1]. 

Figure 1: Radiation Tracks in a Cloud Chamber 
The INL designed cloud chamber, schematic shown in Figure 2, has dimensions of 16 in. x 16 in. x 24 

in. making for a 6000 in.3 size (or 100,000 cm3).  The four pistons shown provide sufficient volume to 
ensure that the chamber can be made supersaturated with a mixture of ethyl alcohol and water.  
Acetone was not chosen due to the corrosive potential for the plastic enclosure.  The pistons have 
simple 110V/60Hz power requirements.  This means that the active chamber does not have any special 
power requirements.  In addition, the chemicals require minimal special handling. 

 
Figure 2:  Large Active Volume Digital Cloud Chamber Design 

Not shown in Figure 2 are the two orthogonally placed cameras to resolve the cloud chamber tracks 
in 3D.  The cameras are connected using a high speed, such as firewire or USB 2.0, connection.  The 
initial cameras have over 10 megapixel resolution with an approximately 1 Hz frame rate giving an 
excellent ability to resolve the droplet tracks, but not the formation of the droplets.  For this application, 
this should be sufficient because the primary interest is resolving each pixel as finely as possible.  With 



 

 

these two 10 megapixel cameras, there are nearly ten billion voxels giving a resolution of approximately 
10 �m in each dimension.   

Inverse Spectroscopy 

The inverse spectroscopy portion of this research has led to the conclusion that the detector can 
have effectively continuous energy and continuous direction for its results.  This is primarily a result of 
having the electron energy and direction information.  The combination of both of these allows for a 
very sophisticated reconstruction technique based on the Dempster-Shafer theory of evidence (or belief 
functions).  The Dempster-Shafer theory is based around using the maximum amount of evidence in 
support of hypotheses [2].  It is a quantified theory which is ideal for random and uncertain information.  
In the case of the reconstruction in support of the cloud chamber, Dempster-Shafer theory allows for 
the understandably large degree of uncertainty as well as the fundamental random nature of nuclear 
radiation. 

Fundamentally, the reconstruction algorithm can use any arbitrary number of hypothesis bins for 
the gamma ray source voxel and an equally arbitrary number of energy groups to resolve the solution to 
a desired level.  Effectively, this means that as more data is gathered, the reconstruction algorithm 
consistently improves the solution.  The solution is not unique, however.  Instead, the data points to a 
most probable solution.  In inverse spectroscopy, unique solutions occur only for a specialized class of 
problems (no scatter, perfect detector, unique sources…).  This inverse spectroscopy approach avoids 
this problematically result of mathematics by simply weighing the possibility that a gamma ray source is 
located in a particular location.  Other solutions might be correct, but, selecting the most likely solution 
(or several of the most likely solutions) is typically correct.  Again, as more data becomes available as in 
the case of a long term monitoring problem, the likely solutions collapse strongly into a recognizable 
solution. 

Applications 

The INL cloud was initially designed in response to the first listed application for hot cell monitoring.  
Since that initial concept was developed, we have considered what other domains might be ripe for this 
detector.  We consider that any applications might be appropriate which have the properties: 

1. Not significantly time-constrained 
2. Widely variable temperature requirements (from -50oC to 400oC) 
3. Need physically large detectors 
4. Have interesting geometries 
5. Operate in highly contaminated environments 
6. Require accurate determination of isotopic constituents 

In many cases, these requirements exactly fit with long term monitoring of nuclear material.  We 
present a variety of cases below that have some or all of these properties. 

Hot Cell Monitoring 

The INL original application was for long term monitoring of nuclear material within a hot cell 
environment.  This environment is highly contaminated and has temperatures approaching several 
hundred degrees Celsius.  Because the application is based around monitoring for changes for months or 
years to nuclear material within the hot cell, INL was concerned about traditional nuclear detectors.  In 
addition to the expected degradation due to the high temperatures, the radiation damage to typical 
detectors may result in poor performance.  In addition, most detectors cannot resolve the location of 
the nuclear material which was a central requirement for this application. 



The digital cloud can make a long term measurement and continuously ascertain that the material 
has not been substituted or moved during the duration.  The size of the chamber is considered a factor 
in the space-constrained hot cell.  But, it was determined that space could be made available for this 
technology if it should be deployed.  

Spent Fuel Measurement 

The digital cloud chamber is an inherently radiation hardened detector system, as the chamber itself 
is simply a mechanical device, and the electronics can be removed to a safe distance via fiber optics for 
the cameras and lighting.  Additionally, the large volume and low density of the working fluid will allow 
for a tremendous count rate before the charged particle trails cannot be resolved.  Accordingly, a digital 
cloud chamber offers distinct advantages for the measurement and quantification, of the plutonium 
content of spent nuclear fuel.  

The gamma and neutron emissions from a spent fuel assembly will interact with the digital cloud 
chamber working fluid.  A typical chamber will have cameras positioned to capture images of the droplet 
trails from multiple directions through fiber optic lenses and cables, allowing a 3-D reconstruction of the 
charged particle pathway, see Figure 3.  The chamber will be illuminated as needed, also by directing 
light through fiber optics.  As described above, the energy and direction of the charged particle can be 
calculated, providing evidence to the algorithm about the probable interaction, source particle type and 
energy, and the direction from which it originated.  Given sufficient counts, a calculation of the location 
and quantity of the plutonium in the spent fuel can be performed. 

 

 
Figure 3: Measurement of a fuel assembly using a digital cloud chamber 

The digital cloud chamber in Figure 3 is represented as rectangular to demonstrate the 3-D camera 
configurations.  In practice, however, the shape of the chamber is not limited to rectilinear boxes.  Any 
geometry can be used given sufficient cameras to image the volume properly and a careful calibration of 
the resulting camera image.  Further, the physical size of the digital cloud chamber is limited only by the 
mechanical requirements to maintain the working fluid conditions necessary for droplet formation.  
Accordingly, to increase the count rate further, the digital cloud chamber can be built in an annular 
fashion to surround the fuel element, see Figure 4.  Such a chamber could also operate underwater, 
although with the added uncertainty caused by shielding and scattering in the water. 



 
Figure 4: Measurement of a spent fuel assembly within an annular-shaped digital cloud chamber 

Safeguarding Large Areas with a Single Detector 

INL envisions using the digital cloud chamber for safeguarding large regions.  One of the key features 
of a digital cloud chamber is that it can continuously monitor an area that could be filled with spent fuel 
or other safeguard applications.  Digital cloud chambers can also be scaled to very large volumes 
depending on the specific application.  As shown in Figure 1, the initial digital cloud chamber has over a 
100,000 cm3 active detection volume.  INL envisions that future applications could include evaluating 
total plutonium masses and isotopic distributions in spent fuel bundles. 

Monitoring Dry Cask Storage 

In a typical monitoring application, it is often decided to observe the loading of spent fuel into dry 
cask storage, and then monitor the loaded cask for signs of movement or tampering rather than 
carefully measure the plutonium mass content within a given fuel assembly.  This may be done for 
reasons of cost, time, or ability to accurately obtain the measurement.  A simple large digital cloud 
chamber, or an array of such chambers, can be put in place within the dry cask storage facility to 
continuously monitor the spent nuclear fuel cask farm.  The casks already massively shield the radiation 
emissions, drastically reducing the count rate in the chamber; however, the long time monitoring will 
overcome this limitation.  

Given the detector measurements, a reconstruction algorithm develops dynamic images of the 
location and quantities of the nuclear material in the casks.  These images become more refined as time 
passes.  Changes in the fuel position, such as movement of a cask or removal of a fuel element from an 
opened cask, alters the image and results flag the facility for follow-up inspector attention. 

Wide Area Monitoring for Nuclear Material 

The cloud chamber detector design being proposed addresses the need for a compact and mobile 
detector that law enforcement agencies, such as police departments, may use to detect the location and 
composition of nuclear material being stored or transported within the United States. 

The concept of equipping police departments with radiation detectors is not a new concept. 
Heightened concerns after the events of 9/11 over a potential nuclear attack coupled with the 
realization that the police force patrols large swaths of major cities have led to the inception of nuclear 
detection programs within police departments. The New York Police Department (NYPD) has addressed 
this issue on multiple fronts.  In 2009, the NYPD began a three pronged approach. Approximately 8,000 



dosimeters were purchased and are worn by officers to detect hot spots of radiation. Additionally, the 
NYPD uses a portable Thermo-Fissure Portal Monitor (~$100,000) at the main entrances to large events 
in New York City, such as major sporting events or political events. Also, the Department of Homeland 
Security gave the NYPD three Advanced Spectroscopic Portal Monitors (~ $ 450,000) originally intended 
for a port application. These monitors were installed within large sports utility vehicles in order to 
monitor entrances to major bridges and tunnels [3].  In coordination with the Remote Sensing 
Laboratory at the Nevada Test Site, a neutron and gamma radiation detector was developed. 

The INL digital cloud chamber is designed to determine what the radiation source is and from where 
it is coming. Equipping officers with dosimeters or specialized sport utility vehicles simply alert officers 
to the presence of radiation.  Effective use of these detectors is very challenging in realistic urban 
environments due to high false alarm rates.  In contrast, the cloud chamber could specifically alert an 
officer to whether the radiation is being emitted by plutonium and/or uranium, or a completely 
harmless source, such as a cancer patient or a truck full of bananas.  This would result in a significantly 
lower false alarm rate.  

In specifically adapting the cloud chamber design to a squad car, several design considerations were 
taken into account. The main concern is designing the chamber in such a way that it is small enough to 
not take up too much space in a police car already loaded with equipment, yet large enough to have 
adequately high detection sensitivity. In a purpose-built police car, INL envisions directly integrating the 
cloud chamber into the physical design of the car, such as installing the chambers within the car doors as 
shown in Figure. Although pressure vessels generally are manufactured in spherical or cylindrical shape, 
door a pancake shape is more adequate for a car door.  

 
 

The significant research issue is whether this will leave enough volume for the reconstructions 
software.  In generally, this can be overcome by increasing the gas pressure with the chamber, thus 
reducing the interaction length of any incoming radiation particle.  On the other hand, INL has begun to 
consider the mechanical limitations of such a chamber with regard to the maximum pressure. In 
addition, possible accident scenarios, such as a side-impact, are also a potential limitation. 
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