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IN A 

SMALL

PACkAGE

Tracks left by gold atoms 

in the time projection 

chamber at Brookhaven 

National Laboratory’s 

Relativistic Heavy Ion 

Collider. (Image courtesy  

of the STAR collaboration.)

By MoNTE BASGALL
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UNCERTAINTY LINGERS IN THE fleeting moments after nuclei split in reactors and weapons. 
Because those chains of events affect everything from energy production to waste generation, 
researchers from Los Alamos National Laboratory and two other national laboratories are working 
with colleagues at six universities to better their understanding of fission.

They hope to advance their observational and forecasting precision with help from a miniaturized 
version of a tool particle physicists use to recreate conditions of the early universe. The tool, called 
a time projection chamber, or TPC, is used to identify charged particles created in high-energy 
collisions at huge accelerator facilities. The downsized TPC will instead reveal details about the  
very complicated fission process.
 
Time projection chambers at places like Brookhaven National Laboratory’s Relativistic Heavy  
Ion Collider, measuring about 14 feet long and wide, would fill the lane of a basketball court.  
The scaled-down TPC, no bigger than a coffee can and only 15 centimeters across inside, is a  
hydrogen-filled aluminum cylinder charged with high voltage and crammed with enough  
high-speed, high-capacity electronics to process half a trillion bytes of data a second.

rEsEarchErs at los alamos and ElsEwhErE 

hopE that a scalEd-down dEvicE from particlE 

physics will put fission – and associatEd 

wEapons, EnErgy and wastE – in sharpEr focus.
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“There are all kinds of technical 
challenges,” says Fredrik Tovesson, a 
nuclear scientist who heads TPC efforts 
at LANL, where the first working 
prototype will be installed summer 
2010 on a neutron beam line at its 
Neutron Science Center. “We’re doing 
something that is pretty hard and 
really hasn’t been done before,” says 
Tony Hill, the director of nuclear data 
efforts at Idaho National Laboratory’s 
Technical Integration Office and  
co-scientific director of the project. 

In a typical U.S. nuclear reactor, 
substances called moderators slow 
down neutrons so they interact  
with fuel largely composed of 
uranium-235 with a small fraction  
of plutonium-239. U-235 and Pu-239 
easily undergo fission, splitting into 
at least two fragments, many gamma 
rays and several neutrons and releasing 

large amounts of energy. Neutrons from this reaction continue a chain – fission, 
moderation, fission – controlled by neutron-absorbing rods.

Pu-239 is a byproduct of neutron-capture reactions in U-238 and is therefore bred 
into reactor fuel. Some reactors burn higher fractions of plutonium, which can be 
harvested from former nuclear weapons or spent nuclear fuel.

The project targets these fissile isotopes, along with many others further down the 
periodic table. The commercial product of these fission processes is heat that drives 
the steam turbines to generate electricity. What remains presents an international 
predicament: highly radioactive wastes that must be safely secured for far longer 
than the lives of those who made them.

Experts base reactor and weapon designs on a combination of experiment and 
theory. One important goal is to determine, as reliably as possible, “cross sections” 
for the different isotopes in nuclear fuel. Cross section translates to “reaction 
probability,” Tovesson says. “You need to know the probability of different nuclear 
reactions, such as fission, in the fuel.”

FISSIoN’S BLACk BoX
For 50 years experimenters have measured cross sections by methodically 
detecting fission fragments in fission chambers placed in neutron beams. “Previous 
measurements on these things tend to be black boxes,” Hill says. “You’re getting 
very little information.” 

Over time the nuclear community has used these traditional methods to develop a 
good but imperfect standard for what to expect from U-235, the most widely used 
fuel. With the uranium results as a guide, experimenters and modelers then try to 
determine how the fission behavior of other fuel components, such as plutonium, 
may differ.

“They inherit all of the uncertainties associated with U-235,” Hill says. Such  
cross-section knowledge gaps “propagate into uncertainties in reactor 
performance parameters,” says the 2009 annual report for the new TPC project, 
funded by the Department of Energy’s Office of Nuclear Energy and National 
Nuclear Security Administration.

Those uncertainty parameters, the report continues, include “criticality, peak 
power, temperature, reactivity, transmutation potential, radiotoxicity and decay 
heat in a repository” – every aspect of how the fuel behaves and morphs during 
fission. As a result, the nuclear community must perform integral tests designed 
to provide best estimates of operating parameters when it starts up a reactor, 
Tovesson says.

“Since there are large uncertainties in specific quantities, and the reactors want 
to operate in the safest fashion possible, they don’t worry about the details of the 

A fissile target is mounted on the time 
projection chamber’s central cathode plane 
between two anodes, each with 3,000 small 
hexagonal pads to register an ionization charge 
that drifts through gas. The signals from each of 
the 6,000 channels are routed to the processing 
electronics mounted just outside the TPC gas 
vessel. The processing electronics consist of 192 
pairs of specialized boards – preamplifiers that 
boost and shape the raw signals and analog-
to-digital boards that convert and process the 
signals into a computer-friendly format and 
export it to data-acquisition computers.

TA R G E T I N G  F I S S I o N
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The Department of Energy’s fission Time Projection Chamber, with its metallic cylinder and  

two extended hexagonal planes on each end, resembles a model of a Star Wars fighter ship. 

But in this case, its central, coffee-can-sized space will serve as an arena for particles 

emerging from nuclear fission reactions. The two pad planes contain massive amounts of 

highly miniaturized electronic circuitry that will calculate and reconstruct particle tracks in 

three dimensions.

When positioned in experimental neutron beams, initially at Los Alamos National  

Laboratory’s Neutron Science Center, this powerful diagnostic tool will harbor elaborate 

displays of nuclear fireworks.

Incoming neutrons will induce fission in ultrathin central targets made of heavy fissionable 

isotopes called actinides – principally nuclear fuels such as uranium-235 or plutonium-239 

– inserted into the aluminum pressure chamber’s center. The array of charged particles that 

fission creates will pass through hydrogen gas compressed to several atmospheres in the 

almost 6-inch-wide chamber, knocking away protons and liberating electrons.

Because the chamber is charged to several thousand volts, an internal electric field will 

cause freed electrons to drift. The electrons and charged products of neutron-proton 

scatterings will leave ionization trails through the gas, much like jet airplanes leave vapor 

trails high in the atmosphere. The TPC’s computerized detection system will store those 

3-D ionization trails for visualization.

Mike Heffner, the project’s co-scientific director at 

Lawrence Livermore National Laboratory, says preparing 

and maintaining the electronics and software is labor-

intensive. “There are lots of person-hours that go into 

processing and writing codes for that much data, plus 

getting the electronics built and getting the TPC to 

work in this miniaturized state.”

The TPC will move up to half a trillion bytes of 

information a second over about 6,000 separate 

channels, funneled and processed in thin dual pad 

planes that not only span the pressure vessel’s end  

walls but also jut outside even further. That forms  

two six-sided working surfaces of about 20 inches –  

each made of 12-layer circuit boards. 

The ionization charges will drift along the electric field to either plane, where analog 

amplifiers in the pads will read them. Arriving charges will be time-stamped and the 

analog voltage will be converted to a digital number. These assembled data packets will 

be passed along those 6,000 channels, which will operate in parallel to save time, and will 

allow researchers to reconstruct a given ionization trail’s original location in the chamber.

I N  T H E  C A N

Inside each channel, nimble computational 

devices called field programmable gate 

arrays and associated algorithms will be 

able to weed out unnecessary information 

to reduce the computer-processing volume. 

The data flow may thus be reduced to mere 

megabytes per second.

The targets also have challenged TPC 

builders. Highly skilled teams must deposit 

the actinides in extremely thin layers using 

processes like evaporation. The thicker the 

target, the more fission will occur inside 

rather than on its surface, where a detector 

can log the results. The current standard is 

a wispy 100 millionths of a gram of material 

per square centimeter.

The actinides are deposited onto foils of 

backing materials such as carbon. Those also 

must be equivalently thin yet tough enough 

to withstand radiation damage during 

operation or tears during deposition.

Researchers have experimented with 

backings as thin as 30 millionths of a  

gram of material per square centimeter.

Says Tony Hill, a co-scientific director 

working at Idaho National Laboratory: “It’s 

unclear these will be reliable enough to use. 

But certainly we’ve gotten down to 100, 

which is borderline negligible.”

The Time Projection Chamber, depicted here on a 
stand that can move on rails.

The TPC pad plane design.
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data. Instead, they run the reactor 
once and map out much of the 
parameter space in an integral fashion 
and look at the results in the fuel. 
Now they know approximately what 
happens, but they can’t really say why.

“That works well with current nuclear 
reactors. But now try and design an 
advanced reactor. You only know how 
the current system works, but you can’t 
really predict something unknown.”

Partly driving the TPC project is 
DOE’s Fuel Cycle Research and 
Development program, which needs 
to come up with cleaner, less waste-
producing and better-known fuels 
to support next-generation reactor 
designs. It also seeks increased 
control of such materials to ease 
concerns about nuclear proliferation.

oLD PRoBLEM MEETS  
NEW TECHNoLoGy
The fission TPC project started about 
six years ago at Lawrence Livermore 
National Laboratory (LLNL), says Mike 
Heffner, an LLNL staff physicist and 
the TPC project’s other scientific leader.

The original focus, Heffner says,  
was to provide the cross sections 
needed for NNSA’s Stockpile 
Stewardship program, which aims to 
preserve weapon reliability without 
underground testing. “Then we 
realized there was also an application 
for the nuclear power industry.”

Heffner notes that researchers have 
exhausted current techniques’ ability 
to study cross-section/reaction 
probability measurements. TPC 
throws a new technology at an old 
problem, he says.

The TPC overcomes old methods’ limitations with a data-acquisition system 
that can process the vast information that pours from what amounts to a 3-D 
movie camera. Large TPCs offer massive signal processing and computerization. 
Particles from reactions in or near them are identified by the way they respond 
to gas and electric and magnetic fields inside.

Heffner and colleagues can track particles in three dimensions because the 
particles leave an ionized trail in the electrified gas. That information is then 
read out by copper pads and charge-sensitive preamplifiers and quickly piped 
along channels for digital processing. “The biggest TPCs have hundreds of 
thousands of channels,” Heffner says.

“The real complication is downscaling,” he says. “The challenge of building a small 
TPC is doing all that processing in a very small volume. And the techniques that 
will allow this to happen have only been developed in the last five to 10 years.”

The TPC design will allow researchers to use pure hydrogen to make use of “a 
different nuclear reaction that is better known than U-235’s,” Tovesson says. 
That’s because the hydrogen gas in the chamber is not just for ionization. An 
incoming beam of neutrons will also initiate what is called elastic scattering with 
the protons in the hydrogen. Elastic scattering is much better understood than 
the U-235 fission cross section typically used in these types of experiments to 
develop standards. Removing the U-235 fission cross-section liability is key to 
reducing uncertainties to less than a single percentage point. 

In elastic scattering, each fission fragment and scattered proton is charged and 
will ionize the hydrogen gas to “leave a contrail of ionization in the gas, much 
like a jet airplane leaves a vapor trail,” Hill says. The cloud of electrons liberated 
from the hydrogen gas then moves along the precision electric field maintained 
within the chamber.

Because this neutron-proton elastic scattering reaction is much simpler than 
uranium reaction probability measurements, researchers can measure and 
calculate it much more accurately compared to actual nuclear fuels such as U-235 
– “a factor-of-10-difference in precision,” Tovesson says, over cross sections. 

U-235 is typically included in measurements of other fission cross sections to 
understand the energy structure of the incoming neutron beam, but researchers 
can improve precision by looking at the interaction of neutrons elastically 
scattered off hydrogen. 

Elastic scattering triggers ‘a contrail of ionization in 
the gas, much like a jet airplane leaves a vapor trail.’
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A M P I N G  u P  F I S S I o N  S I G N A L S

The fission TPC electronics maximize the signal processing 
available while minimizing the space required, each card being 
about the size of a business card. The complete electronics chain 
consists of two boards that can process 32 independent channels. 
The signals enter through a small connector that attaches 
directly to the TPC. The first board is a set of independent 
preamplifiers that increase the raw analog signals and prepare 

them for digitization, which occurs on the second board. The 
digital board converts the analog signals. A field-programmable 
gate array then performs calculations on the data to minimize 
the output stream, which is fed to a local network. Data from the 
192 identical systems are reconstructed at a remote computer 
for analysis. The boards were designed at Lawrence Livermore 
National Laboratory.
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FISSIoN MoVIES IN 3-D
Because many fission products are 
electrically charged, the TPC will act 
like a 3-D movie camera that can 
capture and record every unfolding 
cross-sectional event rather than 
the previous few, Hill says. After 
neutrons pass through both the gas 
and ultrathin targets of fissionable 
materials called actinides, electronic 
readouts of all resulting ionizations 
will be processed by about 6,000 
parallel computational channels 
within a volume measured in inches. 
So “everything that happens in that 
chamber can be identified.”

Says Heffner, “I would say the ultimate 
goal is to make a measurement of 
the neutron-induced fission of 

Plutonium-239 as accurately as we 
can.” The researchers aim to reduce 
measuring uncertainties from 2 to 
3 percent to less than 1 percent. 
That will take time, they caution. 
“We’re shooting for 2014 or 2015 at 
this point,” Heffner says. They also 
hope for similar improvements in 
understanding other fuel types and 
some of their breakdown products.

A prototype TPC is in early testing at 
LLNL. Plans call for shipping it to the 
Los Alamos Neutron Science Center 
by late summer for insertion into an 
intense neutron beam.

More elaborate testing will follow 
at more than one neutron site to 
eliminate any bias. “There is one 

goal in the end, but there will be 
many, many steps,” Heffner adds.
The TPC collaboration includes 23 
active members working at the three 
national labs plus Abilene Christian 
University, California Polytechnic 
State University, the Colorado  
School of Mines, Georgia Institute  
of Technology, Ohio University  
and Oregon State University.

“There are students and post-docs 
involved, so we have a fairly young 
crowd as well as people who have 
spent a number of years doing this,” 
Heffner says. “We’re hoping to 
develop the next generation for  
this kind of work.”  


