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ABSTRACT

We discuss the design considerations of a Cold Neutron Irradiation Facility (CNIF) 
originally to have been installed at the Penn State Breazeale Reactor (PSBR). The goal of this 
project was to study the effects of radiation-induced damage to cryogenic moderators and, in 
particular, solid methane. This work evolved through the design stage undergoing a full safety 
analysis and received tentative approval from the PSBR Safeguards Committee but was 
discontinued due to budgetary constraints.

1. INTRODUCTION

In 1994, the IPNS Division of Argonne National Laboratory initiated the study of a facility 
for testing cryogenic moderator materials in the 1-MW TRIGA Penn State Breazeale Reactor 
(PSBR). The installation was intended to be used for testing of irradiated solid methane aimed to 
develop data and methods for controlling burping and other radiation damage effects. The data 
were to support the use of solid methane moderators in IPNS where a project was underway to 
install a replacement Booster Target, which would increase the neutron source strength by a factor 
of 2.5 and correspondingly increase the nuclear heating and radiation damage rates.

A solid methane moderator already operated well in the presence of a depleted Uranium 
target, and a booster target operated satisfactorily until it expired after three years service. But 
projected needs for frequent annealing with the Booster Target prevented simultaneous use of solid 
methane and a Booster without further information and we operated the system with liquid 
hydrogen for that period.

A facility to study the generation and subsequent energy and hydrogen gas release from 
radiation induced defects in cryogenic materials would be highly desirable. Such studies are not 
feasible at large facilities dedicated to producing neutrons for scientific research or commercial 
ventures since, as production facilities their operation cannot be risked or disrupted for research and 
development efforts. The Cold Neutron Irradiation Facility (CNIF) was to provide a cryogenic 
environment where the effects of irradiation on the moderator materials used for cold neutron 
sources could be studied. The design goals for this facility were to provide a flexible facility 
capable of maintaining cryogenic temperatures in a high radiation environment where defect 
generation and hydrogen and energy release could be studied.

2. THE BREAZEALE REACTOR

The Breazeale Reactor is part of the Radiation Science and Engineering Center at the 
Pennsylvania State University and is the longest-operating reactor on a university campus in the 
United States. The reactor has a TRIGA core that operates at 1 MW in the steady state mode and 
can be pulsed to 2000 MW. The reactor employs a swimming-pool design and has a moveable core 
allowing the reactor to be moved nearly anywhere in the pool (see Figure 1).
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Figure 1. Perspective view of the Penn State Breazeale Reactor (PSBR). This diagram gives a 
three-dimensional view of the reactor. The reactor may be moved to either side of the pool 
depending on the desired experiment. In the far right location, a beam of neutrons can be used for 
experiments in the neutron beam laboratory. The pool contains 71,000 gallons of water for 
radation shielding and cooling purposes, and is 30 feet long, 14 feet wide and 24 feet deep.

Currently the PSBRC provides a basis for a gamma irradiation laboratory with 6,000 
curies of cobalt, a low-level radiation-monitoring laboratory, fast neutron irradiation capability, a 
neutron beam laboratory, two hot cells, and a neutron activation analysis laboratory.

For 1 MW reactor operation, the nuclear heating rate in the CNIF is approximately 
0.1 W/cm3 for solid methane in the test position.

3. DESIGN PARAMETERS AND SAFETY CONSIDERATIONS

Three considerations governed the design of the CNIF.
First, the installation and operation of the CNIF could not render necessary a change in the 

technical specifications of PSBR. This required that the installation and operation neither 
involved an unreviewed safety question nor did it involve a reduction in the margin of safety for 
any of the technical specifications. The safety questions were analyzed in detail in the CNIF 
Safety Analysis Report (SAR) and none were deemed unreviewed (although a lively discussion 
ensued at the Safeguards Committee about the limits on explosive materials allowed near the 
reactor core). Thus a change in technical specifications was not necessary. Any such change in 
the technical specifications would have involved a prohibitive cost as well as a substantial amount 
of administrative time.

Second, the sample cell (and rest of the facility) was designed to accommodate a 50-cm3 
sample of solid or liquid CH4 at temperatures as low as 4 K. Due to the problems associated with 
radiation-induced defect generation in solid CH4 and possible subsequent release of methane gas
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and the (remote) possibility of ignition of a methane-air mixture, 50 cm3 was the upper limit 
allowed and consistent with the technical specifications of PSBR. Furthermore, sufficient passive 
safety mechanisms had to be designed into the facility to allow for a comfortable safety margin. 
We discuss these in more detail in the section titled Safety Analysis.

The third and final design consideration for the CNIF was flexibility. While the initial 
experimental program consisted of tests of the CH4 moderator, future moderators might include 
various other cryogenic materials. In the case of different cryogenic materials, a detailed safety 
analysis would have to be completed prior to use in the same spirit as the analysis of the CH4 
moderator. In addition, the facility was designed with suitable flexibility in the sample 
experimental region to facilitate modified moderator designs and geometries. This flexible design 
also allows simple removal and disposal of the sample cell at the conclusion of the study. By 
constructing the cells out of materials with short half-lives little hold time is required to allow the 
cell to cool down.

4. DESIGN

The facility consists of a cryostat and associated support structure. The CNIF was to be 
placed in the reactor pool such that the reactor core can be brought into close contact with the 
facility. The vacuum, refrigeration and gas handling systems and monitoring equipment were to be 
placed on the reactor service floor.

During operation the reactor and cryostat would be stationary so that the facility acts as a 
fixed experiment. The cryostat was to be a conventional liquid helium/liquid nitrogen cryostat 
which allows samples next to the core to be cooled to temperatures near 4 K. The flexibility to use 
different cryogenic moderators necessitated the use of an insertion-type design so that the main 
component, the cryostat insert that is connected directly to the sample cell, could be removed and 
inserted as necessary. This design naturally led to a large displacement of water and the need for 
substantial ballast.

A vertical access tube joins two pressure relief tubes anchored to a weighted stand on the 
pool floor (see Figures 2-4). The pressure relief tubes, which are aligned with the side of the 
facility, provide a low-impedance path for any overpressures that could develop during the course of 
operation. In the worst-case (and highly unlikely) scenario discussed below, a severe pressure pulse 
develops in the sample cell and propagates through the system.

Since the central access tube is filled with shielding, it is a high-impedance path. Therefore 
the two pressure relief tubes provide a safe low-impedance path for the pressure pulse.

Within the central access tube is the sample chamber, with filling, cooling and monitoring 
equipment accessible through the shielding from above. The distance between the reactor and the 
irradiation facility is adjustable by moving the reactor however a rectangular air void on the CNIF 
allows strong coupling between the sample and the core. The sample chamber is adjacent to a 
horizontal beam hole through the reactor shield, to enable neutron beam measurements in the 
experimental area outside.

A primary design concern, as discussed in the Safety Analysis, is the ability of the facility to 
maintain its structural integrity during all modes of operation. The generation of radiation-induced 
defects in the methane moderator could lead to a spontaneous warmup and possible melting and 
vaporization of the sample. Because of the volume increase on melting and vaporization substantial 
overpressures can occur in the cell. An exhaustive list of possible scenarios leading to this event has 
been considered and the consequences have been tabulated. We performed a series of simulations 
of overpressurization of a finite-clement model of the CNIF to obtain estimates of the possible 
damage. As a worst-case scenario we assumed that all of the methane ignited with an appropriate 
mixture of air and subsequently overpressurized the entire volume of the CNIF. This worst-case 
simulation exhibited the most damaging of all pressure pulses. Although this scenario was deemed 
extremely unlikely it formed the basis for the safety design. With these simulations as a guide we 
determined the types of materials to use for construction and we arrived at comfortable margins of 
safety.
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Figure 2. Front view of CNIF.
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Figure 3. Top view of the CNIF.
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Figure 4. Perspective view of sample region and base of CNIF.
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5. SAFETY ANALYSIS

The safety philosophy in the design of the CNIF is two-fold: (1) the structure must be stable 
against buoyancy, slipping, and tipping, and (2) the structural integrity must not be compromised in 
the event of a thermal runaway in the moderator chamber.

The structural integrity can be subdivided into the three areas of buoyancy, strength, and 
stability. Since the system requires a large displacement of water, 1/2 ton concrete ballast was 
designed into the base structure to provide the necessary weight to counter the effects of buoyancy. 
Further, the large aluminum pipes in the primary sample area as well as the pressure relief pipes 
have adequate wall thicknesses to provide a safety factor in excess of 100 with regard to the 
hydrostatic pressures experienced at the deepest part of the pool. All welds necessary for 
construction are total penetration weldments providing the maximum strength for all joints. Finally 
a robust support structure provides a strong coupling between the facility and the concrete pool 
walls. This support structure prevents the facility from moving in the unlikely event of a 
disturbance in the pool water.

In the highly unlikely event of a thermal runaway of the methane sample an 
overpressurization of the sample area could result and the possibility exists of structural failure. 
Preventive measures to guard against an overpressurization in the sample cell have been included. 
Table 1 summarizes events that might lead to this result. Due to the serious consequences of a 
failure of this type passive (rather than active) safety features were selected (see Figure 5 for a 
schematic overview of these features).

Table 1. Summary of Failure Modes [1].

Failure Mode Necessary Conditions Result Probability Consequences 
to facility

1. Thermal 
runaway

Failure to activate thermal 
cycling

Rupture disc 1 
activates and gas 
is removed from 
the system

seldom none

2. Extreme 
thermal runaway

Failure to activate thermal 
cycling and failure of disc 
1 or fdl line plugged with 
condensed air

Sample cell 
rupture disc 
activates. Gas 
expands to fdl 
volume.

unlikely none

3. Fulmination of 
the methane gas

Failure to activate thermal 
cycling and failure of disc 
1 or fdl line plugged with 
condensed air and failure 
of gas pump to remove 
CH4 gas and an extremely 
large contamination of 
oxygen and a spark 
produced by an applied 
voltage in excess of 25 V.

All rupture discs 
activate and the 
pressure pulse 
exits system

extremely
unlikely

none

4. Power failure shortterm:
none

5. Power failure long term: 
same as for 
failure mode 1
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Figure 5. Schematic overview of facility.

The most serious possible accident that could occur is the fulmination of the methane gas. 
However, as shown in Table 1, this scenario is extremely unlikely. Perhaps the most unlikely aspect 
of this scenario is the combination of the appropriate mixture of oxygen and methane and a spark of 
adequate voltage to ignite the mixture. Since standard operating procedure requires evacuation of 
the entire system, the only likely gas in the system is methane. Since operating procedure requires 
an evacuated sample chamber an upper leak limit has been imposed such that the amount of air that 
could leak into the system even in a two-week period is far too low to create an appropriate mixture. 
Furthermore, there are no electrical systems that could generate a spark with necessary energy to 
ignite the mixture. As with the conservative design of the other critical components, the facility has 
been designed so that the likelihood of a spark occurring is negligible.

An early experimental investigation of the least-igniting currents for hydrocarbon-air 
mixtures (including methane) resulted in regulation 134(A) of the 10th July 1913, which limited the 
maximum voltages permissible in mines to 25 volts. It was shown experimentally that bare-wire 
discharges with voltages not in excess of 25 volts could not generate discharges sufficient to cause 
the methane-air mixture to ignite. An excerpt from this investigation is cited below [2],

...Moreover, the results o f such experiments have had an important bearing upon the 
safety o f coal-mines, inasmuch as they have enabled estimation to be made as to the 
maximum voltage permissible in the primary bell-signaling circuits in mines. According 
to Regulation 134(A) o f the 10h July, 1913, this is now 25 volts, it having been proved 
that when in circuit with any means of supply o f electric current up to such voltage, 
bare-wire connections can be short-circuited and separated in an 8 to 8.5 percent 
methane-air mixture without causing its ignition.

Although extremely unlikely, the results of this worst possible accident are within the design 
parameters with a comfortable safety margin.
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6. CONCLUSIONS

The work progressed through the outlining of an initial experimental program, design and 
planning, and preparation and approval of a safety analysis report. The project terminated at this 
stage without starting any construction activity due to budgetary constraints. The Booster Target 
replacement project at IPNS was placed on hold due to administrative delays related to the use of 
Highly Enriched Uranium in the target. Thus, IPNS decided to terminate the project until the 
Booster Target project was resumed.
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