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ABSTRACT 
 

The University of Utah 100 kW TRIGA (UUTR) reactor provides usable neutron 
yields for neutron radiography. Currently, UUTR reactor has three irradiators (Central, 
Pneumatic, and Thermal irradiators) and one Fast neutron Irradiation Facility (FNIF). 
These irradiators are very small so they are not suitable for neutron radiography. UUTR 
has three beam ports but they are not available due to the structure of the core. All sides 
of the core are occupied by FNIF, Thermal Irradiator, and three ion chambers. The only 
available position for underwater vertical beam port is on the top of the FNIF. There are 
two factors necessary to fulfill to be able to realize vertical underwater beam port: 
noninterruption to other facilities and radiation shielding. Designing the vertical beam 
port as movable ensures good access to the core and pool, while still providing a good 
neutron radiography environment. Keeping the top of the beam port below the surface of 
the pool the water represents biological shield. Neutron radiographs, with a simple setup 
of efficient neutron converters and digital camera systems, can produce acceptable 
resolution with an exposure time as short as a few minutes. It is important to validate the 
design with calculations before constructing the beam port. The design of the beam port 
is modeled using the MCNP5 transport code. A minimum of 105 neutrons/cm2-sec 
thermal neutron flux is required for high resolution neutron radiography. Currently, the 
UUTRIGA is in the process of upgrading its power from 100 kW to 250 kW. Upon the 
completion of the upgrading, the maximum neutron flux in the core will be ~7x1012 
neutrons/cm2-sec. This paper discusses a modeling and evaluation of 
capability for a neutron radiography facility. 
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1. Introduction 
X-ray radiography has a long history of applications in medicine as well as in the 

field of nondestructive testing. However, X-ray radiography images are created with a 
markedly different image that can be detected through neutron radiography. Neutron 
radiography is a nondestructive testing technique as well, but allows imaging of 
otherwise undetectable inside-defects in a variety of materials such as turbine blades, 
crank axis, and automobile batteries. Neutron radiography can detect any hints of 
corrosion or cracks inside of metallic structures [1]. The University of Utah has a 100 kW 
TRIGA reactor (UUTR). The UUTR core is based on a hexagonal prism lattice with a 
spacing of 1.72 inches (4.37cm) center to center. The core has seven rings of fuel 
elements marked as A-ring, B-ring, up to G-ring. The A-ring is actually not a ring since it 
has only one space position and is located at the center of the core; it does not contain 
any fuel. This is the location of the highest flux in the core and this space is available for 



irradiating the samples. The B-ring (outside of the A-ring) consists of six fuel element 
locations; each ring outside of the previous has an increased number of assembly and 
fuel element locations by six. The core is not loaded in a uniform manner due to the 
types of irradiation facilities present. The Thermal Irradiator (TI) has graphite reflector 
elements located in G2 through G7. The TI tank is filled with D2O and has a sample 
insertion tube extending from the center of the TI to the top of the reactor pool. The Fast 
Neutron Irradiation Facility (FNIF) is intended to provide a neutron spectrum 
approximating a fission spectrum.  It is placed as close as possible to the outer ring of 
fuel with as little moderation as possible. The FNIF has an insertion location, which is 
surrounded by two inches of solid lead to decrease the gamma irradiation while not 
moderating the neutrons significantly. The UUTR tank was designed with the ability to 
add beam ports at three different locations around the core [5]. The design incorporated 
outer beam port tubes extending down through the floor, through the outer steel tank, 
and abutted against the inner aluminum tank. The angle is such that a beam port insert 
could be lowered into the pool and placed against the core on one end and against the 
inner aluminum tank on the other end lined up with the outer beam port tube. The design 
of the insert would need to be such that it has slight negative buoyancy. The advantage 
of the beam port is that the beam port insert could be moved or removed when it is not in 
use, providing a better access to the core, and more flexibility for users of the facilities.  
Issues with the design required to be resolved include the biological shield needed at the 
outer end of the beam port, the location of various equipment around the outside of the 
pool and core, and the right angle of the beam. Because of the location of the ports 
around the outside of the pool, the space available for experiments and the biological 
shield are extremely limited.  The three outer ports are located on 120° intervals around 
the outside of the pool with the ports pointing directly north, southwest, and southeast. 
The smallest available space around the reactor pool is directly north while the largest 
space is southwest. This space issue renders the north port completely unusable while 
the southwest and southeast ports have limited space due to the east and west walls of 
the reactor room. The core would also need to be changed to move instrumentation or 
existing experimental facilities out of the way of the beam port insert. The angled beam 
port would create difficulties in performing certain experiments such as neutron 
radiography. The difficulties could likely be overcome, but may require extravagant 
engineering solutions. These challenges pointed out in examining the vertical beam port 
to alleviate some of the issues as discussed. If the vertical beam port is designed as 
moveable, it can provide good access to the core and pool while providing a good 
neutron radiography environment.  If the top of the beam port is kept below the surface 
of the pool, the water above the port will act as a good biological shield.   

 
2. Efficient UUTR Beam Port Design 

Placement of the vertical beam port can have a drastic effect on the beam port 
flux, reactor operation, and the usability of facilities.  A beam port placed directly over the 
center of the core would maximize the neutron flux in the beam port.  However, this 
configuration would interfere with control rod drive mechanism and visual inspections of 
the core.  It would also hamper access to some of the other experimental facilities 
decreasing or eliminating the opportunities for piggybacking experiments thus increasing 
the operating costs of the reactor. Placement of the vertical beam port to the side of the 
core will lower the beam flux but it does not require changes to the control rod drive 
mechanism and provides better visibility of the core and better access to other 
experimental facilities. To maximize the beam flux, the port should be placed as close to 
the core as possible. Due to the presence of other experimental facilities and 
instrumentation, the available locations next to the core are limited. A possible solution 



for the placement of the beam port is to use the FNIF.  It has a flat top, which would work 
well for the placement of the beam tube.  The neutron flux in the FNIF is fairly well 
characterized which would be beneficial in providing a baseline for calculation and 
reactor control [4]. The vertical beam port will be moveable to provide good access to 
the core when needed and will have the ability to use different apertures for different 
applications. The end of the beam port should be far enough below the surface of the 
pool to not need a biological shield other than the water existent in the pool.  It should be 
a simple design to minimize cost and downtime. To accommodate different apertures the 
beam port will be composed of a two pieces. The aperture assembly will be separated 
from the beam port. This will provide the ability to use different apertures for different 
applications as needed. The most common apertures would be permanent fixtures, 
which would not be easy to modify.  Some easily modifiable apertures could also be 
made to accommodate testing of new aperture designs or to create custom apertures, 
which would only be used for a short period before being changed. This aperture 
assembly would fit into the sample area of the FNIF and would have the same basic 
dimensions as the FNIF insert with the exception of the height. It would be designed to 
hold the bottom of the beam port in place on top of the FNIF. The beam port is put into 
place by placing it over the aperture on top of the FNIF.  It must be secured at the top by 
mechanisms extending to the top of the pool secured to the framework of the control rod 
drives or the pool side. 

3. The MCNP5 Model 
Before manufacturing the beam port it is important to validate the design with 

calculations.  The beam port design is modeled using MCNP5 [2] transport code. To 
speed up processing and improve the reliability of the results, the model was split into 
two parts. The first part of the model includes whole core and the FNIF surrounded by 
water as shown in Figure 1. Each fuel element was modeled individually as placed in its 
correct location.  All the components of the FNIF were also modeled as accurately as 
possible based on original design drawings.   

 
 Figure 1. MCNP5 model of the UUTR FNIF and UUTR reactor core; FNIF contains lead 
shielding to reduce gamma components from the core; the maximum neutron flux at the center of 
FNIF is 3.0 x 1011 neutrons/cm2·sec      
 
The central part of the FNIF (the opening) was filled with air in our MCNP5 model. 
Neutron MCNP5 tallies for the core was set up in two locations. The first was a flux tally 



for the central irradiator. The second was a current tally for neutrons crossing the top of 
the FNIF. A photon current tally across the top of the FNIF was also defined to 
characterize the photon spectrum.  All the tallies in the models were divided into 200 
energy bins to define a spectrum. The second part of the model relates to the port; the 
beam port assembly and the top opening of the FNIF is shown in Figure 2.  Directly 
above the FNIF opening was approximately 10 cm of lead with 2.5 cm of graphite above 
that in contact with the lead.  A square aperture (with the sides equal to 2.54 cm) was 
made of 0.25 mm thick gadolinium. The aperture was located approximately 5 inches 
above the FNIF opening in direct contact with the graphite. The beam port itself was 
modeled as being filled with the air. The bottom of the port was dimensionally the same 
as the FNIF top opening. The top was dimensionally the same as the sample box.  
There was approximately 350 cm from the aperture to the top of the beam port (the 
cassette loading area).  The sample box had dimensions of approximately 53 cm long by 
46 cm wide by 31 cm high. This sample box was divided by 9 circular sections such as 
area 1, area 2, area 3, etc., to calculate neutron and gamma fluxes on each area of the 
top of the sample box. The beam port was made of aluminum and its inside was filled 
with air. The results (photon and neutron energy and probability) from the second tally of 
the core model were used as the source terms for modeling the port. The source term 
was defined as a surface source distributed uniformly over the surface.  The final tally 
was at the top of the cassette box.  This was a current tally for neutrons and photons 
subdivided into nine segments as shown in Figure 3 to check the uniformity of the flux at 
the film cassette.  Since MCNP5 only allows source definitions for a single particle type 
in the model, the beam port in the model had to be modeled once for the neutron source 
and once for the photon source.  The tally results for each run then had to be combined 
into a final neutron tally and a final photon tally.  
   

 
  Figure 2. Vertical beam port; inside of the beam port is filled with air 
 
   4.     Results 

The first part of the model was run for a total of 1,101,770 particles. The relative 
error of the neutron current across the top opening of the FNIF was 0.0131.  Results less 
than 0.10 are considered to be reliable. It should be noted that not all the energy bins 
had relative errors less than 0.10. However, all the bins below 8 MeV had relative errors 
below 0.10. The same tally for photons had a relative error of 0.0145. Since all the tallies 



were eventually referenced back to the central irradiator neutron flux, the relative error of 
this tally is also of interest.  The relative error of the central irradiator tally was 0.0132 
with the majority of the lower energy bins having relative errors less than 0.10. The 
lowest energy bin to have a relative error larger than 0.10 is at 13.3 MeV. 

 

 
Figure 3. MCNP5 neutron and gamma fluxes on the top of the UUTR beam port 

 
 Normalizing the tallies to the central irradiator provided the ability to approximate 
the actual neutron and photon currents and flux across the top opening of the FNIF. The 
neutron flux was obtained to be 2.22 x 1010 neutrons/cm2-sec at the top of the FNIF 
opening [8]. This is at the same level (height) as the top surface of the core. This 
measurement is credible because the neutron flux measurement halfway down 
(vertically) the FNIF results in 3.0 x 1011 neutrons/cm2-sec, [4]. The neutron flux 
distribution is highest at the half way point (vertically) and tapers off going either 
direction (up or down). This axial neutron flux distribution in the FNIF is very similar to 
that of the central irradiator. The central irradiator has a maximum flux half way down 
(vertically) as well and presents a similar pattern of distribution. Using the neutron and 

the model, neutron and photon tallies were obtained at the top of the experiment box 
(where the film cassette would be placed). It took 300 minutes using 207 million particles 
and the relative errors of all the photon tally segments were below 0.04.  The second 
part of the model using the neutron source ran for a total of 10,570 minutes (7 days, 8 
hours) resulting in 114 million particles being tracked.  The relative errors of all the 
segment tallies for both neutron and photon were less than 0.02. As shown in Table 1 
the average neutron current across all nine tally segments was 3.49 x 108 neutrons/sec 
or a flux of 2.21 x 106 neutrons/cm2-sec. The standard deviation was 8.73% for the 
current or 1.22% for the flux. The average photon current was 1.86 x108 photons/sec or 
a flux of 1.18 x 106 photons/cm2-sec. The standard deviation was 8.46% for the current 
or 2.09% for the flux. The neutron spectrum from MCNP5, over 70% of the neutrons 
were below 0.01 MeV. On the top of the beam port that is about 350 cm from the top of 



the core, majority of the neutrons are thermal neutrons because there will be paraffin 
and graphite layers at the bottom of the beam port. For this modeling, neutron energy 
ranging from 0 to 20 MeV was divided by 200 equally spaced energy bins. The effect 
from fast neutrons on neutron radiography is negligible and it is important to set up more 
detailed tallies in the thermal neutron energy region in the future modeling [6]. For image 
detection, a thermal neutron to gamma ratio of 105 neutrons/cm2-mR is required. In 
general, Gadolinium oxysulphide (GdOS) is used for the converter to lower the neutron 
flux for high image resolution. GdOS has a thermal neutron flux to gamma conversion 
ratio of 3x106 neutrons/cm2-mR and the minimum requirement of neutron flux for high 
resolution neutron radiography can be ~ 3.33x104 neutrons/cm2-sec [7]. 
 

Table 1. The average neutron and photon current across all nine tally segments 

 

   5. Conclusions 
According to the ASTM standards E78-02 (ASTM 2002) [3], if thermal neutron 

flux from a nuclear reactor is between 1E5 nts/cm2-sec and 1E8 nts/cm2-sec, it 
represents an excellent source for neutron radiography.  High resolution radiography 
requires a total neutron flux of about 1E12 nts/cm2-sec at the source and thermal 
neutron flux of 1E6 nts/cm2-sec at an object [1]. From the calculations based on the 
MCNP5 for the University of Utah 100 kW TRIGA reactor, it is obvious that a vertical 
beam port is not only feasible, but also desirable. The major drawback to the design is 
the requirement to place samples in a water-tight box and lower them onto the top of the 
port. The advantages of a simple design with changeable apertures and no additional 
biological shielding requirement far outweigh the drawback for research purposes.  If 
high volume production were desired, having to lower each sample through the water to 
the port would render this design virtually unusable. Though this design used the FNIF 
as a starting point, it is not dependent on using the FNIF.  It would be a simple matter 
and may even be desirable to design a new base for the beam port.  A new base for the 
beam port could be designed to improve the neutron beam quality instead of making 
with what is available. It should also be noted that in designing the aperture, fill materials 
(i.e. graphite, lead, water, etc.) for the opening of the FNIF should be investigated to 
possibly reflect more neutrons up the port. It would also be advantageous to create a 
complete accurate model of the core inclusive of all the facilities and verify the MCNP5 
model.  Any further modeling of the facility could always start with the verified 
benchmark model of the core resulting in increased confidence of the results.   
 
   6. References 
1. Halmshaw, R. Industrial Radiography, 2nd edition, Sevenoaks, UK, Chapman & Hall, 1995. 
2. X-5 Monte Carlo Team, MCNP5 manual, Los Alamos national laboratories, Oak Ridge, 
Tennessee, 2003. 
3. Annual Book of ASTM, Standard particles for thermal neutron radiography of materials, 
Designation E748-02, ASTM 2002. 
4. John Bennion, Characterization and Qualification of a Quasi-Fission Neutron Irradiation 
Environment for Neutron Hardness Assurance Testing of Electronic Devices and Other Materials 
Damage Investigations, Ph.D. Dissertation, The University of Utah, 1996. 
5. Safety Analysis Report for the University of Utah 100 kW TRIGA Reactor, the University of 
Utah, 1985. 

A ve r age Std D e v %  C h ange A ve r age Std D e v %  C h ange

F lu x 2.21E+06 2.69E+04 1.22% 1.18E+06 2.46E+04 2.09%

C u r r en t 3.49E+08 3.04E+07 8.73% 1.86E+08 1.57E+07 8.46%

N eu tron P hoton



6. Domanus, J. C., Practical neutron Radiography, Norwell, Massachusetts, D. Rediell Publishing, 
1992. 
7. Peter, V. D. H., Rottger, H., Neutron radiography Handbook, Hingham, Massachusetts, D. 
Reidel Publishing, 1981. 
8. Thompson, R. J., Investigation of a flux trap for a TRIGA reactor, MS Thesis, the University of 
Utah, 1982. 
 
 


