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The comparative study for TRIGA LEU and HEU spent fuel target consisted in the estimation 

of the radiation doses during spent fuel transport, by using the 3D Monte Carlo MORSE-SGC code. 
TRIGA spent fuel source terms and spent fuel parameters have been obtained by means of ORIGEN-
S code. All geometrical and material data for the shipping cask were considered according to NAC-
LWT Cask approved model. For HEU spent fuel, a comparison against the measured data available 
from spent fuel repatriation last stage (2008, summer) is also presented. Dose rates for both HEU and 
LEU fuel contents are below regulatory limits, the LEU spent fuel photon dose rates being greater 
than the HEU ones.  
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INTRODUCTION 
 

TRIGA reactor (Training, Research, Isotope production, General Atomics) is a Light 
Water Reactor, a well-known pool type reactor using uranium-zirconium-hydride (UZrH) 
fuel provided by General Atomic Company, worldwide operating (about 67 reactors in 24 
countries, see Figure 1) [1]. 

 

 
 

Figure 1:  World map of operating TRIGA reactors, [1]. 
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Institute for Nuclear Research (INR) Pitesti, Romania, operates a TRIGA dual–core 

research reactor. The dual-core concept involves operation of a 14 MW TRIGA Steady State 
research and materials testing reactor at one end of a large pool (300 cubic meters of water), 
and the independent operation of an annular-core pulsing reactor (TRIGA-ACPR) at the 
other end of the pool (see Figure 2) [2]. The Romanian TRIGA reactor operation was mostly 
oriented towards long-term irradiation and testing of fuel components followed by post-
irradiation, but radioisotopes were also produced both for medical and industrial applications. 

 
 

Figure 2:  INR Pitesti TRIGA dual–core Research Reactor, [2]. 
 

The INR 14 MW TRIGA Steady State Reactor (SSR) first went critical in 1979. Until 
1992 the core configuration for full power operation used HEU fuel (93 wt% 235U), with 29 
fuel clusters. Back in 1978 US and, later on, IAEA recommended an international program 
related to the decrease of uranium enrichment in research reactors by converting the nuclear 
fuel containing highly enriched uranium (HEU) into fuel with low uranium enrichment 
(LEU). Between 1992 and 2006, the core configuration contained both HEU and LEU (20 
wt% 235U) fuel, up to a core configuration with 35 fuel clusters. In May 2006, a new core 
configuration, fully converted, containing only LEU fuel, 29 fuel clusters, was established. 
The HEU fuel repatriation effectively started in 1999, the final stage being achieved in 
summer of 2008. The 14 MW TRIGA SSR is now available for research and irradiation 
products and services activities. In Figures 3a/b/c TRIGA SSR core conversion stages are 
presented. 

For spent fuel transport was used a shipping cask approved model. The NAC-LWT 
spent fuel shipping cask has been developed by NAC International Inc. as a safe means of 
transporting pressurized water reactor fuel, boiling water reactor fuel, material test reactor 
fuel elements, and metallic fuel [3]. The shipping cask assembly is composed of a package 
providing a containment barrier, to prevent radioactive material release, shielding materials 
being selected and arranged to minimize cask weight while maintaining overall shield 
effectiveness. Lead and steel are chosen as effective gamma radiation shields, and a water 
tank on outside of the cask is provided to efficiently moderate and absorb neutron radiation. 
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Figure 3a: Standard core configuration containing only HEU fuel, 1979 – 1992. 
 

 
 

Figure 3b: Mixed core configuration containing both HEU and LEU fuel, 1992 – 2006. 
 

 
 

Figure 3c: Fully converted core configuration containing only LEU fuel, May 2006. 
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THEORETICAL MODEL SET-UP 
 

The TRIGA fuel assemblies consists of 25 fuel rods each, with 1.29 cm active diameter 
and 55.88 cm active height, arranged in a square 5 x 5 array (see Figure 4). The cylindrical 
Uranium-Zirconium hydride-Erbium fuel/moderator pellets are tightly enclosed within 
Incoloy 800 tubes having a 0.041 cm wall thickness [2]. 

 
 

Figure 4: TRIGA fuel assembly and rod [2]. 
 
 

THE SOURCE OF RADIATION 
 

TRIGA HEU and LEU spent fuel assembly, discharged from the reactor core and 
cooled down in aluminum racks inside the reactor pool before loading into the shipping cask, 
was considered for source term calculations and spent fuel characterization. The TRIGA 
fuels pin loadings, before alloy formation and subsequent hydration, are presented in Table 1. 
 

Table 1: SSR TRIGA fuel pin loadings, [2]. 
 

Element/Isotope HEU cluster 
[wt%] 

LEU cluster 
[wt%] 

U total 10.00 45.00 
234 U 1.00 0.15 
235 U 93.09 19.79 
236 U 0.43 0.25 
238 U 5.48 79.81 
Er total 2.80 1.10 
162 Er 0.14 0.14 
164 Er 1.58 1.58 
166 Er 33.33 33.33 
167 Er 22.90 22.90 
168 Er 26.91 26.91 
170 Er 15.14 15.14 
Zr 87.20 53.90 

 
The spent fuel residence inside the reactor core was based on different element burnup, 

as specified in Table 2, according to [4]. The specified cooling period was chosen in 
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respecting for the cooling characterizing most of TRIGA HEU spent fuel elements loaded 
into the LWT#7 shipping cask (see Table 2, according to [5]) repatriated to US from INR 
during 2008 and also taking into account for the minimum regulatory cooling period. 

 
Table 2: Spent fuel cask specific loading and element average burnup, [4, 5]. 

 

Spent fuel basket Fuel 
Assembly 

Number of  
fuel elements 

Element burnup 
[MWd] 

CH-01 25 21.165 
CH-21 25 18.791 
CH-22 25 18.788 
CH-28 7 18.433 
CH-31 7 19.739 

Basket #1 – bottom 
 
containing: 
89 HEU fuel elements; 
5 instrumented elements; 
2 empty locations RBIM 5 11.00; 22.25; 

16.41; 18.54; 0.00 
CH-12 3 20.863 
CH-13 25 20.476 
CH-31 18 19.290 
CH-33 25 19.781 

Basket #2 – intermediate 
 
containing: 
96 HEU fuel elements 

CH-34 25 18.948 
CH-12 22 21.382 
CH-14 25 18.956 
CH-20 24 18.212 

Basket #3 – intermediate 
 
containing: 
96 HEU fuel elements CH-26 25 18.973 

CH-03 22 19.206 
CH-11 25 17.910 
CH-16 25 18.673 

Basket #4 – intermediate 
 
containing: 
96 HEU fuel elements CH-25 24 17.674 

CH-03 3 19.297 
CH-18 25 19.051 
RBIM 10 24.67;21.78; 

18.70;25.00; 
20.58;18.70; 
20.86;16.66; 
16.08;18.75 

Basket #5 – top 
 
containing: 
28 HEU fuel elements; 
10 instrumented elements; 
2 LEU defected elements; 
56 empty locations 

LEU 2 0 
 

The LWT#7 shipping cask loading consist mostly in HEU spent fuel elements, but were 
also loaded instrumented HEU elements (RBIM), identically in the active part with HEU fuel 
elements, and 2 defected LEU elements. The instrumented element is similar in the active 
part with standard fuel element, but in the top contains thermocouple instrumentation. The 
instrumented elements are needed for temperature control in the most “warm” locations of 
the reactor core. As regarding LEU defected elements, a 2 hours irradiation period was 
considered before removal from reactor because of the fission products release into the water. 
The cooling period both for the HEU instrumented elements and the defected LEU fuel 
elements was longer than 2 years (the minimum required cooling period). 
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THE SPENT FUEL SHIPPING CASK 
 

The NAC-LWT cask is evaluated for transport of up to 140 TRIGA fuel elements or up 
to 560 TRIGA fuel cluster rods arranged in 5 SS304 basket modules in vertical superposed 
position (one base and one top module, 3 intermediate interchangeable modules) with 2 
possible configurations (poisoned and non-poisoned, where the poisoned basket 
configuration utilizes borated steel plates for additional criticality control) [3]. Each basket 
contains 6 inserts of fuel rods, in a square 4x4 array, and one empty central insert  blocked by 
a welded stainless steel baffles (see Figure 5). 

 

 
 

Figure 5: TRIGA spent fuel basket. 
 

NAC-LWT shipping cask consists of a concentric cylindrical arrangement of steel, 
lead, steel and water to provide gamma shielding for the design basis fuel. The cask body is 
fabricated from stainless steel, SS 304 and SS XM-19 types, with about 500 cm overall 
length and 112 cm maximum outside diameter (see Figure 6). The water-glycol solution in 
the neutron shield tank, surrounding the SS outer shell, also provides neutron shielding and is 
designed to axially blanket the active fuel length of the more common LWR fuels. The water 
contains 1 wt% Boron, which absorbs neutrons without producing significant secondary 
gamma radiation. The inner shell, end forgings, and the closure lid establish a cask cavity of 
about 450 cm long and 35 cm in diameter [3]. Figure 7 presents the radial model geometry 
used in shielding calculations for the shipping cask and spent fuel shipping cask assembly. 
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Figure 6: NAC-LWT shipping cask. 

 
 

Figure 7: 2D geometrical model for: (a) shipping cask; (b) spent fuel – shipping cask assembly 
 
 

THE SHIELDING CALCULATIONS 
 

Source term assessment and spent fuel characteristic parameters estimation were done 
by means of ORIGEN-S code. ORIGEN-S code solves a set of coupled differential equations 
which describe the generation and transformation of all radioisotopes and provide the spent 
fuel final isotopic characterization. In determining the nuclide concentration time 
dependence, ORIGEN-S develops solutions for the following equation: 

 

                               idN Formation Rate Destruction Rate Decay Rate
dt

                         (1) 



 -542- 

For the processes appearing on the right-hand side, radioactive disintegration and 
neutron absorption (capture and fission) are considered. The concentration change time rate 
for a particular nuclide, Ni, in terms of these phenomena can be written as 

 

    ' '
, , 1 1 , ,

i
ji f j j c i i i i f i i c i i i i

j

dN N N N N N N
dt

                 ,   (i = 1, …, I)         (2) 

 
with: ,ji f j j

j
N    = yield rate of Ni due to all nuclides Nj  fission; , 1 1c i iN    = rate of 

transmutation into Ni due to radiative neutron capture by nuclide Ni-1; ' '
i iN  = rate of 

formation of Ni due to nuclides '
iN  radioactive decay; ,f i iN   = destruction rate of Ni due to 

fission; ,c i iN   = destruction rate of Ni  due to all forms of neutron capture; i iN = 
radioactive decay rate of Ni . 

Eq. (2) is written for a homogeneous medium containing a space-energy-averaged 
neutron flux, with flux-weighted average cross sections, representing the reaction 
probabilities. Code’s main assumptions are: 

i)    the space-energy-averaged flux can be considered constant over time steps t, 
ii) a single set of flux-weighted neutron cross sections is adequate for use over the 

entire fuel exposure time. ORIGEN-S provides also the capability to determine 
updated values both for space-energy-averaged flux and flux-weighted cross 
sections. Specific ORIGEN-S cross-sections libraries are used, updating the data for 
each burnup step. 

The photon dose rates calculations were performed by using Monte Carlo MORSE-
SGC code. The particle transport is treated in MORSE-SGC by means of Boltzmann 
transport equation from which a complete set of forward and adjoint integral transport 
equations in energy-group notation were derived and related to Monte Carlo procedures used 
in the code.  

The particle travels to the site of its first collision as determined by the transport kernel. 
Its weight is modified by the non-absorption probability and a new energy group and flight 
direction is selected from the collision kernel.  

The transport and collision kernels are applied successively determining the particle's 
emergent phase space coordinates corresponding to the second, third, etc., collision sites until 
the random walk is terminated because of: 

i) the particle's weight reduces below some cutoff value; 
ii) the particle escapes from the system, slowing down below an energy cutoff, or 

exceeding some arbitrarily specified age cutoff.  
MORSE-SGC has several biasing options available to the user: splitting and Russian 

roulette, the exponential transform, source energy and direction biasing, and energy biasing 
at collision sites. 

For the shielding analysis, the LWT#7 shipping cask loading (see Table 1, according to 
[5]), namely 422 TRIGA spent fuel rods, was considered. The (27n-18g) coupled nuclear 
data library (27 neutron and 18 gamma energy groups) was used. As regarding the Monte 
Carlo simulation, 30 bunches of 10000 particles each, have been generated. Both ORIGEN-S 
and MORSE –SGC codes are included in ORNL’s SCALE 5 programs package [6]. 
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THE SHIELDING ANALYSIS RESULTS 
 

Radionuclide inventory and irradiated fuel characteristics have been obtained by taking 
into account for all relevant isotopes generation and depletion during both the irradiation and 
cooling phases of the fuel history.  

Spent fuel was characterized by radioactivity, thermal power and gamma energy values 
in cladding, actinides and fission products. We’ve taken into account that the element burnup 
characterizing most of the TRIGA fuel rods was about 20 MWd, [4]. Hence, in Figure 8 (a), 
(b), (c) the above mentioned parameters evolution for this specific element burnup and a 
cooling up to 2 years, both for HEU and LEU fuels, is comparatively presented. 
 

 
 

Fig. 8a 
 
 

 
 

Fig. 8b 
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Fig. 8c 
 
Figure 8: Spent fuel parameters evolution (per assembly) during the cooling period (a) Radioactivity 
[Ci/ass]; (b) Thermal power [W/ass]; (c) Gamma energy [W/ass]. 
 

By using the Monte Carlo MORSE-SGC code, radiation dose rates for TRIGA spent 
fuel defined loading have been estimated. Only fuel assembly rods shipment was analyzed 
here; no other activated components of TRIGA cluster assembly are considered for shipment 
in this analysis.  

Dose measuring points for normal operation conditions are placed at the fuel midplane 
on the neutron shield jacket surface and in air, at 1 m and 2 m, respectively, from the cask 
wall surface, according to spent fuel transport regulations [7]-[9]. Figure 9 shows photon 
dose rates evolution versus cooling time in the considered measuring points for spent TRIGA 
HEU and LEU loadings. 

 

 
 

Figure 9: Photon Dose Rates [Sv/h] evolution vs fuel type and cooling time. 
  

A comparison against the measured data for HEU spent fuel, namely for LWT#7 
shipping cask loading, available from the last stage of the spent fuel repatriation fulfilled in 
the summer of 2008, was also performed. The following 5 measuring points for the dose 
rates, available from the shipment documentation [10], were selected: A, B (top end plate - 
top and lateral position, respectively), C (closure lid – lateral position), D (cask surface – 
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lateral position), E (bottom end plate – lateral position). Dose rates measurements were done 
by using universal radiometer FH40-L10, for radiation protection purposes, transport index 
determination and conforming to transport regulations [7]-[9]. In Figure 10 and Figure 11 the 
comparative HEU spent fuel dose rates theoretical and measured evolution versus measuring 
points to the cask wall surface and in air at 1 m distance from the cask surface are presented. 
 

 
 

Figure 10: Photon Dose Rates [Sv/h] evolution vs measuring points to the shipping cask wall surface 
Calculated (HEU-th) against measured (HEU-exp) values. 

 
 

Figure 11: Photon Dose Rates [Sv/h] evolution vs measuring points in air at 1 m distance from the 
shipping cask wall surface Calculated (HEU-th) against measured (HEU-exp) values. 

 
 

CONCLUSIONS 
 

For a defined residence period inside the TRIGA SSR reactor core, LEU fuel (20% wt 
235U) produces a larger and more radioactive amount of spent fuel than the HEU fuel (93 
wt% 235U). LEU-HEU comparison leads to following relative differences in spent fuel 
characteristic parameters: 43% in actinides and 33% in fission products mass, 70% in 
radioactivity, 82% in thermal power and 86% in gamma energy. 

60Co radioactivity is important in HEU spent fuel; actinides contribution to the total fuel 
radioactivity is low (from 2% at discharge moment to 0.04% after 2 years of cooling), fission 
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products contribution keeping a slowly increasing trend, from about 97% at discharge 
moment to 99.8% after considered cooling.  

For LEU spent fuel 60Co radioactivity is insignificant; actinides contribution to the total 
fuel radioactivity is high (25% at discharge moment, decrease to 4% after 180 days of 
cooling and reaches 7% after 2 years of cooling, following a slowly increasing trend), fission 
products contribution being about 75% at discharge moment, increase to 96% after 180 days 
of cooling and reaches 93% after 2 years of cooling, on a slowly decreasing trend. 

The photon dose rates for both HEU and LEU spent fuel loadings are below regulatory 
limits [7-9]. LEU spent fuel dose rates are greater than the HEU fuel ones, the relative 
differences being, as follow: 62% after 180 days of cooling, 67% after 1 year of cooling and 
71% after 2 years of cooling, respectively.  

The comparison between the HEU spent fuel theoretical and measured dose rates in the 
selected measuring points shows a good agreement, the calculated values being greater than 
the measured ones both at the cask wall surface (about 34% relative difference) and in air at 
1 m distance from the shipping cask wall surface (about 15% relative difference). 
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