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ABSTRACT

The TRIGA Mark II research reactor at the Jožef Stefan Institute features several ex-core irra-

diation facilities that can be used for different applications. One of the irradiation positions is a

rectangular port inside the Thermal Column, a graphite stack that extends from the graphite reflector

to the outer concrete wall of the reactor and thermalizes the neutrons leaking from the reactor core.

Due to the surrounding graphite, the port features a well-thermalized neutron flux with a thermal to

fast flux ratio of up to 500 to 1.

In order to understand the thermalization process in the Thermal Column, we analyzed the path

of neutrons from the reactor to the irradiation point and importance of various components to the

thermalization process. The MCNP6 Monte Carlo transport code and the thoroughly validated model

of the JSI TRIGA reactor were used to perform calculations. The ratio of thermal to fast neutron flux

was calculated throughout the graphite stack and the relative changes due to the inserted heavy water

for a particular application were calculated. In addition the angular neutron flux inside the Thermal

Column was estimated. The results of the study will be used for future design of irradiation devices

that require highly thermalized neutron flux.

1 INTRODUCTION

The TRIGA Mark-II research reactor in Ljubljana features several ex-core and in-core irradia-

tion facilities that allow implementation of various applications which utilize TRIGA neutron flux

for irradiation of the samples. The ex-core irradiation facilities include four irradiation channels

(Fig. 1) with circular cross-section and one rectangular port that extends radially from the reactor

core and pierces the Thermal Column (ThCol) - graphite stack for additional moderation. Due to

neutron moderating abilities of the ThCol, obtained neutron flux inside the Thermal Column port

is well thermalized and suitable for applications that require irradiation of the samples under such

neutron flux. One of the applications that require mainly thermal neutron flux is the Fission Track-

Thermoionization Mass Spectrometry (FT-TIMS) [1], an analytical technique developed to detect

traces of uranium and plutonium in micrometric particles. The Jožef Stefan Institute in Slovenia

is working in collaboration with the Commisariat à l’énergie atomique et aux énergie alternatives

(CEA) to develop and implement an irradiation procedure in the TRIGA Mark-II research reactor to

irradiate CEA samples under well defined conditions for the FT-TIMS technique.
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Figure 1: Schematic view of the JSI TRIGA reactor.

In the proceedings of the 22nd NENE1 [2] conference the design and optimization of a such

irradiation device was presented, where two vessels filled with heavy water were inserted in the

Thermal Column port and the Elevated Piercing Port (EPP) for additional moderation of neutrons

and to improve the ratio of thermal to the sum of epithermal and fast neutron flux. That design was

later changed to simplify the construction of the device. The latest plan in Fig. 2 features four vessels

filled with heavy water, one is inserted in the Elevated Piercing Port, while other three are inside the

ThCol port. The vessel No. 4 has a cylindrical opening for insertion of the polyethylene capsule filled

with samples deposited on Lexan R� 2 disks. The initial ratio of thermal to the sum of epithermal and

fast neutron flux dropped from 568± 8 to 467± 3 when the new design was introduced.
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Figure 2: The latest design of the irradiation device.

The aim of this paper is to present the physical analysis of the thermalization process inside the

Thermal Column, where the irradiation device for irradiation with well thermalized neutron flux will

be placed and used for irradiation of the FT-TIMS samples. Various Monte Carlo code techniques

and the computational model of the TRIGA reactor were used to carry out the study in order to

investigate the behavior of neutrons before entering the irradiation position.

1International Conference Nuclear Energy for New Europe, Slovenia
2Registered trademark for brand of polycarbonate resin thermoplastic.
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2 COMPUTATIONAL APPROACH

The results presented in this paper were carried out by Monte Carlo calculations using the MCNP6

code [3] and evaluated nuclear data libraries ENDF/B-VII.1 [4]. The physical analysis of thermaliza-

tion was performed inside the computational model of the TRIGA Mark-II research reactor, which is

based on the verified and validated criticality benchmark model described in the International Hand-

book Of Evaluated Criticality Benchmark Experiments [5]. In addition to four irradiation channels

shown in Fig. 1, the updated model also features rectangular port inside the Thermal Column, several

in-core irradiation locations, fuel elements, graphite reflector around the core, light water inside the

reactor vessel surrounding the fuel elements and concrete shield around the entire structure.

The design and optimization of the irradiation device was performed and published in [2], while

for this study the updated design of the irradiation device (Fig. 2) was used for the analysis. The track

length estimate of neutron flux3 was calculated by using the 3-group energy structure for neutron flux,

defined by boundaries at 0.625 eV between the thermal (φth)-epithermal (φep) group and 0.1MeV
between the epithermal-fast (φf ) group. The results obtained by the Monte Carlo calculations are

normalized per source neutron and in order to obtain physical neutron flux levels corresponding to a

certain reactor power level, a scaling factor has to be applied to the results [6]:

φ =
P ν

wf keff
φmcnp, (1)

where P [W] is the reactor power level, ν the average number of neutrons produced per fission (ap-

proximately 2.439 on average for thermal fission in 235U), wf [MeV/fission] is the recoverable energy

released per fission event (approximately 198MeV on average for thermal fission in 235U) and keff
represents the effective multiplication factor.

3 THERMALIZATION

Fission reaction generates neutrons in the reactor core that can reach the Thermal Column after

passing the graphite reflector and light water surrounding it. The Thermal Column is pierced by two

irradiation channels (i.e. the Thermal Column port and the Elevated Piercing Port) inside which the

irradiation device was designed using the computational model of the TRIGA reactor. The setup of

the device consists of 4 vessels filled with heavy water (as seen in Fig. 2), that can be easily removed.

On the way to the irradiated sample neutrons cross heavy water inside these vessels and loose energy

while scattering. In order to determine what percentage of fast or epithermal neutrons was moderated

to a lower energy, a cell-by-cell energy cutoff4 option was used in the aluminum casing of the vessels

to filter out the thermal neutrons and the epithermal/fast neutron RSSA5 source was written on the

surfaces of heavy water for each individual canister. These RSSA sources were used as the neutron

sources in the following calculations replacing the KCODE card6 and the three group neutron flux

was tallied in the aluminum casing of the vessels. Fig. 3 shows the percentage of fast or epithermal

neutrons that lost energy in specific vessel and contributed to the neutron flux in one of the three

neutron energy groups. The number of the irradiation device corresponds to the enumerated vessel

in Fig. 2.

3Denoted as the F4 tally in MCNPX.
4Denoted as the ELPT card in MCNPX.
5Particle source written by the SSW card in MCNPX.
6MCNP card used when performing the criticality calculation to determine the effective multiplication factor keff
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No. of Irradiation Device No. of Irradiation Device

Figure 3: Fast (E > 0.1MeV) and epithermal (0.625 eV < E < 0.1MeV) neutrons enter vessels

with heavy water and they are thermalized inside each vessel to a different extent.

As the Fig. 1 shows, the axis of the vessel inserted in the Elevated Piercing Port is perpendicular

to the radial vector of the reactor core and therefore offers the largest cross section area available

for neutron moderation. The vessel No. 1 most effectively moderates neutrons to thermal energies,

where 39.9% of fast neutrons and 67.0% of epithermal is thermalized; the device No. 4 is the least

successful with only 21.5% of fast neutrons thermalized and 50.8% of epithermal.

4 RELATIVE CHANGE OF THE RATIO φTH/(φEP + φF )

Epithermal and fast neutrons are moderated to thermal energies inside heavy water and as a result

the ratio of thermal to the sum of epithermal and fast neutron flux is changed. FT-TIMS method

requires irradiation of the samples under well-thermalized neutron flux, where the ratio φth/(φep+φf )
exceeds the value 500 [2]. When the vessel filled with heavy water is inserted in the reactor, the

observed ratio is changed due to a different material and its moderating power. Spatial distribution

of the ratio was calculated inside the Thermal Column and Fig. 4-6 show relative change of the ratio

φth/(φep + φf) for different combinations of the vessels.

Figure 4: Relative change of the ratio φth/(φep + φf) after the canister filled with heavy water is

inserted in the Elevated Piercing Port.
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After the vessel filled with heavy water is inserted in the Elevated Piercing Port, the ratio φth/(φep +
φf) is increased up to 100% behind the canister (Fig. 4), however, around 20% increase of the ratio is

calculated at the irradiation position. Second calculation was performed by using only the irradiation

vessels inside the Thermal Column port, while the Elevated Piercing Port was filled with air (Fig. 5).

Figure 5: Relative change of the ratio φth/(φep + φf ) after the irradiation device filled with heavy

water is inserted in the Thermal Column Port.

Results in Fig. 5 show that the ratio at the irradiation position is increased by 150%. When the entire

irradiation device consisting of four vessels filled with heavy water is used, the ratio φth/(φep + φf)
at the position of the capsule is increased by more than 250% (Fig. 6).

Figure 6: Relative change of the ratio φth/(φep + φf) after the irradiation device and canister, both

filled with heavy water, are inserted in the Thermal Column Port and Elevated Piercing Port.

5 ANISOTROPY

TRIGA Mark-II reactor fuel element contains approximately 38.1 cm of fuel along the vertical

axis, which is around 3 times less than the height of the Thermal Column. Moreover, the irradi-

ation position inside the ThCol port is located at the distance of around three reactor core radii,
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consequently the ratio of dimensions can be considered relatively large and the reactor core can be

simplified to a small spherical neutron source. Fig. 4 can support this assumption, because the

axis of the Elevated Piercing Port is approximately 15 cm above the center of the core and the ratio

φth/(φep + φf) is increased more in the radial direction from the center of the core and not in the

horizontal plane. By using the surface flagging, neutron direction was studied inside the Thermal

Column port and the flagged surfaces are shown in Fig. 7.

92.6cm 111.1cm 129.6cm 149.7cm 162.1cm

general neutron direction

Figure 7: Surfaces used for particle flagging.

The results in Fig. 8 show that around 1.4% of epithermal and 0.4% of fast neutrons that were

tallied at the irradiation position, previously passed the surface at the distance of 149.7 cm from the

core and were scattered back to the irradiation position. The percentage of thermal neutrons is higher,

about 6.4% of tallied thermal neutrons have traveled the distance of 10 cm inside the ThCol port in

the opposite direction towards the reactor core. Moreover, only 37.2% of tallied thermal neutrons

crossed the surface at 129.6 cm, therefore the major part entered the irradiation position from outside

the ThCol port. Due to the moderation inside the channel, neutrons are not only losing energy in

heavy water, but they are also scattered out of the irradiation port, where they scatter in graphite.

distance of the flagged surface from the reactor core [cm]
170

Figure 8: The percentage of neutrons passing the specific surface and contributing to the ther-

mal/epithermal/fast neutron flux in the capsule.

Introducing materials into the Thermal Column port with different scattering cross-section changes

neutron’s direction inside the port. It was found out (Fig. 8) that the majority of neutrons reach ir-

radiation position not through the port, but they are scattered to the capsule from the surrounding

graphite. By using the surfaces shown in Fig. 7, percentage of neutrons crossing those surfaces was
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calculated for various angles of incidence. Angle of incidence is chosen to be between 0 and 90 de-

grees (angle bins: 0-30, 30-60, 60-90) if neutrons cross the surface in radial direction away from the

core and between 90 and 180 degrees (angle bins: 90-120, 120-150, 150-180) in direction towards

the reactor core.

Fig. 9 shows that on surfaces positioned between two vessels with heavy water, thermal neutron

current is comparable from both sides, while for the last two (i.e. 149.7 and 162.1), the thermal

neutron current is higher in direction away from the core. On average, majority of neutrons cross the

surfaces in angle bin from 30 to 60 degrees or in opposite direction in bin from 120 to 150 degrees.

average angle of incidence [degrees]
180

Figure 9: The percentage of thermal neutrons crossing various surfaces in specified angle bins.

The results for epithermal neutrons (Fig. 10) show that again most of the neutrons cross the

surfaces under angles of incidence between 30 and 60 degrees, however, epithermal neutron current

on the surface 162.1 cm is increased for angles between 0 and 30 degrees. In addition, the percentage

of neutrons traveling towards the reactor core is visibly lower than the percentage in direction away

from the core.

average angle of incidence [degrees]
180

Figure 10: The percentage of epithermal neutrons crossing various surfaces in specified angle bins.

Fig. 11 shows that around 74-80% of fast neutrons cross the surfaces in direction away from

the core, while this percentage is lower for thermal (55-60%) and epithermal (60-75%) neutrons.

The surface at 162.1 cm (Fig. 7) has no moderation around and serves as a reference point inside

the ThCol port without moderation. Fast neutrons keep their kinetic energy and direction inside the

port if there is less scattering on the way to the irradiation position. Consequently, most of the fast

neutrons cross the last surface in the angle bin between 0 and 30 degrees, as seen in Fig. 11.
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average angle of incidence [degrees]
180

Figure 11: The percentage of fast neutrons crossing various surfaces in specified angle bins.

6 CONCLUSION

The irradiation device for irradiation with thermal neutrons was designed to allow the implemen-

tation of the irradiation procedure for FT-TIMS application that requires well-thermalized neutron

flux. The initial design was later changed to simplify the manufacturing process, which decreased

the ratio of thermal to the sum of epithermal and fast neutron flux, but the application gained some

flexibility with four vessels filled with heavy water instead of two. Physical analysis of thermal-

ization in Thermal Column shows that the vessel inside the Elevated Piercing Port most effectively

moderates neutrons to thermal energies, while epithermal neutrons undergo further thermalization in

graphite or in the remaining vessels. Relative change of the ratio is significant when using the ves-

sels inside the ThCol port, while moderation in the EPP further improves the results. Furthermore,

results suggest that the direction of neutrons traveling from the core depends on the neutron’s energy

- thermal neutrons tend to scatter around their general direction while fast travel in straighter line.

REFERENCES

[1] S. Baude, M.C. Larriere, O. Marie, R. Chiappini, “Micrometric particle’s isotopics: An ultra-

sensitive tool to detect nuclear plant discharge in the environment”, Radioprotection-Colloques,

Vol. 37, C1, 2002.
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