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Abstract: The TRIGA® (Training, Research, Isotope General Atomics) are reactors that, 
currently, are utilized for staff training, radioisotope production and for researching in 
many areas of science; nowadays, more than 20 countries own TRIGAs®, including Brazil. 
These reactors have two operating modes: steady state (where it operates within constant 
neutron flux and its parameters also remain constant) and pulsed mode, in which a single 
control rod (named transient rod) is quickly withdrawn from the core, increasing reactivity 
and leading to a prompt supercritical state, which causes an exponential increase in power 
and temperature. However, due to the negative temperature coefficient of reactivity of 
the fuel used to feed the reactor, the power reaches a peak, and it rapidly decreases until 
shutting down fission reactions, in a process that is inherently safe. The pulses that are 
generated during reactor operations can have its parameters described by mathematical 
models, such as Fuchs-Nordheim modelling, that equate the behavior of reactivity, power 
and temperature during the lifespan of the pulse. However, the current model has some 
basic limitations, mainly because it considers that parameters such as heat capacity remain 
constant during the whole process, and it is known that, in practical cases of nuclear 
reactor operations, heat capacity is a parameter that is a function of temperature. 
Therefore, this article aims to evaluate the impact that the introduction of heat capacity 
as a linear function of temperature has on final results, comparing data with and without 
this assumption.  
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Avaliação do modelo de Fuchs-
Nordheim incluindo a variação da 
capacidade calorífica para um reator 
TRIGA® 

Resumo: Os TRIGA® (Training, Research, Isotope General Atomics) são reatores que, 
atualmente, são utilizados para treinamento de pessoal, produção de radioisótopos e para 
pesquisa em diversas áreas da ciência; nos dias atuais, mais de 20 países possuem 
TRIGAs®, incluindo o Brasil. Tais reatores possuem dois modos de operação: estado 
estacionário (no qual ele opera em um fluxo constante de nêutrons e os seus parâmetros 
também permanecem constantes) e o modo pulsado, em que, durante a remoção de uma 
única barra de controle (denominada transiente) há um aumento na reatividade e, com 
isso, induz-se um estado de super pronto-criticalidade, o que ocasiona em um aumento 
exponencial na potência e temperatura. Porém, devido ao coeficiente negativo de 
temperatura do combustível utilizado para alimentar o reator, a potência alcança um pico 
e rapidamente diminui até o encerramento das reações de fissão, em um processo que é 
inerentemente seguro. Os pulsos que são gerados durante a sua operação podem ter seus 
parâmetros descritos por modelos matemáticos, tais como o modelo de Fuchs-Nordheim, 
que equaciona o comportamento da reatividade, potência e temperatura durante o tempo 
de vida do pulso. Contudo, o modelo atual possui algumas limitações básicas, 
principalmente por considerar que parâmetros como a capacidade calorífica permanecem 
constantes durante todo o processo e, em casos práticos de operação de reatores 
nucleares, a capacidade calorífica é uma função da temperatura. Portanto, este artigo busca 
avaliar o impacto que a introdução da capacidade calorífica como função linear da 
temperatura exerce nos resultados finais, comparando os dados com e sem essa 
modificação.  

Palavras-chave: Capacidade Calorífica; Fuchs-Nordheim, Reator de Pesquisa TRIGA® 
Mark II; Modelo de Pulso Modificado; Pulso 
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1. INTRODUCTION  

With its concept idealized in the 20th century, during a United Nations conference and 

aiming to use nuclear energy for peaceful purposes, the TRIGA® (Training, Research, 

Isotope General Atomic) are a class of reactors that had its first projects developed in 1956 

by General Atomics, that initially composed a group made by veterans of Project Manhattan, 

that sought ways to commercialize nuclear reactors. The first designs could reach a maximum 

of 10 kW of power and had its core cooled by freon cooling coils. Lately, more modern 

designs could reach 250kW and, in 1959, it was possible to reach up to 1,5 GW, returning 

safely to 500 kW without any kind of human intervention. Nowadays, these reactors can be 

operated on steady state, where it works within a constant power level such as any other kind 

of reactor, and can also operate in a pulsed state. [1] 

Nowadays, TRIGAs® have many purposes, such as iodine irradiation for applications 

in the health sector, radioisotope production for the industry, tracers for environmental 

studies and even for analyzing mineral samples in large scale. Today, these reactors are owned 

by 24 countries, being present in many universities (including Brazil with the IPR-R1 reactor, 

described in Figure 1 below), governmental institutions, laboratories and even medical 

centers. [1-5] 
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Figure 1: IPR-R1 TRIGA® reactor cooling system 

 
Source: [6] 

 

In pulsed state, with the reactor in a subcritical state and the normal control rods 

inserted in the core (typically three in TRIGA®s up to 250 kW), a single rod named transient 

rod is inserted into the core. The normal control rods are then withdrawn from the core, 

leaving only the transient rod, which has negative reactivity to keep the reactor subcritical. 

This rod is then rapidly withdrawn from the core, producing a power pulse (on the order of 

a few megawatts in a few milliseconds). [7] 

  Within the power pulse (and insertion of reactivity), temperature increases 

exponentially and the system reaches a state of prompt supercriticality, where the reactor 

becomes critical with only prompt neutrons, discarding any contribution of delayed neutrons. 

Normally, this condition would be dangerous for a nuclear reaction; however, due to the 

negative temperature coefficient of reactivity in the fuel used to feed the reactor, the power 

peak increases the fuel-moderator temperature and, consequently, it causes a negative 

reactivity that reduces the power again and leads to a self-shutdown. The fuel is an alloy made 

of zirconium hydride and uranium (U-ZrH) that is enriched at 20% in 235U. [7-12]  
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The generated pulses during reactor operations can have its parameters, such as 

power, reactivity and temperature modelled by mathematical equations, such as Fuchs-

Nordheim model. Fuchs-Nordheim modelling was initially created by the physicians Klaus 

Fuchs and Lothar Wolfgang Nordheim, and is mainly used to represent the behavior of the 

transient generated by the pulse during its short lifetime, allowing to make qualitative 

analysis in its parameters. [13] 

However, the proposed model has some practical limitations. That occurs mainly 

because it was considered that variables such as heat capacity remain constant during the power 

peak, which does not occur in a real case of nuclear reactor operation and limits possible 

quantitative analysis because this factor is altered with the variation of temperature. [13, 14] 

1.1. Objectives and Expected Results 

To solve the problem presented by the initial simplification of Fuchs-Nordheim, it is 

necessary to introduce modifications in the basic premises that the first equations assume, 

aiming to guarantee more reliability to the final results that are obtained by Fuchs-Nordheim 

modelling. Moreover, when seeking to validate the modified model, it is essential to compare 

the mathematical results with data that were acquired by practical means.  

Therefore, this article aims to introduce a modification in previous Fuchs-Nordheim 

model, seeking to create new equations that can be applied in real examples, by introducing 

heat capacity as a linear function of temperature and comparing the result with practical data 

obtained by a TRIGA® reactor.  
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2. MATERIALS AND METHODS 

2.1. Standard Fuchs-Nordheim  

The standard model starts off from the basic reactor differential ordinary equations 

(ODEs) for point kinetics equations, in which power can be stated as Equation 1: [15-17] 

                                              
𝑑𝑃

𝑑𝑡
=  

𝜌−𝛽

𝛬
𝑃(𝑡) +  𝜆𝐶                                           (1) 

where “P” is power, “t” time, “𝜌” reactivity, “𝛽” represents delayed neutron fraction, “𝜆𝐶” 

the delayed neutron contribution and “Λ” the mean neutron generation time. The equations 

also describe the behavior of reactivity, seen by Equation 2: [15-17] 

                                              𝜌(𝑡) =  𝜌𝑜 −  αT                                               (2) 

where “𝜌𝑜” represents initial reactivity, “α” the temperature reactivity coefficient of the fuel 

and “T”, temperature [16]. This equation can also be differentiated, generating Equation 3: 

                                                             
𝑑𝜌

𝑑𝑡
=  −α

𝑑𝑇

𝑑𝑡
                                                             (3) 

Temperature can also be equated in an ODE, described by Equation 4: 

                                                             
𝑑𝑇

𝑑𝑡
=  KP                                                                (4) 

where “K” is the reciprocal of heat capacity, “C”, as stated in Equation 5: 

                                                             K =  
1

𝐶
                                                                    (5) 

Lastly, substituting Equation 4 in Equation 3, the result is given by Equation 6: 

                                                             
𝑑𝜌

𝑑𝑡
=  −α𝐾𝑃                                                         (6) 
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With these equations, the standard Fuchs-Nordheim model was obtained by solving 

the ODEs given in Equation 1, 4 and 6, seeking to obtain the behavior of power, reactivity 

and temperature, utilizing analytical methods such as separation of variables and integration 

of factors.  

When solving each of the ODE’s, it is possible to obtain Equations 8, 9 and 10, which 

describe reactivity, power and temperature during time.   

                                       𝜌(𝑡) =  β − (𝜌𝑜 − 𝛽)tanh [
(𝜌𝑜−𝛽)𝑡

2Λ
]                                                    (8) 

                                            𝑃(𝑡) =  
(𝜌𝑜−𝛽)2

2𝛼𝐾Λ
𝑠𝑒𝑐ℎ [

(𝜌𝑜−𝛽)𝑡

2Λ
]                                                    (9) 

                                            𝑇(𝑡) =  
𝜌𝑜−𝛽

𝛼
𝑡𝑎𝑛ℎ [

(𝜌𝑜−𝛽)𝑡

2Λ
]                                                    (10) 

while the maximum power that can obtained, Pmax, is described by Equation 11: 

                            𝑃𝑚𝑎𝑥 =  
(𝜌𝑜−𝛽)2

2𝛼𝐾Λ
                                                        (11) 

 The analytical results can also be represented graphically. Table 1 shows the values for 

each constant used in every equation in the previous results, utilizing the meter-kilogram-

second (MKS) unit system for the modelling.   

Table 1: Constants used to obtain the graphical pulse behavior 

Constant used Values 

𝛼 10−4 𝑝𝑐𝑚/℃ 

𝛽 0.007 

𝜌𝑜  3𝛽 = 0.021 

C 341.6 J/kg ∗ K 

Λ 10−4 𝑠 

Source: [15] 

 



 
 

Barros et al. 

Braz. J. Radiat. Sci., Rio de Janeiro, 2026, 14(3): 01-20. e3071 

  p. 8 

 

For solution, additional premises were taken into consideration, aiming to keep the 

results as precise as possible to reality: 

• The whole system is adiabatic, which means that there is no heat exchange with 

external means and the liberated energy goes to the fuel. This occurs mainly 

because the pulse is generated and eliminated in fractions of second, and the 

window to occur heat transfer is too short; [15] 

• The contribution of delayed neutrons “𝜆𝐶” is not considered, since the reactor 

is in prompt supercritical state, becoming critical with only prompt neutrons; 

[15] 

• The reactor initiates pulse formation with an initial power P = 0, mainly 

because it is initially subcritical or with a negligible initial power; [15] 

• The changes in reactivity occur instantaneously, because, with the withdrawal 

of the control rods, the generated transient occurs in milliseconds. [15] 

2.2. Modified Fuchs-Nordheim  

 For obtaining the modified Fuchs-Nordheim equations, assuming that heat capacity, “C”, 

varies linearly with temperature, it was considered that C varies according to Equation 7: [18] 

                                                             𝐶 =  a + bT                                                         (7) 

where “a” and “b” are arbitrary constants of the introduced modification. The final 

results obtained by the standard and modified Fuchs-Nordheim equations were compared 

with the JSI TRIGA® Mark II, a reactor owned by Jožef Stefan Institute, in Slovenia, utilizing 

the same constants. [15]  

The IPR-R1 TRIGA® reactor in Belo Horizonte, being one of the first TRIGA®-type 

reactors (first criticality in 1960) was not selected to comparison because it does not have 

automatic start-up, only manual start-up. It also lacks a system for removing the transition 

rod to produce a power pulse. Even if it were adapted for pulsed power, all 58 of its fuel 
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elements, whose claddings are made of aluminum, would have to be replaced, as they would 

not withstand the high temperature caused by the pulse. The IPR-R1 has only four fuel 

elements with stainless steel cladding. [7] 

3. RESULTS AND DISCUSSIONS 

3.1. Standard Fuchs-Nordheim  

Applying the standard Fuchs-Nordheim formulations yielded the following results 

for the behavior of reactivity, power, and temperature as a function of time for the JSI 

TRIGA® Mark II. 

Figure 2: Behavior of reactivity as a function of time 

 
Source: Author 
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The reactivity remains constant at approximately 0.021, which corresponds to the 

reactivity inserted by the pulse rod withdrawal prior to the prompt chain reaction. At around 

t = -0.05 s, the reactivity begins to decrease sharply, due to the negative fuel temperature 

coefficient inherent to TRIGA® reactors, and with the rising power, the zirconium hydride 

fuel temperature increases rapidly, introducing negative reactivity that counteracts the initial 

inserted value.  

After that, when t ≈ 0.01 s, the reactivity crosses zero, which corresponds to the 

instant of peak power. Beyond this point, the reactor becomes prompt subcritical, and the 

reactivity stabilizes at approximately -0.007 (~-$1). This residual negative reactivity is 

responsible for suppressing the pulse and shutting down the reactor without any external 

intervention, causing the self-shutdown behavior.  

Figure 3: Behavior of power as a function of time 

 
Source: Author 
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Prior to t ≈ -0.05 s, the power remains negligible, as the prompt chain reaction has 

not yet developed. As the inserted reactivity drives the reactor prompt supercritical, the 

power increases sharply, reaching a peak of 297 MW at t ≈ 0 s. This high peak power is a 

direct consequence of the large reactivity insertion, which drives a rapid and intense prompt 

neutron chain reaction.  

Following the peak, the power decreases quickly as the negative fuel temperature 

coefficient of the zirconium hydride fuel introduces sufficient negative reactivity to suppress 

the chain reaction, characterizing the self-limiting behavior intrinsic to TRIGA® reactors. By 

t ≈ 0.05 s, the power returns to near-zero levels. This is consistent with the dynamics 

predicted by the standard Fuchs-Nordheim model, where the temperature feedback acts 

progressively as energy is deposited in the fuel within milliseconds. [15] 

Figure 4: Behavior of temperature as a function of time 

 
Source: Author  
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Before t ≈ -0.05 s, the variation of temperature remains near zero, which is consistent 

to the fact that there is no significant power generation at this stage. As the pulse develops, 

the temperature rises, following the energy deposition profile dictated by the power pulse 

shown in Figure 3.  

The variation of temperature reaches its maximum value of approximately 280 °C at 

around t ≈ 0.04 s, slightly after the instant of peak power, which is expected since 

temperature is an integrated response to the energy deposited in the fuel. Following the peak, 

the temperature stabilizes at this maximum value, as no significant heat removal mechanism 

is accounted for on the millisecond timescale of the pulse.  

This plateau behavior is characteristic of adiabatic models such as Fuchs-Nordheim, 

where heat losses during the pulse are considered negligible. The rapid temperature rise is 

the physical mechanism responsible for the self-shutdown of the reactor, as the negative 

temperature coefficient of the zirconium hydride fuel converts this thermal energy directly 

into negative reactivity, suppressing the chain reaction as observed in Figure 2. 

Regarding the shape and temporal behavior of the pulses, the results of the present 

work are qualitatively consistent with those of Svajger et al. (2024). In both cases, higher 

reactivity insertions produce narrower and more intense power pulses, while lower insertions 

(1β = 0.007) result in negligible peak power, confirming the threshold-like nature of prompt 

supercritical pulses.  

The pulse profile obtained in the present work closely resembles the Fuchs-Nordheim 

model results from Svajger et al. (2024), with pulses centered around t ≈ 0 s and a symmetric 

shape. Regarding peak power values, however, a quantitative discrepancy is observed. For a 

3β insertion, Svajger et al. (2024) report a peak power of approximately 1200 MW, while the 

present work yields approximately 297 MW for the same reactivity insertion. This difference 

is expected, as peak power in the Fuchs-Nordheim framework is highly sensitive to reactor-

specific parameters such as the prompt neutron lifetime (Λ), the effective delayed neutron 

fraction (β), and the fuel heat capacity.  
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Overall, the qualitative agreement between the two works (particularly in pulse shape, 

temporal symmetry, and the monotonic dependence of peak power on inserted reactivity) 

validates the implementation of the model adopted in the present work. [14] 

3.2. Modified Fuchs-Nordheim  

 With the introduction of the modification in heat capacity, considering Equation 7 as 

an assumption, a different approach was used, making two main analyses: Power as a 

function of temperature and Power as a function of reactivity. Both final analytical solutions 

can be found in Equations 12 and 13: 

                                𝑃(𝑇) =  
1

Λ
 [𝛿𝜌𝑜𝑎𝑇 + (2𝑏𝛿𝜌𝑜 − 𝛼𝑎)

𝑇2

2
− 2𝛼𝑏

𝑇3

3
]                              (12) 

                   𝑃(𝜌) = −
1

𝛼Λ
[−

𝑏𝜌3

3𝛼
+ 

𝜌2

2
(𝑎 + 

𝑏𝜌𝑜 +𝑏𝛽

𝛼
) − 𝜌 (𝑎𝛽 +

𝑏𝛽𝜌𝑜

𝛼
)] + 

                              
1

𝛼Λ
[−

𝑏𝜌3

3𝛼
+ 

𝜌2

2
(𝑎 +  

𝑏𝜌𝑜 +𝑏𝛽

𝛼
) − 𝜌 (𝑎𝛽 +

𝑏𝛽𝜌𝑜

𝛼
)]                                (13) 

where 𝛿𝜌𝑜 =  𝜌𝑜 − 𝛽. For graphical solutions, it was considered the same values as given in 

Table 1 and additional constants, given in Table 2: 

Table 2: Constants used to obtain the graphical pulse behavior in modified Fuchs-Nordheim 

Constant used Values 

𝑎 30380.72851 

𝑏 65.1736558 

Source: [15] 

 We evaluate the power profile as a function of both temperature and reactivity, as 

displayed in Figures 4 and 5, respectively. 
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Figure 5: Behavior of Power as a function of Temperature 

 
Source: Author 

Both models reach their peak power at approximately the same fuel temperature of 

140°C, confirming that the temperature at peak power is largely determined by the reactor's 

intrinsic parameters and is not significantly affected by the heat capacity formulation. 

However, the magnitude of the peak differs: the modified model yields a peak power of 327 

MW, while the standard model reaches 297 MW, a difference of approximately 10%.  

The result indicates that, at the same fuel temperature, the modified model predicts a 

more intense neutron chain reaction, a direct consequence of the lower effective heat 

capacity at intermediate temperatures, which allows more energy to be deposited in the fuel 

for a given temperature rise.  

On the descending side, the two curves diverge, with the standard model returning to 

zero power at approximately 260°C, while the modified model extends to approximately 280°C. 

The difference in final temperature reflects the greater total energy deposited in the fuel during 

the modified model pulse, consistent with its higher peak power and broader power profile. 
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Figure 6: Behavior of power as a function of reactivity 

 
Source: Author 

In both curves, power rises as reactivity decreases from its maximum inserted value 

(0.021), reaching a peak near the prompt critical threshold, and subsequently returns to zero 

as the negative temperature feedback drives the reactivity to its residual negative value (~ -

0.007). They also reach their maximum power level at approximately the same reactivity value 

of ~0.007, consistent with the prompt critical condition. 

 However, the modified model yields a notably higher peak power of 327 MW 

compared to 297 MW for the standard model, representing a difference of approximately 

10%. This discrepancy reflects the effect of the temperature-dependent heat capacity 

incorporated in the modified model: as the fuel temperature rises, the increasing heat capacity 

alters the energy balance of the pulse, allowing a more intense chain reaction to develop 

before the feedback mechanism is sufficient to suppress it. 
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On the ascending side of the curve, the modified model rises more steeply at lower 

reactivity values, indicating higher power generation even before the peak is reached. On the 

descending side, both curves converge toward zero power at the maximum inserted reactivity 

(0.021), with the modified model exhibiting a slightly wider loop, consistent with its greater 

total energy deposition during the pulse. 

4. CONCLUSIONS  

The present manuscript evaluated a Fuchs-Nordheim model including heat capacity 

variation for a TRIGA® reactor through the implementation and comparison of the standard 

and modified mathematical modelling.  

In the standard model, analysis of the reactivity behavior as a function of time 

demonstrated that the self-limiting mechanism intrinsic to TRIGA® reactors operates 

effectively, with the reactivity decreasing sharply from its initial inserted value of 0.021 to a 

residual negative value of approximately -0.007, driven exclusively by the negative fuel 

temperature coefficient of the zirconium hydride fuel. This behavior confirms that no 

external shutdown system is required to terminate the pulse, a fundamental safety feature of 

TRIGA® reactors. 

The power pulse profiles obtained from both models, it is exhibited the expected 

sharp rise and rapid decay, which is characteristic of prompt supercritical pulses, with peak 

power occurring at t ≈ 0 s. The standard model yielded a peak power of approximately 297 

MW, while the modified model predicted a higher value of approximately 327 MW, reflecting 

the influence of the temperature-dependent heat capacity introduced in the modification.  

The phase-space analysis of power as a function of both temperature and reactivity 

reinforced these findings. Both models predicted peak power at a fuel temperature of 140°C 

and a reactivity of approximately 0.007, with the modified model consistently yielding higher 
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power levels throughout the pulse. The broader loop traced by the modified model in both 

phase spaces confirms its prediction of greater total energy deposition during the pulse. 

Comparison with the results reported by Svajger et al. (2024) revealed qualitative 

agreement in pulse shape, temporal symmetry, and the monotonic dependence of peak 

power on inserted reactivity. The quantitative differences observed, particularly in absolute 

peak power values are attributable to the distinct reactor-specific parameters employed in 

each work, namely the prompt neutron lifetime, effective delayed neutron fraction, and fuel 

heat capacity utilized on the JSI TRIGA® Mark II reactor. 

The results demonstrate that the modified Fuchs-Nordheim model provides a more 

physically consistent description of TRIGA® pulse dynamics by accounting for the 

temperature dependence of heat capacity, while both models successfully capture the 

essential self-limiting behavior of the reactor. These findings contribute to the validation of 

analytical pulse models for the other reactors and provide a basis for future comparisons 

with experimental pulse data. 
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