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The accelerator-driven sub-critical system is driven by external neutron sources,

which are generated by the spallation reaction and maintain the stable operation

of the sub-critical core, while the external neutron source increases the

complexity of reactor neutron kinetic processes. This article focuses on

simulation analysis of neutron space–time kinetics with a dynamic analysis

code, which is developed based on the improved quasi-static approximation

and Monte Carlo neutron transport method. The amplitude function and shape

functions are solved to achieve the dynamics simulation process. Then, the

transient responses of beam interruptions and reactivity insertions are calculated

and analyzed for an experimental facility. To further verify the correctness and

reliability of dynamic behavior, the simulation results are compared with

experimental values, and the results show that the normalized neutron fluxes

varying with time are in good agreement with the corresponding values. It can be

concluded that the improved quasi-static coupled probability theorymethod can

be used to solve the neutron space–time kinetic problem of the experimental

facility, and the results are reliable.
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1 Introduction

The accelerator-driven sub-critical (ADS) system consists of three parts, namely, the high-

energy proton accelerator, the spallation target, and the sub-critical reactor (Li et al., 2017). The

working mechanism of the ADS system is to use the high-energy proton beam to bombard

heavy nuclei (liquid lead or lead–bismuth alloy), which can produce spallation neutrons as

external neutron sources to drive the sub-critical reactor core and maintain the fission

reactions. However, the ADS system is different from conventional reactors; it works in a sub-

critical state, and external neutron sources will greatly increase the heterogeneity of power

distribution and complexity in the neutron process (Gandini and Salvatores, 2002). The

energy, position, and spatial distribution of the external neutron source have obvious effects on
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the neutron flux. Therefore, in the process of transient simulation of

introducing reactivity, the flux distribution of the external neutron

source and the sub-critical level of the core will be obviously affected

(Dulla et al., 2005; Rineiski and Maschek, 2005). Thus, to ensure the

reliability of the improved quasi-static coupled probability theory

(IQS/MC) method in simulating transient conditions of an

experimental facility, carrying out both simulation and

experimental research on the beam transient and reactivity

insertion is necessary.

Currently, in addition to experimental studies, analytical

method and numerical method are mainly used for the

simulation analysis of the neutron space–time dynamics

characteristic of the accelerator-driven sub-critical system. B.

Merk et al. studied the neutron space–time dynamic equation of

the accelerator sub-critical reactor based on the multigroup

diffusion approximation and deduced the analytic expression

of each physical parameter using the Green function method,

which has less computation and is easy to implement. However,

it was difficult to deal with the multi-energy group and complex

boundary conditions and could not simulate the sub-critical

problem with an external neutron source (Merk, 2009; Merk

and Glivici-Cotruţă, 2012).

The kinetic calculation of ADS ismostly carried out by using the

point kinetic model (Cammi et al., 2006; Mikityuk et al., 2007), but

the derivation process of the point kinetic model does not consider

the external neutron source and the physical phenomena of the

external neutron source coupling with the sub-critical reactor. The

deterministic numerical method is used to solve the neutron

transport equation and obtain the shape function, which has

high calculation efficiency, and the SN or PN method are

relatively mature, but the calculation results depend on the

accuracy of the neutron macroscopic reaction cross section of a

sub-critical core with a high energy dispersal spectrum (Chadwick

et al., 2011; Shibata et al., 2011). The Monte Carlo method is a

numerical method based on the statistical theory that constructs a

random probability model to solve the problems. The increasing

computer capacity has made the Monte Carlo method an attractive

tool to be used in the research studies of the neutron space–time

dynamic problem (Hindmarsh, 1980; Bentley et al., 1997; Zhitnik

et al., 2005; Mikityuk et al., 2007; Sjenitzer and Hoogenboom, 2013),

and this method has been greatly employed in the traditional critical

reactor.

In the past work, it was found that in the process of neutron

space–time dynamics calculation, the point kinetic method would

underestimate the power variations in transient processes, but the

IQS/MC method can avoid this problem (Song et al., 2017). The

improved quasi-static method is a transient spatial kinetic method

that involves factorizing flux into space- and time-dependent, while

the shape is both space- and time-dependent. Therefore, in this

article, the Monte Carlo method is applied to the IQS method, and

the neutron space–time dynamic simulation is carried out for an

experimental facility. During the solution of the improved quasi-

static method, the neutron flux is decomposed into a shape function

and an amplitude function (Suzuki et al., 2005; He et al., 2015), and

the time-dependent function mainly reflects in the amplitude

changes over time, while the shape function reflects the shape of

the spatial and velocity distribution, which changes slowly in a

transient process.

The rest of this article is organized as follows: Section 2

introduces the theory of space–time neutron kinetics, the

framework of the IQS/MC method, and the development of a

transient code. Then, in Section 3, the code is employed to

analyze the beam transient process and reactivity insertion

process of an experimental facility, and the results calculated

by the IQS/MC method are compared with the experimental

data. Conclusions are summarized in Section 4.

2 Introduction to the IQS/MCmethod

In this section, we introduced the theory used in the IQS/MC

code, starting from the Boltzmann transport equation written as

follows:

1
υ(E)

zΦ(r, E,Ω, t)
zt

+Ω · ∇Φ(r, E,Ω, t) + Σt(r, E, t)Φ(r, E,Ω, t)
� ∫∫Σs(r;E′,Ω′ → E,Ω; t)Φ(r, E′,Ω′, t)dE′dΩ′
+ ∫∫ 1

4π
χp(E)(1 − β)]Σf(r, E′, t)Φ(r,Ω′, E′, t)dE′dΩ′

+ ∑NDG

i�1

1
4π

λiCi(r, t)χi(E) + S(r, E,Ω, t).

(1)
Furthermore, the delayed neutron precursor equation is

described as follows:

zCi(r, t)
zt

� ∫∫ βi]Σf(r, E′, t)Φ(r, E′,Ω′, t)dE′dΩ′ − λiCi(r, t),
(2)

where υ is the neutron velocity,Φ is the angle neutron flux, Σt is the

macroscopic total cross section, Σs is the double differential

scattering cross section, Σf is the macroscopic fission cross

section, S is the source term, χp is the probability density

function for neutrons of exit energy E from all neutrons

produced by fission, χi is the probability density function for

neutrons of exit energy E from all neutrons produced by delayed

neutron precursors, β is the fraction of fission neutrons that are

delayed, ] is the average number of neutrons produced per fission,

λi is the decay constant of the precursor i, βi is the fraction of

fission neutrons emitted by the delayed neutron precursor group i,

Ci is the total number of precursor i in r at time t, NDG is the

number of delayed neutron precursor, r is the position vector, Ω

andΩ′ are the unit vectors (solid angle) in the direction of motion

before and after scattering, respectively, E and E′ are the neutron
energy before and after scattering, respectively, t is the time, and

Φ(r,E,Ω, t) is the angular neutron flux.
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The neutron flux is decomposed into amplitude and shape

functions based on the factor method:

Φ(r, E,Ω, t) � n(t) · ψ(r, E,Ω, t), (3)
where n(t) is the amplitude function and ψ(r, E,Ω, t) is the shape
function. When introducing an amplitude normalization

condition Eq. 4,

∫∫∫Φp(r, E,Ω) · ψ(r, E,Ω, t)drdEdΩ
υ(E) � 1, (4)

where Φ*(r, E,Ω) is the neutron importance function obtained

by substituting Eq. 3 in Eqs 1, 2 and multiplying by Φ*(r, E,Ω)
and χp(E)Φ*(r, E,Ω), respectively. Finally, amplitude function

equation systems (5) and (6) can be obtained after integrating

Eqs 1, 2 over the whole space and sum over all energy groups.

dn(t)
dt

� ρ(t) − βeff(t)
Λeff(t) n(t) + ∑NDG

i�1
λiCi(t) + q(t), (5)

dCi(t)
dt

� βi(t)
Λeff(t) − λiCi(t). (6)

As can be seen, the amplitude function system is similar to

the point kinetic equations, which include two differential

equations, one for the neutron density n(t) and the other for

precursor concentration Ci(t). Each term in Eqs 5, 6 can be

expressed in the following way:

ρ(t) � 1
F(t)∫∫∫[ − Ω · ∇Φ(r, E,Ω, t) − Σt(r, E, t)Φ(r, E,Ω, t)

+∫∫Σs(r;Ω′, E′ → Ω, E; t)Φ(r, E′,Ω′, t)dE′dΩ′
+∫∫ χp(E)]Σf(r, E′, t)Φ(r, E′,Ω′, t)dE′dΩ′]Φp(r, E,Ω)drdEdΩ, (7)

βeff(t) � ∑NDG

i�1
βi(t)

� 1
F(t)∫/∫ χp(E)βi]Σf(r, E′, t)Φ(r, E′,Ω′, t)

Φp(r, E,Ω)dE′dΩ′drdEdΩ, (8)
Λeff(t) � 1

F(t)∫∫∫
1

υ(E)Φ(r, E,Ω, t)Φ
p(r, E,Ω)drdEdΩ, (9)

Ci(t) � 1
F(t)Λeff(t)∫∫∫

1
4π

χi(E)Ci(t)Φp(r, E,Ω)drdEdΩ,
(10)

F(t) � ∫/∫ 1
4π

χp(E)]Σf(r, E′, t)Φ(r, E′,Ω′, t)Φp

(r, E,Ω)dE′dΩ′drdEdΩ,
(11)

q(t) � 1
F(t)Λeff(t)∫∫∫ S(r,Ω, E, t)Φp(r, E,Ω)drdEdΩ. (12)

The calculation of the amplitude function was coupled with

the lumped parameter thermal model for the neutron space–time

kinetic process of the ADS system with an external neutron

source. According to the conservation of energy, the heat balance

of fuel is described as

mFcpF
dTF(t)
dt

� P(t) − UFC(TF(t) − TC(t)), (13)

and the heat balance of the coolant is described as follows:

mCcpC
dTC(t)
dt

�UFC(TF(t)−TC(t))−2ωpCcpC(TC(t)−TC,in(t)).
(14)

The equation for reactivity is expressed as follows:

ρ(t) � (TF(t) − TF(0)) · BF + (TC(t) − TC(0)) · BC. (15)

In these equations,mF andmC are the mass of fuel and coolant in

the core, respectively, cpF and cpC are the specific heat capacities of

fuel and coolant, respectively,P(t) is the total thermal power of the

core,TF(t) is the average fuel temperature,UFC is the heat transfer

coefficient between fuel and coolant, ωpC is the coolant mass flow

rate, [kg/s],TF(0) is the initial fuel temperature,TC(0) is the initial
coolant temperature, TC(t) and TC,in(t) are the average and inlet

coolant temperatures, respectively, and BC and BF are the factors

of negative feedback of coolant and fuel, respectively.

Meanwhile, the following Eq. 16 of the shape function is

obtained:

1
υ(E)

zψ(r,E,Ω, t)
zt

�−Ω ·∇ψ(r,E,Ω, t)−Σt(r,E, t)ψ(r,E,Ω, t)

+∫∫Σs(r;E′,Ω′→E,Ω; t)ψ(r,E′,Ω′, t)dE′dΩ′
+∫∫ 1

4π
χp(E)[1−β)]Σf(r,E′, t)ψ(r,E′,Ω′, t)dE′dΩ′

+ 1
4π

χi(E)
n(t) ∑NDG

i�1
λiCi(r, t) + S(r,E,Ω, t)

n(t) − ψ(r,E,Ω, t)
υ(E)n(t)

dn(t)
dt

.

(16)

The shape function ψ(r, E,Ω, t) is only weakly dependent
on time in the transient process; therefore, the shape

function may not require computation at every time

step. We assume that the time step in the shape function

calculation process is Δt � tj+1 − tj; after the operation of a

fully implicit difference in time, expression (17) is obtained

from Eq. 16 as follows:

Ω · ∇ψ(r, E,Ω, tj+1) +Σt(r, E, tj+1)ψ(r, E,Ω, tj+1)
−∫∫Σs(r;E′,Ω′ → E,Ω; tj+1)ψ(r, E′Ω′, , tj+1)dE′dΩ′
−∫∫ 1

4π
χp(E)(1 − β)]Σf(r, E′, tj+1)ψ(r, E′,Ω′, tj+1)dE′dΩ′

− 1
4π

χi(E)
n(tj+1) ∑NDG

i�1
λiCi(r, tj+1)

� S(r, E,Ω, tj+1)
n(tj+1) + 1

υ(E)Δtψ(r, E,Ω, tj) −
1

υ(E)
⎡⎢⎣ 1
Δt

+ 1

n(tj+1)
dn(tj+1)

dt
⎤⎥⎦ψ(r, E,Ω, tj+1). (17)
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Eq. 17 is equivalent to solving the non-homogeneous

problem of the neutron transport equation.

In order to realize the dynamic calculation process by using

the MC code, we use the Taylor formula to represent the shape

function of the latter moment with the shape function of the

previous moment.

f(t + Δt) � f(t) + Δt · f′(t) + 1
2
(Δt)2 · f″(t) +/ + 1

n
(Δt)n

· f(n)(t).
(18)

At the same time, by observing Eq. 14 and comparing it with

the neutron transport equation, we can find that the following

three terms on the right side of the equal sign are non-

homogeneous terms, which can be treated as external neutron

sources in MC calculation.

1
υ(E)

⎡⎢⎣ 1
Δt +

1

n(tj+1)
dn(tj+1)

dt
⎤⎥⎦ψ(r, E,Ω, tj+1), (19)

1
υ(E)Δtψ(r, E,Ω, tj), (20)

S(r, E,Ω, tj+1)
n(tj+1) . (21)

We set a � 1
υ(E)Δt,A � 1

υ(E) [ 1
Δt + 1

n(tj+1)
dn(tj+1)

dt ], and B � 1
n(tj+1)., and

according to the initial shape function f(t0) that has been

obtained, combined withFormula (19), the shape function

f(t1) at time t1 can be obtained.

B · S − [ − a · ψ′(t0) + A · ψ′(t0)] → ψ1(t1),
B · S − [ − a · ψ′(t0) + A · ψ1

′(t1)] → ψ2(t1),
B · S − [ − a · ψ′(t0) + A · ψ2

′(t1)] → ψ3(t1)//, (22)
B · S − [ − a · ψ′(t0) + A · ψn−1′(t1)] → ψn(t1),
B · S − [ − a · ψ′(t0) + A · ψ′

n(t1)] → ψ(t1),

where S is the shape function under the action of the external

neutron source, ψ′(t0) is the shape function distribution

obtained under the action of the fission source at time t = 0,

ψ1(t1), ψ2(t1),//, ψn(t1) are the distribution of the estimated

shape function at time t1 in the first, second, . . . , nth stage,

respectively, and ψ1
′(t1), ψ2

′(t1), //, ψ′
n(t1) are the shape

functions under the action of ψ1(t1), ψ2(t1), //, ψn(t1),
respectively.

When the calculation of the first transient step is completed,

the coefficients a, A, and B in the next transient stage are obtained

after updating the amplitude function, and the calculation of the

next step is carried out by combining the Formula 17.

B · S − { − a · ψ′(t1) + A · [2 · ψ′(t1) − ψ′(t0)]} → ψ(t2),
B · S − { − a · ψ′(t2) + A · [2 · ψ′(t2) − ψ′(t1)]} → ψ(t3)//,

(23)

B · S − { − a · ψ′(tn−1) + A · [2 · ψ′(tn−1) − ψ′(tn−2)]} → ψ(tn),

where ψ′(t0), ψ′(t1), ψ′(t2), . . .. . ., ψ′(tn−1) are the shape

function distributions obtained under the action of the fission

source at time t = 0, t = 1, t = 2, . . . . . . , t = n-1, respectively. Also,

ψ(t1), ψ(t2), ψ(t2), . . .. . ., ψ(tn) are shape functions at time t = 0,

t = 1, t = 2, . . . . . . , t = n, respectively.

The IQS/MC code was developed based on the

aforementioned method in which the IQS dynamic code was

used to solve the point reactor kinetic equation, and the Monte

Carlo code (Wu et al., 2015) was used to calculate the kinetic

parameters and shape function distribution. The IQS dynamic

code (Wu et al., 2015) is a solver that can solve the point kinetic

equations with an external neutron source. The schematic

diagram of the IQS/MC code is shown in Figure 1.

The calculation process is divided into five stages as follows:

in the first stage, the process of proton bombarding the spallation

target and the spallation neutron source driving the sub-critical

reactor are simulated directly by the MC code, and the energy

spectrum distribution and normalized neutron flux distribution

at the initial time will be obtained. Then, the IQS/MC calculation

process is performed, the kinetic parameters are calculated by the

MC code, and the results are passed to the IQS kinetic code for

amplitude function calculation. Some results include amplitude

FIGURE 1
Schematic diagram of the IQS/MC code.
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function distribution, fuel temperature and coolant outlet

temperature changing with time, and updating kinetic

parameters that can be obtained while introducing transient

conditions or other control conditions. The IQS kinetic code

includes the lumped parameter thermal model. Next, the shape

function in the next time step is estimated by the shape function

in the previous time step and its first derivative. Then, the non-

homogeneous term of the shape function equation is passed to

the MC code as the external neutron source, and the shape

function and kinetic parameters of this time step can be obtained.

After that, the amplitude function calculated by the IQS dynamic

code is multiplied by the shape function of the corresponding

time calculated by theMC code to obtain the normalized neutron

flux distribution in the current step. Similarly, the normalized

power distribution can be obtained. Finally, the aforementioned

process is repeated to perform the coupling calculation of the

amplitude function and the shape function in the next time step

until the end of the simulation.

The IQS/MC computing platform contains the Monte Carlo

transport code and kinetic parameters such as calculation

module, IQS dynamic module, thermal module, and control

interface module, which can achieve automatic calculation of

the transient process and the step-by-step human–computer

interaction. The first part is the preparatory work, which can

prepare the MC code and relevant input files. The next part is

setting thermal parameters, such as the mass of fuel and coolant,

specific heat capacities of fuel and coolant, and heat transfer

coefficient between fuel and coolant. Next, the calculation of

kinetic parameters is performed. Its function is to set the core

parameters, calculate the relevant kinetic parameters, and pass

the results to the IQS dynamic module. Finally, the transient

calculation is performed, which can achieve the automated

coupling calculation of amplitude function and shape function.

3 Comparison of simulated results
and reference data

Dynamic computation plays an important role in the

accelerator-driven sub-critical system, so the purpose of this

article is to calculate the kinetic parameter and neutron flux

change in the transient process of beam interruptions and

reactivity insertion. In the process of beam interruptions, all

the control devices are lifted to the highest position at three

different sub-critical levels. Also, in the process of reactivity

insertion, this article will study the dynamic process of double

safety rods in the whereabouts of course.

The correctness of the IQS kinetic code with the external

neutron source coupling lumped parameters thermal model has

been verified in the literature (Wu et al., 2015). Also, in the past

work, we have carried out point kinetic calculation and IQS/MC

calculation for the CiADS (China initiative Accelerator Driven

System) model with the thermal model. The simulation results

show that the IQS/MC method is suitable for transient safety

analysis of ADS neutron space–time dynamics (Song et al., 2017).

After the CiADS model was calculated by the point kinetic

method and the IQS/MC method, an experimental facility is

simulated by the IQS/MC method in this article. By comparing

the simulated results with the reference data, the reliability of the

method can be further verified.

3.1 Beam interruption process

Neutron space–time dynamic parameters of the three sub-

critical schemes of the experimental facility including the

effective multiplication factor, prompt effective multiplication

factor, delayed neutron fraction, and effective neutron generation

time are calculated using theMC code, which is shown in Table 1.

Also, the grouped effective fraction of delayed neutrons and the

decay constant of the precursor are shown in Table 2. Also, the

calculation details of neutron kinetic parameters are as follows:

The effective multiplication factor, keff, was performed by

the MC code using the KCODE option. The prompt effective

multiplication factor, kp, can be obtained by adding the “totnu

no” option based on the calculation method of keff. The effective

delayed neutron fraction, βeff, is the fraction of delayed neutrons

in the core at creation, and it is obtained via the following

formula in specific calculation. Also, the prompt neutron

generation time, Λ � l/keff, is easily obtained through the MC

code.

βeff � 1 − kp
keff

. (24)

TABLE 1 Kinetic parameters of the three layout schemes.

Scheme kef f kp βef f Λ

I 0.99579 0.98870 0.00712 1.66616 × 10−4

II 0.98671 0.97944 0.00737 1.66843 × 10−4

III 0.97827 0.97115 0.00728 1.68159 × 10−4

TABLE 2 Grouped delayed neutron effective fraction and decay
constant.

Scheme I Scheme II Scheme III

βi λi βi λi βi λi

0.00027 0.01271 0.00028 0.01271 0.00027 0.01270

0.00151 0.03170 0.00156 0.03170 0.00155 0.03170

0.00134 0.11524 0.00138 0.11524 0.00137 0.11521

0.00289 0.31147 0.00300 0.31147 0.00300 0.31141

0.00092 1.4001 0.00095 1.4001 0.00094 1.40009

0.00019 3.8715 0.00020 3.8715 0.00019 3.87132
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Figure 2 shows the comparison of the simulation results and

reference results of three schemes in the process of beam

interruptions, and the neutron flux under a stable state is seen

as the reference value of normalized neutron flux. In this

calculation process, the time steps of the amplitude function

and shape function are 10−6 s and 10−2 s, respectively. From the

results of normalized neutron flux, it is shown that the variation

is almost synchronized with the external neutron source. Also,

the relative counts of three layout schemes are rapidly reduced to

a stable level compared with the initial state within 10 s. It can be

seen that the variation law and range of simulation results are in

good agreement with the reference results, which show that the

IQS/MC method is reliable in simulating the dynamic behavior

of the beam transient.

3.2 Reactivity insertion process

In the condition of reactivity introduction, this article will

study the dynamic behavior of double safety rods inserted into a

reactor. The negative reactivity of the safety rod is introduced by

means of free falling. We set the total falling distance to

108.65 cm and gravity to 9.8 m/s2, so the total free-fall time is

0.47 s. The falling distance is randomly divided into 10 state

points: 0, 30, 40, 50, 60, 70, 80, 90, 100, and 108.65 cm in dynamic

calculation. In the process of double safety rod falling simulation,

the two safety rods fall synchronously, and the time steps of the

amplitude function are 10−6 s.

Figure 3 shows the comparisons for the transient variation of

normalized neutron flux between the reference and the simulated

values during the process of the double safety rods inserted into

the reactor at different sub-critical levels, and the neutron flux

under a stable state can be regarded as the reference value of

normalized neutron flux. Figure 3 indicates that the trends of the

normalized neutron flux after the double safety rod is inserted

into the reactor calculated by IQS/MC and reference data are the

same, and the difference is less than 3%. The normalized neutron

fluxes are rapidly reduced when a double safety rod is inserted,

and the values are slowly attenuated to a stable level under the

action of delayed neutrons. At the same time, the deeper the sub-

critical degree is, the lower the attenuation amplitude of the

relative count is. In addition, the reference data in Figure 3 have

significant fluctuations and some obvious data peaks. The main

reason is that during counting processing, in order to reflect the

dynamic behavior of fast-falling processes, the output unit of the

detector’s counting is small, so the data fluctuations are more

obvious.

Above all, the simulated and reference values show good

agreement on the changing trend under different critical levels in

the process of safety rod inserted into the reactor, which indicates

that the IQS/MC method has certain reliability on the dynamic

response behavior of the safety rod insertion condition of the

experimental facility. There are two main reasons to explain the

numerical difference between the simulation results and the

reference results:

(1) One-thousandth change in the effective multiplication factor

of the reactor will have a great impact on stable-level data, so

it is the main reason for the difference between simulated

and reference data. In order to make the simulated data

conform to the reference data better, the initial effective

multiplication factor of the reference scheme should be

increased, and the adjustment range should not be more

than 1%.

(2) The difference in the safety rod value between simulation

and reference processes will have a great influence on the

FIGURE 2
Comparison of simulation results and reference results of
three schemes in the process of beam interruptions.

FIGURE 3
Comparison of simulation results and reference results of the
three schemes in the double safety rod falling process.
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change range, which also causes the difference between the

simulated data and reference data.

4 Conclusion

The neutron kinetic behavior of the accelerator-driven sub-

critical system strongly depends on the characteristics of the

external neutron source. In order to study the neutron

space–time dynamics of ADS, a method named IQS/MC has

been adopted to simulate and analyze the neutron kinetic

behavior of an experimental facility.

In this article, the IQS/MC method was used to simulate

two transient conditions of beam interruptions and double

safety rods inserted into the core of a reactor under three sub-

critical layout schemes for an experimental facility, and

transient variation of the normalized neutron flux was

obtained. In addition, the simulation results were

compared with the reference data, and the numerical

results calculated by the IQS/MC method were found

consistent with the dynamic response behavior changes in

the process, which indicates that the method has high

reliability and applicability and can provide an important

reference for the subsequent design analysis work of the sub-

critical facility.
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