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COMMUNICATIONS

MCNP5 DELAYED NEUTRON FRACTION (βeff)
CALCULATION IN TRAINING REACTOR VR–1

Svetozár Michálek — Ján Hašč́ık — Gabriel Farkas ∗

In this paper, possible determination methods of one main parameters of the reactor dynamics — the effective delayed
neutron fraction βeff are summarized and a calculation is made for VR-1 training reactor using the stochastic transport
Monte Carlo method based code MCNP5.
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1 INTRODUCTION

The influence of the delayed neutrons on the reactor
dynamics can be understood through their impact on the
reactor power change rate, in spite of that they constitute
only a very small fraction of the total number of neutrons
generated from fission, they play a dominant role in the
fission chain reaction control. If only the prompt neutrons
existed, the reactor operation would become impossible
due to the fast reactor power changes. The uncertainties
in determination of the basic delayed neutron parameters
lead to the unwished conservatism in the reactor control
system design and operation. Therefore, exact determi-
nation of the βeff value is the main requirement in the
field of reactor physics.

The interest in the delayed neutron data accuracy im-
provement started to increase at the end of the 80-ties and
the beginning of the 90-ties, after discrepancies among
the results of calculations and experiments. Because of
difficulties in βeff experimental measurement, this value
in the exact state is determined by calculations. Subse-
quently, its reliability depends on the calculation method
and the delayed neutron data used.

An accurate estimate of βeff is essential for converting
reactivity, as measured in dollars, to an absolute reactiv-
ity and to an absolute keff . In the past, keff used to be
traditionally calculated by taking the ratio of the adjoint-
and spectrum-weighted delayed neutron production rate
to the adjoint- and spectrum- weighted total neutron pro-
duction rate [1]. An alternative method has also been used
in which βeff is calculated from simple k -eigenvalue so-
lutions. The summary of the possible βeff determination
methods can be found in this work and also a calcula-
tion of βeff for VR-1 training reactor at CVUT Prague
in one operation state is made using the prompt method,
by MCNP5 code.

2 TRAINING REACTOR VR–1

The VR-1 training reactor is a pool-type light-water
reactor based on enriched uranium as fuel. Its core con-

tains fuel assemblies which are submerged in water. There
are 15 to 20 such fuel assemblies in the VR-1 reactor, de-
pending on the geometric arrangement and kind of exper-
iments to be performed in the reactor. UR-70 absorption
rods serve as the reactor control and safe shutdown. All
of the rods are identical in design and only differ in their
function in the control system [2]. The core is accommo-
dated in a cylindrical stainless steel vessel – pool – that
is filled with demineralized light water.

In this reactor, water fulfils four basic functions. It
slows down neutrons, returns a fraction of neutrons leak-
ing from the core, removes the forming heat, and acts as
biological shielding. Owing to the low power produced by
the reactor, heat can be removed by natural water con-
vention in the pool, no forced cooling by means of pumps
being necessary.

The reactor has the shape of an octahedral body man-
ufactured from special heavy concrete containing cast
iron which possesses outstanding shielding properties.
Two vessels of virtually identical design are accommo-
dated in the shielding. One is designed for the core; the
other one is a handling vessel. They are interconnected by
a gate owing to which all materials, including fuel, can
be transported under the water level. This contributes
appreciably to the radiation safety during reactor opera-
tion. The reactor is fitted with a water circuit, including
a standby tank and a demineralization station for prepar-
ing high-purity water and maintaining this high purity.

During the first six years of operation, the fuel of the
IRT-2M type with the enrichment 36%, imported from
the former USSR, later replaced by IRT-3M type was
used in the VR-1 reactor. Since 2005 the IRT-4M fuel
with 19.7 weight percent of 235U has been used at VR-1
reactor. The fuel replacement was accomplished within
the US–Russian Reduced Enrichment for Research and
Test Reactors Program. It is aimed at reducing a po-
tential threat of using radioactive materials for terrorist
purposes.

There are three kinds of rods in the reactor: Safety rods
(B1, B2, B3), Experimental rods (E1, E2) and Control
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Table 1. Basic reactor parameters [3].

Vessel dimensions 2300mm (diameter), 4720 mm height)

Reactor shielding above the core: 3000 mm water layer

side: 850 mm water layer +950 mm extremely heavy concrete layer

Reactor temperature working approx. 20 ◦C, due core cooling by natural convection

Pressure Atmospheric

Power measurement four wide-range fission chambers RJ 1300

Independent protection four pulse corona boron counters SNM-12

Control system (CS) microprocessor CS with 5-7 absorbing rods UR-70

Neutron flux thermal (average value) 1.8× 1013m−2s−1 , fast 7.5× 1012m−2s−1

Neutron source Am-Be, activity185 GBq, emission rate 1.1× 107s−1

rods (R1, R2). The position of the control rods changes
according to the specific experiment.

3 βeff MONTE CARLO CALCULATION

In general, for the total neutron production rate by
fission for a reactor near criticality, and without external
source, one writes [4]

P =
∫

ν(E)Σf (r, R)ϕ(r, E, Ω)dEdrdΩ (1)

where E , Ω, and r are the energy, solid angle, and po-
sition of the neutrons, ϕ is the neutron flux, Σf is the
macroscopic fission cross section of the material at posi-
tion r , ν is the average neutron multiplicity per fission.
For the production Pd of delayed neutrons, one replaces
the factor ν(E) by νd(E), the average delayed neutron
multiplicity per fission. For the sake of simplicity, it is not
distinguished between the several delayed neutron time
groups all of which have their own energy spectrum. The
ratio Pd/P is then the fundamental delayed neutron frac-
tion β0 = Pd

P . So far, this is fairly straightforward. The
problems start when trying to assess how effective this
fraction is in terms of reactor dynamics. The effect that
neutrons have on reactor behaviour is through their abil-
ity to generate power, ie, to induce the next fission. It
follows that we should compute the number of fissions
that are induced by delayed neutrons, as well as by all
neutrons.

In transport theory one calculates the effectiveness in
generating fission by multiplying by the energy spectrum
of the generated neutrons, χ(E′), and by the adjoint func-
tion ψ

(
r, E′, Ω′

)
, often referred to as ’adjoint flux’. The

adjoint function is defined as a fundamental mode eigen-
function of the equation adjoint to the time independent
transport equation. Here ~r , E′ , and Ω are the position,
energy, and solid angle of neutrons generated by the fis-
sions that were induced by the incident neutrons charac-
terized by r , E , Ω. Position r is obviously the same for
both. Factor χ(E′) is needed because the energy the neu-
trons start with has an impact on their effectiveness in
inducing fission. The adjoint function ψ

(
r, E′, Ω′

)
is used

because it is important to account for the significance of
a neutron with properties r , E′ , Ω′ for producing fission
and is proportional to the asymptotic power level result-
ing from the introduction of a neutron in a critical system

at zero power [1], leading to the so-called spectrum and
adjoint weighted neutron production

Peff =
∫

ψ
(
r, E′,Ω′

)
χ
(
E′)ν(

E
)×

Σf

(
r, E

)
ϕ
(
r, E, Ω

)
dEdΩdE′dΩ′dr . (2)

One can calculate the same quantity for delayed neu-
trons only Pd,eff

, by replacing χ(E′) by χd(E′) and

ν
(
E

)
by νd

(
E

)
. One arrives at the Keepin definition

taking the ratio βeff = Pd,eff/Peff :

βeff =

∑
i

∑
m

∫
ψχm

diν
m
diΣ

′m
f ϕ′dΩ′dE′dΩdEdr∑

m ψχm
t νm

t Σ′mf ϕ′dΩ′dE′dΩdEdr
(3)

where m means the mth isotope and i is the ith delayed
neutron group, other symbols are mentioned earlier.

It is instructive to interpret P as the neutron source
(the number of neutrons produced per unit of time), and
Peff as the number of fissions produced by this source per
unit of time.

In Monte Carlo calculations the physical processes are
simulated as realistically as possible. Consider the intro-
duction of a neutron with properties r , E′ , Ω′ in a crit-
ical system with zero power. This neutron will produce
other neutrons by inducing fission and these neutrons will
in turn cause fission and thereby lead to further neutrons,
etc. The number of fissions produced in this way will ap-
proach a limit which is given by the iterated fission prob-
ability that which is proportional to the adjoint function.
Using the number of fissions counted and the knowledge
of whether the neutron was prompt or delayed at its start,
one can easily calculate βeff .

3.1 Prompt Method

Denoting the integral in (2) as 〈χν〉 , making use of
that the integrals are linear and introducing νp = ν − νd

one can rewrite the expression for βeff as follows

βeff =
〈χdνd〉
〈χν〉 = 1− 〈χν − χdνd〉

〈χν〉
∼= 1− χpνp

〈χν〉 . (4)

The approximation in the last step is based on the fol-
lowing arguments. The term (χd − χ)νd is two orders of
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magnitude smaller than the one with χνp , because νd is
two orders of magnitude smaller than νp . For the same
reason, the shape of χ is almost equal to that of χp .

At this point a crucial step is taken. Often it is simply
stated that

〈χpνp〉
χν

=
kp

k
→ βeff

∼= 1− kp

k
. (5)

In fact, this is an approximation. It is true that the k -
eigenvalue is the ratio of production P and loss L , and
that this also holds for the ratio of Pd,eff

and Ld,eff
.

But the difficulty lies in the definition of kp . Since this
parameter is supposed to be calculated by means of a
transport theory code, it should be defined as the eigen-
value pertaining to a reactor with χ = χp , and ν = νp .
The difference is that in such a calculation the shapes of
ϕ and ψ will not be the same as for the original sys-
tem with χ and ν , for which the eigenvalue is k . This
subtlety is generally ignored in papers dealing with the
’prompt’ method of calculating βeff based on equation (5)
[5], where it is assumed that, since the neutron multiplica-
tion factor for a reactor is proportional to the total fission
yield (ν ), the multiplication factor for prompt neutrons
only is proportional to

(
ν − Evd

)
= ν

(
1 − βeff

)
. Here νd

is the total delayed fission neutron yield and E is the
average effectiveness of these delayed neutrons. The total
effective delayed neutron fraction is therefore

βeff =
k − kp

k
=

∑

i

βeff,i (6)

where k is the eigenvalue for all neutrons and kp is the
eigenvalue for prompt neutrons only.

3.2 Spriggs Method

The delayed neutron fraction is traditionally counted
from

βeff =

∑
i

∑
m

∫
ψχm

diν
m
diΣ

′m
f Φ′dΩ′dE′dΩdEdr∑

m ψχm
t νm

t Σ′mf Φ′dΩ′dE′dΩdEdr
(7)

Alternatively, Spriggs et al. [6] rewrite βeff as

βeff =
〈χdνd〉
〈χν〉 = 1− 〈χdνd〉

〈χdν〉
〈χdν〉
〈χν〉 = β′0

〈χdν〉
〈χν〉 (8)

where we have introduced, after Spriggs et al , yet another
delayed neutron fraction β′0 . For the present purposes we
restrict ourselves to the approximation that β′n ∼= βn be-
cause we still need to perform adjoint weighting to cal-
culate β′0 . By approximating β′n ∼= βn we can simplify
the calculation to something that can easily be imple-
mented in a Monte Carlo code. As remarked by Spriggs
et al., this approximation works well for homogeneous
cases. Also with the introduction of a ratio of k -values

〈χdv〉
〈χν〉 =

kd

k
→ βeff = β′0

kd

k
. (9)

As in the case of the ’prompt’ method, this is also an
approximation. Here the problem lies in the definition of
kd . Since this parameter is supposed to be calculated by
means of a transport theory code, it should be defined as
the eigenvalue pertaining to a reactor with χ = χd and
ν = νd . Again, the shapes of ϕ and ψ will not be the
same as for the original system with χ and ν , for which
the eigenvalue is k . This subtlety is explained by Spriggs
et al for their method of calculating βeff .

3.3 THE HOLLAND MC METHOD

This method was proposed by van der Mark and K.
Meulekamp from Petten NRG, Holland [4]. Therefore, the
neutron production and the spectrum weighting, which
can be provided by counting the number of fissions gen-
erated per history. One can then calculate the average
number of fissions generated by all neutrons. This is βeff

as defined in equation (3), where βeff = Pd,eff

/
Peff , [4].

On the other hand, when we apply the generation
definition of history to βeff calculation, an approximation
is introduced because history now only runs until the
next fission. Therefore our counting of the number of
induced fissions also counts only until the next fission,
ie, we are not calculating the iterated fission probability
but the next fission probability. This is no longer exactly
proportional to the adjoint function, nevertheless, it is a
useful approximation.

For the calculation of βeff it is not required to know
the adjoint function very precisely. The value for βeff is
largely determined by the value of β0 , the fraction of de-
layed neutrons produced. For most critical systems, the
value for βeff differs < 20% from β0 . Since the effective-
ness of neutrons, ie, the adjoint function only influences
this small difference between βeff and β0 , one only needs
to know the adjoint function with 10 % accuracy to get
2% accurate results for βeff .

Finally, it should be noted that a calculation of βeff in
this way is done by means of some minor bookkeeping in
the code, which will give a result for βeff in the same run
with which one calculates keff .

3.4 βeff calculation

The effective delayed neutron fraction βeff in training
reactor VR-1 is calculated by MCNP5 transport code
using prompt method, which requires two calculations.
According to [5] it is defined:

βeff
∼= 1− 〈χpνp〉

〈χν〉
∼= 1− kp

k
. (10)

The required value of the effective multiplication factor
keff taking both prompt and delayed neutrons into ac-
count was acquired in the straight calculation mode of
MCNP5 calculation, using the data card KCODE. In the



224 S. Michálek — J. Hašč́ık — G. Farkas: MCNP5 DELAYED NEUTRON FRACTION (βeff ) CALCULATION IN TRAINING . . .

KCODE mode the mean values of both prompt and de-
layed neutrons (if these are included in the used cross-
section libraries) are used in criticality calculations. To
prevent the influence of the delayed neutrons, TOTNU
data card with entry NO had to be used, to obtain the
value of effective multiplication factor for prompt neu-
trons (kp ). A TOTNU card with NO as the entry causes
νp to be used, and consequently kp to be calculated, for
all fissionable nuclides for which prompt values are avail-
able. If the TOTNU card is used and has no entry after
it, the total average number of neutrons from fission (ν )
using both prompt and delayed neutrons is used and the
total effective multiplication factor (k ) is calculated.

The calculation was realized for the complex MCNP5
model of training reactor VR-1, composed and provided
by Jan Rataj, MSc and Dr Lubomir Sklenka, from the
Department of Nuclear Reactors of the Czech Technical
University in Prague, under international cooperation. In
the model, several simplifications were considered:
a) The tool for dynamic studies is not included — model

of fuel assembly is used instead
b) The fission chambers RJ 1300 for power measurement

during operation are not considered in the model
c) The SNM detectors are not considered in the model
The positions of the rods considered in the model were
as follows:
a) Safety rod: B1, B2, B3 in top level, which corresponds

to a height of 680 mm
b) Experimental rods E1 at 350 mm and E2 at 340 mm
c) Control rods R1 in top level and R2 at the bottom

level of the core
The spatial distribution of source neutrons was created
using the KCODE data card. The source neutrons in each
cycle are determined by the points generated in the previ-
ous cycle. For the initial cycle, the point neutron sources
are necessary to specify. These are specified explicitly by
KSRC data card. In this case 8 source neutron points
were defined. The fuel rods are divided into 8 layers, and
in each layer there is one source neutron point specified.
5000 active cycles and 250 neutron generations were used
in the calculations.

Calculation results:

The first calculation in KCODE mode with TOTNU
card with NO, brought following value of effective mul-
tiplication factor for prompt neutrons: kp = 0.99728 ±
0.00085. The second calculation result was the value of to-
tal effective multiplication factor: k = 1.00519±0.00083.
The final effective delayed neutron fraction for the model
of VR-1 training reactor, calculated using prompt method
(10):

βeff = 1− kp

k
= 1− 0.99728± 0.00085

1.00519± 0.00083
=

= 0.007869± 0.00168.

4 CONCLUSION

The final value of the effective delayed neutron fraction
0.00787 with the standard deviation of 0.168 % is 10.2%
greater than the theoretical value estimated and used by
the VR-1 operators. The currently used value of βeff is
0.00714 [7]. The discrepancies between these two values
were caused by uncertainties of the selected calculation
method, using the simplifications in the MCNP model
of the reactor, so as the assumptions summarized above.
Development of a method of βeff measurement based on
measuring the reactor response to periodically inserted
reactivity is the main goal of our future work.
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