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Abstract: A perturbation method is proposed to obtain the effective delayed neutron fraction βeff of a cylindrical

highly enriched uranium reactor. Based on reactivity measurements with and without a sample at a specified position

using the positive period technique, the reactor reactivity perturbation ∆ρ of the sample in βeff units is measured.

Simulations of the perturbation experiments are performed using the MCNP program. The PERT card is used to

provide the difference dk of effective neutron multiplication factors with and without the sample inside the reactor.

Based on the relationship between the effective multiplication factor and the reactivity, the equation βeff=dk/∆ρ is

derived. In this paper, the reactivity perturbations of 13 metal samples at the designable position of the reactor are

measured and calculated. The average βeff value of the reactor is given as 0.00645, and the standard uncertainty

is 3.0%. Additionally, the perturbation experiments for βeff can be used to evaluate the reliabilities of the delayed

neutron parameters. This work shows that the delayed neutron data of 235U and 238U from G.R. Keepin’s publication

are more reliable than those from ENDF-B6.0, ENDF-B7.0, JENDL3.3 and CENDL2.2.
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1 Introduction

The effective delayed neutron fraction βeff is an im-
portant parameter in reactor physics. It is often used as
a unit of experimental reactivity in dollar ($, 1$=100h),
and the contribution of delayed neutrons is of primary
importance for control rod worth calculation, reactivity
feedback effect studies and reactivity accident analysis.
A more accurate βeff can also be used to validate the
delayed neutron data of 235U, 238U and 239Pu.

The Cylindrical Highly Enriched Uranium Reactor
(CHEUR), operated by the Institute of Nuclear Physics
and Chemistry, China Academy of Engineering, is a fast
neutron reactor specified for neutron physics studies, fast
reactor benchmark experiments and neutron application
techniques. In order to improve the βeff measurement of
CHEUR, a modified method is proposed based on the
252Cf source method [1]. The 252Cf source method has
been applied so far to the βeff benchmark measurements
[2,3]. The reactor must be in subcritical state, and βeff

is determined by the ratio of the experimental reactiv-

ity in dollar and the calculated result (1−1/keff). Gen-
erally, the subcritical reactivity measurements are less
accurate than the super delayed critical reactivity ex-
periments. The calculated effective multiplication factor
keff needs revision due to the difference between the sim-
ulation model and the real reactor. For the modified
method, the subcritical reactivity measurements are re-
placed with the reactivity perturbation experiments with
a super delayed critical state. Furthermore, the simula-
tion results of the perturbation experiments do not need
any revisions. Because perturbation theory is used in the
experimental simulation, we name this the perturbation
method.

Section 2 gives a description of the perturbation
method. Section 3 and 4 give a brief introduction of
CHEUR and the location of the perturbed samples. Sec-
tion 5, 6 and 7 give a detailed description of the reactivity
perturbation experiments and simulations, and the result
and uncertainties of βeff are discussed. In Section 8, the
perturbation experiments for βeff are used to evaluate
the reliability of the delayed neutron data.
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2 The perturbation method

Assuming that the reactor is in a super delayed crit-
ical state, the power growth period T1 of the reactor can
be obtained by the positive period method. The reactiv-
ity ρ1in dollar is well described as follows.

ρ1 =
1

βeff
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1+λq
i T1

, (1)

where Λ is the neutron generation time of the reactor and
aq

i , λq
i are the fractions and decay constants respectively

of the precursor of the ith group of delayed neutrons for
a certain nuclide q.

When a small reactivity perturbation ∆ρ is intro-
duced into the reactor, the power growth period T2 of
the reactor is obtained in the same way. The reactivity
ρ2 is given by the following equation.
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The reactivity perturbation ∆ρ is obtained by sub-
tracting ρ1 from ρ2. Because the neutron generation time
Λ is 9 orders of magnitude smaller than the power growth
period of the reactor, terms including Λ are neglected,
as shown in Eq. (3).
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A simulation has been implemented to describe the
process mentioned above. The difference dk between
the effective multiplication factors with and without the
perturbation can be calculated using the deterministic
method or the Monte Carlo method. Based on the rela-
tionship of the reactivity and the effective multiplication
factor, the dk value can be directly used to express the
reactivity perturbation when the reactor is close to a de-
layed critical state. Since dk and ∆ρ denote the same
physical parameter and βeff = dk/∆ρ, βeff is rewritten in
the following equation.
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3 Configuration of the reactor

CHEUR is a cylindrical fast neutron reactor. The
structure of the core is composed of a control rod, a

lower active zone, a middle steel disc and an upper ac-
tive zone. The upper active zone is a highly enriched
uranium (HEU) cylinder reflected by natural uranium.
On the top of the HEU cylinder, an 11 mm-thick disc
is disassembled into four reactivity adjustment compo-
nents (i.e. A, B, C and D, shown in Fig. 1). Another
four components have been manufactured in the same
dimensions but with stainless steel metal. The reactor
reactivity can be controlled by removing one adjustment
component or changing its material. Similar to the up-
per counterpart, the lower active zone is also an HEU
cylinder reflected by natural uranium. In the center of
the lower active zone, only one HEU metal control rod
is used during the operation of the reactor.

Fig. 1. Location of the perturbed samples in the reactor.

4 Experimental setup

To simplify the introduction of the perturbed sam-
ples, the experiments are fitted right at the top of the
reactor. As shown in Fig. 1, the reactivity adjustment
components A and B were removed and replaced by the
stainless steel disc. The outer diameter of the disc is
52.00 mm and the height is 11.00 mm. In the center
of the disc, there is a groove 20.00 mm in diameter and
9.00 mm in depth, where the experimental samples can
be placed.

Thirteen neutron scattering samples, including Au,
Fe, Ni, Ti, Cu, V, Ag, Bi, Zr, Pb, Cr, Al and Cd, were
prepared for the reactivity perturbation experiments.
These are naturally enriched materials and the impu-
rity of each sample was less than 0.1%. Raw materi-
als were provided by the Central Research Institute for
Nonferrous Metals and were manufactured into φ19.98
mm×9.00 mm cylindrical samples.

Before the perturbation experiments, a vernier
caliper (0.02 mm in precision) and high-precision elec-
tronic scale (120 g in measuring range and 0.1 mg in
precision) were used to get the accurate dimensions and
masses of all prepared samples. The measurement results
are given in Table 1. Additionally, the volume and den-
sity of each were obtained for the following experimental
simulations.
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Table 1. Mass and dimensions of the samples.

samples diameter/mm height/mm mass/g volume/mm3 density/(g/cm3)

Au 19.96 9.00 54.2825 2816.1349 19.2755

Fe 19.98 9.00 22.1582 2821.7813 7.8526

Ni 19.96 9.08 25.3080 2841.1672 8.9076

Ti 19.96 9.04 12.7276 2828.6511 4.4995

Cu 19.98 9.04 25.2217 2834.3226 8.8987

V 19.96 9.06 17.2074 2834.9091 6.0698

Ag 19.98 8.96 29.4497 2809.2401 10.4832

Bi 19.98 9.00 27.6326 2821.7813 9.7926

Zr 19.98 8.98 18.5068 2815.5107 6.5732

Pb 19.94 8.96 31.6016 2798.0031 11.2943

Cr 19.98 9.00 20.1186 2821.7813 7.1298

Al 19.96 8.96 7.5375 2803.6188 2.6884

Cd 19.98 9.00 24.2944 2821.7813 8.6096

5 Reactivity measurements

The operating conditions of CHEUR during the ex-
periments were as follows. The reactivity adjustment
component D was set to be HEU; component C was
stainless steel; components A and B were replaced by the
stainless steel grooved disc. When the lower active zone
is in tight contacts with the middle steel disc and the
control rod reaches the inner limit by inserting the rod
body 95.00 mm into the lower active zone, the reactor
goes into a super delayed critical state. The reactivity is
about 0.12 $.

Initially the sample groove was empty. The lower ac-
tive zone was in direct contacts with the middle steel
disc, and the control rod reached the inner limit. Af-
ter CHEUR went into the super delayed critical state,
the positive periodic meter was then used for the power
growth period T1. The reactor was shut down and a
sample placed in the groove. Similar to the previous ap-
proach, once the lower active zone made contact with the
middle steel disc, the control rod reached the inner limit
a second time. As long as we had measured the power
growth period T2, the reactor was shut down temporally
and another sample was used to replace the original sam-
ple in the sample groove. This procedure was repeated
while other operating conditions were kept the same un-
til all the samples were measured. In operations, the
power range of the reactor was within 0.5–5 W during
each power growth period. If the power level is too low,
the current signal from the detectors will not be intense
enough, leading to serious compromises in resolution. If
the power level is too large, the temperature of the reac-
tor increases significantly due to fission heat generation
from nuclear burnup.

All the measurements were performed within two
time periods. The first operating period was in Novem-
ber 2013. The reactor reactivity with no sample and
with Fe, Ni, Ti, Cu as the sample are recorded in Ta-

ble 2. The second operating period was in March 2014.
The reactor reactivity with and without the sample in
the sample groove were measured and are listed in Table
3. All the reactivity results were derived based on the
delayed neutron data presented by G.R. Keepin [4].

Table 2. Reactivity results measured in November 2013.

samples
power growth

period/s
reactivity/h temperatures/e

empty 51.69 12.29 15.5

Fe 35.07 16.14 15.5

Ni 31.53 17.32 15.5

Ti 39.16 14.96 15.5

Cu 31.92 17.18 15.5

6 βeff results

For a specified sample, the difference between the
reactivity with and without the sample in the sample
groove can be calculated based on the data in Tables
2 and 3. The reactivity perturbation results of various
samples are listed in Table 4.

Table 3. Reactivity results measured in March 2014.

samples
power growth

period/s
reactivity/h temperatures/e

empty 48.42 12.87 13.5

Au 29.52 18.90 13.5

V 31.58 17.30 13.5

Ag 32.04 17.14 13.5

Bi 36.65 15.66 13.5

Zr 32.85 16.85 13.5

Pb 35.66 15.95 13.5

Cr 32.56 16.84 13.5

Al 35.94 15.87 13.5

Cd 34.38 16.36 13.5
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Table 4. Reactivity perturbation of various samples.

samples reactivity perturbation /h

fe 3.87

Ni 5.06

Ti 2.74

Cu 4.97

Au 5.22

V 4.42

Ag 4.27

Bi 2.79

Zr 3.98

Pb 3.08

Cr 4.00

Al 3.04

Cd 3.54

The simulation of the perturbation experiments on
CHEUR was performed with the MCNP program. The
PERT card was used to calculate the difference of the ef-
fective multiplication factors, dk, of CHEUR in scenarios
with and without a sample in the groove. According to
dk and ∆ρ given in Fig. 2 and the least squares fit-
ting method, the effective delayed neutron fraction of
CHEUR is calculated as 0.00645.

Fig. 2. The effective delayed neutron fraction
based on G.R. Keepin’s data.

7 Uncertainty analysis

We represent the relative uncertainties of ∆ρ and dk
as uρ and uk,, respectively. The relative uncertainty uβ

of the βeff value can be described by Eq. (5). Due to
the independence between the experiments and theoreti-
cal calculations, there is no interrelationship between uρ

and uk in the formula.

u2
β = u2

ρ +u2
k. (5)

One of the major sources of uρ is the non-
reproducibility of the reactor operations. In the exper-
iments, the reactivity perturbation of a sample is ob-

tained by measuring the difference between the reactiv-
ity with and without a sample in the sample groove. The
process of placing a sample in the reactor core requires
shutting down the reactor. Due to the nature of ran-
domness, the contact level between the lower active zone
and the steel disc and the positions of the control rod
can never be perfectly identical between two operations.

Under the same operating conditions, as mentioned

above in the perturbation experiments, the lower active
zone makes contact with the middle steel disc and the
control rod reaches the inner limit. Once the power
growth period of the reactor is obtained by the periodic

meter, the reactor is shut down immediately. When the
reactor power decreases to less than 0.01 W, the proce-
dures are repeated until ten reactivity measurements are
completed. The non-reproducibility of the reactor opera-
tions can be expressed by twice Bessel standard deviation

of the average reactivity results. The non-reproducibility
result of this experiment is 0.036h.

The worst scenario during the perturbation ex-

periments is that the working conditions for reactiv-
ity measurements were unfortunately at both extreme
ends of the statistical distribution of the reactor’s non-
reproducibility. In order to correct the undesirable condi-
tions, the presumed reactor’s non-reproducibility should
be doubled to 0.072h.

The uncertainty of the delayed neutron parameter is

another major source of uρ. As mentioned above, the re-
activity perturbation results are calculated based on the
Keepin’s delayed neutron parameters. The uncertainties

for these provided in reference [4] are introduced in the
∆ρ measurements. The influence of the uncertainties of
Keepin’s data to uρ is 0.04h.

The effects of the reactor non-reproducibility are
independent of those of the delayed neutron parame-
ters. The ∆ρ measurement uncertainty can be evaluated
based on the square root of the square sum of the two
values, i.e. ±0.08h. For the measurement results of
the reactivity perturbation given in Table 4, the relative
uncertainty uρ is within 1.6%–2.6%.

dk values were obtained with the MCNP program by
running the PERT card, and the sources of the uncer-
tainties uk consist of the calculation methods, the dif-
ference between the established model and the reactor
operating in reality, and the nuclear database used in
the calculation. Making calculations using slightly mod-
ified criticality of the reactor model and different nuclear
databases, the results show not much change. The main
contribution of uk can be attributed to the calculation
method itself. In this paper, the data of uncertainty
analysis for the PERT card presented in Ref. [5] has
been adopted. The PERT perturbation estimator typ-
ically provides sufficient accuracy for response or tally
changes that are less than 5%.
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In summary, the βeff values of CHEUR were mea-
sured by the perturbation method, and the relative un-
certainty of a single measurement is 5.6% based on Equa-
tion (5). The main uncertainty source of the result rises
from the PERT calculation method. The final βeff re-
sult is given by the least squares method on the reac-
tivity perturbation measurements of 13 samples. Bessel
standard deviation of the least squares fitting is 4.2%.
Assuming that the probability distribution of the single
measurement results in the uncertainty range is normal
distribution, the confidence factor is 2. According to the
method suggested in Ref. [6], the relative uncertainty uc

of βeff is written in Eq. (6).

uc =

√

(5.6%)2

4
+

(4.2%)2

13
= 3.0%. (6)

8 Delayed neutron parameters valida-

tion

Nowadays, there exist multiple versions of the delayed
neutron group parameters. Five fast fission delayed neu-
tron parameters [7] of 235U presented in Keepin’s work,
ENDF-B6.0, ENDF-B7.0, JENDL3.3 and CENDL2.2 are
given in Table 5. The difference among them is obvious.
The perturbation method gives βeff , and seems to pro-
vide a feasible way for validating the reliability of delayed
neutron parameters.

The six-group delayed neutron parameters of 235U
and 238U from ENDF-B6.0, ENDF-B7.0, JENDL3.3 and
CENDL2.2 database are used to replace those from
Keepin’s work. The βeff values are given in Fig. 3
(0.00710), Fig. 4(0.00730), Fig. 5(0.00621) and Fig. 6
(0.00717) respectively.

For the purpose of validating the reliability of delayed
neutron parameters, it is necessary to verify the βeffvalue
of CHEUR using another method.

Fig. 3. βeff based on the delayed neutron parame-
ters from ENDF-B6.0.

Fig. 4. βeff based on the delayed neutron parame-
ters from ENDF-B7.0.

Fig. 5. βeff based on the delayed neutron parame-
ters from JENDL3.3.

Fig. 6. βeff based on the delayed neutron parame-
ters from CENDL2.2.

As reported in Ref. [4], the βeff values of 235U and
238U are 0.00640 and 0.01480, respectively. In reference
[8], the βeff values of Godiva (HEU-MET-FAST-001 from
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ICSBEP) and Flattop-25 (HEU-MET-FAST-028 from
ICSBEP) are 0.00659 and 0.00665, respectively. Godiva
is a spherical HEU nuclear facility, and Flattop-25 is a
spherical HEU facility with a normal uranium reflector
outside. In our scenario, CHEUR is also a HEU facility
with a natural uranium reflector. However, the mass of
the reflector used in CHEUR is less than tenth of the
reflector in Flattop-25. In accordance with the approx-
imation principle, the βeff value of CHEUR is presum-
ably higher than that of Godiva but lower than that of
Flattop-25. Thus, considering the βeff measurement un-
certainties, we can reasonably predict that the βeff value
of CHEUR is most possibly within 0.00640–0.00680.

The βeff of CHEUR was calculated by the k-ratio

method [9] using the MCNP program with the ENDF-
B6.6 database. The effective neutron multiplication fac-
tors (keff and kp) with and without considering the de-
layed neutrons were calculated. Based on the equation
βeff = 1− kp/keff , the effective delayed neutron fraction
βeff was obtained as 0.00667.

It is found that only βeff calculated based on G.R.
Keepin’s delayed neutron parameters is within the spe-
cific range predicted by the approximation principle and
close to the theoretical calculation value given by the
k−ratio method. This indicates that the six-group de-
layed neutron parameters of 235U and 238U provided by
G.R. Keepin are more reliable than the other data listed
in Table 5.

Table 5. Six-group delayed neutron parameters of 235U fast fission.

i
λi/s

−1
αi

Keepin ENDFB6.0 ENDFB7.0 JENDL3.3 CENDL2.2 Keepin ENDFB6.0 ENDFB7.0 JENDL3.3 CENDL2.2

1 0.0127 0.0133 0.0125 0.0124 0.0133 0.038 0.0350 0.0320 0.035 0.0350
2 0.0317 0.0327 0.0318 0.0305 0.0347 0.213 0.1807 0.1664 0.217 0.1807
3 0.115 0.121 0.109 0.111 0.121 0.188 0.1725 0.1613 0.212 0.1725
4 0.311 0.303 0.317 0.301 0.305 0.407 0.3868 0.4596 0.385 0.3868
5 1.40 0.849 1.354 1.136 0.849 0.128 0.1586 0.1335 0.126 0.1586
6 3.87 2.853 8.636 3.014 2.855 0.026 0.0664 0.0472 0.025 0.0664

9 Conclusions

The perturbation method has been proposed to
measure the effective delayed neutron fraction βeff in
CHEUR. According to reactivity measurements with and
without a sample at the specified position by the posi-
tive periodic technique, the reactivity perturbation ∆ρ
of the sample in dollars was achieved. Further, simula-
tion of the perturbation experiment was performed using
the MCNP program. The PERT card was used to pro-
vide the difference dk of effective neutron multiplication
factors with and without a sample in the reactor. Com-
paring the experimental result with the calculated result,
the equation βeff = dk/∆ρ was found.

In this work, the reactivity perturbations of 13 differ-

ent metal samples at the specified position of the reactor
were measured and calculated, and the average βeff value
of the reactor was found to be 0.00645. The relative un-
certainty of the βeff result is 3.0%. The main sources of
the uncertainty consist of the non-reproducibility of the
reactor operations, the uncertainties of the delayed neu-
tron parameters, and the perturbation calculating meth-
ods.

Since the βeff measurement with perturbation
method is highly sensitive to the delayed neutron pa-
rameters, it can be used to evaluate the reliability of
the delayed neutron parameters. This paper shows that
the delayed neutron parameters of 235U and 238U coming
from G.R. Keepin’s work are more reliable than those
coming from ENDF-B6.0, ENDF-B7.0, JENDL3.3, and
CENDL2.2.
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