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Prompt fission neutron spectra in fast-neutron-induced fission of 238U
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Prompt fission neutron spectrum (PFNS) measurements for the neutron-induced fission of 238U are carried
out at incident neutron energies of 2.0, 2.5, and 3.0 MeV, respectively. The time-of-flight technique is employed
to determine the energy of fission neutrons. The prompt fission neutron energy spectra so obtained are analyzed
using Watt parametrization to derive the neutron multiplicity and average prompt fission neutron energy. The
present experimental PFNS data are compared with the evaluated spectra taken from the ENDF/B-VII.1 library
and the predictive calculations carried out using the EMPIRE-3.2 (Malta) code with built-in Los Alamos (LA)
and Kornilov PFNS models. The sensitivity of the EMPIRE-3.2 LA model–calculated PFNS to the nuclear level
density parameter of the average fission fragment and to the total kinetic energy is investigated. EMPIRE-3.2 LA
model PFNS calculations that use Madland 2006–recommended values [D. G. Madland, Nucl. Phys. A 772,
113 (2006)] of the total kinetic energy and the level density parameter a = A/(10 ± 0.5) compare very well to
measured data at all incident neutron incident energies.
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I. INTRODUCTION

Studies on prompt fission neutron spectra properties in
neutron-induced fission reactions, taking place at from low
to intermediate energies, have grown increasingly popular in
recent years due to the worldwide interest in the design of
fast breeder reactors and development of accelerator-driven
systems for the transmutation of nuclear wastes and also for
the evaluation of nuclear data for actinide nuclei. Moreover,
these data provide valuable information on the fundamental
understanding of the neutron-induced fission process. In
particular, it is interesting to investigate in what proportions
the heated system releases its excess energy as a function of the
incident neutron energy. There are limited experimental studies
on prompt fission neutron spectra for fast-neutron-induced
fission [1]. This situation is mainly due to the following
difficulties: (a) small fission cross sections for fast neutrons;
(b) the large background produced in the same energy region as
that of fission neutrons due to scattering of incident neutrons;
and (c) the fact that a monoenergetic neutron source of the
required energy with the appropriate intensity is often not
easily accessible.

Prompt fission neutrons are characterized by two basic
quantities: the average number of prompt neutrons emitted
per fission, which is known up to 30 MeV with an accuracy of
better than 1%, and the shape of the neutron energy spectrum,
which is not nearly as well known [1]. The need for better
knowledge of prompt fission neutron spectra for actinide nuclei
is also reflected in the International Atomic Energy Agency
(IAEA) request list [2]. In connection with the coordinated
research program [3] launched by the IAEA, we have initiated
a program to measure the prompt fission neutron spectrum
(PFNS) in fast-neutron-induced fission of major actinides such
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as 238U and 232Th. In this work, we report on some of the
results of our research program, which focuses on measuring
the PFNS emitted in the fast-neutron-induced fission of 238U
at incident neutron energies of 2.0, 2.5, and 3.0 MeV.

II. THEORETICAL MODELING OF PROMPT FISSION
NEUTRON SPECTRA

A. Maxwellian and Watt formalism

A commonly used approximation for fission neutron spectra
in the laboratory system is the Maxwellian distribution as
presented by Terrell [4,5].

NM (E) = 2 · E1/2

π1/2 · T
3/2
M

× exp

(
− E

TM

)
, (1)

where TM is the only parameter characterizing the distribution.
The average neutron energy is given by

Ē = 3
2 · TM. (2)

If a Maxwellian distribution is assumed for the shape of the
neutron evaporation spectrum, N (E) ∼ √

E × exp (−E/Te),
where Te is the temperature of the nucleus after the evaporation
of one neutron; and furthermore, if it is assumed that all
fragments have the same kinetic energy per nucleon Ef , then
the laboratory neutron spectrum shape is a Watt spectrum [6,7],

Nw(E) = 2 · A3/2

(π · B)1/2
× exp

(
− B

4A

)
× exp (−A · E)

× sinh (B · E)1/2. (3)

The Watt parameters A and B are related to the physical
quantities by the relations A = 1/Te and B = 4Ef /T 2

e . The
average neutron energy of the Watt distribution is simply
given by

Ē = 1

A
·
(

3

2
+ B

4 · A

)
. (4)
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The above Watt parametrization has a limited accuracy,
but it is a useful approximation to describe a PFNS with
low statistics. Also, the average neutron energy is derived
analytically using Eq. (4), therefore, is not sensitive to details of
the spectral shape near the chosen upper and lower thresholds.

B. Los Alamos model

The Los Alamos (LA) model is the basis for evaluation of
prompt fission neutron spectra in most currently evaluated
nuclear data libraries. This relatively simple and compact
formalism has been very successful in predicting the prompt
fission neutron spectra for neutron-induced as well as spon-
taneous fission reactions for a wide range of actinides and
incident neutron energies. In the present work, we have used
the EMPIRE-3.2 (Malta) code implementation of the LA model
for PFNS calculations with the EMPIRE selection of model input
parameters [8–10]. More detailed discussion of the LA model
can be found in Refs. [10–14]. Here we only summarize its
main features. In this model, the PFNS N (E) is calculated as a
function of the fissioning nucleus and its excitation energy. The
Weisskopf statistical evaporation theory [15] is used to predict
the emission of neutrons from an excited compound nucleus
(CN) at a given temperature, and a triangular distribution
of initial fission fragment residual temperatures is assumed.
The equation for the center-of-mass fission neutron energy
spectrum, for an energy-dependent compound-nucleus cross
section and constant residual nuclear temperature, is

φ(E) = 2σc(ε)ε

T 2
e

∫ Tm

0
k(T )T exp

(
− ε

T

)
dT , (5)

with the temperature-dependent normalization constant k(T )

k(T ) =
( ∫ ∞

0
σc(ε)ε exp

(
− ε

T

)
dε

)−1

. (6)

σc(ε) is the energy-dependent cross section for the inverse
process of compound nucleus (CN) formation. Equation (7)
was obtained by integrating over a triangular distribution of
temperatures with a maximum temperature Tm.

In the laboratory system, the neutron energy spectrum N (E)
for a fission fragment moving with a kinetic energy per nucleon
Ef is

N (E) = 1

2
√

Ef T 2
m

∫ (
√

E−
√

Ef )2

(
√

E+
√

Ef )2
σc(ε)

√
εdε

×
∫ Tm

0
k(T )T exp

(
− ε

T

)
dT . (7)

Considering the most probable fragmentation only, the average
laboratory neutron energy spectrum N (E) is therefore given
by an average over the spectra for the light Nl(E) and heavy
Nh(E) fragments as

N (E) = 1
2 (Nl(E) + Nh(E)). (8)

The LA model takes into account several important physical
effects that the Watt or Maxwellian representation ignores,
such as (i) the distribution of the fission-fragment residual
nuclear temperature that results from the initial distribution

of the fission-fragment excitation energy and the subsequent
cooling of the fragments as neutrons are emitted and (ii) the
energy dependence of the cross section for the inverse process
of compound nucleus formation. Furthermore, the Maxwellian
spectrum also neglects the center-of-mass motion of the fission
fragments from which the neutrons are emitted; therefore, the
agreement between spectra and data is achieved by adjusting
parameters to values that are somewhat unphysical. The LA
model addresses these inconsistencies by taking the distri-
bution of the fission-fragment residual nuclear temperature
to be triangular in shape, extending linearly from 0 to a
maximum value Tm, and calculating the energy-dependent
compound nucleus cross section for representative average
fission fragments by the use of an optical model. This permits
N (E) to be calculated easily for any fissioning nucleus at any
excitation energy.

III. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment was performed at the 6-MV Folded Tan-
dem Ion Accelerator facility [16], Bhabha Atomic Research
Centre, Mumbai, India. The primary monoenergetic neutrons
were obtained via 7Li(p,n) 7Be reaction by bombarding the
proton beam on a natural 7Li metallic target of thickness
4.0 mg/cm2 (1.0 × 1.0–cm area). The absolute differential
cross sections of the 7Li(p,n) 7Be and 7Li(p,n1) 7Be

∗
reac-

tions were measured earlier for proton energies from 2.20
to 5.50 MeV [17]. The contribution of this second group
of neutrons from the 7Li(p,n1) 7Be

∗
reaction is less than

10% at all incident neutron energies reported in this work. A
schematic of the experimental arrangement is shown in Fig. 1.
A fission chamber used for fission-fragment detection was
placed downstream at a distance of 2.0 cm from the neutron
production target 7Li as shown in Fig. 1. The fission chamber is
made up of two circular pcb plates (7 cm in diameter and 2 mm
thick) arranged in parallel with a 3.0-mm spacer of Teflon ring
between them. The natural 238U (99.30%) target of thickness

P- Beam

End glass flange

7Li

EJ-301
Electrodes Teflon ring

Fission chamber

FIG. 1. (Color online) Schematic of the experimental setup.
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FIG. 2. Fission fragment (FF) pulse height spectrum.

2.1 mg/cm2 (1.0 × 1.0–cm area) was mounted on the cathode
plate of a fission chamber with an electrical contact made using
a conducting glue. The 238U target mounted in the fission
chamber subtended an angular opening of ±14◦ at the center
of the neutron production target. Thus incident neutrons falling
on the 238U target will have some energy spread. The spread
in the incident neutron energy is determined from the angular
opening presented by the 238U target at the center of the
neutron production target and it is found to be ∼100 keV at all
incident neutron energies. The produced neutrons are allowed
to fall on a 238U target mounted on the cathode plate of a fission
chamber. The fission fragments produced in the 238U(n,f )
reaction are detected in 2π geometry in the fission chamber.
The cathode plate was kept at ground potential, while the
anode was biased to 600 V through a preamplifier. The fission
fragments ionize the air between the two plates, generating
electron-ion pairs. The generated electron-ion pairs are then
collected at their respective electrodes, leading to an electrical
pulse, signing a fission event which is then used as a start pulse
for the time-of-flight (TOF) measurement. The discrimination
among fission-fragment pulse height, α-particle energy loss
( 238U is an α emitter), and electronic noise was excellent. The
typical fission-fragment pulse height spectrum is shown in
Fig. 2. The threshold is applied during the off-line analysis so
as to discard any random coincidences caused by the trigger’s
arising from α and the electronic noise in the fission chamber.

Two EJ301 liquid organic scintillator detectors (12.7 cm in
diameter and 5.0 cm thick), sensitive to neutrons and γ rays,
were placed at a distance of 70.0 cm from the center of the
fission chamber, making an angle of 60◦ with respect to the
incident neutron beam direction on either side of the beam to
detect fission neutrons. The neutron detectors were mounted
on the flat aluminum platform coupled with a tripod stand. The
distance of the walls of the experimental room from the neutron
detectors is about 10 m. Both neutron detectors were set up
with the 137Cs, 60Co, and 22Na calibration sources to set the
electronic thresholds at a 30-keV electron equivalent energy.
The signal of the neutron (or γ ray) hitting the EJ301 detector
is used as a stop signal for TOF measurement. The EJ301
exhibits good pulse shape discrimination (PSD) properties,
therefore, neutrons and γ rays can be discriminated via a pulse
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FIG. 3. (Color online) Measured efficiency for the EJ301 neutron
detectors.

shape analysis using a Mesytec MPD-4 module [18] based
on the charge integration of the short- and long-decay-time
components of the scintillation detector pulses.

The detection efficiency of each of the neutron detectors
was experimentally determined in a separate experiment by
measuring the neutron TOF spectrum in coincidence with
fission fragments from a 252Cf source. The 252Cf source was
mounted on the cathode electrode of the fission chamber,
hence the fission fragments were detected in 2π geometry
(identical to the above in-beam experiment with the 238U
target). The neutron energy spectrum measured per fission
is then compared with the empirical form provided by
Mannhart evaluation [19,20], which is considered the standard
for 252Cf(SF). Figure 3 and Table I present the measured
efficiency of the detectors. The calculated efficiency using the
NEFF code is also shown in Fig. 3, for comparison. However,
the measured efficiency has been used in analysis of the present
data.

A two-dimensional PSD-versus-TOF plot and the resulting
neutron TOF distribution are shown in Figs. 4(a) and 4(b),
respectively. Other than the prompt neutron peak, a constant
background is observed in the TOF spectrum. The prompt peak
is due to the neutrons emitted in the 238U(n,f ) reaction and
the non-negligible background component arising mainly from
scattered incident neutrons. These neutrons are not correlated
with fission and create the constant background in the neutron

TABLE I. Efficiency correction parameters for prompt energy
bins used in the present data.

Neutron energy Efficiency Neutron energy Efficiency
(MeV) (MeV)

0.5–1.0 0.3853 ± 0.00311 4.0–4.5 0.3477 ± 0.00340
1.0–1.5 0.5362 ± 0.00283 4.5–5.0 0.3472 ± 0.00376
1.5–2.0 0.4815 ± 0.00290 5.0–6.0 0.3292 ± 0.00391
2.0–2.5 0.4239 ± 0.00289 6.0–7.0 0.3098 ± 0.00387
2.5–3.0 0.4030 ± 0.00301 7.0–8.0 0.3010 ± 0.00410
3.0–3.5 0.3885 ± 0.00323 8.0–9.0 0.3019 ± 0.00435
3.5–4.0 0.3788 ± 0.00346
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FIG. 4. (Color online) (a) Typical two-dimensional pulse shape
discrimination (PSD) vs time-of-flight (TOF) plot; (b) neutron TOF
spectrum.

TOF spectra through random coincidences. The TOF spectra
are then converted into energies using the relativistic equation

En = mnc
2

⎡
⎣ 1√

1 − ∨2
n

c2

− 1

⎤
⎦, (9)

where En, ∨n, and mn are the energy, velocity, and mass
of the neutron and c is the speed of the light. First, the
neutron energy spectrum is generated for the coincidence
region (prompt neutron zone in Fig. 4(b)) of TOF spectra.
An energy spectrum corresponding to a constant background
of a width similar to the coincidence region of the TOF is also
generated by appropriately shifting the time scale. In order
to obtain the true coincident neutron spectrum, the neutron
energy spectra corresponding background region is subtracted
from the coincidence region. The spectrum is then normalized
to the number of fission events and the solid angle of the
neutron detector and corrected with the measured neutron
detection efficiency shown in Fig. 3. The resulting PFNS
energy distributions so obtained at En = 2.0, 2.5, and 3.0 MeV
are shown in Figs. 5(a), 5(b), and 5(c), respectively. The data
show both detectors added together for better statistics. The
error bars on the y axis contain statistical uncertainties in the
neutron yield measurement itself.

The systematic uncertainties associated with PFNS data
measurements using the modern approach have been presented
and discussed briefly in the work of Rising et al. [21] and
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FIG. 5. (Color online) Comparison of prompt fission neutron
spectra among the present experimental data, Watt spectrum (solid
line), ENDF/B-VII.1 evaluation (short-dashed line), EMPIRE-3.2 Los
Alamos model (dotted line), and Kornilov model (long-dashed line)
at incident neutron energies of (a) 2.0 MeV, (b) 2.5 MeV, and
(c) 3.0 MeV.

Neudecker et al. [22]. The systematic uncertainties in the
present data include uncertainties in the detector efficiency
measurements and uncertainty in the separation of neutron
and γ events by PSD and in the background subtraction. The
neutron detection efficiencies for the neutron detectors have
been determined using the 252Cf source as described above.
Figure 3 shows a comparison between the measured efficiency
and the calculated efficiency using the NEFF Monte Carlo
simulation code. Near the threshold for neutron detection,
the uncertainty in the detector efficiency measurements is
somewhat greater. However, for the data reported in the present
work for emitted neutron energies above 1 MeV, the 5%
uncertainty is appropriate. The neutron-γ discrimination is
quite clean; therefore the uncertainty in identifying neutron and
γ events by PSD is negligible. The constant background shown
in the TOF spectra in Fig. 4(b) due to the random coincidences
formed by scattered incident neutrons was subtracted carefully
as described earlier. The uncertainty in the neutron spectra due
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TABLE II. Best-fit values of fitting parameters in Maxwellian and Watt parametrization. Extracted values of the neutron multiplicity and
average neutron energy are also listed.

En(MeV) Watt fit Maxwellian fit Ē (0.75 � E � 7.5)

A (MeV−1) B (MeV−1) Mn Ē T (MeV) Mn Ē

2.0 0.819 ± 0.005 1.20 ± 0.002 2.59 ± 0.020 2.28 ± 0.017 1.24 ± 0.01 2.59 ± 0.025 1.86 ± 0.015 2.24 ± 0.034
2.5 0.784 ± 0.003 0.994 ± 0.002 2.62 ± 0.020 2.30 ± 0.018 1.27 ± 0.01 2.62 ± 0.025 1.90 ± 0.015 2.26 ± 0.028
3.0 0.751 ± 0.005 0.892 ± 0.002 2.72 ± 0.025 2.31 ± 0.020 1.29 ± 0.01 2.62 ± 0.025 1.92 ± 0.015 2.27 ± 0.041

to background subtraction is less than 12%. The scattering of
fission neutrons from the components of the fission chamber,
the detector mounts, and the wall of the experimental room can
contribute to lower emission energies of the neutron spectrum.
This requires more detailed study through simulations to
understand the contribution to the neutron emission spectrum
due to scattering from the structural material of the fission
chamber, detector mounts, and walls of the experimental room,
as the information given above.

IV. RESULTS AND DISCUSSION

The Watt parametrization given by Eq. (3) and the EMPIRE-
3.2 (Malta) code implementation of the LA model [8–10]
and Kornilov model [23] calculations have been performed to
quantitatively understand the present experimental PFNS data.
Figures 5(a)–5(c) show the present prompt fission neutron
spectra along with the best-fit line of the Watt spectrum,
EMPIRE-3.2 LA model, Kornilov model calculations, and eval-
uated PFNS taken from the ENDF/B-VII.1 library [24]. The
best-fit values of the Watt parameters A and B and prompt fis-
sion neutron multiplicity (Mn), obtained by fitting the observed
spectra by the χ2 minimization procedure, are listed in Table II.
The two calculations (Watt spectrum and Kornilov model) and
the evaluated spectra model, and the evaluated PFNS taken
from the ENDF/B-VII.1 library show the same trend as the
experimental data. However, the PFNS calculated using the
EMPIRE-3.2 LA model gives lower values at low emission en-
ergies than the other data plotted in Fig. 5 at all incident neutron
energies. In Fig. 5(a), the data reported by Baba et al. [25] at
2.0 MeV are shown for comparison. The data reported by
Baba et al. at 2.0 MeV are found to be consistent with
the present data in the emission neutron energy range of
2.5 to 7.0 MeV. However, above 7.0 MeV, the Baba et al.
data deviate slightly from the present data. In Fig. 6(a),
the values of the multiplicities (Mn) deduced in the present
experiment are compared with other experimental data taken
from the EXFOR [26] library and evaluations taken from the
ENDF/B-VII.1 library [24]. The multiplicity values obtained
in the present work at all incident neutron energies are
found to be consistent with the earlier experimental data as
well as the ENDF/B-VII.1 evaluation. The average prompt
fission neutron energy (Ē) values calculated from the fitted
parameters using Eq. (4) are also listed in Table II. Figure 6(b)
shows a comparison of the average prompt fission neutron
energy Ē values obtained in the present work with the
previously reported data taken from Ref. [27] and the LA
model calculations. In general, the average PFNS energy

data along with the present measurement plotted in Fig. 6(b)
show a slightly increasing behavior with the incident beam
neutron energy. The present experimental Ē data at all incident
neutron energies are consistent with the earlier experimental
data and the LA model calculations. The spectrum average
neutron energy in the energy range 0.75 � En � 7.5 is also
shown in Fig. 6(b). The prompt fission neutron energy spectra
obtained in the present experiment also have been fitted by
the Maxwellian distribution given by Eq. (1). The Maxwellian
temperature (TM ) and multiplicity (Mn) have been deduced
by least-squares fit. The best-fit values of the Maxwellian
parameters (TM ) and (Mn) and hence the average energy (Ē)
obtained in the present work for incident energies of 2.0, 2.5,
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FIG. 6. (Color online) (a) Average neutron multiplicity: present
data (filled circles) and other experimental data (open circles) taken
from EXFOR and ENDF/B-VII.1 evaluation (solid line). (b) Prompt
fission neutron spectrum average energy (Ē) for neutrons emitted
from neutron-induced fission of 238U. Data are compared with
previously reported experimental data and also with predictions of
EMPIRE-3.2 Los Alamos model calculations.
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FIG. 7. (Color online) Experimental (open circles) and calcu-
lated [ENDF/B-VII.1 evaluation (solid line), EMPIRE-3.2 Los Alamos
model (short-dashed line), and Kornilov model (dotted line)] prompt
fission neutron energy spectra, normalized to the Maxwellian distri-
bution at an incident neutron energy of (a) 2.0 MeV, (b) 2.5 MeV, and
(c) 3.0 MeV.

and 3.0 MeV are listed in Table II. The ratio of the experimental
and calculated PFNS normalized to the respective Maxwellian
distribution is shown in the Fig. 7. In this way the shapes of the
prompt fission neutron spectra are compared. It can be seen
in Fig. 7 that the shapes of the evaluated spectra taken from
the ENDF/B-VII.1 library and the calculated PFNS using the
Kornilov model are consistent with the present experimental
data at all incident neutron energies. However, the shape of the
PFNS predicted by the EMPIRE-3.2 LA model implementation
is considerably different from the present experimental data.

The sensitivity of the PFNS calculations to the perturbation
of model input parameters for the EMPIRE-3.2 LA model has
been carried out to understand the observed difference between

TABLE III. Comparison of average total kinetic energies of fis-
sion fragment values used in the default EMPIRE-3.2 parametrization
and values obtained from the Madland systematics.

Incident neutron 〈T tot
f 〉 (MeV)

energy (MeV) EMPIRE-3.2 Madland systematic

2.0 168.68 171.24
2.5 168.29 171.12
3.0 168.10 171.02

the present experimental and the LA-calculated spectral shape.
The relevant input parameters for the LA model are (i) 〈Er 〉, the
average fission energy release; (ii) 〈Sn〉, the average neutron
separation energy of the fission fragments; (iii) 〈T tot

f 〉, the total
kinetic energy of the fission fragments; and (iv) 〈Etot

γ 〉, the
average total energy carried away through γ -ray emission.
The EMPIRE-3.2 implementation of the LA model calculations
in the present work have been carried out with the EMPIRE

selection of model input parameters. The default parameters
used in EMPIRE for the LA model of prompt fission neutron
emission in 238U(nth,f ) reactions have been taken from the
work of Malinovskii et al. [28] and Itkis et al. [29]. Also, for
the level density parameter a, the EMPIRE-3.2 implementation
of the PFNS calculation uses the relationship

a = A/11 (MeV), (10)

where A is the mass number of the most probable heavy
and light fission fragments for the n + 238U reaction. The
sensitivity of the EMPIRE-3.2 LA model–predicted PFNS to
the perturbation of the total kinetic energy 〈T tot

f 〉 of fission
fragments has been studied by taking the 〈T tot

f 〉 values from
the systematics suggested by Madland [30] over the incident
neutron energy (En) range of 0 � En � 30 as given below:〈

T tot
f

〉 = 171.7 − 0.2396En + 0.003434E2
n. (11)

The above systematic was obtained by a fit to the published
experimental average total fission fragment kinetic energy data
for the n + 238U system by Zoller et al. [31]. The EMPIRE-3.2
parametrization of the LA model uses the 〈T tot

f 〉 parametriza-
tion proposed by Malinovskii et al. [28]. A comparison of
the average total fission fragment kinetic energy 〈T tot

f 〉 values
used in the default EMPIRE-3.2 parametrization and the values
obtained from the systematic given by Eq. (17) are listed in
Table III. Figure 8 shows the EMPIRE-3.2 LA model–calculated
prompt fission neutron spectra obtained using the 〈T tot

f 〉 values
from the above systematic and the EMPIRE-3.2 selected level
density parameter a = A/11 (MeV). To further investigate
the sensitivity to the level density parameter, the ratio of the
EMPIRE-3.2 LA model–predicted PFNS to the Maxwellian
distribution was carried out for various values of the level
density parameter a, such as A

9 , A
9.5 , and A

10 , respectively, and
the corresponding results are shown in Fig. 8. The least χ2

method was used to extract the most probable value of the
level density parameter. From Fig. 8 it appears that the present
experimental data could be explained well using the EMPIRE-
3.2 LA model calculations when the values of 〈T tot

f 〉 are
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FIG. 8. (Color online) Experimental (open circles) and EMPIRE-
3.2 LA model–calculated PFNS spectra obtained using the 〈T tot

f 〉
values taken from the Madland systematic (solid line), normalized
to the Maxwellian distribution at an incident neutron energy of 2.0,
2.5, and 3.0 MeV. The effect of changing the level density parameter
value is also shown.

taken from the Madland systematic given by Eq. (17) and the
level density parameter a = A/K , where K = 10. ± 0.5 MeV
is used, at all incident neutron energies. Indeed the prompt
fission spectrum in ENDF/B-VII.1 [24] for 238U also came
from a new analysis by Madland [30] using the LA model.

V. SUMMARY

The prompt fission neutron spectra from neutron-induced
fission of 238U have been measured using the TOF technique
for incident neutron energies of 2.0, 2.5, and 3.0 MeV. A beam
of primary quasimonoenergetic neutrons was obtained using
the 7Li(p,n) 7Be reaction. Neutrons emitted in the 238U(n,f )
reactions were detected using an EJ-301 liquid scintillator
detector in coincidence with the fission fragments. The present
experimental PFNS data were then compared with the Watt
parametrization, ENDF/B-VII.1 evaluations, and theoretical
predictions using the EMPIRE-3.2 (Malta) code with its built-in
LA model and Kornilov model for PFNS calculations. The
present experimental PFNS data agree very well with the Watt
parametrization, ENDF/B-VII.1 evaluations, and Kornilov
model for incident neutron energies of 2.0, 2.5, and 3.0 MeV.
However, a significant difference between the present PFNS
data and the calculated spectra using the EMPIRE-3.2 LA
model is observed at all incident neutron energies. In order
to understand the observed difference between the present
experimental and the EMPIRE-3.2 LA–calculated spectra, a
sensitivity study of PFNS calculations to perturbation of the
total kinetic energy 〈T tot

f 〉 of fission fragments and the value
of the level density parameter a used in the EMPIRE-3.2–
implemented LA model calculations has been carried out. It
was found that the EMPIRE-3.2 LA model–calculated prompt
fission neutron spectra compare very well with the present
experimental data, when 〈T tot

f 〉 are taken from the Madland
systematic and the level density parameter a = A/K , where
K = 10. ± 0.5 MeV is used, at all incident neutron energies.
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