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Abstract

The response of the RPI 16-segment NaI(Tl) multiplicity detector system to the g-rays following neutron radiative
capture reactions is discussed. An algorithm which combines the Monte-Carlo g-cascade code DICEBOX, based on the
extreme statistical model, with the general MCNP(4C) Monte-Carlo particle transport computer program is presented.

Two processes, the emission of the g-cascades accompanying the individual events of the neutron capture and the
subsequent g-ray transport through the RPI multiplicity detector were modeled. The efficiency of the RPI system for

detecting neutron capture in 149;150Sm nuclei and the expected distributions of instrumental multiplicity were derived

using the combined DICEBOX/MCNP(4C) code. Comparison with measured data is presented.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Computer simulation of neutron physics experi-
ments, based on the use of complex detector
systems, can help the experimentalist understand,
in detail, how these systems work. This is an
important prerequisite for improving the useful-
ness of the observed data in order to learn more
about the underlying physics of the neutron
capture process. In particular, these simulations
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are applicable in the analysis of raw data obtained
from the measurement of neutron capture cross-
sections in the resonance energy region. These
data, together with spectra of g-rays accompany-
ing neutron capture, provide information about the
mechanism of the ðn; gÞ reactions and the decay
properties of the compound nuclear levels at
excitations near the threshold for neutron emission.
The RPI 16-segment NaI(Tl) multiplicity detec-

tor [1] has been designed for time-of-flight neutron
capture measurements using a pulsed neutron
beam. A relatively high efficiency, Z; for the
detection of neutron capture has been achieved
d.
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by taking advantage of the multiplicity spectroscopy
technique. However, for several reasons, the g-
detection efficiency of the individual NaIðTlÞ elements

can be significantly less than 100%. The response of
any similar g-detector system depends on:
(i)
 the detailed behavior of the g-ray cascades
following neutron capture in a nucleus of
interest. The detection efficiency depends on
the ðn; gÞ reaction studied and the neutron
resonance spin and parity state,
(ii)
 the transport of the cascade g-rays through
the g-sensitive elements of the detector system
(in this case, the NaI(Tl) crystals), as well as
through the structural material.
It is important to know the value of Z to avoid
systematic errors in determining the capture cross-
section from neutron time-of-flight measurements.
It is clear, since Z depends on both the properties
of the detection system and the g-cascade process,
that the only way to solve this problem is to
estimate Z from simulations involving both pro-
cesses. This requires modeling the emission of the
g-cascades and their subsequent interactions with
the passive and active material of the detection
system including the sample itself.
An algorithm was developed for this simulation,

similar to that reported in Ref. [2], which combines
the program DICEBOX [3], a Monte-Carlo g-
cascade simulator based on the statistical model,
with the MCNP(4C) Monte-Carlo particle trans-
port code [4]. This combination makes it possible
to simulate the Markovian process of g de-
excitation of the highly excited neutron-capturing
states and subsequently track the emitted cascade
g-rays through the RPI multiplicity detector
system to determine the g-ray energy deposited in
the individual scintillation crystals. The detection
efficiency Z can be determined for any spin and
parity of the ðn; gÞ capturing state given a
statistically large enough sample of g-cascades.
A similar task has been performed to determine

the response of the Karlsruhe 4p g-detection
system, consisting of 42 large-volume BaF2 scin-
tillation spectrometers. A modified DICEBOX
algorithm [3] in combination with the CERN
transport code GEANT [5] were utilized to
simulate the detector response. Relevant details
for this work can be found in Ref. [6].
The DICEBOX/MCNP(4C) simulations pro-

vide information about the number of NaI(Tl)
modules triggered by a g-ray cascade. This is
known as the instrumental g-multiplicity m: The
predicted distribution of m can be compared with
that obtained from experimental measurements.
The degree of agreement between these two
distributions may, in turn, serve as a criterion for
accessing the reliability of the DICEBOX/
MCNP(4C) calculations. This is very important,
as there exists no direct way to test the correctness
of the outlined simulations. The accuracy of the
DICEBOX predictions can be checked indepen-
dently from comparisons of predicted cascade-
related observables obtained from other experi-
ments. The data that can be used for this purpose
are, e.g. the total radiation widths of neutron
resonances [7], spectra of g-rays following neutron
capture that belong to two-step or multi-step
cascades [8] and populations of low-lying levels
or the ratios of these populations as a function of
capturing-state spin and parity in the product
nucleus [9].
The DICEBOX algorithm is briefly explained in

Section 2. Some of the models for photon strength
functions and the level density incorporated in the
present version of the DICEBOX/MCNP(4C)
code are specified in detail in Section 3 with
emphasis on the description of photon strengths
for spherical and transitional nuclei. Section 4 lists
the most relevant characteristics of the RPI
detector system. The linking of the DICEBOX
algorithm to the MCNP(4C) program, including
the way in which the detection efficiency Z and the
distribution of instrumental g multiplicity m are
calculated is described in Section 5. A comparison
of DICEBOX/MCNP(4C) simulations for the
149;150Smðn; gÞ 150;151Sm reactions and those ob-
tained from measurements with the RPI detector
system [10] are presented in Section 6.
2. The method used to simulate the c-cascades

The DICEBOX algorithm models the inherent
statistical behavior of g-cascade emissions and the
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statistical characteristics of a large number of
presumably unmeasured intermediate nuclear le-
vels in medium and heavy nuclei. This eliminates
the computational difficulties which existed in
previous approaches to model the g-cascades
[11,12]. The statistical nature of the de-excitation
process, the Porter and Thomas [13] fluctuation of
partial radiation widths and the Wigner [14]
distribution of the level spacings are fully taken
into account. The nuclear level density and photon
strength functions are the only two remaining
entities needed for simulating the emission of
cascade g-rays in neutron radiative capture reac-
tions apart from a known decay pattern of the
low-energy levels in the product nucleus.
The DICEBOX algorithm is based on the

validity of the extreme statistical model. The main
features of this program are described as follows:
(i)
 Below a certain critical energy Ecrit; a full set
of experimentally determined discrete levels
of the nucleus are known, including level
energies, spins, parities and all branching
intensities of depopulating transitions.
(ii)
 A full and presumably unknown set of
nuclear energy levels above Ecrit is repre-
sented by a random discretization of an a
priori known level density formula rðE; JpÞ:
(iii)
 When mixing of various multipolarities is
allowed by the selection rules, the partial
radiation width Gagb for a g transition
between level ‘a’ with Ea > Ecrit and ending
at level ‘b’ is assumed to be a random
quantity whose expectation value is uniquely
determined by the photon strength and level
density functions. Specifically,

Gagb ¼
X

X ;L

y2XLðEa � EbÞ
2Lþ1 SðXLÞ

g ðEa � EbÞ

rðEa; J
pa
a Þ

ð1Þ

where SðXLÞ
g ðEgÞ is the known photon strength

function for a given g-radiation type X

(electric or magnetic) and multipolarity L:
The summation is assumed over all allowed
values X ;L: The quantity yXL is a random
variable of normal distribution with a zero
mean and a unit variance. The terms of the
sum on the right-hand side of Eq. (1) follow
the Porter–Thomas distribution, which is also
the case of the widths Gagb when no multi-
polarity mixing takes place.
(iv)
 Pairs of partial radiation widths Gagb and
Gagb0 with bab0 are statistically independent.
(v)
 Each g-cascade starts from the same neutron-
capturing state with known quantum char-
acteristics and ends at the ground state. These
characteristics are the spin and parity assign-
ment together with the excitation energy
E0 ¼ Bn þ En; where Bn is the neutron-
binding energy and En is the neutron energy.
(vi)
 The role of electron conversion is taken fully
into account which makes it possible to mark
the transitions of each simulated cascade by a
flag distinguishing between electrons and g-
rays. Thus, an event of neutron capture is
generally followed by a mixed cascade,
represented by g-ray and conversion-electron
transitions.
The discretization of the level density formula
rðE; JpÞ and the way of generating partial radia-
tion widths Gagb are described in Ref. [3].
In view of the role of electron-converted

transitions, the discussions below define the term
‘‘cascade’’ as a mixed cascade, while the term
‘‘g-cascade’’ means a set of all g-rays accompany-
ing a neutron capture event. The g-rays, forming a
g-cascade, do not necessarily exhaust all the initial
energy E0:
As shown in Ref. [3], with the above-listed

features (i)–(vi), the DICEBOX algorithm can
simulate, in principle, any cascade-related obser-
vable such as the g multiplicity, g-ray spectra,
populations of low-lying levels and the total
radiation width.
3. The level density and photon strength functions

3.1. Level density formula

The DICEBOX program has several explicit
level density formulas. The simulations pre-
sented in this paper are based on the widely used
Back-Shifted Fermi Gas (BSFG) level density
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formula [15–18]:

rðE; JpÞ ¼ fpfJ

e2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
aðE�E1Þ

p

12
ffiffiffi
2

p
sa1=4ðE � E1Þ

5=4
ð2Þ

where a is the conventional shell-model level
density parameter and E1 is a back shift. The
factor fp ¼ 1

2
represents the probability that a

randomly chosen level has a parity p; while fJ is
the probability that a randomly chosen level has a
spin J; specifically

fJ ¼
2J þ 1

2s2
e�ðJþ1

2
Þ2=2s2

where s is a spin cut-off parameter [15],

s ¼ 0:2980A1=3a1=4ðE � E1Þ
1=4

and A is the mass number of the compound
nucleus. The parameters E1 and a used are
0:781 MeV and 18:136 MeV�1; respectively [16].
For a set of levels with a fixed spin and a fixed

parity, the probability density for the level interval
DJ ¼ E � E0 between two neighbouring levels of
energies E and E0 in the set is given by the well-
known Wigner law

dP

dDJ

¼
pDJ

2/DJS2
e�pD2

J
=ð2/DJSÞ2 ; ð3Þ

where /DJS ¼ 1=rðE; JpÞ is the expectation value
of DJ : The Wigner law has been fully taken into
account in the discretization of the level density
formula.

3.2. Photon strength functions

DICEBOX contains many explicit expressions for
photon strength functions SðXLÞ

g ðEgÞ: Those strength
functions considered to be relevant for spherical and
transitional nuclei were used. Three multipolarities
E1; M1 and E2 together with a mixture M1þ E2
are considered in modeling the cascade de-excita-
tion. Higher mutipolarities were neglected in view of
their negligible role in neutron capture reactions.

3.2.1. E1 radiation

There are many choices for the E1 photon
strength functions based on the giant dipole
resonance model [19–32]. The strength function
proposed in Ref. [22] was used for the cases of the
150;151Sm nuclei. It approximates the E1 photon
strength function at low g-ray energies as follows:

SðE1Þ
g ðEg;Ef Þ ¼

FK

3p2_2c2

X2

j¼1

s0jE0jG0jGj

ðE2
g � E2

0jÞ
2

ð4Þ

where

Gj ¼ G0j

E2
g þ 4pT2

f

E2
0j

; Tf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEf � DÞ=a

p
;

and FK ¼
ð1þ 2f1=3Þ

1=2

ð1þ 2f Þ1=2
:

Quantities s0j ; E0j ; G0j ðj ¼ 1; 2Þ are Lorentzian
giant dipole electric resonance parameters. The
quantity Ef is the final state energy of the g
transition, Eg the g-ray energy, a the shell model
level density parameter, D the pair energy and Tf

the nuclear temperature. Finally, f1 and f are
Migdal parameters of the interaction between
quasiparticles [22]. This photon strength function
depends on Ef which differs from the Brink
hypothesis [20] in its stringent formulation.
The expression for SðE1Þ

g ðEg;Ef Þ is valid for the
general case of non-spherical nuclei. The sum on
the right-hand side of Eq. (4) has two terms, j ¼
1; 2; representing the two modes of counteroscilla-
tion of neutron and proton fluids. This sum
reduces to only one term for spherical nuclei.
The values adopted for free parameters entering
the expression for SðE1Þ

g are as follows [31]:

D ¼ 0:781 MeV; FK ¼ 0:7:

The parameters for 149Smþ n are

E01 ¼ 14:61 MeV; G01 ¼ 5:97 MeV;

s01 ¼ 312 mb:

The parameters for 150Smþ n are

E01 ¼ 12:38 MeV; G01 ¼ 2:97 MeV;

s01 ¼ 176 mb;

E02 ¼ 15:74 MeV; G02 ¼ 5:22 MeV;

s02 ¼ 234 mb:

3.2.2. M1 radiation

Two types of magnetic dipole resonances are
considered to be responsible for the M1 photon
strength. The first, is the giant dipole magnetic
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resonance [19,20,25,26,33] that belongs to oscilla-
tions related to the shell-model spin-flip transitions
between the single-particle states with j ¼ l71=2
[34,35]. The second, which occurs only in de-
formed and transitional nuclei, is the so-called
scissors resonance [36]. Each of these resonances is
assumed to be of Lorentzian shape and satisfy the
Brink hypothesis [20]. With these assumptions the
M1 photon strength function takes the following
explicit form:

SðM1Þ
g ðEgÞ

¼
1

3p2_2c2
1

Eg

X2

i¼1

Egsm0iG2m0i

ðE2
g � E2

m0iÞ
2 þ E2

gG
2
m0i

ð5Þ

where the two sets of parameters sm0j ; Em0j and
Gm0j for j ¼ 1; 2 are the maximum cross-section,
the energy at this maximum and the damping
width, respectively.
For both nuclei studied the spin-flip resonance

parameters were taken from Refs. [26,34,35].
Specifically

Em01 ¼ 7:72 MeV; Gm01 ¼ 3:5 MeV

and sm01 ¼ 2:0 mb:

The scissors resonance parameters we used are

Em02 ¼ 3:0 MeV; Gm02 ¼ 0:6 MeV

and sm02 ¼ 0:2 mb:

3.2.3. E2 radiation

There are a few options for the E2 photon
strength function [21,26,37–39]. Of these, the
single-particle model was adopted

SðE2Þ
g ðEgÞ ¼ kE2 ð6Þ

where kE2 is set to 1:0� 10�10 MeV�5: The
intensities of E2 transitions or their admixtures
are two to three orders of magnitude weaker than
intensities of the E1 transitions for typical energies
of the cascade g-rays.
4. The RPI multiplicity detector

A multiplicity detector is an arrangement of
several independent g-ray detectors surrounding a
sample. The RPI multiplicity detector is shown,
schematically, in Fig. 1. It was designed mainly to
measure the radiative capture cross-section of
heavy nuclides. The multiplicity detector consists
of 16 optically isolated sections of NaI(Tl) forming
a cylindrical annulus. The NaI(Tl) annulus is a
30:5 cm� 30:5 cm (12 in� 12 in:) right circular
cylinder with an 8:9 cm (3:5 in:) diameter axial
hole. The cylinder is split perpendicularly across its
axis into two rings, and each ring is divided into
eight equal pie-shaped segments. Each segment is
viewed by an RCA 8575 photomultiplier. This
detector has a total volume of 20 l of NaI(Tl) and
has an efficiency of approximately 75% for a
2 MeV g-ray. The inside of the detector is lined
with a B4C ceramic sleeve which is enriched 98.4%
in 10B: The sleeve has an inside diameter of
6:35 cm (2:5 in:) and an outside diameter of
8:38 cm (3:3 in:), thus providing a B4C shield
approximately 1 cm thick.
The detector measures, for each capture event,

the g energy deposited in each NaI(Tl) crystal. A
specific capture event is logged if (1) sufficient
energy is deposited in at least one NaI(Tl) segment
that satisfies an experimental segment bias cut-off
value and (2) the total energy deposited in all

NaI(Tl) segments is higher than an experimental
total energy bias cut-off value.
5. The simulation

When a g-ray travels from its birth site to a
detector segment, its energy could be degraded by
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a number of interactions inside and outside the
detector during the transport process. The me-
chanisms for energy loss outside the detector
segments include: (1) collision energy loss in the
target material, in the 10B4C liner and in the wrap
materials of the NaI(Tl) crystals (aluminum and
graphite); (2) loss due to escape of the g-ray from
the whole detector assembly. The escape of g-rays
and their collisions, occurring outside the NaI(Tl)
segments, decrease the energy deposited in seg-
ments and, consequently, in the whole detector
system, which results in a lower detection effi-
ciency. The average instrumental g multiplicity, m;
is also affected.
A g-cascade can trigger one or more detectors or

none at all. In the general case, the number of g
transitions participating in a g-cascade differs
from the number of triggered detector modules.
This implies that the distribution of real g-cascade
multiplicity differs from that of the instrumental

multiplicity.
The simulation with the combined DICEBOX/

MCNP(4C) algorithm consists of the following
three steps:

Step 1. Creation of detector energy deposition
tables: The MCNP(4C) code was used to track the
emitted g-rays through the RPI detector and
the energy they deposit in each NaI(Tl) crystal.
The model for tracking the g-rays built into the
MNCP(4C) algorithm assumes a monoenergetic
isotropic g-source, uniformly distributed in a
sample, at the detector sample site. It tracks the
random walk histories of these g-rays through the
detector geometry providing a step-by-step inter-
action account of each g-ray from its birth to its
death or escape.
An energy deposition table (EDT), based on

MCNP(4C) g-ray transport through the RPI
detector system, was generated for a series of
g-ray energies Etab: 19 EDT tables, each containing
9000 histories, were created for g-rays energies
0:5 MeVpEtabp9:5 MeV with a step DEtab ¼
0:5 MeV: These parameters are based on sensitiv-
ity studies in Ref. [2] which produced minimal
granularity effects. Each EDT table contains the
energy deposited in the 16 NaI(Tl) segments in a
ð9000� 16Þ array. The sum of all 16 energy
deposition entries in any EDT history can be
anywhere between zero and Etab (the initial energy
of the source g-ray), depending on how much
energy has been lost due to the energy loss
mechanisms.

Step 2. Energy deposition from a cascade: A g-
ray with energy Eg is selected from a DICEBOX-
generated cascade. An energy deposition table
with the energy Etab closest to Eg is selected. A row
is picked at random from this table. The energy
deposited in each of the 16 detector segments by
this g-ray is obtained by multiplying the selected
row by a scale factor Eg=Etab: The energy
deposited in the detector segments for the other
g-rays in the cascade are obtained in the same way.
The total energy deposited is obtained by summing
the energy depositions in each detector segment
from all g-rays in a cascade. This process is
repeated for each DICEBOX cascade. Hence for
each cascade the energy deposited in each
detector segment and the total energy absorbed
are known.

Step 3. Getting the quantities of interest: The
detection efficiency is determined from an inven-
tory of those cascades that satisfy two threshold
conditions: (1) the sum of all energies deposited in
16 segments by a cascade exceeds a total energy
cut-off Etot; (2) the energy deposited in at least one
segment by a cascade exceeds the segment energy
cut-off Eseg: The cases listed below result in zero
instrumental multiplicity:
(i)
 The total energy deposited in 16 segments by a
cascade is less than Etot; but some segments
receive an energy deposition greater than Eseg:
This case is called a ‘‘zero cut-off by total
energy’’.
(ii)
 The total energy deposited in 16 segments by a
cascade is greater than Etot; but no segment
receives an energy deposition greater than
Eseg: This case is called a ‘‘zero cut-off by
segment’’.
In accordance with the standard adjustment of
the RPI detector system, the experimental bias cut-
offs were set to Etot ¼ 1:0 MeV and Eseg ¼
0:1 MeV: All cascades which do not satisfy any
of the listed instrumental zero multiplicity criteria
are considered ‘‘detected’’. The simulated detec-
tion efficiency and the instrumental g-multiplicity
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spectrum are based on the statistics of these
‘‘detected’’ cascades.
The simulated detection efficiency Z is deter-

mined from the following expression:

Z ¼
Ncas � Nzero

Ncas
� 100%

where Ncas is the total number of cascades, Nzero is
the number of cascades which contribute zero
multiplicity.
The simulated instrumental g-multiplicity dis-

tribution can be obtained in an analogous fashion.
Denoting Pm to represent a probability of detect-
ing a capture event with an instrumental multi-
plicity m; where mX1; this quantity can be
expressed as

Pm ¼
Nm

ðNcas � NzeroÞ
:

Here, Nm represents the number of those cascades
that satisfy the condition that the detector
response is characterized by signals that exceed
the segment energy cut-off Eseg in m detector
modules, while the total signal exceeds the total
cut-off Etot:
6. Results of simulations

6.1. g-multiplicity and detection efficiency

Table 1 lists the calculated results obtained from
the simulated g-cascades accompanying the
149;150Smðn; gÞ 150;151Sm reactions. The g-cascades
Table 1

The detector efficiency Z of the RPI system and values of the parame

Target Bn (keV) Jp DICEBOX DI

M s M

149Sm 7986 3� 4.79a 1.07a 4.3

4� 5.20b 1.09b 4.6
150Sm 5597 1=2þ 4.19c 1.10c 3.1

The expectation value and the square root of the variance of multipli

for the neutron-capturing states with specified Jp and neutron-bindin
aFrom neutron capture at isolated Jp ¼ 3� resonance with energy
bFrom thermal neutron capture dominated by 99:1% contribution
cFrom thermal neutron capture; only neutron resonances with Jp
do not include internal conversion electrons. The
probability of electron emission is not appreciable
for energies X400 KeV so that penetration
through the B4C liner and wrap materials is
negligible. They are included in the predicted Gg

and population of the low-lying levels. Values of
predicted detector efficiency Z of the RPI system
are given as well as values of M and s which
characterize the g-multiplicity distribution. M and
s are, respectively, the expectation value and the
square root of the variance of this distribution.
The predicted values of M and s are given for
those obtained from both the DICEBOX calcula-
tion alone and the DICEBOX/MCNP(4C) algo-
rithm. The values of M; s and Z for the
149Smðn; gÞ 150Sm reaction are shown for the two
possible spin and parity assignments Jp of the
s-wave neutron-capturing states. The selection of
the capturing state Jp is controlled in DICEBOX
by the incident neutron energy selected.
Table 1 also includes values of M and s

obtained from 149;150Smðn; gÞ 150;151Sm measure-
ments made with the RPI Linear Accelerator and
detector system. The values of M for the two
capturing spin states Jp ¼ 3�; 4� were obtained by
sampling the Jp ¼ 3� data at three resonances
(12:01; 25:26 and 29:8 eV) and four Jp ¼ 4�

resonances (4:95; 8:95; 14:91 and 17:165 eV).
The measured data for the 150Smðn; gÞ reaction
yielded a single resonance at 20:65 eV which could
be used to extract a value of M for the Jp ¼ 1=2þ

capturing state.
The simulated distributions of g-multiplicity m

for the 149Smðn; gÞ 150Sm reaction are displayed in
ters M and s

CEBOX/MCNP(4C) Measured

s Z ð%Þ M s

7 1.70 96:470:1 4:7970:07 1.52

6 1.70 96:770:1 4:9970:05 1.62

9 1.73 87:370:1 3:6470:04 1.32

city distribution respectively, are given. These values are shown

g energies Bn:
6:43 eV:
from neutron resonances with Jp ¼ 4�:
¼ 1=2þ are contributing.
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Table 2

Total radiation width Gg

Target Jp DICEBOX MEASURED [10]

Gg (meV) Gg (meV)

149Sm 3� 76:670:69 62:374:0
149Sm 4� 73:570:68 58:271:4
150Sm 1=2þ 37:0770:11 45:074:0

Fig. 2. The predicted multiplicity spectra for 150Sm are compared with experimental data. The points are as calculated and the curves

are spline fits to the simulated spectra. The experimental symbols include the error bars.

S. Wang et al. / Nuclear Instruments and Methods in Physics Research A 513 (2003) 585–595592
Fig. 2 and compared with the corresponding
instrumental multiplicity distributions derived
from the RPI measurements. The curve, DBOX,
is the multiplicity predicted by DICEBOX. The
second multiplicity curve, DBOX/MC, was ob-
tained after transporting the cascade g-rays
through the detector.

6.2. Total radiation widths and populations of

low-lying levels

The DICEBOX program also predicts the
values of the total radiation widths Gg for s-wave
resonances in the 149Smðn; gÞ and 150Smðn; gÞ
reactions. DICEBOX also provides data to predict
the populations of the individual low-lying levels
in 150Sm resulting from the Jp ¼ 4� thermal
neutron-capturing state in the 149Smðn; gÞ reaction.
A detailed description for the basis of these
predictions can be found in Ref. [3].
The predicted Gg are presented in Table 2 for

spin and parity assignments Jp ¼ 3�; 4� and Jp ¼
1=2þ of the neutron-capturing states for the
149Smðn; gÞ and 150Smðn; gÞ reactions, respectively.
These are compared with the experimental values
of Gg; reported in Ref. [10]. The Gg differences
range from 18% to 26%.
The populations were estimated for 33 low-lying

levels in 150Sm of both parities with spin assign-
ment covering the interval J ¼ ½0; 8	 and excitation
energies below a critical value of Ecrit ¼
2:025 MeV: The calculated value of population
intensity for each level is compared with the sum
of the intensities of all experimentally known
transitions, depopulating that particular level. This
comparison is shown in Fig. 3. The intensity values
of the depopulating transitions were taken from
Ref. [40]. These were renormalized using the data
of Ref. [41] on absolute intensities of selected g
transitions following the thermal neutron capture
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Fig. 3. Population of low-lying discrete levels for the nucleus
150Sm:
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in 149Sm: It it important to note that plotted values
of the simulated population and the measured
depopulation in Fig. 3 are corrected for internal
electron conversion contributions.

6.2.1. Discussion

Fig. 2 shows that predicted distributions of the
instrumental g multiplicity, belonging to the decay
of Jp ¼ 3� and Jp ¼ 4� capturing states in the
150Sm nucleus, differ only slightly from the
corresponding measured distributions obtained
with the RPI detection system. As can be seen
from Table 1 the expectation values M of the
instrumental g multiplicity, obtained from simula-
tions are lower than those measured. Although
this difference, Mexp � MsimC0:5 is small, it is
statistically meaningful as are the above-men-
tioned differences between the simulated and the
observed multiplicity distributions. On the other
hand, as seen from Fig. 2 and from the values of
the parameter s in Table 1, the widths of the
simulated distributions agree reasonably with
measurements for the 149Smðn; gÞ 150Sm reaction.
It is worthwhile to note that the multiplicity

distributions derived from ‘‘bare’’ DICEBOX
simulations are narrower compared to those
yielded by the combined DICEBOX/MCNP(4C)
simulations. Further, their expectation values M

are higher than those derived from the combined
simulations. The influence of the g-transport
process on the observed g multiplicity is thus
prominent.
Looking at the results for the 149Smðn; gÞ 150Sm

reaction in Table 1, simulated values of detection
efficiency Z do not display any marked dependence
on the capturing state spin. The expectation values
M and Z depend on the specific capture reaction
simulated.
It is worth noting that the B9:3% difference in

detection efficiency between 149Smðn; gÞ 150Sm;
B96.6%, and 150Smðn; gÞ 151Sm;B87:3%; is sig-
nificant when determining the capture yield with
the multiplicity detector. The capture data are
usually normalized to unit yield, i.e. 100% of the
neutrons are captured, in a low-energy saturated
capture resonance. However, this normalization
only applies to resonances for which the detection
efficiency is the same. Thus, if the capture data are
normalized to a saturated capture resonance in
149Smðn; gÞ 150Sm; then the capture yield in the
150Smðn; gÞ 151Sm resonances have to be renorma-
lized to take into account theB9:3% differences in
detection efficiencies. Simulation studies such as
those presented in this paper will enable these
isotope-to-isotope corrections to be made for
capture experiments.
More than four decades have been devoted to

the study of photon strength functions for
medium-weight and heavy nuclei [24]. Neverthe-
less, current knowledge about the characteristics of
the g decay is still very limited because of
experimental difficulties, especially in the g-ray
energy region below 3 MeV: The theoretical
models for photon strength functions, described
in Section 3, are thus to be regarded as ‘‘best’’
approximations. Similarly, the level-density for-
mula, Eq. (2), is again our ‘‘best’’ estimate due to a
lack of direct experimental information on the
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density of nuclear levels with excitation energies
from about 3 MeV up to the neutron threshold.
The disagreement between the simulated and
experimentally determined multiplicity distribu-
tions is, in fact, surprisingly small in view of the
uncertainty in both crucial entities, responsible for
emitting g-cascades. A similar positive statement
can also be made regarding the C25% difference
between the predicted and observed total radiation
widths Gg in the

149;150Smðn; gÞ 150;151Sm reactions,
see Table 2.
7. Concluding remarks

The DICEBOX/MCNP(4C)-based algorithm
for simulating the multiplicity detector response
shares a unique position. Except for the case,
reported in Ref. [6], it is evidently the only one
which takes into account the role of all factors,
responsible for production of statistical g-cas-
cades, accompanying individual events of neutron
capture, as well as subsequent interactions of the
emitted g-rays with the complicated detection
system. Notwithstanding the persisting limitations
in knowledge of the photon strength functions, the
estimates of detection efficiency Z with the aid of
the combined DICEBOX/MCNP(4C) algorithm
seem to be precise enough for practical use in
measurements of neutron capture cross-sections.
Nevertheless the justifiability of the reported
simulation method rises and falls with the validity
of basic postulates of the extreme statistical model
of the nucleus. Confidence in current or new
nuclear models can be gained from DICEBOX/
MCNP(4C) simulations as new g multiplicity data
using, multi-g-detector systems, become available.
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