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Notation and Nomenclature
Abbreviation
PSF
LD
SLO
BA
BW
KMF
EGLO
BSFG
CTF
GDER
GQER
GDMR

Photon strength function
Level density
Standard Lorentzian
Brink-Axel model
Breit Wigner model
Kadmenski, Markushev and Furman model
Enhanced generalized Lorentzian model
Back Shifted Fermi Gas model
Constant Temperature formula
Giant dipole electric resonance
Giant quadrupole electric resonance
Giant dipole magnetic resonance

Nomenclature
Symbol

Definition

Eγ
Ei
Ef
|ii
|f i
ht0 , ti
b t0 )
S(t,
L
E1, E2
M1
A
N
Z
Sn
En
D0
ρJ,π (E)
J
π
a

Gamma-ray energy
Energy of initial state
Energy of final state
Initial state
Final state
Time interval
Evolution operator
Multipolarity
Electric dipole radiation, Electric quadrupole radiation
Magnetic dipole radiation
Mass number
Neutron number
Proton number
Neutron separation energy for a compound nucleus A+1
Neutron kinetic energy
Level spacing
Level density as a function of energy, spin J and parity π
Nuclear spin
Parity
Level density parameter
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σC
∆
T
E0
Γf γi
τ
~
ω
k
c
B (XL)
M(XL)
(XL)

Γiγf
S
∆E
σfXL
γi
Jf
Ji
σT
σG
ΓT
k0
ESC
gp
gn
σγT
Ecrit
y
PXL Xl
fE
x
fEXl
ξ2
DJ
u
ftest

Spin cut-off parameter
Energy shift
Nuclear temperature
Shift in excitation energy
Partial radiation width
Polarization
Reduced Planck constant
Angular frequency
Spatial angular frequency
Speed of light
Reduced transition probability for the multipolarity XL
Multipole operator
Average radiative width
General strength function
Energy interval
Photoabsorption cross section
Nuclear spin of final state
Nuclear spin of initial state
Total photoabsorption cross-section
Peak cross section of GDER
Total radiative width of GDER
EGLO systematic parameter
Peak energy of Scissors mode
Gyromagnetic ratio of proton
Gyromagnetic ratio of neutron
Thermal neutron capture cross section
Critical energy
Random number from the Normal distribution
Sum of local values of the photon strength function over threshold
Dimensionless scaling factor
Local value of the photon strength function over threshold
Random number pursuant to Porter-Thomas distribution
Average level spacing of spin J
Factor belonging to systematic uncertainty
Tested model of PSF
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Introduction
Photoabsorption experiments in the late 40’s reveal the presence of resonances,
which are related to collective motion. This kind of collective motion is represented by the giant resonances from which the oldest known and most studied
is the giant dipole electric resonance (GDER). They appear as broad resonances
in the nuclear photo effect (i.e. absorption of a photon by a nucleus) with mean
energy about 14 MeV for heavy nuclei. The width of the resonances is between
2 and 4 MeV, and the resonance is usually split up into several peaks. γ decay
of these collective states can bring new information on a ”low-energy” tail of the
GDER.
The main subject of this thesis is to obtain information on absolute value
of photon strength function (PSF) achieved from primary transitions after the
thermal neutron capture on 155 Gd and 157 Gd. The new information is based
on comparison among predictions from simulations and experimentally observed
values. The simulations deal with decays of nuclear levels at high excitation
energy which are described within a statistical model of nucleus using the concept
of PSFs and LD.
The probability of photon emission after thermal neutron capture has been
studied since the late 30s. In view of many years of research studies and experiments, a lot of models of γ decay have been proposed and experimental results
have been collected.
On the other hand, computer simulations proposing the models have been
used for simulation of the decay. There have been involved available models
with many different parameters according to publications [2], [6], [16]. A method
based on statistical approach of absolute value of the PSF, can lead to rejection
of combination PSF and LD models.
Photon strength functions, in particular dipole strength functions, are an important ingredient for the analysis of the γ-decay processes as well as the inverse
neutron-capture reaction. Both processes play an important role for cosmic nucleosynthesis. In addition, an improved experimental and theoretical description
of the neutron-capture reactions is important for next-generation nuclear technologies.
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Chapter 1
Theoretical background
Measurement of electromagnetic decay of a nucleus provides a source of experimental information on its internal structure. In principle, one can measure absorption or emission of a photon by the nucleus. In this thesis, the studied nuclei
are two isotopes of gadolinium (156 Gd and 158 Gd) and interaction with the electromagnetic field is represented by emission of primary γ-rays covering range from 4
up to 8 MeV. The emitted photon carries information on angular momentum and
energy as well as the associated transition probabilities. This information allows
a direct conclusion about the angular momentum, parity, excitation energies, and
transition probabilities of the stationary states of the quantum object.
An excited nucleus may lose energy by interaction with electromagnetic field
via emitting a photon, whose energy Eγ equals to the energy difference between
an initial and a final quantum state Eγ = Ei − Ef , where Ei > Ef . In principle,
the initial state could decay to any state at lower energy, but in practice, the
probability of a particular transition depends upon the quantum numbers of the
state and the transition energy. At the lowest excitation energy, the individual
levels are well separated in the nucleus, their quantum numbers are known and
furthermore they can be predicted by models. With increasing excitation energy,
nuclear levels become more dense and it starts to be difficult to resolve them.
The electromagnetic transition probability from an initial state |ii to a final
state |f i during the time interval ht0 ,ti is given by the square of the matrix
b t0 ). The evolution operator is conveniently
element of the evolution operator S(t,
expressed in terms of XL component wherein X stands for type of transitions
and L stands for associated multipole moment of the emitted photon. There are
two types of transitions and are known as electric (E) and magnetic (M ) types
of transitions. Hence, a photon with a total momentum L is referred to as having
a multipolarity and according to convention, it is referred to dipole transition
(L = 1), quadrupole (L = 2), octupole (L = 3) and so on. The value L = 0 is not
allowed as photons with zero total angular momenta do not exist. There are no
monopole transitions (L = 0) with real photons because for such a transition the
component of the transition angular momentum should vanish in all directions
and hence this would involve helicity equal to zero.
Since parity is conserved, selection rule must be obeyed. The multipole radiation can have both, even or odd parity, for given L, depending on electric or
magnetic radiation type. Electric multipole radiation, hereby denoted E1, E2,
..., EL, has parity (−1)L and magnetic multiple radiation M 1, M 2, ..., M L has
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parity (−1)L+1 .
In general, for Eγ ≥ 4 MeV, the γ-ray emission following slow neutron capture
is merely dominated by electric dipole (E1) γ-ray emission in heavy or mediumweight nuclei. At neutron energies up to several MeV, neutron capture proceeds
mainly through the formation of a compound nucleus. The excited states of
formed compound nucleus decays via γ-ray transitions, where the electric dipole
(E1) transition is dominated by coming from subsequent decays on highly collective excitation modes. Such collective excitation mode is referred to a giant
dipole electric resonance (GDER). Minor role plays magnetic dipole (M 1) and
electric quadrupole (E2) transitions, which are seemed to be stronger at lower
excitation energy. Since transitions of higher multipolarities are weak at studied
excitation energy, we can neglect them.
At higher excitation energies, the decay of levels in the region of higher level
density is usually described within the framework of statistical approach. The
statistical approach has been tested since the late 50s, particularly within models
of γ-decay, however their validity is still a question. The information for understanding the γ-ray emission within the statistical approach is summarised in
terms of average quantities.
In this thesis, the γ-ray emission probability is experimentally studied by
means of prompt γ-rays following thermal neutron capture. The thermal neutron capture (nth ,γ) predominates over the other interactions in the case of slow
neutrons incident on medium-weight or heavy nuclei. The highly excited nucleus
with the mass number A + 1 arises from the capture of a neutron by the target
nucleus A. The excitation energy of the product nucleus is equal to the sum of
neutron separation energy Sn and neutron kinetic energy En . The excited nucleus loses energy via so-called primary transition to a state lower in energy in
the same nucleus. These transitions are of our interest.
A fig. (1.1) shows a scheme of the γ-ray decay just after the slow neutron
capture. There are shown primary and a few subsequent γ-ray transitions. Red
lines are only primaries, subsequent - secondary transitions are in black lines.
These lines show the direction of γ-ray transitions, ie. from the state with higher
excitation energy to the state with lower excitation energy. The plurality of
black lines represent various possibilities of secondary transitions and the red
line accompanied by question mark in the middle represents the rest transitions
which are realised but cannot be observed in experiment. This figure also shows
a scheme of nuclear level distribution. On the top of the figure, one observes the
level states which correspond to higher excitation energy. These states cannot be
observed in experiment and form a quasicontinuum. On the opposite side, the
bottom of the figure corresponding to lower excitation energy and ground state,
where one observes nuclear levels which are well separated. In the middle, one
can see slow decreasing of level spacing as a function of excitation energy up to
the quasi-continuum state.

1.1

Nuclear level density

There are two regions where we can observe individual levels in heavy and
medium-weight nuclei. The first region is the region of low excitation energy,
where the level density is low and the average spacing D between levels is large.
6

Figure 1.1: Classical idea of primary and a few secondary and subsequent γ-ray
transitions after thermal neutron capture.

With increasing excitation energy, individual levels become more difficult to observe, a level density is increasing and spacing between two neighbour levels is
reducing. Next observable region is the region just above neutron separation energy Sn , where the information comes from experiments whereas all levels here has
been observed from TOF (time of flight) experiments. Between these two regions,
the information on nuclear level density is sparse and indirect. For prediction of
the nuclear level density, nuclear level density models are widely used.
Generally, level density (LD) formula can be factorised into energy, spin and
parity depending function
ρJ,π (E) = ρ(E) · ρ(J) · ρ(π) ,

(1.1)

where ρ(E) is a function depending on energy E, ρ(J) is a function depending
on spin J and ρ(π) is a function depending on parity π.
There have been several attempts to calculate the level densities within a
framework of statistical physics and thermodynamics. Bethe introduced a method
suggesting for calculation of the level density with given spin. The main idea is
based on the fact that the individual nucleons are supposed to move in a simple
potential hole independently, and the energy of the complete nucleus is supposed
to be the sum of the energies of the individual particles [4]. The solution of this
problem was reduced to the calculation of the entropy of a Fermi gas containing
a given number of particles A and having a given excitation energy E above the
zero point energy of the Fermi gas. Since the name of the proposed model is Free
Fermi-gas model. The prediction is given by eq.
√
exp(2 aE)
√
,
(1.2)
ρ(E) =
4 3E
where a is known as the level density parameter. The spin-dependence of the
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Figure 1.2: Prediction on number of states as a function of excitation energy

level density is assumed to be given by


2J + 1
(J + 1/2)2
ρJ '
exp −
2σC2
2σC2

,

(1.3)

where σC is a spin cut-off parameter.
The major assumptions of the model include independent particle motion
and equidistant spacings of the single-particle states. Bethe’s formula predicts
the general exponential increase in level density with excitation energy and with
increasing mass number A.
The parity dependence is neglected above excitation energy greater than 2
MeV and thus, it is assumed ρ(π) = 21 for Gd isotopes in this work.
The Bethe’s Free Fermi-gas model did not consider the shell effect and oddeven effect of the nuclei. These features as well as pairing correlations and collective effects have been later incorporated into following model(s) [13]. Since that,
more realistic approaches including additional phenomenological modifications of
nuclear level density have been proposed. One of them considers the fact that
two types of particles are present in the nucleus. Another consideration is the
fact that fermions have the tendency to form pairs. To separate this pairs an
extra amount of energy is needed. The energy shift ∆ is added into the model
semi-empirically and adjusted to experimental data. This approach leads to the
so-called Back-Shifted Fermi Gas model

 p
exp 2 a(E − ∆)
,
(1.4)
ρ(E) = √
12 2σC a1/4 (E − ∆)5/4
where σC is given by
q
σC2 = 0.0888 a(E − ∆)A2/3 .
8

(1.5)

Gilbert
and Cameron [8] showed that an expression of the type ρ(E) ∼
√
exp(2 aE) should not be valid for levels near ground state and for the neutron
and proton resonances simultaneously. They introduced formula, which seemed
to give a good fit to the experimental data over the first few MeV up to ∼ 8 MeV
of excitation energy. The expression is called Constant Temperature Formula and
is given by


ρJ
E − E0
ρJ (E) =
exp
,
(1.6)
T
T
where parameters as follows are E0 which corresponds to shift in excitation energy
and T which corresponds to nuclear temperature. Both these parameters are
adjusted to the experimental data. The spin cut-off parameter for this model is
taken to be independent of excitation energy and is given by eq.
σC = (0.98 ± 0.23)A(0.29±0.06)

(1.7)

Values of the parameters a, ∆, T and E0 are usually obtained from evaluation
of observable data and, particularly, fit on complete level scheme at low excitation
energies and s-wave neutron resonance spacing just above neutron separation
energies.
In the fig.(1.2) one see four curves which correspond to the above discussed
two models of level density. There are plotted two curves which belong to BSFG
model with two different value of parameters according to articles [18] and [19].
The other two curves belong to the CTF with two set of parameters according
to the same articles. From the figure, one can see that depending on the model,
number of predicted states differ up to three orders of magnitude in the range of
excitation energy from 4 to 8 MeV.

1.2

γ-ray emission probabilities and photon strength
functions

Electromagnetic transition probability from initial state |ii with spin Ji to final
state |f i with spin Jf is characterised by partial radiation width Γf γi . The states
are further characterised by energy, spin, parity and others quantum numbers
|ii = |Ei , Ji , πi , σi i and |f i = |Ef , Jf , πf , σf i. The photon emission from |ii → |f i
is characterised by polarisation τ = ±1 and energy ~ω = ~|k|c = Ei − Ef , where
k is the wave vector, ~ is a reduced Planck constant and c is speed of light. The
partial radiation width obeys following formula
(XL)
Γiγf

8π(L + 1)
=
L[(2L + 1)!!]2



Eγ
~c

2L+1
B(XL) ↓ ,

(1.8)

where B(XL) ↓ is reduced transition probability of deexcitation given by
|hiJi kMXL kf Jf i|2
B(XL) ↓=
,
2Ji + 1

(1.9)

where MXL , X = E is electric and X = M is magnetic multipole operator of
given multipolarity L.
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To describe an average γ-ray emission probability at higher excitation region,
(XL)
the average partial radiation width Γiγf is usually used. Blatt and Weisskopf [5]
shown that the square of the electromagnetic multipole operator is proportional
to the inverse value of average level spacing of the initial state with the same spin
and parity. This initiated the idea of PSF described in terms of average partial
(XL)
radiative width Γiγf , average level spacing of initial states Di and transition
energy Eγ .
The photon strength function (PSF) represents the distribution of average γtransition probability between levels. The PSF distribution is a function of γ-ray
energy and excitation energy. It stands for the measure of average electromagnetic
decay probability of the nucleus.
The PSF of type and multipolarity XL is given by
(XL)

f

(XL)

Γiγf ρi (Ei )
(Eγ , Ei ) =
.
Eγ2L+1

(1.10)

Due to connection with the reduced transition probability B(XL) ↓ (1.8),
there are only numerical relations among the PSFs and the reduced transition
probabilities. The numerical relation follows
1 X
B(E1)[e2 f m2 ] = 0.955 × 106 f (E1) [M eV −3 ]
∆ ∆

(1.11)

1 X
B(M 1)[µ2N ] = 86.6 × 106 f (M 1) [M eV −3 ]
∆ ∆

(1.12)

1 X
B(E2)[e2 f m4 ] = 1.25 × 1012 f (E2) [M eV −5 ] ,
∆ ∆

(1.13)

where the summations are performed over an energy interval ∆.
Furthermore, there is a relation between photo-emission, characterised by
(XL)
partial radiation width Γiγf , and photoabsorption characterised by the cross
(XL)

section σf γi .
(XL)

According to the detailed-balance principle, the partial radiation width Γiγf
of the γ-ray emission relates to the XL component of the photoabsorption cross
(XL)
section σf γi as
(XL)
Γiγf (Ei

Eγ2 2Jf + 1 (XL)
= Eγ ) =
σ
.
(π~c)2 2Ji + 1 f γi

(1.14)

(XL)

The ensemble of Γiγf values depends on energy, spin, parity and other intrinsic quantum numbers of the initial state. According to the detailed-balance
(XL)
principle, there is also a relation between average partial radiation width Γiγf
(XL)

and average of the total photoabsorption cross section σT
XL. The relation is
(XL)
Γiγf ρi (Ei


= Eγ ) =

Eγ
π~c
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2

for radiation of type

(XL)

σT

(Eγ , Ef )
.
2J + 1

(1.15)

The left hand side of this equation is equal to f (XL) Eγ2J+1 - see 1.10, and hence
(XL)

f

(XL)

σ T (Eγ )
1
.
(Eγ ) =
2
(π~c) (2L + 1)Eγ

(1.16)

Based on the intuitive notion of collective vibrations, Brink assumed [14] that
the photoabsorption cross section does not depend on the properties of the initial
state. This assumption is called Brink hypothesis and can be recited as follows.
”The total absorption cross section σT depends only on transition energy Eγ
and does not depend on other characteristics of the initial and/or final states.”
Schematic representation of Brink hypothesis is shown in fig.(1.3). As a result
f (Eγ , Ei ) becomes only a function of Eγ .

Figure 1.3: Schematic representation of the Brink hypothesis for photoexcitation
and neutron capture [14].

Within statistical model, individual partial radiation widths are believed to
obey very strong fluctuations around the expectedqvalue. Since the extreme com(XL)

plexity and random character of the initial state, Γiγf is normally distributed
with zero mean. Therefore, the partial radiation width populating a fixed final
state f from various initial states i from a narrow region of Ei obeys PorterThomas distribution [16]
P (x) = √
(XL)

x
1
e2 ,
2πx

(XL)

(1.17)

where x = Γγf /Γiγf . From statistical point of view, the Porter-Thomas distribution is a special case of χ2ν distribution with the number of degrees of freedom
ν = 1.

11

1.3

Models of PSFs

Systematics of the photon strength functions is based on the classification according to multipole operator M(XL) of type X with given multipolarity L. According
to multipole operator expansion, one can obtain series with respect to electric E
or magnetic M transition type and depending on multipolarity L. Thus, E1 refers
to dipole electric photon strength function, E2 refers to quadrupole electric photon
strength function, M1 refers to magnetic dipole photon strength function and so
on. In first attempt, the PSF is independent on transition energy. This model
is known as the single particle model. However, there are sophisticated models,
which will be discussed below.
A prevailing part of the experimental data, especially for γ-ray energies above
the particle emission, refer to the E1 PSF. E1 dominates γ-decay for excitation
energy larger or equal to 5 MeV.

1.3.1

E1 PSF models

E1 PSF associated with GDER appears
to be a collective oscillation of all protons against all neutrons in a nucleus
[10], see fig. (1.4).
The first evidence of the GDER was
obtained by Bethe and Gentner in 1937.
In their experiment, they measured the
γ-radioactivity induced by protons bombardment on 6 Li target [4]. The notion
of a dipole oscillation of the nucleus was
recognised by Midgal in his work [15] in
Figure 1.4: Qualitative figure of giant 1944. The main results of experimental
study of GDER can be summarised as
resonance E1 mode
follows [11]
• GDERs are general and occur in all nuclei from 4 He to the

238

U.

• The GDER strength is split into several fragments in light nuclei. On the
other hand, in the heavier spherical nuclei, the shape can be well represented
by a Loretzian at energy maximum (Ec = 12 - 20 MeV)[11].
• In deformed nuclei the strength is split into two components, the lowerand higher-energy one corresponding to an oscillation of neutrons versus
protons along the long and short axes.
• The centroid energy is roughly given by
Ec = 31.2A−1/3 + 20.6A−1/6 M eV

(1.18)

• The total strength of GDER is expected to be given by the Thomas-ReicheKuhn sum rule

12

Z

Emax

Emin

60N Z
(1 + κ) M eV mb
σγabs dE ∼
=
A

(1.19)

If there was no momentum dependence of nuclear force, the κ factor would
be κ = 0. Measurements indicate that the factor κ = 0.1 − 0.3.
• The width of GDER varies from 2.5 MeV for the heavy spherical nuclei to
5 MeV for the light ones.
There are several models which reflect the above mentioned properties. For
example, one is Steinwedel - Jensen model [7], which is a semi-classical hydrodynamic collective model describing the GDER. This model describes protons and
neutrons as a two-fluid liquid drops with a fixed surface. In the sense of GDER,
the proton fluid is vibrating against the neutron fluid and the restoring force is
proportional to the volume of the drop, i.e. it is proportional to the symmetric
term of the Bethe-Weitzsacker mass formula. This model gives dependence of the
centroid energy as a function on mass number A, Ec ∼ A−1/3 . Later, the original hydrodynamic collective model has been further extended to the dynamical
collective model by Dyson and Greiner [10].
Another model was proposed by Goldhaber and Teller [9] which considers the
oscillation of the non-deformed neutron sphere against the non-deformed proton
sphere. The restoring force is proportional to the surface symmetry energy of
the extended mass formula. The A dependence of the centroid energy has a form
Ec ∼ A−1/6 . The generalised collective model which allows a superposition of
the above mentioned models leads to agreement with the experimental values of
GDER position. The centre of GDER can be well approximated by the formula
(1.18).
Macroscopic models introduce properties of nuclear matter as an analogue to
incomprehensibility, symmetry energy and viscosity. It has been shown that the
results of the liquid drop model do not agree with experimental values exactly [10].
To determine accurate width of GDER, microscopic models have been developed
reflecting nuclear structure.
Microscopic models used so far are often based on a mean-field concept. They
have been successful in describing not only ground state, but also excited states
at region of GDER. In the extreme single-particle shell model, the nucleons are
considered to move independently from each other and the mean field is generated
by the two-body interaction between nuclei. In this model, nucleons fill lowest
single-particle states available in the shell model according to Pauli principle.
This model uses Hartree-Fock (HF) method and its extensions (time-dependent
HF, adiabatic time-dependent HF, etc.) to calculate excitation state. It is usually
used a phenomenological potential to find a good minimum of the total energy.
From a HF ground state one can construct particle-hole states by promoting n
particles from states below Fermi level.
In general, most of microscopic calculations of giant multipole resonances have
been performed in a framework of the random phase approximation (RPA). The
RPA gives the most detailed information on an excitation energies and photon
strength [11]. In this model, the excited states are approximated as a superposition of particle-hole states above and below the Fermi level. In order to
13

explain experimental width of GDER and their fine structure, one has to take
into account 2p-2h configurations.
In nuclei far from closed shells, e.g. in the deformed rare-earth nuclei, pairing
correlations play an important role, particularly in the low-lying states. Example
of a GDER explanation by a microscopic model is based on coherent superposition of 1p-1h configurations, often called the collective particle-hole (p-h) doorway
resonance. The inclusion of the repulsive interaction between particles and holes
shifts the energy of GDER up to its observed central values. The p-h doorway resonance mixes more complicated configurations which add widths to the
resonance.
The photon strength functions corresponding to the GDER can be deduced
from measurements of total photoabsorbtion cross sections as well as from partial
radiation width. As stated in previous section, the information on PSF gained
from both types of experiments, is interchangeable, if the Brink hypothesis is assumed. However, the photoabsorption experiments are usually restricted to the
energy region above the neutron separation energy Sn , where the giant dipole
electric resonance (GDER) is located. The values of photon strength functions
near and below Sn are not well known and therefore, models are usually proposed.
The proposed models have been obtained by various, usually phenomenological,
extrapolations of the GDER. The experimental points near GDER maximum are
usually well fitted by a Lorentz curve. However, there are indications that the
PSF shape deviates from this shape below Eγ ∼ 9 MeV. Several, mainly phenomenological E1 PSF models have been proposed below Eγ = 9 MeV. Many of
these models include dependence on nuclear temperature and nuclear deformation
[14].
The most frequently used model of E1 PSF is called Brink-Axel (BA) model.
The analytical form of the BA model is expressed by Standard Lorentzian (SLO)
(XL)
form of σ T (Eγ )
(E1)

fBA (Eγ ) =

1
Eγ ΓG
σ
Γ
G
G
3(π~c)2
(Eγ2 − EG2 )2 + Eγ2 Γ2G

,

(1.20)

where EG , σG and ΓG stand for the position, photo-absorption cross section
at the GDER maximum and halfwidth of the GDER. The shape of the PSF given
by eq.(1.20) describes experimental data around the maximum of GDER, i.e. for
excitation energy larger or equal to 10 MeV.
From the fundamental principles [14], the shape of GDER rather corresponds
to sum of two Breit-Wigner formulae
!

fG
1
CΣ E
(E1)
fBW (Eγ ) =
3(π~c)2 4

ΓG
ΓG
−
,
2
2
f
f
(Eγ − EG ) + (Γ/2)
(Eγ + EG )2 + (Γ/2)2
(1.21)
2
2
2
f
where EG = EG − (ΓG /2) and CΣ can be expressed in the form CΣ = σG ΓG [1].
According to these models, the PSF dependence on energy cannot be practically resolved around the maximum energy of the GDER. Figure (1.5) compares
two curves BA and BW plotted according to eqs. (1.20, 1.21), where σG = 215
b, ΓG = 3.0 MeV and EG = 14 MeV. These values are randomly chosen and do
not correspond to any of experimental result. The values were chosen only for
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purpose of illustration of BA and BW models. Practically, first curve cannot be
distinguishable from the second, particularly in range around the centroid energy
EG of the resonance. These curves describe well observables around the centre of
the resonance. However, the tail of the curves does not fit to observables [6].

(E1)

(E1)

Figure 1.5: Comparison of fBA and fBW models
Another formulae for f (E1) were proposed for spherical nuclei. The formula is
based on study of semi-microscopical approximation. It is known as KMF model
after the three authors Kadmenski, Markushev and Furman [14]. The expression
is given by the formula
(E1)

fKM F (Eγ , Tf ) =
where

CS EG ΓG (Eγ , Tf )
1
F
,
K
3(π~c)2
(Eγ2 − EG2 )2
s

FK =

1 + 2f10 /3
' 0.7
1 + 2f 0

(1.22)

(1.23)

and
ΓG (Eγ , Tf ) = CS × (Eγ2 + 4π 2 Tf2 ) .
The nuclear temperature is given by
r
Ex − ∆p
Tf =
,
a

(1.24)

(1.25)

where a is a level-density parameter, parameters f 0 and f10 are parameters of
interaction between quasi-particles and ∆p is a pairing correction. The constant
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CS is not predicted in the KMF model. It is usually adjusted to reproduce
photonuclear experiments for case of Eγ = EG and Tf = 0.
In an attempt to a set a simple formula for E1 PSF valid in an satisfactory
degree in the whole energy region, the following approximation of eq. (1.22) for
Eγ  EG and eq. (1.20) for Eγ ≈ EG was proposed for spherical nuclei


4π 2 Tf2 ΓG
1
Eγ ΓG (Eγ , Tf )
+ FK
.
=
σG ΓG
(3π~c)2
(Eγ2 − EG2 )2 + Eγ2 Γ2G (Eγ , Tf )
Eγ5
(1.26)
With some simplification, E1 PSF from eq. (1.26) provides a good description
of experimental data originating from photo-nuclear reactions as well as data
from primary γ-rays following neutron capture for spherical nuclei [14]. Resulted
agreement was good but for deformed nuclei, the SLO worked better.
In order to describe also deformed nuclei, a phenomenological modification
of eq.(1.26) has been proposed. The empirical factor k0 is introduced into the
radiation width ΓG (Eγ , T ).


ΓG 2
Eγ − Eγ0
(1 − k0 )
(E + 4π 2 Tf2 ) .
(1.27)
ΓG (Eγ , Tf ) = k0 +
EG − Eγ0
EG2 γ
(E1)
fGLO (Eγ , Tf )

The factor k0 was determined from experimental data based on reaction (n,γ)
for medium heavy and heavy nuclei [14]. The recommended systematics of parameter k0 as a function of mass number A depends on the level density model
in rare-earth nuclei. For BSFG models it has the form

k0 =

1.0, A < 148
1.0 + 0.09(A − 148) exp [−0.18(A − 148)], A ≥ 148
2

while for CTF it has the form

1.5, A < 145
k0 =
2
1.5 + 0.131(A − 145) exp [−0.154(A − 145)], A ≥ 145

(1.28)

(1.29)

Reasonable reproduction of a lot of experimental data acquired in (n,γ) reaction in three well-deformed Gd isotopes was achieved using the value k0 = 4. The
model given by eqs. (1.26 and 1.27) is known as enhanced generalised Lorentzina
(EGLO) model.
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Figure 1.6: PSF of E1 mode as a function of excitation energy Eγ

1.3.2

M1 PSF models

Experimental information on magnetic dipole strength function (M1) is almost
comparable to information on the E1 up to the neutron separation energy. From
the opposite side, the information is very scare for higher excitation energies. The
absence of information is caused by the dominance of the E1 strength over other
multipolarities above particle emission thresholds.
The available information on M1 PSF and appropriate resonance can be summarised as follows. The high-resolution inelastic electron scattering confirmed existence of a collective M1 mode, the gigantic dipole magnetic resonance (GDMR).
The centroid of the spin-flip GDMR is located around 34 A−1/3 MeV for light
nuclei and to 44 A−1/3 MeV for heavy nuclei [11]. The width ΓG of the resonance
is around 4 MeV. The strength of M1 near the maximum of spin-flip resonance
is about 1/7 of the E1 strength at the same energy. In deformed nuclei, there
is an additional resonance mode, which is usually referred to the scissors mode.
It probably corresponds to an angular oscillation of the axially deformed distribution of protons versus neutrons [11]. The existence of the scissors mode was
confirmed by the means of electron inelastic scattering and nuclear resonance
scattering [14]. According to the experiments, the scissors mode has the maximum at excitation energies around Esc ∼ 3 M eV in rare earth nuclei. Analysis
of data from NRF brought a dependence of the total scissors mode strength.
Based on the phenomenological sum rule for the low-lying orbital M1 strength,
the relation between reduced transition probability of the M1 and energy and
mass number, respectively, was found [11]
X

B(M 1) ↑∼ 0.0042

4N Z
ESC A5/3 (gp − gn )2 δ 2 [µ2N ] ,
A2
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(1.30)

where ESC is given in MeV and gp is the gyromagnetic factor of proton and gn is
the gyromagnetic factor of neutron.
Besides the macroscopic TRM and sum-rule description, many calculations
in the framework of algebraic Interacting Boson Model (IBM-2) and microscopic
RPA models were performed to study the strength systematics of the lowest M1
excitations.

1.3.3

E2 PSF models

In addition to dipole transitions, also the E2 transitions play some minority role
for levels with low spins in the γ-decay of the nucleus.
The general knowledge on E2 PSF and associated resonance is summarised
as follows:
• The phenomenon of the GQER has been observed in all nuclei with 16 ≤
A ≤ 238. In light nuclei, their strength functions are fragmented while for
A ≥ 64 they have approximately Gaussian or Lorentzian distribution.
• For the heavy nuclei the centroid energy is well reproduced by EGQER =
64.7A−1/3 MeV.
• The GQER strength corresponds to about 100% of the energy-weighted
sum rule in heavy nuclei and to about 60 % in lighter ones.
• The GQER width decreases from about 6 MeV for A = 50 nuclei to about
3 MeV for A = 208.
In non-spherical nuclei, the GQER is expected to be split, but this splitting
is too small to be resolved. Average partial radiation width for E2 primary
transitions in heavy nuclei is almost two orders of magnitude lower compared
to those which belong to E1. This observation comes from average radiation
capture (ARC) measurements. In deformed nuclei, the low-energy E2 strength is
concentrated mainly in transition within rotational bands. The use of Brink-Axel
hypothesis and the concept of the γ-ray strength function themselves becomes
questionable at the low excitation energy.
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Chapter 2
Experimental setup and
simulations of primary γ-ray
decay
In this chapter, an extraction of the PSFs and LD at γ-ray energies below the
neutron separation energy Sn from intensities of primary transitions following
the thermal neutron capture is described. The experimental data from the Ge
detector were compared to computer simulations. The simulations were held by
the restricted version of the DICEBOX code [3].

2.1

Experimental setup

The method of studying the γ-ray strength function involves detection of the
individual high-energy primary γ-rays by high-resolution γ-ray spectroscopy. The
155
Gd(n,γ)156 Gd and 157 Gd(n,γ)158 Gd measurements with thermal neutrons and
enriched Gd samples were made at Prompt Gamma Activation Analysis (PGAA)
facility at 10 MW Budapest Research Reactor. The PGAA facility uses a cold
neutron beam, which is guided by a mirror and the neutrons are cooled by the
liquid hydrogen. A scheme of the Budapest PGAA facility is shown in the figure
(2.1) [17].
The guided neutron beam was incident on a target located at 35 m downstream
from the reactor where the neutron flux is 1.2 × 108 n cm−2 s−1 [17]. There
are three curved neutron guide tubes which are composed of float glass optical
elements coated with natural nickel with a complex shielding. The total count rate
from the beam background was low, and there is no contribution from epithermal
neutrons. Figure (2.2) shows the cold neutron spectrum measured at the PGAA
facility. The experimental setup allows precise measurement of the intensities
of individual γ-rays following thermal neutron capture. Efficiency curve of the
detector was known with a very high precision, see fig. (2.3).
The Compton-suppressed spectrometer was used for precise measurement.
The spectrometer consists of a n-type coaxial High-Purity Germanium detector
with an active volume of 125 cm3 and relative efficiency of 25 % at 1332 keV.
The HPGe is surrounded by an eight-segment coaxial bismuth germanate (BGO)
shield. This system is mounted inside a 10-cm thick lead pig coated in a 6 Licontaining plastic layer for γ-ray shielding and neutron absorption. The sample19

Figure 2.1: Scheme of the facility for PGAA at Budapest [17].

to-detector distance was maintained at 23.5 cm to minimise peak-summing effects.
The intensities were recalculated to a partial γ-ray cross section for individual
transitions. Normalisation of cross sections was done by previous measurement
of GdCl3 [6] with natural Gd using the cross section of the Cl γ-ray and the Gd
isotopic composition.
For our purpose, the partial cross sections were converted to partial radiation
widths of individual transition according to a formula
Γγij =

ΓT σγij
,
σT

(2.1)

where σγij is an absolute cross section of individual lines and σT are total cross
section for (n,γ) reaction and total radiative width of neutron resonances, respectively.
Total thermal neutron capture cross section σT of 155,157 Gd was determined
previously [6] from the same experiment by summing the transition cross sections
feeding the ground states of the respective product nuclei.
To get total thermal neutron capture cross sections σT , the measured data
were corrected for several effects. The reasons for correction come from: (a) non1/ν absorption of Gd isotopes, (b) heavy self-shielding for incident neutrons, (c)
and attenuation of emitted gammas in the target.
The fluctuation of total radiation width ΓT from individual resonances is very
small − on a level of 2 %. Small fluctuation allows to use average total radiation
width of s-wave resonances. The values of σγij were then subsequently converted
to ”local strength” f (l) via
f (l) =

Γγij ρi (Sn )
(2L+1)

.

(2.2)

Eγ

This relation is very similar to eq.(1.10) but the average value of partial radiation
width is replaced by individual observed value. Experimental values ofPf (l) are
then compared with simulated values. More precisely, sums of f (l) ,
f (l) in
various energy intervals, and number of observed transitions are compared.
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Figure 2.2: Neutron TOF spectrum of the Budapest guided neutron beam [6].

2.2

Simulations

In the statistical simulations, the description of the thermal neutron capture and
decay of Gd isotopes is based on the concept of Bohr’s compound nucleus. In the
low-excitation region, i.e. below the critical energy Ecrit , the information on energy, spin, parity are known completely from previous experiments. Above Ecrit ,
the levels and decay intensities were simulated based on the PSF and LD models
chosen for the simulation. The simulations were performed using the generation
values of local strength under different models of PSF and LD. Individual f (l) values were generated as random values from Porter-Thomas distribution, see (1.15).
In reality, individual transition probabilities are in the statistical model given by
partial radiation width with different choices of models of LDs and PSFs. The
decay probability for individual transitions Γγij from level |ii to level |f i with
Eγ = Ei − Ef is simulated as
Γiγf =

X

2
yXL
Eγ2J+1

X,L

f XL (Eγ )
ρ(Ei , Jiπi )

,

(2.3)

where yXL is a random number from the Normal distribution with zero mean
and unit variance. For comparison of simulated and experimental data, we can
either P
use Γγij of transform experimental data from Γγij to the local strength
(l)
2
f = XL yXL
f (XL) .
Three types of transitions, the electric dipole (E1), magnetic dipole (M1) and
electric quadrupole (E2) transitions were considered in DICEBOX simulations.
The Monte Carlo method allows performing of many artificial nuclei, so-called
nuclear realisations. Each nuclear realisation is characterised by set of energies,
21

Figure 2.3: Relative full energy peak efficiency (lower curve), obtained by fitting
an 8th-order polynomial to the full data set, and the corresponding normalised
residuals (upper curve) [6].

spins and parities of all levels below Sn , and in our case, intensities of primary
transitions to all these levels. Energy, spin and parity of levels below Ecrit were
kept the same in all nuclear realisation, however, intensities of simulated transitions to levels below Ecrit varied according to Porter-Thomas distribution. Selection rules for transitions between levels with given spin and parity are taken into
account during generation of Γγij or f (l) .
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Chapter 3
Results and Discussion
3.1

Main goal of this thesis

The main goal of the thesis is to obtain information on absolute value of PSFs at
the low-energy tail of the GDER, particularly in 156 Gd and 158 Gd at excitation
energy about 4-8 MeV. The information comes from comparison of experimental
data and simulations of intensities of primary transitions from thermal neutron
capture reaction 155 Gd(n,γ)156 Gd and 157 Gd(n,γ)158 Gd.
The main obstacle in the analysis comes from Porter-Thomas distribution of
individual transition intensities in combination with a certain limit, called threshold in the following, for detection of transitions. Porter-Thomas distribution produces many weak transitions which cannot be observed. These week transitions
make impossible to achieve the absolute value of PSFs by simple averaging of
individual intensities. To consider only strong transitions, the threshold for observed intensities was established. Only transitions stronger than the threshold
can be observed. For comparison of observables with simulations, the threshold
has to be applied. We assumed that all transitions stronger than the threshold
value are observed and all weaker remain unobserved. In principle, results should
be consistent independently on the threshold if the threshold is sufficiently high
to see all the stronger transitions. Due to local variations of the minimum observed transition strength, the reasonable threshold should not exactly follow the
lowest observed strengths. On the other hand, if the threshold is set-up too much
high, there will be only a few observed transitions. According to illustrations in
figs. (3.1 and 3.2), only the strongest transitions are observed with respect to
the threshold. The threshold represents minimum values which are considered
to be detectable in the analysis. The threshold in this work corresponds to the
threshold which was established on the basis of the experiment mentioned in sec.
(2.1).
Based on the assumptions, we decided to describe the threshold via a combination of two functions - exponential decreasing function at lower Eγ and a
constant function at higher Eγ . In this thesis, we tested only one threshold for
local strengths in 156 Gd and one for 158 Gd , but in general, one may choose and/or
replace the combination of the functions by another function which is describing
the threshold accordingly. The γ-ray spectra belonging to decay of 156 Gd and
158
Gd are shown in figs. (3.3) and (3.4), respectively. Intensities of individual
transitions were obtained with help of the Hypermet-PC code [12]. All transi23

Figure 3.1: Example of simulated values of local strength in one nuclear realization from DICEBOX code for 156 Gd. Blue crosses represent simulated values of
local strength (local intensities) and red line represents the threshold.

Figure 3.2: Example of simulated values of local strength in one nuclear realization from DICEBOX code for 158 Gd. Blue crosses represent simulated values of
local strength (local intensities) and red line represents the threshold.
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tions with energy higher than 3.5 MeV are assumed to be primary transitions.
The transitions with energy below 2 MeV corresponds to the transitions between
low-levels. In the range from about 2 MeV upto 3.5 MeV is without any visible
transitions. The energy range from 3.5 MeV belongs to the primary transitions.
The results of γ-ray data analysis yielded the energies and intensities of 659 γ-rays
emitted after thermal neutron capture on 155 Gd and 475 γ-rays on 157 Gd. Almost
every transitions were known before this experiment. Experimental data does not
allow easily determine the multipolarity of f (l) transition. The contribution of
M1 and E2 transitions is expected to be very small for Eγ ≤ Sn − Ecrit . We
have found no contribution at all for Eγ < 5 MeV. There is some contribution at
Eγ > Sn − Ecrit , which corresponds to the known ratio of f (E1) /f M 1 ≈ 7 MeV at
the energies from average resonance capture data. As a result, we can get results
on E1 PSF but we cannot say almost anything about M1 and E2 PSF.

Figure 3.3: γ-ray spectrum from thermal neutron capture

155

Gd(n, γ)156 Gd.

In case of spectra belonging to 156 Gd, the analysis of γ-ray spectra provided
97 transitions which were determined as primary transitions with energies from
Eγ = 4176.5 keV up to 8446.8 keV. From these transitions, 58 transitions were
determined as E1, 1 transition was determined as E2 and 15 were determined as
M1. Other transitions were not established.

In case of spectra belonging to 158 Gd, the analysis of γ-ray spectra provided
68 transitions which were determined as primary transitions with energies from
Eγ = 3705.0 keV up to 7837.7 keV. From these transitions, 39 transitions were
25

Figure 3.4: γ-ray spectrum from thermal neutron capture

157

Gd(n, γ)158 Gd

determined as E1, and 4 were determined as M1. Other transitions were not
established.
Measured intensities of all Gd transitions were converted to absolute cross
section of individual lines, σγ , using known cross sections of several secondary
transitions and the known efficiency of the detector as mentioned in sec.(2.1). The
individual cross sections was converted to f (l) using eq.(1.11). Several quantities,
especially total cross section σT , total radiative width ΓT and level density ρ(J)
of neutron resonance with given spin and parity at Sn or resonance spacing D0
are needed for this conversion.
The values for both isotopes have been adopted from articles [16], [2] and
[6]. The values belonging to 156 Gd and adopted from [16] are D0 = 1.8(2) eV,
σγT OT = 60900(500) b and ΓγT OT = 110(3) meV. The values adopted from [2]
and [6] are D0 = 1.62(15) eV, σγT OT = 56700(2100) b and ΓγT OT = 120(3) meV.
The difference between converted local strengths, depending on chosen adopted
values, is shown in fig. (3.5). Shown uncertainties are only statistical uncertainties
Γ
from experiment. In the factor u = σγTγTOTOTDJ - see eqs. (2.1 and 2.2), where the
factor u is about 14.7% for values adopted from [16] and 15.5% for values adopted
from [2]. Different values of this factor leads to the statistical uncertainties in
experimental values of local strength.
The values belonging to 158 Gd and adopted from [16] are D0 = 4.47(33) eV,
σγT OT = 254000(815) b ΓγT OT = 99(7) meV with factor u about 14.8%. The
values adopted from [6] are D0 = 5.36(13) eV, σγT OT = 239000(6000) b and
ΓγT OT = 106(1) meV factor u about 5.9%. The difference between converted local
strengths is shown in fig. (3.6). Shown uncertainties are, again, only statistical
uncertainties from experiment.
Experimental values were used for setting the threshold. This systematic un26

Figure 3.5: Experimental values of local strength for 156 Gd. The uncertainties
were obtained from measured intensities using eqs. (2.1 and 2.2). Values of
used parameters are given in the figure. Shown uncertainties correspond only to
statistical uncertainties of experimental uncertainties.
certainty influence our results. Using different values of the factor u we either
change the observed intensity and number of transitions above the fixed threshold or scale the threshold for observation. Total uncertainty, ie. statistical and
experimental uncertainty, is about 30% in case of 156 Gd. In case of 158 Gd, the
total uncertainty is smaller. It shows up that the difference in the factor by less
than 30 % scales the results almost precisely linearly.
In reality, resonance spacing D0 corresponds to the combined spacing of J =
−
1 and 2− resonances. Thermal neutron capture in both Gd isotopes is dominated
by a single J π = 2− resonance. The spacing of 2− resonances was deduced from
D0 assuming that, ρ(J) follows 2J+1 dependence, see eq. (1.1). As a result,
the values DJ = 2.88 eV corresponds to the values from [16] for 156 Gd as well as
DJ = 7.15 eV for 158 Gd, respectively.
In order to achieve information on absolute value of PSF, we compare the
observed experimental intensities with the prediction of statistical model for different models of PSFs. Two observables were checked, the sum of intensities of
transitions in a selected energy range, and the number of observed transitions in
the same range. As mentioned in sec. 2, we can either work with partial radiation
width or with sum of local strength in the energy range. The second option was
chosen. Hereinafter,
the sum of local strengths in energy range will be denoted
P (l)
by symbol
fE .
P (l)
The values of
fE and the number of levels obtained from experiment were
summed and their values are mentioned in separate sections dedicated to the
isotopes (sec. 3.2 and sec. 3.3). The simulated values above the threshold were
also summed and number of levels were checked. The simulations were performed
within the statistical model under different assumption on PSF and LD models.
In practice we generated artificial intensities of primary transitions for 10 000
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Figure 3.6: Experimental values of local strength for 158 Gd. The uncertainties
were obtained from measured intensities using eqs. (2.1 and 2.2). Values of
used parameters are given in the figure. Shown uncertainties correspond only to
statistical uncertainties of experimental uncertainties.
different nuclear realisations.
It has been tested following PSF and LD models. For LD model, the Constant
Temperature Formula (CTF) and Back-shifted Fermi-gas (BSFG) were proposed.
The values of parameters a and ∆ for BSFG model and parameters T and E0
for CTF model have been adopted from the articles [19] and [18]. The values are
listed in table (3.1). The table is divided into two parts. First part corresponds
to the values of the parameters adopted form [19]. The second part corresponds
to the values from [18].
adopted values from [19]
156

Gd
Gd
adopted values from [18]
158

156
158

Gd
Gd

BSFG
a [MeV]
17.43(20)
17.45(13)
BSFG
a [MeV]
17.19(19)
16.62(11)

2005
∆ [MeV]
0.39(8)
0.29(8)
2009
∆ [MeV]
0.50(5)
0.44(6)

CTF
T [MeV]
0.60(2)
0.61(1)
CTF
T [MeV]
0.58(1)
0.58(1)

2005
E0 [MeV]
-0.61(17)
-0.69(16)
2009
E0 [MeV]
-0.34(13)
-0.32(13)

Table 3.1: Adopted values for LD parameters from [19] and [18].
For the E1-PSFs, the Brink-Axel (SLO) model and Kadmensky-MarkushevFurman (KMF) model have been tested. The parameters EG , ΓG and σG of the
E1 PSF were adopted from the work [14]. Actually, the set of the parameters
for the analysed isotopes are not available and therefore, the set from adjacent
isotope, having the same nuclear shape, are proposed. Particularly, parameters
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have been obtained from fit to 160 Gd. Adopted values can be found in table (3.2).
E1 PSF parameters
156
Gd
158

Gd

EG [MeV]
12.27
15.94
12.07
15.88

ΓG [MeV] σG [mb]
2.95
181
5.70
215
2.98
196
5.10
248

Table 3.2: Adopted values of parameters used in E1 PSF models.
Furthermore, for simulation of M1 PSF, the Classical Lorentzian with parameters are adopted -see table (3.3) and for the E2 PSF, the Single Particle
Approximation with parameter shown in table (3.4) has been proposed. The
values are adopted from work [14].
M1 PSF parameters
156
Gd

158

Gd

EG [MeV]
3.0
6.0
8.0
3.0
6.0
8.0

ΓG [MeV] σG [mb]
1.0
0.2
0.8
0.7
1.8
1.1
1.0
0.3
0.8
0.7
1.8
1.1

Table 3.3: Adopted values for M1 PSF model.

E2 PSF parameters
156
Gd
158
Gd

EG [MeV]
11.70
11.65

ΓG [MeV] σG [mb]
4.24
4.24
4.2
1.7

Table 3.4: Adopted values for E2 PSF models.
As mentioned above, several combinations of PSF and LD models have been
tested. The combinations are mentioned in the table (3.5).
P (l)
For the same selection of PSF and LD model, the values of fE and number
of observed levels were compared to experimental data. Of course, individual nuclear realisations give different prediction of the simulated quantities. We decide
to divide energy region into 1 MeV range, where local strengths were summed
and the number of observed levels were checked for these ranges separately. In
addition we have made the process for all 10P
000 nuclear realisations. We decided
(l)
to show the distribution function of values
fE in the form of histograms. An
P (l)
example of the distribution is shown in fig.(3.7). Distribution of a
fE with six
combinations of PSF and LD models for energy range 5 - 6 MeV
are
P (l) compared
in this figure. There is also shown the experimental value. The
fE calculated
from the experimental data is represented by vertical line. Hereinafter, every
vertical line will have the same meaning.
P (l)
It is evident that SLO and BSFG combinations predict too high
fE while
for some other combinations, the agreement between simulations and experiment
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PSF
SLO
SLO
KMF
KMF
SLO
SLO

LD
CTF 2005
BSFG 2005
CTF 2005
BSFG 2005
CTF 2009
BSFG 2009

Table 3.5: Tested combinations of PSF/LD.

156
Figure 3.7: Comparison
P (l)of results from Gd simulation according to the distribution functions of
fE predicted by several PSF/LD models in the 5 - 6 MeV
energy region. Vertical red line indicates experimental value.
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using the number of nuclear realisations predict smaller value than the experimental value.
In statistics, the probability of finding the observed or extreme values values
given by statistical model, corresponds to the p-value, where
Z

P

(l)

fE

g(x)dx ,

p=

(3.1)

−∞

where g(x) is normalised distribution function of simulated values. If the distribution is of Gaussian type, the p value of 0.16 and 0.84 corresponds to the
average value minus and average value plus standard deviation, respectively. Our
distributions are often close to a Gaussian distribution, however in higher energy
ranges, the distribution is not a symmetric distribution. Furthermore, one may
observe that the distributions with the same or similar PSF model are grouped.
In reality, we can check not only the agreement of several models with experiment, but we can try to find the absolute PSF value consistent with experiment
by scaling of a PSF model. As a scaling dimensionless factor x, we defined as a
ration between testing PSF ftest , and forig PSF corresponding to PSFs model
x=

ftest
.
forig

(3.2)

Based on the testing PSF ftest , several simulations with the same ftest /LD model
combination were made. Obtained data were subsequently processed, ie. only
the strongest values (the values of local strength higher than the threshold) were
summed in energy range and the number of levels were checked. We decided to
show examples belonging to different ftest values, corresponding to scaling factor
x, in figs. (3.9 - 3.12) and (3.22 - 3.23). The p-value corresponding to the tested
PSF ftest were determined and illustrated on cumulative distribution in figs. (3.13
- 3.20) and (3.24 - 3.29). Of course, the x values reproducing experimental data
for different PSF models differ. Nonetheless, the absolute PSF values reproducing
experimental data are expected to be very similar for all ”starting” PSF models.
The PSF shape in 1 MeV interval
P (l) is not that different for different tested PSF
models. The distribution of
fE can be approximated by Gaussian curve in 4
- 7 MeV energy range in 156 Gd and 4 - 6 MeV range in 158 Gd.
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3.2

Detailed analysis of local strengths from 156Gd

This section is dedicated to analysis of local strengths and absolute value of PSF
on 156 Gd only.
For further analysis, we adopt the values for conversion of partial radiation
width to local strength from article [16]. According to previous section, we decide
to check the sum of local strengths which were higher than threshold and checked
thePnumber of visible levels in energy ranges. The energy ranges, the values
(l)
of
fE and number of visible levels obtained from experiment are listed in
table (3.6). Converted local strengths with threshold is shown in fig (3.2). The
Emin [MeV] Emax [MeV]
4.00
5.00
5.00
6.00
6.00
7.00
7.00
8.00

P

(l)

fE [10−6 MeV−3 ]
4.17
9.71
3.81
0.79

number of visible levels
13
55
24
4

P (l)
Table 3.6: Tested energy ranges;
fE in these energy; and number of visible
levels for 156 Gd. The conversion of intensities to local strengths were made using
parameters from ref. [16].

Figure 3.8: Threshold used in analysis of data. Experimental values of local
strength - blue points - were obtained using parameters from ref. [16]. No uncertainties are plotted to make the figure more readable.

threshold is established by two analytical functions
(l)

fthreshold = e(−1.19Eγ −9.92) [M eV −3 ]
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(3.3)

for Eγ ∈ (4;6) MeV and
(l)

fthreshold = 3 × 10−8 [M eV −3 ]

(3.4)

for Eγ ∈ [6;8.54) MeV.
Several simulations for the ftest and LD combinations mentioned in sec. (3.1)
and the above mentioned threshold were made. The simulated local strengths
which were higher than threshold were summed in each energy range separately.
We have also checked the number of levels in the energy range separately. From
the P
10 000 nuclear realisations in each simulation, we obtained a distribution of
(l)
the
fE and number of levels. The distributions were checked via histograms.
P (l)
Examples of
fE distribution and number of level distribution corresponding
to two tested combinations are shown in figs.(3.9) - (3.11).
Fig.(3.9) consists of four sub-plots. Each sub-plot shows resulted distribution
P (XL)
of
fE
in different energy range and for different ftest , but original PSF
model is same for all of them. Namely, there is shown (x·SLO) and CTF 2005
P (l)
model combination. The top left sub-plot shows a distribution of
fE in 4-5
MeV energy range, where the original PSF model (SLO) was multiplied by scaling
factor x = 0.7 according to eq. (3.2). Top right sub-plot shows the distribution of
P (l)
fE in 5-6 MeV energy range, where original PSF model (SLO) was multiplied
by scaling factor x = 0.8. Bottom left is summed over 6-7 MeV energy range,
where the original PSF is not corrected by scaling factor. And bottom right were
summed over 7-8 MeV range with scaling factor x = 0.8.
Since the simulation provides an information on parity, we were able to distinguish local strengths belonging to E1 and E2,M1
transitions. Thus, we were
P (E1)
able to sum the values corresponding to E1 into
f
and the local strengths
P E (E1,E2,M 1)
corresponding to E1,E2 and M1 transitions into
fE
. The difference
between both distributions is illustrative in the histograms, where the red curves
correspond to the distribution of E1 transitions and blue curves correspond to
total contribution from all transition types. From these sub-plots, one can deduce
that according to the simulation, the component corresponding to E2 and M1 is
negligible with respect to E1. For comparison with experimental data,Pshown
(E1)
by black vertical line in those histograms, we can operate with both
fE
P (E1,E2,M 1)
as well as with
fE
. The second option, exactly corresponding to the
experiment, was chosen.
Fig. (3.11) shows another combination of PSF/LD model. It is (x·SLO) and
BSFG 2005 model combination. The meaning of the histograms is the same as
in the histograms shown in fig.(3.9).
Besides that, we decide to check the number of levels. Examples corresponding
to the distribution of number of levels of above mentioned model combinations
are shown in figs. (3.10 and 3.12). The meaning of the histogram is, again, same
as in the previously mentioned.
Agreement with the experimental data within the term of p-value is illustrative
in cumulative histograms (3.13 - 3.20). In those types of histograms, the vertical
P (l)
red lines represents experimental value. Coloured curves correspond to
fE
in tested (x·SLO) and CTF 2005 model combination and (x·SLO) and BSFG
2005, respectively. Each cumulative histogram is made for different energy range
according to table(3.6).
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P (l)
Figure 3.9: Example of fE distributions of simulated values for 156 Gd; blue hisP (l)
togram represents
fE distribution belonging to E1,E2 and M1, red histogram
P (l)
represents
fE belonging to E1, the black line is the experimental value. The
(x·SLO) and CTF 2005 model combination was performed with factors x=0.7 for
4-5 MeV; x=0.8 for 5-6 MeV; x=1.0 for 6-7 MeV; and x=0.8 for 7-8 MeV.
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Figure 3.10: Example of ”number of levels” distributions of simulated values for
156
Gd; blue histogram represents E1,E2 and M1 values, red histogram represents
only E1 value, the black line is the experimental value. The (x·SLO) and CTF
2005 model combination was performed with factors x=0.7 for 4-5 MeV; x=0.8
for 5-6 MeV; x=1.0 for 6-7 MeV; and x=0.8 for 7-8 MeV.
Based on the simulations for many ftest and LD combinations, ie. x· PSF and
LD combinations, we were able to obtain minimal and maximal values of scaling
factor x, which correspond to standard deviation of the Gaussian distribution,
where the expected value is equal to experimental value. The minimal and maximal values of x were obtained in the energy ranges separately. In order to achieve
a range of absolute values of PSF, we multiplied the original model of PSF, forig ,
by minimal and maximal value of x. Thus, we achieved the absolute value of
PSF with respect to the model. As a result, we plot the range of absolute PSF
in fig.(3.30).
The distribution of number of visible transitions over the thresholds is symmetric according to the simulations. We probably cannot compare this simulated
quantity with observables since there are too fewer transitions. This method
probably cannot achieve more accurate resultsp
because the relative uncertainty
in number of visible levels behave according to 2/N , where N is the number of
visible levels. For excitation intervals 4 - 5 MeV is the number of levels is about
30, which corresponds to the uncertainty ∆(N ) = 8.

35

P (l)
Figure 3.11: Example of
f distributions of simulated values for 156 Gd; blue
P (l) E
histogram represents
f distribution belonging to E1,E2 and M1, red hisP (l) E
togram represents
fE belonging to E1, the black line is the experimental
value. The (x·SLO) and BSFG 2005 model combination was performed with factors x=0.4 for 4-5 MeV; x=0.5 for 5-6 MeV; x=0.7 for 6-7 MeV; and x=0.7 for
7-8 MeV.
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Figure 3.12: Example of ”number of case” distributions of simulated values for
156
Gd; blue histogram represents E1,E2 and M1 values, red histogram represents
only E1 value, the black line is the experimental value. The (x·SLO) and BSFG
2005 model combination was performed with factors x=0.4 for 4-5 MeV; x=0.5
for 5-6 MeV; x=0.7 for 6-7 MeV; and x=0.7 for 7-8 MeV.

P (l)
Figure 3.13:
fE cumulative distribution for x·SLO and CTF 2005 model combination in 4-5 MeV energy range. Curves correspond to different x values as
indicated in the legend.
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P (l)
Figure 3.14:
fE cumulative distribution for x·SLO and CTF 2005 model combination in 5-6 MeV energy range.Curves correspond to different x values as
indicated in the legend.

P (l)
Figure 3.15:
fE cumulative distribution for x·SLO and CTF 2005 model combination in 6-7 MeV energy range.Curves correspond to different x values as
indicated in the legend.
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P (l)
Figure 3.16:
fE cumulative distribution for x·SLO and CTF 2005 model combination in 7-8 MeV energy range.Curves correspond to different x values as
indicated in the legend.

P (l)
Figure 3.17:
fE cumulative distribution for x·SLO and BSFG 2005 model
combination in 4-5 MeV energy range.Curves correspond to different x values as
indicated in the legend.
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P (l)
Figure 3.18:
fE cumulative distribution for x·SLO and BSFG 2005 model
combination model in 5-6 MeV energy range.Curves correspond to different x
values as indicated in the legend.

P (l)
Figure 3.19:
fE cumulative distribution for x·SLO and BSFG 2005 model
combination in 6-7 MeV energy range.Curves correspond to different x values as
indicated in the legend.
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P (l)
Figure 3.20:
fE cumulative distribution for x·SLO and BSFG 2005 model
combination in 7-8 MeV energy range.Curves correspond to different x values as
indicated in the legend.
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3.3

Detailed analysis of local strengths from 158Gd

This section is dedicated to analysis of local strengths and absolute value of PSF
on 158 Gd only.
For further analysis, we adopt the values for conversion of partial radiation
width to local strength from article [16]. According to the section 3.1, we decide
to check the sum of local strengths which were higher than threshold and checked
the
of visible levels in energy ranges. The energy ranges; the values of
P number
(l)
fE and number of visible levels obtained from experiment are listed in table
(3.7). Converted local strengths with threshold is shown in fig (3.3).
P (l)
fE [10−6 MeV−3 ] number of visible levels
Emin [MeV] Emax [MeV]
4.00
5.00
2.76
28
5.00
6.00
3.42
30
6.00
7.00
1.39
8
P (l)
Table 3.7: Tested energy ranges;
fE in these energy; and number of visible
158
levels for Gd. The conversion of intensities to local strengths were made using
parameters from [16].

Figure 3.21: Threshold used in analysis of data 158 Gd. Experimental values of
local strength - blue points - were obtained using parameters from [16]. No
uncertainties are plotted to make the figure more readable.
The threshold is established by two analytical functions:
(l)

fthreshold = e(−1.19Eγ −9.84) [M eV −3 ]

(3.5)

for E ∈ (4;5.5) MeV and
(l)

fthreshold = 4 × 10−8 [M eV −3 ]
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(3.6)

for E ∈ [5.5 ; 7.94) MeV.
Several simulations for the ftest and LD combinations mentioned in sec. (3.1)
and the above mentioned threshold were made. The figures (3.22) and (3.23)
show two examples of simulated combinations.
P (l)
Fig. (3.22) shows histograms of
fE (right column) and number of level
distributions (left column) of x·SLO and CTF 2005 model combination.
The cumulative histograms for model SLO and CTF 2005 in 158 Gd are shown
in fig. (3.24 - 3.29). Based on the simulations for many ftest and LD combinations,
ie. x· PSF and LD combinations, we were able to obtain minimal and maximal
values of scaling factor x, which correspond to standard deviation of the Gaussian distribution, where the expected value is equal to experimental value. The
minimal and maximal values of x were obtained in the energy ranges separately.
In order to achieve a range of absolute values of PSF, we multiplied the original
model of PSF, forig , by minimal and maximal value of x. Thus, we achieved the
absolute value of PSF with respect to the model. As a result, we plot the range
of absolute PSF in fig.(3.31).
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P (l)
Figure 3.22: Example of
fE (left column) and the number of level (right
column) distributions of simulated values for 158 Gd; blue histogram represents
E1,E2 and M1 values, red histogram represents only E1 value, the black line
is the experimental value; The (x·SLO) and CTF 2005 model combination was
performed with factors x=0.6 for 4-5 MeV; x=0.75 for 5-6 MeV; x=1.1 for 6-7
MeV.
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P (l)
Figure 3.23: Example of
fE (left column) and the number of cases (right
column) distributions of simulated values for 158 Gd; blue histogram represents
E1,E2 and M1 values, red histogram represents only E1 value, the black line is
the experimental value. The (x·SLO) and BSFG 2005 model combination was
performed with factors x=0.4 for 4-5 MeV; x=0.5 for 5-6 MeV; x=1.0 for 6-7
MeV.
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P (l)
Figure 3.24:
fE cumulative distribution for x·SLO and CTF 2005 model combination in 4-5 MeV energy range. Curves correspond to different x values as
indicated in the legend.

P (l)
Figure 3.25:
fE cumulative distribution for x·SLO and CTF 2005 model combination in 5-6 MeV energy range. Curves correspond to different x values as
indicated in the legend.
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P (l)
Figure 3.26:
fE cumulative distribution for x·SLO and CTF 2005 model combination in 6-7 MeV energy range. Curves correspond to different x values as
indicated in the legend.

P (l)
Figure 3.27:
fE cumulative distribution for x·SLO and BSFG 2005 model
combination in 4-5 MeV energy range. Curves correspond to different x values
as indicated in the legend.
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P (l)
Figure 3.28:
fE cumulative distribution for x·SLO and BSFG 2005 model
combination in 5-6 MeV energy range. Curves correspond to different x values
as indicated in the legend.

P (l)
Figure 3.29:
fE cumulative distribution for x·SLO and BSFG 2005 model
combination in 6-7 MeV energy range. Curves correspond to different x values
as indicated in the legend.
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Conclusion
According to our knowledge, this is the first attempt to get information on PSFs
from intensities of primary transitions from thermal neutron capture.
The attempt to get information on PSFs from intensities of primary transitions from thermal neutron capture in 156,158 Gd was done. According to our
knowledge, primary transitions from thermal neutron capture have never been
exploited for this purpose. The method, based on comparison of experimentally
observed intensities above a certain threshold with predictions made within the
statistical model of nucleus, seems to work reasonably and indicates that it could
be used for studying the PSFs also in other nuclei with sufficient number of
observed primary transitions. The precision of determining the absolute PSFs
seems to be very close to the limit expected from Porter-Thomas fluctuations of
individual transitions intensities. However, the results of the analysis depend on
the level density model used in the simulations.
The information on the PSF was obtained from comparison of
1. sum of intensities (sum of local strengths) of transitions with intensities
over a detection threshold; and
2. the number of transitions visible above the threshold with the unknown
from simulation based on statistical model of nucleus
among experiment and simulations within statistical model in both Gd isotopes indicate that the E1 PSF is between the predictions of the SLO and KMF
models. However, as indicated in Figs (3.30 and 3.31) the results depend on the
assumed model of LD. Virtually no information can be obtained on M1 and E2
PSF as they are significantly weak at the energies from about 3.5 MeV to 8 MeV.
The method seems to work and reasonably indicates that it could be used for
studying of PSFs in other nuclei.
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Figure 3.30: The absolute PSF obtained from simulations with different PSF/LD
combinations for 156 Gd.

Figure 3.31: The absolute PSF obtained from simulations with different PSF/LD
combinations 158 Gd.
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A Chyzh, A Couture, D Dashdorj, RC Haight, M Jandel, et al. Neutron
resonance parameters in 155 Gd measured with the DANCE γ-ray calorimeter array. Physical Review C, 85(2):024622, 2012.
[3] F Becvar. Simulation of γ cascades in complex nuclei with emphasis on assessment of uncertainties of cascade-related quantities. Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 417(2):434–449, 1998.
[4] H. A. Bethe. An Attempt to Calculate the Number of Energy Levels of a
Heavy Nucleus. Phys. Rev., 50:332–341, Aug 1936.
[5] J.M. Blatt and V.F. Weiskskopf. Theoretical Nuclear Physics. Wiley. 1952.
[6] HD Choi, RB Firestone, MS Basunia, A Hurst, B Sleaford, N Summers,
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