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Биографија 

Давид Кнежевић је рођен 03.06.1988. у Книну, република Хрватска. Основне академске 

студије физике је похађао на Природно-математичком факултету у Новом Саду (2007-2011) 

и завршио са просечном оценом 10. Мастер студије је завршио на истом факултету (2011-

2012) са просеком 9,93 одбранивши мастер рад „Компаративна анализа симулиране и 

експерименталне ефикасности германијумског детектора“. 2012. уписује докторске 

акдаемске студије физике на истом факултету и тренутно се налази на трећој години студија 

(уписана четврти пут). У току је израда докторске дисертације под називом 

„Експериментално одређивање параметара нуклеарне структуре активационим техникама“ 

под менторством др Николе Јованчевића, доцента на природно-математичком факултету у 

Новом Саду. Од маја 2017. године Давид Кнежевић је запослен у Институту за физику у 

Београду као истраживач сарадник у Нискофонској лабораторији за нуклеарну физику 

Института за физику у Београду, у оквиру пројекта основних истраживања „Нуклеарне 

методе истраживања ретких догађаја и космичког зрачења“ (ОИ171002) Министарства 

просвете, науке и технолошког развоја Републике Србије, којим руководи проф. Емеритус 

др Иштван Бикит. 

У току школске 2016/17, 2017/18 и 2018/19 године учествује у извођену наставе на 

Природно-математичком факултету Универзитета у Новом Саду, као сарадник у настави на 

предметима Савремена експериментална физика 3, увод у нуклеарну физику и виши курс 

нуклеарне физике. У току је завршетак рада на практикуму из области нуклеарне физике за 

студенте Природно-математичког факултета чији је коаутор. Практикум је добио позитивне 

рецензије и одобрен је. 

До сада, Давид Кнежевић има три рада објављена у часопису категорије М21, два рада у 

часопису категорије М23, четири саопштења са међународних скупова штампана у целини 

(М33), један рад у часопису категорије М53 и два рада у зборнику радова са националног научног 

скупа објављена у целини (категорија М63). 

 

Од учешћа на конференцијама, летњим школама и радионицама, издваја се: 

1. Joint ICTP-IAEA School on “Nuclear Data Measurements for Science and Applications",19/10/2015 

- 30/10/2015, Trieste, Italy. 

 

2. 2015 Student Practice in JINR Fields of Research (3rd stage), 07/09/2015 - 25/09/2015,  Dubna, 

Russia. 

 

3. 9th International Physics Conference of the Balkan Physical Union – BPU9 , 24-27 August 2015 , 

Istanbul University , Istanbul , Turkey. 

 

4. Scientific Workshop on Nuclear Fission dynamics and the Emission of Prompt Neutrons and 

Gamma Rays, 20-22 Jun 2017, Varna, Bulgaria. 

 

 

 



 

 

Преглед научних активности  

Током мастер студија, Давид Кнежевић се примарно бавио гама спектрометријом и 

германијумским детекторима, да би током докторских студија фокус био померен на 

примену знања стечених на мастер студијама на физику неутрона и физику језгра. 

Под менторством доцента др Николе Јованчевића са Природно-математичког факултета у 

Новом Саду, рад Давида Кнежевића на докторским студија се фокусира примарно на 

двоструке гама каскаде настале након захвата термалних неутрона на језгрима. Предмет 

истраживања је одређивање параметара нуклеарне структуре као што су густина стања 

атомског језгра, функција јачине прелаза, шема енергетских нивоа и енергије гама зрачења. 

Одређивање параметара нуклеарне структуре је један од главних задатака у 

експерименталној нуклеарној физици на ниским енергијама. За ту сврху се користе 

различите методе од којих је једна од најважнијих детекција гама зрачења након 

деекситације побуђеног језгра насталог захватом неутрона на материјалу мете. На овај 

начин могу да се добију релевантне информације о испитиваном језгру. Проблем који се 

јавља приликом ових мерења је непостојање детектора чија би енергетска резолуција била 

мања од ширине енергетских нивоа атомског језгра. Такође, ови детектори би требали да 

имају и временску резолуцију која би била упоредива са временским интервалом гама 

прелаза. Због тога је развијена метода одређивања параметара нуклеарне структуре 

детекцијом двостепених гама каскада. Ова изузетно перспективна техника захтева даљи 

развој посебно у процесу обраде експерименталних података. Такође, захтевају се и нова 

мерења нуклида који до сада нису испитани овом методом. 

Осим примарног тока истраживања, које је директно везано за докторат, Давид Кнежевић 

је радио и на новој техници одређивања неутронског спектра током нискофонских гама 

спектрометријских мерења. Ова нова техника се заснива на одређивању активности 

индуковане неутронским интеракцијама са германијумским детекторима. На основу 

одређене активности и познавања ефикасних пресека за детектоване неутронске нуклеарне 

реакције могуће је коришћењем метода деконволуције одредити неутронски спектар. 

Такође, учествовао је у раду на анализи могућности одређивања присуства неутрона у 

нискофонским Ge детекторским системима коришћењем детектованих интензитета гама 

пика од 595.8 keV, који може потицати и од интеракција брзих и спорих неутрона (путем 
73Ge(n,g)74Ge и 74Ge(n,n’)74Ge реакција). Ово даје могућност да се флукс и спорих и брзих 

неутрона одреди само на основу детектованог интензитета овог једног пика. 
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Estimation of Neutron Spectrum in the Low-level Gamma 
Spectroscopy System Using Unfolding Procedure  

Knežević D.1, a), Jovančević N.1 and Krmar M.1 

1University of Novi Sad, Faculty of Science, Department of Physics, Trg Dositeja Obradovića 3, 21000, Novi Sad, 
Serbia  

 
a) Corresponding author: david.knezevic@df.uns.ac.rs 

Abstract. The radiation resulting from neutron interactions with Ge nuclei in active volume of HPGe detectors is one of 
the main concerns in low-level gamma spectroscopy measurements [1,2]. It is usually not possible to measure directly 
spectrum of neutrons which strike detector. This paper explore the possibility of estimation of neutron spectrum using 
measured activities of certain Ge(n,γ) and Ge(n,n’) reactions (obtained from low-level gamma measurements), available 
ENDF cross section data and unfolding procedures. In this work HPGe detector with passive shield made from commercial 
low background lead was used for the measurement. The most important objective of this study was to reconstruct muon 
induced neutron spectrum created in the shield of the HPGe detector. MAXED [3] and GRAVEL [4] algorithms for neutron 
spectra unfolding were used. The results of those two algorithms were compared and we analyzed the sensitivity of the 
unfolding procedure to the various input parameters. 

INTRODUCTION  

This paper explores the possibility to use unfolding algorithms in order to calculate the neutron spectrum present 
in the HPGe detector system without measuring directly the neutron spectrum, but only using the neutron induced 
germanium gamma lines. Neutron induced processes are one of the main sources of background in gamma 
spectroscopy measurements. Neutrons are always present to some degree in gamma spectroscopy systems. Neutrons 
that create background in gamma spectroscopy systems originate from natural radioactivity of radionuclides from the 
detector system surroundings and from cosmic rays. Gamma activity is produced by neutron interaction with detector 
system materials. As one of the primary background sources, analysis of neutron induced gamma activity is of great 
importance in low-level gamma spectroscopy measurements. Main source of background inducing neutrons in low-
level gamma spectroscopy measurements are cosmic muons.  

We can calculate the activity of the reaction k using the equation: 
 

  
i

iikkA  (1) 

 
In the equation, σik  is the corresponding cross section and Φi is the neutron spectrum content in energy bin i. From 

eq. (1), the neutron fluence spectrum Φi can be determined by the unfolding procedure using cross sections and 
measured activities. For the unfolding procedure unfolding algorithms MAXED and GRAVEL were used. These 
techniques start with an initial default spectrum. A-priori information, necessary for the construction of the initial 
guess spectrum, can be obtained from the available experimental data concerning neutron production by muons in 
lead [5]. 
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MEASURED ACTIVITIES OF NEUTRON INDUCED GAMMA ACTIVITY 

For the measurement of the activities of neutron induced gamma lines the HPGe detector from Canberra, serial 
number GX10021, was used. Detector is a coaxial n-type detector, with U-shaped cryostat configuration. Relative 
efficiency of the detector is 100%, and the active volume is 380 cm3. Detector is surrounded by passive lead shield, 
Canberra model 777B. Total mass of the shield is 1633 kg. 

The experimental data was acquired by recording the background spectrum for 5886293 s (~68 days), in order to 
get the satisfying statistics of the detected gamma rays which are created due to interaction of neutrons with 
germanium nuclei inside the detector. In Table 1. the activities of the detected gamma peaks that were used in this 
paper are shown. Four inelastic scattering reactions of neutrons (dominant at high energies), and four radiative nautron 
capture reactions (dominant at low energies) were used.  

 

TABLE 1. Activities of neutron induced reactions. 

Reactions Measured Activity [10-24Bq/atom] 
72Ge(n,γ)73mGe 0.347(25) 
74Ge(n,γ)75mGe 0.322(25) 
70Ge(n,γ)71mGe 0.84(4) 
76Ge(n,γ)77mGe 2.5(4) 
76Ge(n,n’) 76Ge 5.7(5) 
74Ge(n,n’) 74Ge 6.83(20) 
72Ge(n,n’) 72Ge 1.44(5) 
70Ge(n,n’) 70Ge 2.49(24) 

THE SPECTRUM UNFOLDING PROCEDURE 

Maxed and Gravel 

 MAXED and GRAVEL are unfolding algorithms. Unfolding algorithms use measured gamma activity, response 
function (cross section) and a priori estimate of the spectrum in order to find the spectrum (in this case the neutron 
spectrum inside the active volume of HPGe detector). 

GRAVEL is an iterative algorithm that uses an a priori estimate of spectrum to determine next iterative steps in 
order to get the solution spectrum, while MAXED uses the principle of maximum entropy, which chooses the final 
spectrum to be the one that requires the minimum of additional assumption (in a mathematical way) about the spectrum 
shape based on an a priori estimate of the spectrum.  

Cross Sections Data 

Cross section for the measured neutron induces reaction were taken from the ENDF database, from ENDF/B-VII.1 
library. When extracting the data for usage in unfolding algorithms some approximations had to be made in order to 
optimize the number of data points, since large number of data points increases the complexity of the system of 
equation represented by eq. (1). For inelastic scattering cross sections there are no problems, since the cross section 
curves are fairly simple and can be desribed by a relatively small number of points (~100). Capture cross sections 
required different approach due to resonance region, where the cross section can change up to five orders of magnitude. 
To solve this, the average values of cross sections for data points inside the resonance region were calculated and used 
in unfolding algorithms.  

A Priori Neutron Spectrum 

A priori spectrum in unfolding methods is used as a starting point for unfolding algorithms in determination of the 
solution spectrum. Since most of the neutrons in our setup comes from muon interaction with lead shielding, for a 
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priori spectrum we used the empirical equation [5] for the general spectrum shape of neutrons that originate from 
muon interaction with lead shielding. For neutrons with energies in 1-4 MeV, we used the equation: 

 

  /11/5)( EeE
dE

EdN
 (2) 

 
 Where E is neutron energy, and θ is effective nuclear temperature and its value is 1.22 MeV. For neutron energies 

above 4 MeV, the equation takes the following form: 
 

  dEEe
dE

EdN /)(
 (3) 

 
where  Ed is the parameter that in the 4.5-10 MeV interval has the value of 8±1 MeV, and in the 10-50 MeV interval 

it has the value 8.6±0.5 MeV. 

RESULTS 

Figure 1. shows the obtained results. The left graph (a) shows the result obtained with GRAVEL and MAXED 
from the a priori spectrum. Above 1 MeV, both unfolding algorithms are in good agreement with the a priori estimate. 
Below 1 MeV, the results obtained by unfolding algorithms show disagreement with the a priori spectrum, and some 
data points differ by factor of 3. This disagreement is most probably due to the fact that the energy region below 1 
MeV is not covered by the eq. (2). The lower part of the neutron energy curve was estimated simply by extending the 
eq. (2) below 1 MeV. Extended work on the energy region below 1 MeV should be done in order to improve the 
results, and can be used for the investigation of this energy region. The right graph (b) shows the sensitivity of 
unfolding algorithms (the results shown are for the GRAVEL unfolding algorithm only, since MAXED shown 
approximately the same behaviour) to the different binnings of the cross sections. The obtained results show that the 
bining can influence the results greatly, and this fact is clearly seen for the 0.4 MeV step where results are in clear 
disagreement with the a priori spectrum. Other two binnings show aproximately the same results. The stability of the 
solution for different binings should be tested in more detail.  

 

(a) (b) 

FIGURE 1. The obtained results with MAXED and GRAVEL algorithms (a), and sensitivity of the solution spectrum to 
different binning of the cross sections for GRAVEL algorithm (the MAXED algorithm shown approximately the same behavior) 
(b). Since only the general shape of the spectrum is considered in this paper, the values of the data points were scaled differently 

in (a) and (b) in order to show the results more clearly. 
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CONCLUSION 

In this paper, we explored the possibility of estimating the neutron spectrum inside the HPGe detector with 
unfolding algorithms using only neutron induced germanium gamma-lines. Obtained results show that this approach 
could be usefull for estimation of the neutron spectrum, and that further work should be done in this field, since it 
would be highly usefull to have the posibility to estimate the neutron spectrum for experiments in which the direct 
measurement of neutron spectrum is not possible. 

 For future work, there is a number of things to consider in order to improve the results. Better statistics of the 
measurement would reduce the errors of the measured activities, thus giving us greater confidence in obtained 
activities. Second thing to consider is the lower energy party (around and bellow the resonance region) of the a priori 
spectrum. Aditional information should be collected about the general shape of this part of neutron spectrum. Also, 
choise of data points from cross section inside the resonance region has to be optimized to represent the real shape as 
close as possible using as little data points as possible. Since above 10 MeV (n, 2n) and (n, 3n) reactions also contribute 
to the production of capture peaks, this should be included in the future work to see if the contribution of these reactions 
would alter the results. Efficiences used for the calculation of activities were calculated using Monte Carlo simulation. 
Precise dimensions of the detector are not well known, so additional uncertainties are introduced to the experiment. 
Future work will also include the usage of neutron induced lines in Ge from neutrons coming from Cf source. Since 
the spectrum of Cf is well known, the sensitivity of the unfolding methods to other unfolding parameters will be tested. 
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A B S T R A C T

In order to explore possible improvements of the existing techniques developed to estimate the neutron fluence
in low-background Ge-spectroscopy systems, gamma spectra were collected by a HPGe detector in the presence
of the 252Cf spontaneous fission neutron source. The spectra were taken with and without a Cd envelope on the
detector dipstick, with different thicknesses of plastic used to slow down neutrons. We have analyzed the
complex 595.8 keV gamma peak, as well as several more gamma peaks following the neutron interactions in the
detector itself and surroundings materials. The investigation shows that some changes of the initial neutron
spectra can be monitored by the analysis of the 595.8 keV gamma peak. We have found good agreement in the
intensity changes between the long-tail component of the 595.8 keV and the 691 keV gamma peak
(72Ge(n,n′)72Ge reaction), usually used for the estimation of the fast neutron fluence. Results also suggest
that the thermal neutrons can have a stronger influence on creation of the Gaussian-like part of 595.8 keV peak,
than on the 139 keV one following 74Ge(n,γ)75mGe reaction and used in the standard methods (Škoro et al.,
1992) [8] for determination of the thermal neutron flux.

1. Introduction

Reduction of different background effects induced by neutrons is
very important in different types of low background gamma measure-
ments, such as dark mater search experiments, rare nuclear events
research or measurements of the low level environmental activity [1–
7]. Consequently, efforts are made in order to improve methods that
are used for estimation of the level of neutron presence in the Ge-
spectroscopy systems during low-level background gamma measure-
ments. [8–10]. Except for the low-background measurements, it is also
important to know the background neutron contribution in different
types of prompt neutron activation experiments [11].

Neutrons in the low-background gamma spectroscopy systems
usually come from muon interactions, spontaneous fission of heavy
elements and (α,n) reactions of α-emitters of the U- and Th-series with
light elements in the surrounding rocks [12]. In the ground level
laboratory, neutrons are mainly produced by muon capture in a lead
shield of the gamma-ray spectroscopy systems [13]. There are a
number of studies about the neutron induced activity during gamma
spectroscopy measurements [8,13–17]. All of those analyses show that
gamma peaks following neutron capture and scattering reactions with
the detector itself (and surrounding materials) can give measurable
contribution to the background spectra.

Peaks created in the neutron interactions with the detector and
surroundings materials can be used for the determination of the

neutron presence during gamma spectroscopy measurements.
Methods for determination of the slow neutron flux, using intensity
of the 139.9 keV gamma peak (following the 74Ge(n,γ)75mGe reaction)
and the intensity of the 691.0 keV gamma peak for fast neutrons (the
72Ge(n,n′)72Ge reaction), were proposed in Ref. [8]. However, results
of the study [10] suggested that, alongside thermal neutron capture,
excitation of the 139.9 keV level in 75mGe can also take place via some
other mechanisms (for example, fast neutron interactions).

To investigate the possibility of using certain gamma peaks to
estimate the presence of the neutrons, we performed measurements
with the 252Cf neutron source placed near the HPGe detector. The 252Cf
neutron energy spectrum is a standard evaporation spectrum. Its shape
is very similar to the energy spectrum of background neutrons in deep
underground laboratories, although in a sea level laboratory fast
component of background neutron spectrum is not negligible [18–
20]. In this work, investigation of the neutron induced gamma peaks in
different neutron fluence was done by moderation of the original 252Cf
spontaneous fission neutron spectra with PVC plastic sheets. It was the
easiest way to obtain different measurement conditions concerning the
number of neutrons reaching the active volume of the HPGe detector.
Different intensities of the neutron induced gamma peaks obtained in
different measurements geometries (thickness of plastic sheets) were
thereby analyzed.

Here, we have studied the possibility of using the 595.8 keV gamma
peak for estimation of the neutron presence in the HPGe detector
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system. The gamma quanta, having the above-mentioned energy, can
be emitted through the prompt de-excitation of the 74Ge nuclei
following two different processes: the neutron captures on the 73Ge
and the inelastic neutron scattering on the 74Ge. The study [10]
suggests that in the detected spectra a standard narrow Gaussian
shape 595.8 keV gamma peak appears only when there is significant
presence of the thermal neutrons. Fast neutrons will interact through
inelastic scattering, producing a broad, long tail peak. The presence of
this long tail peak is the underlying reason why the 595.8 keV gamma
peak in collected gamma spectra has a characteristic structure, being a
result of overlapping of a standard Gaussian shape peak, from the
capture reaction, and a long tail peak following the neutron inelastic
scattering on the Ge nuclei inside the detector. Therefore, in one
relatively complex peak one can find the integral contribution of the
thermal and also fast neutrons. For the analysis of the complex 595.8
keV gamma peak, the fitting procedure [3,21,22] was employed to
differentiate between the contributions of the capture, on one hand,
and the inelastic scattering on the other hand, to the overall peak
intensity. A number of different gamma peaks were created in the
interactions of Ge and surrounding materials with thermal neutrons, as
well as in the interactions with fast neutrons. The intensities of those
peaks depend on the measurement geometry (i.e. thickness of the
plastic covering the neutron source). Obtained intensities of resolved
components of the 595.8 keV gamma peak were compared with
intensities of other gamma peaks to check whether they follow the
same trends.

2. Experimental setup

The experimental setup was located in the low-background labora-
tory of the Department of Physics in Novi Sad (80 m amsl). The coaxial
closed end HPGe detector with horizontal dipstick and a relative
efficiency of 22.3 %, was used in the measurements. The HPGe is
placed inside a cube chamber made of pre-World War II iron with a
useful cube-shaped inner volume of 1 m3. Iron walls are 25 cm thick
and the total mass of the shield is approximately 20 tons [10,17].

Detector was exposed to the 252Cf spontaneous fission neutrons.
The source strength was 4.5×103 neutrons per second into 4π sr. The
252Cf source was located in simple paraffin collimator. This was done to
prevent some neutrons, which are not initially emitted in the direction
of the detector, to reach active volume of the detector after scattering
inside low-background iron chamber. The 252Cf source was placed in a
Marinelli container (inner diameter 10.6 cm, outer diameter 16.0 cm,
height 20.5 cm, bottom thickness 3.0 cm) with wall thickness of 2 mm.
The Marinelli container was filled with melted paraffin and located
below the HPGe detector (Fig. 1). Some degree of neutron collimation
was obtained in this geometry by 17.5 cm long paraffin tube in very

narrow space of the low-background iron chamber. According to very
simplified calculation based on measured values of the TVL for
different light materials as paraffin or polyethylene [23], it was
estimated that in the 3 cm thick walls of the Marinelli container about
50% of neutrons will be absorbed. To attenuate the gamma radiation of
the accumulated fission products, the neutron source was placed in a
2 cm thick iron box. The measurements were carried out with different
thicknesses of the PVC plates placed between the detector and the
neutron source. The purpose of the PVC plates was to absorb and slow
down neutrons. Thus, we obtained the simplest setup in which the
detector was exposed to different neutron fluences. Six different
thicknesses of the PVC plates (7 mm, 14 mm, 26 mm, 45 mm,
68 mm and 93 mm) were used. The measurements were performed
for every thickness of the PVC plastic with and without the Cd envelope
over the detector dipstick. Cadmium envelope served as an efficient
absorber of the thermal neutrons. In this experimental configuration
influence of the thermal neutrons was detected. The collection time for
all spectra was approximately the same ~150,000 s.

3. Measurements and results

3.1. Rough insight in neutron fluence

Experimental setup presented in Fig. 1 was the simplest one which
exposes the HPGe detector to different numbers of neutrons. It can be
expected that the number (and energy spectra) of neutrons reaching
detector is a result of a trade-off between thermalization and attenua-
tion of neutrons. Intensities of several gamma lines emitted after
neutron interactions in the surrounding materials can be used as a kind
of an index showing how adding PVC attenuators can affect the number
of neutrons striking active volume of the detector.

In the spectra recorded with the cadmium cap located around the
detector dipstick, 651.1 keV and 558.4 keV peaks, following neutron
capture on 113Cd are detected. Detected intensity of both gamma lines
following 113Cd(n,γ)114Cd reaction can be useful for a rough estimation
of the slow neutron number at the very place of the active volume of the
detector. Obtained values of the 558 keV and 651.3 keV gamma peaks
intensities are presented in Fig. 2.

It can be seen that the count rates of the cadmium peaks do not
change significantly with the thicknesses of the PVC plates. Measured
intensities vary just up to 20% in the full range of the plastic
thicknesses. The cross section for 113Cd(n,γ)114Cd reaction in the
thermal region is a couple order of magnitude higher than the cross
section in the resonant region. Thus, it can be expected that the results
presented in Fig. 2 indicate, that the number of thermal neutrons does
not changes significantly and the Ge crystal in the detector dipstick is
exposed to thermal neutron fluence which is not dependent on
thickness of the plastic attenuators. One possible explanation for a
nearly constant number of thermal neutrons striking the detector,
which should be verified, is that they result from a trade-off between
two effects: the thermalization of fast neutrons and the neutron
absorption. This can be found in detail for different moderator
materials in the study Ref. [24].

In all recorded spectra, prominent 846.8 keV gamma peak was
observed. The origin of this peak is the 56Fe(n,n′) gamma reaction. This
reaction took place in the walls of the iron shield. Considering that for
an inelastic neutron scattering neutron energy should be higher than
some threshold energy, the intensity of this peak could be a good
indicator for monitoring the presence of fast neutrons. The detected
intensity of the 846.8 keV 56Fe(n,n′) peak measured for different
thicknesses of the plastic plates is presented in Fig. 3. Count rates of
this gamma peak decrease with the increase of the thickness of the PVC
because of the slowing down of the neutrons in the PVC. It is evident
that plastic PVC attenuators can reduce the number of fast neutrons.
The change in the intensity of the 846.8 keV 56Fe(n,n′) peak has the
same trend in presence of the Cd layer since the interactions of slowFig. 1. Scheme of the experimental setup (not in scale).
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neutrons do not have an influence on the detection of this gamma peak.
We have to mention here that in our analysis we considered just the

statistical uncertainty of detected gamma peaks. However, the jump in
the count rate at 45 mm of PVC Fig. 6 can come from some systematic
error. We do not have the possibility to repeat those measurements at
the current time, but these results can be basis for future investigation.

3.2. Analysis of 595.8 keV gamma peak

The analysis of the 595.8 keV gamma peak was of particular interest
in this work. As already noted, gamma quanta having this energy can
be emitted thought a prompt de-excitation of the 74Ge nuclei following
two different processes: a) the slow neutron captures on the 73Ge, b)

the inelastic neutron scattering on the 74Ge. Thus, this gamma peak, in
collected gamma spectra, has a characteristic structure; due to the
summation of a standard Gaussian shape peak from the capture
reaction and a long tail peak following the neutron inelastic scattering
on the Ge nuclei inside the detector. It is necessary to deconvolute this
structure by a fitting procedure and to separate the contribution to the
overall counts detected in interactions of slow and fast neutrons.
Resolved intensities of the narrow Gaussian-shape and the long tail
peaks obtained by the deconvolution of the 595.8 keV gamma peak can
provide an insight into the presence of fast and slow neutrons in the
area of the active volume of the Ge detector.

The most important problem which should be addressed in the
deconvolution procedure is the overlapping of the Ge(n,γ) and Ge(n,n′)
and interference of the background peaks. This particular issue arises
from choosing the function for fitting the asymmetric peaks induced by
fast neutrons. This problem was already discussed by other authors
[3,22] and in our analysis the neutron induced peaks were fitted by the
following function:
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where the first term corresponds to the Ge(n,n′) peak; in the second
term, the expression inside the summation is a Gaussian function
which corresponds to any symmetric gamma peak in the fitting region;
the parameter F refers to the background (here to be a linear function).
The Gaussian symmetric gamma peaks can be the Ge(n,γ) gamma
peaks or any other gamma peak corresponding to the detection of some
background gamma line. The parameters of the fit are: a0, ai, E0, Ei,
σ0, σi and Δ. E0 and Ei and they correspond to the energy of the
detected gamma peaks; a0 and ai are the maximum amplitudes of
those peaks. Parameters σ0 and σi should correspond to the energy
resolution of the detector and they were determined by the peak full-
width at half-maximum (FWHM). The characteristic of the exponential
tail of Ge(n,n’) peaks is determined by the Δ parameter.

First step in the fitting procedure is to fix the level of the
background continuum. It was shown in Ref. [3] that the quality of
the results obtained by the fit of the Ge(n,n′) peaks depends on the
energy region chosen for the fit. The next step was the variation of the
fitting region for certain energy of the asymmetric peak. The energy
region was varied between 30 keV and 40 keV. Different values of the
level of the background continuum and energy region were used to get
the fit which give the value of χ2/NDF as close to 1 as possible.
Furthermore, the uncertainties of fitting parameters were analyzed to
get the optimal set of values. The gamma peaks were fitted by ROOT
data analysis toolkit [25]. Fitting procedure was applied on the 691 keV
72Ge(n,n′) gamma peak, which has the simplest structure, with one
well developed peak (723.3 keV 154Eu, product of 252Cf fission, con-
tained in sealed source). The result of the fit is depicted on Fig. 4.

The same technique was used for deconvolution of the 595.8 keV
gamma peak. It can be seen in Fig. 5 that, in the observed energy
region, except for the standard narrow 73Ge(n,γ) and broad 74Ge(n,n′)
gamma lines, three additional background gamma peaks appeared
(609.3 keV 214Bi(U), 603 keV from fission product 154Eu and 641 keV
from fission product 145Ba). The contribution of the background
continuum, as well as the background gamma peaks, were subtracted
and the intensities of 73Ge(n,γ) and 74Ge(n,n′) gamma peaks were
obtained.

3.3. Ge(n,n′) component of the 595.8 keV gamma peak

The intensities of the 74Ge(n,n′) component of the 595.8 keV
gamma peaks, obtained after deconvolution are presented in Fig. 6.
It can be seen that the intensity of the long tail 595.8 keV gamma peak,

Fig. 2. Detected intensity of a) 558 keV and b) 651.3 keV for the 113Cd(n.γ)114Cd
reaction.
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Fig. 3. Detected intensity of the 846.8 keV 56Fe(n,n′) gamma peak for different thickness
of PVC plastic with and without Cd layer around HPGe detector.
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measured for different thicknesses of the plastic plates located between
the neutron source and the HPGe detector, has an apparent decreasing
trend. As mentioned above, the same trend was observed in analysis of
846.8 keV 56Fe(n,n′) gamma peak (Fig. 3). Considering that only fast
neutrons can initiate the (n,n’) reaction, presence of the Cd envelope
has no influence on the obtained intensities of the separated long tail
peak.

To check the obtained results, comparison with the detected
intensity of the 691 keV 72Ge(n,n′) gamma peaks was performed. The
intensity of the 691 keV gamma peak decreases with the increase of
plastic thickness, as expected. There are no significant differences

between the measurements done with and without the Cd envelope.
Considering that the 691 keV gamma line was frequently used in
estimation of the fast neutron fluence [8], let us consider whether it is
possible to do the same using the long-tail component of the 595.8 keV
gamma peak. Fig. 7 presents a scatter graph showing correlation
between the intensities of the two mentioned peaks recorded in this
experiment.

The results in Fig. 7 shows strong linear correlation between the
595.8 keV 73Ge(n,γ) and 691 keV 72Ge(n,n′) gamma peaks with linear
slope coefficient 1.24(4). This means that the 595.8 keV can be also
used as a standard for the determination of the fast neutron fluence.

3.3.1. Ge(n,γ) component of 595.8 keV gamma peak
The intensity of the 595.8 keV 73Ge(n,γ) gamma peak, obtained by

deconvolution, has an almost constant value, not dependent on the
plastic thickness (Fig. 8). The constant trend of the measured inten-
sities, depicted in Fig. 8 can be expected considering the results
obtained by the measurements of the cadmium gamma peaks
(Fig. 2). It is evident that the simple experimental setup used in this
experiment can provide different values of thermal neutron fluence at
the very place of the detector dipstick.

Very similar results were obtained when the 139.9 keV line was
used to estimate the thermal neutron fluence. Results are presented on
Fig. 9.

Although experimental setup in this experiment did not allow us to
provide different values of thermal neutron fluence at the place of the
active volume of the HPGe detector to be able to compare neutron

Fig. 4. The part of gamma spectrum in region around the 691 keV Ge(n,n′) gamma peak
with the 7 mm of PVC between the Ge-detector and the 252Cf source and the Cd envelope
around detector. The lines show the fitting results for the 72Ge(n,n′) and background
peak (upper graph). Down graph – ratio of experimental spectra to fitting function.

Fig. 5. The part of gamma spectrum in region around the 595.8 keV Ge(n,n′) gamma
peak with 7 mm of PVC between the Ge-detector and the 252Cf source. The lines show the
fitting results for the 74Ge(n,n′), 73Ge(n,γ) and background peaks (upper graph). Down
graph – ratio of experimental spectra to the fitting function.

0 10 20 30 40 50 60 70 80 90 100

0,020

0,025

0,030

0,035

0,040

0,045

0,050

0,055

0,060

0,065
with Cd layer
without Cd layer

Thickness of PVC

595.8 keV Ge(n,n')

C
ou

nt
 ra

te
 (s

-1
)
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thickness of PVC plastic with and without Cd layer around the HPGe detector.
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fluence estimation by the 139.9 keV and the (n,γ) component of the
595.8 keV gamma peak, there is still one possible indicator. We have
also calculated the ratio of contribution of thermal neutrons to detected
intensity of Ge(n,γ) peaks using the following equation:

⎛
⎝⎜

⎞
⎠⎟R N

N
(%) = 100%⋅ 1 − withCd

withoutCd (2)

where NwithCd and NwithoutCd are the intensities of gamma peaks
measured with and without Cd envelope respectively. The obtained
mean radio R (for different thicknesses of PVC) for the 139.9 keV and
595.8 keV peak were 33(16)% and 57(12)%, respectively. This result
can be a kind of an indication that the thermal neutrons have a stronger
influence on creation of the 595.8 keV peak, than on the 139 keV one.
Unfortunately, uncertainties are relatively large and for more exact
confirmation that the 595.8 keV gamma line has some advantage over
the 139.9 keV one, more investigations should be done.

4. Conclusions

In this work we have measured the gamma spectra using the low-
background Ge-spectroscopy system in an iron shield, in the presence
of the 252Cf neutron source. A spontaneous fission neutron spectrum
was moderated by PVC plastic plates placed between the HPGe
detector and the neutron source. In our experimental setup it was
possible to analyze several characteristic gamma peaks originating
from the interactions of the neutrons with the isotopes of Ge and
couple more surrounding materials. Special care was paid to the
595.8 keV peak because it contains records of simultaneous interaction
of the thermal and fast neutrons with the Ge detector.

Preliminary results presented in this paper are quite encouraging:
the 595.8 keV peak can be used in the estimation of the neutron fluence
at the place of the active volume of the Ge detector. In the high energy
region, above the threshold of the Ge(n,n′) nuclear reactions, very good
coincidence between the long-tail component of the 595.8 keV and the
691 keV gamma peaks, usually used for the estimation of fast neutron
fluence, was observed. Simple experimental setup unfortunately could
not provide us with the variety of thermal neutron fluencies at the place
of detector, however it was observed that even in these circumstances

intensity of the sharp gamma peak at the beginning of the long-tail
595.8 keV peak, obtained in neutron capture process, shows a similar
trend to the intensity of the 139.9 keV peak. Measured intensities of
both mentioned peaks follow the same trends as the gamma peaks
obtained in the 113Cd(n,γ)114Cd reaction. It can be expected that the
(n,γ) part of the 595.8 keV peak has a potential to be used for
estimation of the thermal neutron fluence.

Let us review some noticeable disadvantages and advantages of the
method for estimation of neutron fluence based on the measurement of
the 595.8 keV peak in gamma spectra. The structure of the 595.8 keV
gamma peak is not simple and a sophisticated fit procedure has to be
employed. However, the shapes of the sharp Gauss-like gamma lines
and the long-tail peak are well known. Moreover, it was noticed that the
intensity of the (n,γ) part of the 595.8 keV peak is about two times
lower that intensity of the 139.9 keV gamma line, which could
introduce some uncertainty, especially if the cases of low thermal
neutron fluencies. Significant advantage of the suggested method based
on the 595.8 keV gamma peak is the fact that both fast and slow
neutron fluence can be determined using just one energy peak. For
some rough estimation of thermal to fast neutron fluence ratio, not
even the relative energy efficiency of detector needs to be calculated.

Considering that in our experiment no measurements in different
fields of thermal neutrons were possible, it is valuable to repeat similar
measurements in some other experimental setups. This is especially
important in order to confirm the assumption that the intensity of the
Gauss-like part of 595.8 keV gamma peak is less dependent on fast
neutrons than the usually used 139.9 keV one.
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a b s t r a c t

In this study, we present a novel approach for estimation of neutron spectra that are present during
gamma spectroscopy measurements performed by a Ge detector. This method is based on the calculation
of the neutron spectra by using an unfolding procedure, where the activity of the Ge isotopes, produced
by the neutron reactions, and the available cross section data for those reactions are the input para-
meters. This new approach was tested by background gamma spectroscopy measurements with a HPGe
detector. Obtained results show that this method can provide useful information about the neutron
spectra at the position of the Ge detectors.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Detectible gamma activity can be produced by neutron inter-
actions with the Ge-detector itself and surrounding materials, via
captures and scattering reactions [1]. As one of the primary
background sources, analysis of neutron presence is of great im-
portance in low-background experiments, as well as in different
kinds of prompt neutron activation measurements [2]. Analysis of
neutron interactions with the Ge–detector was the subject of nu-
merous studies [1–16]. However, today still we are faced with an
old issue - the determination of neutron spectra in the Ge-detector
during gamma spectroscopy measurements [17–19]. Thus, we
present here a novel approach in order to resolve this issue, that is
based on very well known unfolding methods used in neutron
activation analysis [20]. This approach is based on the fact that the
activity induced by neutrons for the activated radionuclide, k, is
proportional to the product of the cross-section for a production of
certain radionuclide and the neutron fluence rate:

∑ σ Φ= ⋅ = =
( )

A i c k m; 1, 2..... ; 1, 2....
1

k
i

ik i

where σik are the corresponding cross section functions and Φi is
the neutron fluence rate for a certain energy bin Ei. The index k
runs over the number of used radionuclides, and m is the number
of radionuclides. The maximum value for the index i, c, denotes the
number of bins in the neutron spectra and the cross section
function. From Eq. (1), the neutron spectra Φi can be determined

by the unfolding procedure. In this approach we denote the ac-
tivity of the Ge isotopes induced by different neutron reactions as
Ak. For the reactions of interest, the available ENDF data cross
section data, σik, were used [21]. This method gives us the possi-
bility to model neutron spectra at the position of the Ge-detector.

It should be emphasized that this approach is different from
others applied in previous studies [17–19], which are based on the
analysis of the detector response functions for certain neutron
induced gamma peaks by Monte Carlo simulations.

In our present work, this new method was tested by modeling
of the background neutron spectra during gamma spectroscopy
measurements with the HPGe detector at our laboratory located at
sea level [11,22]. Present neutrons are mostly created by muon
captures on the Pb nuclei of the lead shield [11]. For the unfolding
procedure the GRAVEL unfolding algorithm was used [23,24].

2. Measurements of neutron induced gamma activity

For the measurement of the neutron induced gamma activity,
the HPGe detector from Canberra, serial number GX10021, was
used. This detector is a coaxial n-type detector, with a U-shaped
cryostat configuration. The relative efficiency of this detector is
100%, and the active volume is 380 cm3. The detector is sur-
rounded by a passive lead shield, Canberra model 777B., weighing
1633 kg and being 15 cm thick. The detector is located in the low
background laboratory of the Faculty of Sciences in Novi Sad (80 m
asl) [22].

The experimental data was acquired by recording the back-
ground spectrum during 5886293 s (�68 days), in order to get
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satisfying statistics of the detected gamma rays, which are created
due to the interactions of neutrons with the germanium nuclei. On
Figs. 1 and 2, parts of the collected spectrum with characteristic
neutron induced gamma peaks are shown [11,25]. Identified Ge
gamma peaks, their origin and intensities are presented in Table 1.
The gamma peaks that have suitable detected statistic are chosen
for the analysis [11,18].

The intensities of standard narrow Gaussian shape peaks
(66.7 keV, 139 keV and 198.3 keV) were determined by the CAN-
BERA softer GENIE2000. To obtain the intensity of the long tail
asymmetric Ge(n,n') 562.8 keV and 691.0 keV peaks, their shape
was fitted by the following function [4,25]:

( ) ( )
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⋅ −
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In the equation above, the first term corresponds to the Ge(n,n')
peak. In the second term, the expression inside the summation is a
Gaussian function which corresponds to any symmetric gamma
peak in the fitting region. Those peaks can be the Ge(n,γ) gamma
peaks or any other gamma peaks corresponding to the background
gamma lines. The parameter F refers to the background continuum
which is assumed to be a linear function here. The parameters of
the fit were: a0, ai, E0, Ei, s0, si and Δ. In this case E0 and Ei cor-
respond to the energies of the detected gamma peaks; a0 and ai
are the maximum amplitudes of those peaks. Parameters s0 and si
were determined by the peak full-width at half-maximum
(FWHM) and should correspond to the energy resolution of the
detector. The Δ parameter determines the characteristic of the
exponential tail of Ge(n,n') peaks.

First step in the fitting procedure was to fix the level of back-
ground continuum. It was shown in Ref. [4]. that the quality of the
results obtained by the fit of Ge(n,n') peaks depends on the energy
region chosen for the fit. The next step was to vary the fitting
region for a chosen energy of the asymmetric peak between
30 keV and 40 keV. Different values of the level of background
continuum and energy region were used to get the fit with the
value of χ2/NDF as close to unity as possible. Additionally, the
errors of the fitting parameters were analyzed to get the optimal
set values. The gamma peaks were fitted by the ROOT data analysis
toolkit [31].

Based on detected gamma peak intensities, the activity for
production of certain Ge isotopes per atom of natural germanium
is calculated by [11,18]:

ε α
= ⋅

⋅ ⋅( + )⋅ ⋅ ( )
A

C M
t p m N 3

k
a

where C is the detected number of counts for certain gamma peak,
t is the measurement time, p is the gamma-ray emission prob-
ability [26], α is the conversion coefficient [27], ε is the full energy
peak efficiency (calculated by the Geant4 toolkit [11,28]), M is the
Ge molar mass, m is the mass of the Ge crystal and Na is the
Avogadro constant. Obtained values of activities, Ak are shown in
Table 2.

3. Cross sections data

Cross sections for the Ge isotope production were obtained by
summing the cross sections for different neutron reactions (as
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Fig. 1. Low energy part of the spectrumwith the neutron induced Ge gamma peaks
collected with the HPGe detector in the lead shield.

650 675 700 725 750 775 800 825 850 875

400

600

800

1000

1200

1400

1600

1800

C
ou

nt
s

E (keV)

72Ge  691 keV

206Pb(n.n')206Pb
      803,3 keV

72Ge 834 keV

Fig. 2. The part of the spectrum with the neutron induced Ge(n,n') gamma peaks
collected with the HPGe detector in the lead shield.

Table 1
General information about detected Ge-gamma peaks and corresponding values of
the count rates.

Energy (keV) Nuclide Reactions Count rates (s�1)

66.7 73mGe 72Ge(n,γ)73mGe 2.10(12)
74Ge(n,2n)73mGe

139.9 75mGe 74Ge(n,γ)75mGe 1.77(11)
76Ge(n,2n)75mGe

198.3 71mGe 70Ge(n,γ)71mGe 2.43(11)
72Ge(n,2n)71mGe
73Ge(n,3n)71mGe

562.8 76Ge 76Ge(n,n') 76Ge 2.51(22)
691.3 72Ge 72Ge(n,n') 72Ge 6.67(21)

Table 2
The activities, Ak, of Ge isotopes.

Ge isotope Ak [10�24Bq/atom]

71mGe 0.173(9)
73mGe 0.095(7)
75mGe 0.118(9)
72Ge 0.398(13)
76Ge 0.44(4)
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listed in Table 1). The cross sections for neutron reactions were
taken from the ENDF database, specifically from the ENDF/B-VII.1
library [21], as presented on Fig. 3. In order to be used in the
unfolding algorithm, the cross section functions were divided into
200 energy bins. Since the cross section functions cover a fairly
wide energy range, we have the possibility to determine the
neutron spectrum up to 20 MeV.

3.1. A priori neutron spectrum

A priori spectrum in unfolding methods is used as a starting
point for the unfolding algorithm in determination of the solution
spectrum. The main sources of background neutrons are the
spontaneous fission of U and Th, (α,n) nuclear reactions as well as
cosmic rays [1]. At ground and shallow depth laboratories, most of
the neutrons come from the muon interactions with high-Z
shielding materials [11]. Having in mind this was also the case in
our measurements,we used the empirical equation (available from
the literature [29]) as an a priori spectrum for the general shape of
neutrons spectrum. For neutron energies between 1 MeV and
4 MeV, the spectrum is well described by:

( ) ∝ ( )
θ−dN E

dE
E e 4

E5/11 /

where E is the neutron energy, and θ is the effective nuclear
temperature and it's value is 1.22 MeV. For the neutron energies
above 4 MeV, the spectrum takes the following form:

( ) ∝ ( )
−dN E

dE
e 5

E E/ d

where Ed is the parameter that for the energy range 4.5–10 MeV
has the value of 871 MeV, and for the 10–50 MeV range it takes
the value 8.670.5 MeV. Our default spectrum is shown in Fig. 4.

4. Unfolding results

In this work, we used the GRAVEL algorithm for the unfolding
procedures [24,29]. GRAVEL is an iterative unfolding algorithm
that starts with a guess default function. In this technique, from
the J-th iteration of the neutron fluence rate (Φi

J , for energy binEi)

the next iteration,Φ +
i
J 1, will be calculated by:

( )Φ Φ ε σ Φ= ⋅ ( )
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J
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The function f is defined as follows:
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where Wik
J is the weight factor, Ak is the measured activity, εk is the

measurement uncertainty, and ski is the cross section for pro-
duction of k-th Ge isotope and energy bin Ei (Fig. 3). It should be
noted that the standard sensitivity analysis and uncertainty pro-
pagation cannot be performed by the GRAVEL algorithm. However,
the solution spectrum is always non-negative.

The unfolding was performed for 200 energy bins covering the
energy range up to 20 MeV. After every integration the parameter
χ2 per degree of freedom n (equal to the number of used radio-
nuclides) was calculated:

( )∑χ
σ Φ

ε
=

∑ −

( )
n

n

A
/

1

8k

n
i ki i k

k

2

The iteration procedure is stopped when the solution leads to
χ ≈n/ 12 . The unfolding neutron spectrum function is given in
Fig. 5, together with the default function.

In order to validate the obtained results, the activity (Ac) is
calculated for both, default and final neutron spectrum functions,
and compared with the measured data (Am). In Table 3. the sums
of squared values, S, are presented and defined by:

( ) ∑=
−

−
( )=

⎛
⎝⎜
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⎠⎟S

p
A A

A
1

1 9i

p
ci mi

mi1

2

where p is the number of the Ge isotopes (in this case =p 5).
The results from Table 3. Show that the unfolding procedure

converges to a better description of the measured activity data
than the initial a priori neutron spectrum. There is an increase of
the unfolding spectrum in the low energy range in comparison to
the default spectrum. The reason behind this can be the change in
energy of the neutron (emitted in muon capture process) through
scattering in surrounding materials. In the region above 10 MeV,
the determined spectrum function has higher values than the
default function (Fig. 5) which can be used as a starting point for
further investigations.

Fig. 3. The cross section functions for Ge isotopes production via neutron reactions
(with magnified low energy region) [21].
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Fig. 4. Default neutron spectrum used in analysis [29].
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5. Conclusion

In this work, we have analyzed the possibility of estimating the
neutron spectrum inside the HPGe detector with an unfolding
procedure. This new approach was tested by modeling of the
background neutron spectrum. The resulting unfolded spectrum
(Fig. 5) describes the neutron presence in the low-background
gamma spectroscopy system located in the laboratory at sea level
in a satisfactory way.

The obtained results show that this technique could provide
useful information about the neutron spectrum in measurements
with the Ge – detectors. However, this measurement can also be a
starting point for future studies. For future analyses there are a few
things to consider in order to improve the results. Better statistics
of the measurements would reduce the errors of the measured
activities, thus giving us greater confidence in the obtained

activities. We would also consider experiments with different
neutron fields, such as the 252Cf spontaneous fission neutron
source. Future work will also include the usage of different un-
folding algorithms, since other authors reported deviations be-
tween them [30]. In this work as a priory neutron spectrum we
used compound function based on the available empirical data. As
an alternative for default neutron spectrum simplified functions
such as Maxwellian function, can be used. The choice of the a
priory neutron spectrum function would depend on the char-
acteristics of neutron fields, a feature that can also be studied in
the future. After all of the improvements suggested above and
after performing tests, this method could become a standard for
the determination of the neutron spectra during gamma spectro-
scopy measurements with the Ge – detectors.
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Fig. 5. The obtained unfolded neutron spectrumwith GRAVEL algorithm compared
with default one. The integral for both spectra is normalized to unity.

Table 3
Relations between calculated Ac and measured Am activity.

Radionuclide −Ac Am
Am

default −Ac Am
Am

final

73mGe �0.16197 0.07832
71mGe 0.04694 0.02852
75mGe �0.42702 �0.15732
72Ge 0.04293 0.00726
76Ge 0.03737 0.02377
S 0.053506 0.008079
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h i g h l i g h t s

� Measurements of radon adsorption by various zeolite granulation are done.
� Adsorption coefficients for natural zeolite and activated charcoal are determined.
� The adsorption coefficients for activated charcoal and natural zeolite are compared.
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a b s t r a c t

Due to well defined three dimensional nano- and micro-porous structure, one of the most important
properties of zeolite is its surface adsorption capacity. Nevertheless, a natural zeolite adsorption capa-
bility of 222Rn has not been thoroughly investigated. The objective of this paper is to review the research
concerning the application of natural zeolite in 222Rn adsorption. To achieve this goal the investigation
based on measurements of radon adsorption by various zeolite granulation was done. Ball mill is used to
achieve different granulations of zeolite in the range of mmemm, whereas the particle size distributions
are determined by particle size analyzer, Mastersizer 2000. The zeolite samples were exposed to elevated
radon concentrations up to 1800 Bq/m3 inside a closed chamber (volumez 5.4 � 10�3 m3). The absorbed
radon quantity was measured by high resolution gamma spectroscopy. The influence of particle size was
measured and discussed. We found that the adsorption coefficients that were obtained in our experiment
for natural zeolite samples for different granulations are similar to adsorbing coefficients for silica gel,
but they are an order of magnitude lower than radon adsorbing coefficient for synthetic zeolite. The
adsorption coefficient for activated charcoal derived in our experiment (z3 m3/kg) is in average 50 times
higher comparing to the adsorption coefficients obtained for zeolite samples (0.038 m3/kge0.11 m3/kg).
All adsorbing coefficients are determined for very low relative humidity of air of about 7%, since our
simple experimental setup did not allow possibility to change the relative humidity, or temperature. In
addition, we explored the perturbation of radon concentration inside small-volume radon chamber
caused by the presence of adsorbing sample and influence of this perturbation on obtained values of
adsorbing coefficients.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the gaseous properties of radon, it is easily emanated
from ground or building materials and it can reach high levels of
activity in poorly ventilated buildings. Hence, the regular mea-
surement of radon is necessary in order to control the radioactivity

levels and take appropriate measures in case of elevated concen-
trations. Since the late 1980s the main method for short-term
measurement of radon concentration indoors is usage of acti-
vated charcoal canisters. In the recent years there is an increase in
number of studies oriented toward measurement of radon
adsorption by alternative types of adsorbing material, and one of
those materials is zeolite. It is a naturally occurring mineral group
consisting of many different minerals, and it has special porous
crystalline structure (Baerlocher et al., 2007). Zeolites can be
adapted for a variety of uses, and its ability to adsorb radon should
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be investigated in detail. Studies that measured adsorption of radon
by zeolite have shown relatively good adsorbing properties of both,
natural and synthetic zeolites (Mortazavi et al., 2009; Paschalides
et al., 2010). However, their adsorption properties can vary
greatly, due to the pore size distribution and composition of natural
ores, as well as the degradation of adsorption characteristics over
time due to sensitivity towards ionizing radiation in synthetic ze-
olites (Hedstr€om et al., 2012). Few article reported data on the
subject, although the ability of natural zeolites to adsorb radioiso-
topes is known; for example Clinoptilolite was used extensively in
dealing with the effects of Chernobyl accident, while Chabazite has
been used in the Three Mile Island clean-up (Dyer et al., 2000).

It should be also emphasized that removal of radon from indoor
air by contacting the air with a silver-exchanged zeolite was
patented (Patent US 7381244 B2).

2. Experiment

For radon adsorption measurements, we used highly porous
natural zeolite material, produced by FiM€o-Aquaristik GmbH,
Germany. We used this material from original, hermetically closed
fabric boxes, without its exposure to higher temperatures. Different
granulations of this material are obtained by different times of
milling (10, 20 and 40 min). Milling was performed in a planetary
ball mill Fritsch Pulverisette 5. A hardened steel vial (250 cm3

volume) and hardened steel balls (10 mm in diameter) were used.
The mass of the milled sample was 50 g, and the angular velocity of
the supporting disc and vial were 400 and 800 rpm, respectively.
Particle size distribution was determined using a Malvern Master-
sizer 2000 particle size analyzer capable of analyzing particles
between 0.01 and 2000 mm. This analyzer records the light pattern
scattered from a field of particles at different angles. The device
then uses an analytical procedure to determine the particle size

Fig. 1. Particle size distributions for different milling times (from top to bottom: 10 min, 20 min and 40 min).
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distribution that created the patterns. The wavelengths of light
used during measurement were 632.8 nm and 740 nm. The particle
size distributions for different milling times are presented in Fig. 1.

The first measurement of radon adsorption was performed
withoutmilling of zeolite (i.e. with zeolite grain size 5e10mm), and
then pulverized samples were used. Only in the first measurement,
together with zeolite sample, the activated charcoal canister was
present. All the samples were placed in metal canisters that were
opened during the exposure to radon within glass chamber and
closed immediately after exposure to avoid changes in moisture
content of the sample and, potentially more importantly, loss of
adsorbed radon from the zeolite.

The experimental setup designed to test the radon adsorption
by zeolite is presented in Fig. 2. Zeolite samples were exposed to
radon concentrations of about 1400e1800 Bq/m3, during 48 h for
each sample, by placing them inside a chamber with thick glass
walls, whose volume is 5.4$10�3 m3. The changes of radon con-
centration inside the chamber over time were continuously
measured by alpha-spectrometer RAD7. Circulation of air at a rate
of 0.5 l/min is provided thanks to the pump that is an integral
component of the alpha-spectrometer, without mixing the air in-
side the chamber with the outside air. The air inside this closed
system contained radon that emanated from the zirconium-oxide
(m ¼ 0.9 kg), containing Ra-226 radionuclide (4.10 ± 0.20 kBq/kg)
whichwas placed at the chamber bottom. Humidity absorptionwas
performed by passing the air through a column of calcium sulfate
(CaSO4). Each sample was also measured by low-level gamma
spectrometry system before exposure to radon elevated concen-
trations and after exposure.

3. Results and discussion

The concentrations of radon depending on time inside the glass
chamber, measured by alpha-spectrometer RAD7, during all expo-
sures of zeolite samples to radon, are presented in Fig. 3. The
detected decreases of radon concentrations after inserting the
samples (zeolite þ activated charcoal, or zeolite only) inside the
glass chamber were not caused only due to radon adsorption, but
also as a result of radon loss during the sample replacement. Our
test by short opening of glass chamber showed that the estimated
radon loss can reach up to 40%.

The results of gamma-spectrometry measurements, performed
in order to precisely quantify the adsorption characteristics of
various zeolite granulations, are presented in Table 1. Relative un-
certainties of presented net intensities of 352 keV gamma ray line,
associated with lead-214, a short-lived decay product associated
with radon-222, expressed at 95% confidence level, are about 10%.

From results presented in Fig. 3 and Table 1 it is obvious that
radon adsorption by zeolite samples is much less efficient than by
activated charcoal. This fact does not necessarily represents a
disadvantage, especially in the case of high radon concentrations
(500e1500 Bq/m3) where zeolite can be used as an indicator of
elevated indoor radon concentrations, which could be measured if
zeolite adsorption coefficient is known. The granulation of zeolite
samples doesn't significantly influence its radon adsorption char-
acteristics. However, we found better adsorption by zeolite sample
milled for 20 min, which can be attributed to the relatively uniform
particle size distribution, with average value of 10 mm. In further
investigations, the radon adsorption characteristics of zeolite for
longer exposure times should be explored (in presented experi-
ment, only one exposure interval of 48 h was used).

Although relatively simple, our experimental setup provided the
possibility for estimation of adsorption coefficients of Rn-222 gas
on activated charcoal, as well as on zeolite. This coefficient, k (m3/
kg), characterizes the capacity that sorbent material has in
adsorbing of radon, and can be determined in the following way
(L�opez and Canoba, 2002):

k ¼ Q=C;

where Q is radon activity adsorbed by unit of mass of sorbent
material (Bq/kg), and C is concentration of Rn-222 in air during
exposure of sorbent material (Bq/m3). In our case the time interval
of exposure to radon of activated charcoal and each zeolite sample
was 48 h. The temperature of air inside the glass chamber was in
interval (25e30) �C, while the relative humidity was about 7%.

Knowing the net intensity of 352 keV post-radon line for acti-
vated charcoal after exposure (Table 1), gamma emission proba-
bility for this line (pg ¼ 0.371), and detection efficiency at this
energy of our HPGe detector for cylindrical geometry of measured
sample (ε ¼ (30 ± 3) � 10�3), we found Q ¼ 153 ± 23 Bq/kg for
activated charcoal. As can be seen from Fig. 3 (time interval 2e3),
the radon concentration inside glass chamber dropped quickly
(within 1 h) in the presence of activated charcoal, reaching the
constant level of C ¼ 50 ± 6 Bq/m3 for next 48 h. From these values
of Q and C, we found kactivated charcoal ¼ 3.1 ± 0.6 m3/kg. This is in a
relatively good agreement with previously reported values for
adsorption coefficient of radon on activated charcoal at room
temperature (2e6 m3/kg, Cohen and Cohen, 1983; Ren and Lin,
1987, Scarpitta, 1995), although these reported values are related
to higher relative humidity, which represent in a better way real-
istic indoor conditions.

Using similar procedure we found the corresponding value of
Q ¼ 42 ± 6 Bq/kg for zeolite (40 min milling). However, the average
radon concentration for 48 h exposure interval for this zeolite
sample (time interval 6e7 in Fig. 3) was relatively high,
C ¼ 1.10 ± 0.09 kBq/m3, giving the corresponding value of kzeolite
(40 min milling) ¼ 0.038 ± 0.006 m3/kg.

Based on values given in Table 1 and Fig. 3, the adsorption co-
efficients of zeolite samples with 20minmilling and 10minmilling
are found to be 0.11 ± 0.021 m3/kg and 0.046 ± 0.009 m3/kg,
respectively. The relative uncertainties of derived adsorption co-
efficients reach up to 20%.

The obtained values for adsorption coefficients of these zeolite
samples with different granulations are 25e75 times lower than
corresponding value of activated charcoal in our experiment. These
values for zeolite samples are very similar to the adsorbing co-
efficients of radon previously reported for silica gel
(0.022e0.065 m3/kg) for relatively broad temperature range
5e35 �C (Ackley, 1975).

The possible disadvantage of our experiment is the use of a
radon chamber with a very small volume (only 5.4 L), while the

Fig. 2. The experimental setup designed to test the radon adsorption by zeolite 1.
Chamber with thick glass walls, 2. Plastic tube, 3. Humidity absorber (CaSO4), 4. Input
plastic tube, 5. Alpha spectrometer (RAD7), 6. Output plastic tube, 7. Zirconium-oxide
containing Ra-226, 8. Zeolite. The direction in which the air moves through the closed
system is labeled by arrows. The temperature of air and relative humidity were
measured by devices that are integral parts of RAD7 device. However, in this experi-
mental setup the temperature of the air and its relative humidity were not adjustable
parameters.
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equivalent air-volume of the activated charcoal canister (with a
typical 70 g weight) is about 210 L (this directly follows from
adsorption coefficient value of z3 m3/kg, i.e. 0.07 kg � 3 m3/
kg ¼ 0.21 m3). This is strikingly apparent from Fig. 3 at the interval
2e3, where Rn-222 concentration dropped at very low level when
active charcoal of 75 g was present. In principle, the sample to be
exposed in the radon chamber should not affect the radon con-
centration of the chamber. However, we did not possess strong
enough Ra-226 source to produce high Rn-222 concentration
within a big volume. Thus, we repeated measurement by activated
charcoal sample, but with mass of only 5 g (15 times lower mass
than in previous measurement) in order to obtain value for
adsorption coefficient under new conditions and compare it with
previous value of z3 m3/kg. Even with this mass, the equivalent
air-volume of the activated charcoal (15 L) is still higher than vol-
ume of our radon camber, but we expected a smaller perturbation
of radon concentration inside chamber. The use of activated

charcoal sample with mass below 1 g (equivalent air-volume 3 L)
would, on the other hand, increase themeasurement uncertainty of
intensity of 352 keV gamma line, necessary for final determination
of adsorption coefficient.

The exposure time for this small activated charcoal sample
within radon chamber was 48 h and radon concentration inside
chamber registered by RAD7 device is presented in Fig. 4.

As can be seen from Fig. 4, we could not avoid the decrease of
radon concentration within radon chamber, although in this mea-
surement we reached average concentration of C1 ¼ 370 (15) Bq/
m3, which is about 7 times higher, than in first measurement with
75 g of activated charcoal. After exposure, using gamma spec-
trometry measurement, we found Q1 ¼ 1.6 ± 0.3 kBq/kg for acti-
vated charcoal sample of 5 g mass. The obtained values C1 and Q1
imply the following value for adsorption coefficient of activated
charcoal: k¼ Q1/C1 ¼4.3 ± 0.8 m3/kg. This is about 40% higher than
our first result for adsorption coefficient of activated charcoal, but it

Fig. 3. Time dependence of radon concentration inside the glass chamber. Explanation for corresponding time intervals: 1e2 e only zirconium-oxide closed inside glass chamber;
2e3 e activated charcoal þ zeolite, not milled (grain size 5e10 mm); 3e4 ewithout measurement (only zirconium-oxide closed inside glass chamber); 4e5 e only zirconium-oxide
closed inside glass chamber; 5e6 e test of radon loss by short opening (5 s) of glass chamber; 6e7 e exposure of the finest zeolite fraction (40 min milling); 7e8 e exposure of
zeolite fraction, 20 min milled; 8e9 e only zirconium-oxide closed inside glass chamber; 9e10 e exposure of zeolite fraction, 10 min milled. Error bars are presented for each single
measurement.

Table 1
Gamma-spectrometry measurements of samples.

Sample Intensity of post-radon 352 keV line before
sample exposure to radon [c/(s kg)]

Intensity of post-radon 352 keV line after
sample exposure to radon [c/(s kg)]

Net intensity of post-radon 352 keV line due to radon
adsorption by sample [c/(s kg)]

Activated
charcoal

e 1.87 ± 0.17 1.87 ± 0.17

Zeolite (not
milled)

0.23 ± 0.02 0.78 ± 0.06 0.55 ± 0.06

Zeolite
(40 min
milling)

0.23 ± 0.02 0.70 ± 0.05 0.47 ± 0.05

Zeolite
(20 min
milling)

0.23 ± 0.02 1.18 ± 0.10 0.95 ± 0.10

Zeolite
(10 min
milling)

0.23 ± 0.02 0.75 ± 0.06 0.52 ± 0.06
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shows relatively good consistency between obtained results for
significantly different perturbations of initial radon concentration
(both results are in agreement within measurement uncertainties).
This further means that adsorption coefficients we obtained for
natural zeolite samples are less influenced by radon perturbation
effect inside radon chamber, since the magnitude of these pertur-
bations were relatively small in comparison with perturbation
caused by activated charcoal.

4. Conclusions

Our results suggest that zeolite, with some constrains, can be
used both, to radon measurements (in the case of higher radon
concentrations (Sextro, 1987; Ennemoser et al., 1993)) and radon
suppression in the air of dwellings, especially having in mind
inexpensiveness of the zeolite and its wide availability. However,
the measurement of radon concentrations in the range 50e400 Bq/
m3 based on radon adsorption on natural zeolite, probably could
not be possible (we estimated that the lowest measurable radon
concentration is about 500 Bq/m3). In addition, a huge amount of
this material is required for reduction of indoor radon concentra-
tion, compared to activated charcoal.

For the optimal grain size of the zeolite sample (achieved by
20 min milling), the exposure of the zeolite to the average radon
concentration of about 800 Bq/m3, during 48 h, resulted in an ac-
tivity increase of the 352 keV post-radon line of about 1 c s�1 kg�1

(35% nominal efficiency HPGe). The adsorption coefficients that
were obtained in our experiment for natural zeolite samples
(0.038 m3/kge0.11 m3/kg) are comparable with adsorbing co-
efficients for silica gel, but they are an order of magnitude lower
than radon adsorbing coefficient for 5A synthetic zeolite
(Paschalides et al., 2010), and in average about 50 times lower than
corresponding value that we found for activated charcoal (z3 m3/
kg). The standardization of zeolite for routine Rn-222 measure-
ments (similar as the EPA procedure (EPA 520/5-87-005, 1987) for
activated charcoal) needs more detailed studies.
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Abstract. The determination of nuclear level densities and radiative strength functions
is one of the most important tasks in low-energy nuclear physics. Accurate experimen-
tal values of these parameters are critical for the study of the fundamental properties of
nuclear structure. The step-like structure in the dependence of the level densities ρ on
the excitation energy of nuclei Eex is observed in the two-step gamma cascade measure-
ments for nuclei in the 28 ≤ A ≤ 200 mass region. This characteristic structure can be
explained only if a co-existence of quasi-particles and phonons, as well as their interac-
tion in a nucleus, are taken into account in the process of gamma-decay. Here we present
a new improvement to the Dubna practical model for the determination of nuclear level
densities and radiative strength functions. The new practical model guarantees a good
description of the available intensities of the two step gamma cascades, comparable to
the experimental data accuracy.

1 Introduction

The development of theoretical models of nuclear structures requires a set of experimental information
of the excited levels density, ρ, (with given quantum numbers) and of the values of the partial width
(radiative strength function), Γ, of all possible decay channels. Correct interpretation of the dynam-
ics of the nuclear transitions, in a broad variety from the simple low-lying levels (e.g., quasi-particle
or phonon structure) to the very complex compound-states is possible by the theoretical calculations
if those experimental data are available. One of the most suitable techniques for determination of
required nuclear mater parameters (ρ and Γ) is the two-step gamma cascades methods based on mea-
surement of gamma coincidences following neutron capture [1].
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Based on the experimental data collected by two-step gamma cascades experiment a model for
description the gamma-decay of neutron resonance was developed at JINR, Dubna [2, 3]. In this
model the level density ρ of quasi-particles in any nucleus is defined using the known model of n-
quasi-particle levels. Here we presented the improved version of this model taking into account shell
inhomogeneities of the single-particle level spectra and their influence on the functions: ρ=ϕ(Eex) and
Γ= ψ(E1), where Eex is the excitation energy and E1 is primary transition energy. The experimental
results of two step gamma cascades intensity for 43 nuclei in the 28 ≤ A ≤ 200 mass region were
fitting by this model. This provide us possibility to extract parameters of nuclear structure such as
breaking thresholds of the second and the third Cooper pairs, ratio of the collective level density to
the total one or level parity.

2 Dubna two-step gamma cascades method

The two-step gamma-cascades method for obtaining information about the nuclear structure param-
eters following the thermal neutron captures was developed at FLNP, JINR, DUBNA [2, 3]. From
amount of gamma-gamma coincidences the method allows to choose registration events of full energy
of two-gamma transition cascade with a sufficiently low background. And the experimental intensity
distributions of cascades to the final levels of compound-nucleus with excited energy below ∼500–
800 keV are obtained from these coincidences. Using the nuclear spectroscopy procedures allows
decomposing the initial spectrum on primary and secondary transmission components of cascades
with an acceptable uncertainty [2, 3].

The basic idea of this method comes from specific dependence of the two-step gamma- cascade
intensity on the partial radiative width Γ and the density of excited levels:

Iγγ =
∑
λ, f

∑
i

Γλi

Γλ

Γi f

Γi
=
∑
λ, f

Γλi

〈Γλi〉mλi
nλi

Γi f〈
Γi f

〉
mi f

(1)

where Γλ i and Γi f are the partial radiative widths corresponding to the primary and to the secondary
transitions; nλi = ρ∆Ei is the number of the excited intermediate levels in a certain interval of the
excitation energy ∆Ei; 〈Γλ i〉 and 〈Γi f 〉 are the average values of the corresponding intervals of the
nucleus excitation energy widths; mλ i and mi f are the number of levels in the same intervals. When
this method was developed for the first time it was based on an interactive calculation. Using iterative
process with “randomly” chosen functions ρ and Γ, it is possible to obtain the most probable values
of level density and radiative width (or radiative strength function).

3 Model of the gamma-decay of neutron resonance

Here we present improved version of the model for the gamma-decay of neutron resonance [2] which
can explain the experimental data based on combination of phenomenological and theoretical repre-
sentations.

The level density, described by an expression for density ρl of Fermi levels, was taken from the
model of density Ωn of n-quasi-particle states [4]:

ρl =
(2J + 1) exp

(
− (J + 1/2)2 /2σ2

)

2
√

2πσ3
·Ωn (Eex) ,Ωn (Eex) =

gn (Eex − Ul)n−1

((n/2)!)2 (n − 1)!
(2)

Here J is the spin quantum number, g = 6a/π2 is the density of the single-particle states near Fermi-
surface, σ is the cut-off factor (a and σ values were taken from the back-shifted Fermi-gas model
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Here J is the spin quantum number, g = 6a/π2 is the density of the single-particle states near Fermi-
surface, σ is the cut-off factor (a and σ values were taken from the back-shifted Fermi-gas model

[5]), and Ul, is the energy of the l-th Cooper pair breaking threshold. The effect of the collective
enhancement was also included in this model by the coefficient Ccol of the collective enhancement of
the vibrational level density (or both vibrational and rotational ones for deformed nuclei). For a given
excitation energy, Eex, the phenomenological coefficient is determined by a theoretical description
that can be found in Ref. [3]:

Ccoll = Al exp(
√

(Eex − Ul)/Eν − (Eex − Ul)/Eµ) + β (3)

where Al are parameters of density for the vibrational levels above the breaking point for each l-th
Cooper pair, Eµ and Eν determine the change in the nuclear entropy and the change of the quasi-
particles excitation energies, respectively. Coefficients Al for different pairs are fitted independently,
as it was done in Ref. [2]. Coefficient β is used for a description of the rotation level density.

Radiative strength functions for E1- and M1-transitions are determined in this model by Ref. [6]:

k(E1, Eγ) + k(M1, Eγ) = w
1

3π2�2c2A2/3

σGΓ
2
G(E2

γ + κ4π
2T 2)

(E2
γ − E2

G)2 + E2
γΓ

2
γ

+

+Pδ−exp(αp(Eγ − Ep)) + Pδ+exp(βp(Ep − Eγ)) (4)

with fitting normalization parameter w and coefficient κ; thermodynamic temperature T; the location
of the center of the giant dipole resonance EG, with width ΓG and cross section σG in the maximum
for each nucleus. For description of experimental data of Ref. [3] it is necessary to add one or several
narrow peaks to the strength function is based on the data of Ref. [3]. The second summand of Eq. (5)
corresponds to the left slope of the peak (energies below the maximum), and the third summand is the
right slope (energies above the maximum). Position Ep in the energy scale, amplitudes Pδ+ and Pδ−

and slope parameters αp and βp are fitted for each peak independently. At E1 ≈ Bn the fitted ratios
ΓM1/ΓE1 of E1- and M1-strength functions are normalized to known experimental values, and their
sum Γλ is normalized to the total radiation width of the resonance.

The influence of the shell correction δE on the density of the quasi-particle levels were tested in
this work. It was done by using the a(A) value, which depends on the excitation energy, included
linearly in the parameter of the single-particle density g (see Eq. (2)). For a nucleus with mass A and
excitation energy Eex, a(A) is expressed, as [3]:

a(A) = ã(1 + ((1 − exp(γEex))δE/Eex)) (5)

where asymptotic value is ã = 0.114 · A + 0.162 · A2/3 and γ = 0.054. The δE values slightly varied
relative to their evaluations [3] in order to keep an average spacing between neutron resonances (see
[2]).

In our model the set of common parameters for fitting (see Eqs. (2, 3)) were:

1) the break up thresholds energies Ul up to l=4,

2) the Eµ and Eν parameters, which are common for all Cooper pairs

3) the mutually independent parameters Al of the density of vibrational levels above the break up
threshold Ul

4) the coefficients w, κ and β

5) the ratio r of negative parity and the total level density.

Those parameters were used for the description of the intensity Iγγ (E1) for 43 nuclei, in the framework
of the proposed model.
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Figure 1. Histogram - experimental cascade intensity and its uncertainties for 156Gd as function of primary
cascade quanta E1. Points - the best fit of the presented practical model; triangles - a calculation of Iγγ using
models of Ref. [5, 6]. Recorded threshold for cascade gammas is Eγ = 520 keV.

a) b)

Figure 2. a) Level density of 156Gd. Top: points are the best fit of level density (uncertainties – scatter of fits
for different sets of initial parameters); dashed and solid lines are the level density calculated using the model of
Ref. [5], with taking into account the shell correction δE (6) and without δE, correspondingly. Bottom: fitted
ratio of density of collective levels to the total level density. b) Strength function for 156Gd. Top: solid points
are the best fit of the strength function of E1-transitions; open points are the best fit of the strength function of
M1-transitions. Bottom: solid points are a sum of E1- and M1- strength functions; dash line is the sum of strength
functions multiplied by ρmod/ρexp ratio (Ref. [7]). Calculations using the model of Ref. [6] (lower triangles) and
using the model of Ref. [8] (upper triangles) were fulfilled with k(M1)= const.

4 Results and discussion

A solution of the system of Eq. (1) is performed by the Monte-Carlo method. The nonlinearity of
the strongly correlated equations of the system (1) produces an uncertainty of extracting the ρ and Γ
parameters from Iγγ intensities.

Experimental data on Iγγ (E1) are usually obtained with a small total uncertainty and averaged over
500 keV energy intervals. The results for 156Gd are shown, in more detail, in Figs. 1–2. The best fits
to Iγγ (E1), as well as the fitted level densities and strength functions, are compared to corresponding
values calculated using the statistical model. The results and corresponding calculations of level
density and radiative strength function for the rest of the investigated nuclei will not be shown in
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parameters from Iγγ intensities.

Experimental data on Iγγ (E1) are usually obtained with a small total uncertainty and averaged over
500 keV energy intervals. The results for 156Gd are shown, in more detail, in Figs. 1–2. The best fits
to Iγγ (E1), as well as the fitted level densities and strength functions, are compared to corresponding
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density and radiative strength function for the rest of the investigated nuclei will not be shown in

a) b)

Figure 3. a) A-dependence of the ratios Ul/∆0, for the second (points) and the third (squares) Cooper pairs. Full
points – even-even, half-open points are even-odd and open points are odd-odd compound nuclei. Triangles –
the mass dependence of Bn/∆0 ratio. B) Mass dependence of the ratio of the level density with negative parity to
the total level density at the upper energy border of the Ed and their averages for even-even nuclei (solid lines),
even-odd (dashed lines) and odd-odd nuclei (dotted lines). Full points – even-even, half-open points – even-odd
and open points – odd-odd compound nuclei.

this publication. However, we are presented here obtained results for some of parameters of nuclear
structure.

One important parameter is the breaking thresholds for Cooper pairs. In the present analysis was
confirmed the previous results about the connection between the shape of the investigated nucleus
and the breaking thresholds. That was established for the first time in our prior analysis [3]. As the
breaking thresholds differ for nuclei with various nucleon parities and depend on the average pairing
energy (∆0) of the last nucleon, the mass dependencies for the ratios of the break up thresholds of the
second and the third Cooper pairs to ∆0, as well as the mass dependence of the binding energy to ∆0,
are presented in Fig. 3. As it can be seen in Fig. 3, there is a noticeable difference in U2/∆0 and U3/∆0
ratios for spherical and deformed nuclei in contrast to Bn/∆0.

In this work it was also obtained information about levels parity. For determination of the part
r = ρ(π−)/(ρ(π−) + ρ(π+)) of levels ρ(π−) with negative parity, a linear extrapolation for r value was
applied in the Ed ≤ Eex ≤ Bn energy interval. At that, in the Bn point we use generally accepted
assumption, that ρ(π−) = 0.5(ρ(π−) + ρ(π+)), and ρ(π−) value in this energy point was fixed, and at
the Ed energy the ρ(π−) value varied.

The calculated ratios of density of the levels with negative parity to the total level density are
shown in Fig. 3. The averages of these ratios are 0.61(22), 0.25(28) and 0.16(16) for even-even,
even-odd and odd-odd nuclei, respectively (and for odd-even 177Lu it is 0.65(1)). Hence, the behavior
of the gamma-decay process is different for nuclei of various nucleon parities.
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5 Conclusion

In this work we presented new variant of model for gamma decay of neutron resonance, taking into
account shell inhomogeneities of the single-particle level spectra. We used this model for fitting the
experimental intensity of two-step gamma cascades and to obtain information about parameters of
nuclear structure.

The data on Cooper pair break-up energies, obtained with a high accuracy, are sufficient to con-
clude that the dynamics of interaction between superfluid and normal phases of a nucleus depends on
its’ shape. Our model allows for a separate determination of the density of vibrational levels between
the breaking thresholds of the Cooper pairs.

Unfortunately, an existence of the sources of uncertainties of the sought ρ and Γ functions is a
fundamental problem, and it is inevitable for any nuclear model used for experimental data analysis
and for predictions of the spectra and cross sections. There are also fluctuations of the intensities of
gamma-transitions in different nuclei, which has a contribution to the systematical error. Nevertheless,
the practical model showed one possibility to describe the data of the two-step experiments with the
accuracy that exceeds the statistical one.

For future development of reliable model of cascade gamma decay new experimental data are
necessary. Because of that, 108Ag, 110Ag, 104Rh and 56Mn nuclei will be investigated by two step
gamma cascade method.
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Abstract 
 

To determine simultaneously both the level density ρ and the partial widths Γ of nuclear 

reaction products is possible only by fitting the intensities of the cascades between fixed 

initial, any intermediate and some final levels. Experimental total gamma-spectra with their 

calculations by the practical model of the gamma-decay were compared. Verification of ρ and 

Γ values obtained earlier and evaluation of the achieved accuracy of the practical model were 

done. Determined using the practical model ρ and Γ systematic uncertainties led to a 

conclusion that the calculated accuracy of spectra of products from any nuclear reaction will 

be several percents. 

 

Introduction 

 

An adequate and correct mathematical model of nucleus is need for understanding and 

subsequent prediction of the nuclear-physical parameters for any nuclei. The basis of this 

model is experimental determination of both the excited level density ρ and the widths Γ of 

partial processes of excitation and decay of any given level. In the case if the space Dλ 

between excited levels is less than detector resolution FWHM only an average of ρ and Γ 

parameters may be determined.  

 Excitation energy Eex determines unambiguously and simultaneously both the level 

density and the strength functions k= Γ/(A 
2/3

∙Eγ
3
∙Dλ) for any nucleus with A mass number and 

energy Eγ for emitted gamma-rays below neutron binding energy Bn. It means that level 

density and partial radiative widths (or corresponding strength functions k) must be 

determined simultaneously from the system of equations, which connects experimental data 

with the sought parameters of ρ=f(q1, q2,...) and k=φ(p1, p2,...) functional dependencies. 

 With regard to ordinary spectra of emission of reaction products and reaction cross 

sections at any energy Eex they are determined by the ρ and Γ product normalized on a 

constant. As a strong correlation of ρ and Γ is inevitable in this case, the simultaneous 

determination of these values is impossible without using any subjective assumptions or 

untested hypothesis. Correspondingly, calculation of cross sections of nucleon reactions gives 

an addition to an uncertainty connected with errors of emission widths for nucleon products.  

 All experimental information about nuclear structure is determined only by shapes of ρ 

and Γ dependencies on energy. And low count of ρ and Γ absolute values measured in several 

energy points is not enough to understand all nucleus properties. Measuring the intensities of 

any two-step cascades between compound-state and some group of the low-lying nuclear 

levels allows to determine shapes both of level density dependence on the excitation energy 



and of average dependence of decay widths of intermediate levels on energy of emitted 

products at the compound-state decay. Now it was done in Dubna for 43 nuclei in the mass 

region 28 ≤ A ≤ 200 for a measured part of intensities of primary gamma-transitions of two-

step cascades [1, 2].  

 

Experimental data on Fermi- and Bose-system interaction 
 

Experimental research of the dynamics of interaction of Fermi- and Bose-states of nuclear 

matter allows to obtain a new fundamentally information about this nuclear process, so 

properties of nucleus and of macro systems (as objects for this process investigation) differ in 

principle. For example, to date in Dubna the unique information is obtained [3, 4] about 

possible dependency of breaking thresholds of some Cooper pairs of nucleons on the nuclear 

shape, what is presented in Fig. 1. It is found that the region of deformed nuclei at A>150 the 

second and the third breaking pairs thresholds are smaller than these thresholds for spherical 

nuclei. To observe something like that in a superconducting macro system of electron gas is 

impossible, at least, in the absence of a technique of production of special nanosystem 

contained combinations of linear nano objects (type of conductor/inculator). 

 

 
Fig.1. Mass dependencies of ratios of breaking thresholds Ul for the second (points) and the 

third (squares) Cooper pairs to the approximated average pairing energy Δ0 for even-

even compound nuclei (upper part), for even-odd nuclei (in the middle) and for odd-odd 

compound nuclei (bottom part). Triangles are known mass dependencies of Bn/Δ0. 

 



The intensities Iγγ(E1) of two-step cascades between neutron resonance (or another 

compound-state) λ and some group of low-lying nuclear levels  f  through any intermediate 

levels i  for a fixed energy E1 of primary transition are written by a system of equations of 

type: 
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γγ
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Γ

Γ

Γ

Γ
=)(EI
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           (1)   

 

where mλi is a number of levels of excited primary gamma-transitions in intervals from the 

energy of initial level λ to an energy of intermediate level i, mif is a number of levels of 

excited secondary transitions in intervals from the energy of intermediate level i to energy of 

the final level f, nλi is a number of intermediate cascade levels in a set of small energy 

intervals. From the system (1), which connects an unknown level number n (or m) and 

unknown partial widths, a set of p and q parameters of the model functions ρ=f(p1, p2, ..) and  

Γ=φ(q1,q2,..) with some uncertainty is determined. 

 The experimental spectrum of the two-step cascade intensity is a sum of infinite set of 

possible pairs of mirror-symmetrical distributions. Ignoring this circumstance [5, 6] distorts 

entirely a picture of investigated process [7, 8]. Actually, using nuclear-spectroscopy methods 

the experimental spectra of cascades between initial and finite levels may be factorized on 

two mirror-symmetrical distributions as functions of energy of primary and secondary quanta 

of the cascades [9] with an acceptable systematic error. In a case of approximation of pure 

experimental spectra [5, 6] (without an execution of above-mentioned procedure) a likelihood 

function values can’t give a reliable result for desired ρ and Γ values. 

  A necessary condition for determination of  reliable ρ and Γ functions is an existence 

of the experimental data on branching coefficients of partial radiative widths of decay of all 

possible levels i onto limited group of final low-lying levels. In other words, the experiment is 

needed for recording all possible cascades connected known initial level λ of the nucleus and 

finite level f through any intermediate levels i. The required result can be obtained only if to 

take into account Boson part of nuclear excitations and theoretical (or phenomenological)  

assumptions of ρ and Γ functions for describing the intensity distributions of all primary 

quanta of cascades and branching coefficients Br(E2) for any secondary quanta. There is a 

nonrecoverable systematic error of nuclear parameters determined such a way. This error 

causes are experimental systematic errors and mismatch of models for ρ and Γ to their 

obtained distributions. 

 We used the model [10] with varied weight and thermodynamic temperature, which 

gives a possibility for initialization of Γ functions in a wide range of their initial values. For ρ 

initialization both the function [12] elaborated for a growing number of quasi-particles of a 

level density and some phenomenological assumptions [13] were used. Besides, inasmuch as 

experimental spectra of two-step cascades are measured only for some part of intensities of 

primary gamma-transitions, an uncertainty of the best ρ and Γ fits gives an addition to 

inevitable systematic uncertainty. 

 In spite of the fact that an inevitable systematic uncertainty exists, the calculation 

results are good enough. To evaluate a quality of the ρ and Γ obtained data is possible by 

comparison of experimental and calculated gamma-spectra (Fig. 2–6).  

 

 



 

Features of the total gamma-spectra at thermal neutron capture 
 

Assumed by us normalization of total gamma-spectrum satisfies the condition ΣIγEγ =Bn, 

where Iγ is an intensity, Eγ is a gamma-quantum energy, and Bn is a neutron binding energy. 

Consequently, a sum of all possible cascades with any quanta multiplicity doesn’t depend on 

ρ and Γ function types. For determination of shapes of ρ and Γ functions it is need to use only 

individual cascades (IγEγ = φ(Eγ) dependencies).  For example, strength function increasing 

for a part of cascades (Fig.2) is obligatory accompanied by a change both level density and 

strength functions for the rest cascades. 

 A distortion of information extracted from the comparison of experimental spectrum 

with a calculated one is caused by a difference of shapes of these spectra only. And valid 

information can be obtained if to compare the experiment with two or more calculated 

spectra. It was done by developed in Dubna practical model of cascade gamma-decay with 

different representations for the radiative strength functions and for coefficient of vibrational 

level density enhancement. Two of these representations with various shapes of several (not 

more than four) local peaks in the functional dependencies on energy of E1- and M1- 

primarily transitions of two-step cascades are presented below. 

 In a framework of quasi-particle model of nucleus authors of [14] calculated a shape 

of fragmentation of strength of one-particle states at their different deviation from Fermi-

surface. Calculated fragmentation sufficiently depended on energies of initial quasi-particle 

state and of photon excitation. A practical result of these calculations is asymmetry of 

distribution of strength of fragmented state. If to suppose that local peaks in cascade gamma-

spectra (Fig. 2) appear in consequence of defined process we could wait that these peaks are 

asymmetric. We described each of them by a simple analytical function and added several 

peaks to a smooth energy dependency expected on a base of modified model [10] for both 

mutlipolarities with varied thermodynamic temperature T and normalization parameter w: 
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 several local peaks.          (2)                          

Here EG , ΓG and σG are location of the center, width and cross section in maximum of giant 

dipole resonance, correspondingly.  

 In the first variant of calculations each of the local peaks was described as: 

 

  ,expexp ))E(E(βPδ+))E(E(αPδ γpp

+

pγp 
                              (3)                                               

where the first summand is a left slope of peak (energies below maximum) and the second 

summand is a right slope (energies above maximum). Position Ep, amplitude P and slope 

parameters αр, δ– and βр, δ+ for each peak are determined independently.  

 In the second case each of the local peaks was described by asymmetric Lorentzian 

curve: 
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 Parameters for each i-th peak are similar to ones in model [KMF]:  center position Ei, 

width Γi, amplitude Wi and asymmetry parameter αi ~T
2
. Expression αi(Ei–Eγ)/Eγ grows with 



increasing Bn–Ei value from zero in the center of peak to maximum at Bn energy and 

decreases at excitation energy fall. Peaks of E1- and M1-strength functions are presented by 

the same expressions.  

 In Fig. 2 the experimental intensities of two-step cascades and their best fits for 12 

nuclei are compared. A quality of measured intensity fitting (χ
2
) for all nuclei in cases of (3) 

and (4) peak shapes is practically the same what gave a possibility to test surely the obtained ρ 

and Γ values for the total gamma-spectra calculation. If ρ and Γ functions from the statistical 

model of nucleus are used in calculations there is a mismatch what is seen also in Fig.2. At 

upper row of Figs. 3–6 the best fits of densities for intermediate cascade levels are presented. 

 Fractures of level density curves for spherical nuclei correspond to breaking thresholds 

of the second Cooper pairs, and fitted breaking thresholds of the third pair for these nuclei are 

near or above neutron binding energy. For deformed and transition nuclei the breaking 

thresholds of the fourth pair were found also near Bn. 

 

Calculated total gamma-spectra 

 

The fitted data for two chosen forms (2, 3) of the local peaks of strength functions are shown 

in Figs. 3–6. Fitted ρ values were compared with calculated ones from back shifted Fermi-gas 

model [11] and from model with taking into account an influence of shell inhomogeneities on 

a density of single-particle states near Fermi surface [13]. And sums of the strength functions 

of E1- and M1-transitions and calculated total gamma-spectra (for 10 nuclei – at capture of 

thermal neutrons [15]; and for 
198

Au, 
128

I [16] – at capture of fast neutrons) are also shown in 

Figs. 3–6. 

 For any cascade quantum a fixed threshold 520 keV was chosen because of too 

complex shape of annihilation line 511 keV  and too small cascade primary transition 

intensities E1<511 keV. So an intensity of the total experimental gamma-spectrum was 

compared with a calculated one in 0.52 < Eγ < Bn – Ed interval of gamma-quanta energy only. 

 In all cases the total calculated and experimental gamma-spectra were normalized on a 

sum of IγEγ products. For a model variant (2) two calculation results of total gamma-spectra 

were presented in Figs. 3–6. Calculations were done with and without a compensation of local 

reduction of level density taken into account [1– 4] by corresponding coefficient of increasing 

of strength functions: 
 

M=ρmod/ρexp ,                                                              (5)                                                                                                                                                                         

 

where ρexp is a level density obtained from experimental data, and ρmod is level density from 

Fermi-gas model. The level densities and radiative strength functions obtained from 

theoretical representations of statistical model of nucleus and ones calculated using presented 

model are compared in Figs. 3–6.  

 Results of all fittings shown in Figs. 3–6 indicate unambiguously that level density and 

radiative strength functions for correct calculations of any nuclear-physical parameters had to 

take into account effects of nucleon pairing and existence of the levels with sizeable 

vibrational components of wave-functions near neutron binding energy and, most likely, at 

higher energies. 

 In the Table there are ratios 2(Iexp–Ical)
2
/(Iexp+Ical) of total gamma-spectra intensities in 

percents for 12 chosen nuclei.  In I and II columns are the calculations with use of peak 

shapes (3) of strengths functions, and calculations in III and IV columns were done using 

peak shapes (4). In calculations presented in I and III columns it was supposed that level 



densities and strength functions are independent (M=1), and in calculations from II and IV 

columns a compensation (5) was taken into account. 

   

Table 2. 2(Sexp–Scal)
2
/(Sexp+Scal) ratios of total gamma-spectra  

 

 Nucleus I II III IV 
60

Co 36 34 22 20 
114

Cd 26 28 24 26 
128

I 15 9 15 9 
150

Sm 20 24 17 9.5 
156

Gd 15 15 19 19 
158

Gd 20 20 20 20 
168

Er 32 34 11 17 
182

Ta 13 16 17 14 
192

Ir 18 13 26 11 
196

Pt 22 16 22 15 
198

Au 20 17 15 8 
200

Hg 34 28 30 30 

  

 Comparing the data of calculations presented in the Table we can do a following 

resume. 

1) The main features of total gamma-spectra (at Eγ =2–3 MeV and some below the 

neutron binding energy) are reproduced by calculations accurately enough. 

2) Description of the local peaks in radiative strength functions by two exponents (3) 

gives greater distortion between calculated and experimental total gamma-spectra than   

Lorentzian description (4). 

3) In many ways an existence of distortion is caused by insufficient statistical accuracy of 

data on intensities of measured cascades (changes of level density and radiative 

strength functions are noticeable if χ
2
 of the data from Fig. 2 vary within a few 

percents). If to use Monte-Carlo method for the system (1) solving the likelihood 

function always has the same inaccuracy. 

4) Practically it is not possible to describe sums of radiative strength functions with a 

maximal accuracy by smooth functional dependencies because there are peaks caused 

by influence of structure of wave-functions of nuclear fragmented state on matrix 

elements of all cascade transitions. There is no any reason of an absence of similar 

dependence in cascades with multiplicity of 3 quanta or more. This proposition means 

that to describe exactly a total gamma-spectrum only by nuclear parameters obtained 

from Iγγ fittings (Fig.2) is unachievable. 

5) An evaluation of systematic errors of calculated total gamma-spectra allows to wait an 

accuracy of the practical model of some percents for calculating the spectra of nuclear 

reaction products. It may be achieved if a statistic accuracy of an experiment on 

cascade intensity measuring will be, at least, 3–10 times more than now. In order to 

increase the practical model accuracy it is need also to develop a theoretical model of 

vibrational level density with taking into account both sequential breaking of Cooper 

pairs of neutrons and protons (an appearance of mixed neutron-proton pairs may be 

possible at some excitation energies also) and corresponding change of quasi-particle 

level density. 



Conclusion 
 

A comparison of results obtained in different variants of Dubna model with an available set of 

experimental Iγγ data shows that determination of breaking threshold of the second Cooper 

nucleon pair was done with an excellent accuracy. It isn’t possible to determine from the Iγγ 

data the breaking threshold of the first Cooper pair because density of low-lying levels is 

small. But it is need to take its existence into account in Iγγ analysis so the condition of 

equality of fitted and experimental level densities had to be kept in the point Ed of transition 

from discrete individual levels to a range of unresolved ones. 

 An uncertainty of the breaking threshold determination for each consequent pair grows 

because number of quasi-particles (and an appropriate derivative dρ/dEex [Str]) quickly 

increase. In addition, an increase of correlation between the breaking threshold of consequent 

Cooper pairs and a coefficient of vibrational level density inhancement may give the similar 

effect. 

 An existence of the sources of uncertainties of the sought ρ and Γ functions is a 

fundamental problem and it is inevitable for any nuclear model used for experimental data 

analysis and for prediction of spectra and cross sections. 
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Fig.2. Fitting the experimental intensities Iγγ for investigated nuclei. Histogram is experiment 

with its errors, black points are the best fitted values, triangles are calculations by models 

[10, 11]. 



 
 

Fig.3. Upper row:  level densities calculated with use of function (3) (open triangles), with function 
(4) (black triangles), and model calculations (solid line – model [11], dashed line – model 
[13]). Second row: strength functions with local peaks described by exponents (3) (open 
points), by asymmetric Lorentzian curve (4) (black points), and calculation by model [10] in a 
sum with k(M1)=const (triangles). Third row: the best fits of the total gamma spectra if local 
peaks described as (3) (open points) and as (4) (squares), and experimental one (bottom line). 
Down row: the total gamma spectra calculated using function (4) and condition (5) (bold solid 
line) and experimental one (solid line). 



                      Fig. 4. The same as in Fig.3 for 
150

Sm and 
156,158
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Fig. 5. The same as in Fig. 3 for 

168
Er, 

182
Ta, and 

192
Ir. 

 

 

 



 
 

Fig. 6. The same as in Fig. 3 for 
196

Pt, 
198

Au, and 
200

Hg. 
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Abstract 

 

The developed in Dubna practical model of the cascade gamma-decay of  neutron resonance 

allows one, from the fitted intensities of the two-step cascades, to obtain parameters both of 

level density and of partial widths of emission of nuclear reaction products. In the presented 

variant of the model a part of phenomenological representations is minimized. Analysis of new 

results confirms the previous finding that dynamics of interaction between Fermi- and Bose-

nuclear states depends on the form of the nucleus. It also follows from the ratios of densities of 

vibrational and quasi-particle levels that this interaction exists near binding neutron energy and 

probably differs for nuclei with varied parities of nucleons. 

 

Introduction 

 

Parameters of the cascade gamma-decay of any high-lying nuclear level (see Figs. 1–3) at any 

excitation energy are determined only by the level density ρ and by the partial widths Γ of 

dipole electrical and magnet transitions. Cascade intensity with pure quadrupole transitions is 

negligible at the nuclear excitation energy of more than a few MeV. For levels excited by 

primary transitions interval of spins is ΔJ ≤ 4 for any parity. 

 Investigation of the process of gamma-decay is interesting most of all for analysis of 

interaction dynamics of fermion and boson states of nuclear matter. Valid information is need 

also for describing the process of fission more correctly. According to [1], energy is divided 

between excited fission fragments dependent on their level densities. As it is seen in Figs. 4–6, 

level densities calculated using available models [2] differ greatly from the modern 

experimental data.  

 Ordinary gamma-spectra and reaction cross sections depend on a ρ×Γ product and this 

fact completely cuts out a possibility of simultaneous determination of ρ and Γ valid values 

using such kind of data. This possibility is realized only in experiments on studying the 

cascade intensities of two sequential gamma-transitions. Two-step experiments can decrease a 

total error of determined ρ and Γ functions up to several dozens of percents as the intensities of 

two-step cascades include all information about energy of two gamma-transitions and any 

triplets of fixed nuclear levels. 

 As it is impossible to resolve all individual levels and to determine probabilities of 

transitions between them by available now spectrometers, information on superfluidity can be 



obtained from indirect experiments only. At that, both level density ρ and partial widths Γ in 

any nucleus are fitting functions with a minimal as far as possible number of parameters. 

 

1. Possibility of up-to-date experiment and its model representation 

 

The intensities Iγγ(E1) of two-step cascades between neutron resonance (or another compound-

state) λ and some group of low-lying nuclear levels  f through any intermediate levels i  for a 

fixed energy E1 of primary transition are written by a system of equations of type: 
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where mλi is a number of levels of excited primary γ-transitions in intervals from the energy of 

initial level λ to the energy of intermediate level i, mif is a number of levels excited secondary 

transitions in intervals from the energy of intermediate level i to energy of the final level f, nλi 

is a number of intermediate cascade levels in small energy intervals. From the system (1), 

which connects an unknown level number n (or m) and unknown partial widths, a set of p and 

q parameters of the model functions ρ=f(p1, p2,...) and  Γ=φ(q1,q2,…) with some uncertainty is 

determined. The uncertainty is caused by a distortion of available theoretical representations 

and experimental results. Previous analysis [3] showed that a strong connection between ρ and 

Γ values in narrow intervals of excitation energies can be included in the model (1). In such a 

way from two-step cascades it is possible to determine simultaneously parameters of specified 

ρ and Γ functions at any densities of λ and i levels. 

 Analysis of the cascade intensities [4, 5] for nuclei of the region 28 ≤ A ≤ 200 showed 

that obtained level densities cannot be described with the experimental accuracy by models, 

which ignore influence of boson-states of nuclear matter on ρ function. 

 The Dubna model is free from using any hypothesis untested by experiment (for 

example, Porter-Thomas hypothesis [6] about emission widths of nuclear reaction products, 

hypothesis of Axel-Brink [7, 8] about independency of Гvalues on energy of excited level or 

Bohr-Mottelson hypothesis [9] about validation of the optical model used for determination of 

emission probability for nucleon products of reaction). The basis of our model of the cascade 

gamma-decay of nuclear compound-states with excitation energies Eex ≈ 5–10 MeV is the 

model of n-quasi-particle levels, balance of entropy and energy of quasi-particle levels [2, 10, 

11] and tested model-phenomenological representations about form of energy dependency of 

radiative strength functions. 

 A systematic error in any procedure for ρ and Γ determination is always caused by 

large coefficients of error transfer of measured spectrum δS or cross section δσ of reaction onto 

errors of δρ and δΓ sought parameters. The error value strongly grows at increment of energy 

of decaying level. It is possible to evaluate this error and to choose a direction for correction of 

model representation about ρ and Γ only if to compare different model representations of 

ρ=f(p1,p2, ..) and Γ=φ(q1,q2, …) functions. For example, comparing a few variants of the 

practical model [3, 5, 12, 13] we discovered that rate of density change for vibrational levels 

(given in [12, 13] phenomenologically) is partially or completely determined [5] by pairing 

energy Δ for the last nucleon in nucleus. Therefore, in proposed variant of our practical model 

in the coefficient Сcoll of collective level density increasing [5, 11] Eμ and Eν parameters 

(changes of rates of nuclear entropy and of energy of quasi-particle states, correspondingly) 

are replaced by united fitting parameter Eu. Thus, Сcoll coefficient was used in a form 

 



  ,)/)(/)(exp(  ulexulexlcoll EUEEUEAC                              (2)  

 

where Al are fitting parameters of vibrational level density above breaking point of each l-th 

Cooper pair, and Ul are energies of the corresponding breaking thresholds. Parameter β ≥ 1 can 

differ from 1 for deformed nuclei. 

 An influence of the shell inhomogeneities of a single-particle spectrum [2, 11] on a 

parameter defining a dependence of level density on excitation energy 

                              

                                    a(A, Eex)= ã (1+((1–exp(γ Eex)) δE/Eex))                               (3) 

 

(and at the same time on g=6a/π
2
 parameter of  density of п-quasi-particle levels near Fermi- 

surface [11]) was also taken into account. An asymptotic value ã = 0.114A + 0.162A
2/3 

and 

coefficient γ = 0.054 were taken from [11]. A shell correction δE calculated from the data of 

mass defect in a liquid-drop nuclear model [2] was lightly changed to keep an average distance 

Dλ between resonances of the tested nucleus. 

 

2. Energy dependence of the strength functions 

 

In the model of the cascade gamma-decay for any excited levels and energies of emitted 

quantum, the form of energy dependence for partial radiative widths must be specified with a 

good accuracy.  

 On a base of available models for nucleus of A mass a strength function is determined 

as k = Γ/(A
2/3

Eγ
3
Dλ), where Eγ  is an energy of the gamma-transition. An absolute value of sum 

of radiative widths for primary E1- and M1-transitions of cascades (total radiative width) is 

usually obtained from measured cross sections of the reaction. The expected form of this sum 

may be found using phenomenological representations or extrapolation of any models to        

Ed < Eex< Bn region of excitation (Ed is a point of transition from a set of known levels [14] to 

a concept of level density function, and Bn is a neutron binding energy in a nucleus). 

 The main summand of the functions k(E1,Eγ) and k(M1,Eγ) may be presented as a 

distribution of strength functions from models type of [15] with additional varied parameters. 

Variation of these parameters gives a set of functions of E1- and M1-transitions with a wide 

area of possible values (as it was done in [12, 13]).  

 It was experimentally established [16] that an addition to k(E1,Eγ)+k(M1,Eγ) energy 

dependence of several peaks ensures a fine description of the cascade intensities. Form of these 

additional peaks may be found only by empiric way. For example, a description of each of 

them by two exponents (as in [5, 12]) is convenient to solve a system of nonlinear equations 

(1), although exponents are not used in theoretical models [2]. 

 Usually for describing a form of peaks of E1- and M1-strength functions Breit–Wigner 

or Lorentz distributions are exploited. Asymmetrical Breit-Wigner function is used in 

theoretical analysis of fragmentation of quasi-particle states at varied locations relative to 

Fermi-surface [17]. However, variety of results is a trouble for a direct usage of these 

theoretical representations. 
  It turned out that application of an asymmetrical Lorentzian curve for description of 

peaks of the strength functions is simpler. Local peaks of E1- and M1-strength functions are 

written by an expression: 
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Lorentzian curve parameters for each i-th peak are similar to the model [15]: location of the 

peak center Ei, width Γi, amplitude Wi, and asymmetry parameter αi ~T
2 

(T is a nuclear 

thermodynamic temperature). Parameter αi(Eγ–Ei)/Eγ  grows linearly when an excitation 

energy increases (from zero in the center of peak to maximum at Bn), and it decreases if 

neutron excitation energy reduces.  

 An essential problem of using Lorentzian curve at fitting is a strong degradation of a 

convergence of iteration process. As all parameters of (4) are fitted, the possibility of unlimited 

Γi decreasing appears in some fitting paths. 

 A necessity of phenomenological accounting an influence of sharp local change of 

level density on the strength functions was discovered already at model-free determination of 

random functions ρ and Γ [18]. A required correction was done with the help of multiplication 

of fitted strength functions by ratio 

  

M=ρmod/ρexp,                                                              (5) 

 

where ρexp is the best fit for a given iteration, ρmod is a smooth model functional described both 

density of neutron resonances and cumulative sum of known levels with Eex below Ed. For ρmod 

determination the back shifted Fermi-gas model was chosen. In a given variant of analysis a 

limitation 1 ≤ ρmod/ρexp≤ 10 [12] was used. Sums of dipole strength functions with taking into 

account of such correction and without it are presented in Figs.7–9. 

 

3. Results  

 

An ambiguity of the system (1) solving appears because of both a strong nonlinearity of the 

sought functions ρ and Γ and their anti-correlation. There is a noticeable probability of falling 

into a false minimum of χ
2 

what can lead to an essential systematic error of ρ and Γ values. It is 

possible to evaluate and minimize this uncertainty only if to compare results of different 

variants of the practical model with various functional ρ and Γ dependences.  

 A comparison of the results of a given model variant with previous ones showed that a 

good accuracy is achieved in describing a density of intermediate levels of cascades. The most 

distortion of density values were found only for 
137

Ba and 
182

Ta. At that, for 
137

Ba the previous 

variant of fitting [5] most likely gives a large uncertainty. And breaking thresholds of the 

second and the third pairs for 
182

Ta in presented variant are 1.6 and 5.8 MeV, but in [5] they 

are 1.6 and 4.0 MeV, respectively. It means that obtained data on the level density even at the 

worst case of 
182

Ta give a picture where principle errors are caused only by ambiguity of the 

up-to-date representations about gamma-decay process. 

 A larger accuracy and adequacy of the results would be achieved if not less than ≈ 99% 

of intensity of primary transitions is separated in experiment from all gamma-cascades of 

compound-state decay. But a comparison of the breaking thresholds for 3 – 4 Cooper pairs 

determined from (1) using different functional ρ and Γ dependencies showed that a reliable 

information about the most probable level density and the strength functions of dipole gamma-

transitions can be extracted even from a convolution of spectrum of primary products of decay 

of compound-state and dependency of gamma-transitions branches coefficients on energy of 

intermediate level. The obtained results in the last variants of the practical model vary very 

weakly. 



 The level densities from back shifted Fermi-gas model [19] and from model with taking 

into account shell inhomogeneities of single-particle spectrum [11] are presented in Figs. 4–6. 

It is seen that the second model describes a dρ/dEex derivative with a better accuracy than [19] 

model does. But the level densities calculated using [2] models strongly differ from ones 

extracted from (1). 

 In all realized variants of the practical model [5, 18, 20–22] at step-by-step reduction of 

number of fitted parameters a fitting accuracy is kept, and so description of Iγγ spectra in 

presented paper is practically the same as ones in  [12, 13]. 

 The radiative strength functions of E1- and M1-transitions and their sums presented in 

Figs. 7–9 and Figs. 10–12, respectively, have no principal distortions with ones published 

earlier. But a problem of unambiguous description for observed local peaks of electric and 

magnetic strength functions remains valid (using exponents [5] or modified Lorentzian curve 

(4) for this purpose gives closely χ
2
). 

 It is need to append that the data of Figs. 7–12 do not demand to include to strength 

functions any additional “pygmy-resonances”. For a total interpretation of the gamma-decay 

process theoretical representations (about co-existing quasi-particle levels with vibrational 

ones and about fragmentation of all nuclear states at Eex growing) are quite enough. 

 For many nuclei (Figs. 10–12) “plateau” in sum of strength functions of E1- and M1-

transitions coincides with a sum of calculated values from [15] and k(M1) value (k(M1) = 

const) normalized by k(M1)/k(E1) experimental ratio. An essential decrease of k(M1)+k(E1) 

sum for small energies of gamma-transitions is observed for all tested variants of functional 

dependences of strength functions. But an existence of asymptotical zero of sums of strength 

functions does not follow from Dubna model results. At that, a noticeable increase in strength 

functions of E1- or M1-transition near Bn and above this energy can be observed at sufficiently 

high energies of fragmented quasi-particle state. It means that radiative strength functions are 

not just an extrapolation of giant resonances (it contradicts the Axel-Brink hypothesis [7, 8] 

used earlier for gamma-spectra calculations). 

 In Fig.13, mass dependences of breaking thresholds of the second and the third Cooper 

pairs are presented. As these values differ for nuclei with various nucleon parities and depend 

on an average pairing energy Δ0 they are shown separately and compared with Bn/Δ0 (much as 

in [5]). It follows from this comparison that dependency of breaking thresholds of pairs on 

form of strength function is weak and real correlation between ρ and Γ values is insignificant 

in experiments on the two-step cascade recording. 

 In Fig.14, the fits of Eu parameter are shown. Jnt can see practically complete 

coincidence of Eu fits with Δ0 value for ≈ 30 nuclei. Causes of Eu scatter for the rest nuclei may 

be  

 errors of normalization of experimental intensities of two-step cascades, 

 unaccounted in model [12] possibility of breaking proton pairs together or instead of 

neutron pairs, 

 inaccuracy of phenomenological part of the model,  

 variability of  Δ0 experimental values [23]. 

One cannot exclude also a possibility of various ratios of components of quasi-particle and 

phonon types in wave-function of resonance determined a capture cross section of thermal 

neutrons by any stable (or long-living) nucleus-target. In the up-to-date models [2], a total 

level density is equal to sum of densities of quasi-particle levels and collective ones. In Fig.15, 

the ratios of collective (practically vibrational only) level density to the total density are 



presented. Near Bn these ratios are very similar for nuclei with any nucleon parity, but at Ed 

energy they are noticeable less for even-even nuclei than for even-odd and odd-odd ones. 

 All tested variants of Dubna model do not give reasons to suppose an existence of 

drastic changes of nuclear structure in Eex= Bn energy point. Therefore, the data of Fig.15 

allow to believe that neutron resonances can keep a different type of structure (with a 

dominance of quasi-particle or phonon components) of wave-functions and that they belong to 

some various distributions of reduced neutron resonance widths and total radiative ones. 

 In [24], an approximation of reduced neutron widths and total radiative widths of 

neutron resonances was done. At analysis it is supposed that experimental set of these widths 

is represented by a sum of distributions (from 1 to 4) with varied widths and positions of 

maximums of neutron amplitudes. For total radiative widths in nuclei with a number of 

resonances ≥ 170 average parts of two the most intensive distributions are 44 and 34% of 

overall distribution of total radiative widths (it is close to 40%-part of vibrational levels). 

 Thus, two completely independent methodically experiments show that structure of the 

wave-functions differs for contiguous levels in a wide range of stable nuclei-targets up to Bn 

energy (and even at some higher energies). 

The existence of non-principal distortion between the values of E1- and M1-strength 

functions (Fig. 10–12) and results of [5] are caused most likely by different degree of 

influence on χ
2
 of various energy dependences (forms) of partial widths for peaks (4) at energy 

region of small functional values. At that, form variations for sums of E1- and M1-strength 

functions (Figs. 7–9) observed in different nuclei can be interpreted as existence of levels of 

various structures at excitation energy of 5–10 MeV. 

 

Conclusions  

 

Direct experimental information on dynamics of breaking 3 – 4 Cooper pairs of nucleons has 

been obtained. Systematic uncertainty of determination of breaking thresholds is not more than 

~ 1 МeV for a majority of available studied nuclei. 

 The data extracted with the use of 

1. model of n-quasi-particle level density [10] for description of sequential 3 – 4 Cooper pair 

breaking at energies below 5–10 MeV from Fermi-surface, 

2. phenomenological representations (2) about energy dependence of density of vibrational 

levels at the same energy range, 

3. and composition of phenomenological and/or theoretical representations about form of 

energy dependences of widths of gamma-quanta emission 

allow us to suppose that dynamics of interaction between fermion and boson states of nuclear 

matter depends on the form and parity of nucleon number of studied nucleus. 
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Fig. 1. Dependencies of the experimental intensities (histogram with experimental errors) 

and their best approximations (points) on the energy of primary transition. Triangles are 

the results of calculations based on statistical model. 



 

 Fig. 2. The same (as fig. 1) for in for even-even nuclei. 



 

Fig. 3. The same (as fig. 1) for 
74

Ge, 
177

Lu   and odd-odd nuclei. 



 

Fig. 4. Average densities of intermediate levels of two-step cascades (points with errors) 

for even-odd nuclei (fits of the smallest χ
2
) depending on the excitation energy. Lines are 

the data of [19], dotted lines are calculations by model taken into account shell 

inhomogeneities of single-particle spectrum [11]. 



 

Fig. 5. The same (as fig. 4) for in for even-even nuclei. 



 

Fig. 6. The same (as fig. 4) for 
74

Ge, 
177

Lu   and odd-odd nuclei. 



 

Fig.7. Strength functions of E1-transitions (black points) and of M1-transitions (open 

points) for even-odd nuclei. Triangles are calculations by model [KMF] adding 

k(M1)=const in 0 < E1≤ Bn–Ed energy range. 

 



 
Fig. 8. The same (as fig. 7) for even-even nuclei. 



 
Fig. 9. The same (as fig. 7) for 

74
Ge, 

177
Lu and odd-odd nuclei. 

 



 
 

Fig. 10. Sums of strength functions of E1- and M1-transitions (black points) for even-

odd nuclei depending on the energy of primary transition. Lines are fits with taking into 

account the correction (5). Triangles are calculations by model [15] adding k(M1)=const 

for 0 < E1 ≤ Bn–Ed energy range. 



 
Fig. 11. The same (as fig. 10) for 

74
Ge, 

177
Lu and odd-odd nuclei. 



 

Fig. 12. The same (as fig. 7) for 
74

Ge, 
177

Lu and odd-odd nuclei. 



 

 

 

 

 
Fig. 13. Mass dependencies of breaking thresholds of the second (points) and of the 

third (squares) Cooper pairs. Black points – even-even nuclei, half-open points – even-

odd nuclei, open points – odd-odd compound- nuclei. Triangles are mass dependencies 

of Bn/Δ0. 

 

 



 

 

 
Fig. 14. Dependencies of Eu parameter (2) on nuclear mass A. Black points – even-

even nuclei, half-open points – even-odd nuclei, open points – odd-odd compound- 

nuclei. 

 
Fig. 15. Mass dependencies of the ration of vibrational level density to the total one near 

Bn energy (upper picture) and for Ed energy point (bottom picture). Lines – the average 

of these ratios for even-even nuclei, dashed lines – for even-odd nuclei and dot lines – 

for odd-odd nuclei. 
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Овај Зборник је збирка радова саопштених на XXIX Симпозијуму 
Друштва за заштиту од зрачења Србије и Црне Горе који је одржан 
од 27. до 29.09.2017. године на Сребрном језеру. Радови су разврстани 
по секцијама. Мада су сви радови у Зборнику рецензирани од стране 
Редакционог одбора, за све изнесене тврдњe и резултате одговорни су 
сами аутори. 
Југословенско друштво за заштиту од зрачења основано је 1963. 

године у Порторожу, а од 2005. године носи име Друштво за заштиту 
од зрачења Србије и Црне Горе. 
Ове године Дрштво обележава 54 године организоване заштите од 
зрачења на простору бивше Југославије. Симпозијум Друштва за 
заштиту од зрачења Србије и Црне Горе је јединствена прилика да 
кроз стручни програм предочимо напредак у области заштите од 
зрачења, анализирамо досадашње резултате и актуелна дешавања, 
разменимо искуства са колегама из земље и региона, али и да 
сретнемо старе и упознамо нове пријатеље. 
Организациони одбор се захваљује ауторима и коауторима научних и 
стручних радова на доприносу и уложеном труду. Посебно се 
захваљујемо спонзорима који су помогли одржавања Симпозијума. 
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SADRŽAJ 

Mioni predstavljaju glavnu komponentu kosmičkog zračenja na nivou mora, zbog čega 

su značajan izvor fonske aktivnosti u gama spektrometrijskim merenjima. Fonsku 

aktivnost mioni mogu produkovati interakcijama sa detektorom i okolnim materijalima. 

Tom prilikom nastali neutroni daju takođe značajan doprinos vrednosti fonske gama 

aktivnosti. U ovom radu su predstavljeni rezultati merenja korišćenjem HPGe detektora 

sa gvozdenom i olovnom pasivnom zaštitom u dva okruženja, kada je iznad detektora 

bila prisutna različita debljina pokrovnog betonskog sloja. Monitoring prisustva miona 

je vršen korišćenjem plastičnog scintilacionog detektora. Određene su vrednosti 

inteziteta gama pikova koji se javljaju usled neutronskih reakcija i upoređeni su sa 

promenom prisustva miona u okruženju detektora. Dobijeni rezultati mogu poslužiti za 

unapređenje projektovanja zaštita prilikom niskofonskih gama spektrometrijskih 

merenja. 

 

1.  UVOD 

Mioni su jedna od glavnih komponenata kosmičkog zračenja na nivou mora [1]. Putem 
različitih interakcija oni daju bitan dobrinos odbroju fonskog zračenja u različitim 
niskofonskim gama spektroskopskim merenjima [2-6]. Jedan od načina na koji mioni 
utiču na detekciju fonskih događaja je njihova interakcija sa detektorom i okolnim 
materijalima, prvenstveno materijalima zaštite detektora. Tom prilikom pre svega putem 
zahvata miona na materijalima velike gustine i visokog rednog broja može doći do 
produkcije neutrona [6-8]. Na ovaj način kreirani neutroni interaguju sa detektorom i 
okolnim materijalima. Ove interakcije se pre svega odvijaju putem zahvata neutrona i 
njihovog rasejanja. To dovodi do toga da se u snimljenim gama spektrima detektuju gama 
pikovi koji prate deekscitaciju jezgara pobuđenih u ovim procesima [9,10]. Detekcija 
ovih događaja je često neželjena tokom različitih gama spektroskopskih merenja. Zbog 
toga je od važnosti analizirati kako se gama aktivnost uzrokovana interakcijama fonskog 
neutronskog spektra menja u zavisnosti od promene prisustva miona u okruženju 
detektora [11-17]. Treba napomenuti da se doprinos miona fonskom zračenju otklanja 
izgradnjom dubokih podzemnih laboratorija ili korišćenjem različitih aktivnih zaštita 
[18, 19]. Međutim, u ovom radu biće razmatran ovaj doprinos u nadzemnim labora-
torijama sa malom debljinom pokrovnog sloja.   
Da bi se analizirala korelacija između prisustva miona i gama aktivnosti indukovane 
neutronskim interakcijama u ovom radu su vršena merenja sa dva HPGe detektora koja su 
bila prisutna u dva različita okruženja. U prvom slučaju iznad detektora je bio tanji 
pokrovni sloj u vidu jedne betonske ploče, dok je u drugom slučaju debljina pokrovnog 
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sloja bila četiri betonske ploče. Monitoring prisustva miona je izvršen merenjima pomoću 
plastičnog scintilacionog detektora. Treba napomenuti i da su HPGe detektori imali dve 
različite zaštite, olovnu i gvozdenu, te je na taj način analiziran i uticaj promene 
mionskog fluksa na produkciju neutrona u ovim materijalima.  
Snimljeni gama spektri su analizirani i utvrđeni su intenziteti gama pikova koji potiču od 
neutronskih reakcija i njihova promena je upoređena sa varijacijama prisustva miona u 
okruženju detektora. Ovakva analiza može poslužiti za buduće projektovanje i izgradnju 
niskofonskih gama spektroskopskih laboratorija.  
 

2.  EKSPERIMENTALNA POSTAVKA I MERENJA  

Gama spektrometrijska merenja su izvršena na Departmanu za fiziku, PMF, Novi Sad. 
Tom prilikom su korišćena dva germanijumska poluprovodnička detektora (HPGe)  
[10, 12, 14].  
Prvi detektorski sistem se sastojao od HPGe detektora proizvođača Canberra. Detektor 
je koaksijalni n-tima, sa U-tipom kriostatske konfiguracije. Relativna efikasnost ovoga 
detektora je 100 % i aktivna zapremina mu je 380 cm3. Detektor je postavljen u kućište 
sa prednjim prozorom od karbon fibera visoke čistoće sa debljinom od 0.89 mm, što 
omogućava visoku efikasnost za detekciju zračenja i sa energijama manjim od 20 keV. 
Detektor se nalazio u pasivnoj zaštiti izrađenoj od olova (Canberra model 777B). 
Ukupna masa zaštite je 1633 kg. Debljina zaštite je 15 cm s tim što je 125 cm 
spoljašnjeg sloja zaštite izgrađeno od običnog niskoaktivnog olova a unutrašnji sloj od 
25 cm je od posebno namenjenog olova koje sadrži koncentraciju aktivnosti 210Pb od 20 
Bq/kg. Zaštita takođe sadrži i sloj bakra debljine 1.5 mm i kalaja debljine 1 mm [10].  
Drugi detektorski sitem je HPGe detektor relativne efikasnost 22.3% i zapremine 119 
cm3 (Canberra model G.C.2525-7600). Detektor je bio smešten u gvozdenoj zaštiti 
zidova debljine 25 cm i mase od oko 20 tona [10]. Zaštita je proizvedena od gvožđa 
izlivenog pre Drugog svetskog rata zbog čega ne sadrži radioaktivnu kontaminaciju 
prouzrokovanu nuklearnim probama i havarijama na nuklearnim postrojenjima. 
Gvozdena zaštita je oblika kocke i ima korisnu zapreminu od oko 1 m3 što omogućava 
postavljanje u zaštitu detektora zajedno sa Djuardovim sudom.  
Monitoring prisustva miona je vršen korišćenjem plastičnog scintilatora. Ovaj detektor 
je dimenzija 50cm·50cm·5cm. Prozvođač detektora je Sconix Holland BV a tip 
detektora je R500*50 N 500/2P+VD 10-E2-X. Ova vrsta detektora je prvenstveno 
namenjena za izgradnju aktivnih zaštita germanijumskih detektora prilikom 
niskofonskih gama spektrometrijskih merenja.  
Merenja u ovom radu sa dva germanijumska sistema i detektorom za praćenje prisustva 
miona su vršena na dve lokacije. Na prvoj lokaciji debljina pokrovnog sloja je bila od 
jedne betonske ploče debljine oko 20 cm dok je na drugoj lokaciji debljina pokrovnog 
sloja bila četiri betonske ploče (oko 80 cm). Mogućnost za ova merenja se javila usled 
preseljenja Laboratorije za gama spektroskopiju na Departmanu za fiziku u Novom Sadu. 
Na ovaj način je bilo moguće izvršiti analizu promene prisustva miona u dva različita 
okruženja i takođe analizirati promene u snimljenim gama spektrima.  
Za potrebnu analizu su izvršena snimanja vremenski dugih fonskih spektara sa vremenom 
merenja od 252237 s do 2473816 s. Takođe na obe lokacije su vršena merenja i sa 
scintilacionim detektorom pri čemu su vremena merenja bila oko 2 h. To vreme merenja 
je bilo dovoljno da prikupljen broj događaja bude zadovoljavajući za statističku analizu 
podataka.  
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3.  REZULTATI 

Na slici 1 prikazani su snimljeni spektri sa scintilacionim detektorom na dve lokacije. U 

spektrima se uočava karakterističan pik od interakcije miona sa detektorom. Određen je 

ukupan odbroj ispod mionskog pika i vrednosti za dva data merenja su upoređene. 

Dobijeni rezultati si prikazani u tabeli 1.  
Svi snimljeni gama spektri sa germanijumskim detektorima su analizirani pri čemu je 

posebna pažnja posvećena analizi broja detektovanih gama kvanata koji se javljaju 

usled interakcija neutrona sa germanijumom. Posebno su zanimljiva dva gama pika. 

Prvi od njih je sa energijom od 139,9 keV i prati zahvat neutrona na izotopu 

germanijuma 74Ge (74Ge(n,γ)75mGe) [2]. Ovaj gama pik se standardno koristi za 

određivanje prisustva sporih neutrona u niskofonskim spektrometrijskim sistemima sa 

Ge detektorima. Na slici 3 su prikazani delovi snimljenih spektara sa uočljivim pikom 

energije od 139,9 keV. Drugi gama pik čiji je intenzitet analiziran, prikazan na slici 2, 

ima energiju od 691 keV i detektuje se usled neelastičnog rasejanja neutrona na izotopu 

germanijuma 72Ge (72Ge(n,n’)72Ge) [2]. Ovaj gama pik se standarno koristi kao indikator 

prisustva brzih neutrona u samom germanijumskom detektoru.  

 

Slika 1. Snimljeni spektri sa scintilacionim detektorom na dve različite lokacije sa 

uočljivim pikom koji potiče od detekcije miona 

 

Slika 2. Deo snimljenih spektara sa HPGe detektorom u olovnoj zaštiti sa uočljivim 

gama pikom od 691 keV koji prati reakciju 72Ge(n,n’)72Ge 
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Intenziteti ovih pikova su određeni i upoređeni su njihovi odnosi za oba HPGe detektora 

na dve merne lokacije. Rezultati su prikazani u tabeli 1. 

Za analizu prisustva brzih neutrona u gvozdenoj zaštiti posebno može poslužiti gama 

pik energije od 846,8 keV koji prati reakciju 56Fe(n,n’)56Fe. Zbog toga su i intenziteti 

ovoga pika analizirani i predstavljeni u tabeli 1, dok je deo spektra koji sadrži ovaj pik 

prikazan na slici 4. 

 

 

Slika 3. Deo snimljenih spektara sa HPGe detektorom u olovnoj zaštiti sa uočljivim 

gama pikom od 139 keV koji prati reakciju 74Ge(n,γ)75mGe 

 

 

 

Slika 4. Deo snimljenih spektara sa HPGe detektorom u gvozdenoj zaštiti sa 

uočljivim gama pikom od 846.8 keV koji prati reakciju 56Fe(n,n’)56Fe 
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Tabela 1. Detektovani intenziteti i odnosi gama pikova koji potiču od neutronskih 

interakcija sa Ge detektorom i detektovani intenziteti mionskih događaja. Pozicija 

1 - manja debljina pokrovnog sloja, Pozicija 2 - veća debljina pokrovnog sloja  

 Pozicija 1 Pozicija 2 
I1/I2  

 I1[s
-1] I2[s

-1] 

Odbroj mionskih događaja 56,51(28) 46,63(23) 1,212(8) 
139,9 keV 

72
Ge(n,γ)73

Ge  

HPGe sa Pb zaštitom 

0,00128(7) 0,00088(5) 1,47(11) 

139,9 keV  
72

Ge(n,γ)73
Ge  

HPGe sa Fe zaštitom 

0,00134(5) 0,000618(16) 2,18(8) 

691 keV  
74

Ge(n,n’)
74

Ge 

HPGe sa Pb zaštitom 

0,00463(14) 0,00338(9) 1,37(5) 

691 keV 
74Ge(n,n’)74Ge  

HPGe sa Fe zaštitom 

0,0008(1) Nije detektovano - 

846,8 keV 
56

Fe(n,n’)
56

Fe 
0,00119(4) 0,000710(17) 1,69(7) 

 

4.  DISKUSIJA I ZAKLJUČAK 

U ovom radu analiziran je uticaj promene prisustva miona na fonske događaje 
generisane neutronskim reakcijama sa germanijumskim detektorima u olovnoj i 
gvozdenoj zaštiti. Monitoring mionskog fluksa sa scintilacionim detektorom je pokazao 
da je na lokaciji sa manjim pokrovnim slojem prisutan oko 20% veći broj miona. Što je 
i očekivan rezultat usled veće atenuacije miona u većoj debljini materijala.  
Rezulatati pokazuju da smanjenje broja miona prati i smanjenje broja detektovanih 
odbroja u gama pikovima koji potiču od neutronskih reakcija. To je posledica manje 
produkcije neutrona u materijalu zaštite detektora usled manjeg broja miona koji stižu 
do detektora u slučaju veće debljine pokrovnog sloja. Međutim, smanjenje broja 
neutrona je različito za detektore sa olovnom i gvozdenom zaštitom. Uočava se da je 
promena broja neutrona mnogo manja u olovnoj nego u gvozdenoj zaštiti (tabela 1). 
Smanjenje broja sporih neutrona (poređenje intenziteta gama linije od 139,9 keV) je u 
olovu oko 47% dok je u gvožđu značajno veće, čak više od dva puta. Isti trend se 
zapaža i za brze neutrone (gama linija od 691 keV). Broj brzih neutrona procenjen na 
osnovu neutronskih interakcija sa Ge je za oko 40% veći u slučaju manje debljine 
pokrovnog sloja. U slučaju Ge detektora u gvozdenoj zaštiti gama pik od 691 keV nije 
detektovan i neophodno je izvršiti fonsko merenje sa većim periodom merenja da bi se 
mogao utvrditi intenzitet ovoga pika. Odnosi detektovanih intenziteta gama pika od 
846 keV upućuju na smanjenje broja brzih neutrona od oko 70% u gvozdenoj zaštiti.  
Ovde prikazani rezultati će biti osnova za dalju analizu uticaja promene mionskog 
fluksa na produkciju neutrona u različitim materijalima koji su prisutni u okruženju 
germanijumskih detektora tokom niskofonskih gama spektrosopskih merenja. Ova 
analiza takođe može pružiti i informacije značajne za buduće projektovanje i izgradnju 
niskofonskih laboratorija za gama spektrometriju.   
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ABSTRACT 

Muons are one of the main components of cosmic radiation on the sea level and there 

are significant source background activities during gamma spectroscopic measure-

ments. Background activity can be produced by muon interactions with detector and 

surrounding materials. On this way created neutrons also have high influence on 

detection of background events. In this work there are presented the results of 

measurements by use of HPGe detectors with iron and lead shields. The detectors were 

located in two different environments where the different thicknesses of covering 

concrete layer were present. The monitoring of muons presence was done by 

measurements with plastic scintillation detector. The levels of neutron induced gamma 

activates were determinated and compared with changing of muon flux in detectors 

environment. The results can be used for improving of new detector shield in gamma 

spectrometry measurements. 



XXIX	Симпозијум	ДЗЗСЦГ	

 

558 
 

 

ODREĐIVANJE ENERGETSKOG SPEKTRA NEUTRONA 

PRISUTNOG U GAMA SPEKTROMETRIJSKIM MERENJIMA SA 

GERMANIJUMSKIM DETEKTORIMA 

Nikola JOVANČEVIĆ1
, David KNEŽEVIĆ1,2

, Miodrag KRMAR
1
, Jovana 

NIKOLOV
1
, Nataša TODOROVIĆ1

, Jovana PETROVIĆ1 

1) Univerzitet u Novom Sadu,Prirodno-matematički fakultet,Departman za fiziku, Novi 

Sad, Republika Srbija, nikola.jovancevic@df.uns.ac.rs 

2) Institut za fiziku, Univerzitet u Beogradu, Republika Srbija 

 
SADRŽAJ 

Određivanje prisustva neutrona tokom niskofonskih gama spektrometrijskih merenja je 

od posebne važnosti. Zbog toga je u ovom radu analiziran način određivanja 

energetskog spektra neutrona prisutnog u merenjima sa HPGe detektorima. Ovaj metod 

se zasniva na korišćenju metoda dekonvolucije. Za to je neophodno poznavati gama 

aktivnost indukovanu neutronskim reakcijama sa različitim izotopima germanijuma kao 

i efikasne preseke za date neutronske reakcije. Ovaj pristup je testiran merenjima sa 

fisionim izvorom neutrona 
252

Cf koji je bio postavljen u blizini HPGe detektora. 

Dobijeni rezultati pokazuju da ovaj metod moze pružiti pouzdane podatke o obliku 

energetskog spektra neutrona tokom gama spektrometrijskih merenja.  

 

1.  UVOD 

Neutronske reakcije sa Ge-detektorom i okolnim materijalima mogu da proizvedu 
merljivu gama aktivnost putem reakcija zahvata i rasejanja [1]. Kako su neutroni jedan od 
primarnih izvora fona u gama spektrometriji, analiziranje neutronskog prisustva je od 
velikog značaja u niskofonskim eksperimentima, kao i u različitim promptnim 
neutronsko aktivacionim eksperimentima [2]. Analiza neutronskih interakcija, shodno 
tome, je bila predmet mnogih istraživanja [1-10]. Međutim, i dalje ostaje problem 
određivanja neutronskog spektra u Ge-detektoru tokom gama spektrometrijskih merenja 
[11-13]. U prethodnim istraživanjima koristili smo proceduru dekonvolucije za procenu 
neutronskog spektra koji potiče od kosmičkog zračenja u germanijumskom detektoru 
[14]. Ova procedura polazi od početnog (pretpostavljenog) spektra, koji se određuje na 
osnovu eksperimentalno ili teorijski određenih dostupnih podataka. Postupak 
dekonvolucije modifikuje početni spektar tako da se dobije najbolje slaganje između 
izmerenih vrednosti gama aktivnosti (u našem slučaju germanijumskih izotopa nakon 
interakcije sa neutronima) i izračunatih vrednosti gama aktivnosti korišćenjem dekonvo-
lucijom dobijenog neutronskog spektra i dostupnih podataka za efikasne preseke za 
nuklearne reakcije koje su od interesa. Ovaj metod bi trebao da bude univerzalan i 
primenjiv u svim merenjima kada su u okruženju germanijumskih detektora prisutni 
neutroni, kao na primer u slučaju promptnih neutronskih aktivacionih merenja. U ovom 
radu smo uporedili izmerene aktivnosti germanijumskih izotopa i uporedili ih sa 
vrednostima dobijenim računom, pri čemu je kao izvor neutrona korišćen 252Cf.  
Poređenje ovih vrednosti je neophodno da bi se dobio preliminarni rezultat koji će se 
koristiti u postupku dekonvolucije za dobijanje neutronskog spektra prilikom merenja sa 
fisionim izvorom neutrona 252Cf [15, 16]. Poređenjem izračunatih i izmerenih vrednosti 
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gama aktivnosti moguće je doći do informacija koje će poboljšati početni spektar koji se 
onda može koristiti za procedure dekonvolucije. 

2.  EKSPERIMENTALNA POSTAVKA 

Merenje je izvršeno u Laboratoriji za gama spektroskopiju, Katedre za nuklearnu fiziku, 
u okviru Departmana za fiziku, Prirodno-matematičkog fakulteta u Novom Sadu. Za 
merenje gama aktivnosti indukovane neutronima, korišćen je HPGe detektor proizvođača 
Canberra, serijskog broja G.C.2520-7600. Detektor je n-tipa, relativne efikasnosti 22.3% 
i aktivne zapremine 119 cm3. Detektor se tokom merenja nalazio unutar gvozdene zaštite 
zapremine 1 m3 sa zidovima debljine 25 cm i mase oko 20 t.  
Izvor neutrona u ovom eksperimentu je bio, kao što je ranije pomenuto, 252Cf aktivnosti 
4,5·103 n/s u 4π sr. 252Cf ima dva moguća kanala raspada: alfa raspad (96,9%) i spontanu 
fisiju (3,2%). Period poluraspada za spontanu fisiju je T1/2=2,645 godina i prilikom svake 
spontane fisije emituje se u proseku 3,77 neutrona. 
 

Slika 1. Šematski prikaz eksperimenta 
 

252Cf se nalazio u Marineli posudi obloženoj parafinom sa svih strane osim sa strane koja 
je usmerena ka HPGe detektoru, kao što je prikazano na slici 1. Kako bi se apsorbovalo 
gama zračenje koje potiče od raspada fisionih potomaka nakupljenih u 252Cf, izvor je 
prekriven gvozdenom pločicom debljine 8 mm. Merenje je trajalo 151367 s, što je 
omogućilo zadovoljavajuću statistiku detektovanih gama kvanata nastalih prilikom 
interakcije neutrona sa jezgrima germanijuma. 

Slika 2. Delovi spektra sa detektovanim neutronima indukovanim gama pikovima 

koji potiču od (n,γ) reakcija (leva slika) i (n,n’) reakcija (desno) 
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3.  REZULTATI 

3.1.  DETEKTOVANE AKTIVNOSTI 

Na slici 2 prikazani su delovi spektra sa karakterističnim gama pikovima koji potiču od 
neutronskih interakcija sa izotopima germanijuma [9, 17]. Identifikovane gama linije, 
njihovo poreklo i intenziteti su prikazani u tabeli 1. Od svih detektovanih linija izabrane 
su one sa najboljom statistikom [9]. Za intenzitete standardnih spektroskopskih pikova 
Gausovskog oblika (139 keV 74Ge(n,γ)75mGe i 198 keV 70Ge(n,γ)71mGe) korišćen je 
programski paket GENIE2000. Intenzitet asimetričnih (n,n') gama pikova (691,0 keV 
72Ge(n,n’)72Ge i 595,8 74Ge(n,n’)74Ge), određen je korišćenjem funkcije za fitovanje 
[4,17]: 
 

! " = $%"&'! -
)-)*

+*
∙ "-. -

)-)*

Δ
+ $0 ∙ "-. -

1

2+3
4 ("-"0)

27
081 + '   (1) 

 
Tabela 1. Opšte informacije o detektovanim gama linijama i odgovarajućim 

vrednostima intenziteta 

Energija 

[keV] 
Nuklid Reakcije Intenzitet [s

-1
] 

139,9 75mGe 
74Ge(n,γ)75mGe 

76Ge(n,2n)75mGe 
0,0136(8) 

198,3 71mGe 
70Ge(n,γ)71mGe 

72Ge(n,2n)71mGe 
0,0159(8) 

595,8 74Ge 74Ge(n,n’)74Ge 0,0559(27) 

691,3 72Ge 72Ge(n,n’)72Ge 0,068(5) 

 
U jednačini (1), prvi član opisuje oblik Ge(n,n') gama pika. U drugom članu, izraz unutar 
sume je Gausova funkcija koja odgovara simetričnim gama linijama u regionu koji se 
fituje. Ove linije mogu biti Ge(n,γ) gama linije ili bilo koje druge linije koje pripadaju 
fonu. Parametar F označava fonski kontinuum za koji se prilikom fitovanja pretpostavlja 
da je linearna funkcija. Parametri fita su !" , 	!%		, &" , 	&% , 	'"	, 	'%	   i !  . U ovom slučaju !"   
i !"    predstavljaju energije detektovanih gama linija; !"   i !"    su maksimalne amplitude 
ovih linija. Parametri !"   i !"    su određeni širinom linije na polovini maksimuma i 
odgovaraju energetskoj rezoluciji detektora. Parametar !   određuje karakteristike 
eksponencijalnog repa Ge(n,n') linija. Varijacijom parametara fita linija i fona, kao i 
varijacijom energetskog opsega unutar kojeg je izvršeno fitovanje dobijeni su optimalni 
rezultati [4]. Za fitovanje je korišćen ROOT softver za analizu podataka [18]. Pomoću 
ovog fita obrađen je i intenzitet gama pika germanijuma energije od 595,8 keV-a koji 
nastaje i usled (n,γ) i (n,n') reakcija, tj. interakcijama i sporih i brzih neutrona. Ovo je 
omogućilo razdvajanje ove linije za potrebe analize na simetričnu gama liniju koja potiče 
od zahvata i asimetričnu gama liniju koja potiče od neelastičnog rasejanja [19]. 
Nakon određivanja intenziteta gama linija od interesa, saturacione aktivnosti određenih 
germanijumskih izotopa po atomu prirodnog germanijuma su izračunate kao [9, 12]: 
 

!" =
$∙&

'∙(∙(*+,)∙.∙/0
   (2) 
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gde !   predstavlja detektovani odbroj gama linije, !   je vreme merenja, !   je verovatnoća 
emisije gama linije, !   je konverzioni koeficijent, !   je efikasnost u piku pune absorpcije 
(izračunata pomoću GEANT4 softverskog paketa), !   je molarna masa germanijuma, !   
je masa germanijumskog kristala i !"    Avogadrova konstanta. Aktivnosti dobijene 
korišćenjem jednačine (2), !"   , su prikazane u tabeli 2. 
 

3.2.  RAČUNATE AKTIVNOSTI 

Metod za računanje aktivnosti germanijumskih izotopa se zasniva na činjenici da je 
neutronima indukovana aktivnost za aktivirani radionuklid, k, proporcionalna proizvodu 
efikasnog preseka za proizvodnju određenog radionuklida i neutronskog fluksa [20]: 
 

!" = $%"Φ&		; 	i = 	1, 2, 3… c; 				k = 1, 2, 3… .m%                 (3) 
 

gde su !"#    odgovarajuće funkcije efikasnog preseka, a !"    je neutronski fluks za 
energijski prozor !"   . Indeks k prolazi kroz brojeve korišćenih radionuklida, a m 
predstavlja ukupan broj radionuklida. Maksimalna vrednost indeksa i, c, označava broj 
energijskih prozora u neutronskom spektru i funkciji efikasnog preseka. Iz jednačine (3), 
moguće je proceniti očekivane vrednosti za aktivnosti germanijumskih izotopa. U ovom 
radu, aktivnosti od interesa, !"   , predstavljaju aktivnosti izotopa germanijuma koje su 
indukovane različitim neutronskim reakcijama. Vrednosti !"#    za reakcije od interesa su 
preuzete iz ENDF baze podataka za efikasne preseke, preciznije iz ENDF/B-VII.1 
biblioteke [21], kao što je prikazano na slici 3. 

Slika 3. Funkcije efikasnih preseka za proizvodnju Ge izotopa putem neutronskih 

reakcija (sa uvećanim niskoenergetskim delom) 

 
Za neutronski spektar je korišćen spektar 252Cf čiji je oblik dobro poznat, bez ikakvih 
modifikacija njegovog oblika, iako je realno za očekivati da je u našoj eksperimentalnoj 
postavci spektar neutrona u detektoru drugačiji od spektra koji emituje izvor. Ovo je 
urađeno upravo iz razloga da bi se poređenjem merenih i izračunatih vrednosti aktivnosti 
izotopa germanijuma moglo zaključiti kakve modifikacije treba izvršiti nad spektrom 
252Cf tako da on realnije opisuje spektar neutrona unutar samog detektora. Vrednosti 
ovako dobijenih aktivnosti su prikazani u tabeli 2. Treba napomenuti da je prilikom 



XXIX	Симпозијум	ДЗЗСЦГ	

 

562 
 

izračunavanja aktivnosti izotopa germanijuma korišćen faktor normiranja koji treba da 
omogući poređenje izmerenih i izračunatih vrednosti jer je prilikom računanja ukupan 
fluks neutrona normiran na jediničnu vrednost.  
 

4. DISKUSIJA I ZAKLJUČAK 

U tabeli 2 prikazane su izmerene i izračunate aktivnosti, kao i njihovi odnosi. Uočava se 
da se za izotope germanijuma 71mGe i 72Ge izračunate vrednosti relativno dobro slažu sa 
izmerenim vrednostima, dok su kod 74Ge i 75mGe izmerene vrednosti veće oko 2,5 i 4 puta 
od izračunatih, respektivno. Odstupanja računatih i izmerenih vrednosti za izotop 75mGe 
upućuju na mogućnost značajnijeg uticaja interakcija brzih neutrona na intenzitet gama 
pika od 139,9 keV, što je i bio predmet naše prethodne studije [19]. Neslaganje izmerenih 
i računatih vrednosti za 74Ge moze biti objašnjeno značajnijim doprinosom 73Ge(n,γ)74Ge 
detektovanom odbroju gama pika energije od 595,8 keV. Ova odstupanja postavljaju i 
pitanje validnosti dostupnih efikasnih preseka za korišćene neutronske reakcije.  
Ovde prikazani rezultati upućuju na to da promptni fisioni neutronski spektar 252Cf ne 
može na najbolji način objasniti prisutan spektar neutrona tokom izvršenog merenja. To 
može biti posledica usporavanja i termalizacije neutrona u materijalima prisutnim u 
okruženju detektora. Takođe, za dalju analizu neophodno je u račun uključiti i druge 
neutronske reakcije sa izotopima germanijuma i izvršiti proveru validnosti dostupnih 
podataka za efikasne preseke za interakciju neutrona sa jezgrima germanijuma.   
 

Tabela 2. Intenziteti, izmerene i računate aktivnosti za reakcije od interesa, kao i 

odnosi izmerenih i računatih vrednosti 

Izotop  
Izmerena aktivnost 

[10
-26

 Bq] 

Računata aktivnost 

[10
-26

 Bq] 

Odnos 

aktivnosti 

(I/R) 
71mGe 0,506(27) 0,63 0,80 
72Ge 1,31(9) 1,57 0,83 
74Ge 7,1(3) 1,74 4,08 

75mGe 0,288(16) 0,112 2,57 
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ABSTRACT 

Determination of neutron spectra in the Ge-detector during low-level gamma 

spectroscopy measurements is of great importance. Thus, in this paper we analyzed the 

method for the determination of neutron energy spectra present during measurements 

with HPGe detectors. This method is based on using the deconvolution procedure. It 

requires the knowledge of neutron induced gamma activities of Ge isotopes and the 

cross section data for the neutron reactions of interest. This approach was tested with 

measurements that used the fission neutron source 
252

Cf placed in proximity of the 

HPGe detector. Results show that this method can provide reliable data about the shape 

of neutron energy spectrum during gamma spectroscopy measurements. 
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Abstract—A practical model developed at the Joint Institute for Nuclear Research (JINR, Dubna)
in order to describe the cascade gamma decay of neutron resonances makes it possible to determine
simultaneously, from an approximation of the intensities of two-step cascades, parameters of nuclear level
densities and partial widths with respect to the emission of nuclear-reaction products. The number of the
phenomenological ideas used is minimized in the model version considered in the present study. An analysis
of new results confirms what was obtained earlier for the dependence of dynamics of the interaction of
fermion and boson nuclear states on the nuclear shape. From the ratio of the level densities for excitations
of the vibrational and quasiparticle types, it also follows that this interaction manifests itself in the region
around the neutron binding energy and is probably different in nuclei that have different parities of nucleons.
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INTRODUCTION

At any excitation energy, parameters of the cas-
cade gamma decay of an arbitrary high-lying nuclear
level are determined exclusively by the level density
ρ and the partial widths Γ with respect to electric
and magnetic dipole transitions. The intensity of
cascades that involve purely quadrupole transitions is
negligible at nuclear-excitation energies above sev-
eral MeV units. For either parity, the spins of levels
that are excited by primary transitions lie in the range
of 2 � ΔJ � 4. Investigation of the gamma-decay
process is of interest, first of all, for studying the
dynamics of interaction of fermion and boson states
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of nuclear matter. Reliable information on the subject
is also necessary for more precisely describing the
fission process. According to [1], the distribution of
the energy between excited fission fragments depends
on their level densities. However, the level densities
calculated on the basis of existing models [2] deviate
strongly from the most recent experimental data [3].
The reason behind this discrepancy may only be that
experiments that detect the cascade of reaction prod-
ucts provide more information than any procedure for
obtaining spectra of single gamma rays or nucleon
products without employing a coincidence mode.

Since one-step gamma-ray spectra and reaction
cross sections depend on the product ρ×Γ, it is abso-
lutely impossible to determine simultaneously reliable
values of ρ and Γ from such data. This was done
only in experiments that study cascades involving two
sequential gamma transitions whose intensities carry
information both about the nuclear excitation energy
and about the energy of the emitted photon (nucleon).
Only such experiments may reduce the total error in
the values determined for ρ and Γ to a few tens of
percent.

Since all individual levels and probabilities for
transitions between them cannot be determined with
the aid of modern spectrometric detectors, informa-
tion about nuclear superfluidity is extractable from
indirect experiments exclusively. In that case, both
the level density ρ and the partial widths Γ are
unknown functions in any nucleus.
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1. POTENTIAL OF THE PRESENT-DAY
EXPERIMENT AND OF ITS MODEL

SIMULATION

At a fixed primary-transition energy E1, the in-
tensities Iγγ(E1) of two-step cascades connecting a
neutron resonance (or some other compound state)
λ and some group f of low-lying nuclear levels and
proceeding through arbitrary intermediate levels i are
described by the set of equations

Iγγ(E1) =
∑

λ,f

∑

i

Γλi

Γλ

Γif

Γi
(1)

=
∑

λ,f

Γλi

〈Γλi〉mλi
nλi

Γif

〈Γif 〉mif
,

where mλi is the number of levels excited by primary
transitions in the ranges between the energy of the
initial level λ and the energy of an intermediate level
i, mif is the number of levels excited by secondary
gamma transitions in the ranges between the energy
of an intermediate level i and the energy of the final
level f , and nλi is the number of intermediate levels
of cascades in narrow ranges of primary-transition
energies. From the set of Eqs. (1), which relates the
unknown number of levels, n (orm), to unknown par-
tial widths, Γ, one determines the set of parameters
p and q of the model functions ρ = f(p1, p2, . . .) and
Γ = ϕ(q1, q2, . . .) with an error originating from the
inconsistency of the existing theoretical ideas with
experimental results. The analysis performed ear-
lier in [4] revealed that one can even include in the
model the possible relation between the values of the
level density and strength functions in some narrow
excitation-energy interval. Thus, we see that, at any
densities of the levels λ and i, one can determine
parameters of the sought functions ρ and Γ from the
spectra of two-step cascades.

The analysis in [3] of experimental data on cascade
intensities over the mass-number range of 28 � A �
200 showed that experimental level densities could
not be reproduced to an experimental precision on the
basis of models that ignore the existence of bosonic
branches of nuclear-matter states (on the basis of
those where the inclusion of this branch was insuf-
ficiently correct).

The procedure developed by our group does not
require invoking hypotheses not tested experimentally
(such as the Porter–Thomas hypothesis [5] on the
distribution of widths with respect to the emission of
nuclear-reaction products, the Axel–Brink hypoth-
esis [6, 7] that radiative-width values are indepen-
dent of the energy of an excited level, or the Bohr–
Mottelson hypothesis [8] on the correctness of em-
ploying the optical model of the nucleus to determine
the probability for the emission of nucleon reaction

products). The Dubna model of the cascade gamma
decay of compound nuclear states whose excitation
energies lie in the range of Eex ≈ 5–10 MeV is based
on a model of the density of n-quasiparticle levels,
the balance of the changes in the entropy and energy
of quasiparticle levels [2, 9, 10], and tested ideas
about the shape of the energy dependence of radiative
strength functions.

The systematic error of any experimental proce-
dure for obtaining the functions ρ and Γ is always
determined by large coefficients of the transfer of the
errors in the measured spectrum, δS, or in the reac-
tion cross section, δσ, to the errors δρ and δΓ in the
parameters being determined. The error in question
may grow sizably upon the increase in the energy of
the level that decays in the reaction under study. This
error and the direction in which the model concepts
of ρ = f(p1, p2, . . .) and Γ = ϕ(q1, q2, . . .) should be
corrected can only be estimated by comparing various
versions of the description of the level densities and
radiative strength functions. For example, a com-
parison of several versions of our practical model [3,
11, 12] made it possible to reveal that the rate of
the change in the vibrational level density specified
phenomenologically in [11, 12] is determined partly or
fully by the pairing energyΔ0 of the last nucleon in the
nucleus being considered. In all of the implemented
versions of the practical model, the accuracy of the
approximation of intensities remains unimpaired as
one gradually reduces the number of fitted parame-
ters; therefore, we do not present here the ultimate
approximations of the spectra Iγγ .

In contrast to what was done in [3], the proposed
model version employs, instead of two parameters
(the rate of the change in the nuclear entropy and
the rate of the change in the energy of quasiparticle
states) in the phenomenological expression for the
coefficient of the collective level-density enhance-
ment, Сcoll [3, 10], only one fitted parameter, Eu; that
is,

Ccoll = Al exp(
√

(Eex − Ul)/Eu (2)

− (Eex − Ul)/Eu) + β,

where Al are the parameters of the vibrational level
density above the point of break of each lth Cooper
pair and Ul are the energy thresholds for the break
of Cooper pairs. For deformed nuclei, the parameter
β � 1 may differ from unity.

The effect of shell inhomogeneities in the single-
particle spectrum [2, 10] was taken into account
in terms of the excitation-energy-dependent level-
density parameter a,

a(A,Eex) = ã(1 + ((1 − exp(γEex))δE/Eex)), (3)
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or in terms of the parameter g = 6a/π2 for n-
quasiparticle states in the vicinity of the Fermi
surface [9]. The asymptotic value of ã = 0.114A +

0.162A2/3 and the value of γ = 0.054 were taken
from [2, 10]. The shell correction δE calculated [2]
on the basis of mass-defect data within the liquid-
drop model of the nucleus was slightly modified for
the mean spacing between resonances, Dλ, to remain
unchanged [3].

2. ENERGY DEPENDENCE OF STRENGTH
FUNCTIONS

In the model of cascade gamma decay, the shape
of the energy dependence of partial radiative widths
should be specified to a high degree of precision for
any excited levels and energies of emitted gamma
rays.

On the basis of existing models, the strength func-
tion for a nucleus of mass number A is defined as k =
Γ/(A2/3E3

γDλ), where Eγ is the gamma-transition
energy. The absolute value of the sum of radiative
widths for primary E1 and M1 cascade transitions
(total radiative width) can usually be determined from
measured reaction cross sections. The most prob-
able form of this sum can be obtained from purely
phenomenological considerations or from an extrap-
olation of some theoretical models to the excitation-
energy range of Ed < Eex < Bn {here, Ed is the point
of transition in Eq. (1) from known levels [13] to the
level-density concept, whileBn is the neutron binding
energy in the nucleus}.

It was found experimentally that a precise repro-
duction of cascade intensities leads to supplementing
the energy dependence of the function k(E1, Eγ) +
k(M1, Eγ) with several peaks that have various ar-
eas, positions of the center, and shape asymmetries.
But the main term in this energy dependence can
be represented by a smooth distribution of strength
functions from models of the type in [14] but with
allowance for additional parameters whose variation
generates a set of functions describing E1 and M1
transitions and taking values over a broad region
(see [11, 12]). The shape of the extra peaks can be
revealed and specified only empirically. For example,
a description of each such peak in terms of two ex-
ponentials (as in an earlier version of our model [3,
11, 12]) is convenient in solving the set of nonlinear
equations in (1), even though these exponentials are
not used in the model formalism based on theoretical
concepts [2].

In order to describe the shape of the peaks in
the E1 and M1 strength functions, Breit–Wigner or
Lorentzian functions are used. An asymmetric Breit–
Wigner function was applied in theoretically analyz-
ing the regularities of fragmentation of quasiparticle

states for their various positions with respect to the
Fermi surface [15]. In employing this function, we
were unfortunately unable to choose a set of parame-
ters that would be appropriate for approximating the
most probable values of ρ = f(p1, p2, . . .) and Γ =
ϕ(q1, q2, . . .).

The use of an asymmetric Lorentzian curve in de-
scribing local peaks in the strength functions proved
to be more straightforward. For each ith peak its
parameters, such as the position of the center, Ei;
the width, Γi; the amplitude, Wi; and the asymmetry
parameter, αi = CT 2, are similar to their counter-
parts in the model employed in [14]. The expression
αi(Eγ − Ei)/Eγ increases linearly as the excitations
energy Bn −Ei grows from zero at the center of the
respective peak to the maximum value at Bn and
decreases as the nuclear excitation energy becomes
lower. Thus, the peaks of the E1 and M1 strength
functions are represented in the form

k = W
(E2

γ + (αi(Ei − Eγ)/Eγ))Γ
2
i

(E2
γ − E2

i )
2 + E2

γΓ
2
i

. (4)

In approximating Lorentzian functions that describe
the decay of a highly excited level, the convergence
of the respective iterative process sharply becomes
poorer, which creates a serious problem. Upon fitting
all parameters of the functions in Eq. (4), the widths
Γi decrease indefinitely within some segments of the
iterative-process trajectory.

The need for taking into account the effect of a
sharp local change in the level density on strength
functions was revealed at the stage of a model-free
determination of the set of random functions ρ and
Γ [16]. For this purpose, the strength functions to be
determined were multiplied in [4] by the ratio

M = ρmod/ρexp, (5)

where ρexp is the best approximation for the iteration
being considered and ρmod is a smooth model de-
pendence that reproduces both the density of neutron
resonances and the cumulative sum of known levels
for which Eex is lower than Ed. In order to determine
ρmod, we have chosen the back-shifted Fermi gas
model. In the present version of our analysis, we have
employed the constraint 1 � ρmod/ρexp � 10 [11].

3. RESULTS

Difficulties in solving the set of Eqs. (1) arise both
because of a strong nonlinearity of the sought func-
tions ρ and Γ and because of their anticorrelation.
There is a probability for arriving at a spurious mini-
mum of χ2, and this may lead to a sizable systematic
error in the resulting values of ρ and Γ.
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Fig. 1. Excitation-energy dependence of the mean densities of intermediate levels in two-step cascades (points with error bars)
for even–odd nuclei (lowest χ2 fits): (solid lines) data calculated in [17] and (dotted lines) results of the calculations based on
the model proposed in [10].

A comparison of the results obtained within the
present version of our model and within its earlier ver-
sions showed that we reached a fairly high accuracy in
describing the densities of intermediate cascade lev-
els. The discrepancies are the greatest for 137Ba and
182Ta. Most likely, a large error for 137Ba stems from
the preceding approximation version [3]. For 182Ta,
the energy thresholds for the break of the second
and third Cooper pairs are 1.6 and 5.8 MeV within
the present version; in [3], the values of the same

thresholds are 1.6 and 4.0 MeV. It follows that, even in
the worst case of 182Ta, the data obtained for the level
density yield a picture where the uncertainties are due
to the imperfections in the present-day ideas of the
gamma-decay process.

One can reach the highest accuracy and reliability
of the results on the basis of experiments where it
is possible to single out not less than about 99% of
the intensities of primary transitions among the whole
array of gamma-ray cascades of the decay of the
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Fig. 2. As in Fig. 1, but for even–even nuclei.

compound state of any nucleus. Nevertheless, reliable

information about the most probable level density and

about strength functions for dipole gamma transi-

tions can be extracted even from the convolution of
the spectrum of primary products of the decay of the
compound state and the gamma-transition branch-
ing fractions depending on the energy of the interme-
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Fig. 3. As in Fig. 1, but for 74Ge, 177Lu, and odd–odd nuclei.

diate cascade level. This follows from a comparison
of the thresholds determined for the break of three to
four Cooper pairs by employing different versions of
the energy dependence of ρ and Γ. In the most recent

versions of the practical model, these results change
only slightly.

The level densities from the back-shifted Fermi
gas model [17] and those from the model that takes
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Fig. 4. Strength functions for E1 (closed circles) and M1 (open circles) transitions for even–odd nuclei versus the primary-
transition energy. The open triangles stand for the sum of the values calculated on the basis of the model used in [14] and
k(M1) = const in the energy range of 0 < E1 < Bn − Ed.

into account the shell-inhomogeneities in the single-
particle spectrum [10] are given in Figs. 1–3. One
can see that the model from [10] reproduces the
derivative dρ/dEex to a higher degree of precision
than the model from [17]; however, the level densi-
ties calculated on the basis of both models deviate
markedly from the respective experimental results.

The results presented for the E1 and M1 radia-
tive strength functions (Figs. 4–6) and their sums
(Figs. 7–9) do not exhibit drastic distinctions from
those published earlier in [18–20], but there remains
the unresolved problem of unambiguously describing

the shape of the observed peaks in the electric and
magnetic strength functions in those cases where
the use of exponential functions [3] and the modified
Lorentzian function (3) leads to close values of χ2.

It is worth noting that the data in Figs. 4–9 do
not require including any additional pygmy resonance
in the strength functions being considered. In order
to interpret the process in question, it is sufficient to
develop theoretical ideas of the coexistence of vibra-
tional and quasiparticle levels in any nucleus and their
fragmentation as Eex grows.

In many nuclei (see Fig. 7–9), the sum of the
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Fig. 5. As in Fig. 4, but for even–even nuclei.

strength functions for E1 and M1 transitions de-
velops a plateau that agrees with the sum of the
values calculated within the model used in [14]
and k(M1) = const normalized to the experimen-
tal ratios k(M1)/k(E1). The strength functions
for primary transitions whose energy lies in the
range of E1 < 0.5Bn decrease regularly as the en-
ergy becomes lower. A significant decrease in the

sum k(M1) + k(E1) for moderately small gamma-
transition energies is observed for all versions of the
description of radiative strength functions. At the
same time, there are no asymptotic zero values of
the sums of strength functions [14]. We cannot rule
out the possibility of a sizable increase in the E1 or
M1 strength functions in the vicinity of and above Bn

because of the fragmentation of n-quasiparticle nu-
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Fig. 6. As in Fig. 4, but for 74Ge, 177Lu and odd–odd nuclei.

clear states if the threshold for the break of a Cooper
pair lies in the region of the neutron binding energy.
Therefore, the radiative strength functions cannot
be a mere extrapolation of giant resonances. This
contradicts radically the Axel–Brink hypothesis [6,
7], which is used in dealing with gamma spectra.

Figure 10 gives the mass-number dependence of

the energy thresholds for the break of the second
and third Cooper pairs. Since these quantities are
different for nuclei in which the numbers of nucleons
have different parities and depend on the mean pairing
energy, they are shown separately in this figure and
are compared with Bn/Δ0 (in just the same way as
in [3]). One can see that the thresholds for the break of
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Fig. 7. Sums of strength functions for E1 and M1 transitions (closed circles) for even–odd nuclei versus the primary-
transition energy. The solid lines represent the results fitted with allowance for the correction in Eq. (5). The open triangles
stand for the sum of the values calculated on the basis of the model used in [14] and k(M1) = const in the energy range of
0 < E1 < Bn − Ed.

pairs depend only slightly on the shape of the strength
functions. This means that, in experiments detecting
two-step cascades, the actual correlation of ρ and Γ
is insignificant.

Figure 11 shows the results obtained by approxi-
mating the parameter Eu. Its values almost perfectly
comply with the mean pairing energy Δ0 of the last
nucleon for approximately 30 nuclei. The spread of
the remaining values of Eu may be due to the errors
in the normalization of experimental values of Iγγ
because of the fact that the model used in [11, 12]

disregards the possibility of the break of proton pairs
simultaneously with or instead of the break of neutron
pairs, the inaccuracy of the phenomenological part of
the model, or fluctuations of the experimental values
of Δ0 [21]. In addition, we cannot rule out the possi-
bility of different weights of quasiparticle and phonon
components in the wave function for the resonance
that determines the cross section for thermal-neutron
capture by any stable (long-lived) target nucleus.

In currently used models [2], the total level density
is represented as the sum of the level densities for
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Fig. 8. As in Fig. 7, but for even–even nuclei.

quasiparticle and collective excitations. Figure 12
gives the ratio of the collective (only vibrational in
actual practice) level density to the total level density.
In the region around Bn, this ratio has close values for
nuclei in which the numbers of nucleons have differ-
ent parities, but, at the energy Ed, the ratio in ques-
tion is substantially smaller for even–even nuclei than

for even–odd and odd–odd ones. No version of the
Dubna model gives grounds to assume the presence
of sharp changes in the nuclear structure at the point
Eex = Bn. On the basis of the data in Fig. 12, it would
be legitimate to assume that neutron resonances may
preserve various types of the wave-function structure
(dominated by quasiparticle or phonon components)
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Fig. 9. As in Fig. 7, but for 74Ge, 177Lu, and odd–odd nuclei.

and belong to several different distributions of reduced
neutron and total radiative resonance widths.

The distribution of reduced neutron and total ra-
diative widths of neutron resonances were approxi-
mated in [22]. In the respective analysis, it is assumed
that the experimental set of these widths is repre-
sented as the sum of several (up to four) distributions

whose widths and peak positions are varied. For the
total radiative widths in nuclei featuring not less than
170 resonances, the mean fractions of two distribu-
tions that are the most intense are 44 and 34% of the
summed distribution of total radiative widths (this is
close to a 40% fraction of vibrational levels). Thus,
two experiments that are methodologically indepen-
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Fig. 10. Mass-number dependence of the energy thresh-
olds for the break of the (circles) second and (boxes) third
Cooper pairs. The closed, half-closed, and open sym-
bols represent these results for, respectively, even–even,
even–odd, and odd–odd compound nuclei. The open
triangles correspond to the mass-number dependence of
Bn/Δ0.

dent are indicative of the difference in the structure
of the wave functions for neighboring levels over a
broad range of stable target nuclei up to an energy of
or somewhat higher than Bn.

There is some discrepancy between the values
obtained here for the E1 and M1 strength func-
tions (see Fig. 4–9) and the results reported in [3],
which is due most likely to different degrees of the
effect that the shape of the partial widths of the ad-
ditional peaks (4) in the strength functions exert on
χ2 values in the region of small values of the energy
dependences used. The observed variations in the
shape of the sums of E1 and M1 strength functions
(see Fig. 7–9) cannot be interpreted as their unques-
tionable distinction without ruling out the possible
existence of levels of different structure at excitation
energies of about 5 to 10 MeV.
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Fig. 11. Mass-number (A) dependence of the parameter
Eu (2) for (closed circles) even–even, (half-closed cir-
cles) even–odd, and (open circles) odd–odd compound
nuclei. The curve represents the mean pairing energy Δ0

of the last nucleon in a nucleus of mass number A [21].
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Fig. 12. Ratio of the vibrational level density to the total
level density in the region around the neutron binding
energy Bn (a) and at the point Ed (b). The closed,
half-open, and open circles represent these results for,
respectively, even–even, even–odd, and odd–odd nuclei.
The solid, dashed, and dotted lines stand for the mean
values in, respectively, even–even, even–odd, and odd–
odd nuclei.

4. CONCLUSIONS

We have obtained experimental information about
the dynamics of the break of three to four Cooper pairs
of nucleons. The systematic error in determining the
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break thresholds does not exceed a value of about
1 MeV for the bulk of nuclei that are accessible to
study.

The set of data obtained by employing (i) the model
of the density of n-quasiparticle levels from [9] for de-
scribing the sequential break of three to four Cooper
pairs at an energy not higher than 5 to 10 MeV above
the ground state of the nucleus being considered; (ii)
the phenomenological concepts specified by Eq. (2),
which concern the energy dependence of the vibra-
tional level density in the same energy range; and (iii)
combinations of phenomenological and/or theoretical
ideas of the shape of the energy dependences of widths
with respect to gamma-ray emission gives sufficient
grounds to assume that the dynamics of the inter-
action of fermion and boson nuclear-matter states
depends on the shape of the nucleus being studied.
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Abstract

The spectrum of random functions of level density as well as radiative strength
functions of dipole E1- and M1-transitions of 28Al were determined. Obtained
functions can reproduce very precisely the intensity of the two-step cascade
following the radiative capture of thermal neutrons for a given energy of the
primary transitions. The density of the observed intermediate levels can be
reproduced correctly using the mean value of these functions. In this work we
proposed a new hypothesis about the dependence of radiative strength functions
for gamma-transitions in heated nucleus on the energy of excited levels. The
results provide a solid basis that this new hypothesis allows to get realistic
estimation on the parameters of nuclear structure in any nucleus, including the
light ones.

Key words: Neutron resonance, two step gamma cascades, level density, radiatve strength
function.

1. Introduction

The determination of accurate values for the excited nuclei level density and radia-
tive strength functions is one of the most important tasks in low energy nuclear physics.
Trustable experimental values of these parameters are necessary for the study of the fun-
damental properties of the nuclear structure. For example, the step-like structure in the
level density provides information about the phase transitions in heated nuclei and the
influence of different type of resonance wave functions on radiative strength function for
the γ decay process. Moreover, accurate experimental values of the level density and the
radiative strength function are very important for applications as the analysis of astro-
physical reactions, the production of medical isotopes, reactor technology, the production
of rare isotope beams, etc.



48 D. Knezevic, N. Jovancevic, A. M. Sukhovoj, L.V. Mitsyna

The development of theoretical models needs a set of experimental information for
the excited levels density (with given quantum numbers) and for the values of the partial
radiative widths of all possible decay channels. If those data are available, the theoretical
calculations can give a correct interpretation of the dynamics of the nuclear transitions, in
a broad variety from the simple low-lying levels (e.g., quasiparticle or phonon structure)
to the very complex compound-states.

The quality of the model-based description of all the parameters for the neutron res-
onance gamma-decay, for example, depends entirely on the precision of the experimental
data. Hence, it is very important to minimize the overall experimental uncertainty and,
accordingly, to minimize the possible misrepresentation in analysis of the observed process,
mostly as a result of the use of certain assumptions and the related hypothesis. The ability
to get an accurate solution substantially increases when in the measurement are employed
nuclear spectrometers, having FWHM � Dλ for all energy spaces D between the initial
nuclear levels λ.

In this situation a fundamental experimental problem is to search for the connection
between the emission probability Γ of the reaction product and the excited levels densities
ρ. The sum of the branching ratios Br (Br = Γλi/Γλ) for partial Γλi and total widths Γλ

(if there are no competing processes) is equal to one and does not depend on the absolute
values of the levels density ρ and the partial widths Γ. However, branching ratios of any
level are determined by the sum of the partial widths and consequently they are dependent
on the level density. So, to give an accurate description of the dependence between the
measured values (intensity of the emitted spectrum of particles observed in the reaction),
the excited levels density and the partial radiative widths is one of the most important
tasks in the process of estimation of those parameters values.

In this work we proposed a new and a modified form of the dependence for the radiative
strength function of the excited level density, based on the analysis of the experimental data
and the existing models of the level density as well as the partial gamma-widths. This new
approach was tested experimentally by the estimation of the most probable mean values of
the level density and the radiative strength function of 28Al compound-state gamma-decay.
To accomplish this task, the Dubna two-step gamma cascade method was used [1, 2].

2. Theoretical considerations
2.1. Current state of the experiments designed for the determination

of Γ and ρ

The information about the properties of the excited nuclei can be extracted only by
the measurement of the spectra (cross-sections) S of the observed reaction product, and
the subsequent analysis based on some existing functional dependencies between S and
the parameters Γ and ρ (S = Ψ(Γ, ρ)). Such experiment can be performed measuring the
reaction products spectra with a single detector (“one-step” reaction [3]), or by coincidences
between two detectors (“two-step” reaction [4, 5]).

The first of these two experimental techniques was used up to now for the analysis of
the spectra and the cross-sections of evaporative nucleons [3, 6] and full gamma spectra
[7, 8]. The second one was applied in the spectroscopy measurements of two photons [3, 4]
successively emitted after the neutron capture. Comparison of the Γ and ρ values obtained
in the analysis of the experimental data collected in one- and two-step reactions, makes
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possible to identify the main sources of the systematic experimental uncertainties, to esti-
mate the uncertainty values and to compare them if different methods were applied in the
study of the same nucleus.

2.1.1. Spectra of evaporative nucleons

The level density can be obtained from the evaporative nucleons spectra by the use
of this method only if the value of Γ is known. The numerical value of the parameter Γ
was calculated until now from the relativly rudimentary optical model. The agreement
between the calculated cross-section and the experimentally determined one can be used
for the validation of the obtained results. However, this method does not take into consid-
eration that the experimentally measured cross-section (spectrum) is determined only by
the absolute value of the product Γ · ρ, and not by the absolute values of the individual
terms Γ and ρ. One of the consequences (as can be seen comparing the data measured by
this method [3, 8] with the two-step reaction analysis [4, 5]), is that the obtained values for
the level density in the energy range around the threshold of the second gap for nucleons
Cooper pairs are overestimated at least by 5-10 times [9].

2.1.2. Spectra of the primary quanta of cascades depopulating different
energy exited states

The total intensity of the spectra of the first generation of cascade quanta [7] does not
depend on the absolute values of Γ and ρ. Moreover, the absolute value of the function
describing the dependence of the mentioned parameters Γ and ρ on the energy of the
gamma-quanta and the energy of the excited level has no significant influence on the total
gamma spectra (the sum of the gamma energies of cascade photons depopulating some level
is absolutely independent from Γ and ρÏĄ). The mean quadratic variation of the different
forms of the full gamma-spectra calculated employing various realistic representations of
Γ = f(Eγ) and ρ = ϕ(Eex) does not exceed 30%, in the best case, [10] (where Eex is the
exited level energy).

Fig. 1 shows the gamma rays spectra [11] following the inelastic scattering of 3He on
the 45Sc isotope. The intensive and well-resolved low energy peaks registered in the “first
generation” and the in “higher-generation” spectrum are produced, in most cases, only by
second or higher cascade quanta [11]. These gamma peaks appear in the “first genera-
tion” spectra only due to an error of the specific techniques used. Specifically, this is a
consequence of the non-compliance of the basic condition of the used technique [7]. The
spectrum of the gamma radiation emitted after the decay of the levels for a given excita-
tion energy is initialized by the beam of the charged particles and described by the one
particular set of quantum numbers. This spectrum should be exactly the same as the spec-
trum measured in the experiment where observed levels are populated by the transitions
from the high-lying energy levels. As a result, the systematic error of the “first generation”
spectra can exceed 100% in low energy photon region. The increase of Eγ can reduce this
error by some unknown degree. This fact is not mentioned in the evaluation [12] of the
error appearing in this approach [8].
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Figure 1: Gamma-ray spectra in the 45Sc(3He,3 Heγ)45Sc reaction [11] for the first and
next cascade quantum.

2.1.3. Two-step cascade quanta

The absolute intensity of the cascades Iγγ = Ψ(Γ, ρ), which can be measured by ordi-
nary HPGe-detectors for a limited number of final levels, is defined by the inverse absolute
value of the level density and by the form of the strength function K = f(Eγ) [13]. Thereby,
the relationship between the experimental values of Iγγ and the unknown functions Γ and
ρ is always nonlinear, for all intervals of the excitation energy. The current experimental
methods allow to determine only an interval for the possible values of Γ and ρ reproducing
the measured intensity of the cascades Iγγ . Even in the limit of zero statistical errors of
the experimental values, Γ and ρ could not be unequivocally determined [14].

All the methods listed above have also common sources of systematic errors.
1. There is no practical model of the decay of the nuclear excited levels, for both

nucleon and radiation channel, suitable for the analysis of the experiment. Such a model
should be able to take into account explicitly the coexistence and the interactions of the
boson and the fermion components of the nuclear matter.

2. It is necessary that the model considers the dependence of the partial widths Γ on
the wave function for both the initial and the final level when the reaction product of a
specified energy is emitted.

All the three techniques listed above, without exception, requires an additional, me-
thodically independent, experiment. That experiment should produce a non-degenerate
system of equations which can describe the relation between the measured spectrum and
the values of the parameters Γ and ρ.

The influences of the mentioned sources of systematic errors, which are most signifi-
cant for one-step reactions, can be essentially reduced in the two-step reaction experiment.
Therefore, it is necessary to develop a modern model able to describe and predict possible
changes of the nuclear properties caused by different excitation energies. This model would
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require data from two-step reaction experiments.

2.2. Status of the current models of the level density and the partial
gamma-widths

In modern theoretical views, for example for the quasiparticle-phonon model of the
nucleus, the partial emission width is determined by the coefficients of the wave function
components for both decayed and excited level [15]. The actual values of the partial widths
are specified by the degree of the fragmentation for the different nuclear states with a fixed
number of quasiparticles and phonons. The level density directly determines it, since the ρ
value is defined by the degree of the fragmentation of all the possible states of the nucleus
having energy lower than the excitation one.

Currently,the radiation strength function of the dipole gamma transitions for a nucleus
with mass A can be expressed as:

kstandard = Γλi/(E
3
γA

3/2Dλ) (1)

where Eγ is the energy of the emitted gamma quanta, A is the atomic mass, Dλ is the
density of the decaying level and Γλi represents the partial width of the nucleus transition
from the λ to the i-th level.

The expression above takes into account the dependence of the partial radiative widths
only from the density ρλ = D−1

λ of the decayed high-energy levels, such as the neutron
resonances. However, the possibility that the partial radiative widths can be a function of
the density of the intermediate levels of the heated nucleus having sufficiently high energy is
not taken into consideration by Eq. 1. The modern two-step reaction (nth, 2γ) experiment
revealed the existence of such a kind of dependence [16].

It was observed the smooth form of the function describing the energy spectra of the
evaporated nucleons for the composite 181W nucleus for several different initial excitation
energies [17]. But, analysis [18] indicates that in the excitation energy near the threshold
of the second gap of the Cooper pair of nucleons, the partial widths of the nucleon emission
increase many times, compared with the partial widths in neighboring excitation energies
of the residual nucleus. This tendency does not change (or shows just a moderate variation)
when the energy of the incident protons in the (p, n) reaction is changed [18]. This can
be explained only if the partial width of a nucleon emission is strongly dependent on the
excitation energy of the residual nucleus and if the Strutinsky model for the level density
[19] is used for the reproduction of the evaporate spectra. The set of parameters in the
Strutinsky model approximation for the masses 40 ≤ A ≤ 200 is derived from the level
density obtained by (nth, 2γ) reaction. This means that, even for the different excitation
energies of the produced nucleus 182W, the product Γ·ρ preserves it’s form. Moreover, in the
case of (p, n) reactions the wave function of the excited levels of the target nucleus (neutron
resonance) changes significantly through the decay when evaporated neutron appears.

Therefore, it is possible to obtain the correct form of the energy dependence of the
Γ · ρ product and, accordingly, the cross-section, for fixed nucleus excitation energy and
for different energies of charged particles beam, even if the calculated values of Γ and ρ
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are not correct.

2.3. Principles of the proposed modified model of radiation strength
functions

In the previous section we mentioned the effect on dependence of the partial width for
a nucleon emission on the excitation energy of the residual nucleus. This effect opens a
possibility for a modification of the standard form of the relation between the radiative
strength function and the excited level density. The modified expression Eq. 1 describing
the radiation strength of the gamma transitions between an arbitrary compound state λ
and any low-lying level i, can be written in the following form [20]:

kmodif = ksandard/Di = (Γλi/(E
3
γA

3/2Dλ))/Di (2)

This modification takes into account the fact that the radiative strength function is de-
pendent on the average spacing Di between the low-lying levels i.

In practice, in order to maintain continuity with Eq. 1, the following modification is
suitable:

kmodif = ksandard
Dasim

Di
=

Γλi

E3
γA

3/2Dλ

Dasim

Di
(3)

In Eq. 3 Dasim is the asymptotic spacing between the levels of a heated nucleus treated as
a pure fermion system (defined, for example, by non-interacting Fermi gas model) and Di

is the maximum possible expected space between the intermediate levels for a given excita-
tion energy. The specific value Di is the outcome of the coexistence and the interaction of
the quasiparticle and the phonon types of excitations in the nucleus. Considering that the
degree of fragmentation of some nuclear states is minimal at it’s initial energy and grows
up with energy increase [21], it can be expected that Dasim ≤ Di and kmodif ≥ kstandard
for the highest number of gamma transitions.

3. Measurement of the two-step gamma cascade intensity of 28Al

The 28Al compound state gamma decay was measured in order to test the new modified
model describing the dependence of the radiative strength function on the level density.
The two-step gamma cascade method was used for this purpose.

It is commonly believed that the mechanism of neutron capture in light nuclei, for
example, is significantly more dependent on the structure of the wave function of the excited
level than in the neutron capture reaction in medium and heavy mass nuclei. Therefore,
there is a modest practical interest for the average parameters of cascade gamma decay of
neutron resonance in light nuclei. However, it can be important for the estimation of the
reliability of the radiation strength functions for the gamma transitions between the levels
of the heated nucleus obtained by the use of modified model Eqs. 2 and 3.

The spectroscopic analysis data were already published and all details can be found
in reference [22]. In this paper we present just a short description of the measurement
procedure and the analysis of the spectroscopic information.
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3.1. Experimental set-up

The two-step cascades emitted after thermal neutrons capture in the 27Al target were
measured at the LWN-15 reactor in Rež, Czech Republic. Gamma-gamma coincidences
were registered by two HPGe detectors with 28% and 25% relative efficiency, respectively,
which have the standard energy resolution for this type of detectors. The time resolution
was better than 10 ns. The optimal count rate for the gamma-gamma coincidence detec-
tion of the ordinary fast-slow coincidences scheme was 100 − 200 s−1. This count rate is
a trade-off between two demands: to get the maximal possible values of the photopeak
underlying background intensity ratios and to collect at least several tens of thousand
events for the most intensive peaks. The required result can be achieved if the duration
of the experiment is about several days at least and if the mass of the target ranges from
hundreds of milligrams to several grams.

3.2.Spectroscopic information

The coincidence events were analyzed with the standard method [1, 2] based on the sum
coincidence principle. Fig. 2 presents the most informative part of the measured spectrum.

Figure 2: The main part of the sum coincidence spectrum of 28Al. Full-energy peaks are
labeled with the energy (in keV) of the final cascades levels.

Using the procedure described in [23], the intensity distributions of the cascades were
obtained for some selected primary transition energy. For example, Fig. 3 shows the half
of the measured intensity spectra of the cascades with energy of 7.725MeV populating the
ground state of the 28Al nucleus (for Eγ < 0.5Bn). The other half is mirror symmetric
[24]. The transition energy and the intesity of about 250 cascades were obtained using 13
collected spectra, similar to the one presented in Fig. 2. The positions and the area of the
peaks in the spectrum are uniquely identified by the cascade parameters.
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Figure 3: Half of the intensity distribution of the two-step cascades with energy 7.725MeV
populating the ground state. The primary transition of the 28Al cascades are marked by
crosses, whereas asterisks are the secondary one’s. (The spectrum is shifted up to 20 counts
due to the logarithmic scale.)

The order of the quanta in the cascades was determined by an algorithm [25]. This
algorithm is based on a fact: the primary gamma transition has some energy in different
two-step cascades and the second cascade photon energies have shifted on a difference for
the final cascade level energies.

After the quanta sequence and the intermediate level energy were determined, almost
all detected cascades were exactly placed into the decay scheme up to the energy of ≈
Bn − 520 keV. This method of two-step gamma cascades gives the posibility to provide
the most complete level scheme for an investigated nucleus. The total number of levels
observed with this method in 28Al is close to hundred; file of evaluated data [26] contains
about 45 levels identified up to now. It should be emphasized that in the two-step cascade
spectrum registered after the thermal neutron capture, the number of observed excited
levels is always noticeably higher than the number of levels found in any other nuclear
spectroscopy method.

In order to extract the values of the level density and of the radiative strength function
by the analysis of the experimental data, it is required to transform the relative intensities
of the resolved peaks into absolute values (in % per decay). This was done by normalization
to the absolute intensities i1 [27] of some primary transitions, multiplied by the branching
ratios Br of the corresponding secondary transitions. Br was determined from the standard
data treatment of the same measurement set of γ − γ coincidence.

The dependence of the absolute intesity of the two-step gamma cascades on the energy
of the primary gamma transition, was obtained as final spectroscopic result. This result
is crucial for the determination of the level density and of the radiative strength function.
Fig. 4 presents the absolute intensity of the two-step gamma cascades on the two first
excited levels and the ground level [22]. The values of the level density and of the radiative
strength function for 28Al were obtained by the fitting procedure described in references
[2, 20] and the spectroscopic results are presented on Fig. 4.
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Figure 4: Histogram - distribution of the intensity of the two - step gamma cascades of
the 28Al to the ground, the first and the second excited level as functions of their primary
transition energy. The approximated values Iγγ obtained by one of the variants defining
the random radiative strength and the level density functions are noted by dots.

3.3.The levels density and the radiation strength functions of the 28Al
nucleus

The unambiguous determination of ρ and Γ from the measured spectra is impossi-
ble, even in principle, because the functional dependence of the two-step gamma cascade
intensity on the level density and on the radiative strength function is nonlinear and de-
generated:

Iγγ(E1) =
∑

λ,f

∑

i

Γλi

Γλ

Γif

Γi
=

∑

λ,f

Γλi

〈Γλi〉mλi
nλi

Γif

〈Γif 〉mif
(4)

where Γλi and Γif are the partial radiative widths corresponding to the primary and to
the secondary transition; nλi = ρλΔEi is the number of the excited intermediate levels in
a certain interval of the excitation energy ΔEi; 〈Γλi〉 and 〈Γif 〉 are the average values of
the corresponding intervals of the nucleus excitation energy widths; mλi and mif are the
number of levels in the same intervals.

However, the form of the functional relation for the parameters appearing in Eq. 4 limits
the region of their possible parameter values. For this reason N values of the experimental
cascade intensities always can be converted in ∼ 2N values of ρ and Γ, satisfying the
conditions:

ρ1 ≤ ρ ≤ ρ2

Γ1 ≤ Γ ≤ Γ2.
(5)

With the use of an iterative technique it is possible to obtain a random function of the level
density and of the radivative strength function which can reproduce, with high precision,
the experimental values of Iγγ . Hence the measurement of the two-step gamma cascades
provides a good possibility to determine the most probable values for these parameters.
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The approximated values of the measurement Iγγ (obtained by the iterative method
based on Eq. 4) are presented by the dots in Fig. 4. These values correspond to any of
the single random functions of the level density and of the radiative strength function. In
Fig. 5 the thin lines represent the obtained random functions for the level density and by
the dots are shown the average value of these random functions. The most probable region
of the level density is presented on Fig. 6.

Figure 5: A set of random functions describing level densities able to reproduce data
presented on Fig. 4 with a very close and small χ2 values (thin lines). The average value
of the entire set of random functions is presented by dots. Dashed line - model value for ρ
[29].

Figure 6: Thick line - model value for ρ [29]. Solid histogram presents density of the 28Al
levels from [26], dotted histogram - from processing spectra [22] similar to those shown in
Fig. 1. Dots with error bars are the results of this study (same as in Fig. 5).

Two different forms of the radiative strength function dependence on the level density
(Eq. 1 and 3) were used in the fitting procedure. In this way, the modified dependence in
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Eq. 3 is tested in comparison with the standard one in Eq. 1 on the set of experimental
data presented in Fig. 4. In Figs. 7 and 8 are presented the obtained random functions
and the most probable region of the radiation strenght function when using Eq. 1. The
same results are shown in Figs. 9 and 10, but here Eq. 3 was used. The difference between
the obtained values of the radiative strength function, as presented in Figs. 8 and 10,
provides the information about the influence of the collective enhancement for the level
density on the radiative strength function.

Figure 7: Thin lines - set of random functions (obtained by interative process)describing the
radiation strength function in standard definition Eq. 1 able to reproduced data presented
on Fig. 4. Dotted line - average for sum of strength function E1- and M1- transition.

Figure 8: Values for the radiation strenght function in standard definition Eq. 1. Dark
dots - sum of M1- and E1-transition. Open dots - data only for M1-transition.

The values of the radiative strength functions for the E1 + M1 transition (dotted
line) and the values for only the M1-transition are presented in Figs. 7 and 8. In
the energy region above 3.465 MeV are present only M1- transitions. The positive parity
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of the 28Al neutron resonances and of all the known low-lying levels define practically
only M1 multipolarities of the primary transitions. Hence, the information on the E1
radiative strength functions for Eγ > 4260 keV cannot be obtained from the two-step
cascade intensity.

Figure 9: The same as in Fig. 7 for the modified model of the radiation strength function
Eq. 3. Dotted line is average values.

Figure 10: Average values of radation strenght function with error bars in case of modified
model Eq. 3.

The thermal neutrons capture cross sections for this nucleus is determinated by the res-
onances with spins 2 and 3. The dominant dipole type of the primary gamma-transitions
limits the spin window for the intermediate levels to the interval 1 ≤ J ≤ 4. The level den-
sity in this spin interval, calculated from the schemes evaluated from file [26, 27] in Fig. 5 is
compared with similar data obtained from the two-step cascades. The corresponding data,
together with the density of the neutron resonances are always used for the normalization
of the relative level density in both the one- and the two-step reactions. Unfortunately,
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the independent analysis [18] of the accuracy for the values Dλ showed that the possible
systematical error may underestimate the density of the neutron resonances, even by one
order of magnitude.

The influence of the mentioned error of the level density in all excitations can be ac-
counted by a simple change of the normalization parameters for the set of random chosen
functions describing the level density and the radiative strength. However, no data related
to the real errors on the neutron resonances densities, identified in [28], are available in the
literature until now.

4. Discussion

The unknown values of Γ and ρ correspond to each interval of the excitation energy for
the intermediate levels (two-step cascades, in particular). In the general case, the inequality
of the radiative strength functions for the primary and the secondary gamma transitions
should be taken into account, even if they have the same energy and multipolarity. In
principle, these circumstances make degenerated any system of nonlinear equations which
connect the spectra intensity and unknown gamma-decay parameters. However, even in
such case it can be defined a region Eq. 5 of the possible values for the level density and
for the radiation strength functions. Authors of [2] showed that this can be done with
acceptable precision if a sufficiently large set of values of the random functional depen-
dencies for ρ and Γ on the energy gamma-transition are provided for excitation of nuclei.
This is true in the frame of the postulate that the difference between the average of the
random values and true unknown real value always tends always to minimum. Therefore,
the value obtained in the two-step gamma cascads experiment [2] can be considered as
a valid results, with the corresponding uncertainty of the level density and the radiation
strength functions values.

The very significant difference of the 28Al low-lying levels density in the region from
ρ ≈ 4MeV−1 up to ρ ≈ 20MeV−1 (Fig. 5, solid and dotted histogram), can explain the
skepticsm related to the contemporary experiment. This includes as well the occurrence
of the possible methodical errors in the determination of the values of Γ and ρ. However,
the hypothesis in Eq. 3 can be taken as a first approximation of the model description for
the radiative strength functions in any heated nucleus. As a special case, this hypothesis
includes the existing assumption that the radiative strength functions and the level density
for any nucleus are independent from the structure of the excited levels. This possibility
should be checked on a large set of experimental data.

The practical absence of the negative-parity levels below 3.3MeV does not allow to
obtain the strength function of the E1-transition in this interval for 28Al excitation energies.
It is also not possible to obtain a satisfactory approximation for the intensity distribution in
the range of the primary cascade energies from E1 ≈ 0.5MeV to E1 ≈ 1MeV. The increase
of the strength functions in this interval, which can be observed in Fig. 8 and 10, can be
explained as a consequence of the absence of secondary cascade transitions enhancement
in this interval of energies. The corresponding increase in the strength functions can be
qualitatively explained only by the presence of the collective type of primary transitions in
the region of Bn and the corresponding vibration enhancement of the level density. This
might be possible if the breaking threshold of the next Cooper pair falls randomly in the
region of nuclear excitation near Bn.



60 D. Knezevic, N. Jovancevic, A. M. Sukhovoj, L.V. Mitsyna

In Fig. 11, we show the potential effectiveness of the technique presented in this work.
In Fig. 11a, the level density was determined by model [29], whereas in Fig. 11b the level
density was obtained with the approximation similar to the one presented on Fig. 5 but
assuming equality of ρ for the levels of positive and negative parity. The main result of this
exercise is to show that an independent experiment, able to determine the level density,
will make possible to obtain a precise information on the radiation strength function. In
the same way an experiment designed to determine the radiative strength function can
provide the values of the level density.

Figure 11: a) Top row: fixed to the level density of 28Al (dots and line) from model [29].
Bottom row: the best approximation of the radiative strength functions for fixed level
density. Points with error bars: standard presentation of the radiation strength function;
line: strength function in the Eq. 3. b) Top row: level density from model [29] (line)
and approximated level density (dots). Bottom row: points with error bars: standard
presentation of the radiation strength function; line: strength function in the Eq. 3.

Searching the solution of a degenerate nonlinear systems of equations can always give
as a result both the real function and a local maximum likelihood function. Methods good
enough to identify and solve such systems have already been developed. The data in Fig. 4,
presenting the worst version for the fitting process of the experimental data at Iγγ , has
been used to determine Γ and ρ. Hence, the number of iterations required to achieve a
minimum disagreement between the experimental and the approximation values for the
cascade gamma decay of the neutron resonances on 27Al nucleus usually exceeds 105 for
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each variant of the calculation. Here, as in many other cases, it is convenient that the
first iteration includes in source data specific values of the strength functions for the most
intensive gamma-transition “spread” under appropriate intervals of the primary gamma-
transition energy.

5. Conclusion

In this work we proposed Eqs. 2 and 3 as new hypothesis for the energy dependence
form of the radiative strength function for the excited level density of the residual nuclei.
This hypothesis was experimentally tested on the light nuclei 28Al. The spectrum of
the random functions for the level density as well as the radiative strength functions of
the dipole E1- and M1-transitions were determined for 27Al. The obtained functions
can reproduce very precisely the intensity of the two-step cascade following the radiative
capture of thermal neutrons for a given energy of primary transitions. The density of
the intermediate levels corresponding to all the energetically resolved cascades observed
(including those firstly established in reaction(nth, 2γ)) can be reproduced correctly using
the mean value of the obtained functions for the level density. In this work, for the first
time, we obtained the information about the influence of the collective enhancement of the
level density on the radiative strength function.

The results of the 28Al two-step cascades experiment show that the hypothesis given by
Eq. 2 can ensure the maximum precision for the description of the spectra and of the cross
sections in a broad region of nuclear masses [20] (including light nuclei). Unfortunately,
the determination of the density for the low-lying levels and the neutron resonances in
a custom nucleus, with acceptable precision, still remains an unsolved problem. For this
reason the dynamic model of the interaction of superfluid and normal states of nuclei,
in the transition region from levels with a simple wave function to extremely complex
compound-states, can not be identified and described correctly.

Further experiments are indispensable to accomplish this task. This can be done
through the implementation of multi-step reactions. The most promising technique is
the measurement of the intensity for a sequence of three or more cascade photons [30] in
the radiation capture of nucleons and light nuclei reactions, as well as measuring the inten-
sities of the cascades, containing nucleon products of nuclear reactions [9], in coincidences
with photons.

The improvement of the process for the determination of the radiative strength func-
tion and the level density can be achieved also by the development of new models. These
models should introduce the dependence of both the radiative strength function and the
level density on the same fitting parameters. The first of all these parameters should be the
threshold gap for the Couper pair and the mutually connected coefficients for vibration
and collective enhancement of the levels density. This should be done for the radiative
strength functions at decay of the levels with large enough components of the phonon type
in the structure of their wave functions. For example, it can be expected that the models
of this type will be able to easily reproduce the intensity of the cascades primary transition
in the ≈ 0.5 − 1MeV energy range (Fig. 2) for 28Al, as well as, for large number of other
nuclei. Under favorable conditions (a small number of parameters), it can be expected a
rather uniquely determination of the radiative strength functions and of the level density
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even without fixing one of those parameters.

References

[1] S. T. Boneva, E. V. Vasileva, Yu. P. Popov, A. M. Sukhovoj and A. Khitrov, Sov. J.
Part. Nucl. 22, 232 (1991).

[2] S. T. Boneva, E. V. Vasileva, Yu. P. Popov, A. M. Sukhovoj and V.A. Khitrov, Sov.
J. Part. Nucl. 22, 698 (1991).

[3] H. Vonach, Phys. Rev. C 38, 2052–2062 (1988).

[4] E. V. Vasilieva, A. M. Sukhovoj and V. A. Khitrov, Phys. At. Nucl. 64, 153 (2001).

[5] A. M. Sukhovoj and V. A. Khitrov, Phys. Particl. and Nuclei 36, 359 (2005).

[6] B. V. Zhuravlev, Bull. Rus. Acad. Sci. Phys. 63, 123 (1999).

[7] G. A. Bartholomew, E. D. Earle, A. J. Ferguson, J. W. Knowles and M. A. Lone,
Advances in nuclear physics 7, 229 (1973).

[8] A. Schiller, L. Bergholt, M. Guttormsen, E. Melby, J. Rekstad and S. Siem, Nucl.
Instrum. And Methods A 447, 498 (2000).

[9] A.M. Sukhovoj and V. A. Khitrov, Nucl. Instrum. Phys. At. Nucl. 73, 1635 (2010).

[10] A. M. Sukhovoj and V. A. Khitrov, In Proc. of the XVII International Seminar on
Interaction of Neutrons with Nuclei, Dubna (2009).

[11] A. C. Larsen, M. Guttormsen, R. Chankova, F. Ingebretsen, T.Lonnroth, S. Messelt,
J. Rekstad, A. Shiller, S. Siem, N. U .H. Syed and A. Voinov, Phys. Rev. C 76, 044303
(2007).

[12] A. C. Larsen, M. Guttormsen, M. Krtcka, A. Betak, A. Burger, A. Gorgen, H. T.
Nyhus, J. Rekstad, A. Schiller, S. Siem, H. K. Toft, G. M. Tveten, A. V. Voinov and
K.Wikan, Phys. Rev. C 83, 034315 (2011).

[13] A. M. Sukhovoj, V. A. Khitrov and W. I. Furman, Phys. At. Nucl. 72, 1759 (2009).

[14] V. A. Khitro,v and Li Chol and A. M. Sukhovoj, Proceedings of the XII International
Seminar on Interactions of Neutrons with Nuclei, Dubna, E3-2004-9, (2004).

[15] V. G. Soloviev, Sov. Phys. Part. Nuc. 3, 390 (1972).

[16] A. M. Sukhovoj and V. A. Khitrov, Phys. Particl. and Nuclei 37, 899 (2006).

[17] V. G. Pronyaev et al., Sov. J. Nuc. Phys. 30, 310 (1979).

[18] A. M. Sukhovoj and V.A. Khitrov, Phys. At. Nucl. 73, 1507 (2010).



Testing the modified dependence of the radiative strength function... 63

[19] V. M. Strutinsky, Proceedings of the International Congress on Nuclear Physics, Paris,
617 (1958).

[20] N. Jovancevic, A. M. Sukhovoj, W. I. Furman and V. A. Khitrov, Proc. XX Interna-
tional Seminar on Interaction of Neutrons with Nuclei, Alushta (2012).

[21] L. A. Malov and V. G. Solovev, Yad. Phys. 26, 729 (1977).

[22] J. Honzatko, V.A. Khitrov, A.M. Sukhovoj and I. Tomandl, Fizika B 12, 299 (2003).

[23] S. T. Boneva, V. A. Khitrov and A. M. Sukhovoj, Nucl. Phys. A 12, 199 (1995).

[24] A. M. Sukhovoj and V. A. Khitrov, Instrum. Exp. Tech. 27, 1071 (1984).

[25] Yu. P. Popov et al., Bull. Acad. Sci. USSR Phys. Ser. 48, 53 (1984).

[26] NNDC, Evalueted Nuclear Structure Data File (2013), URL
http://www.nndc.bnl.gov/nndc/ensdf

[27] IAEA, Evalueted Gamma-ray Activation File (2013), URL http://www-
nds.iaea.org/pgaa/egaf.html

[28] A. M. Sukhovoj and V.A. Khitrov, XVIII International Seminar on Interaction of
Neutrons with Nuclei, Dubna (2011).

[29] W. Dilg, W. Schantl, H. Vonach and M. Uhl, Nucl. Phys. A 217, 269 (1973).

[30] K. Furutaka, M. Oshima, A. Kimura, Y. Toh, M.Koizumi, T. Kin and J.Goto,In
Proceedings of the International Conference on nuclear data for science and technology
2007, Nice, 517 (2007).



 

 Physics Procedia   59  ( 2014 )  56 – 62 

Available online at www.sciencedirect.com

1875-3892 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Guest Editor: Mr. Stephan Oberstedt - stephan.oberstedt@ec.europa.eu
doi: 10.1016/j.phpro.2014.10.009 

ScienceDirect

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Guest Editor: Mr. Stephan Oberstedt - stephan.oberstedt@ec.europa.eu

http://crossmark.crossref.org/dialog/?doi=10.1016/j.phpro.2014.10.009&domain=pdf


 K. Bikit et al.  /  Physics Procedia   59  ( 2014 )  56 – 62 57



58   K. Bikit et al.  /  Physics Procedia   59  ( 2014 )  56 – 62 



 K. Bikit et al.  /  Physics Procedia   59  ( 2014 )  56 – 62 59



60   K. Bikit et al.  /  Physics Procedia   59  ( 2014 )  56 – 62 



 K. Bikit et al.  /  Physics Procedia   59  ( 2014 )  56 – 62 61



62   K. Bikit et al.  /  Physics Procedia   59  ( 2014 )  56 – 62 



Scanned with CamScanner



Scanned with CamScanner



Scanned with CamScanner



Scanned with CamScanner


	Presence of neutrons in the low-level background environment estimated by the analysis of the 595.8keV gamma peak
	Introduction
	Experimental setup
	Measurements and results
	Rough insight in neutron fluence
	Analysis of 595.8keV gamma peak
	Ge(n,n′) component of the 595.8keV gamma peak
	Ge(n,γ) component of 595.8keV gamma peak


	Conclusions
	References

	Modeling of neutron spectrum in the gamma spectroscopy measurements with Ge-detectors
	Introduction
	Measurements of neutron induced gamma activity
	Cross sections data
	A priori neutron spectrum

	Unfolding results
	Conclusion
	References

	Radon adsorption by zeolite
	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References


