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Abstract

Marinov et al have detected spontaneous fission events in sources separated
from tungsten targets irradiated with 24 GeV protons. These fission events
could not be attributed to actinides or to any other known isotope. Marinov
et al. propose that fission events are due to production of element 112
(Eka-Hg) in the tungsten target. We have addressed Marinov’s claim with a
new analysis of their data and modern theoretical model calculations of poss-
ible interactions. Using data available in the literature the spontaneous fission
half-life of the Eka-Hg was estimated to be ~74 days. This is dramatically
longer than the half-life obtained for 23Cn, produced in the fusion of ener-
getic “*Ca ions with ***U. Monte Carlo calculations show that enough Sr iso-
topes are produced in the tungsten target to make the production of element
112 via fusion of Sr and W feasible; however, if such fusion was possible it
had to be deep sub-barrier fusion.

Keywords

Element 112, Tungsten Target, Spallation Products, Heavy Ion Fusion

1. Introduction

Forty seven years ago Marinov et al. [1] [2] [3] reported evidence for possible
synthesis of a super heavy (SH) element (Z = 112) in the irradiation of tungsten
target with 24 GeV protons.

They irradiated three W-targets, each with mass of 33 g and thickness 120 g-cm™
using the CERN PS accelerator. These targets are referred to as W1, W2 and W3.
Table 1 gives some information on irradiation of the targets [1]. The W1 target

was available for analysis 3 - 4 month after the end of the irradiation.

DOI: 10.4236/wjnst.2018.84013  Sep. 27, 2018 147 World Journal of Nuclear Science and Technology


http://www.scirp.org/journal/wjnst
https://doi.org/10.4236/wjnst.2018.84013
http://www.scirp.org
https://doi.org/10.4236/wjnst.2018.84013
http://creativecommons.org/licenses/by/4.0/

S. R. Hashemi-Nezhad et al.

Table 1. Irradiation data for three tungsten targets from [1].

L . Time between end of irradiation
Target Irradiation period =~ Number of protons on target .
and start of analysis

W1 About a year 2% 10" 3 to 4 months
W2 About 4 months 7 x 107 A few days
W3 NA NA NA

For reasons given in [1] most of the reported experimental results and find-
ings are for W2-target and we will focus on this target as well.

The synthesis of isotope 3Cn  of element 112 via
aCa+ U — 25Cn — 23Cn+3n reaction was reported in 1999 [4] [5]. Prior
to that in 1996 [6], production of *’Cn in *®Pb ("°Zn, n) reaction has been re-
ported. The half-life of **Cn is 4 s and *’Cn has a half-life of 0.69 ms.

Discovery of the short-lived isotopes of element 112 does not rule out the ex-
istence of long-lived isotopes of this element.

Marinov et al. [1] [2] [3] suggest that neutron deficient long lived isotopes of
element 112 can exist and may be produced with higher cross-sections.

Their claim is based on the following assumptions and observations:

1) Element 112 would be a chemical homologue of mercury (Eka-Hg).

2) Detection of spontaneous fission events in Eka-Hg sources separated from
proton irradiated W-targets, which could not be attributed to actinides or to any
other known isotope.

Heavy ion fusion experiments such as [4] [6] obviously will not be able to
detect the long-lived SH isotopes because very few atoms of these are produced.
On the other side, experiments like that of the Marinov et a/ will not be able to
detect the short-lived SH isotopes because of the required long chemical separa-
tion times.

Several attempts to reproduce the experimental findings of Marinov et al
were inconclusive, see e.g. [7] [8] [9] [10]. The rejection by Barber et al [11] of
the claim of Marinov et al was recently addressed by Brandt et al [12] who
point out that presently unexplained findings may indicate novel reaction paths
leading to unexpected results.

In this paper we use the experimental results given in the publications of Ma-
rinov et al. to investigate the feasibility of reproducing their findings in possible

future experiments.

2. Calculation of Spontaneous Fission Half-Life of Eka-Hg

Table 2 gives a timeline of the experiments and measurements on W2 target af-
ter the end of the proton irradiation, taken mainly from [1]. For those periods
where no information was available in the literature, reasonable times have been
assigned by us. The timeline given in the last column of Table 2 is used in this
report.

The most unambiguous experimental results reported [1] are the fission
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Table 2. Timeline of experiments and measurements after the end of the irradiation.

Chemical separation and alpha activity measurements

Row Lo Experimental Times used in
Description

number times from Ref. 1  the calculations

Time from end of irradiation
1 i K A few days 4d
to start of chemical separation

2 Chemical separation period NA 2d
3 Alpha counting of 406 h (16.92 d) 16.92d
4 Eka-Hg source from W2 236 h (9.83 d) 9.83d

Time interval between two
5 i 24d 24d
alpha counting (3 and 4 above)

Alpha counting of Eka-Hg

6 280 h (11.7 d) 11.7d
source from W1 sample
; Time gap between alpha counting NA 0.5d
of the W2 and W1 sources
8 Background alpha counting 10d 10d

Total time from end of irradiation
9 . NA 79d
to end of alpha counting

Fission event detection

Time gap between end of alpha counting

10 NA 0d
and start of fission track recording
11 First Makrofol foil exposure 7d 7d
12 Second Makrofol foil exposure 14d 14d
13 Time gap between two exposures 4d 4d
Time spent for thickness reduction
14 NA 1d
of Eka-Hg source from W2
15 First Makrofol foil e.xposure sd sd
(reduced sample thickness)
Second Makrofol foil exposure
16 . 8d 8d
(reduced sample thickness)
17 Time gap between two Makrofol exposures 13d 13d

events recorded after attempts to reduce the thickness of the Eka-Hg source
prepared from W2 target, (Table 2, rows 15 - 17). The spontaneous fission
half-life of Eka-Hg can be calculated using these data.

The fission events in the source were recorded as tracks in Makrofol KG po-
lycarbonate foils (hereafter referred to as Makrofol) that were placed in close
contact with the surface of the source.

First of all one need to convert the observed fission tracks in the Makrofol
foils to the number of fission events in the source.

Fission track density p (tracks cm™) in a foil in contact with a fission source is
related to the number of fission events per unit volume of the source, N, by the

following relationship [13] [14]
p =neudN, (1)

where:
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nis number of fragments per fission event (we use 1= 2);

eis fission track detection efficiency of Makrofol foil which is ~1;

M is a parameter that depends on fission source thickness d and range of the
fission fragments in the source material, R.

For a thin source (d < R) equation 1 can be written as

N, =N, (2)

where N, is total number of fission tracks detected in the Makrofol foil, N, is

number of fission events in the source and 7 is
n=nsu 3)

For a thin source, uis given by [13] [14]

1 d
u _E(l—ﬁj ()

Determination of u requires knowledge of source thickness, and range of fis-
sion fragments. The authors of [1] mention that the thickness of the Eka-Hg
source was 2 mg-cm >, but the density of the source material is not given. If we
assume that source material has a density equivalent to the density of HgO
(11.14 g-cm™), thickness of the source and range of fission fragments in the
source material may be calculated as 1.8 um and 8 um, respectively.

Using the Equation (4) and values of nand & we obtain 7= 0.89.

The first Makrofol foil was in contact with W2 source for 8 days and showed
28 tracks (row 15 of Table 2). Thus

28
= _ N 1_ -84

where M, is the number of Eka-Hg nuclei in the source at the start of the 1st
Makrofol exposure (row 15 of Table 2) and A is the spontaneousfission decay
constant.

The second Makrofol exposure (row 16 of Table 2) started 13 days after the
end of the first one and the number of tracks in this foil after 8 days of exposure

was 23. The number of Eka-Hg nuclei at the start of the second exposure is
Nl, _ Nle—(8+13)/1

Thus for the second Makrofol exposure we get

2. Ne ™ (1-e*) (6)
n
From Equations (5) and (6) we obtain: 1=9.37 x 10> d " and ¢,, ~ 74 d.
The number N, of Eka-Hg at the start of the fission track measurements can
be calculated using Equation (5) or Equation (6);

N, = 436

Taking into account that fission track recording (row 15 of Table 2) started
105 days after the end of the irradiation, the number of Eka-Hg at the end of the

irradiation was:
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N =1165

This number must be corrected for the number of the produced Eka-Hg nuc-
lei that have decayed in the course of the 4 month irradiation period.

The total number of 24 GeV protons that was delivered to W2 target from the
PS accelerator of CERN in late 1960s was 7 X 10'7. With a pulse repetition time
of 2.4 s and number of protons per pulse of 10'* [15] [16] total actual target ex-
posure time has been ~1.68 x 10° s (~19 days). This implies that ~84% of the ir-
radiation time (~4 month) the target did not receive any proton while the pro-
duced Eka-Hg nuclei were decaying. Therefore a large number of the nuclei of
interest have been lost prior to the start of chemical separation. An accurate cal-
culation of this lost activity requires knowledge of the exact timeline of the ir-
radiation and pulse intensity distribution during the irradiation period. In ab-
sence of such data and taking into account the calculated half-life, we estimate
that at least 60% of the activity survived to the end of the irradiation. Thus the
corrected number of the produced Eka-Hg is

N, ~1941

3. Production of Spallation Residues in Interaction of 24 GeV
Protons with Tungsten Target

It is assumed that the production of element 112 in a W-target irradiated with
24 GeV protons is possible via fusion of Sr isotopes (spallation products) with W
nuclei of the target. Marinov et al. [3] and Kolb et al [17] suggest

BSr+ %W — 22Cn and 2Sr+'¥W — 22Cn  reactions.

We used HTAPE card in the MCNPX 2.7 code [18] to calculate the types and
numbers of residual nuclei produced in the interaction of 24 GeV protons with a
"*W-target. The target specifications were same as given by [1], ie. cylindrical
"W targets of thickness (length) 120 g-cm™ and mass of 33 g, which translates
to a cylinder of diameter 0.6 cm and length 6.2 cm. In the calculations the direc-
tion of the proton beam coincided with the target axis.

Figure 1(a) shows the charge distribution of all isotopes (spallation products)
and Figure 1(b) illustrates the yield of Sr isotopes (Z = 38) produced in the in-
teractions. All together sixteen isotopes of Sr with (A = 77 to 92) with total yield
of 8.32 x 107 per proton are produced. The spallation residue yield is strongly
dependent on the target length (along the beam line); for a shorter target length
it will be less than the above given figure.

From Figure 1(b) it is evident that most abundantly produced isotopes of Sr
(62%) are those with mass numbers of 82, 83 and 84. Fusion of these isotopes

with W and "W will result in
82 184 266 82 186 268
@l + ;W — 7°Cn and 5Sr+ ;W — ;,Cn
83 184 267 83 186 269
wor+ W — 1,Cn and ;Sr+7,W — 7,Cn

84 184 268 84 186 270
ol + ;W — 7°Cn and 5,Sr+ ;W — 7;,Cn
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Figure 1. Spallation residues produced in 24 GeV p + "W interac-
tions. (a) Yield of all spallation products (b) Yield of Sr isotopes.
Lines connecting data points are to guide the eye.

The mass numbers of Eka-Hg in the above given interactions are less than 272
given by Marinov ef al. [3] and the products are neutron deficient isotopes.

Combined production rate of these three Sr isotopes (*®Sr) is 5.15 x 107 per
proton which is 7 times higher than the combined production rates of **Sr and
88r (7.25 x 107*), considered by Marinov et al. to be the principal participants in
the fusion reaction with W nuclei [3].

4. Estimation of the Eka-Hg Production Cross-Section

An accurate estimation of the production cross-section of Eka-Hg with the
available data is not possible for the following reasons:

1) The exact number of protons that hit the target is not known. From the
publications it is not clear how the targets were irradiated? What was the proton
direction with respect to the target axis? How was the beam fluence measured?
Do the given proton numbers refer to those that hit the target or are they the
numbers of the protons that were extracted from the accelerator?

Lack of this information in the publications implies that measurement of the
production cross-section of Eka-Hg was not part of the experimental plan of
Marinov et al.

2) As already mentioned, 16 isotopes of Sr are produced with different produc-
tion rates. Out of these ¥Sr and *Sr have been nominated to produce **Cn via fu-

sion with W nuclei. Each Sr isotope has its own fusion reaction cross-section with
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a given W-isotope of "™W.

However a rough estimation of the production cross-section of *?Cn is possi-
ble with the following assumptions:

1) The given proton numbers are actually those that hit the target.

2) The beam direction was along the target axis.

3) Cross-sections for sSr+ %W —22Cn and 2Sr+ W — °Cn reac-
tions are similar to each other.

Then, using the calculated yields of the Sr isotopes of the interest, isotope
fractions of the W-isotopes in ™W and a beam dose of 7 x 10" protons, one ob-

tains a production cross-section of 1.6 nb.

5. Case of Uranium Target

Production of element 112 is possible via fusion of **U with Ca. Similar to the
case of the W-target, we calculated the spallation residue yields in the interaction
of 24 GeV protons with a U-target, of the same shape and dimensions as the
W-target. The mass of U-target will be slightly less (~1.5%) than that of the W
because of the difference in densities.

Figure 2(a) shows the charge distribution of all spallation residues produced
in the interactions. Obviously the hump in the middle of the distribution is po-
pulated mainly with the ***U-fission products.

Figure 2. Spallation residues produced in 24 GeV p + **U interactions.
(a) Yield of all spallation products; (b) Yield of Ca isotopes. Lines con-
necting data points are to guide the eye.
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All together 22 isotopes of Ca with A =40 - 62 are produced, with a total yield
of 3.14 x 107 per proton. This is about 2.7 times less than the yield of
Sr-isotopes produced in the W-target. Isotopes *****Ca make about 63% of the
total Ca yield. The yield of **Ca relevant to the experiments of Oganessian et al.
[4] is less than 2% of the total Ca yield.

If isotopes **Cn and **Cn were produced in the proton irradiated U-target,
they would not be detectable by chemical separation method because of their
very short half-lives. If fusion of Ca isotopes (from the spallation residues) with
»%U nuclei in the target was possible then in order to produce the isotope **Cn,
the post fusion compound nuclei must evaporate between 6 and 28 neutrons
which is highly improbable for energetic reasons.

Boos et al. [19] irradiated a uranium target of mass 65 g with (4 + 1) x 10"
protons of 24 GeV using the CERN PS accelerator. The irradiation period was 20
days and chemical separation process of the target started three weeks after the
end of the irradiation. They prepared two thin sources of HgS as carrier for
Eka-Hg. For detection of the possible spontaneous fission activity in the HgS
sources mica foils were placed in close contact with source 1 and 2 for periods of
2.6 y and 0.6 y, respectively. The mica foil placements on source 1 and 2 started
2.4 month and 1.4 month after the end of the irradiation, respectively. After ex-
posure the mica foils were etched and scanned under an optical microscope; not
a single fission track was detected.

The theoretical calculations given in this section confirm the experimental

observations of Boos et al. [19].

6. Energy Distribution of the Spallation Products

Figure 3 shows the energy distribution of the all residual nuclei in the target vo-
lume, produced in interaction of the 24 GeV protons with "W-target. As can be
seen, almost all of the residual nuclei, regardless of their charge and mass have

energies less than 100 MeV, well below (about one third of) the coulomb barrier

Figure 3. Energy distribution of the spallation residues produced in the interaction of 24
GeV protons with tungsten target of thickness 120 g-cm ™ and total mass of 33 g.
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height of the (Sr + W) system. Therefore, if fusion of these nuclei in proton irra-
diated W-target were possible, then it had to be deeply sub-barrier fusion.

7. Effects of Proton Beam Energy on the Energy Distribution
of Spallation Residues

Figure 4 shows the spectra of the neutrons and protons in interaction of 24 GeV
protons with a tungsten target of thickness 120 g-cm™ and mass 33 g. On av-
erage for every incident proton, there are 0.71 protons with energy greater than
23.7 GeV in the exit channel. Neutrons carry 5.2% and protons 80.6% of the beam
energy. With energy and target size [1] used in the calculations majority of the
beam protons leave the target without being engaged in an inelastic nuclear inter-
actions and only lose small fraction of their energy via electronic interactions.

To increase the production rate of Sr nuclei in the W-target one need to:

1) Increase the target length to reduce number of the non-interacting beam
protons.

2) Increase the beam dose at optimum proton energy.

Figure 5 shows the energy distribution of the heavy spallation residue (Z > 2)
at different incident proton energies in interaction with a tungsten target of
length 20 cm and diameter 0.6 cm. The energies of the spallation residue corre-
spond to those at the moment of their production (Ze. maximum possible en-
ergy) and the energy degradation in the target environment is not taken into ac-
count. We chose a target with small diameter to reduce the amount of the un-
necessary and disruptive radioactivity production. Obviously for a target of di-
ameter 0.6 cm one prefers to have a proton beam of diameter less than 0.6 cm.

Spectra of the heavy ion residue at beam energies in the range of 3 GeV < £, <
24 GeV do not change significantly. For clarity of the figure in Figure 5 only the
spectra at £, > 5 GeV are shown. Most important, the total number of the pro-
duced ions per incident proton at different beam energies remains almost con-
stant (Table 3). This is expected because; the heavy spallation residue mainly
result from the proton induced fission of the target tungsten nuclei, a process
that takes place after the cascade, pre-equilibrium and evaporation stages of the

spallation reaction.

Table 3. Total number of heavy spallation residues produced on irradiation of a 20 cm
long W target with protons of different energies.

Proton energy (GeV) Total number of heavy ion residue per proton Statistical uncertainty

0.5 2.5500E-02 1.10E-04

1 2.4400E—-02 1.07E-04

5 2.5400E—-02 1.14E-04

10 2.2200E-02 9.56E-05

15 2.2500E-02 9.69E-05

20 2.2900E-02 1.01E-04

24 2.3100E-02 1.02E-04
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Figure 4. Spectra of the neutrons and protons escape the W-target (diameter 0.6
and length 6.2 cm) on its irradiation with 24 GeV protons.

Figure 5. Energy distribution of the heavy nuclei (Z > 2) in irradiation of a
W-target of diameter 0.6 cm and length 20 cm with protons of different energies.

Thus we conclude that if one intends to search for the interaction of any heavy
spallation residue with the target nuclei, very high energy proton beam is not

required.

8. Discussion

From the available published data [1] the half-life of the spontaneous fission
events detected in the source from W2 target was estimated to be ~74 days.

Monte Carlo calculations show that, in the irradiation of a tungsten target
with 24 GeV protons 16 isotopes of Sr are produced. The yields of these isotopes
are sufficiently high to justify the assumption of the fusion reaction of Sr + W in
the target. However, because of low energies of the spallation residues, if fusion
of Sr and W nuclei in proton irradiated W-target were possible, then it had to be
deeply sub-barrier fusion.

If sub-barrier fusion of (U + Ca) system is possible, auranium target irradiated
with 24 GeV protons is not expected to showany isotopes of element 112. Most

abundantly produced Ca isotopes are “*******Ca where the product mass range
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goes from *’Ca to “Ca. The post fusion compound nuclei need to evaporate 6 to
28 neutrons to reach mass 272 which is very unlikely. Short lived isotopes of
element 112 produced via irradiation of **U with Ca ions will not be detectable
because of the required long chemical separation and sample preparation times.

The proton dose of the W1 target was 2 X 10'® over an irradiation period of
about one year. Similar to the case of the W2 target, it is estimated that the actual
irradiation period during which the W1 target was receiving protons, was about
58 days. The estimated half-life and duration of the proton irradiation of the W1
target and considering that fission track recording started ~200 days after the
end of the irradiation, failure to detect any spontaneous fission activity in source
prepared from W1-target may therefore be justified.

Monte Carlo calculations using the MCNPX code show that energy distribu-
tion of the heavy ion spallation residue do not change for a very wide range of
the incident proton energies. Therefore, if Sr + W fusion in proton irradiated
W-target is possible, then one does not need to have very high energy proton
beam. A relatively long target at a proton energy of >3 GeV will be sufficient to

produce the desired number of Sr nuclei in the tungsten target.

9, Conclusions

Findings of Marinov et al imply the following possibilities:

1) Production of super-heavy element in proton irradiated tungsten target.

2) Production of very long-lived isotope of SHE which are not known so far.

3) Production of SHE in deep sub-barrier fusion reactions.

4) Production of SHE with much higher cross-sections than those known so
far.

We believe that new experiments with today’s knowledge, experimental facili-
ties and techniques are required to examine and test the reproducibility or oth-
erwise disprove the Marinov ef al claims.

As strontium isotopes in the proton irradiated W-target will not have energies
greater than 100 MeV (fission fragment energy), the most straightforward me-
thod for examining the Z = 112 production in a W-target is to irradiate a thin

foil of W with a very heavy dose of 100 MeV Sr ions and look for fission events.
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Abstract

The Ghana Research Reactor-1 (GHARR-1) core was modified with an addi-
tion of a 9.0 mm layer of beryllium to the top shim tray to compensate for
reactivity loss due to fuel depletion after 19 years of operation. Neutronic and
kinetic parameters have been predicted using Monte Carlo N-Particle Code
version 5 (MCNP5) to determine whether they were within acceptable oper-
ating margins. Excess reactivity, control rod worth, moderator reactivity coef-
ficient, delayed neutron fraction and neutron generation time have been pre-
dicted as 3.86, 6.98, —0.1218 mk/°C, 8.17507 x 107> Ak/k, and 8.147 x 107 s
respectively. These parameters compared favorably with those provided in
the initial Safety Analysis Report.

Keywords

Delayed Neutron Fraction, Neutron Generation Time, Moderator Reactivity
Coefficient, Power Peaking Factor

1. Introduction

The Ghana Research Reactor-1 (GHARR-1) has undergone core conversion
from the use of 90.2% high enriched uranium (HEU) fuel to the use of 12.5%
low enriched uranium (LEU) fuel. The conversion of the reactor core was done
under a project supported by the International Atomic Energy Agency (IAEA)

with the aim of reducing proliferation risks associated with HEU fuel [1]. Con-
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version of the core was of benefit to Ghana Atomic Energy Commission
(GAEQ), as the reactor core had been in operation for 19 years.

During the 19 years of operation, the excess reactivity of the HEU core
dropped from 4.0 mk to about 2.3 mk due to fuel depletion and accumulation of
fission products, some of which are neutron poisons. To restore the excess reactiv-
ity to the required 4.0 mk, the HEU core was modified with an addition of 9.0 mm
of beryllium to the top shim tray. This modification was supported by an as-
sessment of various safety parameters [2]. The assessment of safety parameters
and associated operational margins was necessary to provide an indication of
whether the reactor would operate safely in all modes. Besides assessment of the
safety parameters, it was also necessary to document the operating conditions of
the HEU core after addition of beryllium to the top shim tray as well as to up-
date the final safety analysis report (SAR) related to conversion of core as re-
quired by the regulatory authority. Data generated under this work will also be
used as reference for operating conditions of the LEU cores since it was envis-
aged that the operating conditions of the LEU would be similar to those of the
HEU [3].

The safety parameters that were updated in the final SAR for the HEU core
are; thermal hydraulics, neutronics and kinetics respectively. Thermal hydraulic
parameters are not discussed under this work but have been discussed in [2].
This work assesses neutronic and kinetic parameters of GHARR-1’s HEU core
after 19 years of operation and subject to addition of 9.0 mm of beryllium to the

top ship tray.

Description GHARR-1

The reactor was designed by the China Institute of Atomic Energy (CIAE) and
was commissioned in 1986. It was designed to operate with a nominal power of
30 kW and a maximum neutron flux of 1 x 10" n/cm>s. The core was designed
to use HEU as fuel, beryllium as reflector, light water as a moderator as well as a
coolant and natural convection for cooling. The reactor was used for educational
purposes, human resource development in nuclear science and technology, neu-
tron activation analysis, and production of short-lived radioisotopes for use in
hospitals. The core had 354 lattice positions arranged in 10 concentric circles at
a pitch distance of 10.95 mm. It had 344 uranium-aluminum (U-Al) alloy fuel
elements, 6 dummy aluminium elements, 4 tie rods, 2 grid plates and a central
guide tube for the cadmium control rod. It was surrounded by an annular beryl-
lium reflector and rested on a block of beryllium reflector plate. The top part of
the core had a shim tray which was used for adding layers of beryllium for in-
creased neutron reflection and reactivity insertion into the core. The top shim
tray design allowed for reactivity compensation due to fuel depletion and accu-
mulation of fission products as the reactor operated. Figure 1 shows a schematic
diagram of the vertical cross-section of GHARR-1’s HEU core.

The reactor was under moderated with a high negative moderator tempera-

ture reactivity coefficient (approximately —0.1 mk/°C for the temperature range
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Figure 1. A schematic diagram of the vertical cross-section of GHARR-1 [1].

20°C - 45°C), and a low critical mass which rendered it inherently safe. The
availability of these characteristics, assured safety of the reactor under an array
of possible accident conditions, such as power excursion that would occur fol-

lowing an accidental insertion of reactivity into the core [4] [5].

2. Theory

Neutron interactions with reactor materials cause different phenomena such as
nuclear fission, induced radioactivity and associated decay heating. These inte-
ractions play a central role in creating the power distributions, within nuclear
materials, that drive the heat transfer process in a reactor. They also help in the
determination of reactor safety, core properties, reactivity control, reactor kinet-
ics, xenon stability, fuel depletion, and are also important for isotope production
[6]. Reactor properties can deviate from nominal conditions due to planned or
unplanned changes in reactivity and abnormal or accident conditions. The devi-
ation from nominal conditions has an effect on the neutron flux in the reactor
core.

An understanding of the time-dependent behavior of neutrons in a nuclear
reactor is important in the analysis of nuclear reactor safety. The transient neu-
tron flux behaviour resulting from a departure from criticality may arise during
operational changes such as control rods movement, environmental changes
such as those of boron concentration, or accidental disturbances in steady-state
operating condition. This phenomenon, among others, may be classified as ei-
ther reactor kinetics or reactor dynamics.

Reactor kinetics also known as reactor kinetics without feedback, is the study
of the neutron flux’s time-dependence for postulated changes in the macroscopic
cross sections. Reactor dynamics or reactor kinetics with feedback and with spa-
tial effects, is the study of the time-dependence of a neutron flux on the macros-
copic cross sections as a function of the neutron flux level [7]. The kinetic para-
meters of importance in safety evaluation of a nuclear reactor are the effective
delayed neutron fraction, prompt neutron lifetime and neutron generation time

[8].
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Neutronics of a nuclear reactor is the study of the distribution and multiplica-
tion of neutrons in the reactor and its effect on reactor power distribution. Dif-
fusion codes are important in the study of neutronics and also in the determina-
tion of the neutron flux from the solution of the neutron diffusion equation. The
neutron flux is important in computing the power distribution [9]. It also looks
at how neutrons multiply in a reactor. The neutronic parameters that are im-
portant for the dynamic reactor behaviour are the excess reactivity, shutdown
margin, control rod worth, power peaking factors and the various reactivity
coefficients [10].

The multiplication of neutronsis is important if a reactor has to sustain a
chain reaction. In order to have a sustainable chain reaction, neutrons emitted
during fission should be able to cause further fissions in other fissile or fissiona-
ble nuclei. The fission chain reaction is quantitatively expressed in terms of the
effective neutron multiplication factor (X_4). The neutron multiplication factor,
expressed by Equation (1), is a ratio of the number of neutrons in the current
generation and the number of neutrons in the preceding generation. This factor
is dependent on various parameters that also vary with temperature and are
linked to reactor safety.

Number of neutrons in one generation

= - - - (1)
Number of neutrons in the preceding generation

eff

When K is equal to unit, the reactor is said to be critical, when above or be-
low unit, the reactor is said to be super critical or subcritical respectively. The
measure of a reactor’s departure from criticality is called reactivity (p) and is de-
fined as a fractional change in neutron population per generation. Equation (2)
shows the mathematical expression of reactivity.

Ky —1
Kett

p= (2)

The ability to predict correctly the effective multiplication factor (X, and
computation of reactivity (p) is fundamental to solutions of criticality problems.
The K,;and p are important in the computation of such parameters as; the de-
layed neutron fraction, control rod worth, shutdown margin, neutron life time,
and neutron generation time (A).

Correct computation of the prompt neutron generation time for a nuclear
reactor under design or whose configuration has been modified is important for
prediction and optimization of various reactor parameters. The neutron genera-
tion time has a bearing on various interactions and environmental conditions
within a reactor. The prompt neutron generation time (A) is the average time
from birth of a neutron to a point it reproduces itself through fission. The
prompt neutron generation time can also be defined as the inverse of the neu-
tron production rate as expressed by Equation (3). This is applicable when con-
sidering a one-group diffusion-theory approximation.

1
CWE ¢

3)
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where Vin the average neutron velocity, v is the average number of neutrons
produced per fission and ¥ ,in the fission macroscopic cross section.

There is, however, a difference between neutron generation time and neutron
life time. Neutron life time is the time period between the birth of a neutron and
its absorption. The neutron life time can be used to determine the neutron gen-
eration time using Equation (3). In light water reactors, the prompt neutron
generation time increases with fuel burn up. This may be caused by a reduction
in fissile materials as well as absorption in the moderator which makes the
prompt neutron live much longer [11].

One of the commonly used method for determining the neutron generation
time is the 1/ V absorber method. This method applies the K, and p to compute
the neutron generation time. In this method, all reactor materials in the core
model are doped with small amounts of a 1/ V neutron absorber material. The
1/V neutron absorber material inserts a negative reactivity expressed by Equa-
tion (4).

u pt
where K, is the perturbed multiplication factor due to the 1/ ¥ neutron absorber
material and K], is the steady state unperturbed multiplication factor. According
to Bretscher [12] [13] the negative reactivity inserted is equal to the product of
the neutron lifetime (/,), the atomic density (1) of the 1/ V' neutron absorber ma-
terial (atoms/b-cm), the speed of thermal neutrons (V = 2.2E5 cm/s), and the
absorption cross section (o= 3837b) of the 1/ V neutron absorber material. This

relation is expressed by Equation (5).

Ak

Ak e
——=1Vno thus | =—2- 5
k P 0 Vno )

The neutron generation time is given as the limit of /, as the n approaches ze-
ro. Equation (6) gives the expression for the neutron generation time.
Ak
_k

A=l = Ve (©)

3. Method and Materials

Monte Carlo N-Particle Transport (MCNP) is a general-purpose, continuous-
energy, generalized-geometry, time-dependent, coupled neutron/photon/ elec-
tron Monte Carlo Transport code. The MCNP code is useful for complex prob-
lems that cannot be modeled by computer codes that use deterministic methods.
Various cases can be simulated in several transport modes: neutron only, photon
only, electron only, combined neutron/photon transport where the photons are
produced by neutron interactions, neutron/photon/electron, photon/electron, or
electron/photon. The neutron energy regime is from 107! MeV to 20 MeV, and
the photon and electron energy regimes are from 1 keV to 1000 MeV. The capa-
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bility to calculate K, eigenvalues for fissile systems is also a standard feature.
The individual probabilistic events that comprise a process are simulated se-
quentially. The probability distributions governing these events are statistically
sampled to describe the total phenomenon. It consists of following each of the
many particles from a source throughout its life to its death in some terminal
category (absorption, escape, etc.). Probability distributions are randomly sam-
pled using transport data to determine the outcome at each step of its life. In this
work, MCNP was used because of its ability to model complex three-dimensional

geometries and its extensive validation [14].

3.1. Modification to GHARR-1’s MCNP Model

The Reactor Burn up System (REBUS) code has been used to generate an inven-
tory of isotopes produced due to fission products and fuel burn up after 19 years
of GHARR-1’s operation. The REBUS code was simulated under GHARR-1’s
operation scheme of 2.5 hours per day, 4 days a week and 52 weeks a year. This
was done to produce an inventory of isotopes that was reflective of GHARR-1’s
operating period. This inventory of isotopes was used to update the material
card’s fuel composition in GHARR-1’s MCNP5 model. The material card is used
to define the composition of different materials in the reactor model. A 9.0 mm
layer of beryllium was added to the top shim tray of the reactor core as can be
seen in Figure 1. The addition of beryllium added a reactivity worth of 1.3 mk
which was sufficient to compensate for reactivity loss in the core due to fuel

burn up and accumulation of fission products after 19 years of operation.

3.2. MCNP Simulation Criticality Problem

Criticality problems in MCNP are simulated using the KCODE card which re-
quires an input of the nominal number of source histories () per cycle, an ini-
tial guess of K, the number of source cycles (1) to be skipped before K, can
accumulate, the number of active cycles (/,), and the total number of cycles (Z)
[15].

The control rod worth, delayed neutron fraction, neutron generation time,
shutdown margin, and power peaking factor cases have been simulated with the
following specifications in the model; N was set at 300,000, K, was given an ini-
tial guess of 1.004, 7, was set as 250 cycles with 7_set at 20 cycles and the remain-
ing I, set 230 cycles being active. These values were adequate to provide suffi-
cient statistical accuracy in the results. The value for the number of cycles to be
skipped was chosen to provide enough cycles for K,; to statistically converge
around a certain solution, allowing for the most accurate results to be obtained.
The initial guess for K_;of 1.004 was based on the K ;for GHARR-1’s clean core
value, thus this value was sufficient to allow for good statistical accuracy in the

prediction of K, A total of 69 million particles were used for each simulation.

3.2.1. Excess Reactivity
Simulation for K, was performed with the control rod fully withdrawn and the
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KCODE card parameters set as described in Section 3.1. The K, obtained was
used to compute the excess reactivity using Equation (7).
K —1

keff (7)

p:

3.2.2. Shutdown Margin
The core has been simulated with the control rod fully inserted into the reactor

core. The K,

n

obtained has been used to compute p,,, using Equation (8).

1-k
effi, (8)

psdm =

effj,

3.2.3. Control Rod Worth
Two cases have been simulated to obtain the eigenvalues needed to compute the
control rod worth. For the first case, the control rod was fully withdrawn, giving
a multiplication factor K4, and in the second case, the control rod was fully
inserted into the reactor core giving the multiplication factor K4, Equation (9)
was used to compute the control rod worth (p_,,).

ety ~ e ©)

Pew =7 1 = Pout ~ Pin

effout effin

3.2.4. Reactivity Coefficients

Reactivity coefficients have been simulated with the following KCODE card in-
put; N was set at 200,000, K, was given an initial guess of 1.004, 7, was set at 220
cycles with the first 20 cycles /. being inactive and the 200 cycles 7, being active.

A total of 40 million particle histories have been used.

3.2.5. Moderator Temperature Coefficient

To obtain multiplication factors required to determine the moderator tempera-
ture coefficient, changes were made to the TMP card and all Cell cards that con-
tain water in the MCNP model for GHARR-1. The TMP data card allows for
input of equilibrium energy (MeV) of atoms in the fuel at a particular tempera-
ture. The TMP card and all Cell cards containing water in the model were re-
spectively updated with the equilibrium temperature (MeV) and density corres-
ponding to the temperature ("C) that was being simulated for. The multiplica-
tion factors were predicted for the temperature range 20°C to 100°C. Table 1
shows the temperatures that have been used for predicting K_,and their corres-
ponding equilibrium temperatures, densities and percent voiding. Correspond-
ing reactivities for the temperature ranges have been computed using Equation
(8). Each moderator reactivity computed has been plotted against the corres-
ponding temperature (°C) to obtain the relationship between temperature (°C)
and reactivity. The reactivity response to change in temperature has been deter-
mined using the 2" order differential equation. Equation (10) has been used to

compute the moderator temperature coefficients.
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Table 1. Relationship between temperature, equilibrium energy density and percent void.

Temperature (°C) Equilibrium energy (MeV) Density (g/cm?) Void (%)
20 2.5125e-08 0.99820 0.00
30 2.6124e-08 0.99567 0.18
40 2.6935e-08 0.99221 0.70
50 2.7847e-08 0.98807 1.02
60 2.8709e-08 0.98324 1.50
70 2.9571e-08 0.97777 2.00
80 3.0432e-08 0.97170 2.55
100 3.2156e-08 0.95835 391

a, =L (10)
X

where a, is the reactivity coefficient for parameter (x).

3.2.6. Moderator Void Coefficient

The MCNP5 code does not have a card to input percent voiding in water due to
changes in temperature. An indirect method has been used where densities cor-
responding to percent void as presented in Table 1 for the temperature range
20°C to 100°C were used. This indirect method is an accurate way for water
voiding in MCNP Daniel [16]. The temperature range 20°C to 100°C was chosen
to cover both normal and higher temperatures. During normal operations of the
reactor, the coolant temperature does not change significantly, however higher
temperatures were chosen to study the behaviour of the moderator void coeffi-
cient at higher temperature.

All Cell cards containing water and the TMP card were respectively updated
with densities and corresponding temperatures (*C) for the range 20°C to
100°C. Respective multiplication factors have been predicted for each tempera-
ture. Corresponding reactivities for the temperature range 20°C to 100°C were
computed using Equation (8). Table 1 shows the densities and their relative
percent voids and temperatures that were used. The relationship between tem-
perature and reactivity was determined using the 4™ order polynomial equation.

Equation (10) was used to compute the moderator void coefficient.

3.2.7. Fuel Temperature Coefficient

The TMP data card was updated with temperatures for the range 30°C to 600°C.
This range was adequate to cover the operating range for the U-Al alloy fuel
whose melting temperature is 640°C. It was also sufficient to give an indication
of the variation of the fuel temperature coefficient under accident conditions.
The multiplication factors were predicted for the temperature range 30°C to
600°C. Corresponding reactivities for the temperature range 30°C to 600°C were
computed using Equation (8). The relationship between temperature and reac-

tivity was determined using the 4™ order polynomial equation. Equation (10)
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was used to compute the fuel temperature coefficient.

3.3. Kinetic Parameters

3.3.1. Effective Delayed Neutron Fraction

The effective delayed neutron fraction (f.;) has been determined using the
Prompt method which requires prediction of the multiplication factor for two
cases [17]. The first case involves prediction of the multiplication factor for
prompt neutrons (K,) only without the delayed neutrons. The second case in-
volves prediction of the multiplication factor (K, which combines both prompt
and delayed neutrons.

In this method, the TOTNU data card with entry NO has been used to obtain
the multiplication factor for prompt neutrons only. The TOTNU data card with
entry NO prevents the influence of delayed neutrons on multiplicity per fission.
Thus, the multiplicity per fission is due to the average prompt neutron and sub-
sequently K, is predicted for all fissionable nuclides with available prompt val-
ues.

The TOTNU card without any entry has been used to predict the average
number of neutrons from fission. The TOTNU card without any entry considers
both prompt and delayed neutrons and the resultant effective multiplication
factor expressed by Equation (1) is given as K,

For both cases, the KCODE card parameters were set as described in Section
3.1. The values for K, and the K,;have been used to compute the delayed neu-

tron fraction using Equation (11).

ﬂeff = : (11)

3.3.2. Neutron Generation Time

The neutron generation time has been determined using the 1/V absorber
method described in Section 2. Boron-10 has been used as a doping material be-
cause of its 1/V neutron absorption property. Eleven cases have been used to
predict multiplication factors required for the determination of the neutron
generation time (A). The first case was used to predict the unperturbed multi-
plication factor (K,) an equivalent of the multiplication factor K, described by
Equation (1) for a reactor without any doping materials added. The remaining
10 cases have been used to predict the perturbed multiplication factors (X,
for10 different concentrations of boron-10 in the range 6.0 x 107 - 15 x 107
atoms/b-cm. Concentrations of boron lower than 6 x 10~ atoms/b-cm have not
been used since they do not provide significant change in reactivity as it has been
reported by Hanson A. L. and Diamond D. J. [18]. Table 2 shows the concentra-
tions of boron-10 that were used to dope reactor core materials. For each of the
11 cases, the KCODE card has been used to predict multiplication factors with
parameters set as described in Section 3. The corresponding negative reactivity
inserted and the prompt neutron lives were computed using Equations (4) and

(5). The various neutron life time (/,) obtained using Equation (5) have been
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Table 2. Boron-10 concentrations for reactor core material perturbation.

Case Boron-10 Concentration (atoms/b-cm)
1 Normal Condition
2 6.0 x107*

3 7.0 x 1078
4 8.0x 1078
5 9.0x107®
6 10.0 x 107®
7 11.0 x 107®
8 12.0 x 107#
9 13.0 x 107*
10 14.0 x 107#
11 15.0 x 107®

plotted against their corresponding boron concentrations. The neutron genera-
tion time (A) has been determined as the intercept on the Y-axis based on the
graphical application of Equation (6).

4. Results and Discussion

Table 3 shows a comparison of neutronic and kinetic parameters from this work
and those provided for in the initial GHARR-1 Safety Analysis Report. Neutron-
ic parameters for GHARR-1 after 19 years of operation were observed to be in
good agreement with those provided in the initial SAR. The excess reactivity was
predicted to be within the expected margin of 3.5 mk to 4.0 mk and it was also
determined to be less than the limiting value of 1/2f,,as required if the reactor is
to operate normally. If the excess reactivity exceeds 1/28,; the reactor would
tend to prompt criticality with a power excursion within seconds rendering it
impossible to control. The control rod worth was predicted to be slightly higher
compared to the value reported in the SAR even though the two values were
fairly in agreement. The higher value from this work could be attributed to the
increased margin between reactivities p,,, and p,, described by Equation (9). It is
expected that the reactivity p,, inserted when the control rod is fully inserted into
the reactor core would be lower for the core after 19 years of operation com-
pared to the value provided in the initial SAR due to increased negative reactivi-
ty resulting from fuel depletion and accumulation of neutron poisons. This
causes a wider margin between the two reactivities making the control rod worth
slightly higher. The control rod worth is an important design parameter for the
safety of a reactor.

The shutdown margin (p,,,) was predicted to be slightly higher compared to
the value provided in the initial SAR. This could be attributed to a reduced value
of the multiplication factor K4, for the control rod fully inserted into the reactor

core. From Equation (8), the reduced K4, implies an increased value of p,;,.
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Table 3. Comparison of neutronic and kinetic parameters from this work and the SAR.

Simulation Results Irradiated Core ~ Sigma  Safety Analysis Report (SAR)
Control rod fully withdrawn 1.00388 1.4x10™ 1.00400
Excess reactivity (mk) 3.86 - 4.0
Control rod fully inserted 0.99689 1.4x10™ -
Control rod worth 6.98 2.0%107? 6.8
Shutdown margin 3.12 8.0 x 107 3.0
Delayed neutron fraction (Ak/k) 8.17507 x 107> 4.0 x 107* 8.08 x 1073
Neutron generation time (AX/&) 8.147 x 10> 2.0x10°° 8.12 x 107°
Maximum power peaking factor 1.3522 - 1.3525
Moderator reactivity coefficient (mk/°C) -0.1218 - -0.1

The reduction in the value of multiplication factor K

n

compared to that in the
SAR is influenced by increased neutron absorption due to accumulated neutron
poisons in the fuel after 19 years. Despite the addition of a layer of beryllium to
the top shim tray, the neutron poisons accumulated in the fuel still add a small
amount of negative reactivity into the reactor core. This negative reactivity
causes the p,,, to be slightly higher compared to that reported in the SAR.

Figure 2 compares the axial power density distribution of the reactor core af-
ter 19 years and that of the core provided in the initial SAR. The axial power
density distribution has its maximum value at the center of the core. This could
be attributed to the presence of water as a moderator in the control rod guide
tube when the control rod is fully withdrawn, and the presence of the annular
beryllium reflector around the center that causes a dense population of neutrons
due to low neutron leakage in the center compared to the top and bottom parts
of the reactor core. As can be observed, the power density starts decreasing
axially from the center of the core. However, towards the top shim tray and the
bottom beryllium block, it starts increasing again. The increase in power density
towards the top and bottom beryllium blocks is influenced by increased neutron
population as a result of neutrons being reflected by beryllium.

Both power distributions for the core after 19 years and that of the core pro-
vided in the initial SAR tilt lower towards the top of the reactor core. This im-
plies the power at the top of the core in both cases is lower compared to the bot-
tom of the core. This could be attributed to high neutron leakage at the top of
the core compared to the bottom parts of both cores. The top part of the initial
core is bare and that of the core after 19 years is reflected by 9 mm of beryllium
compared to 50 mm of beryllium for the bottom parts of both cores.

Both the core after 19 years and that provided in the initial SAR show a simi-
lar power density distribution. However, the distribution for the core after 19
years is lower compared to that of the core provided in the initial SAR for the
bottom part of the power density distribution. The lowered power density dis-

tribution observed near the bottom for the core after 19 years compared to the
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Figure 2. Comparison of axial power distribution of the irradiated and clean cores.

core provided in the initial SAR could be attributed to accumulated fission
products including neutron poisons in the fuel. These neutron poisons are not
present in the core provided in the initial SAR. Towards the top of the core,
there is an overlap where the core after 19 years has a higher power density dis-
tribution compared to the core provided in the initial SAR. The power density
distribution overlap observed could be attributed to increased neutron density
due to the presence of a 9.0 mm of beryllium that was added to the top shim tray
after 19 years of operation.

The maximum power peaking factor for the core after 19 years was predicted
to be 1.3522 and that of the core provided in the initial SAR was predicted to be
1.3525. Both values are within the expected range or 1.3 - 1.5 for light water
moderated research reactors.

Figure 3 compares the integral control rod worth of the core after 19 years
with that of the core provided in the initial SAR. The plot shows that the control
rod worth for the core after 19 years is lower compared to that of the core pro-
vided in the initial SAR for the length 0.0 mm to 215.0 mm from the bottom of
the core. Beyond 215.0 mm, the control rod worth for the core after 19 years is
higher compared to that of the core provided in the initial SAR. The lower neu-
tron population due to fuel depletion and presence of neutron poisons in the
bottom part of the core after 19 years causes the control rod to absorb fewer
neutrons. This is observed through the lower values of the control rod worth for
the core after 19 years compared to that of the core provided in the initial SAR.
The integral control rod is an important design feature which shows how effi-
cient a control rod is in absorbing neutrons.

Figure 4 shows a plot of the neutron lifetime (/,) against boron-10 concentra-

tion. The neutron generation time (A) was determined as the intercept on the
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Figure 3. Comparison of the Integral control rod for the irradiated and clean cores.

Figure 4. Plot of neutron life time against boron concentration.

neutron-lifetime axis. The mathematical computation is elaborated in Equations
(3) to (6). The value for the neutron generation time for the core after 19 years of
operation was determined to be slightly higher compared to that of the core pro-
vided in the initial SAR. This could be attribute, in part, to the reduced average
number of neutrons produced per fission due to fuel depletion and accumula-
tion of neutron poisons in the fuel despite the addition of 9.0 mm of beryllium
to the top shim tray. In light water reactors, the prompt neutron generation time
increases with fuel burnup. This may be caused by a reduction in fissile materials
as well as absorption in the moderator which makes the prompt neutron live
much longer. Mathematically, this could be explained using Equation (3) from
which the variable is the number of neutrons produced per fission. Reduction of

this value implies an increase in the prompt neutron generation time.

Moderator Void Coefficient

The moderator void coefficient for the temperature range 20°C to 100°C was
predicted to be negative. Figure 5 shows the relationship between water voiding
and reactivity. The correlation between water voiding and reactivity was deter-
mined to be negatively strong with a value of —0.9839. This entails, an increase
in water voiding due to an increase in temperature, would cause a decrease in
reactivity. This is a safety design feature of the reactor which renders it safe in
case of an accidental insertion of abnormal reactivity that could cause boiling
and voiding. In case boiling occurred, the reactivity would reduce thus prevent-

ing power excursion. Equation (12) shows the moderator void coefficient as a
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Figure 5. Moderator density (void) change with temperature (°C).

function of temperature for the reactor core after 19 years of operation.

a,(T)=3.0x10""T*-4x10°T* +1.8x10°T? - 0.0016T +0.021643 (12)

It can be observed from Table 4 and Figure 5 that the temperature feedback
becomes more negative for greater temperatures of water. Thus the reactor will
not have any detrimental effects in case of any abnormal operations resulting in

temperature increase.

5. Conclusion

Neutronics and kinetic parameters of GHARR-1’s HEU reactor core after 19
years subject to addition of 9.0 mm of beryllium to the top shim tray have been
observed to be within the acceptable operating margins. The parameters were in
good agreement with those of the core provided in the initial SAR. The accumu-
lation of fission products and neutron poisons in the fuel meat had some effects
on various parameters despite addition of beryllium. This caused some parame-
ters under this work to either be higher or lower compared to those provided in
the initial SAR. However, neutronic and kinetic parameters were observed to be
within the allowed margins and as such the reactor was safe to operate with the
addition of 9.0 mm of beryllium which compensated for the reactivity loss. The
results obtained under this work are fit to be used as a basis for comparing oper-
ating conditions of the LEU cores and also for future works to be carried out on
the LEU core model.
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Table 4. Reactivity coefficients.

Temperature Range Irradiated Core Clean Core
Parameter . . .
[§©) (mk/°C) (mk/°C)
Fuel Temperature 20-40 -0.00347
Reactivity Coefficient 50 - 100 ~0.00294
200 - 600 —0.00266 -
Average (mk/°C) —-0.00303 -
Moderator Void 20 - 40 —0.08644
Reactivity Coefficient 50 - 100 -0.19194
Average (mk/°C) -0.13871 -
Moderator Temperature (only)
. . 20 - 40 0.007848
Reactivity Coefficient
50 - 100 0.003924
Average (mk/°C) 0.005886
Combined Moderator 20 - 40 —-0.08921
Reactivity Coefficient 50 - 100 —0.15456
Average (mk/°C) —-0.12188 -0.13 (SAR)
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Abstract

The aim of our present work is to measure the specific activities of the radio-
nuclides **°Ra, **’Th, *K and the exhalation rates in terms of area and mass of
*”Rn in some samples of building materials commonly used in Morocco in
order to evaluate the radiological risk caused by natural radioactivity. To this
end, the analyses were carried out, using two nuclear techniques, namely high
resolution gamma spectrometry and alpha dosimetry based on the use of
LR115, on 50 samples collected from large commercial suppliers in Morocco.
The results of these analyses show that the average specific activities of **’Ra,
*Th and “K in these materials vary from 9 to 52 Bq/kg, 3 to 63 Bq/kg and 68
to 705 Bq/kg respectively. These activities remain within the permissible lim-
its of 35 Bq/kg, 30 Bq/kg and 370 Bq/kg respectively, with the exception of a
few samples of red brick, gray cement, ceramic and granite. The activity of
the radium equivalent (Ra,,), the internal (/) and external (/,,) hazard in-
dices, the absorbed dose rate (D), the total annual effective dose (E,,), the
excess lifetime cancer risk (ELCR) as well as volumic activities, exhalation
rates in terms of area (E;) and mass (£,,) are calculated for the samples ana-
lyzed in this work in order to assess the radiological risks resulting from the
use of these materials in various construction activities. It seems that the val-
ues of these indices vary from 19 to 196 Bq/kg, 0.08 to 0.67, 0.05 to 0.53, 9 to
91 nGy/h, 0.05 to 0.56 mSv/y, 0.19 x 107 to 1.96 x 107>, 72 to 350 Bg/m’, 56
to 273 mBg-m>h™' and 3 to 15 mBq-kgh™" respectively. The lowest values
are identified for gypsum, while the highest are attributed to granite. All of
the obtained results of these indices respect the permissible limits except for
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the Ra,, in some granite samples, the ELCR index in all samples except gyp-
sum and the radon volumic activity in some gray cement samples, ceramic
and granite. As a result, the different types of building materials analyzed in
our work do not present a health risk to the public and can be used in various
construction activities, with the exception of a few samples of red brick, gray
cement, ceramic and granite. The choice of the use of red brick, gray cement
and ceramic should be monitored and adapted according to the criteria of the
limitation of the doses whereas the use of the granite must be moderate in
order to limit over time the health risk which increases with the duration of
exposure of humans to these building materials.

Keywords

Building Materials, Natural Radioactivity, Radionuclide, Radon Exhalation
Rate, Radium Equivalent, Annual Effective Dose

1. Introduction

Since 1970, indoor air quality has become a major preoccupation for public
health, due in part to the time we spend indoors (on average 87%) [1] and the
high diversity of the airborne contaminants found therein, biological, chemical
and physical [2]. Building materials represent a continuous source of natural
radiation because it is produced from rocks and soils that contain radioactivity
at varying levels depending on their origins [3] [4]. Radioactive exposure to
building materials can be divided into internal and external exposure. This latter
is due to gamma radiation from the different radionuclides of the three radioac-
tive decay chains (***U, *°U, **Th) and “K. Internal exposure is due to the inha-
lation of radon and its progeny. *’Rn is now considered the main source of hu-
man exposure to natural radiation [5]. It is a naturally occurring radioactive gas
from the disintegration of ***Ra, itself part of the ***U disintegration chain. When
disintegrating, radon emits alpha particles and generates solid progeny, which
are also radioactive (polonium, bismuth, lead, etc.). These descendants continue
to disintegrate and emit radiation, in particular of the a and S type. Once in-
haled, it dissipates their energies into the surrounding lung tissue, thereby da-
maging the lung cells, and altering their atomic structure. In 1987, the Interna-
tional Agency for Research on Cancer (IARC) of the World Health Organization
(WHO) recognized radon as a pulmonary carcinogen for humans [5].

In Morocco, the building materials industry is currently experiencing signifi-
cant growth. A growing demand means the creation or expansion of several
production units (cement works, brickworks, etc.). In recent years, the building
industry uses a raw material, large quantities of waste with a technologically en-
hanced natural radioactivity (coal ash, phosphogypses, etc.) [6] [7] [8]. The use
of these materials in building materials has economic advantages but may affect

the doses received by humans inside buildings as has been demonstrated in var-
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ious studies [9] [10] [11]. Hence, the knowledge of the natural radioactivity in
buildings materials from the three radioactive decay chains (**U, **U, **Th) and
“K, is necessary and important for the assessment of the radiological impact on
the public and the environment. To evaluate the radiological impact of these
materials on the population and the environment, and through these specific ac-
tivities, we calculated several radiological risk indices, namely radium equivalent
(Ra,,), internal (H,) and external (/) hazard indices, total annual effective

dose (E,,,) as well as the excess lifetime cancer risk (ELCR).

2. Materials and Methods
2.1. Sample Preparation

The building materials samples to be analyzed are collected from large and im-
portant commercial suppliers in Morocco. As regards sand, samples are taken
from seven different quarries in the Doukkala region. Before any analysis and to
obtain homogeneous samples, these building materials are dried in an oven at
40°C for 24 hours and then ground and sieved through a 100 pm mesh screen.
The screened samples are packaged in radon-tight containers for at least 4 weeks

to establish the secular equilibrium corresponding to seven half-lives of *’Rn.

2.2. Spectroscopic Analysis

The measurement of the natural radioactivity in the prepared samples is carried
out by gamma ray spectrometer using the Broad Energy Germanium detector
(BEGe) at Pluridisciplinary Institute Hubert Curien in Strasbourg, France. It is a
planar type Hyper-Pure Germanium HPGe detector associated with a set of
electronic modules for shaping the pulses, amplifying and storing the pulses de-
livered during the passage of the gamma rays through the detector. Its energy
measurement range is 30 to 3000 keV with a resolution of 0.633 keV to 122 keV
and from 1.934 keV to 1332 keV [12].

As regards the energy and efficiency calibration of the BEGe detector, a
multi-energy certified standard is analyzed under the same conditions and
geometry as the samples studied. This standard contains several y-emitting ra-
dionuclides such as ! Am (60 keV), 'Cd (88 keV), *’Co (122, 136 keV), **Ce
(165 keV), *'Cr (320 keV), '°Sn (391 keV), **Sr (514 keV), '’Cs (661 keV), *Y
(898, 1836 keV) and®Co (1173, 1332 keV). Samples of building materials are
packaged in SG50 geometry and counted for 172.800 seconds. The treatment of
the amplitude spectra is carried out using automatic analysis software Genie
2000 [12] allowing to give directly the mass activity of each radioelement present
in the sample.

The volumetric activities and the exhalation rate in terms of area and mass of
the radon in the prepared samples are carried out using the alpha dosimetry. For
this purpose, several pieces of 2 x 2 cm® of Solid State Nuclear Track Detector
(SSNTD) LR115 type 2 non strippable, Kodak brand 12 um thick, are exposed in
sealed cylindrical “cans” of 5.5 cm diameter and 9.5 cm height by 50 g of each
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sample of building materials. After two months of irradiation, the LR115 are
chemically treated in a 2.5 N sodium hydroxide solution during 100 min at a
temperature of 60°C. The developed films are read using an optical microscope.
The density of traces per unit area and per unit time in LR115 and the volume

activity of radon A" are determined according to [13].

3. Results and Discussions
3.1. Specific Activities

The specific activities of the radionuclides **Ra, **Th and “K are calculated by
gamma spectrometry, after establishment of the secular equilibrium, in the var-
ious samples of building materials using the following ratios of energies:
e 2MPh (295 keV and 352 keV) and **Bi (609 keV, 1120 keV and 1764 keV) for
226Ra;

e 22Ac (911 keV and 969 keV) and 2*Pb (239 keV) for >**Th;
e “K (1461 keV) from the emission intensity line 10.55%.

Figure 1 shows the minimum, the maximum and the average specific activi-

ties of *Ra, *’Th and “K radionuclides measured in the different types of

Figure 1. Specific activities of different radionuclides in Moroccan building materials.
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building materials. It can be seen that the contribution of the activity of the “K is
much greater than that contributed by the **U and the ***Th. It should also be
noted that the activity of **Th in each sample is less than that of ***Ra except for
the red brick, ceramic and granite samples.

From these values, it results that the low average specific activities are record-
ed in the gypsum for the radionuclides **Ra and ***Th, and in the white cement
for the K with average activities of the order of 9 Bq/kg, 3 Bq/kg and 68 Bq/kg
respectively. The highest average specific activities for the **Ra, ***Th and *K
radionuclides are recorded in the granite and are respectively of the order of
52 Bq/kg, 63 Bq/kg and 705 Bq/kg. All the specific activities of the measured
*?%Ra, **Th and *K are within the permissible limits of 35 Bq/kg, 30 Bq/kg and
370 Bq/kg [4], respectively, with the exception of a few samples of red brick, gray
cement, ceramic and granite. Therefore, the choice of materials for building
constructions should be monitored and adapted according to the criteria of the
limitation of doses.

In Table 1, and for comparison with our results, the specific activities of nat-
ural radionuclides are grouped together in samples of building materials in Mo-
rocco and some other countries. Overall, the specific activities obtained in this
study are comparable to those found in other countries, with the exception of a

few activities that are remarkably higher than ours.

3.2. Radium Equivalent

Due to the non-uniform distribution of natural radionuclides in building ma-
terial samples, the radiological index radium equivalent Ra,, is generally
represented as the sum of the specific activities of **Ra, **Th and *’K based on
the assumption that 10 Bq/Kg of **Ra, 7 Bq/kg of *’Th and 130 Bq/kg of *K
would produce the same dose rate of gamma radiation. This is the most widely
used index for radiological risk assessment. It is calculated using the following
equation [5] [28]:

Raeq = A226Ra + 1'43A232Th +0.077 A40K (1)

where A,r.> A and Ay, are the specific activities in (Bq/kg) of *°Ra,
*Th and “K in the samples analyzed.

In Table 2, the mean values of the radium equivalent Ra,, varying from 19 to
196 Bq/kg, which are still below the permissible limit of 370 Bq/kg [5], are
grouped together for the samples analyzed. We note that the lowest value is
found in the gypsum, while the highest is in the granite.

From these results, we can consider that these building materials do not
present a significant radiological hazard to the population and can be used in
various construction activities. However, it should be noted that the Ra,, values
vary considerably in the same type of building materials and may in some cases
exceed the permissible limit. This is the case of granite where the maximum val-
ue of the equivalent radium Ra,, is of the order of 382 Bq/kg. The use of the lat-

ter in construction activities must be moderate.
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Table 1. Comparison between the specific activities of building materials in a few coun-

tries.
Specific activities (Bq/kg)
Samples Country References
226Ra 232Th 40K
European Union 45 31 216 [14]
China 21.7+£1.92 22 +£0.89 181 +3.75 [15]
Gray
Turkey 399 +18.0 264198 316.5 + 88.1 [16]
Cement
South Korea 345+1.7 194+1.5 241 £ 6.7 [17]
Morocco 31+5 19+3 238 + 29 Present Work
Egypt 17.45 £2.33 8.44 +£1.49 4.09 £ 4.72 [18]
Turkey 32.8+5.1 163176 99.2 £ 31.8 [16]
White Qatar 189 £0.5 4.9+0.5 62.9 +22.6 [19]
Cement Serbia 1843 1245 55 + 37 [20]
Iraq 49.577 £ 0.865 16.74 +2.28 32.6 £4.31 [21]
Morocco 25+4 22+3 68 +8 Present Work
Saudi Arabia 33.28 £4.7 472 +2.8 88+4.4 [22]
Ttaly 6+5 2+2 32 +43 [23]
Gypsum
Iran 8.1+0.1 22x0.1 116 £ 11 [24]
Morocco 9+1 3+1 7319 Present Work
Iran 37.0+1.5 122+ 0.7 851 £ 15 [24]
Albania 334+64 422+76 644.1 £ 64.2 [25]
Red brick
Egypt 23.06 £ 2.60 23.11 £2.99 447.84 £ 10.16 [18]
Morocco 23+4 21+3 360 + 41 Present Work
Egypt 288.5+17.49 77.77 £15.61 909.5 £59.73 [18]
Block Iran 207 1.1 3.0+£04 436 £ 14 [24]
Morocco 273 23+3 300 + 37 Present Work
Egypt 51.12+2.74  40.52+2.54 682.6 +10.13 [18]
Turkey 33.1+£25 49.5+33 459.1 £51.3 [26]
Ceramic
Syria 65.878 = 1.0 28.16 £ 3.0 401 + 14.67 [21]
Morocco 285 305 340 £ 42 Present Work
Saudi Arabia 12.7+3.4 13.2+1.4 64+3 [22]
Marble Algeria 23+2 18+2 310+ 3 [27]
Morocco 18+2 10+1 154 + 19 Present Work
Saudi Arabia 23+1.4 30004 340 + 6.7 [22]
Granite Turkey 67.5+47.6 77.4+£53.0 9153 +£361.2 [16]
Morocco 52+6 638 705 + 84 Present Work
Turkey 38.8 £10.0 29.5+11.3 471.4+101.2 [26]
Qatar 13.2+£0.3 3.34 £ 0.05 2255+6.1 [19]
Sand
Pakistan 21.5+0.5 31.9+0.5 519.6 £ 6.0 [28]
Morocco 22+3 203 274 £ 47 Present Work
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Table 2. Average values of radium equivalent, hazard indices, absorbed dose rate, annual effective dose and the excess lifetime

cancer risk in the samples of building materials analyzed.

Samples Ra,, o, i, D E, E, E,, ELC}{

(Bq/kg) (nGy/h) (mSv/y) (mSvly) (mSvly) (x107%)
Graycement 777 0.29 £ 0.05 0.21 £ 0.04 362 0.18 £ 0.04 0.04 + 0.01 0.18 £ 0.04 0.77 £ 0.06
Gypsum 19+£2 0.08 + 0.02 0.05 + 0.02 9+1 0.04 £ 0.01 0.01 £ 0.01 0.04 + 0.01 0.19 £ 0.01
Whitecement 62+4 0.23 £ 0.04 0.17 £ 0.03 28+1 0.14 £ 0.03 0.03 £ 0.01 0.14 £ 0.03 0.60 = 0.05
Red brick 82+ 12 0.28 £ 0.04 0.22 £ 0.04 39+4 0.19 £ 0.04 0.05 + 0.01 0.19 £ 0.04 0.83 £ 0.07
Block 82+11 0.30 £ 0.05 0.22 £ 0.04 39+3 0.19 £ 0.04 0.05 £ 0.01 0.19 £ 0.04 0.83 £ 0.07
Ceramic 97 £ 14 0.34 £ 0.05 0.26 + 0.05 45+5 0.22 £ 0.05 0.06 £ 0.02 0.22 £ 0.05 0.97 £ 0.09
Marble 45+ 4 0.17 £ 0.03 0.12 £ 0.02 21+1 0.10 £ 0.03 0.03 £ 0.01 0.10 £ 0.03 0.45 + 0.04
Granite 196 £ 17 0.67 £ 0.06 0.53 £ 0.05 917 0.45 + 0.08 0.11 £ 0.03 0.45 + 0.08 1.96 £ 0.10
Sand 728 0.26 £ 0.04 0.20 + 0.04 34+3 0.17 £ 0.04 0.04 £ 0.01 0.17 £ 0.04 0.73 £ 0.07

3.3. Internal and External Hazard Indices

The calculation of the total activity of radionuclides in building materials alone
does not make it possible to assess the radiological risks of gamma radiation.
Other risk indices are also taken into account and are defined by a model taking
into account the maximum activity of Ra,, (370 Bq/kg). The external hazard in-
dex H,, is defined by the following equation [5] [28]:

H, = Posera n Aosot i Aok )
370 259 4810

In addition to this external hazard, the respiratory organs are threatened be-
cause of the decay of **Ra into *’Rn and its descendants. To account for this
threat, the maximum permissible activity for **Ra is therefore reduced by half
(185 Bq/kg). This internal hazard H,, is quantified by the following relation [5]
[28]:

Hin — A226Ra + AZ32Th + AAOK (3)
185 = 259 4810

Table 2 gives the internal and external hazard indices of the samples of the
building materials studied. The values of the internal hazard index according to
the materials vary between 0.08 and 0.67 while for the external hazard index they
are between 0.05 and 0.53. The values are maximum for granite and minimum
for gypsum. None of these values exceeds the unit, the maximum value of the

internal (H,,) and external (H,,) hazard indices allowed.

3.4. Absorbed Dose Rate and Annual Effective Dose

The absorbed dose rate D (nGy/h) due to the specific activity of natural radio-
nuclides from building materials in air at 1 m height is defined by the following
equation [5]:

D(nGy/h)=0.462A,,c, +0.604A,,,, +0.0417 Ay, (4)
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Table 2 summarizes the results of the absorbed dose rates in air for the ana-
lyzed building materials. We note that the highest value is attributed to granite
(91 nGy/h) while the lowest value is gypsum (9 nGy/h). These values of absorbed
dose rates are below the permissible limit (55 nGy/h) [5] with the exception of
the granite sample.

To estimate the annual effective dose received by the population, we take into
account the coefficient of conversion of dose rate absorbed in air in effective
dose (0.7 Sv/Gy) and external occupancy factor (0.2) [5]. The annual effective

doses are determined as follows [5]:
E, (mSv/y)=D(nGy/h)x8760(h)x0.2x0.7(Sv/Gy)10°° (5)

E;, (mSv/y)=D(nGy/h)x8760(h)x0.8x0.7(Sv/Gy)10° ©)

The results of the annual external (E,,), internal (£,) and total (£, effective
doses for the samples of building materials studied are given in Table 2. It is
found that the total value for each sample is less than the annual effective dose
limit set at 1 mSv/y [5]. Therefore, we consider that these building materials do
not present a radiological risk to the population and can be used in the construc-

tion of buildings.

3.5. Excess Lifetime Cancer Risk

The Excess Lifetime Cancer Risk (ELCR) treats the probability of developing
cancer during the life of a human being at a certain level of exposure. The ELCR

is calculated using the following equation [29]:

ELCR=E._ xDLxRF (7)

tot

Or:

E,, is the total annual effective dose (uSv/year);

DL (Duration of Life) is the average life span of a human being (70 years);

RF is the Risk Factor fatal by cancer (Sv™'). For stochastic effects, the Interna-
tional Commission on Radiological Protection (ICRP) estimates the value of this
factor to be 0.05 for the public [30].

In Table 2, ELCR values range from 0.19 x 107 to 1.96 x 10~ where the low-
est value is found in the gypsum, while the highest is in the granite. The ELCR
value at the granite sample far exceeds the permissible limit of 0.29 x 10~ [29].
As a result, the risk of cancer increases with increasing exposure to these mate-

rials.

3.6. Volume Activities and Radon Exhalation Rates

After calculating the density of traces per unit area and per unit time in the
LR115, the volume activities of the radon A" are calculated using the detec-
tion efficiency equal to 0.0258 (traces-cm>j')/(Bq-m™) [31]. The exhalation rate
in terms of area (E;in Bq-m *h™") and mass (E,, in Bq-kg™"-h™") of *’Rn are de-

termined by the following equation [32] [33]:
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g ANV ®)
S, _t + [}in](e“‘*"‘ —1)_

P L ©)
M _t +(;an(e'%‘ —1)_

With Af‘” is the volume activity of radon (Bq-m™*h); V'is the volume of the
enclosure (m®); A, is the *’Rn decay constant (h™"); S.is the area of the sample
(m?); Mis the mass of the sample in kg and t is the exposure time (h).

We present in Table 3 the average values of the volumetric activity and exha-
lation rate in terms of area and mass of radon measured in the samples of the
building materials analyzed. These values vary respectively from (72 to 350 Bq/m’),
(56 to 273 mBq-m>h™") and (3 to 15 mBq-kg™"-h™') where the lowest values are
identified in the gypsum, while the highest values are in the granite. All volumic
activity values for radon are in the range of 100 to 300 Bq/m® recommended by
ICRP [34] with the exception of some samples of gray cement (191 to 366 Bq/m?),
ceramic (159 to 322 Bq/m?) and granite (132 to 610 Bg/m?).

In Table 4, for comparison with our results, the volumetric activities and ex-
halation rates in terms of area and mass of radon in building materials samples
in Morocco and some other countries. Overall, the obtained results in this study
are comparable to those found in other countries, with the exception of a few
values that are remarkably higher than ours.

A positive correlation is found between the specific activities of **Ra on the
one hand, it is determined by high resolution gamma spectrometry and the ex-
halation rates of *’Rn calculated with the alpha dosimetry based on the use of
LR115 on the other hand. This correlation is illustrated in Figure 2 with a cor-

relation coefficient in the order of 0.96.

Table 3. Volume activity and exhalation rate of radon in different samples of Moroccan
building materials.

Samples A" (Bq/m?) E¢(mBg-m2h™) E,;(mBqgkg™-h™)

Type Nr. Range Average Range Average  Range Average

Gray cement 7 191-366 248 26 149 - 286 194 £ 21 8-15 10+2

Gypsum 5 54 -92 72+7 42 -72 56 +4 2-4 3+1
White cement 5 184 - 198 191 £ 19 144 - 155 149 + 15 7-8 7+1
Red brick 5 130 - 192 159 £ 16 101 - 150 124 + 13 5-8 71
Block 5 140 - 211 176 + 19 109 - 165 137 £ 19 6-9 7+1
Ceramic 6 159 - 322 226 £ 22 124 - 251 176 £ 18 7-13 10+2
Marble 5 69 - 220 151 + 16 54 -172 118 + 12 3-9 6+1
Granite 5 132 - 610 350 + 34 103 - 476 273 £ 26 5-25 15+3
Sand 7 140 - 275 190 £ 20 109 - 215 148 £ 16 6-11 81
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Figure 2. Correlation between the specific activities of *Ra and the ex-
halation rate of *’Rnin building materials samples.

Table 4. Comparison between the Radon volume activities and the exhalation rates of
radon in building materials in a few countries.

A" Es Ey
S 1 Count: Refi
amples ountry (Ba/m?) (mBqm=>h") (mBqKg ) eferences
India 307 244 11.2 [35]
Gray cement Jordan 177 90 [3 [36]
Morocco 248 194 10 Present Work
Palestine 102 63 6.4 [37]
Cement .
R India 365 288 13.3 [35]
White
Morocco 191 149 7 Present Work
Saudi Arabia 157.5 145.7 4.6 [38]
Gypsum Algeria 42 36 - [39]
Morocco 72 56 3 Present Work
Brick Algeria 166 101 - [39]
red Morocco 159 124 7 Present Work
India 235 241 - [40]
Block Jordan 160 82 6 [36]
Morocco 176 137 7 Present Work
Algeria 75 65 - [39]
Ceramic Palestine 132 75 3.2 [37]
Morocco 226 176 10 Present Work
Algeria 56 48 - [39]
Libya 264.6 212.7 9.8 [41]
Marble
Saudi Arabia 76.4 72.3 - [38]
Morocco 151 118 6 Present Work
Palestine 246 146 7.2 [37]
Granite
Morocco 350 273 15 Present Work
Palestine 84 48 2.4 [37]
Sand Jordan 267 149 14 [36]
Morocco 190 148 8 Present Work
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4. Conclusion

In this present work, we used gamma spectrometry to determine natural ra-
dioactivity in 50 samples of building materials commonly used in Morocco. The
specific activities of the **Ra, **Th and *K radionuclides measured in these
samples vary from 9 to 52 Bq/kg, from 3 to 63 Bq/kg and from 68 to 705 Bq/kg
respectively. These activities of the studied samples are within the permissible
limits with the exception of a few samples of red brick, gray cement, ceramic and
granite. To evaluate the radiological impact of these building materials on the
population, the environment and through these specific activities, we calculated
several radiological risk indices, namely radium equivalent (Ra,,), internal (/)
and external (H,) hazard indices, the absorbed dose rate (D), the total annual
effective dose (E,,), the excess lifetime cancer risk (ELCR), the volume activities
( A™") and the exhalation rate in terms of area (£) and mass (£,,). It follows that
the values of these indices vary from 19 to 196 Bq/kg, 0.07 to 0.67, 0.05 to 0.53, 9
to 91 nGy/h, 0.05 to 0.56 mSv/y, 0.19 x 107 to 1.96 x 107, 72 to 305 Bq/m’, 56 to
273 mBg:m>h™" and 3 to 15 mBq-kg “h™" respectively. The lowest values are
identified for gypsum, while the highest are attributed to granite. All of the ob-
tained results of these indices respect the permissible limits except for the Ra,, in
some granite samples, the ELCR index in all samples except gypsum and the ra-
don volumic activity in some gray cement samples, ceramic and granite. Conse-
quently, the different types of building materials analyzed in this work do not
present any significant health risks to the public and can be used in various con-
struction activities with the exception of a few samples of red brick, gray cement,
ceramic and granite. The choice of the use of red brick, gray cement and ceramic
should be monitored and adapted according to the criteria of the limitation of
the doses whereas the use of the granite must be moderate in order to limit over
time the health risk which increases with the duration of exposure of humans to

these building materials.
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Abstract

A way is proposed to realize controllable-nuclear fusion by jy-laser or y-ray
and ordinary laser with their certain frequencies and large enough intensities
to irradiate a target ball. The function of ordinary laser is to heat the target
nuclei and to realize the inertial confinement for the target nuclei. The target
nuclei absorbing p-photons will be in a certain excited state. The scattering
cross-sections will be larger and the ignition temperature will be lower to
realize fusion of the nuclei in their excited states than those of the nuclei in
their ground states. In contrast with the nuclei applied in conventional fu-
sion, e.g., deutons and tritons, according to the way, the nuclei applied to fu-
sion should have the following characters: the nuclei have their excited states,
one of the excited states has higher energy and longer lifetime, and the masses
of the nuclei are lesser. Thus, the Lawson conditions can more easily be rea-
lized so that the controllable nuclear fusion is possibly realized by the way.

Keywords

Controlled Nuclear Fusion, Excited States of a Nucleus, Laser,
Interaction of Laser with Matter

1. Introduction

y-ray has been produced by electron-laser back-scattering. The way to realize
y-laser whose wavelength is continuously adjustable has been presented [1] [2]
[3].

To date, controlled nuclear fusion has a important progress [4], but not the
ultimate realization. A necessary condition for nuclear fusion is that the Lawson

coditions must be satisfied. One of the conditions is that the distance between
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two target nuclei must be lesser than the radius of the strong interaction. This
means that the nuclear kinetic energy must be large enough to overcome the
electrostatic potential barrier between two nuclei. The ignition temperature is
not easily achieved by traditional methods.

This paper presents a way to realize nuclear fusion at lower temperature by
y-laser or strong enough )-ray and ordinary laser to irradiate target atoms. The
ignition temperature of nuclear fusion of the excited nuclei is lower, and the
scattering cross-section of the excited nuclei is larger. Thus, the Lawson
conditions can easily be realized.

The effect of y-laser or p-ray is essntially different from the ordinary laser.
The energy of a y-photon can be the same as the difference between these two
energy states. Hence a nucleus can transit to its excited state after it absorbs a
y-photon.

In Section 2 the way to realize nuclear fusion by )-laser is presented; in
Section 3, the features of the way are explained; Section 4 is discussion; Section 5

is the conclusion.

2. The Way to Realize Nuclear Fusion by y-Laser or y-Ray

1) The Way to Realize Nuclear Fusion by y-Laser or y-Ray with Their
Large Enough Intensities

Let it have been ready that a target atom ball composed of A and B sorts of
atoms, many (such as 36) y-laser beams or many y-ray beams with their certain
frequency @,,i=AB and their large enough intensities, and many (such as
192) ordinary laser beams with certain frequencies @, and their large enough
intensities. The laser beams distribute symmetrically about the target ball and
irradiate the target ball. A nucleus absorbing a p-photon with its energy
E,=hw, will be in its excited state with its energy eigenvalues E,; .
Considering the Mossbauer Effect, i.e. the recoil effect of the nucleus, we obtain

the energy of the photon to be
E,=(Es—Ey)+(Eq—E,) /2me? E, 2T (1)

el ~v 'eF?

where E Egi ,

ground state, the mass of the ith sort of the target nuclei in the static state, and

«ir EqivM; and T are the energy of the excited state, the energy of the
the fusion temperature of the A-nuclei and the B-nuclei in their excited states. In
general, the condition E, >T, can be satistied. The function of the ordinary
laser is to strip the electrons about a nucleus and to realize the inertial
confinement for the nuclei in the target ball. In the period of the inertial
confinement for the nuclei, )-laser or p-ray irradiates the target ball from
beginning to end.

It is also possible that the target ball is composed of only the the A sort of
atoms. Because of y-laser or y-ray irradiation, the target ball becomes a plasma
composed of the A-nuclei in their excited states and electrons. When the

temperature of the plasma T, ST, incident B-nuclei (e.g. a beam of protons)
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with a certain momentum will react with the A-nuclei, the fusion of the A-nuclei
and B-nuclei can occur in the plasma.

The reaction of the two nuclei in their excited states has the following features.

The ignition temperature will be lower and the scattering cross-sections will
be larger to realize fusion of the nuclei in their excited states.

2) The distance of the nucleons in the outermost shell of a nucleus in its
excited state to its nuclear centre is larger than that of the nucleus in its
ground state to its nuclear centre

The volume of a nucleus when it is in its excited states is approximately equal
to that when it is in its ground state, because a nucleus cannot be compressed.
Although the volume of a nucleus is invarient, its shape can change. Because of
the stretching action of the nucleus in the outermost shell when a nucleus is in
an excited state, a spheric nucleus can become an ellipsoid nucleus when it
transits from its ground state to an excited state. In other words, the ratio of the
ellisoid long axis to the short axis becomes bigger when the nucleus changes
from its ground state to an excited state. Let the long axis and short axis of the
ith sort of nuclei in its ground state be ry; and r,

and r, respectively, then it

the long axis and short axis
of the ith sort of nuclei in an excited state be r

is necessary
Foii > Tgii i /Tesi > rgli/rgsi ' (2)
Because of (2), there should be
le > 1gs 11> p1g, (3)

where |, and g, are the orbital angular momenta and the orbital magnetic

moments of the nucleus in an excited state, and |, and g, are the orbital

g
angular momenta and the orbital magnetic moments of the nucleus in its ground
state.

3) Scattering cross-sections of the strong interaction of the nuclei in their
excited states will be larger than that of the nuclei in their ground states

The strong interaction of two nucleons by exchange virtual 7-mesons is
attractive interaction. Let the strong interaction radius of a nucleon be R;, then
the strong interaction radius of the A-nucleus and B-nucleus in their excited
states is R, =R, +r,, + I3, and the strong interaction radius of the A and B
nuclei in their ground states is Ry =R, + 1y, + g - It is necessary that

R, >R, (4)

because I, >Ty, and Fg>Tg.

On the other hand, the surface area of a nucleus in an excited state is bigger
than that of the nucleus in its ground state, because their volumes are the same,
but r,;>ry, . Let o, and o, are the scattering cross sections of strong
interaction of the A-nucleus and B-nucleus when both are in their ground and

when both are their excited states, respectively, then it is necessary

o, >0, (5)
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Increase of scattering cross section is equivalent to increase of the number
density n of nuclei.

4) The temperature to realize fusion reaction of the nuclei in their excited
states will be lower than that of the nuclei in their ground states

When the distance R,; of the A-nucleus and B-nucleus in their ground
states is larger than R;, Ze. Ry >R, or Ry >R, the stong interaction
between the A-nucleus and B-nucleus may be neglected, When R,; >R, or
R,z > R, the electromagnetic interaction is dominative. In order to realize the
nuclear reaction, R,y SR, or R, SR, is necessary. Let Q, and Qg are
the charges of the A-nucleus and the B-nucleus, respectively, the electromagnetic

potential energy between the A-nucleus and the B-nucleus is
Vs = QAQB/RAB : (6)

Let E; be the relative kinetic energy of the A-nucleus and the B-nucleus in
their ground states, and E, be the relative kinetic energy of the A-nucleus and

the B-nucleus in their excited states, then only when

E; 2V, =QuQs /Ry (7)

or
E. 2V, =QuQ:/R.. (8)
the nuclear reaction of the A-nucleus and B-nucleus can occur. It is obvious that
E, >E.. 9)

In fact, when nuclei are in excited states, the internal energy of the nuclei
increase. The internal energy will release out when nuclear reaction occurs.
Increase of the internal energy is equivalent to increase of of kinetic energy of
the nuclei. Hence the temperature T, to realize fusion reaction of the nuclei
when they are in their excited states will be lower than that when they are in
their ground states, i.e.

T, > T, (10)

It is seen from (3), (5) and (10) that the nuclei in an excited state can more
easily confined than the nuclei in their ground state. In other words, under the

same conditions, the confined time

Too > Ty

where 7, and 7, are the confined times of the nuclei in an excited state and

in their ground state, respectively. Consequently,

nz, >nz,. (11)

Here it is considered that increase of scattering cross section is equivalent to
increase of the number density n of nuclei. It is seen that according to the way,
the Lawson conditions can easier be realized so that the controlled nuclear
fusion can easier be realized.

5) Choice of nuclei applied to fusion and an example

In contrast with the conventional choice of fusion nuclei, it is possible that
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deutons and tritons are not optimal nuclei for fusion. It can been seen from
above mentioned that the nuclei applied to fusion should have the following
characters: the nuclei have their excited states; one of the excited states has
higher energy and longer lifetime; and the masses of the nuclei are lesser.

For example, ''B and 'H nuclei may be chosen. The target ball is composed of
the "B ,H,, molecules. Because of irradiation of ordinary laser, the "B, H,,
molecules is dissociated to plasma composed of ''B’s, p’s and electrons. It is also
possible that the target ball is composed of only the ''B atoms, but proton beams
with their large enough momenta impact the target ball. There is the following

reaction [5]

HB+p—>“C' > ¥C+y, *Be+a+E],3a+E,. (12)
YB+p—->"C+n, B+d "B+p, (13)

where °C’ is an intermediate state or an excited state of °C, E; and E; are
the energies released in the reaction. Let E_  be the relative kinetic energy of
an incident proton and "'B be in its ground state, then when E, S3MeV [5],
the reaction

“B+p—>3a+E,, E, =8.7MeV, (14)

is dominate. There is no neutron to release in the reaction, hence this is a clean
fusion-energy sources. But this reaction cross-section is lower and this ignition
temperature is higher than those of a deuton and a triton. In order to overcome
the two shortcomings, we suggest to irradiate the ''B target nuclei by y-laser or
y-ray. There is the excited state ''B" of ''B whose energy E; =2.124693 MeV
(let the energy of its ground state be zero), lifetime is 3.8 fs, and spin and parity
is (1/2)” [5]. The energy of the y-photon is

E, = Ej + EZ /(2myc?). (15)

Eg is the transition energy of the ''B nucleus from its ground state with its
spin and parity (3/2) to the excited state ''B” when the ''B nucleus is static [5],
and m; is the mass of a ''B nucleus. A ''B target nucleus absorbing a y-photon
with its energy E, will be in its excited state "B’ by the interaction of its

magnetic dipole A1.
y+"B—"B" (16)
To impact a ''B" nuclei by such proton with the energy

E., < (3—2.124693) MeV =0.875307 MeV, (17)

a reactions analogous to (14) will occur, Ze.
“B*+p—>3a+E. (18)

It is seen the ignition temperature will be lower because the relative kinetic
energy of a proton and the "B nucleus reduces from E  ~3MeV to
E., ~0.875307 MeV . Consequently, the fusion temperature will significantly

reduce.
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The particles in the final states of (18) are the same as those of (14). But The
reaction cross-section of ''B” + p is larger and this ignition temperature of ''B"+p
is lower than those of 'B+p. When E , <3MeV and !B in its ground state or
when E, <0.875307 MeV and "B in the excited state ''B’, the probability of
the reaction (13) is very small [6]. Especially, there is no neutron to release out
in the final states.

It is possible that there are the results analogous to (18) for other nuclei, e.g.
"B’ + p or *Be’ + *He, here "B is another excited state of ''B and °Be’ is an
excited state of *Be.

Another example is to choose 'B’s and neutrons. There are the following

reactions

YBin > "B+ Eon:

YB +n—"B+E,, (20)

(19)

It is seen from above described that the reaction (20) is more easilly realized
that (19), and the fusion temperature of (20) is significantly smaller than that of

(18), because there is no electrostatic potential energy to be overcomed.

3. Discussion

It is possible that the lifetime 7, of the excited state of target nuclei is shorter
than the period 7,, in which the nuclei are confined. For example, the lifetime
of the excited state "B’ is only 3.8 fs. Thus, it is possible that the nuclei have
decayed in the period 7., so that the nuclei are not in their excited states when
two nuclei impact. Thus, it is necessary that y-laser or y-ray irradiates the nuclei
from beginning to end in the period z,, . The process in which the nuclei can be
in excited states is a dynamic balance process. In order to the n, / n, >1, the
intensity of y-laser or y-ray to irradiate the target nuclei should be large enough.
It is seen from the process that such excited states which have longer lifetime
should be chosen.

The electric field intensity of a laser tail wave. is very strong and variational.
When a plasma composed of A-nuclei, B-nuclei and electrons is confined by a
strong magnetic field and is acted by the laser tail wave, the temperature of the
plasma will fastly increase. This is because the differences among the mass of a
A-nucleus, the mass of a B-nucleus and the mass of an electron are very large,
the differences among the velocities of the A-nuclei, the velocities of the B-nuclei
and the velocities of the electrons and the differences among the accelerations of
the A-nuclei, the accelerations of the B-nuclei and the accelerations of the
electrons are all very large so that collision among the A-nuclei, the B-nuclei and
the electrons is very frequent and strong. Consequently, the temperature of the

plasma must fastly increase.

4. Conclusion

This paper proposes a way to realize controllable-nuclear fusion by jy-laser or
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y-ray and ordinary laser with their certain frequencies and large enough
intensities to irradiate a target ball. The function of ordinary laser is to heat
target nuclei and to realize the inertial confinement for the plasma composed of
the nuclei and electrons. The target nuclei absorbing p-photons will be in a
certain excited state. The scattering cross-sections will be larger and the ignition
temperature will be lower to realize fusion of the nuclei in their excited states
than those of the nuclei in their ground states. In contrast with the nuclei
applied in conventional fusion, e.g., deutons and tritons, according to the way,
the nuclei applied to fusion should have the following characters: the nuclei have
their excited states, one of the excited states has higher energy and longer
lifetime, and the masses of the nuclei are lesser, for example, :'B and p. On the
other hand, it is easier to confine the target nuclei in their excited state because
the ignition temperature is lower, and the scattering sections and nuclear
magnetic moments are larger. Thus, the Lawson conditions can more easily be

realized so that the controllable nuclear fusion is possibly realized by the way.
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