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ABSTRACT 

The main objective of this paper is to analyze the current status of high-level nuclear waste disposal along with presen-
tation of practical perspectives about the environmental issues involved. Present disposal designs and concepts are ana-
lyzed on a scientific basis and modifications to existing designs are proposed from the perspective of environmental 
safety. A new concept of a chemical heat sink is introduced for the removal of heat emitted due to radioactive decay in 
the spent nuclear fuel or high-level radioactive waste, and thermal spikes produced by radiation in containment materi-
als. Mainly, UO2 and metallic U are used as fuels in nuclear reactors. Spent nuclear fuel contains fission products and 
transuranium elements which would remain radioactive for 104 to 108 years. Essential concepts and engineering strate-
gies for spent nuclear fuel disposal are described. Conceptual designs are described and discussed considering the 
long-term radiation and thermal activity of spent nuclear fuel. Notions of physical and chemical barriers to contain nu-
clear waste are highlighted. A timeframe for nuclear waste disposal is proposed and time-line nuclear waste disposal 
plan or policy is described and discussed. 
 
Keywords: High-Level Nuclear Waste; Nuclear Waste Containment and Disposal; Environment; Conceptual Model 

Designs; Radioactivity Damage; Chemical Heat Sink 

1. Introduction 

The issue of disposal of high-level radioactive nuclear 
waste, e.g., spent nuclear fuel (SNF), is not new and 
needs urgent attention due to its increasing volume 
worldwide. It is now one of the most important but con-
troversial problems of nuclear technology. Only safe and 
successful solutions to this problem would guarantee the 
long-term future of nuclear power. It is extremely diffi-
cult for policy-makers worldwide to develop a consensus 
on final disposal of high-level nuclear waste. The dis-
posal of high-level nuclear waste [1-3] is gaining a new 
momentum [4] due to the need for more electricity with 
minimal emission of CO2 and other greenhouse gases to 
limit global warming. 

Apart from disposal of safely produced SNF or high- 
level radioactive waste, the possibility of nuclear reactor 
accidents [5-8] also requires deep understanding of this 
issue from the perspective of failure. Forward planning 
[9] is the only solution of this extremely sensitive issue. 
The following three-pronged criterion can potentially 
play a significant role in achieving safety assurance on 
this important and near- and far-future humanity related 
issue. First, nuclear test [10] and accident sites can be 
helpful in forward planning [11,12]. Second important 

point which can be helpful in finding out the safe solu-
tion of this issue, is sharing of knowledge from various 
nuclear workplaces worldwide [13-17]. Strict critical re- 
view of policies, principles and implementation proce-
dure for high-level radioactive waste disposal should be 
mandatory. 

Safety of the nuclear waste containment and disposal 
can be assured by making the effective use of science in 
policy making. A policy is a set of guiding principles for 
making procedures of implementation of a scheme. A 
public policy is quite different in nature from a private 
policy and is complex subject. It requires the optimiza-
tion of a number of technical as well as well as social 
parameters. Policy for the high level nuclear wastes 
(HLW) disposal is a multifaceted issue and it requires to 
resolve a number of inter-related problems. In situations 
like disposal of HLW, comprehensive evaluation of pol-
icy success is extremely important as implications of a 
failure can be smashingly serious for the present and fu-
ture life at earth. Risk informed changes to the technical 
requirements of a HLW disposal policy is a natural solu-
tion, but stringent complications in assessment of the 
risks involved due to unpredictability of future geophysi- 
cal events over a long time scale of more than 100,000 
years are the major worries. 
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Main objective of this paper is to present/analyze the 
current status of high-level nuclear waste and/or spent 
nuclear fuel disposal along with practical scientific 
thoughts about the issue. Present disposal designs and 
concepts are analyzed on scientific bases and modifica-
tions to the existing designs are proposed. Next section 
describes an assessment of the nuclear waste disposal 
problem and its implementation plan. Section 4 presents 
analysis of current nuclear waste disposal procedures and 
a brief summary of a method for monitoring the radiation 
damage in nuclear waste containers. Section 5 is com-
posed of status comments on different aspects of nuclear 
waste disposal along with a modified burial design. Paper 
ends with conclusions of the investigation. 

2. Climate Change and Nuclear Energy 

One of the biggest questions of the time is how to meet 
the challenges caused by escalating climate change and 
growing energy demand around the globe. Nuclear en-
ergy can play a central role in mitigating the global cli-
mate change by minimizing the emission of CO2 and 
other greenhouse gases in commercial energy supply [18]. 
Public acceptance to nuclear energy is very low due to 
Chernobyl [9,11,19] and Three Mile Island [20] acci-
dents. It is being realized that factual public awareness of 
nuclear energy and related issues, especially security and 
environmental safety of nuclear engineering designs needs 
to be raised. Table 1 shows a foresight of energy con-
sumption scenarios in 2050 keeping fossil-fuel carbon 
emissions same as at present to keep a hold on the cli-
mate change [21]. If the level of nuclear energy expected 
in the above mentioned scenario is considered, thought-
ful and coherent research efforts around a few central 
themes would be needed. Nuclear reactor safety and so-
lution to the problems associated with spent nuclear fuel  

Table 1. Energy consumption scenario (Sailor et al. 2000). 

 
1997  

World 
1997  
USA 

1997 
France

2050

Population (millions) 5857 268 59 9000

Total primary energy (EJ/year) 400 99 10.3 900 

Fossil fuel (EJ/year) 343 85 6.2 300 

Renewable (EJ/year) 30 5.2 0.7 300 

Nuclear (EJ/year) 25 7.1 4.1 300 

Total per capita (EJ/year) 68 371 175 100 

Fossil fuel fraction (%) 86 85 61 33 

Nuclear energy  
Generation (GW-year/year)  
Per capita (kW-year/year)  
Fraction of electricity (%) 

 
259  
0.04  
17 

 
72  

0.27  
18 

 
43 

0.73 
79 

 
3300 
0.36 
>50 

CO2 emission (MTC) 6232 1489 102 5500

(SNF) or HLW are major concerns. 
Apart from Chernobyl and Three Mile Island, safety 

record of nuclear reactors has been extremely good. 
More than 8500 nuclear reactors built outside former 
Soviet Union, there has been no major radioactivity re-
lease accident. There have been considerable improve-
ments in reactor designs after above mentioned nuclear 
accidents [21]. Continued commitment to the best sci-
ence for improvements in safety aspects of nuclear tech-
nology, keeping the economic build low, is essentially 
needed. Upcoming nuclear reactors will have considera-
bly better safety perspective compared with present. The 
possibility of core damage in Advanced Boiling Water 
Reactor (ABWR), a US design, is estimated to be 2 × 
10–7 per reactor per year [22] SNF or HLW is a compli-
cated issue. Some of nuclear countries deem SNF as a 
disposable waste while others as an asset which associ-
ates a kind of paradox with it. Problems associated with 
this paradox issue and possible solutions are discussed in 
the next section. 

3. Problem Assessment and Implementation 
Plan 

3.1. Composition of SNF, A Representative  
Radioactive Waste 

Although composition of SNF is reactor, fuel and burn-up 
specific, a general dependence of its composition on sto- 
rage time is described in this section. Spent nuclear fuel 
shows almost a complete spectrum of radioactivity. Some 
of elements in SNF will remain radioactive for hours to a 
few years whereas others for thousands to millions of 
years. Rate of change of any of radioactive nuclei in SNF 
can be represented by the following equation, 

form decay

d d d

d d d
i i iN N N

t t t
            (1) 

whereas concentration or number of a specific specie of 
nuclei at any time are given by the following equation, 

   
form decay

d d

d d
o o

t t
i i

i i o
t t

N N
N t N t

t t
         (2) 

where o  is the starting time whereas t  is any time 
afterwards. It is clear from above equations that compo-
sition of SNF will continue changing, but in a quite de-
terministic way assuming initial composition of SNF is 
known. It is an important point to be considered while 
selecting containment materials and disposal site. 

t

3.2. High-Level Nuclear Waste Disposal  
Implementation Plan or Policy 

The conceptual model of a reliable scientific investiga-
ion is shown in Figure 1(a). Analysis and execution of  t     
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Observation Idea/Problem Conception Comparison/Analysis 

Result Testing Conclusion Outlook 

(a) 

 
(b) 

Figure 1. Conceptual model of a reliable scientific investigation (a) and high-level radioactive waste disposal plan. 

close-circle coherent activities are necessary at small scale 
before fixing the implementation methods and techniques 
for a practical large scale final disposal of SNF or high- 
level nuclear waste. Considering millions-year long ra-
dioactive and thermal life of SNF, at least 40 - 50 years 
are required to start large scale disposal. Considering 
great difficulties and extremely high cost of retrieval of 
disposed nuclear waste, political and social impacts also 
need to be analyzed carefully [11]. Figure 1(b) shows 
implementation plan or policy proposing small scale low 
activity sample disposal for studies of hydrology and 
seismic effects on disposed nuclear waste. Suitable sites 
with considerable hydrology and seismic activities need 
to be selected for these test disposals in order to under-
stand impacts of failures due to lack of scientific under-
standing about hydrology and seismic history and future 
evolution. Figure 1(b) also describes how analysis of 

observations of test disposals can help in refining current 
repository design to achieve final practical disposal re-
pository design and implementation plan. 

Urgency for solution of final disposal of high-level 
nuclear waste is due to complications involved and mul-
tidisciplinary nature of the issue which will take long 
time 40 - 50 years to reach the stage of final disposal 
even after the practical selection of the final disposal site. 
Figure 2(a) shows the spent fuel cycle which is the ma-
jor high-level nuclear waste. This simple schematic is 
based on the well-known facts and details are given by a 
number of authors, for example, [23-25]. Figure 2(b) 
shows general composition and forms of fission products 
and transuranium elements which are the most important 
for evaluation of a disposal activity. This figure is based 
on results by Buck et al. [26]. It is clear from Figure 2(b) 
hat SNF is a very special type of waste due to high per-  t    



M. A. RANA 92 

 

 
(a)                                                        (b) 

Figure 2. (a) Spent nuclear fuel cycle, and (b) General composition and forms of fission products and trans-uranium elements, 
which are most important in evaluation of disposal activity. Presentation is based on results by Buck et al. (2004). 

centage of rare earth elements in it along with a quite 
considerable percentage of radioactive gases. These are 
very different characteristics from those of human safe 
environment. Major chemical alterations in SNF are gas- 
eous and thermal evaporation, oxidation and dissolution 
of fuel pellets, and precipitation of secondary phases in 
changing spent fuel. These changes, based on well-known 
facts and results from Ref. [27] are represented by a sche- 
matic in Figure 3. 

 

Figure 3. Thermal, structural and compositional alterations 
in SNF, which can cause significant consequences over long- 
time scale. This figure is based on generally known infor-
mation in the field of nuclear engineering and that from 
Poinssot et al. (2005) and Ewing (2006). 

3.3. Proof of Safety: Global Hand to Hand Policy 

Can anyone on earth come up with a policy for HLW 
assuring a comprehensive safety of the global environ-
ment over a minimum time scale of 100,000 years? Pre-
sent answer is “No”. But, on the whole safe function of 
nuclear energy technology over a half century, despite 
the initial doubts about safety of nuclear technology, 
gives a hope. A three pronged strategy may be consid-
ered to build a trust in present and future safety of any 
HLW disposal policy. One is scientific basis of the dis-
posal management policy; second the IAEA regulations 
for the disposal policy to assure global safety with mini-
mum interference in any state’s internal matters and third 
knowledge sharing among nuclear and related countries. 
Above mentioned strategy could provide a safety assur-
ance with providing a chance of participation to anyone 
with legitimate capacity. Implementation of the above 
mentioned global hand to hand policy may find difficul-
ties due to strategic nature of the issue and safety impli-
cations. This major inconvenience needs to be addressed 
on human grounds. 

Fuel 
Rod 

Possible Thermal Alterations 

Responsibility of a failure of an HLW disposal policy 
and procedures, and first responders need to be defined 
with clarity. A comprehensive analysis is required to sort 
out the link between capacity and responsibility which 
may vary case to case and need to be carried out in the 
local context. But, common features of the issue of the 
link between capacity and responsibility should be dealt 
with at a global level to achieve legitimate general guide-
lines. Geological disposal of HLW is the best available 
choice. Figure 4 shows a guidance triangle for geologi-
cal disposal of HLW. The most important aspects are the 
ailure assessment of HLW containers and hydrology  f   

Fuel  
Pellet 

UO2 

Evaporation 

Oxidation 

Dissolution 

New-Phases 
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Documentation for Present and Future 

 

Figure 4. Guidance triangle to assure the keeping up of system for HLW geological disposal for more than 100,000 years. 

around the repository site. Clear documentation of above 
mentioned activities, for present and possibly future, is 
also essentially needed. Method of lucid documentation 
is also an important issue. 

4. Disposal of Nuclear Waste 

The issue of disposal of SNF or high-level nuclear waste 
has been evaluated for decades now by nuclear scientists 
worldwide [21,25]. Ewing Considered options for SNF 
disposal include burial in ocean floor polar or ice hills, 
space disposal, keeping in interim storage facilities and 
more importantly, deep underground burial in special 
geological formations. Deep underground burial is being 
considered as safest in available options. Research areas 
involved in geological nuclear waste disposal are Materi-
als Science & Engineering, Nuclear Geology and hy-
drology. Despite the investigations cited above on mate-
rials and geology, correlated research activities are re-
quired for successful geological nuclear waste disposal, 
especially coupled investigations on underground geo-
logical formations, seismology and hydrology. Effects of 
radiations on confinement materials in final disposal are 
very important. 

It is aimed here to highlight the major problems in the 
disposal of high-level nuclear waste like processed or un- 
processed spent nuclear fuel. Problems involved are ex-
tremely complicated and requires conceptual, materials 
and other technical developments. Feared by complica-
tions, it is sometimes treated as un-solvable problem, 
which has imposed dark shadows on the future of nuclear 
power. To keep nuclear technology in work in future, 
related scientific community is working very hard to 
cope with the problems. Solution of this problem will 
bring conceptual and material developments, which will 
help in overall development of science and technology. 

Geological disposal of SNF can only be successful by 
implementing multiple barrier strategy to confine the 
disposed waste and its effects far from safe environment 
to which living being have or may need to have contact 
in future. Figure 5(a) gives an overview of possible bar-
riers to confine the disposed high level waste. Most im-
portant of natural barriers is a solid stable crystalline rock 
far from earth quake related fault lines. Engineered bar-
riers include corrosion-resistant containers possibly of 
copper alloys and disposal architecture. Recently, a new 
method has proposed by Rana [17] for monitoring the 
radiation damage in nuclear waste containers using ion 
channeling. Ion channeling measurements are possible at 
ion beam facilities worldwide. A 1 - 3 MeV helium ion 
beam can be employed to measure radiation damage in 
test crystalline samples placed in a section of a container 
wall as shown in Figure 5(b). Mathematical method for 
determination of structure collapse rate in container wall 
using ion channeling measurements is given by Rana 
([17] 2008a). This method can be used to monitor the 
radiation damage in nuclear waste containers and to pre-
dict containment failures in near and far-future. Nature of 
single radiation damage in bulk and surface-layer of a 
typical solid is recently discussed by Rana [17,18]. Total 
radiation damage is accumulated effect of all radiations 
penetrated in to a target or containment materials, with 
different radiations causing different magnitude and type 
of damage. Thermal and chemical stability [19,21] of 
containment materials is an important in selection of ma-
terials to be used in containment of nuclear wastes. 

Status comments on major aspects of final disposal are 
described below in the form of a few points. 1) Initial 
radiation strength per unit spent nuclear fuel depends on 
burn-up the fuel, but extremely high for any living being 
without best available shielding arrangements [28]; 2) 

adioactivity decay time scale for SNF of the order of  R  

Hydrology around Repository Failure Assessment of HLW Containers

The Guidance Triangle 
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Figure 5. (a) Radiation effects on containment materials and environment; (b) Migration barriers in repository design; and (c) 
Section of the nuclear waste container wall for installation of radiation damage test crystal samples. 

geological time scale, which is up to millions of years; 3) 
Forms of radiations from SNF include charged and neu-
tral particle rays, and electromagnetic radiations; 4) De-
cay of radioactive elements in SNF is accompanied with 
the release of energy, most of which is transformed into 
heat. SNF is a heat source, which can harm integrity of 
its disposed packages; 5) Gaseous nature of radioactive 
products is of great concern. Thirteen percent of fission 
products and trans-uranium elements are gases, which 
has higher danger of leakage and mobility to the objec-
tively safe environment; 6) Direct disposal of SNF will 
be cheaper [29], but it is like wasting potential source of 
energy; 7) Transmutation decreases the danger level of 
SNF, but does not solve the problem completely. Final 
disposal will still be needed [28]; 8) Ideally, retrievabli-
lity after disposal is required. But, its assurance is diffi-
cult due to involvement of unexpected natural happen-
ings like earth-quakes. 

Figure 6(a) shows the outline of the rock-integration 
nuclear waste burial design by Maki and Ohnuma [15]. 
Figure 6(b) shows present modifications to the design 
shown in Figure 6(a) with objective to achieve improve- 
ment regarding pressure build up due to complete block-

age of underground water flow. Leaving open channels 
or tunnels for controlled water flow through buried waste. 
This water flow through open channels or tunnels will 
also serve as monitoring test about any leakage from 
waste packages. These channels will avoid water pres-
sure build up beyond a critical limit and if a considerable 
leakage is observed in water through these channels, nu-
clear waste burial design should allow the blockage of 
these water channels. Another notion of chemical heat 
sink (Figure 6(b)) is introduced, which if incorporated in 
burial design, can keep the temperature of nuclear waste 
under limit. This chemical heat sink is a compound che- 
mical material, which will decompose by absorbing heat 
emitted by nuclear waste. Water flow through proposed 
channels in the buried waste will also cool nuclear waste. 

5. Radiation Effects 

5.1. Radiation Damage 

Degradation of spent fuel itself and containment materi-
als due to radiation effects is a very considerable concern. 
Intensive radiation exposure causes dramatic degradation 
n structural and strength related properties of materials  i  
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(a) 

Controlled Water Flow Channels
Waste Package 

Chemical Heat Sink

 
(b) 

Figure 6. (a) Design of rock integration nuclear waste burial facility by Maki and Ohnuma (1992) and (b) Modifications to 
the above-mentioned design to assure integrity of buried waste. 

leading to their failure when damage exceeds a certain 
limit. A number of aspects of radiation damage have 
been recognized and being studied over more than 60 
years. Radiation damage leaves four types of effects on 
any material, i.e. electronic and optical which are not 
significant in nuclear waste containment, physical and 
chemical. Physical and chemical effects need to be con-
sidered. A variety of radiations continue penetrating waste 
containment and the aggregated effects over decades thus 
are important for determination of containment failure. A 
single radiation, especially energetic charged particle, 
causes a compound spike [30] in the target material. This 
compound spike arises as a consequence of a Coulomb 
explosion and a thermal spike, and decays very quickly 
within 10–12 s. These physical impacts result in the form 
of heat emitting out into the neighbouring material of the 
cylindrical zone through which radiation passes. The in- 
creased temperature, due to continuous radiation spikes, 
produce chemical changes like formation of new material 
phases. Figure 7 shows the generalized view of expected 

radiation effects on containment materials to be used in 
nuclear waste disposal. 

Here, a very brief account of basic physics of radiation 
damage is being given which may help in implementa-
tion of the method for the radiation damage monitoring 
described above and interpretation of experimental ob-
servations of the method. A charged particle or radiation 
traveling in a solid creates a superheated cylindrical zone 
with a modified structure containing defects of various 
types and size. In the inner dotted cylindrical zone in 
Figure 8, bulk atomic flow takes place whereas in the 
outer shell only individual atomic flow is occurred. A 
fresh radiation damaged zone in a solid is highly un-
steady in time and after reaching thermodynamic equilib-
rium it becomes an inhomogeneous structure. The energy 
deposited by the incident radiation in a cylindrical vol-
ume around the path is non uniform. It decreases expo-
nentially along radial direction whereas distribution along 
axis of the cylinder depends on energy of the particle. 

or an MeV/u ion, it has a maximum at a depth into the  F  
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Figure 7. Radiation effects on containment materials and environment. 

x r 

Bulk atomic flow Individual atomic flow  

Figure 8. Radiation damage produced by a charged radia-
tion in a typical solid, showing cylindrical zones of bulk and 
individual atomic flows. Parameters are defined/shown in 
this figure for the purpose of mathematical description of 
the problem. 

target. 
Interaction of a radiation with a solid target can be 

treated as a compound spike including partial roles of 
both thermal and Coulomb explosion spikes. Fractional 
roles of both spikes depend on atomic and electronic 
structure of the target and density of deposited energy in 
it by the incident radiation. An incident radiation is scat-
tered by the atoms in the target as it interacts with them 
and deposits energy. Weak scattering of incident radia-
tions by light target atoms does not significantly deviate 
incident particles from their straight trajectories while the 
target atoms recoil considerably, damaging the detector. 
Heavier atoms scatter incident particles through wide 
angles, significantly deviating them from their straight 
paths while the target atoms recoil weakly, producing 
less damage. So, it is important to notice that radiation 
damage mechanism in a target composed of light atomic 
species is different from that composed of heavier atoms. 
Compound impacts of a number of radiations in a target, 
incident within a specific distance, superimpose with one 
another in both constructive and destructive manners. 
Part of the damage produced by one radiation is extended 
due to the damage produced by another radiation within a 
few hundred nanometers. Nuclear waste containers and 
related materials are exposed to radiations with a wide 

spectrum of ionizing power including fission fragments 
of very high ionizing power and gamma rays of com-
paratively very low ionizing power. 

5.2. Measurement of Radiation Damage 

5.2.1. Brief Description of the Single Scattering 
Method 

Radiation damage in a piece of a crystal (a test sample 
say Si, Ge, Zr or Zircon) exposed to radiations will carry 
information about total radiation exposure of the crystal. 
So, proton or helium ion channelling measurement of 
radiation damage in the test sample, placed in the crystal-
line or amorphous immobilizing containment, can in prin- 
ciple yield considerably complete information about total 
radiation exposure. A calibration between structure col-
lapse rates of test sample and container wall material will 
provide the structure collapse rate of the containment 
material. Figure 9 is the schematic showing components 
on an initially channelled proton/ion beam in a crystal. 
This figure is modified from the original [31]. The total 
random fraction of the beam  T x  is the sum of the 
random fraction of the beam in the crystal,  R x , reach- 
ing depth x and fraction of the beam randomized by the 
defects in the depth step x dx ,  D x , 

    T R D x x    x            (3) 

The component  D x  may be written as, 

     
1 D

D R

fn x
x x

n
              (4) 

where  Dn x  is atomic concentration of defects,  the 
total atomic concentration, 

n
f  the defect scattering fac-

tor. The factor f  accounts for the fact that all defects 
do not contribute equally and may have different number 
f scattering centres [31]. For randomly displaced atoms  o 
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ion beam 

crystal plane 

atom at a lattice site 

displaced atom 

1 – χR 

χR χD 

 

Figure 9. Dechannelling of channelled beam due to defects present at an arbitrary depth. χR and 1 – χR are random and chan-
nelled fractions of the beam reaching the considered defect layer. 

(called isolated interstitials), the value of f  is 1. The 
quantity  R x  is not a measurable quantity. It is the 
sum of random fraction in the perfect crystal  V x  
and the random fraction resulted from the dechanneling 
by all defects along the depth 0 x . 

With single scattering approximation,  R x  is given 
by 

     

 
0

1

              1 exp d

R V V

x
i i
D D

i

x x x

n x x

  



    
 

    
   





    (5) 

For the case of very small defect concentration, 
 R x  is given by, 

       
0

1
x

i i
R V V D D

i

dx x x n x   


       
 
 x


  (6) 

where D  is the dechannelling factor of a certain type 
of defects along the beam path 0 x . The quantities  

 T x  and  V x  are measurable quantities in back-
scattering channelling experiments and yield the quantity 

 D x  needed to determine defect density at depth x  
in a crystal using Equations (2) and (3). The above for-
mulation with single scattering dechanneling approxima-
tion is only valid for small defect densities (less than 
~10% of lattice sites constitute defects) [31]. For higher 
defect densities, the possibility of multiple scattering 
dechanneling needs to be incorporated. 

5.2.2. Incorporation of Multiple Scattering 
For multiple scattering only, the quantity  R x  takes 

the following shape, 

     

 
1

0

1

              exp d

R V V

x
i i
D D

i

x x x

n x x

  




    
  

    
   


    (7) 

Following the recent work by [32], combining both 
single and multiple scattering mechanisms,  R x  be-
comes (see Equation (8)) 
where  g   is an attenuation function and  

 
0

d
x

Dn x x    is the areal density of defects. 

 ln 1.29nL   and   is reduced energy used in cal-
culations of nuclear stopping power (Lindhard, 1964). 
The attenuation function  g   is given by [32], 

   
1

0

1 exp 2 d
x

i i
D n D

i

g L n 


x x
  

     
   

    (9) 

Figure 10 shows selected results of 2 MeV He ions 
channelling along a <100> axis [33]. It is clear from this 
plot that single scattering dominates for low values of 
areal defect density   (named here Regime I) and starts 
losing significance after   increases beyond a certain 
value at the cost of increase in multiple scattering (Re-
gime II). In Regime III, only multiple scattering takes 
place. Equation (6) would be valid in all three regimes of 
 . 

5.2.3. Physical Realization of Channeling Method 
Depending upon the radiation flux and temperature of the  
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Figure 10. Dechanneling probability due to single scattering 
and multiple scattering for 2 MeV He ions in silicon along 
<100> axis (Shao, 2008). 

containment wall, any crystal fulfilling certain conditions 
can be used. These crystals (Si, Ge, GaAs and GaN) are 
available in the market. Diamond has high melting tem-
perature, but can not be used due to lower channeling 
yield. Information about these commercially available 
crystals is easily available (Website, University Wafers,  
http://www.universitywafer.com). Specific dimensions of 
the test crystal depend on channeling measurement facil-
ity and design of the container. Typical dimensions of a 
test crystal sample are shown in Figure 11(a). If the con-
tainer material is crystalline and a sample of the same 
material is used as a test sample, radiation damage in the 
test sample will be same as in the container material. 
Details about channeling measurements of defects in 
GaN crystals produced high temperature exposure are 
given by Rana et al. [19,21]. The same defect quantifica-
tion procedure can be used for measurement of radiation 
damage in the test crystal sample. If container material is 
amorphous or a crystal on which channeling measure-
ments are not possible, a relationship or a calibration 
between structure collapse rate of the test crystal and 
damage in amorphous containment material is required. 
Both test crystal and container material will undergo ir-
radiation in the same environment, then channeling meas- 
urements will be performed on crystal, whereas some 
other method like X-ray photoelectron spectroscopy or 
XPS will be used on amorphous container material to 
determine the concentration of broken bonds. The rela-
tionship between concentrations of atoms displaced from 
lattice sites in the test crystal is determined using chan-
neling and the broken atomic bonds in the container 
amorphous material will serve as a calibration. At present 
ion beam facilities worldwide, 1 - 3 MeV helium ion 
beams are available, crystal layer up to a couple of mi-
crons depth can be investigated for defect measurement 
using ion channeling. If it is required to determine radia-  

 
(a) 

 
(b) 

Figure 11. (a) Dimensions of the test crystal sample; (b) 
Section of the nuclear waste container wall for installation 
of radiation damage test crystal samples. 

tion damage at 3 different sites in the container wall, five 
identical test crystal samples will be placed at objective 
sites as shown in Figure 11(b). After exposure, defect 
concentration in surface layer of thickness 1 - 3 μm in all 
test samples will be measured using ion channeling and 
measurements will give intensity of radiation damage at 
crystal sample sites in the containment material. Nature 
of single radiation damage in bulk and surface-layer of a 
typical solid is recently discussed [17]. Total radiation 
damage is accumulated effect of all radiations penetrated 
in to a target, with different radiations causing different 
magnitude and type of damage. 

5.3. Co-Use of Channeling with Other  
Techniques 

This paper discusses which techniques can be co-used 
with channeling to increase the accuracy of the meas-
urement of the radiation damage in nuclear waste con-
tainers. Nuclear magnetic resonance (NMR) is an attrac-
tive technique for radiation damage measurement as it is 
element specific and is sensitive to both structures in 
crystalline and amorphous domains in a sample [32]. 
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Using ion channeling and NMR together will make a 
dual radiation damage detection and measurement sys-
tem. The displacement of low Z atomic species (like hy-
drogen) in the test crystal (which can not be measured or 
can only be measured with low detection efficiency using 
backscattering ion channeling) can be measured using 
NMR. Another scheme for short and long term meas-
urement of radiation damage in nuclear waste containers 
is presented here. In this scheme, ion channeling and 
nuclear track detection technique are used as two inde-
pendent techniques for radiation damage measurement. A 
wide spectrum of radiations ( ,  ,   and fission 
fragments etc.) enter the container wall from the HL nu-
clear waste. These defects diffuse in the material of the 
wall, coalesce and make extended defect structures. Pro-
duction of defects and their reaction continue as radia-
tions enter the material continuously. A typical defect 
structure of the container wall is three fold: A part of the 
material is severely damaged, another part gently dam-
aged and the remaining undamaged. Figure 11(a) shows 
a section of the nuclear waste container wall. Channeling 
and nuclear track detectors can be installed in the wall as 
shown in Figure 11(b). Both nuclear track detectors (like 
CR-39) and channeling detectors (test crystals like Si and 
Ge) will provide short term radiation damage monitor. 
These measurements will also provide an inter-calibra- 
tion of two techniques, which would help in reliable 
quantification of defects in the container material at dif-
ferent points in time. Long term (days to years) monitor-
ing of the radiation damage will be carried out by chan-
neling method only. 

6. Thermodynamic Equilibrium and 
Multi-Barrier Isolation 

Thermodynamic equilibrium is a state of a system related 
to the minimum of the thermodynamic potential. Ther-
modynamic potential is the Helmholtz free energy (U - 
TS) for systems at constant temperature and volume 
whereas the Gibbs free energy (H - TS) for systems at 
constant pressure and temperature. U, T, H and S are, 
respectively, internal energy, absolute temperature, en-
thalpy and entropy. Minimum of thermodynamic poten-
tial is characterized by states of thermal equilibrium, 
mechanical equilibrium and chemical equilibrium of the 
system. Ideally, nuclear waste should be disposed in a 
way that it becomes in thermodynamic equilibrium with 
the environment and remains the same for almost forever 
without losing its original integrity. 

Success probability of SNF disposal would increase by 
implementing multiple barrier strategy to confine the 
disposed waste and its effects far from safe environment 
to which living being have or may need to have contact 
in future. The definition of human vulnerability in such a 

case is given in Figure 12. Most important of natural 
barriers is a solid stable crystalline rock far from seismic 
zones. Engineered barriers include corrosion-resistant con- 
tainers possibly of copper alloys (containing mainly 
copper along with Al: 5% to 9%; Ni: 0.5% to 4%; Fe: 
0.5% to 4%; MN: 0.1% to 3%; Ti: 0.001% to 1%, Co: 
0.001% to 1%; and B: 0.001% to 0.1%) [34] and disposal 
architecture. Regular drilled-hole monitoring in the buffer 
zone and sampling the leached activity before and after 
earthquake can establish underground faults produced 
due to earthquake. Nuclear waste containment and the 
over-all repository environment should ideally be as 
close as possible to thermodynamic equilibrium, meaning 
unlimited stability, similar to natural metal deposits 
within Earth’s crust [35]. 

7. Environment Ethics 

Some of major considerations in evaluation of ethical 
issues related to safety of nuclear waste disposal are clar-
ity of the policies, policy awareness of individuals in-
volved, natural response to nuclear fear/risk factor and 
valid legal system to sue charges. Central specific ethical 
issues are summarized as a set of disposal activity start-up 
questions [3,4]: 1) Have the persons employed/involved 
been given the free informed consent to the risk involved? 
2) Who bear major responsibilities in waste disposal and 
who is responsible for what? 3) Are the distributions of 
risks and benefits equitable? 4) Have individuals been 
informed about control over the risk? 5) Are assessment 
about reliability of materials and methods involved are 
made? 6) What are the third parties who can be held re-
sponsible for bringing in risk? 7) Evaluation of costs and 
benefits of intervention measures? 8) Are the plans of 
compensation for exposure to risk justified? 9) How will 
an emergency be handled? Generalizing theme build up 
by above questions, it may be said that issues like con-
sent, equity, control and responsibility are essential ethi-
cal considerations for radiological protection policy [36]. 

It would be interesting to know how above issues or 
questions about nuclear waste disposal are incorporated 
in policy making and its implementation. Only thought-
fully critical and multiply reviewed process of policy  

Vulnerability 

Exposure Risk 

Coping Inability 

 

Figure 12. Definition of human vulnerability. 
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analysis can achieve this. Ethical issues are closely linked 
with scientific or technical know how about procedures 
involved. So, a trustworthy research is needed to finalize 
ethical aspects of high level nuclear waste disposal. 
Evaluation of risk faced by far-future generations due to 
present disposal of high level nuclear waste is also of 
great importance and equally valid ethical issue as for the 
case of present generation. Real problems are associated 
with predictions about level and nature of risks faced by 
future generations and their response to this problem, 
especially in case of disposal failures. 

It would not be wise to dispense with highly radioac-
tive material and to hope that either nature or future gen-
erations of humans will not bring it into the biosphere 
somehow. In principle, we should ensure that even if 
detail of nuclear waste disposal is lost and does not reach 
future generations, still they or their environment is not 
exposed to disposed waste at all. Nuclear waste disposal 
in one country can quite possibly affect biosphere in the 
neighbouring countries. Pakistan’s two neighbouring 
countries are among the countries seeking sizeable future 
nuclear energy programs [37] whereas Russia has offered 
its land for a multinational nuclear waste repository [38]. 
These activities may pose questions of nuclear security 
and environmental justice which Pakistan would need to 
address. Nuclear waste disposal is not a solely internal 
matter of any country. Activity of nuclear waste disposal 
may have strong local, regional and even global implica-
tions. Regional and global implications would become 
considerable for the cases of severe failures of disposal 
scheme. 

8. Conclusions, Final Remarks and  
Perspective 

Present status of different aspects of spent nuclear fuel 
disposal is overviewed briefly, but comprehensively. 
Time framework and time-line plan or policy for high-  

level radioactive waste disposal are described and dis-
cussed. A new concept of chemical heat sink is intro-
duced to consume the heat emitted by spent nuclear fuel 
without affecting the integrity of waste containment. 
Conceptual model description of major issues of spent 
nuclear fuel disposal is given along with scientific dis-
cussion and comments with focuses of materials, geology, 
seismic and hydrology aspects. Modifications to a pro-
posed geological disposal of nuclear waste are proposed 
with scientifically supported arguments. 

Paradox of HLW casts shadows on nuclear future. Best 
science with highest functionality can help solving this 
problem. Need of ultimate disposal of HLW is an incon-
venient truth facing the humanity. This multi-tiered pro- 
blem should be dealt with IAEA coordination among 
nuclear states to sort out short and long-term aspects of 
the HLW disposal. IAEA coordination would be aimed at 
sharing of the cutting edge knowledge to assure safety of 
the global environment. Environment is indivisible and 
the long-term radiological obligations require a global 
solution and makes it natural. 

Although no repository around the globe is ready for 
geological disposal of nuclear wastes, some developments, 
mainly in conceptual and plan domains, were made in 
last couple of decades. Table 2 summarizes the present 
plans for high-level nuclear waste repositories. Tabulated 
details show the sensitivity of the subject and require-
ment of the decades-long considerations before start up 
of implementation of any disposal policy. In nuclear waste 
disposal matters, four considerations are very important 
which are radiation strength, mean life, environment con- 
tamination and traditional ethical values. 

Ethical values here refer to rightness or wrongness of 
our actions. Considering above discussion about high-level 
nuclear waste disposal, a long time in decades would be 
needed in evaluation of repository location, design and 
precautions before start up of disposal. Careful record  

 
Table 2. Plans for high-level nuclear waste repositories (Andersen et al., 2004). 

Country Geological medium Estimated opening Status 

Belgium Clay 2035 or later Searching for site 

Canada Granite 2035 or later Reviewing repository concept 

Finland Crystalline bedrock 2020 Site selected (Olkiluoto) 

France Granite or clay 2020 or later Developing repository concept 

Germany Salt Unknown Moratorium on development 

Japan Granite or sedimentary rock 2030 or later Searching for site 

Russia Not selected Unknown Searching for site 

Sweden Crystalline rock 2020 Searching for site 

Switzerland Crystalline rock or clay 2020 or later Searching for site 

United Kingdom Not selected After 2040 Delaying decision until 2040 

United States Welded tuff 2010 Site selected (Yucca Mountain) 
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keeping (including details of professionals involved) of 
all nuclear waste disposal evaluations should be practiced 
so that investigation of possible accident/emergency could 
be carried out with transparency. 

(a)

Clear demonstration about safety aspects of nuclear 
waste management would help in gaining public and 
political confidence in any possible scheme of permanent 
nuclear waste disposal. A common public desire is re-
trievability of finally disposed wastes in case repository 
fails to isolate wastes from the live environment. Desire 
of retrievability is in direct contradiction with the princi-
ple of final disposal and adds serious complexities to the 
problem. Public resistance against nuclear waste reposi-
tory [39] at Yucca Mountain is a typical example show-
ing the complexities involved. Figure 13 shows a simpli-
fied picture of the Swedish plan for geological disposal 
of nuclear wastes [40]. Different objects in the figure, 
showing steps of the disposal procedure, are explained 
with the inset text. The figure differentiates high radioac-
tivity wastes from low and intermediate radioactivity 
wastes which require different disposal procedures. 

(b)

Fukushima disaster (Figure 14) on March 11, 2011 
and Japan’s efforts (Figure 15) in collaboration with the 
whole world in dealing with it offers a knowledge and 
strategic framework regarding the preparedness for the 
next possible accident of this nature. Science, engineer-
ing, technology, social and political spheres from around  

 

Figure 13. A simplified picture of the Swedish plan for geo-
logical disposal of nuclear wastes Thegerström [40]. 

 

Figure 14. (a) A picture of Fukushima disaster [41] and (b) 
Japan’s immediate response to it [42]. 

 

(a)

(b)

(c)

Figure 15. Three pictures [42] showing Japan’s systematic 
response to the Fukushima disaster during which it col-
laborated with several countries from around the world. 

the world must join together to map the response plan 
and its adequate execution, possibly of spontaneous na-
ture, in facing such accident anywhere in the world. Such 
a grand alliance can be a solution to happenings of “type 
N” as it reduces the cost and the chance of failure. An 
incident of “type N” is a nuclear event which has a very 
low happening frequency but a high level of serious im-
plications. There had been dangers in air travelling and 
electricity supplies, but they are technical safe and sound 
now. Conscious, careful and continued efforts with the 
joint wisdom could provide the concrete solution to the 
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challenge of the nuclear safety by assuring the dreamlike 
reality line of “no failure in the nuclear technology”. Put-
ting aside the political games, this noble cause of nuclear 
safety is doable. Achieving this cause or goal will be a 
truly remarkable and historical pride for the humanity. 
Fukushima disaster and responding efforts have revealed 
strengths, weaknesses and the improvement road map for 
the nuclear safety. 
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